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ABSTRACT
Genetic variation is a crucial component of biodiversity and represents the variability and spatial
structure of alleles within and among organisms. Evolution modulates this variability over time
through mutation, selection, gene flow, and genetic drift. However, our capacity to test
foundational theories of population genetics has always been at the mercy of molecular
approaches available to quantify patterns of genetic diversity. Initially, techniques for empirical
DNA studies were in their infancy and limited by technologies and the price per unit of genetic
information. Because of these constraints, our pursuits have generally been limited to
investigations of one or a few species simultaneously, hampering our power to draw broadly
applicable conclusions. Advances in molecular technologies, e.g., high-throughput sequencing,
now provide so much information at so little cost that a multispecies comparative approach to
uncovering generalities about evolution is within reach even for applied studies on non-model
organisms. Ultimately, genotyping individuals from all species within a community will be
feasible and easily replicated across sampling locations and span entire regions. Variability of
genetic diversity, within and among species, can be leveraged to explore the relationship
between ecology and evolution and between micro- and macroevolution.

For my dissertation research, | employed a multispecies framework to link ecological and
evolutionary processes driving spatial patterns of biodiversity through comparative analyses of
genotypic variability among sympatric species of freshwater fish that inhabit a large sub-basin of
the Mississippi River. First, | quantified the extent of admixed ancestry among species within a
community by assessing genomic variability among individuals from many species. My analyses
uncovered that fish in nature — particularly minnows — have higher than expected

hybridization rates. My data even show evidence of hybrid viability and genetic exchange among



species (i.e., introgression). | interpret these findings of widespread admixture among distinct
species as an indicator that admixture plays a critical role in ecology and evolution — more so
than previously considered.

Second, | tested for general mechanisms that define spatial genomic variability within
species by comparing models of extrinsic drivers of genetic divergence. The river network, or
stream hierarchy model, best explained species' genomic variability, as evidenced by the
correspondence between genetic divergence and riverine architecture. This general pattern
emerged for all species, but the degree of genetic divergence differed widely, indicating that the
intrinsic traits of each species may also play an important role.

Finally, I further explored how phenotypic traits may modulate species’ genetic diversity
and ultimately evolutionary trajectories by comparing relationships between traits and metrics of
genetic variability among species within a comparative framework. Significant associations
between trait values and genetic patterns emerged, allowing me to develop predictive models of
genetic diversity using traits alone, without requiring direct genetic assessments. These trait-
based models can be applied to prioritize species for conservation and management.

My dissertation research demonstrates that modern molecular approaches are uniquely
positioned to help unite ecology and evolution, bridging the long-standing dichotomy between
these two disciplines. | provide a comparative framework for conservation biology that integrates
various temporal and spatial scales and demonstrate with an empirical example how it can be
applied to assess thousands of informative genetic markers across entire communities of non-
model organisms. My dissertation research elevates population genomics to the community level
and outlines how to explore new dimensions in our long-standing inquiry: What drives variation

in genetic diversity among species?
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INTRODUCTION

The ongoing biodiversity crisis is fueled by widespread habitat alteration and massive over-
exploitation of ecosystem services (Diaz et al., 2019; Millenium Ecosystem Assessment, 2005;
Singh, 2002), and freshwater ecosystems are at the forefront of this crisis. Despite their
tremendous economic, cultural, and scientific value (Albert et al., 2021), humans degrade
riverine systems more rapidly than terrestrial counterparts through the compounding impacts of
water over-allocation, pollution, habitat fragmentation, and species introductions. Ultimately,
negative impacts on our rivers do not bode well for us because we all live downstream (Rabalais,
2003).

Freshwater fishes serve as indicators of riverine ecosystem health, and species differ in
their physical characteristics, resource requirements, and habitat preferences (Helfman et al.,
2009). Fishes are an essential part of riverine ecosystems, which humans rely on for basic needs
such as food and water, and for sustaining our modern lifestyle via hydropower (Auerbach et al.,
2014). Freshwater fisheries are of immense economic importance (Harper et al., 2013; Lynch et
al., 2016). Given our reliance on freshwater fishes and their ecosystems, species loss and
ecosystem collapse are not something we should risk. Unfortunately, the current position of
freshwater conservation — underfunded and neglected by apathy — requires a more strategic
approach to combatting biodiversity loss.

Constraints imposed by limited conservation funding necessitate predictive schemes to
prioritize conservation and management targets. Debates on whether resources should be applied
towards threatened species — which may be doomed to extinction regardless — or focused

instead on maintaining ecosystems and key species underscore the current dilemma (Wilson et



al., 2011). Conservation and management must transition from a reactive science to a more
proactive one, i.e., “new conservation” (Marvier, 2014; Sullivan et al., 2014). Proactivity
requires the ability to forecast biodiversity changes across time and space (Urban et al., 2016).
Thus, a new framework is needed to define long-term conservation goals and identify
appropriate management strategies to sustain biodiversity in a changing world. One avenue to
provide more management insight is examining the ecological drivers of genetic diversity to

discern how contemporary processes influence long-term evolutionary trajectories.

Freshwater fish diversity and river networks

Out of over 30,000 fish species recognized, almost 50% inhabit freshwaters, despite these
ecosystems comprising < 1% of the liquid water available (Tedesco et al., 2017). Given the much
larger habitat volume of marine ecosystems, a more proportional number of species would be
expected (Hubbell, 2001; MacArthur & Wilson, 1967). This discrepancy is deemed the
“freshwater paradox” (Tedesco et al., 2017), hereafter “FP.” Unraveling the processes that have
led to the FP is central to conserving freshwater diversity because it requires the integration of
ecology and evolution: what contemporary processes most influence persistence through time?
My work aims to explain why freshwaters are teeming with so many species in hopes that
knowledge can help protect them.

The explanation for FP has focused on the higher potential for geographic isolation
across freshwater habitats (Grosberg et al., 2012). Most freshwater fish inhabit riverine rather
than lacustrine environments (Miller, 2021). Rivers are networks structured fractally, comprising
repeating units of small tributaries, mid-sized streams, and large primary outflows. Many smaller

river networks combine into more extensive ones and range from local catchments to



continental-scale basins such as the Amazon or Mississippi rivers. Considerable distances and
environmental gradients can separate populations and communities in different network
branches, making them comparable to island habitats (Tedesco et al., 2012). The network
architecture makes riverine ecosystems isolating environments conducive to population
divergence (Dias et al., 2013).

Additionally, the structure of basins and networks can be modified through geological
processes, such as erosion, glaciation, and uplift, all of which can alter the courses of rivers,
change the direction of flow, and re-arrange basins. As a result, isolated streams in adjacent
basins become connected, bringing populations or species into contact and promoting genetic
mixing that otherwise would not have been possible (Musher et al., 2022). Alternatively,
connected stream segments once harboring a single population can be rerouted and separated,
leading to two or more isolated populations. These paleohydrology re-arrangements occur
iteratively over and leave an imprint on the evolutionary histories of stream-dwelling organisms
(Mayden, 1985, 1988; Strange & Burr, 1997).

The isolating nature of river networks may be related to why freshwaters contain so many
fish species (Dias et al., 2013; Oberdorff et al., 2011; Tedesco et al., 2012). The process of
isolation and resulting demographic independence of populations has two essential outcomes: 1)
Populations established through colonizing a river network trade fewer migrants than in other
habitats (e.g., landscapes or oceanscapes); and 2) Populations with low gene flow begin to
diverge genetically from others due to their independence. Genetic changes in an isolated
population are not exchanged with other populations (and vice versa), and as a result, isolated

populations become increasingly unique over time due to evolutionary independence.



While isolation can lead to evolutionary independence and speciation, it can also result in
ecological collapse and extinction (Hanski, 1997); this underscores why unraveling the FP is
central to conserving biodiversity. The trajectory of a population towards becoming a new,
independent lineage through spatial isolation is precarious. Unraveling the processes that have
led to the FP is a task set in river networks concerned with understanding how species’ extrinsic
and intrinsic ecological properties modulate population persistence and evolutionary change. A
more precise understanding of the relationship between ecological factors and evolutionary

trajectory can guide conservation efforts but requires a multispecies comparative approach.

Comparative Multispecies Framework

A comparative multispecies framework is required to unravel the FP. Studies of genetic variation
in natural populations have primarily been limited to one or a few species. However, the high-
throughput capacity of the massive-parallel next-generation sequencing approaches has made it
possible to sequence hundreds or even thousands of species in a single study (Singhal et al.,
2018). Analyses of such comprehensive data sets would be decisive in linking processes
happening at the micro-evolutionary level (e.g., gene flow) to patterns observed at the macro-
evolutionary scale (e.g., speciation).

The call for comparative genetic approaches to examine multiple, non-model species has
come from various disciplines to gain insights into diverse processes from community ecology to
diversification. For example, “community genetics” focuses on the genetic consequences of
species interactions (Whitham et al., 2006). “Landscape community genomics” extends this and
considers the additional aspects of spatial scale and landscape heterogeneity (Hand et al., 2015).

These sub-fields could arguably fall under the much older “comparative population genetics”



(Hoenigsberg et al., 1969). Still, newer terms like “macrogenetics” are being coined for
comparative population genetic studies focused on broad spatial or temporal scales (Blanchet et
al., 2017).

Nevertheless, multiple areas of evolutionary inquiry have been converging on the same
idea, which underscores the potential of such broad-scale, comparative investigations.
Ultimately, a comparative approach seeks to yield generalized insight into the ecological and
evolutionary drivers of diversity. Here | appropriate “-scape” community genomics (Hand et al.,
2015) for my overall framework for studying the genetic diversity of multiple species collected
across a basin: ‘Riverscape community genomics.” | explore hybridization among them, common
extrinsic spatial drivers of genetic structure, and how traits unique to each species that mediate

their ecology ultimately influence their evolutionary trajectories.

Dissertation Objectives

My dissertation explores what we can infer about ecological and evolutionary processes by
simultaneously investigating genetic diversity for dozens of co-distributed freshwater fish within
a river basin. | present three examples of how a multispecies approach to genetic diversity can
lead to greater insight applied to fisheries management.

Chapter I leverages signatures of genetic diversity unigque to species to identify admixed
individuals, i.e., hybridization or introgression. While identifying admixed individuals is
necessary before further analyses of genetic diversity. Admixture can have negative
consequences by reducing fitness (outbreeding depression), and it is thus of interest in the
applied context of fisheries management. However, admixture can also provide a source of

genetic diversity if hybrids are viable and backcross with pure individuals, thus facilitating the



exchange of genes between distinct species (introgression). This may lead to novel variation and
alter evolutionary trajectories (Taylor & Larson, 2019). My research showed hybridization to be
widespread among minnows and that genetic exchange among species via introgression is also
common.

Chapter Il focuses on the isolating nature of river networks. | examine differences in
intraspecific genetic diversity among sampling locations, compare models of spatial genetic
structure, and repeat this for dozens of fish species. This framework allows concordant patterns
of spatial genetic structure to emerge, revealing spatial scales most relevant for managing and
maintaining genetic diversity.

Finally, Chapter I11 explores the link between phenotypic traits that mediate ecological
interactions and evolutionary history inferred from genetic diversity. Here | define genetic
diversity broadly for each species as total diversity (y), average within-site diversity (o), and
among-site diversity () (Whittaker, 1960, 1972). For multiple fish species, | explore how
variation in these genetic diversity metrics is associated with phenotypic characteristics and
construct predictive models that aim to predict genetic diversity from traits alone. These insights
offer avenues for new conservation strategies that leverage generalized ecological traits to
forecast diversity metrics relevant to evolutionary trajectories in thousands of freshwater species
currently lacking genetic information. These predictions can guide management and prioritize
species conservation efforts, particularly in developing countries where funding, infrastructure,

and training constraints limit pro-active management programs.
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CHAPTER I
A community genomics approach to natural hybridization

Zachery D. Zbinden, Marlis R. Douglas, Tyler K. Chafin, & Michael E. Douglas

ABSTRACT
Hybridization plays a pivotal role in ecology and evolution, and while once deemed unnatural
and uncommon, it is now recognized as surprisingly ubiquitous between species. However, few
studies have quantified its prevalence at the community level, where hybridization may modulate
species interactions, change ecological processes, or alter evolutionary trajectories. We
quantified rates of hybridization across 75 communities of freshwater fish within the White
River Basin (AR/MO, USA) by genotyping 33 species (N=2,865 individuals) across thousands
of loci using restriction-site associated DNA sequencing (ddRAD). In contrast to more
conventional single species-pair evaluations, our approach is less biased on a per-species/per-
individual basis because it does not require a priori assumptions of putative hybridization. We
found widespread hybridization (N=70 individuals; 2.4%) across 18 parental species pairs and
involving 73% of species (N=24) analyzed. Most occurrences were in minnows (Leuciscidae):
N=15 species and N=66 individuals. Introgression was evident in 24 backcrossed individuals.
Literature-based per-individual hybridization estimates predicted only 2-3 hybrids within our
dataset. Our community-level assessment suggested hybridization is even more common than
now-contemporary considerations and may substantially confound analytical frameworks of

ecological and evolutionary studies and thus should not be disregarded.
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INTRODUCTION

Hybridization, once considered “exceedingly rare” by zoologists (Hubbs, 1955), is now
recognized as relatively common, primarily because of increased scrutiny due to modern DNA
sequencing technologies (Cordonnier et al., 2019; Ottenburghs, 2019). A more contemporary
paradigm is that hybridization and introgression play an important role in ecology and evolution
(Lowe et al., 2015; Pfennig, 2021; Rhymer & Simberloff, 1996), which diverges from a
historical perspective rooted in the biological species concept (Harrison & Larson, 2014).

Hybridization studies focus predominantly on single species pairs, emphasizing
reproductive barriers and genomic consequences (Taylor & Larson, 2019). Thus, despite a
growing list of species known to hybridize, we are still unaware of how frequently hybridization
and introgression occur within communities. This deficiency extends beyond the academic:
Admixture often complicates conservation and management (Bangs et al., 2020), inflates
divergence estimates in population genomic evaluations (Arnold, 1992; Grant & Grant, 2019),
and generally violates model assumptions underlying analytical frameworks (McVay et al.,
2017). In short, admixture's ecological, evolutionary, and analytical ramifications remain
nebulous without understanding how frequently it occurs in communities.

Several issues have clouded estimates of natural hybridization and introgression rates:
First, a narrow focus on single species pairs and an a priori assumption of hybridization, e.g.,
based on morphological observation, have promoted ascertainment bias (Allendorf et al., 2001;
Justyn et al., 2020), where “cryptic’ hybridization beyond a study’s purview often goes
unrecognized (Justen et al., 2021; Vallender et al., 2007). This restricted focus is primarily due to
the cost-prohibitive nature of multispecies evaluations. Mandates that stipulate funding must go

towards select species, e.g., state- or federally-listed species, further limit the taxonomic scope of

11



hybridization assessments. Furthermore, detecting low-level admixture where backcrossing has
diluted the contribution of ancestral genomes per individual requires sufficient sample sizes and
a broad genomic scope (Randi, 2008) to contend with reduced detection probabilities of
introgressed alleles (Gerard et al., 2011; Meng & Kubatko, 2009).

Broader comparative examinations often utilize meta-analyses (Justyn et al., 2020) to
quantify hybridization rates per species. However, studies collated within meta-analyses to detect
hybridization are rarely equivalent in statistical power (Schwenk et al., 2008), with negative
results often ignored (Kotze et al., 2004). An unbiased examination of hybridization in nature is
past due (Folk et al., 2018), and by determining its extent, we can discern its ecological and
evolutionary significance.

Freshwater fishes are an excellent study system in that they demonstrate a greater
propensity for hybridization than other vertebrates (Hubbs, 1955; Keck & Near, 2009; Scribner
et al., 2000; Wallis et al., 2017). This seemingly stems from unequal abundances, secondary
contact facilitated by stream capture, and weak reproductive isolating mechanisms, e.g., external
fertilization and spatiotemporal overlap in spawning (Corush et al., 2021; Scribner et al., 2000).
Furthermore, developmental incompatibilities are also reduced in fish (Thorgaard & Allendorf,
1988).

We quantified intrafamilial hybridization in a regional North American freshwater stream
fish community by genotyping genome-wide SNP loci. We addressed the following: (i) What is
the frequency of hybridization in nature, i.e., that proportion of admixed individuals across
species and families? (ii) What are the rates of introgression among species? And (iii) Is the

occurrence of hybridization related to environmental variation?
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METHODS
Sampling and data generation
The sampling area spanned the White River Basin (71,911 km?) of the Ozark Plateau, straddling
southern Missouri and northern Arkansas. Sampling procedures were validated by the University
of Arkansas Institutional Animal Care and Use Committee (IACUC #17077) and permitted by
regional authorities (Supplement S1). Fish were captured using seine nets from June 2017 to
September 2018 and euthanized via tricaine methanesulfonate (MS-222) and 95% ethanol.
Species diagnosis occurred in the laboratory following Eschmeyer’s Catalog of Fishes. For DNA
analysis, the right pectoral fin was removed and stored in 95% ethanol at -20°C.

Genomic DNA was isolated (Qiagen Fast kits; Qiagen Inc.) and then quantified by
fluorometry (Qubit; Thermo-Fisher Scientific). Individuals were genotyped using a reduced
representation of the genome obtained via double-digest restriction site-associated DNA
(ddRAD) sequencing, with procedures modified from previous protocols (Chafin et al., 2019;
Peterson et al., 2012), and sequenced as pooled batches of 144 individuals per 1x100 lane on the

Illumina HiSeq 4000 (Supplement S1).

Data processing and assembly

Before hybrids could be identified, family-level SNP panels had to be generated by
demultiplexing, clustering, and filtering sequence data. Raw Illumina reads were demultiplexed
and filtered in IPYRAD (Eaton & Overcast, 2020). First, family-level phylogenies were generated
to verify that individuals were correctly identified to species using PHYLORAD (Fan et al., 2018)
(an alignment and assembly-free method applied to raw reads; Supplement S1). Individuals

(N=3,042) were subsequently partitioned by family (N=6) and processed de novo in IPYRAD
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(Eaton & Overcast, 2020) to generate family-level assemblies. Adapters and primers were
removed and reads with >5 low-quality bases (Phred<20) discarded. Clusters were assembled
using an 85% identity threshold, with loci subsequently removed via conditional criteria to
ensure high-quality data (Supplement S1). Biallelic SNPs were further filtered and visualized

using RADIATOR (Gosselin, 2020; Supplement S1).

Hybrid identification

Our initial objectives were to detect individuals with admixed ancestry and determine rates of
inter-familial hybridization (i.e., no hybridization between families assumed). Individuals were
screened for admixture using principal components analysis (PCA) and discriminant analysis of
principal components (DAPC; Jombart et al., 2010). An initial DAPC (ADEGENET; Jombart,
2008) explained 90% of the variance with n-1 discriminant functions, where n=number of
species. An a-score optimization was implemented to avoid over/underfitting and acquire the
optimum number of PCs, with individual assignment probabilities calculated via a second
DAPC.

Results were contrasted with a maximum-likelihood clustering approach (SNAPCLUST;
Beugin et al., 2018). Three models were tested: (i) F1 only; (ii) F1+ first-generation backcross;
and (ii1) F1+first- and second-generation backcrosses with AIC as best fit (Beugin et al., 2018).

Admixture analysis employing sparse non-negative matrix factorization (SNMF) was
used to refine ancestry coefficients for each family (LEA; Frichot & Francois, 2015), with 25
repetitions per K value (1-25) and regularization parameter (o)=100. Best K from each run (via

cross-validation) was used to impute missing data (impute function, method="mode’ in LEA)
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and then repeat SNMF (as above). Mixed ancestry was assumed if assignment probability <0.9

for the primary cluster.

Hybrid classification

We contrasted models with and without introgression in SNAPCLUST to identify backcrossed
individuals (Beugin et al., 2018; Cordonnier et al., 2019). We confirmed assignments by
assigning individuals as F1, F2, or backcrosses (NEwHYBRIDS; Anderson & Thompson, 2002).
We also implemented HYBRIDDETECTIVE (Wringe et al., 2017) to confirm if our statistical power
was sufficient for assigning putative hybrids to genotype frequency classes. We first simulated
the hybrids of known classes by randomly sampling two alleles per locus from appropriate
parental pools, and three independent replicates assessed convergence. We then determined an
optimal posterior probability threshold (=0.70) at which hybrid classes could be reliably
assigned. The final MCMC was run for 1,000,000 iterations (250,000 burn-in), using a panel of
200 loci with the greatest among-species differentiation (Fst) and lowest linkage disequilibrium

(r’<0.2).

Spatial analysis of hybrid occurrence

The occurrence of hybridization was evaluated at each sampling location (N=75) across the river
network to evaluate spatial autocorrelation and relationships with environmental factors. We
acquired a representative environmental dataset for North American rivers
(HYDrRORIVERSV.1.0; Linke et al., 2019), which we trimmed (ARCGIS; ESRIv.10.8) and then

compiled with sampling site coordinates by nearest stream segment (sF; Pebesma, 2018).
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Sampling location environmental variables (N=281) were partitioned into five classes: (i)
Hydrology; (ii) Climate; (iii) Landcover; (iv) Geology; and (v) Anthropogenic. Variables lacking
variation were removed, with the remainder being standardized (BESTNORMALIZE; Peterson &
Cavanaugh, 2020). Finally, those exhibiting within-class collinearity were removed stepwise
until each variation inflation factor <10 (uspm; Naimi, 2013). Dimensionality was reduced via
robust PCA (ROBPCA,; Hubert et al., 2005; Hubert et al., 2016), and the PCs were then tested
for relationships with hybrid occurrence (multiple regression, VEGAN; Oksanen et al., 2020).

We tested spatial autocorrelation using two methods that generated spatial predictor
variables: (i) Euclidean distance between all sample locations (latitude/ longitude) decomposed
into positively correlated spatial eigenvectors (distance-based Moran’s eigenvector maps,
function dbmem; ADESPATIAL; Dray et al., 2020); (ii) Hydrologic network distance between all
sampling locations decomposed as above. Network distances were calculated using RIVERDIST
(Tyers, 2017). Both eigenvector sets were tested for relationships with hybrid occurrence using

multiple regression (i.e., spatial autocorrelation).

