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It is unclear if geographic distributions of animals are behaviorally mediated or simply maintained by ecologically-driven deleterious effects on fitness. Furthermore, it is not well known how behaviors that may affect geographic distributions and responses to environmental stressors evolve. To explore this, we examined behavioral and physiological reactions to light in six species of amphipods in the family Crangonyctidae collected from a variety of subterranean and epigean habitats. Stark differences between epigean and subterranean habitats occupied by different crangonyctid species allowed this clade to serve as an appropriate model system for studying the link between habitat and phenotype. We sampled habitats in or adjacent to the Edwards Aquifer in central Texas and collected two epigean and four stygobiontic species. We examined respiratory and behavioral responses to light in all study species. We found that similarities in behavioral and physiological responses to light between species were only weakly correlated with genetic relatedness but were correlated with habitat type. However, the breadth of variation in phenotype was found to be correlated with phylogenetic relationships, suggesting that population level trait evolution likely involves interactions between standing population level variation and strength of selection. Our findings suggest that natural selection via environmental conditions may outweigh history of common ancestry when predicting phenotypic similarities among species, and that behavioral and physiological phenotypes may mediate the evolution of biogeographic distributions.
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1 Introduction

Habitat characteristics are partially determined by abiotic conditions and variation in these conditions are typically distributed across gradients or clines (Nowicki et al., 2017). Dispersal across gradients or clines by organisms into novel habitats presumably submits organisms to novel selection pressures (Geber and Eckhart, 2005). Directional adaptive divergence on the fringe of populations is one way that organisms can colonize novel habitats (Waterhouse et al., 2018). This perspective assumes that populations distribute themselves randomly and biogeographic distributions are mediated by deleterious genetic effects causing barriers to dispersal (Lange and Marshall, 2016). For motile organisms, behavior can play a role in maintaining biogeographic distributions through active avoidance of less hospitable habitats (Resetarits, 2005; Edelaar et al., 2008; Fišer et al., 2016). However, it is not fully understood how such behaviors evolve. Behaviors also allow organisms to respond to changes in conditions more rapidly than intragenerational acclimatization or intergenerational adaptation (Little and Seebacher, 2017). For example, reptiles maintain preferred body temperatures by behaviorally altering the thermal environment they experience, which is a much more rapid response than evolving new thermal tolerance or producing new enzyme conformations.

Shared phenotypes can occur across many organisms of variable relatedness (e.g., numerous lineages sunbathe, and sunbathing is not limited to just reptiles). A commonly-highlighted example of this is the convergent “subterranean-adapted” stygobiont phenotype [e.g., elongated appendages for sensing the environment in the absence of light, reduced or absent pigmentation to conserve energy expenditures, lower metabolic rates, and vestigial or absent eyes (Fong et al., 1995; Aden, 2005; Culver et al., 2010)]. These adaptations are observed across distantly related cave-dwelling animal lineages, and the stark phenotypic contrasts between subterranean- and related surface-adapted species (Pipan and Culver, 2012) suggests that the surface-subterranean habitat ecotone can be used to study the importance of adaptive phenotypes in maintaining population level biogeographic distributions. Selection in a habitat devoid of light is thought to be responsible for the apparent convergent morphological traits of many subterranean fauna across diverse lineages (Jeffery, 2005; Culver et al., 2010; Pipan and Culver, 2012; Carlini and Fong, 2017). Although these traits are considered adaptations to dark conditions, the same traits are presumably maladapted to conditions commonly found in epigean habitats. Lower fitness of subterranean fauna in epigean habitats is likely due to a lack of sight, pigment, and camouflage, increasing vulnerability to predation (Tobler, 2009; Horstkotte et al., 2010; Klaus and Plath, 2011) and mutagenic radiation (Protas and Patel, 2008; Bilandžija et al., 2017). Likewise, epigean species are considered maladapted to subterranean environments due to the metabolic cost of maintaining eyes in the absence of light (Moran et al., 2015), higher metabolic rates and an inability to deal with prolonged periods of starvation due to scarcity of food in resource-limited subterranean environments (Aspiras et al., 2015; Nair et al., 2020), disruption of circadian rhythms (Espinasa et al., 2016), and difficulty finding mates (Riesch et al., 2011). Thus, fitness costs associated with surface- and subsurface-adapted taxa dispersing out of their respective habitats likely mediates contemporary biogeographic distributions to some extent. However, in the case of subterranean-epigean ecotones (e.g., spring orifices, seeps), it is not known if biogeographic distributions are behaviorally mediated or if they are only maintained by suffering deleterious consequences.