RESULTS
Samples comprised 33 species collected from 75 locations (Figure 1). We examined admixed
individuals across six families using SNP genotypes for 2,865 individuals (Table 1). The number
of SNPs varied by family but generally was inversely correlated with the number of species
(Table 1). Power analyses verified the robustness of panels for detecting hybrid individuals and

classes (Supplement S2-S19).
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Hybrid identification and classification

We found more evidence of admixture than expected, although most putative hybrids were
cyprinids (minnows). Hybrids (N=70; 2.4%) were detected within four families (Table 2), with
the proportion of hybrid individuals ranging from 0-4.4%. All but four hybrids were cyprinids
(Leuciscidae), with exceptions being: (i) Micropterus dolomieu x M. salmoides (Centrarchidae);
(ii) Etheostoma juliae x E. zonale (Percidae); (iii) Etheostoma spectabile x E. caeruleum
(Percidae); and (iv) a putative multispecific hybrid: Noturus maydeni x N. albater x N. exilis
(Ictaluridae). Thus, we recognized N=18 hybridizing species-pairs and N=8 hybridizing species-
triplets, i.e., multispecies hybrids.

Within Leuciscidae, we identified 66 hybrids and 15 hybridizing species-pairs
(Supplement S20). The most remarkable occurrence (N=29 individuals; 41%) involved
Campostoma anomalum x C. oligolepis. At least one admixed individual was found in N=15
cyprinid species, whereas N=24 species contributed to at least one hybrid. Species sampled at
more sites showed more evidence of hybridization: The number of hybrids per species was
significantly related to the number of sample sites (R>=0.16, F=6.1, p=0.02).

PCA, sNMF, and SnapcLUST were largely congruent in detecting hybrids (figures 2-3).
Both SNMF, and SNnAPCLUST designated 36 hybrids but separately identified additional admixed
individuals (26 and eight, respectively). DAPC performed poorly (Supplement S21), with only
eight admixed individuals detected (admixture results: Supplement S22).

We also found evidence of introgression. SNAPCLUST only designated F1 hybrids in all
cases. However, NEwHYBRIDS identified 39% of hybrids as backcrossed (24/62, excluding eight
multispecies hybrids); this corresponds to 55% (10/18) of all putatively hybridizing species-pairs

showing evidence of introgressive hybridization (Table 3). Approximately 24% of hybrids
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(15/62) were likely F1 or F>. Finally, NEwHYBRIDS designated 37% (23/62) of the putative
hybrids as pure individuals, although they may be poorly classified introgressed individuals, i.e.,

late-generation hybrids (Beugin et al., 2018).

Spatial and environmental factors

At least one hybrid occurred at 56% of sampling sites (42/75), yet without significant spatial
autocorrelation, based either on Euclidean distance (p=0.546) or river network distance
(p=0.736). Likewise, hybrid incidence was not significantly related to environmental variation:
Hydrology (p=0.321); Climate (p=0.737); Landcover (p=0.442); Geology (p=0.799); or

Anthropogenic (p=0.266).

DISCUSSION
Hybridization plays a pivotal role in ecology and evolution because it can negatively impact the
fitness of individuals, spread maladaptations across populations, drive species to extinction, and
even generate new lineages through hybrid speciation (Arnold, 1992; Bangs et al., 2020; Lowe et
al., 2015; Meng & Kubatko, 2009; Rhymer & Simberloff, 1996). While hybridization is now
generally considered a “common” phenomenon, we still expect hybrid individuals to be rare in
communities because of reproductive barriers (Cordonnier et al., 2019). Despite our
expectations, the prevalence of hybrids at the community level is generally unknown because
most hybridization studies focus on single species-pair evaluations or involve only a few closely
related species within a specific taxonomic group (Bangs et al., 2020). This study outlines an
approach to quantify hybridization at the community level that does not require a priori

assumptions of putative hybridization and thus lacks a species-specific bias. We demonstrate this
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approach by evaluating admixture across freshwater fish communities within the White River

Basin of the Ozarks.

Frequency of hybridization in nature
Detection of admixture within 67% of families, involving 73% of species examined across our
study underscores the potential relevance of hybridization in ecology and evolution.
Hybridization rates were variable among families and species, reinforcing the importance of
unbiased community-level estimation. Our conclusions regarding hybridization could drastically
differ if only one species pair were randomly evaluated from this regional pool.

Hybridization was encountered more frequently than anticipated, whether per-individual
(2.4%) or per-species (73%). Previous estimates of per-individual hybridization rates across
plants and animals were lower (0.002-0.06%) (Justyn et al., 2020; Mallet, 2005; Mayr, 1963).
Our results delineated substantially higher rates in cyprinids (4%). However, one could ask: Is
this a genuine biological phenomenon or simply a sampling artifact? If the actual rate were
comparable to that found in other studies (e.g., 0.1%), we would have expected evidence of only
2-3 hybrids. The estimates cited above stemmed primarily from studies relying on
morphological identification of hybrids and thus may be less effective at detecting introgressed
individuals (Keck & Near, 2009). Our study using genomic signatures was more adept at
uncovering cryptic admixture not easily identified via phenotype (Justen et al., 2021).

Hybridization may be higher in fishes (Hubbs, 1955; Wallis et al., 2017). Similar per-
individual rates (0-4%) were identified in marine fishes (Burford et al., 2011), with even higher
rates (22.5%) among invasive Mississippi River carp (Lamer et al., 2010). However, fish

hybridization studies typically focus on single species pairs, often within hybrid zones or
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invasion fronts (Dowling & Hoeh, 1991; Matthews et al., 2016), and this may impede a strict
comparison by biasing rates higher. Although, a typical study focused on a single species-pair is
likely to miss hybrids resulting from one of the study species and a third, unstudied species;
perhaps worse, such an individual might be erroneously attributed as a hybrid between the two
focal species when it is not (more below).

Published per-species estimates vary from 1-10% across animals and ~25% for plants
(Mallet, 2005; Twyford & Ennos, 2012). Although differences in the former are apparent from
literature and museum records, one could again ask if it reflects an actual biological signal, or
rather, variance in diversity and research effort? For example, Schwenk et al. (2008) found rates
mostly homogenous among taxonomic groups once the number of species and records, i.e.,
research intensity, were accounted for. However, fishes again demonstrated higher rates
(Schwenk et al., 2008).

Our per-species rate was highest within minnows (Leuciscidae) (Table 2), yet this was
also the most specious group studied. Previous meta-analyses found disproportionately high
hybridization rates within Leuciscidae (Hubbs, 1955; Corush et al., 2021), potentially indicating
hybrids with greater viability (Avise & Gold, 1977). Not surprisingly, breeding behavior within
Leuciscidae is also a significant predictor of hybridization rates (Corush et al., 2021). Many
minnow species distribute gametes widely within the water column or affix them onto
substrate/nests that are often a shared resource among species (Corush et al., 2021; Peoples et al.,
2016). Early observations noted that six different minnow species simultaneously spawned over
the same gravel substrate (Hubbs, 1955). In addition, minnows are not only the most diverse and
widely distributed of North American stream fish families but are also numerically dominant

members within communities (Matthews & Marsh-Matthews, 2017). As such, they encounter
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broad environmental heterogeneity, demonstrate a high degree of sympatry, and exhibit uneven
abundances among species, all of which may favor more frequent hybridization (Scribner et al.,

2000).

Introgression between species

Not only did we find evidence of widespread hybridization among species, but also
introgression. The evidence of introgression suggests hybrids can be viable, fertile, and
backcross with parental species, thus facilitating inter-specific gene flow (Dowling & Demarais,
1993). This genetic exchange can provide a ready source of novelty for evolutionary forces to act
upon (Twyford & Ennos, 2012), and the prevalence found here indicates how probable an
extraneous genetic contribution to a species’ evolutionary trajectory can be. In some instances,
introgression between species has been suspected to result in the generation of new lineages, i.e.,
hybrid speciation (Meng & Kubatko, 2009; Taylor & Larson, 2019). It is intriguing that one of
the most diverse groups of freshwater fish — cyprinids — is gaining a reputation for frequent
hybridization and, as shown here, exchange of genes among species. This finding supports the
notion that introgressive hybridization has played an important role in cyprinid evolutionary
history (Dowling & Demarais, 1993). Questions remain regarding how adaptive such
hybridization is and how it may differ among species and environmental contexts (DeSantis et
al., 2021). Such data would facilitate our capacity to predict/mitigate species collapse (Gibson et

al., 2019) and offer a potential avenue for future conservation and management.
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Spatial distribution of hybridization

Hybridization has long been considered “unnatural” (Mallet, 2005), and this legacy interpretation
now contrasts with the elevated detection of its occurrence. This recognition also increases
concerns that anthropogenic impacts are homogenizing pre-zygotic barriers (Hubbs, 1955;
Grabenstein & Taylor, 2018). Environmental extremes, such as those found in modified habitats,
often grant selective benefits to hybrids (Arnold et al., 1999; Chafin et al., 2019; Hamilton et al.,
2009). In some cases, these advantages promote them over parentals (Carson et al., 2012)
because habitat alterations and fragmentations can change temperature, turbidity, and water
chemistry such that species barriers weaken or dissipate completely (Chafin et al., 2019; Heath et
al., 2010).

However, the incidence of hybridization we found at the community level did not
associate with environmental factors. Therefore, we cannot reject the hypothesis of spatially
random hybridization within the White River Basin. Alternatively, the underlying determinants
may vary along a much finer spatial scale or within a species-specific environmental context.
Our study drainage may be less anthropogenically impacted than other regions, an aspect
supported by field observations and established indices (i.e., HYDRORIVERS; Linke et al.,

2019). If so, a much larger spatial scope may be required to capture anthropogenic drivers of
hybridization. Despite these caveats, our results offer a baseline for future investigations that test

variability in community-wide hybridization.

Methodological considerations
Despite its wide application, our results suggest a limited capacity for DAPC to detect

individuals of mixed ancestry. DAPC results are intuitive in that a discriminant analysis serves to
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maximize between-species differences. However, maximizing cluster differences invariably
produces a pattern wherein admixed individuals are likely to be assigned with a high probability
to either parental cluster, especially when hybridization was not a priori suspected (i.e., not
reflected in categorical group designations). Hence, its strength in minimizing overlap among
species may dampen its utility for identifying admixture. In this sense, we merely document what
has been suggested by in silico explorations (Miller et al., 2020).

Another methodological observation is the underperformance of SNAPCLUST when
compared to NEwHYBRIDS (a conclusion in agreement with other studies [Cordonnier et al.,
2019]). Additionally, SNAPcLUST, which must be employed pairwise between each species,
could readily detect admixed individuals but not determine which parental pair determined the
ancestry. In other words, an A x B hybrid (confirmed by the other methods) might appear
admixed no matter the second species tested (A x B, A x C, and A x D). This is problematic for
studies assessing a single species pair because SNAPCLUST may erroneously infer an individual as
a hybrid between the focal pair when a third species contributed. Thus, we suggest SNAPCLUST
be employed only as a first-pass screening tool to identify admixed individuals, from which
candidate assignments may be subsequently refined using more robust (and computationally
intensive) approaches. Furthermore, this also supports the necessity of a community-level
approach for unbiased estimation of hybridization. The more inclusive our datasets are regarding
interacting species in natural communities, the better our resolution regarding the landscape of

hybridization.
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Conclusion

Hybridization happens more frequently than expected. However, fish may not be representative
of all animals, so more research into hybridization rates across other taxonomic groups should
incorporate a community-level approach as outlined here. The more frequently we encounter
hybridization in nature, the more evidence for its influential role in ecology and evolution. While
hybridization can be a creative evolutionary force, it is often thought of as maladaptive and
threatening to a species’ existence. Future work may determine that the reality is more
complicated and even show that groups such as cyprinids thrive due to gene exchange among
species. Moreover, hybridization is anticipated to increase in frequency due to global
environmental change and human-mediated translocation of species (Cordonnier et al., 2019).
Therefore, we need baseline estimates to measure the increase in hybridization and detect where

it might impact our ecosystems to understand better what those impacts might be.
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TABLES AND FIGURES

Table 1: Overview of 33 species sampled across the White River Drainage, USA. Nsp =number
of individuals/species, Nsi =number of collection sites/species, Nra =number of
individuals/family, SNPs=single nucleotide polymorphisms in family panel.

Family Common Name Scientific Name Nsp Nsi Nea SNPs
Bluegill Sunfish Lepomis macrochirus 69 23
Centrarchidae  Longear Sunfish Lepomis megalotis 239 54 375 1926
(Sunfish) Smallmouth Bass Micropterus dolomieu 43 30
Largemouth Bass Micropterus salmoides 24 17
Cottidae Banded Sculpin Cottus carolinae’ 33 18 75 5344
(Sculpin) Knobfin Sculpin Cottus hypselurus’ 42 10
Fundulidae Northern Studfish Fundulus catenatus 105 28 296 2366
(Topminnow)  Blackspotted Topminnow  Fundulus olivaceus 121 34
Ictaluridae Ozark Madtom Noturus alk_)gter 10 5
(Catfish) Slender Madtom Noturus exilis _ 16 12 31 2744
Black River Madtom Noturus maydeni 5 3
Central Stoneroller Campostoma anomalum 128 44
Largescale Stoneroller Campostoma oligolepis 135 41
Southern Redbelly Dace Chrosomus erythrogaster 38 10
Whitetail Shiner Cyprinella galactura 75 16
Steelcolor Shiner Cyprinella whipplei 30 8
Striped Shiner Luxilus chrysocephalus 63 18
Leuciscidae Duskystripe _Shiner Lux?lus pilsbryi 258 33
(Minnow) Blee(_jlng Shmer Luxilus zonatus N 100 17 1507 343
Redfin Shiner Lythrurus umbratilis 24 5
Bigeye Shiner Notropis boops 226 31
Ozark Minnow Notropis nubilus 193 35
Carmine Shiner Notropis percobromus 67 15
Telescope Shiner Notropis telescopus 83 15
Bluntnose Minnow Pimephales notatus 55 24
Creek Chub Semotilus atromaculatus 32 14
Greenside Darter Etheostoma blennioides 62 26
Rainbow Darter Etheostoma caeruleum 348 53
Percidae Fantail Darter Etheostoma flapellare 26 11
(Darter) Yoke Darter Etheostoma juliae . 63 15 651 687
Orangethroat Darter Etheostoma spectabile 50 10
Current Darter Etheostoma uniporum 18 7
Banded Darter Etheostoma zonale 84 26
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Table 2: Hybridization summarized within six families sampled across the White River Basin,
USA. N Species=number of species analyzed, Unique pairs=number of unique pairs (=n ((n -
1)/2)), N Indiv=number of individuals examined, N Hybrids=number of hybrids detected,
Percent Indiv=Hybrid percentage. Unique species-pairs with hybrids only considered for

ancestry between two species.

Percent  Unique

Eami N Unique N N Percent S Species Pairs Pe.rcent
amily . . . . . w/ Pairs w/
Species  Pairs  Indiv. Hybrids Indiv. Hybrids w/ w/ Hybrid
Hybrid  Hybrid
Fundulidae 2 1 226 0 0.0% 0 0% 0 0%
Cottidae 2 1 75 0 0.0% 0 0% 0 0%
Ictaluridae 3 3 31 1 3.2% 3 100% 0 0%
Centrarchidae 4 6 375 1 0.3% 2 50% 1 17%
Percidae 7 21 651 2 0.3% 4 57% 2 10%
Leuciscidae 15 105 1507 66 4.4% 15 100% 15 14%
Overall 33 137 2865 70 2.4% 24 73% 18 13%
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Table 3: Observed genotype frequency classes of hybrid individuals inferred from NewHybrids
analysis for 18 hybridizing fish species-pairs collected across the Whiter River Basin, USA.
Note, 8 multispecific hybrid individuals not included. Putative hybrid individuals were assigned
to a genotype frequency class [F1, F2, Bx(=backcross), pure] based on Bayesian posterior
probability > 0.70.

No. Species A Species B N Indiv. Fi. F2 Bx Pure
1  Campostoma anomalum  Campostoma oligolepis 29 5 - 1 13
2  Campostoma anomalum  Chrosomus erythrogaster 1 1 - 0 -
3  Campostoma anomalum  Luxilus pilsbryi 1 -1 0 -
4  Campostoma oligolepis Notropis telescopus 1 1 - 0 -
5  Cyprinella galactura Cyprinella whipplei 2 1 - 1 -
6  Cyprinella whipplei Lythrurus umbratilis 1 - - 1 -
7 Luxilus chrysocephalus Luxilus zonatus 2 1 - 0 1
8  Luxilus chrysocephalus Semotilus atromaculatus 1 - - 1 -
9  Luxilus pilsbryi Lythrurus umbratilis 6 -1 5 -
10  Luxilus pilsbryi Notropis percobromus 2 1 - 1 -
11 Luxilus pilsbryi Luxilus zonatus 8 - - 0 8
12 Luxilus pilsbryi Luxilus chrysocephalus 1 - - 1 -
13 Luxilus zonatus Pimephales notatus 1 1 - 0 -
14 Notropis boops Notropis nubilus 2 - - 1 1
15 Pimephales notatus Semotilus atromaculatus 1 -1 0 -
16  Micropterus salmoides Micropterus dolomieu 1 1 - 0 -
17  Etheostoma spectabile Etheostoma caeruleum 1 - - 1 -
18 Etheostoma juliae Etheostoma zonale 1 - 1 -

Totals 62 12 3 24 23
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100

Figure 1: Collection sites (N=75; red circles) in the White River Basin (red area of insert;
Missouri and Arkansas, USA). Streams/rivers are colored/sized by Strahler Stream Order (larger
rivers darker/bolder).
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N=number of individuals/family.
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Figure 3: Calculated ancestral proportions for N=2,865 individuals from N=33 fish species
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SUPPLEMENTARY MATERIALS

Supplement S1: Supplementary materials and methods

Collecting permits

Collecting permits were provided by: Arkansas Game & Fish Commission (#020120191);
Missouri Dept. Wildlife Conservation (#18136); and US National Parks Service (NPS: Buffalo
River Permit; BUFF-2017-SCI-0013).

Library preparation

Standardized DNA concentrations (1000 ng) were digested at 37°C with high-fidelity restriction
enzymes Mspl (5’-CCGG-3') and Pstl (5’-CTGCAG-3') (New England Biosciences), bead-
purified (Ampure XP; Beckman-Coulter Inc.), standardized to 100 ng, and then ligated with
custom adapters containing in-line identifying barcodes (T4 Ligase; New England Biosciences).
Individual samples were pooled in sets of 48 and size-selected from 326 to 426 bp (Pippin Prep;
Sage Sciences). lllumina adapters and i7 index were added via 12-cycle PCR with Phusion high-
fidelity DNA polymerase (New England Biosciences). A set of three libraries (3x48=144
individuals/lane) were pooled per-lane and sequenced single-end on the Illumina HiSeq 4000
platform (1x100bp; Genomics & Cell Characterization Core Facility; University of Oregon/
Eugene). Quality control checks, to include fragment analysis and quantitative real-time PCR,
were performed at the core facility prior to sequencing.

Alignment and assembly free (AAF) phylogenies

Data assembly was performed in multiple stages: Pre-processing; Species validation and
screening; and family-level alignment. Reads were first demultiplexed in i1PYRAD v.0.9.62
allowing up to one barcode mismatch, yielding individual FASTQ files containing raw reads
(N=3,101). Individuals averaged >2 million reads, with those extremely low being removed
(N=59). Species identifications were validated using an alignment and assembly-free (AAF)
method (PHYLORAD). This method is comparable to alignment-based methods but with lower
computational burdens, as accomplished by computing a pairwise distance matrix as the
proportion of DNA substrings of length k (=k-mer) as a function of total unique identified k-
mers, followed by phylogenetic reconstruction following the Fitch-Margoliash method. The
same k-mer length was employed for read selection (ks) and reconstruction (k) = 21, with a k-
mer filtering threshold (n) = 2. Phylogenies were inspected manually, with putative mis-
identified individuals not clustering with the appropriate species-clade. These individuals were
re-evaluated via vouchered specimens (N=249; 8%), and a assinged a different species ID due to
misidentification.