The evolutionary consequences of an organism venturing out of available optimal habitats are variable and depend on phenotype (Langecker, 2000). If light is a factor driving biogeographic distributions of organisms at surface-subterranean ecotones, then it should be expected that the ability to detect and respond to light has been selected for in eyeless subterranean species that periodically encounter light (such as those occupying shallow spring or seep habitats). Fišer et al. (2016) demonstrated that epigean and subterranean species living along surface-subterranean ecotones will use light as a habitat choice mechanism, allowing surface and subterranean species to remain within their appropriate niches. In contrast, an ability to detect light should not have been selected for in subterranean species which rarely if ever encounter light (Langecker, 2000). Therefore, we hypothesized that patterns in light response would reflect habitat distributions more so than an inferred history of common ancestry, reflecting selection as a major factor determining phenotype even in the presence of standing genetic variation. We predicted that subterranean species which encounter light regularly will exhibit photophobic responses to light, thereby allowing them to avoid epigean habitats. We also predicted that species which occupy deeper aquifer habitats would exhibit little response to the presence of light (i.e., photoneutrality), because these species do not encounter light at all and are predicted to be naïve to it. In respect to surface species that encounter light daily, we predicted that exposure to light will not be stressful (i.e., photoneutrality), but they may behaviorally respond in a variety of ways (i.e., photophobia, photoneutrality, or photophilia).

We tested these predictions in a series of experiments on several closely related amphipods of three genera in the family Crangonyctidae: Crangonyx, Stygobromus, and Sicifera. This family of amphipods was selected because some species have eyes and live in epigean environments while others are eyeless, and the eyeless species occupy different microhabitats with differing light availability (Gibson et al., 2008). Also, eyeless stygobiontic amphipods in this family (i.e., Stygobromus allegheniensis) (Espinasa et al., 2016) and all the species in the stygobiontic genus Niphargus (Simčič and Brancelj, 2007; Borowsky, 2011; Fišer et al., 2016) have the capacity to detect light despite vestigial or no eyes. To assess photophilia, photoneutrality, and photophobia, we performed experiments that quantified behavioral avoidance of direct light, and physiological stress response due to exposure to light. Trait data were used in phylogenetic comparative methods to assess the evolution of these traits in response to selection imposed by different microhabitats.




2 Materials and methods

This study characterized phenotype using live organisms (captured from the wild) that can be reared and reproduced in captivity, thus allowing responses to be studied in a controlled environment. Phenotypic attributes other than morphology can be the result of complex evolutionary processes that allow adaptation to novel environments without appreciable changes in morphology. These attributes are not quantifiable using preserved archived specimens and require the study of live organisms. Studying ecological adaptation of live organisms can be confounded by altered organismal behavior or physiology due to stress associated with captivity, and ecological interactions that are difficult or impossible to control in field studies.



2.1 Selection of study species and collection of test subjects

We collected and used individuals of six species of crangonyctid amphipod (Tables 1, S2). Crangonyctidae is exclusively freshwater and thought to be derived from a marine ancestor that radiated into freshwater habitats via interstitial spaces, perhaps as early as the late Cretaceous (Holsinger, 1967). Crangonyctidae includes 13 extant genera, 8 of which contain exclusively eyeless stygobiont species which are thought to represent independent adaptive radiations (Culver et al., 2010; Cannizzaro et al., 2021; Marin and Palatov, 2021; Palatov and Marin, 2023). Four species used in this study are eyeless species in the genus Stygobromus. The remaining two genera, Crangonyx sp. and Sicifera sp., have eyes, but Crangonyx sp., have reduced eyes (Gibson et al., 2008). Live amphipods were collected using drift nets over spring openings in and around central and eastern Texas (USA), except for Stygobromus pecki, Crangonyx sp., and Sicifera sp., which were collected by dip netting loose sediments in their respective sampling locations (Table S1). Live individuals collected in the field were immediately placed in insulated containers filled with water from the source location and transported to the San Marcos Aquatic Resources Center (SMARC) operated by the U.S. Fish and Wildlife Service. Amphipods were housed in physicochemically consistent (22°C, > 6 mg DO/L) flow-through chambers with a constant supply of Edwards Aquifer well water. Surface species were kept in 12/12-hour light/dark regime whereas stygobiont species were kept in 24-hour dark regime to simulate natural conditions.


Table 1 | Habitat association, behavioral, and respiratory response phenotypes determined for each species.






2.2 Assignment of habitat associations to species

All species used in this study were placed in one of three broad habitat association categories: epigean, subterranean-hyporheic, or subterranean-aquifer. To assign habitat associations for each species, we used characteristics of collection localities and habitats, morphological characteristics, and insight from the literature to associate each species with a particular habitat type (Table S2). Because we have a limited understanding of each species’ complete ecological niche, we could only use habitat association as a correlate with light response phenotypes.

Stygobromus pecki (Peck’s cave amphipod), is an endangered species restricted to Comal and Hueco springs in Comal County, Texas, and is found in interstitial habitats near spring openings and upwellings and the adjacent aquifer (Gibson et al., 2008). Individuals are often captured in and around spring orifices, even during daylight hours. Because of the proximity of this species to spring orifices, it is expected to encounter light at an evolutionarily-relevant frequency (defined herein as a frequency experienced by enough individuals in a population to impose a selection pressure sufficient to effect the population level phenotype). When disturbed from the substrate during daylight hours, S. pecki has been observed to swim directly downward and hide in interstitial spaces (R. Gibson, pers. obs.). Stygobromus flagellatus is considered a deep subterranean species primarily collected from deep wells, caves, and in the drift from large artesian springs (Holsinger, 1967; Gibson et al., 2008). Because this species dwells in deeper phreatic waters, it is not expected to encounter light at an evolutionary relevant frequency. Both S. pecki and S. flagellatus are assigned to the endemic central Texas ‘flagellatus’ species group and closely-related members of this group typically have more elongated appendages and are thought to be descended from a deep phreatic ancestor as compared to the contemporarily sympatric ‘tenuis’ group (Holsinger, 1967; Gibson et al., 2008). Two members of the ‘tenuis’ group, S. russelli and S. bifurcatus are the most widespread species of Stygobromus in Texas, and are found in caves, wells, springs, and shallow interstitial habitats such as the near-surface hyporheic gravels of limestone streams in Central Texas (Holsinger, 1967; Reddell, 1986; Nissen et al., 2018; Hutchins et al., 2020). Stygobromus bifurcatus is not as common [especially in shallow hyporheic habitats (Hutchins et al., 2020)] and reaches larger adult sizes than the sympatric S. russelli. This larger size likely limits adult S. bifurcatus to conduits and larger interstitial habitats as compared to S. russelli (Culver et al., 2010; Trontelj et al., 2012; Kralj-Fišer et al., 2020). Stygobromus russelli, however, is expected to encounter light more regularly and at an evolutionarily relevant frequency owing to its more frequent occurrence near epigean habitats when compared to S. bifurcatus.

The surface-water dwelling amphipod examined in this study, Sicifera sp. was collected from perennially flowing streams of east Texas that receive groundwater inputs from the Carrizo-Wilcox Aquifer. This species has well-developed eyes and occurs primarily on allochthonous debris in shallow sandy headwater streams where it is often exposed to direct (M. Worsham, pers. obs.). Crangonyx cf. pseudogracilis (referred to hereafter as Crangonyx sp.) was collected from the San Marcos River where they occupy shallow interstitial habitats and have reduced eyes (Gibson et al., 2008). Although, Crangonyx sp. is an epigean genus, it is expected that it will avoid direct light based on its interstitial adaptations and our field observations.




2.3 Light exposure experiments



2.3.1 Respiratory response study

For our study species, we used rates of respiration in light vs. dark as a proxy for stress responses to light exposure. Previous studies have found that rate of oxygen consumption by an organism is correlated with stress intensity (Kedwards et al., 1996; Simčič and Brancelj, 2007). Oxygen consumption is one of the few methods that have been used to provide a continuous quantitative response variable as an estimate of sensitivity to light in subterranean aquatic organisms (Simčič and Brancelj, 2007).

For the respiratory response study, a lighting apparatus was made by cutting a 15 cm diameter hole in the bottom of a 20 L plastic casing. The interior surface of the bucket was painted with opaque black paint to standardize internal light conditions and penetration from external sources. The bucket was then inverted and a utility lamp slightly larger in diameter than the hole, was affixed with the bulb inserted through the opening. A 5.5 W full-spectrum LED light bulb (40 W halogen bulb equivalent) was used for the study and the light source was calibrated to 45 µmol m-2 s-1 by adjusting the amount of current to the bulb, based on pilot studies to assess amphipod sensitivity to light intensity. To estimate stress, rate of dissolved oxygen (DO) consumption was compared between individual test subjects held in the dark vs. in full spectrum light. Thus, we assumed that any elevation in the rate of DO consumption (respiration) was related to an increase in organismal stress levels. Respiration rates were quantified using Qubit® OX1LP-30 dissolved oxygen cuvettes with built in Clark cell type polarographic O2 sensors (see Figure S1 for explanation). After calibration of the cuvette systems, but prior to testing subjects for sensitivity to light, DO consumption of the O2 electrodes was estimated by running the cuvettes filled with 5 mL of fresh well water in the dark and in full-spectrum light to ensure that differences in lighting did not affect the rate of consumption of the O2 electrodes and to gain an understanding of the base-line rate of O2 consumption by the O2 electrodes.