Data processing and assembly

Individuals (N=3,042) were subsequently partitioned by family (N=6) and processed de novo in
ipyrad to generate family-level assemblies. Adapters and primers were removed and reads with
>5 low-quality bases (Phred<20) discarded. Clusters were assembled using an 85% identity
threshold, with loci subsequently removed via conditional criteria to ensure high-quality data:
<20x and >500x coverage per individual; >5% of consensus nucleotides ambiguous; >20% of
nucleotides polymorphic; >8 indels present; or presence in <15% of individuals. Putative

37



paralogs were removed if clusters displayed >2 alleles per site in consensus sequence or
excessive heterozygosity (>5% consensus bases or >50% heterozygosity/site). Biallelic SNPs
were further filtered in radiator, and removed if: Monomorphic; minor allele frequency <3%;
mean coverage <20 or >200; missing data >30%; SNP position on read >91; and if HWE lacking
in one or more species (=0.0001). Only one SNP was retained per locus (i.e., that which
maximized minor allele count). Finally, individuals having >50% missing data were excluded.
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Supplement S11: Power analysis for detecting genotype frequency classes via
HYBRIDDETECTIVE workflow. Results are shown here for Luxilus chrysocephalus X Luxilus
zonatus. P1 and P2 = pure; F1 and F2 = first filial and second filial hybrids; BC1 and BC2 =
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Supplement S12: Power analysis for detecting genotype frequency classes via
HYBRIDDETECTIVE workflow. Results are shown here for Luxilus chrysocepalus X Semotilus
atromaculatus. P1 and P2 = pure; F1 and F2 = first filial and second filial hybrids; BC1 and BC2
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Supplement S13: Power analysis for detecting genotype frequency classes via
HYBRIDDETECTIVE workflow. Results are shown here for Luxilus pilsbryi X Luxilus
chrysocephalus. P1 and P2 = pure; F1 and F2 = first filial and second filial hybrids; BC1 and
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Supplement S14: Power analysis for detecting genotype frequency classes via
HYBRIDDETECTIVE workflow. Results are shown here for Luxilus pilsbryi X Luxilus zonatus.
P1 and P2 = pure; F1 and F2 = first filial and second filial hybrids; BC1 and BC2 = backcrosses.
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Supplement S15: Power analysis for detecting genotype frequency classes via
HYBRIDDETECTIVE workflow. Results are shown here for Luxilus pilsbryi X Lythrurus
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Supplement S16: Power analysis for detecting genotype frequency classes via

HYBRIDDETECTIVE workflow. Results are shown here for Luxilus pilsbryi X Notropis

08

percobromus. P1 and P2 = pure; F1 and F2 = first filial and second filial hybrids; BC1 and BC2

= backcrosses.
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Supplement S17: Power analysis for detecting genotype frequency classes via
HYBRIDDETECTIVE workflow. Results are shown here for Luxilus zonatusi X Pimephales

notatus. P1 and P2 = pure; F1 and F2 = first filial and second filial hybrids; BC1 and BC2 =
backcrosses.
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Supplement S18: Power analysis for detecting genotype frequency classes via
HYBRIDDETECTIVE workflow. Results are shown here for Notropis boops X Notropis
nubilus. P1 and P2 = pure; F1 and F2 = first filial and second filial hybrids; BC1 and BC2 =

backcrosses.
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Supplement S19: Power analysis for detecting genotype frequency classes via
HYBRIDDETECTIVE workflow. Results are shown here for Pimephales notatus X Semotilus

atromaculatus. P1 and P2 = pure; F1 and F2 = first filial and second filial hybrids; BC1 and BC2
= backcrosses.
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Supplement S20: List of 18 unique hybridizing fish species pairs observed in the White River Basin, USA. Google Scholar was used
to search existing literature. Each pair was searched using "hybrid" and the two specific epithets for the pair (e.g., +hybrid* anomalum
oligolepis). Searches were also conducted based on related species. Corush et al. (2021) conducted a literature review and compiled
known hybrids from museum records and provided an invaluable resource here. Note this list does not include 8 of the 70 total
putative hybrid individuals found: multispecies hybrids (more than two ancestral species detected).

Literature
No. Species A Species B N Indiv.  Match Species Reference
1 Campostoma anomalum Campostoma oligolepis 29 yes C. anomalum x C. oligolepis Rakocinski, 1980
2 Campostoma anomalum Chrosomus erythrogaster 1 yes C. anomalum x C. erythrogaster Grady & Cashner, 1988
3 Campostoma anomalum Luxilus pilsbryi 1 related C. anomalum x L. chrysocephalus Poly, 1997
4 Campostoma oligolepis Notropis telescopus 1 no - -
5 Cyprinella galactura Cyprinella whipplei 2 yes C. galactura x C. whipplei Corush et al., 2021
6 Cyprinella whipplei Lythrurus umbratilis 1 no - -
7 Luxilus chrysocephalus Luxilus zonatus 2 yes L. chrysocepalus x L. zonatus Corush et al., 2021
8 Luxilus chrysocephalus Semotilus atromaculatus 1 yes L. chrysocepalus x S. atromaculatus Corush et al., 2021
9 Luxilus pilsbryi Lythrurus umbratilis 6 related L. chrysocephlus x L. umbratilis Corush et al., 2021
10 Luxilus pilsbryi Notropis percobromus 2 yes L. pilsbryi x N. rubellus Cross 1954
11 Luxilus pilsbryi Luxilus zonatus 8 related L. zonatus x L. chrysocephalus Corush et al., 2021
12 Luxilus pilsbryi Luxilus chrysocephalus 1 yes L. pilsbryi x L. chrysocepalus Corush et al., 2021
13 Luxilus zonatus Pimephales notatus 1 no - -
14 Notropis boops Notropis nubilus 2 yes N. boops x N. nubilus Corush et al., 2021
15 Pimephales notatus Semotilus atromaculatus 1 no - -
16 Micropterus salmoides Micropterus dolomieu 1 yes M. salmoides x M. dolomieu Barthel et al., 2010
17 Etheostoma spectabile Etheostoma caeruleum 1 yes E. spectabile x E. caeruleum Keck & Near, 2009
18 Etheostoma juliae Etheostoma zonale 1 no - -
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Supplement S21: DAPC-based membership probabilities to genomic clusters K based on a
priori species identification for 2,865 individuals from 33 fish species grouped by family. Note
the number of individuals per family (N) and the number of species (K). DAPC excels at
discriminating between groups but was largely unable to detect mixed individuals found by other

methods (PCA, Snapclust, and SNMF).
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Supplement S22: Summary of N=70 hybrid individuals form the White River Basin of the Ozarks. Species codes provided below.

INDIVIDUAL SPECIES LATITUDE LONGITUDE INFERRED PARENTAL PAIR sNMF SNAPCLUST DAPC NEWHYBRIDS POSTERIOR
Z01CAMANOO1 Campostoma anomalum 35.90463 -91.63537 CAMANO-CAMOLI CAMANO-CAMOLI PURE PURE PURE 100%
Z02CAMANOO1 Campostoma anomalum 36.09227 -91.75397 CAMANO-CAMOLI CAMANO-CAMOLI PURE PURE BC1 89%
Z03CAMOLIO1 Campostoma oligolepis 36.20048 -91.759 CAMANO-CAMOLI CAMANO-CAMOLI CAMANO-CAMOLI CAMANO F1 100%
Z06CAMANOO1 Campostoma anomalum 36.27342 -91.33447 CAMANO-CAMOLI CAMANO-CAMOLI PURE PURE PURE 100%
Z10CAMANOO1 Campostoma anomalum 35.61367 -91.60728 CAMANO-CAMOLI CAMANO-CAMOLI PURE PURE BC1 72%
Z10CAMANOO2 Campostoma anomalum 35.61367 -91.60728 CAMANO-CAMOLI CAMANO-CAMOLI CAMANO-CAMOLI PURE BC1 100%
Z11CAMANOO1 Campostoma anomalum 35.5444 -91.56472 CAMANO-CAMOLI CAMANO-CAMOLI PURE PURE PURE 100%
Z11CAMANOO2 Campostoma anomalum 35.5444 -91.56472 CAMANO-CAMOLI CAMANO-CAMOLI PURE PURE PURE 100%
Z11CAMANOO3 Campostoma anomalum 35.5444 -91.56472 CAMANO-CAMOLI CAMANO-CAMOLI PURE PURE PURE 100%
Z18CAMANOO1 Campostoma anomalum 35.54105 -91.77822 CAMANO-CAMOLI CAMANO-CAMOLI PURE PURE PURE 100%
Z18CAMANOO2 Campostoma anomalum 35.54105 -91.77822 CAMANO-CAMOLI CAMANO-CAMOLI PURE PURE PURE 100%
Z24CAMANOOS Campostoma anomalum 36.14685 -92.07063 CAMANO-CAMOLI CAMANO-CAMOLI CAMANO-CAMOLI CAMANO-CAMOLI F1 99%
Z25CAMANOO1 Campostoma anomalum 36.33653 -92.47492 CAMANO-CAMOLI CAMANO-CAMOLI PURE PURE PURE 100%
Z27CAMANOO1 Campostoma anomalum 36.06698 -92.63615 CAMANO-CAMOLI CAMANO-CAMOLI PURE PURE PURE 100%
Z29CAMOLIOT Campostoma oligolepis 36.02182 -92.67905 CAMANO-CAMOLI CAMANO-CAMOLI CAMANO-CAMOLI PURE BC2 100%
Z33CAMANOO2 Campostoma anomalum 36.23702 -92.98725 CAMANO-CAMOLI CAMANO-CAMOLI CAMANO-CAMOLI PURE BC1 100%
Z33CAMOLIO2 Campostoma oligolepis 36.23702 -92.98725 CAMANO-CAMOLI CAMANO-CAMOLI CAMANO-CAMOLI PURE F1 100%
Z34CAMOLIO2 Campostoma oligolepis 36.15450 -92.90213 CAMANO-CAMOLI CAMANO-CAMOLI CAMANO-CAMOLI CAMANO F1 100%
Z36CAMANOO1 Campostoma anomalum 35.94370 -93.06555 CAMANO-CAMOLI CAMANO-CAMOLI PURE PURE PURE 100%
Z36CAMOLIOL Campostoma oligolepis 35.94370 -93.06555 CAMANO-CAMOLI CAMANO-CAMOLI CAMANO-CAMOLI PURE F1 100%
Z37CAMOLIO4 Campostoma oligolepis 35.96167 -93.23573 CAMANO-CAMOLI CAMANO-CAMOLI CAMANO-CAMOLI PURE BC2 100%
Z37CAMOLIOS Campostoma oligolepis 35.96167 -93.23573 CAMANO-CAMOLI CAMANO-CAMOLI CAMANO-CAMOLI PURE BC2 95%
Z42CAMANO09 Campostoma anomalum 36.13102 -93.94767 CAMANO-CAMOLI CAMANO-CAMOLI CAMANO-CAMOLI PURE BC1 100%
Z47CAMANOO1 Campostoma anomalum 36.42222 -93.40465 CAMANO-CAMOLI CAMANO-CAMOLI CAMANO-CAMOLI PURE BC1 100%
Z58CAMANOO1 Campostoma anomalum 37.45613 -91.69537 CAMANO-CAMOLI CAMANO-CAMOLI PURE PURE PURE 100%
267CAMANOO1 Campostoma anomalum 36.88635 -92.47363 CAMANO-CAMOLI CAMANO-CAMOLI CAMANO-CAMOLI PURE BC1 88%
Z68CAMANOO1 Campostoma anomalum 37.02342 -92.76715 CAMANO-CAMOLI CAMANO-CAMOLI PURE PURE PURE 100%
Z71CAMANOO1 Campostoma anomalum 37.18145 -93.37052 CAMANO-CAMOLI CAMANO-CAMOLI PURE PURE PURE 100%
Z55CAMANOO6 Campostoma anomalum 37.35483 -90.97105 CAMANO-CHRERY CAMANO-CHRERY CAMANO-CHRERY PURE F1 100%
Z52CAMANOO2 Campostoma anomalum 36.82858 -90.81385 CAMANO-LUXPIL CAMANO-LUXPIL CAMANO-CHRERY PURE F2 100%
Z69CAMOLIO4 Campostoma oligolepis 37.04205 -93.13870 CAMOLI-LUXPIL-NOTNUB CAMOLI-LUXPIL-NOTNUB LYTUMB-CAMOLI CAMOLI-NOTNUB NA NA
Z04CAMOLIO4 Campostoma oligolepis 36.38583 -91.80977 CAMOLI-NOTTEL CAMOLI-NOTTEL LYTUMB-CAMOLI PURE F1 96%
Z06CYPGALO2 Cyprinella galactura 36.27342 -91.33447 CYPGAL-CYPWHI CYPGAL-CYPWHI CYPGAL-CYPWHI PURE BC1 91%
Z06CYPGALO7 Cyprinella galactura 36.27342 -91.33447 CYPGAL-CYPWHI CYPGAL-CYPWHI CYPGAL-CYPWHI PURE F1 99%
Z41CYPWHI02 Cyprinella galactura 36.04162 -93.70483 CYPWHI-LYTUMB CYPWHI-LYTUMB LYTUMB-CYPWHI PURE BC2 100%
Z48ETHJULOS Etheostoma juliae 36.25182 -93.44542 ETHJUL-ETHZON ETHJUL-ETHZON ETHJUL-ETHFLA PURE BC2 100%
Z01ETHSPE20 Etheostoma spectabile 35.90463 -91.63537 ETHSPE-ETHCAE ETHSPE-ETHCAE ETHSPE-ETHUNI PURE BC2 100%
Z41LUXCHR10 Luxilus chrysocephalus 36.04162 -93.70483 LUXCHR-LUXPIL-CYPGAL LUXCHR-LUXPIL-CYPGAL LYTUMB-LUXCHR PURE NA NA
Z52LUXCHRO3 Luxilus chrysocephalus 36.82858 -90.81385 LUXCHR-LUXZON LUXCHR-LUXZON LYTUMB-LUXCHR LUXZON F1 100%
Z62LUXCHR02 Luxilus chrysocephalus 36.55238 -91.53942 LUXCHR-LUXZON LUXCHR-LUXZON PURE PURE PURE 100%
ZO5LUXCHRO1 Luxilus chrysocephalus 36.44377 -91.67055 LUXCHR-NOTNUB-LUXPIL LUXCHR-NOTNUB-LUXPIL LYTUMB-LUXCHR PURE NA NA
Z38LUXPILO8 Luxilus pilsbryi 36.03938 -93.33633 LUXPIL-LUXCHR LUXPIL-LUXCHR LUXPIL-LYTUMB PURE BC1 99%
Z31LUXPILO2 Luxilus pilsbryi 35.92747 -92.89285 LUXPIL-LUXZON LUXPIL-LUXZON PURE PURE PURE 100%
Z32LUXPILO2 Luxilus pilsbryi 36.45005 -93.07547 LUXPIL-LUXZON LUXPIL-LUXZON PURE PURE PURE 100%
Z40LUXPILO8 Luxilus pilsbryi 36.14380 -93.59412 LUXPIL-LUXZON LUXPIL-LUXZON PURE PURE PURE 100%
Z42LUXPIL10 Luxilus pilsbryi 36.13102 -93.94767 LUXPIL-LUXZON LUXPIL-LUXZON PURE PURE PURE 100%
Z44LUXPILO7 Luxilus pilsbryi 35.82850 -93.83217 LUXPIL-LUXZON LUXPIL-LUXZON PURE PURE PURE 100%
Z46LUXPILO2 Luxilus pilsbryi 35.98301 -94.17291 LUXPIL-LUXZON LUXPIL-LUXZON PURE PURE PURE 100%
Z46LUXPILO3 Luxilus pilsbryi 35.98301 -94.17291 LUXPIL-LUXZON LUXPIL-LUXZON PURE PURE PURE 100%
Z51LUXZONO6 Luxilus zonatus 36.57930 -91.04640 LUXPIL-LUXZON LUXPIL-LUXZON PURE PURE PURE 100%
Z24LUXPILO6 Luxilus pilsbryi 36.14685 -92.07063 LUXPIL-NOTPER LUXPIL-NOTPER LUXPIL-LYTUMB PURE BC1 99%
Z31LUXPILO3 Luxilus pilsbryi 35.92747 -92.89285 LUXPIL-NOTPER LUXPIL-NOTPER LUXPIL-LYTUMB PURE F1 100%
Z58LUXZONO6 Luxilus zonatus 37.45613 -91.69537 LUXZON-PIMNOT LUXZON-PIMNOT LYTUMB-LUXZON PURE F1 100%
Z52LYTUMB10 Lythrurus umbratilis 36.82858 -90.81385 LYTUMB-NOTNUB-LUXPIL LYTUMB-NOTNUB-LUXPIL LYTUMB-LUXCHR PURE NA NA
Z15MICSALO3 Micropterus salmoides 34.36425 -91.23615 MICSAL-MICDOL MICSAL-MICDOL MICSAL-MICDOL PURE F1 100%
Z19CAMOLIO2 Campostoma oligolepis 35.73682 -92.10778 CAMANO-CAMOLI PURE CAMANO-CAMOLI PURE BC2 99%
Z24LUXPILO1 Luxilus pilsbryi 36.14685 -92.07063 LUXPIL-LYTUMB PURE LUXPIL-LYTUMB PURE BC1 98%
Z29LUXPILO6 Luxilus pilsbryi 36.02182 -92.67905 LUXPIL-LYTUMB PURE LUXPIL-LYTUMB NOTNUB BC1 95%
Z35LUXPILOS Luxilus pilsbryi 35.98273 -93.04035 LUXPIL-LYTUMB PURE LUXPIL-LYTUMB PURE BC1 100%
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Supplement S22 (Cont.)

INDIVIDUAL SPECIES LATITUDE LONGITUDE INFERRED PARENTAL PAIR sNMF SNAPCLUST DAPC NEWHYBRIDS POSTERIOR
Z48LUXPILO4 Luxilus pilsbryi 36.25182 -93.44542 LUXPIL-LYTUMB PURE LUXPIL-LYTUMB PURE BC1 92%
Z58LUXCHR02 Luxilus chrysocephalus 37.45613 -91.69537 LUXCHR-SEMATR PURE LUXCHR-SEMATR PURE BC1 100%
Z67LUXPILO2 Luxilus pilsbryi 36.88635 -92.47363 LUXPIL-LYTUMB PURE LUXPIL-LYTUMB NOTNUB BC1 86%
Z48NOTBOO03 Notropis boops 36.25182 -93.44542 NOTBOO-LUXPIL-PIMNOT NOTBOO-LUXPIL-PIMNOT LYTUMB-NOTBOO PURE NA NA
Z07NOTBOO09 Notropis boops 35.8711 -91.31063 NOTBOO-NOTNUB NOTBOO-NOTNUB PURE PURE PURE 100%
Z41INOTBOO06 Notropis boops 36.04162 -93.70483 NOTBOO-NOTNUB NOTBOO-NOTNUB NOTBOO-NOTNUB PURE BC1 95%
Z0ANOTMAYO1 Noturus maydeni 36.38583 -91.80977 NOTMAY-NOTEXI-NOTALB NOTMAY-NOTEXI-NOTALB PURE PURE NA NA
Z6INOTNUB11 Notropis nubilus 36.85519 -91.67677 NOTNUB-LUXPIL-NOTPER NOTNUB-LUXPIL-NOTPER NOTNUB-SEMATR PURE NA NA
Z51INOTNUBO6 Notropis nubilus 36.57930 -91.04640 NOTNUB-LUXPIL-SEMATR NOTNUB-LUXPIL-SEMATR NOTNUB-SEMATR PURE NA NA
Z43PIMNOTO02 Pimephales notatus 36.04882 -93.97490 PIMNOT-SEMATR PIMNOT-SEMATR PIMNOT-SEMATR PURE F2 93%




Supplement S23: Species codes used in the individual summary table above and throughout

code and files.

Family Code Common Name Scientific Name
LEPMAC  Bluegill Sunfish Lepomis macrochirus
Centrarchidae LEPMEG  Longear Sunfish Lepomis megalotis
(Sunfish) MICDOL  Smallmouth Bass Micropterus dolomieu
MICSAL  Largemouth Bass Micropterus salmoides
Cottidae COTCAR  Banded Sculpin Cottus carolinae
(Sculpin) COTHYP  Knobfin Sculpin Cottus hypselurus
Fundulidae FUNCAT  Northern Studfish Fundulus catenatus
(Topminnows) FyNOL|  Blackspotted Topminnow  Fundulus olivaceus
] NOTALB  Ozark Madtom Noturus albater
Ictaluridae N
(Catfish) NOTEXI Slender Madtom Noturus exilis
NOTMAY Black River Madtom Noturus maydeni
CAMANO Central Stoneroller Campostoma anomalum
CAMOLI  Largescale Stoneroller Campostoma oligolepis
CHRERY  Southern Redbelly Dace Chrosomus erythrogaster
CYPGAL  Whitetail Shiner Cyprinella galactura
CYPWHI  Steelcolor Shiner Cyprinella whipplei
LUXCHR  Striped Shiner Luxilus chrysocephalus
L LUXPIL Duskystrip Shiner Luxilus pilsbryi
Leuciscidae . . .
(Minnows) LUXZON  Bleeding Shiner Luxilus zonatus
LYTUMB  Redfin Shiner Lythrurus umbratilis
NOTBOO Bigeye Shiner Notropis boops
NOTNUB  Ozark Minnow Notropis nubilus
NOTPER  Carmine Shiner Notropis percobromus
NOTTEL  Telescope Shiner Notropis telescopus
PIMNOT  Bluntnose Minnow Pimephales notatus
SEMATR  Creek Chub Semotilus atromaculatus
ETHBLE  Greenside Darter Etheostoma blennioides
ETHCAE  Rainbow Darter Etheostoma caeruleum
) ETHFLA  Fantail Darter Etheostoma flabellare
Percidae -
(Darters) ETHJUL Yolk Darter Etheostoma juliae
ETHSPE Orangethroat Darter Etheostoma spectabile
ETHUNI Current Darter Etheostoma uniporum
ETHZON  Banded Darter Etheostoma zonale
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CHAPTER Il
Riverscape community genomics:
A comparative analytical framework to identify common drivers of genetic structure

Zachery D. Zbinden, Marlis R. Douglas, Tyler K. Chafin, Michael E. Douglas

ABSTRACT
Genetic diversity is a key component of population persistence. However, most genetic
investigations focus on a single species, overlooking opportunities for multispecies conservation
plans to benefit entire communities in an ecosystem. A comprehensive genetic management plan
should elevate decision criteria to the community-level, and be informed by multispecies
assessments, i.e., genetic studies replicated among several species. We developed a framework to
evaluate genetic diversity within and among many species and demonstrate how this riverscape
community genomics approach can be applied to identify common drivers of genetic structure.
Our study evaluated genetic diversity in 31 co-distributed native stream fishes sampled from 75
sites across the White River Basin (Ozark Mountains, U.S.A.) using SNP genotyping (ddRAD).
Despite variance in genetic divergence, general spatial patterns were identified corresponding to
river network architecture. Most species (N=24) were partitioned into discrete sub-populations
(K=2-7). We used partial redundancy analysis to compare species-specific genetic diversity
across four models of genetic structure: Isolation by distance (IBD), isolation by barrier (IBB),
isolation by stream hierarchy (IBH), and isolation by environment (IBE). A significant
proportion of intraspecific genetic variation was explained by IBH (x = 62%), with the remaining
models generally redundant. Our results indicated that gene flow is higher within rather than

between hierarchical units (i.e., catchments, watersheds, basins), supporting the Stream
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Hierarchy Model and its generality. We discuss our conclusions regarding conservation and
management and identify the 8-digit Hydrologic Unit (HUC) as the most relevant spatial scale

for managing genetic diversity across riverine networks.