Individual amphipods were placed in a cuvette filled with 5 mL of fresh well water and allowed to acclimate to the chamber for 10 min. Prior studies suggested that 10 min was a sufficient duration to allow amphipods to recover from the stress of being handled (Bethel and Holmes, 1973; Macneil and Dick, 2014). Each amphipod was then randomly assigned an order to sequentially receive each of the two treatments: dark or full-spectrum light. Amphipods were exposed to each treatment for 15 min while DO concentration was recorded at 30 second intervals, with 10 min intervals between the two treatments to allow subjects to recover from any stress that may have been induced by the prior treatment. All experiments were carried out in a dark room. Cuvettes were immersed in a flowing well-water bath to maintain thermal stability of 22°C. Individuals were assayed only once to avoid confounding datasets with autocorrelation or pseudoreplication. Replication varied from 5 to 10 individuals per species and depended on the availability of the organisms we collected from the field.




2.3.2 Behavioral response study

Because we expected behavior to be affected by exposure to environmental stressors, we also examined behavioral responses of amphipods to light to determine which taxa actively avoided direct exposure to light (i.e., photophobia), responded positively toward light (photophilia), or exhibited indifference or no clear behavioral responses to light (i.e., photoneutrality). All experiments were conducted in a dark room. The experimental apparatus was made using a lamp elevated 30 cm directly above a shallow, water-filled chamber (round plastic dish 9 cm in diameter and filled to approximately 1-cm in depth with well water). The circular chamber was covered with a transparent lid divided into quarters, with two quarters of the upper surface of its cover painted black with opaque black paint (see Figure S2 for explanation) and the remaining two quarters transparent. A 5.5 W full-spectrum LED light bulb (40 W halogen bulb equivalent), calibrated to 45 µmol m-2 s-1 of irradiance at the water surface of the chamber, was used.

Individual amphipods were placed in the experimental chamber singly and allowed an initial ten-minute acclimation period in the dark prior to making observations. After the acclimation period, the light source was turned on and observational data were collected every minute for 15 minutes. Data were collected by noting if a test subject was in a light or dark quarter of the experimental chamber at 1 min intervals for the entire 15 min duration. Individuals were used only once for an experiment. Replication varied from 5 to 10 individuals per species, again depending on the availability of the organisms.




2.3.3 Light exposure phenotypic data analysis

For the behavioral study we calculated the proportion of the total number of 1 min observations in which the individual was in the shaded (black) portion of the chamber. For the respiratory study, to correct for physiological differences in DO consumption between individual test subjects, all values were converted to proportions by dividing the net DO consumed during exposure to light by the sum of the DO consumed for both treatments using Equation 1:

	

where relative level of DO consumption in the light vs. dark treatments (pDOlight) was calculated as the amount of DO consumed during the light treatment (DOlight) divided by the net DO consumed during light and dark treatments (DOlight + DOdark). In addition to providing a single respiratory score per individual, this also corrected for differences of respiratory rate between individuals due to size or other factors. Proportional DO data for all individuals were treated as replicates to estimate respiratory response curves. Bootstrapping was used to obtain parameter estimates before the distribution of each species was compared to the hypothetical response distributions.

Because response to light (i.e., avoidance or non-avoidance) is a binomial variable, three beta distributions were utilized to serve as priors for the possible response categories: photophilic, photoneutral, and photophobic phototaxis (Figure 1). Bootstrapped data were compared to these hypothetical distributions and Inverse Bayes Factors (IBF) were calculated for each species. IBFs greater than 3 but less than 10 were considered marginal evidence supporting assignment of each species to one or more of the three response categories while IBFs of 10 or greater were considered strong evidence supporting response category assignments (Jarosz and Wiley, 2014).




Figure 1 | Beta distributions serving as proxies for the priors of the binomial response variable of reaction to light; photophilic, photoneutral, photophobic phototaxis. Photophobic individuals have greater probability density as X approaches 1, whereas photophilic individuals have greatest probability density as X approaches 0. Photoneutral individuals have greatest probability density at X = 0.5. Vertical lines denote distribution means.







2.4 Molecular methods

To estimate the phylogenetic relationships and genetic distances between study species, we utilized the COI locus sequences to construct a single locus mitochondrial phylogeny. The COI locus has by far the greatest depth of sampling across amphipod species; thus, this is the best available locus for estimating a phylogeny without missing terminal nodes. Because populations of Crangonyx sp. and Sicifera sp. used in this study have never been sequenced for any locus, we sequenced the COI locus from four individuals for each species. A 2–3 mm portion of the abdomen was excised from each with a sterilized razor blade. DNA was extracted using the Thermo Scientific GeneJET Genomic DNA Purification Kit according to the manufacturer’s protocol with an initial tissue digestion at 56°C for 16 hours in a rocking platform incubator to ensure complete tissue digestion. DNA was eluted from the GeneJET spin column into new sterile 1.5 mL tubes, which were held at 4°C until downstream reactions were performed.

A fragment of the COI locus of the mitochondrial genome was amplified using Polymerase chain reaction (PCR) in 0.20 mL strip tubes using LCO1490 (5’-GGTCAACAAATCATAAAGATATTGG-3’) forward primer and HCO2198 (5’-TAAACTTCAGGGTGACCAAAAAATCA-3’) reverse primer (Folmer et al., 1994). The PCR had a final reaction volume of 14 μL, which consisted of 6.25 μL of Thermo Scientific DreamTaq PCR Master Mix (2X), 1 μM of LCO1490 forward primer, 1 μM of HCO2198 reverse primer, 5.75 μL of nuclease-free water, and ~1–10 ng of genomic DNA. The reaction was performed in a thermal cycler under the following conditions: an initial denaturation at 95°C for 2 min; 33 cycles of 95°C for 30 seconds, 46°C for 30 seconds, and 72°C for 45 seconds; with a final extension step at 72°C for 10 min. Excess nucleotides and primers were removed from the PCR products by combining 2.0 μL of ExoSAP-IT™ PCR Product Cleanup Reagent (Applied Biosystems) with 5.0 μL of PCR products in new sterile PCR tubes. The cleanup reaction was performed in a thermal cycler under the following conditions: 37°C for 15 min; 80°C for 15 min. Cleaned PCR products were held at 4°C until downstream reactions were performed. Cycle sequencing reactions were performed using BigDye™ Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) with separate reactions for both the forward and reverse primers. Cycle sequencing products were cleaned using Sephadex™ G-50 (GE Healthcare). Cleaned products were sequenced on an Applied Biosystems 3500xl Genetic Analyzer and chromatograms were edited in Geneious 11.1.2 [http://www.geneious.com, (Kearse et al., 2012)]. Sequencing returned one haplotype for Crangonyx sp. and two haplotypes for Sicifera sp. (Genbank Accessions OR490761 – OR490763).




2.5 Phylogenetic estimation

A global alignment was performed using the Geneious alignment algorithm with default parameters [http://www.geneious.com, (Kearse et al., 2012)]. The ends of this alignment were trimmed to the shortest sequence length to ensure that the alignment was complete across all sequences. Because the COI locus is protein coding, ORFfinder (NCBI, https://www.ncbi.nlm.nih.gov/orffinder/) was used to annotate the consensus sequences into the appropriate reading frame. This yielded a 468-bp alignment of 79 sequences consisting of the two Sicifera sp. haplotypes and one Crangonyx sp. haplotype sequenced in our lab, and two each of Sicifera spp., Crangonyx spp., and Metacrangonyx spp. retrieved from GenBank with the remaining 36 sequences from Stygobromus spp. COI fragments from Ethridge et al. (2013), and one Gammarus roeseli sequence as an outgroup; see Table S3. This phylogeny was partitioned into codon position and each position was tested for the best fit model of evolution using Modeltest-NG (Darriba et al., 2020). It was determined that the best model of evolution for 1st and 3rd codon positions was HKY+I+G4, and HKY+G4 for 2nd codons.

Phylogenies were estimated using MrBayes (Ronquist et al., 2012) with Markov chain Monte Carlo methods consisting of four Markov chains (three heated, one cold) with confidence assessed by posterior probabilities. Using the recommended models of evolution for each codon position, the average deviation of split-chain frequencies between runs fell to ≈0.005 after 2,000,000 generations. Subsequently, a majority-rule consensus phylogeny was computed by removing the first 25% of trees as burn-in. After computing this original phylogeny, all species were found to be monophyletic, therefore a reduced alignment with only one sequence per species was used for subsequent analyses. This alignment contained 34 sequences, 468-bp long, and it was determined that the best model of evolution for 1st codons was TrNef+I, TrN+G4 for 2nd codons, and HKY+G4 for 3rd codons. Using the recommended models of evolution for each codon position, the average deviation of split-chain frequencies between runs fell to 0.005 after 2,000,000 generations. Subsequently, a majority-rule consensus phylogeny was computed by removing the first 25% of trees as burn-in.