INTRODUCTION
Genetic diversity is a quantitative metric applied across spatial and temporal scales (Huber et al.,
2010; Leonard et al., 2017) tied to the evolutionary trajectories of species (Shelley et al., 2021).
It also serves as a barometer for population-level persistence in accurately reflecting
demographic history, connectivity, and adaptive potential (Davis et al., 2018; DeWoody et al.,
2021; Paz-Vinas et al., 2018). Surprisingly, and despite its many accolades, the concept is often
underutilized in conservation planning (Laikre, 2010; Paz-Vinas et al., 2018), in part due to a
suite of affiliated necessities (i.e., specialized equipment, technical expertise, and required
externalities such as genomics centers), all of which expand its bottom line (Blanchet et al.,
2020). Moreover, when assessment does occur, it is most often limited to populations within a
single species or a small cadre of entities within a species group, thus minimizing the potential
for much-needed generalizations (Anthonysamy et al., 2018).

When the concept of genetic diversity is applied in a comparative sense across co-
distributed species, it provides a solid framework from which community-wide management and
policy can be defined. For example, multispecies assessments can reveal common dispersal
barriers (Pilger et al., 2017; Roberts et al., 2013), congruent distributions of genetic diversity
(Hotaling et al., 2019; Ruzich et al., 2019), relevant spatial scales for management (Blanchet et
al., 2020), and associations among species characteristics and genetic diversity (Bohonak, 1999;

Pearson et al., 2014). Despite its potential complexity, a comprehensive management strategy
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can emerge, one more appropriately aligned towards managing numerous species, with long-
term conservation goals as end-products beneficial to an entire community (Blanchet et al.,
2017). In addition, it also tacitly encourages support by stakeholders for an overarching
management plan, one representing a consensus across multiple species and ecosystems
(Douglas et al., 2020).

The spatial structure of genetic variation is primarily dictated by gene flow and genetic
drift within a species (Holderegger et al., 2006), with the uniformity of its distribution (i.e.,
panmixia; Rosenberg et al., 2005) serving as an implicit null hypothesis. The de facto alternative
is that genetic variation is spatially autocorrelated (i.e., ‘isolation by distance," IBD; Wright,
1943). For most species, a significant relationship between genetic dissimilarity and geographic
distance is the expectation (Meirmans, 2012), yet the strength of this association will vary
(Bohonak, 1999; Singhal et al., 2018). For example, genetic divergence may be promoted by
environmental dissimilarities (i.e., 'isolation by environment," IBE; Wang & Bradburd, 2014) or
by physical barriers to dispersal (i.e., 'isolation by barrier," IBB; Cushman et al., 2006; Ruiz-
Gonzalez et al., 2015).

For aquatic biodiversity, patterns of genetic divergence will also be governed by the
structure and architecture of the riverine network (in contemporary and historic representations).
Organisms within such dendritic networks are demonstrably impacted by the physical structure
of the habitat (Peterson et al., 2013; White et al., 2020), with genetic relatedness as a surrogate
for the underlying structural hierarchy (Hughes et al., 2009). While this is most apparent within
the contemporary structure of river networks, their historic structure, i.e., paleohydrology, also
serves to bookmark genetic diversity (Mayden, 1988; Strange & Burr, 1997). Moreover, the

hierarchical complexity of these networks will likewise dictate population processes, as reflected
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within genetic diversities and divergences (Chiu et al., 2020; Hopken et al., 2013; Thomaz et al.,
2016). Thus, spatial genetic structuring within such biodiversity should reflect 'isolation by
stream hierarchy' (IBH; sensu Stream Hierarchy Model (SHM); Meffe & Vrijenhoek, 1988). The
initial genesis for the SHM was narrowly-defined and cast within a relatively simplistic
ecosystem, e.g., desert stream fishes within the American West (Meffe and Vrijenhoek 1988). As
compared to alternative isolating regimes, an assessment of its generality was thus imperative
(Brauer et al., 2018; Hopken et al., 2013).

The mechanisms that cause genetic structure can not only be confounding on the one
hand (Perez et al., 2018) but also correlated on the other (Meirmans, 2012; Wang & Bradburd,
2014). Different mechanisms can mask the occurrence of major drivers by promoting those more
ancillary with regard to single-species assessments. The emerging results are twofold: Potentially
erroneous conclusions, which in turn beget ineffective management strategies. However, these
issues can be effectively mitigated using replicated multispecies assessments to allow influential
major processes to surface, thus effectively categorizing both 'signal and noise' components with
the former driving patterns of regional biodiversity (Roberts et al., 2013).

Hypotheses relating to genetic structure are best contrasted by partitioning available
genetic variation via partial redundancy analysis (Borcard et al., 1992; Chan & Brown, 2020),
thus allowing the contrast of multiple alternative models. In turn, the best-performing model
should be substantially correlated with other (more redundant) models but also provide the best
explanation for residual variation once competing models adequately explain antecedent
variability (Cushman et al., 2006). If alternative models explain significant amounts of genetic
variation, then the null hypothesis of panmixia would be rejected. The main drivers of genetic

diversity should then emerge as comparisons are made across the community's many species.
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This approach also allows the appropriate scale to be defined at which genetic and conservation
perspectives can be integrated to optimize benefits across species.

Our objective was to establish a framework from which the generality of the SHM could
be tested across constituents of a riverscape fish community. This would allow key drivers to be
identified, with a concurrent expectation of common processes re-emerging within these
ecological networks as the analysis was processed. We accomplish this by comparing patterns of
genetic diversity across 31 fish species within the White River Basin of the Ozark Mountains
(AR/MO, USA). For each, we contrasted four alternative models (Cushman et al., 2013)
representing major drivers of genetic structure: Isolation by distance (IBD), isolation by stream
hierarchy (IBH), isolation by barrier (IBB), and isolation by environment (IBE). Our data
represent thousands of SNPs (single nucleotide polymorphisms), as derived via recent advances
in high-throughput sequencing (Peterson et al., 2012). This has, in turn, allowed thousands of
individuals to be genotyped as a financially and logistically practical research endeavor across
multiple non-model species (da Fonseca et al., 2016). We offer our approach as a potential

blueprint for developing more comprehensive genetic management plans at the community level.

METHODS
Study system
Our study system, the White River Basin, is located within the Western Interior Highlands of
North America, a previous component of the more extensive pre-Pleistocene Central Highlands
extending north and east but subsequently subsumed by numerous glacial advances into two
disjunct sub-components: Western Interior Highlands (i.e., Ozark Plateau, Ouachita Mountains),

and Eastern Highlands (i.e., Appalachian Plateau, Blue Ridge, Appalachian Highlands) (Mayden,
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1985). The Ozark Plateau remained an unglaciated refugium with elevated endemism and
diversity (Warren et al., 2000). The White River Basin was established by at least Late Pliocene
(>3 MYA,; Jorgensen, 1993), but its eastern tributaries were captured by the Mississippi River
when it bisected the basin during the Pleistocene (Mayden, 1988; Strange & Burr, 1997). This
paleohydrologic signature may remain in contemporary patterns of population divergence in the
White River Basin, as manifested by replicated patterns of genetic structure between eastern and

western populations.

Sampling

The sampling region for our study is composed of the White River and St. Francis River basins
(AR/MO) (Figure 1). Both are tributaries to the Mississippi River, draining 71,911 km? and
19,600 km?, respectively. Five sub-basins are apparent: St. Francis, Upper White, Black, Lower
White, and Little Red rivers (Figure 1). These are further subdivided into the following
hierarchical Hydrologic Units (HUC) (USGS & USDA-NRCS, 2013; USGS, 2021) representing
different spatial scales: HUC-4 Subregions (N=2); HUC-6 Basins (N=3); HUC-8 Subbasins
(N=19); HUC-10 Watersheds (N=129) (Figure 1).

Sampling was approved by the University of Arkansas Institutional Animal Care and Use
Committee (IACUC: #17077), with collecting permits as follows: Arkansas Game & Fish
Commission (#020120191); Missouri Department of Wildlife Conservation (#18136); U.S.
National Parks Service (Buffalo River Permit; BUFF-2017-SCI1-0013). Fishes were sampled
using seine nets in wadable streams during low flow between June 2017 and September 2018.
Time spent sampling a site ranged from 30-60 mins, with a target of 5-10 individuals/species

encountered. Individuals were euthanized by immersion in tricaine methanesulfonate (MS-222)
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at a concentration of 500 mg/L, buffered to pH=7 with subsequent preservation in 95% ethanol.
Species diagnosis occurred in the laboratory following Eschmeyer's Catalog of Fishes. The right
pectoral fin was removed and stored in 95% ethanol at -20 °C prior to subsequent DNA
extraction. Specimens are housed at the Arkansas Conservation and Molecular Ecology Lab,

University of Arkansas, Fayetteville.

Genomic data collection and filtering
Genomic DNA was isolated (Qiagen Fast kits; Qiagen Inc.) and quantified by fluorometry
(Qubit; Thermo-Fisher Scientific). Individuals were genotyped using double-digest restriction
site-associated DNA (ddRAD) sequencing (Peterson et al., 2012), with procedures modified
appropriately (Chafin et al., 2019). Standardized DNA amounts (1,000 ng) were digested at 37°C
with high-fidelity restriction enzymes Mspl (5’-CCGG-3') and Pstl (5’-CTGCAG-3") (New
England Biosciences), bead-purified (Ampure XP; Beckman-Coulter Inc.), standardized to 100
ng, and then ligated with custom adapters containing in-line identifying barcodes (T4 Ligase;
New England Biosciences). Samples were pooled in sets of 48 and size-selected from 326-426
bp, including adapter length (Pippin Prep; Sage Sciences). lllumina adapters and i7 index were
added via 12-cycle PCR with Phusion high-fidelity DNA polymerase (New England
Biosciences). Three libraries (3x48=144 individuals/lane) were pooled per lane and single-end
sequenced on the Illumina HiSeq 4000 platform (1x100bp; Genomics & Cell Characterization
Core Facility; University of Oregon, Eugene). Quality control checks, including fragment
analysis and quantitative real-time PCR, were performed at the core facility before sequencing.
Raw Illumina reads were demultiplexed, clustered, filtered, and aligned in IPYRAD

v.0.9.62 (Eaton & Overcast, 2020). Reads were first demultiplexed, allowing up to one barcode
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mismatch, yielding individual FASTQ files containing raw reads (N=3,060 individual files).
Individuals averaged >2 million reads, with those extremely low removed ( < x — 2s) to reduce
errors from poor quality sequencing. Individuals were screened for putative hybrids (Zbinden,
Douglas, et al., 2022), and those with admixed ancestry were removed. Raw sequence reads were
partitioned by species (N=31) and aligned de novo in IPYRAD (Eaton & Overcast, 2020).
Adapters/primers were removed, and reads with >5 bases having Phred quality <20 or read
length <35 bases (after trimming) were discarded. Clusters of homologous loci were assembled
using an 85% identity threshold. Putative homologs were removed if any of the following were
met: <20x and >500x coverage per individual; >5% of consensus nucleotides ambiguous; >20%
of nucleotides polymorphic; >8 indels present; or presence in <15% of individuals. Paralogs
were identified (and subsequently removed) as those clusters exhibiting either >2 alleles per site
in consensus sequence or excessive heterozygosity (>5% of consensus bases or >50%
heterozygosity/site among individuals).

Biallelic SNP panels for each species were then visualized and filtered with the R
package RADIATOR (Gosselin, 2020). To ensure high data quality, loci were removed if:
Monomorphic; minor allele frequency <3%; Mean coverage <20 or >200; Missing data >30%;
SNP position on read >91; and if HWE lacking in one or more sampling sites (« = 0.0001). To
reduce linkage disequilibrium, only one SNP per locus was retained (that which maximized
minor allele count). Finally, singleton individuals/species at a sampling site and those with >75%

missing data in the filtered panel were removed.
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Genetic structure

Genetic structure was assessed using the resultant SNP genotypes. For each species (N=31),
pairwise Fst (Weir & Cockerham, 1984) was calculated among sites (HIERFSTAT; Goudet et al.,
2017). Jost's D was also quantified among sites and globally, as it is based on the effective
number of alleles rather than heterozygosity and hence less biased by sampling differences (Jost,
2008). Additional global intraspecific Fst analogs were also quantified for comparison: Multi-
allelic Gst (Nei, 1973) and unbiased G"st (Meirmans & Hedrick, 2011) (MmoD; Winter, 2012).
We tested for isolation by distance (IBD) using both linearized Fst and Jost's D. Their
relationships with river distance (log-transformed) were tested using the Mantel test (Mantel &
Valand, 1970) (EcopisT; Goslee & Urban, 2020), then visualized using linear regression
(Rousset, 1997).

Admixture analysis of population structure and ancestry coefficients were estimated
using sparse non-negative matrix factorization (SNMF) (Frichot et al., 2014). We ran SNMF for
each species, with 20 repetitions per K value (1 to N sites or 20, whichever was smallest) and
=100 (LEA; Frichot & Francois, 2015). The best K (i.e., number of distinct gene pools) from
each SNMF run minimizes the cross-validation entropy criterion (Alexander & Lange, 2011).
The best K was then used to impute missing data (impute function using method=‘mode’ in
LEA). The sSNMF algorithm was then repeated (as above) using imputed genotypes. The
resulting Q-matrices of ancestry coefficients were used to map population structure and served as
the "IBB" (isolation by barrier) model below.

We further assessed among-site genetic variation between Hydrologic Units (HUCs) and
discrete population clusters (determined via SNMF) using analysis of molecular variance

(AMOVA) (Excoffier et al., 1992). AMOVA was performed for each species at four HUC levels
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(4-, 6-, 8-, and 10-digit) to compare the amount of genetic variation among HUCs, among all
sites, and among sites within HUCs. The Watershed Boundary Dataset (USGS, 2021) assigned
HUC classifications to each site. AMOVA was then performed for each species with genetic
clusters K>1 to compare the amount of genetic variation among populations, among all sites, and
among sites within populations. The variance components were used to estimate ®-statistics
(analogous to F-statistics): ®ct = the genetic variation among groups (either HUCs or discrete
populations); ®st = the genetic variation among sites across all groups; and ®sc = the genetic
variation among sites within groups. The wrapper R package porPr (Kamvar et al., 2015) was

used to implement the PEGAS (Paradis, 2010) version of AMOVA with default settings.

Modelling genetic structure
We employed a variation partitioning framework (Capblancq & Forester, 2021; Chan & Brown,
2020) to compare four models of genetic structure for each species based on: IBD, I1BB, IBH,
and IBE. Individual neutral genetic variation within each species was calculated using principal
components analysis (PCA) on each SNP panel. The appropriate number of PCs retained for
each species was based on observed eigenvalues, Rnd-Lambda (Peres-Neto et al., 2005),
implemented in the R package PCDIMENSION (Coombes & Wang, 2019). Individual scores on
the retained PCs represented individual genetic variation.

The first model (IBD) relied on river network distance measured between individuals
(RIVERDIST; Tyers, 2017). The resulting distance matrix was then decomposed into positively
correlated spatial eigenvectors using distance-based Moran's eigenvector maps (Chan & Brown,

2020) within the R package ADESPATIAL (Dray et al., 2020).
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The second model (IBB) was based on individual population coefficients, i.e., population
structure, from the Q-matrix generated above using SNMF. The assumption was that population
structure indicates a reduction of gene flow between discrete populations due to a barrier (or high
resistance) to dispersal. Note: This model could not be incorporated for species in which
population structure was not apparent (K=1), and these species were thus tested using only three
models.

The third model (IBH) was constructed using four levels of HUCs (4-, 6-, 8-, and 10-
digit) that characterized an individual's position within the stream hierarchy, i.e., hydrologic unit
(USGS, 2021). We transformed the data matrix of individuals by HUC so that each unique HUC
was represented at each corresponding level as a binary 'dummy’ variable.

The fourth model (IBE) relied on contrasting environmental variation across sites that
harbored individuals. Environmental variables were taken from a compendium of 281 factors
related to five major classes: hydrology/physiography, climate, land cover, geology/soil
composition, and anthropogenic impact (HYDRORIVERSv.1.0; Linke et al., 2019). Variables for
each site were extracted prior to being separated into the five major classes, with invariant
factors and those exhibiting collinearity being removed in a stepwise manner (Usbm; Naimi,
2013) until each had a variation inflation factor (VIF) <10. Standardization occurred by
subtracting means and dividing by standard deviations. Variables within each class were selected
for subsequent analyses using forward selection (Blanchet et al., 2008).

In summary: Variables were first tested for a relationship with the response data
(individual genetic variation) using redundancy analysis (RDA). If the relationship was
significant (o < 0.05), a stepwise forward procedure was carried out such that variables were

selected if the adjusted R? of the model increased significantly (o < 0.05) and the adjusted R? did
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not exceed that of the overall model. This procedure was employed using the ordiR2step
function in the R package VEGAN (Oksanen et al., 2020). The selected variables from each of the
five classes were first combined into a single matrix, then reduced to a set of PCs using robust
principal components analysis (ROBPCA,; Hubert et al., 2005). The number of PCs retained for
each category was determined following Hubert and coworkers (2005), as implemented in the R
package RosPcA (Hubert et al., 2016).

Individual genetic variation (a matrix of PCs for each species) was then partitioned
among the four explanatory models of genetic structure (Partial redundancy analysis; Anderson
& Legendre, 1999; Capblancg & Forester, 2021). This allowed an estimation of individual
genetic variation explained by each model, all models combined, and then each "pure” model
after partitioning out variability explained by the other three. This allows the correlation structure

among competing models to be visualized as redundant relationships.

RESULTS

Sampling and data recovery summation
Collections (N=75; Figure 1) yielded N=72 species and N=3,605 individuals. On average, we
collected ~11 species/site, typical for streams sampled with seine nets in North America
(Matthews, 1998), and in similar highland streams within the Mississippi Basin (Zbinden,
Geheber, Lehrter, & Matthews, 2022; Zbinden, Geheber, Matthews, Marsh-Matthews, 2022).

We genotyped N=3,060 individuals across N=31 species, with at least two individuals
collected at >5 sampled sites. Simulations and empirical evaluations underscore the accuracy of
Fst estimates when large numbers of SNPs (>1,500) are employed across a minimum of two

individuals (Nazareno et al., 2017; Willing et al., 2012). After removing samples with missing
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data >75% and those as singletons of their species at a site, the remaining N=2,861 were
analyzed for genetic structure (Table 1). The number of individuals analyzed per species ranged
from 15-358 (¥=92.3; s=80.8), and the sites at which each species was collected ranged from 5-
50 (¥=6.8; s=11.2). Number of individuals/species/site ranged from 2-15 (x¥=5.1; s=1.5). Mean
number of raw reads/individual/species spanned from 1.65 million to 3.22 million
(¥=2,289,230.0; s=341,159.5). Mean N of loci/species recovered by I1PYRAD ranged from 14,599-
30,509 (¥=20,081.7; s=4,697.6) with a mean sequencing depth/locus of 73.6x (s=12.0x). After
filtering loci and retaining one SNP per locus, the panels for each species contained 2,168—

10,033 polymorphic sites (x=4,486.7; s=1,931.1) with mean missing data/species at 12% (s=2%).

Genetic structure

Among-site genetic divergence

Distributions of among-site Fst and D varied widely among species (Figure 2), as did global
indices of genetic divergence (Table 2). All three global indices of fixation or genetic divergence
(GsT, G"sT, D) were negatively correlated with within-site heterozygosity (Hs), positively
correlated with total heterozygosity (Hr), and highly, positively correlated with each other (Table
3).

With regard to IBD, a significant relationship was found between linearized among-site
Fstand log-transformed among-site river network distance for 23 (74%) of the N=31 species
(Figure 3). Mantel coefficients ranged from 0.11-0.88 (x=0.51; s=0.19). The slope of the linear
relationship between Fstand distance for each species ranged from 0.003-2.62 (x=0.46; s=0.76).
Results were largely similar when IBD was tested with Jost's D, again with the same 23 species

showing a significant relationship, along with two additional taxa: Smallmouth Bass
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(Micropterus dolomieu; Lacepéde, 1802) and Largemouth Bass [Micropterus salmoides;
(Lacepéde, 1802)]. Mantel correlation coefficients ranged from 0.15-0.92 (x=0.51; s=0.19). The
slope of the linear relationship between Jost's D and log river network distance for each species

ranged from 0.0007 — 0.28 (x=0.04; s=0.06).

Population structure

An apparent lack of discrete gene pools, i.e., populations, emerged across seven species,
suggesting continuous structuring at the spatial scale of our study (Figure 4). For the remaining
24 species, at least two and up to seven discrete sub-populations were identified (Figure 5). This
corresponded at the broadest hierarchical level to the two major northern basins: Upper White
and Black rivers, for all species sampled in both sub-basins (N=22). There was also evidence of
fine-scale structure for five species within the Little Red River Basin. Smaller catchments with
distinct gene pools across multiple species included: North Fork (4 spp.), Buffalo (3 spp.), Upper

Black (4 spp.), Current (3 spp.), and Spring rivers (4 spp.).

AMOVA

Discrete genetic structuring was also suggested for many species in our AMOVA analyses.
Genetic variation among HUCs was significant for 24 species (Table 4). The genetic variance
explained for these species by HUCs ranged from 1-70% (x=25.0%; s=20.7%). For the other
seven species, variation among HUCs was < 1%, save for Ozark Sculpin (Cottus hypselurus;
Robins & Robison, 1985) and Creek Chub [Semotilus atromaculatus; (Mitchill, 1818)]. HUC
differences for these accounted for >80% of the genetic variance but were non-significant due to

a lack of power. Southern Redbelly Dace [Chrosomus erythrogaster; (Rafinesque, 1820)] could
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not be tested due to a lack of repeated samples within HUC levels. Further evidence of genetic
structure among HUCs was revealed in the pattern of ®sc (genetic divergence among sites within
HUCs) < ®st (divergence among all sites) found across 26 species. The 8-digit HUC level
explained the greatest genetic variance across 21 species (Table 4).

Genetic variation among discrete population clusters (based on SNMF) was significant
for 21 of the N=31 species (Table 4). Seven species were best described as single populations
(K=1) and were therefore not tested further. For those exhibiting structure, the genetic variance
among clusters ranged from 5-95% (x¥=38.0%; s=26.5%). The three species without significant
structure, despite K>1 via SNMF, could likely be explained by low power resulting from a small
number of sample sites. Again, as with HUCs, ®sc < ®stwas observed. However, all tested
species showed this pattern (i.e., sites within the same population were less differentiated than

sites across all populations).

Models of genetic structure
Variability in genetic diversity was partitioned across four models of genetic structure for the
N=31 species. Principal components of SNP panel variation served as representatives of genetic
variation. Across species, number of genetic PCs ranged from 2-93 (x=20.0; s=20.1; Table 1).
Cumulative genetic variance explained ranged from 24.7-88.7% (x=46.2%; s=14.3%; Table 1).
Combining the four models (IBD, IBB, IBH, IBE) accounted for between 3-100% of the
neutral genetic diversity across species (x=63.0%; s=35.3%; Figure 6). Isolation by stream
hierarchy (IBH; x=62.0%; s=34.7%) and barrier (IBB; x=49.3%; s=30.0%) contributed most to
the total variation explained, while distance (IBD; ¥=32.1%; s=25.1%) and environment (IBE;

x=33.0%; s=21.4%) explained less (Figure 6). Variation explained by "pure” models, after
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accounting for that explained by the other three, was >0 only for stream hierarchy and barrier
(Figure 6), suggesting that distance and environment are encapsulated by the former. Indeed,
correlative structure among models revealed most genetic variance was explained by stream

hierarchy, with the other models largely redundant (Figure 7).

DISCUSSION
Genetic diversity is an essential metric for inferring evolutionary processes and guiding
conservation. Single-species estimates of genetic diversity are standard given practical
constraints, e.g., funding mandates for species of conservation concern. However, adopting a
multispecies framework for analyzing genetic diversity could allow for more comprehensive
management plans to be developed by focusing on commonalities (rather than differences)
among species. The Stream Hierarchy Model (Meffe & Vrijenhoek, 1988) posits that the
dispersal of stream-dwelling organisms is more limited between hierarchical units (basins, sub-
basins, watersheds) than within. If this model was generalizable, it could determine relevant
scales and regions for managing genetic diversity.

Our multispecies approach yielded two salient points: 1) From a macro-perspective, river
network topology and complexity are manifested in common patterns of genetic structure across
species; and 2) on a finer scale, the degree of intraspecific genetic divergence varies widely
among co-distributed species. Most species showed significant IBD patterns but also discrete
population sub-structure, as reflected most strongly by sub-basin delineations (e.g., HUC-8).
These patterns were corroborated by AMOVA and variance partitioning and are generalized
across species. Overall, stream fish genetic structure was indicative of dispersal limited primarily

among versus within river catchments.
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Drivers of isolation at the basin-wide scale
Isolation by Distance and river networks
IBD is expected when a genetic study's spatial extent is greater than individuals' average
dispersal distance, i.e., distance moved from natal habitat to breeding habitat. Indeed, significant
IBD patterns were detected in 81% of the species in our study. However, the strength of the
relationship was generally weak (Mantel r =0.47 & 0.51 for linearized Fst and D, respectively).
While IBD may primarily explain genetic variation along a single stream or river, i.e.,
linear scale, it fails to incorporate the spatial structure of riverine networks (Thomaz et al., 2016).
Therefore, IBD may not be an appropriate general model for fish genetic structure at the network
scale (Hopken et al., 2013). IBD plots for many species (Figure 3) showed high genetic
divergence even among relatively proximate localities, with apparent clusters indicating discrete
rather than continuous structure (Guillot et al., 2009). This evidence suggests that — at the
network scale — a more nuanced pattern occurs, with high residual variation resulting. The
failure of IBD to account for large amounts of variation in genetic divergence reflects additional
resistance to dispersal, as caused by longitudinal changes in habitat characteristics such as slope,
depth, volume, and predator composition. For example, two river reaches of equal length can
have very different habitat matrices, and these can be more influential on gene flow than space

alone (Guillot et al., 2009; Lowe et al., 2006; Ruiz-Gonzalez et al., 2015).

Stream Hierarchy Model
Our results show that individual genetic variation is best explained by the Stream Hierarchy

Model (Brauer et al., 2018; Hopken et al., 2013; Meffe & Vrijenhoek, 1988). In other words, the
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majority of variation explained by IBD, IBE, and IBB could be accounted for by IBH alone. This
was corroborated via variation partitioning, in which IBD, IBE, and IBB models were redundant
with IBH. A concordance of population structure with stream hierarchy yielded a similar
percentage of among-site genetic variation, as explained by among-HUC and among-population
groupings. In short, variance explained by distance and environment was due to differences
among HUC drainages. These results highlight the necessity of accounting for population
structure prior to exploring the relationship between genotypes and environmental heterogeneity,

e.g., within genotype by environment frameworks (Lawson et al., 2020).

Disentangling cumulative effects

Our analyses also revealed complex spatial patterns of genetic diversity. We evaluated
competing isolation models using a framework that identified distance and barriers as putative
drivers, with strong genetic divergence identified even across short geographical distances (Chan
& Brown, 2020; Ruiz-Gonzalez et al., 2015). This interaction can confound analyses that
incorporate either alone. For example, if sampling is clustered, discrete genetic groups can be
spuriously inferred along an otherwise continuous gradient of genetic variation (Frantz et al.,
2009). Furthermore, a continuous pattern can be erroneously extrapolated when the underlying
reality is described by distinct clusters separated by geographic distance (Meirmans, 2012). Here
we echo the importance of testing various hypotheses concerning genetic structure (Perez et al.,
2018). Idiosyncrasies and complex interactions cannot be discerned by testing single models in

isolation (e.g., discrete structure or IBD).
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Drivers of variation within and among species

The species assayed herein display marked differences concerning dispersal capability (Shelley
et al., 2021). Given this, we expected genetic structure to widely vary among species across our
study region (Comte & Olden, 2018; Husemann et al., 2012; Pilger et al., 2017). Dispersal-
related traits drive gene flow among localities and determine the spatial scale at which patterns
of genetic structure emerge (Bohonak, 1999; Riginos et al., 2014). The physical structure of the
river network then further modulates these patterns by dictating dispersal pathways of
metapopulations and their colonization and extinction probabilities (Falke et al., 2012; Labonne
et al., 2008; Fagan, 2002). These superimposed processes promote genetic divergence among
distal populations (Thomaz et al., 2016; Chiu et al., 2020). Similar patterns emerge when
analyzing community diversity via species composition. Headwater streams tend to have very
different communities due to dispersal limitations (Finn et al., 2011; Zbinden & Matthews, 2017;
Zbinden, Geheber, Lehrter, & Matthews, 2022). Hence the interaction between traits and
environment is an overarching influence that unites ecology and evolution.

Many species studied herein are small-bodied with aggregate distributions in upland and
headwater streams (Robison & Buchanan, 2020). Thus, species-specific dispersal limitations, as
imposed by unsuitable riverine habitats (Radinger & Wolter, 2015; Schmidt & Schaefer, 2018),
explain considerable variation in genetic structuring within the White River. Large rivers are
hypothesized as inhospitable habitats to upland fishes (e.g., resources, depth, turbidity,
substrates) and impose resistance to successful migration (e.g., higher discharge, greater density
of large-bodied predators). These characteristics constrain migration and limit gene flow
amongst basins that drain into large rivers (Fluker et al., 2014; Schmidt & Schaefer, 2018;

Turner & Robison, 2006). The results are asymmetric gene flow and source-sink metapopulation
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dynamics, with susceptible species, those smaller and less tolerant, diverging most rapidly
(Campbell Grant et al., 2007).

Other life-history traits may also play a role as well. For example, those that directly
influence effective population size (Nei & Tajima, 1981) may generate differences among
species regarding the rate at which genetic differences arise (Blanchet et al., 2020). Species with
'slow’ life histories, characterized by longer generations and delayed maturity, show an increased
probability of local extirpation, inflating genetic drift concomitant with global extinction risk
(Hutchings et al., 2012; Pearson et al., 2014; Chafin et al., 2019). Similar contingencies exist for
other ecological traits, such as highly specialized trophic adaptations, narrow environmental
tolerances, or those that follow the same general mechanism by predisposing species to
fragmented population structures (Olden et al., 2008). Ecological traits are mirrored by
morphology (Douglas & Matthews, 1992), underscoring an interaction of trait effects that are
difficult to disentangle. Ultimately, intraspecific genetic divergence is driven by a combination
of factors that influence population size, demographic history, and connectivity. Clearly, these
complex interactions among drivers require more comparative multispecies assessments as they
shape genetic diversity and structure within and among species (microevolutionary scale) and
thus ultimately lead to speciation and extinction (macroevolutionary scale). Our analytical

framework outlined herein provides a template for such community-genomics studies.

Disentangling historical and contemporary drivers
Paleohydrology in the White River system
In this study, discrete population structure coincides with major topological divides within the

White River stream network, such as a consistent east/west divide between Upper White and
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Black rivers, mirroring prior community composition studies (Matthews & Robison, 1988;
1998). Similar patterns were observed at smaller scales among drainages within the study region,
as reported for White River crayfish (Fetzner & DiStefano, 2008). While the Lower White and
Black rivers are certainly contemporary large-river habitats, both would have been much larger
pre-Pleistocene when together they represented the main channel of the Old Mississippi River
(Mayden, 1988; Strange & Burr, 1997). This large-river habitat would have separated the eastern
and western highland tributaries, with inhospitable habitat for upland species. Pronounced
limitations regarding historic dispersal induced by the Old Mississippi could explain the greater
isolation of the Little Red River and Black River tributary populations compared to those in the
Upper White River. Here, additional work should incorporate coalescent perspectives (e.g.,
Oaks, 2019) that test the role of past geomorphic events in driving co-divergence and co-
demographic patterns, such as the Pleistocene incursion by the Old Mississippi into the modern

Black River channel.

Contemporary drivers

Spatial discontinuities in genetic structure can also reveal contemporary barriers to
migration/gene flow (Lee et al., 2018; Ruiz-Gonzalez et al., 2015). The Upper White River dams
(e.g., Norfork, Bull Shoals, Table Rock, and Beaver dams) represent the most apparent
anthropogenic barriers to gene flow. Dams elsewhere have demonstrated discrete population
structures above and below the structure (Roberts et al., 2013). However, impacts can be limited
due to the relatively short period these dams have been in place (Ruzich et al., 2019). Those on
the White River were constructed between 1912 (Taneycomo Powersite Dam) and 1966 (Beaver

Dam).
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Our study was not explicitly designed to assess impoundment effects on diversity, nor
were they directly tested. Nevertheless, evidence of discrete population structure has emerged,
corresponding to the location of such dams. Four species showed discrete populations within the
North Fork River above the Norfork Dam: Southern Redbelly Dace [Chrosomus erythrogaster;
(Rafinesque, 1820)]; Yoke Darter (Etheostoma juliae; Meek, 1891); Northern Studfish
[Fundulus catenatus; (Storer, 1846)]; and Blackspotted Topminnow [Fundulus olivaceus;
(Storer, 1845)] (sites colored magenta; Figure 5). One species, Orangethroat Darter [Etheostoma
spectabile; (Agassiz, 1854)], showed a distinct population in the James River above Table Rock
Dam (sites colored gold; Figure 5). However, both North Fork and James rivers drain eight-digit
HUC watersheds, which explains high amounts of genetic variation across the study region,
regardless of dams. This highlights the importance of understanding 'natural’ network-wide
patterns of genetic structure prior to deriving conclusions regarding anthropogenic barriers,
particularly when they coincide with stream hierarchy. Differentiating dams as barriers versus
stream hierarchy could be accomplished through divergence time estimates (Hansen et al., 2014).

That aspect, as it now stands, is beyond the scope of our study.

Conclusion

The multispecies comparative approach employed here revealed general patterns that could not
have been discerned from a singular study of any one species. Additionally, the variability in
intraspecific genetic structure among species provides a specific, all-encompassing dimension
that single-species studies cannot. While meta-analytic frameworks have some potential, they are
limited by confounding effects that stem from differences between studies, such as markers,

sample sizes, environmental contexts, and historical contingencies. This necessitates a
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community-level approach within a study region. Further work aimed at modeling variables can
lead to greater insight, ultimately improving our hypotheses regarding genetic diversity for
which contemporary data are unavailable.

Importantly, our comparative framework supports the Stream Hierarchy Model as a general
model for the genetic structure of lotic fish species and suggests that hydrologic units
characterize regional genetic diversity quite well. Out of this result emerged the potential for
HUC units to serve as a 'rule of thumb' for riverine biodiversity conservation. None of the
species evaluated herein were panmictic. Genetic variation among HUCs was apparent despite
limited evidence of discrete population or continuous structure. Across a suite of commonly
occurring fishes representing seven families, we identified greater intraspecific gene flow within
basins/sub-basins, rather than gene flow among them. Therefore, fish populations within separate
HUCs at the 8-digit+ level (e.g., HUC6, HUC4, HUC2) should be considered isolated until
proven otherwise (Shelley et al., 2021).

As previously recognized, independent populations warrant independent management
(Hopken et al., 2013). When migration is low or non-existent, management of one population is
unlikely to impact another. Genetic variation unique to hydrologic units could allow for
adaptation to future environmental change, while on the other hand, isolation of populations
could underscore elevated extirpation risks (Harrisson et al., 2014). Furthermore, efforts to
propagate populations via stocking or translocation should carefully assess the genetic landscape
of the species in question, particularly before co-mingling diversity from different sub-basins
(Meffe & Vrijenhoek, 1988). Such uninformed mixing of genetic stocks could promote
outbreeding and the erosion of unique genetic diversity within river catchments. However, this

must be weighed against the risks of local extirpation (Pavlova et al., 2017).
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Given this study's general and comparative nature, we refrain from designating populations
within species as potential management units (MUs). However, species showing high levels of
genetic structure (Table 2) should be assessed individually for such designation, possibly
requiring more fine-scaled, targeted sampling. Additional river/sub-basin-specific management
efforts could also be justified, given the presence of unique populations across multiple species
(Hopken et al., 2013). Here we specifically refer to the Little Red, North Fork, Buffalo, Upper
Black, Current, and Spring rivers. These may indeed represent evolutionarily significant
catchments, and this insight underscores the potential for community-level genetic examination

to elevate management to the ecosystem scale.
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TABLES AND FIGURES

Table 1: Fish species (N=31) were collected at 75 sampling locations across the White River
Basin of the Ozark Mountains, U.S.A. Summary data are tabulated for N=2,861 individuals
across seven families genotyped and analyzed for genetic structure. Family=fish family;
Species=species name; NI=number of individuals analyzed after filtering; NS=number of sites at
which filtered individuals occurred; NI/S=mean number of individuals per site; Reads=mean
number of raw reads recovered by Illumina HiSeq; Loci=mean number of loci recovered by
iPyrad; Depth=mean coverage of loci; Ho=mean observed heterozygosity; SNPs=number of
single nucleotide polymorphisms in the analyzed data panel; Miss=mean missing data; and
PCs=number of principal components used to characterize neutral genetic variation and
PCvar=the original genetic variance explained by the set of PCs.

Family Species NI NS NI/S  Loci Depth Ho SNPs Miss PCs PCvar
Atherinopsidae  Labidesthes sicculus 99 18 5.5 19532 83 0.0013 2956 011 17 40.2
Lepomis macrochirus 63 17 3.7 26142 61 0.0028 5873 014 19 45.5
Centrarchidae Lepomis megalotis 242 44 55 25126 59 0.0036 4841 0.13 48 45.2
Micropterus dolomieu 56 15 3.7 21420 58 0.0018 2813 011 11 32.6
Micropterus salmoides 15 7 2.1 22827 65 0.0018 2825 006 7 59.4
Cottidae Cottus carolinae 24 9 2.7 27523 74 0.0012 5798 012 5 61.6
Cottus hypselurus 40 8 5.0 28108 76 0.0015 7116 011 5 75.1
Fundulidae Fundulus ca_tenatus 112 23 49 30509 52 0.0014 3378 013 18 46.0
Fundulus olivaceus 131 24 5.5 27631 51 0.0025 3111 014 22 42.6
Campostoma anomalum 93 20 4.7 16753 7 0.0036 3187 0.13 10 36.7
Campostoma oligolepis 119 31 3.8 16107 76 0.0030 3121 012 40 447
Chrosomus erythrogaster 53 7 7.6 16508 73 0.0033 3440 014 6 55.8
Cyprinella galactura 72 10 7.2 14839 72 0.0029 3322 011 27 52.1
Cyprinella whipplei 29 6 48 14599 84 0.0033 2847 012 8 39.5
Luxilus chrysocephalus 57 13 4.4 15089 68 0.0025 2168 014 17 47.2
Luxilus pilsbryi 244 31 79 16063 81 0.0033 4922 014 93 52.1
Leuciscidae Luxilus zonatus 98 16 6.1 16964 89 0.0030 5496 012 12 24.7
Lythrurus umbratilis 23 5 4.6 16465 68 0.0032 2491 012 6 40.3
Notropis boops 233 28 8.3 15684 104 0.0040 6161 011 71 43.8
Notropis nubilus 191 32 6.0 15544 81 0.0040 4018 014 65 46.3
Notropis percobromus 62 10 6.2 17852 74 0.0047 4393 0.13 36 65.6
Notropis telescopus 81 13 6.2 16154 85 0.0024 4741 011 12 31.2
Pimephales notatus 47 13 3.6 15271 92 0.0029 4022 013 11 49.3
Semotilus atromaculatus 30 9 3.3 15406 84 0.0020 2644 015 2 63.6
Etheostoma blennioides 52 14 3.7 21416 71 0.0024 5124 011 2 36.4
Etheostoma caeruleum 358 50 7.2 21900 62 0.0044 3511 013 20 28.7
Percidae Etheostoma flapellare 22 6 3.7 21041 62 0.0015 9927 008 4 88.7
Etheostoma juliae 57 10 5.7 20652 84 0.0014 5473 0.1 7 39.5
Etheostoma spectabile 49 10 4.9 23873 64 0.0051 5519 015 6 33.6
Etheostoma zonale 74 15 49 21514 74 0.0033 10033 013 5 24.9
Poeciliidae Gambusia affinis 35 8 4.4 24021 78 0.0021 3818 009 9 39.9
MEAN 923 168 5.1 20081.7 73.6 0.0028 4486.7 0.12 20.0 46.2
STDEV 808 112 15 4697.6 12.0 0.0010 19311 0.02 221 143
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Table 2: Summary of genetic structure observed for N=31 species of fish collected across the
White River Basin, U.S.A. Classifications to family and species are provided for each, along
with summaries of genetic structure: Hr=total heterozygosity; Hs=within-site heterozygosity;

Gst=Nei's fixation index; G" st=unbiased fixation index; D=Jost's genetic differentiation;

IBD=significant tests of isolation by distance denoted "X"; Structure=whether the species could
be subdivided into more than one population, denoted "X"; Model=the isolation model

explaining the most individual genetic variance; and Model Var=the amount of variance
explained by the best isolation model. Species are ordered by Jost's D.

Model

Family Species Ht Hs Gst G'"ss D IBD  Structure  Model Var
Percidae Etheostoma flabellare 035 002 093 09 040 - X stream hierarchy ~ 99%
Leuciscidae Semotilus atromaculatus 030 009 070 079 026 X X stream hierarchy ~ 91%
Cottidae Cottus hypselurus 024 007 073 081 022 - X stream hierarchy ~ 99%
Leuciscidae Chrosomus erythrogaster 027 011 059 071 021 X X stream hierarchy ~ 98%
Cottidae Cottus carolinae 026 011 058 069 019 X X stream hierarchy ~ 93%
Leuciscidae Campostoma anomalum 020 012 038 045 009 X X stream hierarchy ~ 87%
Percidae Etheostoma blennioides 021 013 035 043 009 X X stream hierarchy ~ 98%
Leuciscidae Pimephales notatus 025 018 028 036 009 X X stream hierarchy ~ 98%
Percidae Etheostoma juliae 023 016 029 037 009 X X stream hierarchy ~ 97%
Leuciscidae Lythrurus umbratilis 030 025 017 027 0.09 - - stream hierarchy ~ 69%
Percidae Etheostoma spectabile 020 014 031 038 008 X X stream hierarchy ~ 99%
Fundulidae Fundulus olivaceus 024 018 025 032 008 X X stream hierarchy ~ 88%
Fundulidae Fundulus catenatus 020 014 031 037 007 X X stream hierarchy ~ 83%
Atherinopsidae Labidesthes sicculus 0.18 014 024 029 005 X X stream hierarchy ~ 84%
Leuciscidae Notropis telescopus 020 016 020 025 005 X X stream hierarchy ~ 60%
Percidae Etheostoma caeruleum 0.14 010 027 030 004 X X stream hierarchy ~ 90%
Percidae Etheostoma zonale 0.16 013 020 025 004 X X stream hierarchy ~ 98%
Leuciscidae Luxilus chrysocephalus 026 023 011 015 004 X X stream hierarchy ~ 38%
Centrarchidae Lepomis megalotis 0.18 015 017 021 004 X X stream hierarchy ~ 47%
Poeciliidae Gambusia affinis 026 024 010 014 004 X X stream hierarchy ~ 59%
Leuciscidae Cyprinella whipplei 026 024 009 014 004 X X stream hierarchy ~ 50%
Centrarchidae Micropterus salmoides 030 028 006 010 003 X - stream hierarchy ~ 12%
Leuciscidae Luxilus zonatus 0.19 017 011 0214 0.03 - X stream hierarchy ~ 76%
Centrarchidae Lepomis macrochirus 024 022 007 010 0.02 - - stream hierarchy ~ 19%
Centrarchidae Micropterus dolomieu 023 022 007 010 002 X - stream hierarchy  57%
Leuciscidae Notropis boops 0.17 016 006 008 001 X X stream hierarchy ~ 23%
Leuciscidae Notropis nubilus 0.14 013 0.07 008 001 X X stream hierarchy ~ 13%
Leuciscidae Campostoma oligolepis 0.17 016 005 006 001 X X stream hierarchy  15%
Leuciscidae Cyprinella galactura 0.18 0.18 004 005 0.01 - - stream hierarchy ~ 12%
Leuciscidae Notropis percobromus 0.18 0.18 003 004 001 X - stream hierarchy 3%
Leuciscidae Luxilus pilsbryi 014 013 002 002 0.00 X stream hierarchy 6%

MEAN 022 0.16 025 030 0.08 63%

STDEV_ 005 0.06 0.23 025 0.09 35%
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Table 3: Summary of correlation among population genetic parameter estimates calculated for
N=31 fish species collected across the White River Basin, U.S.A. Hs=within-site heterozygosity;
Hr=total heterozygosity; Gst=Nei’s fixation index; G’st=unbiased fixation index; and D=Jost’s
genetic differentiation. Pearson's product-moment correlation between each parameter estimate is
shown in the table below. Only significant (o < 0.05) correlations are shown.