2.6 Evaluation of phylogenetic and phenotypic congruence

We analyzed both the trait means and the coefficient of variation (CV) within each species for both behavioral and respiratory traits. The CV was analyzed because it contains information about the amount of trait variation in respect to the trait value within a species. Considering trait variation is a prerequisite for natural selection (Darwin, 1859) and CV provides insight into the evolvability of a trait within a species.

To gain insight into the evolutionary history of the traits examined by this study, we matched the trait means and CVs to the phylogeny using ‘treeplyr’ (Uyeda and Harmon, 2020) in R (www.r-project.org) and then performed an ancestral state reconstruction (ANS) using the ‘ape’ library (Paradis et al., 2004) in R. The relative likelihood of different habitat association, behavioral phenotypes, and respiratory phenotypes were estimated for all internal nodes of the phylogeny using the “all rates different” model which allows traits to evolve at unique rates along each branch of the phylogeny. To quantitatively estimate the level of phylogenetic independence of these traits, the phylogeny was annotated with the trait values for each species and traits were tested for phylogenetic signal. Using ‘phytools’ (Revell, 2012) in R, Pagel’s lambda (λ) (Pagel, 1999) was calculated for both the mean and CV of traits to assess the strength of correlation between the phylogeny and traits. Additionally, as stated above, because stress is thought to affect behavior, we analyzed the relationship between the behavioral and respiratory phenotypes with respect to the phylogeny to understand how coupled these two traits are in their evolution. This was done by performing two phylogenetic regressions on the trait means and trait CVs using the ‘phylolm’ library (Tung Ho and Ané, 2014) in R; one model had the covariance structure of the error set to Brownian motion and other was set to Ornstein–Uhlenbeck (O-U) model which constrains the parameter space values are permitted to explore. We also performed a standard linear regression without the phylogenetic relationships being considered. We then used the ‘MuMIn’ library (Barton and Barton, 2015) in R to test which model best fit the data based on Akaike information criterion (AIC) scores. The relationship of these traits and the phylogeny were visualized graphically in phylomorpho plots using ‘phytools’ (Revell, 2012) in R.

To test the hypothesis that habitat has a stronger effect on phenotype than history of common ancestry, we constructed three macroevolutionary models for the means of both phenotypes. The first model was Brownian motion (Felsenstein, 1973), which assumes the correlation structure among trait values is proportional to the extent of shared ancestry for pairs of species. The next model was a “white-noise” model which is a non-phylogenetic model that assumes that the data come from a single normal distribution with no covariance structure among species. The third model was the same as the Brownian motion model except the phylogeny incorporated into the model was based on the similarity of habitat rather than genetic similarity. A non-ultrametric tree was deliberately used to ensure that all lineages were on equally long branches (see Figure 2 for explanation). All models were run using the ‘geiger’ package (Harmon et al., 2007) in R. To evaluate the relative fit of each of these models to the data, we used the ‘MuMIn’ library (Barton and Barton, 2015) in R to perform a model selection procedure based on AIC scores.




Figure 2 | Two graphical depictions of the Newick topology used in habitat-based models. These projections are identical in Newick space as the total branch length between two lineages is equal in both projections; they only differ in where the tree is rooted. A binary tree was used because the R program ‘geiger’ requires binary trees.







3 Results



3.1 Characterizing response to light

Behavioral and respiratory responses varied in magnitude across the different species and habitat types (Table 1). There was strong support for Crangonyx sp., Sicifera sp., and Stygobromus pecki being behaviorally photophobic and S. russelli being weakly photophobic, while S. bifurcatus and S. flagellatus were found to be behaviorally photoneutral. Results from the respiratory response study indicated that Crangonyx sp., Sicifera sp., Stygobromus bifurcatus, S. flagellatus, and S. russelli are photoneutral, while only S. pecki was found to have photophobic respiratory responses making it the only species to be photophobic for both phenotypes. Calculated IBFs for both behavioral and respiratory data sets can be found in Tables S4 and S5 while the relative fit of each species to each of the hypothetical phototaxis distributions by proportion of the overlap of area under the curve is shown in Figures S3 and S4, and in Tables S6 and S7. Raw data and sample sizes can be found in Tables S8 and S9.




3.2 Phylogenetic analysis of response to light

Though it is impossible to definitively determine species relationships using phylogenetic methods, most of the nodes recovered in the phylogeny have relatively high posterior probabilities (Figure 3), therefore we proceeded to use the phylogeny for further analysis. Stygobromus was recovered as a monophyletic clade, and the Crangonyx sp. specimens grouped with other Crangonyx spp. sequences, while the Sicifera and Metacrangonyx species were found to be a sister clade to a clade composed of Stygobromus and Crangonyx species (Figure 3).