Hs Hr Gst G"st
Hr ns -
Gst -0.75 0.52 -
G"st -0.71 0.55 0.99 -
D -0.65 0.67 0.97 0.96
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Table 4: Genetic variation of fish species (N=31) sampled across the White River Basin (Ozark Mountains, U.S.A.), was tested using
analysis of molecular variance (AMOVA) to determine the proportion of genetic variation differing among distinct hydrologic units
(HUCSs) and among discrete population clusters. HUC tests were performed at four HUC-levels (4-, 6-, 8-, and 10-digit HUCs) and the
level depicting the most genetic variance is shown. Var=percent genetic variance explained; sig=the significant of the test (* for <0.05
and ns for >0.05); ®st = genetic variation among sites across all groups; ®sc = genetic variation among sites within a group.

Hydrologic Units Population Clusters
. . Among HUCs Among Sites Among Pops Among Sites
Y Slgadle e ezl Yovar sig. Yovar ®st  sig. D Y%var _ sig. %var  ®st sig.  ®sc
Atherinopsidae  Labidesthes sicculus HUC-8 21% * 19% 040 * 0.24 25% * 18% 0436 * 0.243
Lepomis macrochirus - 0% ns 7% 0.07 * 0.07 - - - - - -
Centrarchidae Lepomis megalotis HUC-4 70% * 7% 077 * 0.23 37% * 6% 0428 * 0.098
Micropterus dolomieu HUC-8 5% * 7% 012 * 0.07 - - - - - -
Micropterus salmoides HUC-4 3% * 0% 0.02 ns 0.00 - - - - - -
Cottidae Cottus carolinae HUC-8 66% * 9% 074 * 0.26 62% * 15% 0772 = 0.402
Cottus hypselurus HUC-8 84% ns 5% 0.89 ns 0.31 85% ns 7% 0917 * 0.442
Fundulidae Fundulus catenatus HUC-8 36% * 15% 051 * 0.23 36% * 16% 0516 * 0.244
Fundulus olivaceus HUC-8 18% * 18% 036 * 0.22 16% * 21% 0372 * 0.252
Campostoma anomalum HUC-8 53% * 2% 055 * 0.05 61% * 7% 0.680 * 0.175
Campostoma oligolepis HUC-8 6% * 1% 0.07 ns 0.01 5% * 3% 0.081 * 0.036
Chrosomus erythrogaster - - - - - - - 62% * 21% 0829 * 0.548
Cyprinella galactura HUC-8 7% * 0% 0.07 ns 0.00 - - - - - -
Cyprinella whipplei HUC-8 14% * 4% 018 * 0.05 14% ns 7% 0202 * 0.078
Luxilus chrysocephalus HUC-8 14% * 7% 021 * 0.08 17% * 10% 0266 * 0.120
Luxilus pilsbryi HUC-10 1% ns 1% 002 * 0.01 - - - - - -
Leuciscidae Luxilus zonatus HUC-10 15% * 3% 018 * 0.03 9% * 10% 0199 * 0.115
Lythrurus umbratilis - 0% ns 22% 020 * 0.22 - - - - - -
Notropis boops HUC-8 6% * 3% 009 * 0.03 6% * 6% 0113 =* 0.059
Notropis nubilus HUC-4 10% * 7% 017 * 0.08 16% * 1% 0172 * 0.015
Notropis percobromus HUC-8 1% * 1% 001 ns 0.01 - - - - - -
Notropis telescopus HUC-8 33% * 1% 034 * 0.01 41% * 3% 0436 * 0.046
Pimephales notatus HUC-8 17% * 26% 044 * 0.32 13% * 32% 0.453 = 0.372
Semotilus atromaculatus HUC-8 87% ns 1% 088 * 0.08 92% * 2% 0934 * 0.194
Etheostoma blennioides HUC-8 61% * 2% 062 * 0.04 67% * 2% 0.686 * 0.053
Etheostoma caeruleum HUC-8 40% * 3% 044 * 0.06 45% * 5% 0497 * 0.093
Percidae Etheostoma flabellare - 0% ns 99% 098 * 0.98 95% * 3% 0977 ns 0.580
Etheostoma juliae HUC-8 34% * 11% 045 * 0.16 36% * 12% 0478 = 0.182
Etheostoma spectabile HUC-8 29% * 10% 038 * 0.14 26% * 13% 0394 = 0.181
Etheostoma zonale HUC-8 32% * 2% 034 * 0.02 38% * 5% 0422 * 0.074
Poeciliidae Gambusia affinis HUC-4 7% * 13% 020 * 0.14 13% ns 11% 0239 * 0.123
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Figure 1: Fish were sampled at N=75 locations across the White River Basin (Ozark Mountains,
U.S.A.). The study basin is contained within the larger Mississippi River Basin, and is a direct
tributary to the mainstem Mississippi. The study region is subdivided into five subbasins: Upper
White, Lower White, Black, Little Red, and the St. Francis. Beyond these basins, USGS
Hydrologic Unit Codes (HUCs) were also used to characterize the stream hierarchy position of
sampling locations (4-, 6-, 8-, and 10-digit HUCs).
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Figure 2: Genetic structure of N=31 fish species collected across the White River Basin (Ozark
Mountains, U.S.A.) as summarized by among-site Fst (Weir and Cockerham's 0) and Jost's D.
Boxplots show the distributions of both pairwise estimates among sampling sites for each
species. Inner quantiles are colored to indicate species in the same family (N=7).
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Figure 3: Isolation by distance plots for N=31 fish species collected across the White River
Basin ( Ozark Mountains, U.S.A.). Each depicts the relationship between among-site Fst
(linearized) and log river distance among sites. The following are represented below each species
name: m=slope of the linear regression model (dashed red line) and r= the Mantel coefficient
indicating the strength of the correlation between genetic structure and distance. Significant r-
values denoted with a red asterisk (o< 0.05).
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Figure 4: Sampling distribution maps of seven species which showed no evidence of discrete
genetic population structure within the White River Basin ( Ozark Mountains, U.S.A.). A total of
N=31 species were sampled across 75 sites. The number of collection sites (red circles) for each
species is denoted by N; K=the number of discrete genetic populations discerned from sparse
non-negative matrix factorization.
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Figure 5: Sampling distribution maps of 24 species which showed evidence of.genetic

population structure within the White River Basin (Ozark Mountains, U.S.A.). N=31 species
were sampled across 75 sites. K= the number of discrete genetic populations discerned from
sparse non-negative matrix factorization. Sampling sites are denoted as pie-charts representing
the average population coefficients for each site. N= number of sites where each species was
collected.
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Figure 6: Neutral genetic variation was partitioned between four explanatory models for N=31
fish species sampled across the White River Basin (Ozark Mountains, U.S.A.). Partitioning was
conducted separately for each species. The four models represent: (i) isolation by distance, the
river network distance among individuals represented by spatial eigenvectors; (ii) isolation by
barrier, represented by population structure coefficients among individuals; (iii) isolation by
stream hierarchy, based on the hydrologic units (at four different hierarchical levels) in which an
individual was collected; and (iv) isolation by environment, characterized by the environmental
heterogeneity across sampling sites where individuals were collected. Total = the genetic
variation explained by all four models combined. The "Pure" models represent the variation
explained by each model after partialling out the variation explained by the other three models.
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Figure 7: Venn diagrams depict neutral genetic variation resulting from four models as applied
to N=31 fish species sampled from the White River Basin (Ozark Mountains, U.S.A.). Models
were based on: (i) isolation by distance, isolation by barrier, isolation by stream hierarchy, and
isolation by environment. Values in the Venn diagrams are percent of genetic variance explained
(i.e., rounded adjusted R? values). Total variance explained is shown below each diagram. The
bottom two rows show species that showed no discrete population structure (i.e., no isolation by
barrier) and thus only three of the models were tested.
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CHAPTER IlI
Linking traits with evolutionary drivers
within freshwater fish communities of the Ozark Highlands

Zachery D. Zbinden, Marlis R. Douglas, Tyler K. Chafin, Michael E. Douglas

ABSTRACT
Phenotypic traits modulate how species interact with one another and the environment and
consequently shape population histories. These species-specific responses to a shifting
environment are documented as distinct genetic patterns that emerge over time. While this
linkage between genetic diversity and phenotypic traits is seemingly fundamental, its causality
has been difficult to establish unequivocally. We quantify phenotypic traits across a freshwater
fish community to test if they are significantly related to observed genetic patterns. Traits so
identified were then parsed using a predictive model that generated genetic diversity indices. The
test matrix for our application was a freshwater fish community (N=31 species) sampled across
75 sites within the White River Basin (Ozark Plateau, USA). For each species, we derived three
genetic diversity indices (=Hs/Ht/G"st) using SNP analysis (N=2,000 loci) and assessed 28
phenotypic traits. After adjusting for phylogenetic autocorrelation and removing sample-size
effects, we identified a series of traits (N=2-5, depending upon the index) strongly associated
with diversity. These were subsequently applied in predictive models that explained 31-68% of
the genetic variability in each species. Our approach effectively linked species-specific traits
with diversity both within/among populations. Researchers can apply it to generate diversity
metrics for species currently lacking such information, which can help prioritize freshwater fish

management and streamline conservation plans.
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INTRODUCTION
How species interact with their abiotic and biotic environment ultimately determines the
evolutionary trajectory of populations (Hand et al., 2015; Hutchinson, 1965). Linking ecology
and evolution remains a central challenge in biology (Avise et al., 2016). One route to link them
is through the relationship between species traits and genetic diversity (Bohonak, 1999).
Phenotypic characteristics — or traits — mediate how species deal with abiotic and biotic
factors. Therefore, traits also play a role in the evolution of populations and should show strong
relationships with different evolutionary metrics (i.e., genetic diversity; Meirmans et al., 2011).
We use 'genetic diversity' to refer broadly to three different facets: within-site diversity (o.);
among-site diversity (B); and total diversity (y) (Sherwin et al., 2017). Parsing the relationship
between traits and genetic diversity to uncover generalities requires a comparative approach
(Lopez-Uribe et al., 2019; Selkoe et al., 2014).

Here, the most insight to be gained is at the community level, e.g., landscape community
genetics (Hand et al., 2015). By community-level, we mean simultaneously assessing the genetic
population structure of multiple, co-distributed species within a biogeographic region or
metacommunity (Leibold et al., 2004; Rissler, 2016). At this level, the study of ecology and
evolution is enhanced by quantifiable variation among species that can be leveraged to test
hypotheses (Kelly & Palumbi, 2010). Why do some species have low genetic diversity? A partial
answer, albeit not terribly useful, is undoubtedly stochastic and historical contingency, whereas a
more direct conduit may be the organismal characteristics that drive such variability (Duminil et
al., 2007). With a nod to Dobzhanksy (1973): Nothing in comparative community genetics
makes sense except in the light of traits (Papadopoulou & Knowles, 2016). Hence, we can

uncover why species differ regarding genetic diversity by employing a trait-based approach.
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Such a predictive framework relies on a causal link between traits shaping ecology and
evolutionary history, as demonstrated by statistical associations between genetic diversity and
the traits in question, which emerge from demographic history and population connectivity. In
this sense, life history influences demography and population size, while dispersal initiates
connectivity. These processes, accumulated over time, impact genetic diversity through various
effects on evolutionary processes. For example, smaller populations rapidly lose genetic
variation to drift (Lynch & Lande, 1998), while those with limited connectivity diverge more
rapidly in a genetic sense (Wright, 1931). Thus, the link between traits and genetic diversity is
substantial and has been empirically demonstrated in animals (Bohonak, 1999), plants (Duminil
et al., 2007; Loveless & Hamrick, 1984; Meirmans et al., 2011), marine organisms (Kelly &
Palumbi, 2010; Riginos et al., 2014), and birds (Burney & Brumfield, 2009).

If life history and dispersal traits are associated in a causal sense with genetic diversity,
then diversity could be predicted in other species by modeling their traits; this could be valuable
because genetic diversity represents the variation available for evolution to act upon and serves
as an indicator of population persistence (Jump et al., 2009). The spatial structure of genetic
diversity further imposes constraints on a species' ability to adapt to a changing environment
(Lopez-Uribe et al., 2019). Many efforts have aimed to assess the genetic diversity of threatened
species, although over 70% have yet to be assessed (Bachman et al., 2019; Hogg et al., 2022),
underscoring the value of a predictive framework. Understanding levels of standing genetic
variation and its structure is critical for managing declining species (Willoughby et al., 2015).

However, suppose we could forecast which species will become threatened in the future
based on genetic diversity indicators — as a proxy for ‘population persistence.' We could then take

proactive measures to bolster such species against decline (Lunney et al., 2004; Martinez,
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Willoughby, & Christie, 2018). These predictions can guide efforts to prioritize species of
conservation concern and focus targeted efforts aimed at further data collection. Rather than
conducting population genetic studies on hundreds or thousands of species, which would be
costly and require technical skill and necessary infrastructure, we could make accurate
predictions of critical conservation indicators by assessing a few dozen species representative of
a regional community.

The primary focus of this study was to test the hypothesis that species-specific traits
within a freshwater fish community are related to genetic diversity. We hypothesized that
essential traits would be related to morphology, life history, and ecology, as these are most likely
to impact population size, reproduction, and dispersal. Little work has been done to assess the
relationship between traits and genetic diversity for freshwater fishes (but see Martinez et al.,
2018; Mitton & Lewis, 1989; Pilger et al., 2017; Sousa-Santos et al., 2016). Secondly, we were
interested in which traits are most strongly associated with diversity and what inferences, i.e.,
mechanisms promoting genetic diversity, could be established from these relationships. Finally,
we attempted to build predictive models of different genetic diversity indices based on
parsimonious sets of traits.

METHODS
The study region
The focal region for our study is the Ozark Plateau (Figure 1), specifically the White River
Basin, which drains 71,911 km?as a tributary to the Mississippi River. Like the Appalachian
Highlands, the Ozark Highlands served as a glacial refugium during the Pleistocene (Mayden,
1988). Its long temporal span of geologic stasis has acted to equilibrate gene flow and genetic

drift, thus serving as a 'natural laboratory' for biodiversity diversification (Hutchison &
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Templeton, 1999). It contrasts with more northern latitudes, where cyclical bottlenecks and
subsequent expansions have effectively (and iteratively) recast population genetic signatures of
resident taxa (Cammen et al., 2018). The extended stability of the Ozark Highlands system
provides a platform upon which the evolutionary histories of resident biodiversity have been
annealed by trait-mediated ecology rather than by substantial geomorphic disturbances that serve

to 'reshuffle’ the genetic deck, effectively masking phylogeographic patterns.

Sampling

Fishes were collected in wadable streams using seines during low flows between June 2017 and
September 2018. Sampling was approved by the University of Arkansas Institutional Animal
Care and Use Committee (IACUC: #17077), with collecting permits from Arkansas Game &
Fish Commission (#020120191), Missouri Department of Wildlife Conservation (#18136), and
U.S. National Parks Service (NPS: Buffalo River Permit; BUFF-2017-SCI1-0013). Fish were
euthanized by immersion in tricaine methanesulfonate (MS-222) at a concentration of 500 mg/L,
buffered to pH=7, and then preserved in 95% ethanol. Species diagnosis occurred in the
laboratory, as augmented by Eschmeyer's Catalog of Fishes (Fricke et al., 2022). The right
pectoral fin was removed and stored in 95% ethanol at -20 °C prior to subsequent DNA

extraction.

Genomic data collection and filtering
To estimate genetic diversity indices, we developed genotypic alignments for each species by
using a double-digest restriction site-associated DNA (ddRAD) sequencing procedure (Peterson

et al., 2012) that provided tens of thousands of loci for each individual. Our standard procedures
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were appropriately modified (Chafin et al., 2019) and previously reported in detail (Zbinden et
al., 2022a, Zbinden et al., 2022b).

Genomic DNA was first isolated and then digested with high-fidelity restriction enzymes
Mspl and Pstl. Bead-purified samples were standardized to 100 ng DNA and then ligated with
custom adapters containing in-line identifying barcodes. Samples were pooled in library sets of
48 and subsequently size-selected from 326—-426 bp, including adapter length. Illumina adapters
and i7 index were added via 12-cycle PCR with Phusion high-fidelity DNA polymerase. Three
libraries were pooled per lane and then single-end sequenced on an Illumina HiSeq 4000
platform (1x100bp; Genomics & Cell Characterization Core Facility; University of Oregon,
Eugene).

Raw Illumina reads were demultiplexed, clustered, filtered, and aligned with IPYRAD
v.0.9.62 (Eaton & Overcast, 2020). Demultiplexing criteria allowed no more than a single
barcode mismatch and individuals with extremely low reads (< X — 2s) were removed. Next,
individuals were screened for misidentifications and putative hybrids (Zbinden et al., 2022a), the
former re-assigned and the latter removed. Raw sequence reads were partitioned by species and
aligned de novo. Clusters of homologous loci were assembled using an 85% identity threshold.
Putative homologs were removed according to the following criteria: <20x and >500x coverage
per individual; >5% of consensus nucleotides ambiguous; >20% of nucleotides polymorphic; >8
indels present; or presence in <15% of individuals. Paralogs were identified (and removed) as
those clusters with either >2 alleles per site in consensus sequence or excessive heterozygosity
(>5% of consensus bases or >50% heterozygosity/site among individuals).

Biallelic SNP panels were then visualized for each species, with additional filtering

implemented with the R package RADIATOR (Gosselin, 2020). To ensure high data quality, loci
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were removed if: Monomorphic; minor allele frequency <3%; Mean coverage <20 or >200;
Missing data >30%; SNP position on read >91; and significant HWE deviation in one or more
sampling sites (« = 0.0001). Linkage disequilibrium was reduced by retaining but one SNP per
locus (i.e., that which maximized minor allele count). Finally, singleton individuals/species at a
sampling site were removed, as were those with >75% missing data in the filtered panel. We
standardized panels to eliminate bias caused by differences in the number of loci between species
by randomly sampling 2000 SNPs per species panel. However, genetic diversity indices were

almost perfectly correlated (r > 0.99) whether generated from full versus standardized panels.

Genetic diversity

We calculated three facets of genetic diversity for each species: Within-site diversity (o),
among-site diversity (B), and total diversity within and among sites (y) (Sherwin et al., 2017).
Three indices were employed to represent these facets: Hs, the average gene diversity
(heterozygosity) within sites (Nei, 1973; Nei & Chesser, 1983); G"st, the unbiased fixation index
(Meirmans & Hedrick, 2011); and Hr, total gene diversity across all sites (Nei, 1973; Nei &
Chesser, 1983). We chose G" st because it is a more appropriate metric for comparison among
species, and it does not underestimate differences when the number of sampled populations is
small (Meirmans & Hedrick, 2011). These genetic diversity indices were calculated using R
Statistical Software (R Core Team, 2022) via SNP panels formatted as 'genind’ objects (Jombart,

2008), with calculations performed by the R package MMOD (Winter, 2012).
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Explanatory factors

Covariates

Although our goal was to relate species traits with genetic diversity, we surmised that differences
in sampling among species, e.g., number of sites, could also increase variability. Therefore, we
included four covariates for each species in our exploratory analysis, to include: the number of
individuals in the analysis (=Nindiv), the number of sites at which those individuals occurred
(=Nsites), the mean number of individuals analyzed per occupied site (=Mean_Ind_Site), and the

median value of pairwise river distances between all occupied sites (=Median_RivDist).

Phylogeny

Closely related species tend to be more similar, which can violate assumptions of independence
in our models, i.e., phylogenetic autocorrelation (Felsenstein, 1985). However, removing
autocorrelation entirely from analyses can eliminate other (ancillary) signals of potential interest
(Legendre, 1993; Peres-Neto, 2006). Therefore, we explored phylogenetic autocorrelation using
variation partitioning (Borcard et al., 1992), which allowed us to test the effects of traits with and
without phylogenetic autocorrelation and determine the potential role of phylogenetically
correlated traits.

A phylogeny of the study species was obtained using a previously constructed tree of ray-
finned fishes based on a 27-gene multi-locus alignment (Rabosky et al., 2018). Our backbone
tree was limited to the species collected in this study (via the R package FISHTREE; Chang et al.,
2019). We decomposed the topology using phylogenetic eigenvector regression (PVR; Diniz-
Filho et al., 1998) to create a matrix of N-1 eigenvectors for a given phylogeny (where

N=number of species). Principal coordinate analysis decomposed phylogenetic distances among
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tips into vectors representing the phylogenetic topology, with the first (e.g., EV1) representing
deeper splits and more recent splits by the latter (e.g., EV20) (Diniz-Filho et al., 2012). We
tested the relationships between these eigenvectors and genetic diversity indices using the

approaches described below.

Traits

We assembled a data set of 28 species-level traits broadly related to morphology, life history,
and ecology. Phenotypic characteristics within each category can leave an indelible imprint on
genetic diversity by impacting dispersal and population demography and, in turn, gene flow and
genetic drift. Traits were gathered from three primary databases: FishTraits, a public database for
North American freshwater fishes (Frimpong & Angermeier, 2009); FISHMORPH, a global
database on morphological traits of freshwater fishes; and an unpublished database (J.D. Olden,
unpublished data, 2021) used in previous publications (Giam & Olden, 2016; Mims et al., 2010).
Robison & Buchanan (2020) was consulted to corroborate/adjudicate disagreements

[Supplementary Material (S1) and online data repository (https://osf.io/837vj/)].