Figure 3 | Bayesian phylogeny based on 34 sequences of the same 468-bp region of the COI gene for multiple Crangonyctidae species. Terminal nodes represent species designations. Bayesian posterior probabilities are given at all major nodes. Genera studied for phenotype are highlighted and sampled species names are written in bold. Phototaxis categories are indicated by the legend on the left of figure. Full phylogeny containing 79 sequences can be found in Figure S5.



The means of the behavioral and respiratory phototaxis phenotypes were not found to have strong phylogenetic signals (Figure 4, λbehavior ≈ 0, λrespiratory ≈ 0). However, there is association between the phylogeny and the CVs of the behavioral and respiratory phenotypes (Figure 5, λbehavior = 0.85, λrespiratory = 0.44). ANS modeling suggested that the common ancestor of the species evaluated was behaviorally photophobic, and that respiratory stress in response to light evolved independently in some species (Figure 6). Of the two fitted phylogenetic regressions and the non-phylogenetic regression, the non-phylogenetic simple regression was found to better explain the residual variation in both the trait means and the CVs (Table 2). Among the phylogenetic macroevolutionary models for the means of both phenotypes, Brownian motion using the habitat tree was found to be the best model for explaining variation in behavior while white noise using the phylogenetic tree was found to best explain variation in the respiratory data (Table 3). For the trait CVs Brownian motion using the phylogenetic tree was found to best explain variation in the behavioral data while Brownian motion using the habitat tree was found to best explain variation in the respiratory data (Table 3).




Figure 4 | Phylomorpho plot depicting the means of the two traits measured for each species of amphipod studied. Each terminal point represents the mean of these two traits (Respiratory = proportion of total DO consumption, Behavior = proportion of time avoiding light exposure) for each species. The phylogeny is the same as in Figure 3. Numeric values represent proportion of divergence between nodes. Color shading reflects the habitat classes.






Figure 5 | Phylomorpho plot depicting coefficient of variation (CV) of the two phenotypes measured for each species. Each point represents the relationship between the CVs for each species. The phylogeny is the same as in Figure 3. Numeric values represent proportion of divergence between nodes. Color shading reflects the habitat classes.






Figure 6 | Ancestral state reconstructions of both habitat association (pies) and phenotype [(A). Respiratory, (B). Behavior, shading: neutral (black) to phobic (red)] referencing the same phylogeny as in Figure 3, and phenotype and habitat categories from Table 1.




Table 2 | Results of regression model comparisons.




Table 3 | Results of phylogenetic macroevolutionary model comparisons.







4 Discussion

Four of the six crangonyctids were behaviorally photophobic (eyed species: Crangonyx sp., Sicifera sp., and eyeless: Stygobromus pecki and S. russelli) while the remaining two eyeless species (S. flagellatus and S. bifurcatus) were photoneutral. This result indicates that at least some Stygobromus, and perhaps other species of eyeless Crangonyctidae, have the capacity to detect light although there is currently no obvious anatomical or molecular evidence for this. This finding is consistent with recent studies on subterranean amphipods in Europe (Fišer et al., 2016), subterranean beetles in Australia (Langille et al., 2018), and subterranean crayfish in the USA (Li and Cooper, 2002), suggesting photoreceptors could be widespread in subterranean eyeless arthropods. Although our sample size was relatively small (n = 5–10 individuals per species), the relatively low CVs suggest that these estimates adequately capture variation for these traits within these species.

All Stygobromus species are eyeless, and Stygobromus was recovered in our analysis to be a monophyletic taxon, thus the eyeless phenotype appears to have evolved once in a common ancestor of all extant Stygobromus. Eyelessness in stygobiontic species is hypothesized to be due to strong selection against visual organs in lightless environments because eyes are energetically wasteful in subterranean environments where sight is not possible and food is scarce (Green and Romero, 1997; Moran et al., 2015). However, along with the ANSs, the paraphyletic distribution of photic behavior and respiratory phenotypic trait means across the phylogeny suggests that photoneutrality vs. photophobia evolved independently in various species.

Unfortunately, because we were only able to obtain a maximum of two species per habitat category, we were not able to quantitatively test the relationship between habitat association and phenotype. This limitation is unavoidable, as the species sampled are rare, often at low densities, and in the case of some habitats, the species sampled are the only locally available crangonyctids adapted to their respective habitats. To overcome this, we also performed an ANS for habitat association which found that epigean vs. subterranean habitat associations are monophyletic among these species, though subterranean phenotypes are known to have evolved independently multiple times in Crangonyctidae (Holsinger, 1967; Cannizzaro et al., 2021; Marin and Palatov, 2021).

Though the phylogenetic distribution of trait means were found to be paraphyletic with little to no phylogenetic signal, there was phylogenetic signal for the CVs of phenotypes. At least in the case of Stygobromus, this might be due to neutral processes under relaxed selection because photophobia is not relevant in deep phreatic waters (i.e., these species never encounter light and therefore any phenotypes relating to light responses cannot be advantageous and are therefore either neutral and evolving due to genetic drift, or negative if they are energy expensive).

The habitat model was found to be the strongest for two of the four evolutionary model comparisons, suggesting that habitat largely determines phototaxis in this group of species (Table 3). We hypothesize that this result could be because behavioral photophobia is maintained by selection in interstitial and spring-associated species to protect members of these species from entering inhospitable environments (i.e., an epigean environment with visual predators). Even though the eyeless phenotype may be highly advantageous in subterranean habitats, it is presumed to be highly disadvantageous in surface habitats because sightlessness in an epigean environment is likely an evolutionary dead end due to predation and other nonlethal risks including scarcity of suitable mates (Tobler, 2009; Horstkotte et al., 2010; Klaus and Plath, 2011). Therefore, selection on near-surface sightless species to remain in a subterranean environment likely outweighs any fitness disadvantages associated with maintaining light sensitive photoreceptors.

Presently, it is unclear if convergent phenotypes in Stygobromus are the result of selection operating on novel or standing genetic variation. However, research in other stygobiontic organisms has suggested that convergent characteristics in related organisms can be attributed to genetic changes that are unique to each instance of adaptation (Protas and Patel, 2008), suggesting that adaptation of similar phenotypes can be due to unique lineage-specific genomic changes rather than reuse of standing genetic variation.

A possible explanation for the inverse relationship between the CVs of the behavioral and respiratory phenotypes (Figure 5) is balancing of the trait phenotype with the level of familiarity of the stimulus. In other words, an environmental stimulus to which a population is naïve to is expected to be stressful, whereas a familiar environmental stimulus is expected to be less stressful, and the population’s phenotype is expected to be tuned to stimulus through selection. In this study, both species collected from deep aquifer environments (S. flagellatus and S. bifurcatus) showed the highest CV for respiratory response while the epigean species showed the lowest; the opposite was found for behavior. This suggests that the respiratory trait contains neutral variation in the species that never encounter light while the trait is closer to fixed in the species that encounter light regularly. Considering that deep aquifer species essentially never encounter light, the broader variation in the respiratory response of deep aquifer species suggests that neutral variation exists for how stressful light is perceived to be by these naïve species. Likewise, it is not surprising that they would also have little variation in a photic behavioral response (i.e., organisms don’t adapt to stimuli they have never experienced before). In contrast, we see that the epigean species show low variation in stress response (i.e., light is a daily factor for these species, and they all find it non-stressful) but high variation in behavioral response. This would suggest that avoiding light bears relatively neutral consequences for these species, which makes sense: if light is deleterious to a species that encounters light every day, it is unlikely for that species to persist. Following this logic, we see that the ecotone species show moderate variation for both phenotypes. This is not surprising as these species are likely under directional selection with respect to how they deal with light, and therefore have ‘pruned down’ neutral variation. In summary, if an organism was completely naïve to an environmental stimulus, the stimulus could be quite stressful; however, a stimulus that is common to the evolution of the species may elicit an adaptive behavioral response without causing much stress.

The phylogenetic signal for the phenotypic CVs suggests that the relationship between the mean and the amount of variation for a trait in a population may be phylogenetically constrained. This could be due to certain lineages having higher standing genetic variation for the measured phenotypes, or at least some other mechanism of maintaining higher population-level phenotypic variation, which may affect the evolvability of a lineage. In essence, a population with an exceptionally low CV for a trait could be said to be fixed for that trait because there is almost no intrapopulation variation for selection to operate on; whereas a population with a relatively high CV could be expected to have individuals within the population affected quite differently by the same selection pressures due to considerable differences in their phenotype. Therefore, populations with higher trait CVs could be said to have greater evolutionary potential as a population because individuals are expected to have variable and unequal fitness and therefore, as a population, have the possibility of tolerating greater variation in selection.

These findings support the hypothesis that, under certain circumstances, motile organisms can evolve behaviors in response to environmental indicators to avoid inhospitable habitats and deleterious effects associated with those habitats. Thus, it is likely that behavior mediates nonrandom dispersal and habitat occupancy, functioning to maintain biogeographic distributions of populations (Binckley and Resetarits, 2005; Resetarits, 2005; Edelaar et al., 2008; Fišer et al., 2016; Kralj-Fišer et al., 2020). If standing genetic variation can affect the evolution of behavior, and behavior can affect population structure and thus gene flow, then it is possible that behaviors and genetic structure form a positive feedback loop affecting speciation.
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