Analyses

Data reduction

We developed three response variables (i.e., indices of genetic diversity) that we hypothesize as
related to our predictor variables: (a) Covariates; (b) phylogenetic eigenvectors; and (c) species-
level traits. We analyzed each response variable separately using an identical framework (Figure
2) as follows: We first applied vector fitting (R package VEGAN; Oksanen et al., 2020) to test

each predictor set against a diversity index. Those variables exhibiting a significant relationship
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(o0 < 0.05) were retained for further analysis. We did not adjust o for multiple comparisons in
that we did not wish to increase the potential for Type-II error, given a subsequent data reduction
step. Significant variables within each predictor set were then used in separate stepwise forward
selection procedures to yield parsimonious models based on Akaike Information Criteria (AIC)
(Oksanen et al., 2020). If covariates explained significant variation in a genetic index (only the
case for Hr), those effects were removed using residuals extracted from a generalized linear

model (GLM) between the genetic index and significant covariates.

Variance partitioning

We estimated the variation in genetic diversity explained by each predictor set after accounting
for variation explained by the other sets. We partitioned the variation among species across
reduced sets of predictor variables for each genetic diversity index to test for significant
relationships. Partial multiple regressions (variation partitioning; Borcard et al., 1992; Legendre
& Legendre, 2012; Peres-Neto et al., 2006) allowed us to elucidate the variation of each genetic
index explained by traits, phylogeny, and phylogenetically correlated traits. Covariates were not
included in that they were either not significantly associated with genetic diversity (Hs, G"st), or
their significant effects had previously been removed per above (Ht). Results were presented as
Venn diagrams depicting the adjusted R?, i.e., the extent of variation explained by predictors. We
tested our fractions of variation, e.g., "pure trait" variation after adjustment for phylogeny, using

N=9,999 permutations (Anderson & Legendre, 1999).
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Multi-model averaging

Reduced trait sets were used as 'global’ models to generate all possible combinations, i.e.,
subsets, with the different models ranked according to second-order Akaike Information Criteria
(AICc) (R package MUMIN; Barton, 2022). We derived coefficients for each trait and their
standard errors based on model averaging via information criteria to produce predictions based
on trait inputs. As a demonstration, we used the models to predict genetic diversity for Slender
Madtom (Noturus exilis Nelson, 1876), a small-bodied benthic-dwelling catfish in the White
River Basin (as an aside, it was not sampled extensively enough to be included in formal
analyses; i.e., >5sites with >2 individuals). We used trait values gathered from the
abovementioned sources and model coefficients to predict its genetic diversity values. Slender
Madtom SNP genotypes were used to estimate Hs, Ht, and G"st (generated in the same manner
as for the other species and standardized to N=2000 SNPs). These estimates allowed us to

compare and contrast predicted versus observed genetic diversity indices.

RESULTS
We collected freshwater fish from N = 75 locations (Figure 1) and analyzed N = 2,861
individuals representing 31 fish species, as genotyped across standardized SNP panels generated
with ddRAD. Each panel was based on 15-358 individuals collected across 5-50 sampling sites
(Table 1). The mean number of individuals/species/site = 5.1. Mean within-site gene diversity
(=Hs) ranged from 0.024-0.283 (x=0.159; s=0.056); total gene diversity (=Hr) ranged from
0.138-0.350 (x=0.221; s=0.053); and among-site diversity (=G”st) spanned from 0.022-0.965

(¥=0.303; s=0.253) [Supplementary Material (S2-S3)].
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We gathered 28 traits related to morphology, life history, and ecology [Table 2;
Supplementary Material (S1 & S4)]. We examined relationships between genetic diversity and
four covariates (N individuals, N sites, individuals/site, and median river distance between sites).
None of the covariates were significantly related to either within-site gene diversity (Hs) or
among-site diversity (G"st). However, total gene diversity (Ht) was significantly related to N
individuals, N sites, and Mean individuals/site, i.e., sample size (Table 3). These three covariates
explained ~62% of the variation in Ht, and forward-selection revealed that N individuals alone
could explain ~50%. Surprisingly, total diversity decreased with sample size. The remaining
results related to total gene diversity, Hr, are therefore based on the residuals of a linear model
(HT ~ N individuals) to remove the effect of sampling variability.

Each facet of genetic diversity was significantly related to some component of the traits:
Hs = 8 traits; Hr = 4; G”st = 6 (Table 3). These reduced sets explained 26—-66% of the variation
within diversity (Table 3). Following forward-selection, a parsimonious trait model was derived
for each index, and involved fewer traits: Hs = 5 traits; Hr = 2; G”st = 2 (Table 3). These
explained similar amounts of variation (31-68%), as did the vector-fitted sets (based on adjusted
R?) (Table 3).

Each facet of genetic diversity was also significantly related to phylogenetic distance
(Table 3). Only one or two phylogenetic eigenvectors were significantly related to each genetic
diversity index but explained between 15-36% of the variance. In each case, those phylogenetic
eigenvectors that were significant in the vector fitting reduction step were also selected in
forward-selection (Figure 2; Table 3). Relationships between each genetic diversity index and its

corresponding vector-fitted variables are found in Supplementary Material (S5-S7).

118



After accounting for phylogenetic autocorrelation, significant variance in genetic
diversity was explained by partial multiple regression among traits (Figure 3). Total variation
(traits and phylogeny) ranged from 43-68%, whereas variance explained "purely” by traits
ranged from 6-52%. Phylogeny explained from 0-18% of the variation. Finally,
phylogenetically correlated traits explained 16—-25%.

We confirmed our parsimonious models' suitability for each genetic diversity index by
testing all possible model combinations. The full model constructed using forward-selection was
either the second-best (Hs, Table 4) or best model (Hr, Table 5; & G"st, Table 6). For Hs, the
difference in AlCc between the best and full models was essentially meaningless (delta=0.20;
Table 4).

The averaged trait coefficients were utilized to predict genetic diversity indices for
Slender Madtom. Predicted Hs= 0.10 with 95% confidence interval=0.07-0.13 (observed Hs
=0.16). Predicted G"st=0.56 with 95% confidence interval = 0.36-0.77 (observed G"s1=0.64).
Unfortunately, Hr predictions are not comparable with observed values because the residuals of

the linear relationship between Hrand N individuals were modeled rather than raw values.

DISCUSSION
Quantifying the relationship between traits and genetic diversity is one way to bridge the gap
between ecology and evolution (Bohonak, 1999). Theoretically, those traits that influence how
genes are passed from one generation to the next, e.g., fecundity, or how genes are spread among
populations, e.g., swimming ability, should impact genetic diversity (Papadopoulou & Knowles,
2016). Whether genetic diversity can be predicted from species traits alone is still an open

question. A relationship between genetic diversity and variance among species traits must first be
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established. Herein, we tested for such a relationship by gathering data on traits associated with
individual movement and population size. We found a statistically significant signal after first
accounting for phylogenetic relatedness. For inference purposes, we then reduced them to sets
that statistically correlated with three genetic diversity indices. We then selected parsimonious
sets of these traits to build predictive models of genetic diversity.

Previous studies tested the relationships between traits and genetic diversity and, in so
doing, supported the link between ecology and evolution (freshwater fishes: Martinez et al.,
2018; Mitton & Lewis, 1989; Sousa-Santos et al., 2016; other biodiversity elements: Bohonak,
1999; Duminil et al., 2007; Kelly & Palumbi, 2010). However, trait diagnosis and predictability
remain inconsistent (Riginos et al., 2014), a conclusion not surprisingly derived from hundreds
of different population-level studies across many different biogeographical regions (but see:
Meirmans et al., 2011; Selkoe et al., 2014; Sousa-Santos et al., 2016). The search for targeted
associations became arduous and muddled as numerous confounding factors were incorporated
(Kelly & Palumbi, 2010). Additionally, meta-analyses are often forced to incorporate legacy
markers with lower information content, e.g., isozymes, AFLPs, or microsatellites. A
community-level approach that genotypes individuals and estimates genetic diversity using next-
generation sequencing technology might allow for a potentially more robust link between traits

and diversity and reduce inconsistencies among projected studies.

Key traits
We found a significant signal of association between at least one genetic diversity index and half
of the traits so analyzed, thus supporting a hypothesized relationship between traits and genetic

diversity. Key morphological traits represented aspects of body size and swimming/foraging
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behavior: body elongation, lateral shape, pectoral fin position, caudal fin throttling, and position
of the mouth. Important life-history traits included fecundity, egg size, length of spawning
season, parental energy investment in offspring, and whether eggs were guarded post-spawn. The
significant ecological traits were related to habitat use: Temperature preference, benthic feeding,

and surface feeding.

Within-site genetic diversity (Hs)

Species with higher within-site genetic diversity tended to be larger, with greater fecundity,
smaller eggs, longer spawning seasons, preferences for warmer water temperature, with mouths
phenotypically inclined toward the surface rather than the benthos (vice-versa for species with
low diversity). The above relationships between genetic diversity and body size, egg size,
environmental tolerance, and benthic versus pelagic spawning have been previously noted
(Husemann et al., 2012; Osborne et al., 2014; Sousa-Santos et al., 2016).

Larger-bodied fish that feed more toward the surface and prefer warmer temperatures
may occupy much larger areas than fish lacking such characteristics, i.e., dispersal syndromes
(Comte & Olden, 2018). This may consequently increase both population sizes and
connectivities, positively influencing genetic diversity within sites. Genetic diversity erodes
more slowly in larger populations (Mitton & Lewis, 1989).

Population size and genetic diversity may also benefit from higher fecundity, smaller egg
sizes, and extended spawning periods. Egg dispersal may also promote lotic genetic diversity
through population connectivity, whereas those that produce more and smaller eggs may benefit
from stream-mediated dispersal (Platania & Altenbach, 1998). The genetic diversity of fishes in

lotic environments as it relates to egg dispersal is not well studied. However, it is consistent for
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marine fishes in that smaller eggs released into the water column disperse widely due to ocean
currents (Riginos et al., 2014). Moreover, a more extended spawning season may provide greater
environmental variability and, by chance or cue, provide optimal conditions for downstream
dispersal and/or survival of eggs and larvae. For example, more turbulent flows during broadcast
spawning may enhance viability by preventing egg clumping (Jager et al., 2001). Faster flows
may also reduce competition by broadcasting embryos more widely and providing a more

extensive range of ecological opportunities (McCabe Jr. & Tracy, 1994).

Total genetic diversity (Hr)

Species with higher total genetic diversity tend to be deeper bodied, invest more energy into
parental care, and construct/ guard nests. This finding underscores the role of parental investment
in determining overall genetic diversity. However, this finding stands in opposition to the
suggestion that 'r-strategists' (high fecundity/low parental investment) tend to have larger
population sizes and concomitantly higher genetic diversity than 'K-strategists' (low fecundity/
high parental investment) (Mitton & Lewis, 1989; Romiguier et al., 2014). Although, those
findings align more with our observation of within-site diversity above. Interestingly, a large
meta-analysis of marine and freshwater fishes (N=463) also provided mixed support for the
polarity of r vs. K-driven genetic diversity (Martinez et al., 2018). Romiguier et al. (2014)
assessed 76 metazoan species across a diversity of evolutionary histories and observed an inverse
relationship between propagule size (quality) and fecundity (quantity). Yet, we found fecundity
positively correlated with higher parental investment and nest construction/guarding behavior. In
our study species, those investing more in offspring also deposited more eggs — although smaller

in size. Presumably, species exhibiting these characteristics also had greater numbers of
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offspring surviving to reproduce, thus promoting larger, more stable populations and higher
genetic diversity. Ultimately, categorizing species as r- or K-strategists based on only a few traits

may lead to spurious conclusions.

Among-site genetic diversity (G"'st)

Generally, species with higher among-site diversity tend to have mouths more ventrally
positioned, trophically more benthic in orientation, and pectoral fins more dorsally positioned
(for active swimming). Caudal fins were smaller (less influential in propulsion), whereas eggs
were larger-sized (morphological interpretations from Brosse et al., 2021). Species with higher
among-site diversity also seemingly displayed reduced within-site diversity. Indeed, these
characteristics seem opposed to those promoting higher within-site diversity (as above). Species
in the latter category are more benthic-oriented (per mouth and pectoral fin positions), with
trophic resources gleaned from the bottoms of streams/rivers. Hence, they display less movement
than heterospecifics trophically oriented within the water column or the surface. Moreover, their
larger eggs are perhaps less likely to be dispersed downstream. These results are consistent with
the expectation that benthic habitat specialists demonstrate greater divergences among

populations than habitat generalists (Pilger et al., 2017).

Can genetic diversity be predicted?

The processes that have shaped global biodiversity must be clearly understood before attempting
to mitigate its loss (Manel et al., 2020). In this regard, threatened taxa lose heterozygosity more
rapidly due to genetic drift acting on declining populations. Concomitantly, their genetic

diversities should be depressed (Spielman et al., 2004), which imparts a substantial, adverse
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effect on fitness (DeWoody et al., 2021). If managers could identify which species tend to have
lower levels of genetic diversity, they could prioritize them for targeted surveys and subsequent
management. The capacity to forecast which species have lower genetic diversity based on easily
estimated traits would provide much-needed focus, as there are far too many species for each to
be evaluated for population genetic metrics.

While a significant relationship between traits and genetic diversity is of interest, it may
be of scant applicability if traits lack predictive power. For example, deterministic trait-based
models are of little help if genetic diversity variation among species is indeed stochastic.
However, previous studies suggest that a trait-based framework may be valuable. Meirmans et al.
(2011) found that ecological and life-history traits explained 30% of the variation in the genetic
structure of alpine plant species, a remarkably high value given it was based on but six
characters, with other (non-assayed) processes also influential. Other studies across a diverse
group of animals identified even higher correlations (e.g., R?=0.79) between genetic diversity
and either life-history traits (Romiguier et al., 2014) or dispersal abilities (Bohonak, 1999). By
comparison, our models of genetic diversity performed well with adj. R? ranging from 0.31 to
0.68. We acknowledge potential drawbacks in evaluating the predictive capacity of models
solely based on coefficients of determination (Onyutha, 2020). In particular, our within-
population genetic diversity model (Hs) provided the best predictive capacity (Std Err=0.016),
whereas our among-population genetic diversity model (G"st) had a greater standard error (Std

Err=0.11). However, both reasonably predicted Hs and G"st for the Slender Madtom.
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Phylogenetic autocorrelation

Genetic diversity is not a heritable trait of a species per se but rather an emergent property
(Duminil et al., 2007). We thus hypothesize that similarity in genetic diversity among related
species is driven by species-specific traits that mediate vital components of genetic diversity,
such as population sizes and connectivities (Abrams, 2019; Fobert et al., 2019; Naish et al.,
2013). Since closely related species tend to be more similar with respect to traits (Felsenstein,
1985), the same might be expected for genetic diversity in that it emerges via trait combinations
(Duminil et al., 2007). We thus suggest that species with similar traits should reflect similar
genetic diversities.

To avoid overestimating significance due to autocorrelation, we considered the effects of
shared evolutionary history in testing the overall relationship between genetic diversity and traits
(Hawkins, 2012). However, we did not incorporate phylogeny in predictive modeling (Meirmans
et al., 2011). Strictly speaking, our study species are not independent of one another, and our
statistical application of linear models would violate the assumption of independence. However,
we would also remove favorable aspects of statistical signal by forcing independence by
factoring out variance due to shared ancestry (Duminil et al., 2007). We agree with others
(Legendre, 1993; Peres-Neto, 2006) that a balanced approach to autocorrelation is necessary. In
this sense, phylogenetic autocorrelation is interpreted not as bias or artifact but instead as what

we are interested in (Hawkins, 2012; Legendre, 1993).

Importance of covariates
Given the differences encountered in sampling among species, associated covariates could also

be related to variability in genetic diversity. For example, one might predict that an increase in

125



sample size might also concomitantly increase observed genetic diversity. While sample size
differences or spatial variance in a sampling regime can be controlled, other more nebulous
covariates such as biogeographic and/or climactic histories can be challenging to incorporate.
They conspire to make the meta-analyses of genetic diversity less tractable across numerous
independent studies. In contrast, single studies of multiple co-distributed species within the same
biogeographic region provide more opportunities for sound interpretation by eliminating
metadata variance.

Only our estimates of total genetic diversity, Hr, had related covariates. We observed a
decrease in total genetic diversity for a species as we sampled more individuals, sites, or
individuals/sites. This result conflicts with potential predictions because more variation should
be inherent with an increasing sample size (McCusker & Bentzen, 2010). However, two possible
explanations emerge: First, heterozygosity is most influenced by common alleles and less by rare
ones (Schmidt et al., 2021). The former requires relatively few individuals and sites to be
manifested, whereas additional sampling adds only rare variants without substantially increasing
heterozygosity. Second, lower heterozygosity should emerge if our sample of a species' genetic
diversity contains observed population structure due to the Wahlund effect (Wahlund, 1928).
Effective population size is reduced by subpopulation structure, resulting in a greater loss of
heterozygosity due to genetic drift and thereby lower than expected variability for a single,
panmictic population. However, other alternatives, such as age structure, may produce similar
effects (Waples & Allendorf, 2015).

Most study species demonstrated discrete population structures resulting from a

hierarchical stream configuration (Zbinden et al., 2022b). However, the number of sub-
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populations was not significantly related to Hr. We also noted that Hr and G"st were positively
related (results not shown), which conflicts with the presence of a hypothesized Wahlund effect.
Another alternative explanation for greater total diversity within smaller sample sizes
may be a spurious correlation reflecting sampling bias due to the fishing gear employed. Seine
nets are not equally effective across all species and are less adequate for sampling larger-bodied
fishes with more rapid propulsion and greater visual acuity. Indeed, many species with elevated
levels of genetic diversity were larger species (i.e., bass, sunfish, and large cyprinids) that were
sampled with less efficiency and therefore totaled fewer individuals, sites, and individuals/site.
The relationship could be coincidental; therefore, it is unclear whether the connection between

genetic diversity and these covariates has any biological interpretation.

Conclusion

Life history traits evolve over deep and shallow timeframes as populations interact,
environments differentiate, and species-level genetic diversities coalesce. Although viewed as
conduits between ecology and evolutionary history, the causality of these traits has been difficult
to establish unequivocally. However, if so verified, the link between ecology and evolution can
be estimated by modeling appropriate traits. Genetic diversities could then be quantified for
species deemed 'sibling’ (i.e., near-identical morphologically), ‘cryptic’ (as previous but non-
hybridizing), or with narrow niches/restricted distributions (e.g., short-range endemics; Davis et
al., 2015). Thus, forecasting genetic diversity would be valuable for deriving conservation policy
and subsequently applying management decisions (Hoban et al., 2022). A mechanism is needed
to focus and prioritize management and conservation, particularly given the multiplicity of

species spanning numerous distinct geographic regions. The procedure described herein can
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facilitate management and streamline conservation plans by deriving diversity metrics for
freshwater species currently lacking such information. Expanding the trait-based approach by
incorporating more species, regions, greater phylogenetic breadth, and numerous traits will
undoubtedly provide more focused insights and possibly greater predictive power. Furthermore,
this community genomics approach should incorporate biotic interactions among species (sensu
Hand et al., 2015) to integrate an overlooked essential biotic component. The framework herein
also provides a platform for bridging the gap between micro- and macro-evolution, in that traits
impinging upon genetic diversity (microevolution) could also play a significant role in speciation

and extinction (macroevolution).
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TABLES AND FIGURES

Table 1: Freshwater fish species (N=31; listed by Family and Species) were collected across the
White River Basin (Ozark Plateau, USA). SNP panels resulted from genotyping individuals
using ddRAD seq. Panels of randomly selected SNPs (N=2000) were used to calculate average
site genetic diversity (Hs), total genetic diversity (Hr), and global genetic fixation/differentiation
index (G" st). Four covariates are shown: Indiv = Total number of individuals/species analyzed;
Sites = Total number of sampling locations/species analyzed; MedianRivDist = Median of
pairwise river distance between analyzed set of sites; Mean Indiv/Site = Mean number of
individuals analyzed across sites where a species occurred.

Median Mean

Family Species Name Indiv__ Sites RivDist Indiv/Site Hs Ht G”st
Atherinopsidae  Labidesthes sicculus 99 18 320 5.5 0.139 0.182 0.289
Lepomis macrochirus 63 17 423 3.7 0.221 0239 0.104

Centrarchidae Lepomis megalotis 242 44 434 5.5 0.151 0.182 0.204
Micropterus dolomieu 56 15 400 3.7 0.216  0.233 0.099

Micropterus salmoides 15 7 309 2.1 0.283 0.303 0.102

Cottidae Cottus carolinae 24 9 424 2.7 0.109 0.263 0.689
Cottus hypselurus 40 8 476 5.0 0.063 0.241 0.813

Fundulidae Fundulus ca_tenatus 112 23 478 49 0.137 0.196 0.362
Fundulus olivaceus 131 24 317 5.5 0.173 0.232 0.316

Campostoma anomalum 93 20 427 4.7 0.126  0.200 0.439

Campostoma oligolepis 119 31 416 3.8 0.160 0.169 0.062

Chrosomus erythrogaster 53 7 459 7.6 0.109 0.272 0.713

Cyprinella galactura 72 10 325 7.2 0.176  0.183 0.050

Cyprinella whipplei 29 6 728 4.8 0.235 0.258 0.137

Luxilus chrysocephalus 57 13 412 44 0.230 0.258 0.148

Luxilus pilsbryi 244 31 275 7.9 0.136 0.139 0.022

Leuciscidae Luxilus zonatus 98 16 323 6.1 0.175 0.196 0.137
Lythrurus umbratilis 23 5 293 4.6 0.250 0302 0.273

Notropis boops 233 28 407 8.3 0.164 0.176 0.078

Notropis nubilus 191 32 454 6.0 0.128 0.138 0.083

Notropis percobromus 62 10 332 6.2 0.179  0.185 0.046

Notropis telescopus 81 13 342 6.2 0.162 0.199 0.237

Pimephales notatus 47 13 487 3.6 0.179 0.250 0.363

Semotilus atromaculatus 30 9 407 3.3 0.092 0.302 0.793

Etheostoma blennioides 52 14 489 3.7 0.134 0.208 0.430

Etheostoma caeruleum 358 50 446 7.2 0.101 0.139 0.305

Percidae Etheostoma fla_bellare 22 6 578 3.7 0.024 0350 0.965
Etheostoma juliae 57 10 300 5.7 0.161 0.227 0.371

Etheostoma spectabile 49 10 309 4.9 0.139 0.198 0.373

Etheostoma zonale 74 15 450 4.9 0.130 0.163 0.248

Poeciliidae Gambusia affinis 35 8 415 4.4 0.234 0.260 0.148
MEAN 923 168 408.3 5.1 0.159 0.221 0.303

ST.DEV. 80.8 112 94.1 1.5 0.056 0.053 0.253
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Table 2: Summary statistics for trait data compiled for freshwater fish species (N=31; Table 1) collected across the White River Basin
(Ozark Plateau, USA). Traits are grouped as Morphological, Life history, and Ecological, and are hypothesized as relating to variation
in facets of genetic diversity among species. Trait = Trait definition; Units = As measured; Code = Trait acronym; Categories = 0 (not

LET

present)/ 1 (present); Stdev = Standard deviation.

Trait Units Code Minimum Median Maximum Mean Stdev
Max body length millimeters MaxTL 40.0 130.0 970.0 186.5 191.7
Mean length at maturity millimeters LengMature 22.0 57.5 265.0 71.7 53.0
Caudal fin aspect ratio height?/surface area AspectRatio 0.5 14 3.1 15 0.6

= Body elongation length/depth BEI 1.9 41 7.0 4.1 1.0

£ Vertical eye position eye position/body depth VEp 0.4 0.5 0.7 0.5 0.1

€ Relative eye size eye diameter/head depth REs 0.2 0.4 0.7 0.4 0.1

£ Oral gape position mouth height/body depth OGp 0.1 0.4 0.7 0.4 0.1

S Relative maxillary length maxillary length/head depth RMI 0.2 0.5 0.8 0.5 0.1

= Body lateral shape head depth/body depth BLs 0.4 0.6 0.7 0.6 0.1
Pectoral fin vertical position pectoral fin vert position/body depth PFv 0.1 0.3 0.6 0.3 0.1
Pectoral fin size pectoral fin length/body length PFs 0.1 0.2 0.3 0.2 0.1
Caudal peduncle throttling caudal fin depth/caudal peduncle depth ~ CPt 1.8 2.5 3.5 2.6 0.4
Trait Units Code Minimum Median Maximum Mean Stdev
Age at maturation years AgeMature 0.1 15 3.0 1.6 0.7
Longevity years Longevity 2.0 4.0 16.0 5.2 3.4
Fecundity number eggs/season/female Fecundity 136.5 1045.0 49000.0 5191.1 11232.7

> Mean egg diameter mm EggSize 0.7 14 2.7 1.6 0.4

g Length of spawning season months SpawnLength 1.0 2.5 8.0 3.0 1.6

= Categories

£ Non-guarding brood hiders binary NonGuardBroodHide 0.No=16 1.Yes=15 - - -

= Non-guarding substrate spawners  binary NonGuardOpenSubstrate  0.No=24 1.Yes=7 - - -
Egg Guarding nest spawners binary GuarderNestSpawner 0.No=23 1.Yes=8 - - -
Spawning frequency binary SpawnFreq 1.Single=16 2.Multi=15 - - -
Parental Care Index discrete index ParentEnergy 0.None=3 1.Low=16 2.Med=5 3.High=7 -
Trait Units Code Minimum Median Maximum Mean Stdev
Diet Generality Index discrete index DietIndex 1 2 6 2.8 1.4
Habitat Generality Index discrete index Habitatindex 7 10 18 113 2.7

_ Categories

8 Trophic guild categorical TrophGuild 0.Herb/detrit=4 1.0mniv=4 2.Invertiv=19 3.Inv/piscivore=4 -

8 Water temperature preference categorical TempPref 0.Cold=1 1.Cold/Cool=3  2.Cool=9 3.Cool/Warm=12 4.Warm=6

E Benthic dwelling binary Benthic 0.Non-benthic=19 1.Benthic=12 - - -
Surface dwelling binary Surface 0.Water column=12  1.Surface=19 - - -
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Table 3: Categorization of SNPs (N=200) genotyped for freshwater fish species (N=31; Table 1) collected across the White River
Basin (Ozark Plateau, USA), and scored for each of three facets of genetic diversity quantified for all species: Within-site diversity
(Hs); total diversity (Ht); and among-site diversity (G" st). We tested relationships between genetic diversity variation among species
and: covariates, traits (Table 2), and phylogenetic relatedness. Results for those tests are provided here.

Hs Hr G”st
Fitted Vars none Nindiv; Nsites; Mean_Ind_Site none
Covariates Multi regression - adj. R?=0.62; p = 0.0001 -
Selected Vars - Nindiv -
Selected adj. R? - adj. R?=0.5 -
Fitted Traits MaxTL; OGp; Fecundity; Eg_gSize; SpawnLength; BEI; BLs; ParentEnergy; OGp; PFv; CPt; EggSize; Benthic;
TempPref; Benthic; Surface GuarderNestSpawner * Surface
Traits Multi regression adj. R? = 0.66; p = 0.0001 adj. R? = 0.26; p=0.02 adj. R?=0.27; p=0.03
Selected Traits ~ Surface; TempPref; EggSize; MaxTL; SpawnLength BLs; GuarderNestSpawner Surface; EggSize
Selected adj. R? adj. R>=0.68 adj. R?=0.31 adj. R?=0.31
Fitted Eigen Vectors EV2 EV18 * EV4; EV6
Multi regression adj. R2=0.15; p=0.02 adj. R?=0.36; p = 0.0003 adj. R2=0.36; p =0.003
Phylogeny Selecteilelgen Ev2 EVig EV4: EV6
ectors
Selected adj. R? adj. R2=0.15 adj. R2=0.36 adj. R?=0.36

* For Ht, Traits and Phylogeny variables were fitted to the residuals of Ht after accounting for the relationship with the covariates



Table 4: Model selection results for average site genetic diversity (Hs) based on traits and
diversity values measured for freshwater fish species (N=31; Table 1) collected across the White
River Basin (Ozark Plateau, USA). Coefficients include intercept and a reduced set of traits
(Table 2). R?= correlation coefficient; DF = degrees of freedom; LogLik = log-likelihood; AIC.
= second-order Akaike Information Criterion; Delta = change in AICc from best model; Weight
= model weight used for averaging.

Hs Coefficients

Intercept  EggSize MaxTL  SpawnlLength Surface TempPref R?> DF  LogLik AlCc Delta  Weight
0.1484 -0.0597 0.0001 0.0146 - 0.0128 0.70 6 64.72 -113.94 0.00 0.32
0.1340 -0.0509 0.0001 0.0113 0.0243 0.0127 0.73 7 66.30 -113.74 0.20 0.29
0.1760 -0.0623 0.0002 0.0163 - - 0.66 5 62.52 -112.65 1.29 0.17
0.1612 -0.0534 0.0001 0.0130 0.0245 - 0.69 6 63.92 -112.33 161 0.14
0.1415 -0.0435 0.0001 - 0.0436 0.0161 0.65 6 62.30 -109.10 4.84 0.03
0.1259 -0.0345 - - 0.0522 0.0208 0.59 5 59.54 -106.68 7.26 0.01

Table 5: Model selection results for total genetic diversity (Ht) based on traits and diversity
values measured for freshwater fish species (N=31; Table 1) collected across the White River
Basin (Ozark Plateau, USA). Coefficients include intercept and a reduced set of traits (Table 2).
R? = correlation coefficient; DF = degrees of freedom; LogLik = log-likelihood; AIC. = second-
order Akaike Information Criterion; Delta = change in AICc from best model; Weight = model
weight used for averaging.

Hy Coefficients

Intercept BLs GuarderNestSpawner R? DF  LogLik AlCc Delta  Weight
0.1286 -0.2444 0.0354 0.36 4 65.74 -121.95 0.00 0.88
0.1244 -0.2209 - 0.17 3 61.90 -116.91 5.04 0.07
-0.0081 - 0.0314 0.14 3 61.35 -115.81 6.15 0.04
0.0000 - 0.00 2 58.93 -113.43 8.53 0.01

Table 6: Model selection results for global genetic fixation/differentiation index (G" st) based
on traits and diversity values measured for freshwater fish species (N=31; Table 1) collected
across the White River Basin (Ozark Plateau, USA). Coefficients include intercept and a reduced
set of traits (Table 2). R? = correlation coefficient; DF = degrees of freedom; LogLik = log-
likelihood; AIC. = second-order Akaike Information Criterion; Delta = change in AICc from best
model; Weight = model weight used for averaging.

G"'st Coefficients

Intercept EggSize  Surface R? DF  LogLik AICc Delta Weight
0.1183 0.1988 -0.2017  0.36 4 5.96 -2.39 0.00 0.67
0.4575 - -0.2519 0.24 3 3.49 -0.08 231 0.21
-0.1040 0.2624 - 0.21 3 2.84 1.20 3.59 0.11
0.3031 - - 0.00 2 -0.84 6.11 8.50 0.01
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Figure 1: Freshwater fish species (N=31; Table 1) collected at N=75 sampling locations
primarily across the White River Basin (Ozark Plateau, USA). Individuals were genotyped at N
= 2000 SNPs to quantify facets of genetic diversity.
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Figure 2: Overview of the framework for hypothesis testing and model building used in the

evaluation of freshwater fish species (N=31; Table 1) collected at N=75 sampling locations
primarily across the White River Basin (Ozark Plateau, USA).
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Figure 3: Variation across freshwater fish species (N=31; Table 1) collected at N=75 sampling
locations primarily across the White River Basin (Ozark Plateau, USA) for each of three genetic
diversity index: Within-site diversity (Hs); total diversity (Ht); and among-site diversity (G" st).
Each index was calculated by species based on single nucleodtide polymorphisms (N=2000).
Interspecific variability within each index was partitioned among selected sets of traits (Table 2)
and phylogenetic eigenvectors. Values represent adjusted R? or the percentage of variation
explained by either [A] select traits, [C] phylogeny, [B] both/phylogenetically correlated traits,
or [D] unexplained variation/residuals. All values [A] & [C] > 0 were significant (o = 0.05).
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SUPPLEMENTARY MATERIALS

Supplement S1: Fish species collected across the White River Basin of the Ozarks, USA (N=31) were defined by characteristics
(N=28) broadly related to morphology, life history, and ecology. These traits were gathered from a vareity of sources shown here.

Code Trait Units Source Notes

MaxTL Max body length millimeters Olden; FishMorph; FishTraits; FOA  Deferred to Olden
LengMature Mean length at maturity millimeters Olden

AspectRatio Caudal fin aspect ratio height?/surface area Olden

BEI Body elongation length/depth FishMorph

VEp Vertical eye position eye position/body depth FishMorph

REs Relative eye size eye diameter/head depth FishMorph

OGp Oral gape position mouth height/body depth FishMorph

RMI Relative maxillary length maxillary length/head depth FishMorph

BLs Body lateral shape head depth/body depth FishMorph

PFv Pectoral fin vertical position pectoral fin vert position/body depth FishMorph

PFs Pectoral fin size pectoral fin length/body length FishMorph

CPt Caudal peduncle throttling caudal fin depth/caudal peduncle depth ~ FishMorph

AgeMature Age at maturation years Olden; FishTraits; FOA Deferred to Olden
Longevity Longevity years Olden; FishTraits; FOA Deferred to Olden
Fecundity Fecundity number eggs/season/female Olden; FishTraits; FOA Deferred to Olden
EggSize Mean egg diameter mm Olden

SpawnLength Length of spawning season months FishTraits

NonGuardBroodHide Non-guarding brood hiders binary Olden; FishTraits; FOA

NonGuardOpenSubstrate  Non-guarding substrate spawners  binary Olden; FishTraits; FOA

GuarderNestSpawner Egg Guarding nest spawners binary Olden; FishTraits; FOA

SpawnFreq Spawning frequency binary Olden; FishTraits

ParentEnergy Parental Care Index discrete index Olden

DietIndex Diet Generality Index discrete index Derived from FishTraits Sum of binary diet variables
HabitatIndex Habitat Generality Index discrete index Derived from FishTraits Sum of binary habitat vars
TrophGuild Trophic guild categorical Olden

TempPref Water temperature preference categorical Olden

Benthic Benthic dwelling binary Olden; FishTraits; FOA Deferred to Olden
Surface Surface dwelling binary FishTraits
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Supplement S2: Three statistics summarizing genetic diversity (HS, HT, and G”ST) and four
covariates were calculated for fish species (N=31) collected across the White River Basin of the
Ozarks, USA. Nindiv = the total number of individuals genotyped/analyzed; Nsites = total
number of sites where genotyped/analyzed individuals were collected; Median_RivDist = the
median value of pairwise river network distance between sites at which each species occurred,;
Mean_Ind_Site = mean number of individuals genotyped/analyzed per site.
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Supplement S3: Principal components analysis of three genetic summary variables quantified
for thirty-one fish species collected across the White River Basin of the Ozarks, USA. Hs =
heterozygosity within sites; Hr= total heterozygosity; G’st = genetic differentiation/fixation
coefficient.
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Supplement S4: These histograms show distributions of 28 trait measurments for 31 fish species
collected across the White River Basin of the Ozarks, USA.

146



Hs

MaxTL

%P

@

Fecundity

k

EggSize

[/
L]
8

SpawnLength

X

-
NENEY NS
UL T TN -

Supplement S5: Traits showing significant correlation with average site genetic diversity (Hs)
quantified for N=31 freshwater fish species collected across the White River Basin of the
Ozarks, USA.
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Supplement S6: Covariates and traits showing significant correlation with total genetic diversity
(HT) quantified for N=31 freshwater fish species collected across the White River Basin of the
Ozarks, USA. Note: traits were related to the residuals of the relationship between Hr the
covariates.
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CONCLUSIONS
A multispecies comparative approach is necessary to disentangle the “freshwater paradox,” that
is the similar proportions of diversity in freshwater and marine habitats despite their tremendous
difference in size (Tedesco et al., 2017). Presumably, something unique to freshwater habitats,
e.g., fragmentation, underlies this paradox, and uncovering it could be essential to more
effectively managing and conserving freshwater species. To probe the paradox, so to speak, a
macroevolutionary approach using comparative phylogenetics could be used to infer how
differences among species impact diversification rates (Bloom et al., 2013; Miller, 2021).
However, this approach merely allows us to parse several broad—and non-mutually exclusive —
alternatives such as differences in speciation, extinction, habitat transitions, or clade ages
(Briggs, 1994). At the same time, this approach does little to reveal mechanistic underpinnings at
the ecological or contemporary scale, which is most important for conservation (Rice & Emery,
2003). Therefore, my inquiry herein focused on the microevolutionary and ecological levels by
assessing genetic diversity as the key metric to quantify extrinsic and intrinsic differences
between species.

Understanding the FP by unraveling the processes responsible for the impressive
diversity of freshwater fishes will lead to foundational knowledge and predictive schemes that
can be applied to conservation and management. Similar processes have shaped the uneven
richness between continents and oceans observed for all biodiversity (Briggs, 1994). Therefore,
this pursuit benefits all conservation aims and is not limited to fish or aquatic organisms (Musher

etal., 2022).
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River networks are isolating

Appreciating the effects of the spatial structure and complexity of river networks on biodiversity
is critical for freshwater fish conservation (Campbell Grant et al., 2007). River networks are
hierarchically structured into repeating subunits, i.e., smaller tributaries lead to larger channels
(Tarboton et al., 1988). This hierarchy also correlates with environmental gradients (\Vannote et
al., 1980). This structure is remarkably different from landscapes or oceanscapes and is reflected
in the ecology and evolution of riverine organisms (Tedesco et al., 2012). While the isolating
nature of river networks promotes divergence among lineages and may lead to higher speciation
rates, the same isolation processes can lead to unstable metapopulations and extinction (Briggs,
1994). Therefore, species that can thrive in these environments must have phenotypic traits and
adaptations that allow them to traverse the treacherous path between existence and extinction in

isolated networks.

Species differ by nature

By their nature, species differ in some respect; otherwise, we would not differentiate between
them (Simpson, 1951). Each species has a unique evolutionary history that culminates in
differences we can observe today. In one sense, ecology boils down to how the spatial
distribution of organisms reflects their interactions with the biotic and abiotic environment.
These interactions are mediated by traits that vary within and among species. For example, larger
organisms may travel further over a day or a lifetime, so they may come into contact with more
types of environments and establish larger populations. Thus, differences in traits between
species lead to differences in dispersal, population size, fluctuations, and connectivity (Lester et

al., 2007). In turn, the traits indirectly impact evolutionary change — an impression that can be
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left as an imprint on patterns of genetic diversity. A comparative approach can explore these

relationships (Bohonak, 1999).

Comparative approach

A multispecies comparative approach unites ecology and evolution (Hand et al., 2015; Lowe et
al., 2017). Because ecological and evolutionary processes forge differences among species, we
can integrate ecology and evolution through a comparative approach to analyze how differences
among species are related to each other (Bohonak, 1999). These differences include a
measurable quantity of interest which can be compared to intrinsic or extrinsic properties
hypothesized to govern it. For example, if one hypothesized that dispersal is an important driver
of population size, we would expect a significant relationship between dispersal-related traits and
quantitative measures related to population size, i.e., number of individuals or genetic diversity.
Such a comparative approach used at the level of microevolutionary indicators, such as genetic
diversity, can reveal impactful differences among species regarding intrinsic (i.e., traits) and
extrinsic (e.g., abiotic) factors, which can be used in a comparative phylogenetic framework to
test for differences in transition rates versus differences in speciation and extinction.
Demonstrating that the same traits dictate micro- and macroevolutionary processes is an
interesting pursuit that could further illuminate the intersection of ecology and evolution (Harvey

et al., 2019; Singhal et al., 2018, 2022).

Hybridization

Hybridization plays a more critical role in ecology and evolution than previously thought (Chafin
et al., 2019). In Chapter I, | infer the importance of hybridization through evidence of its

widespread occurrence documented when investigated at the community level, as well as
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evidence for viable hybrids and interspecies genetic exchange evidenced by admixed individuals.
A multispecies approach to hybridization provides an unbiased way to investigate the occurrence
of hybrids. If hybridization is only assessed between a single pair of species, we are likely to
miss hybrids not involving both species but rather just one of them and a third, unstudied species.
Therefore, we need to “cast a wider net,” especially when exploring hybridization in fish.

Fish are likely to hybridize more than other vertebrates, and certain groups — like
minnows —may be more prone to admixture than others due to their reproductive biology and
genetic compatibility (Hubbs, 1955). Admixture can allow for novel genetic exchange among
species leading to shifts in evolutionary trajectories and even hybrid speciation (Seehausen,
2004).

While some evidence indicates that admixture has likely played an important role in the
evolution of fishes (Dowling & Demarais, 1993), is there any reason to believe that it has led to
the freshwater fish paradox? In other words, is hybridization a phenomenon that promotes
speciation and is somehow higher in freshwaters? Hubbs (1955) reviewed the literature then and
noted that hybridization appeared rarer in marine fishes than in freshwater. However, this idea,
echoed in following publications (Lagler et al., 1982), was based on hybrid references from only
a handful of scientists (Schwartz, 2001). It is noteworthy that most evidence for marine fish
hybridization comes from coral reef fishes, which happen to be very speciose (Walker & Ryen,
2007). Moreover, more contemporary evidence has emerged supporting higher hybridization
rates in freshwater fishes (Wallis et al., 2017). This pattern may arise due to the isolating nature
of river networks and their tendency to morph over long periods, which may promote secondary
contact between divergent forms (Musher et al., 2022). Therefore, hybridization may play a part

in the freshwater fish paradox.
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Stream hierarchy

A multispecies comparative approach allows testing for general extrinsic processes governing
ecology and evolution. If extrinsic, spatio-environmental factors constrain ecology and
evolution, then we expect general patterns to emerge among species regarding the factors that
control population structure. The Stream Hierarchy Model (SHM) suggests that fish dispersal is
constrained by river network architecture and that dispersal occurs more within than between
hierarchical units and across scales (Meffe & Vrijenhoek, 1988). Chapter Il supported the SHM
as a general model for explaining spatial patterns of genetic diversity across all 31 fish species
investigated. Notably, the spatial scale at which the constraints of the river network become most
apparent is the eight-digit HUC spatial scale. Furthermore, although the same general model best
approximated genetic diversity, population divergence varied considerably among species, which

led nicely to the final section on the trait-based approach to modeling genetic diversity.

Phenotypic traits

How species interact with the abiotic and biotic environment (ecological processes) ultimately
determines their population histories (evolutionary processes). A species’ characteristics mediate
those interactions and thus play a role in determining the fate of evolution. Support for this
hypothesis was demonstrated in Chapter 111 by a significant association between different
measures of genetic diversity (indicators of the evolutionary process) and phenotypic traits
related to dispersal, ecology, and life history. Thus, species traits could be used as an indicator of
species’ persistence or risk assessment. These insights offer avenues for new conservation
strategies that leverage generalized ecological traits to forecast diversity metrics relevant to
evolutionary trajectories in thousands of freshwater species currently lacking genetic
information. These predictions can guide management efforts and prioritize species conservation
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efforts, particularly in developing countries where funding, infrastructure, and training

constraints limit pro-active management programs.

Final thoughts on application

Modern molecular approaches are uniquely positioned to help unite ecology, evolution, and
conservation biology. With recent advances, thousands of informative genetic markers spanning
entire genomes can be assessed for non-model organisms. By elevating population genomics to
the community level, we add new dimensions to our potential for inquiry, namely the variation
among species. Here, | demonstrated three major areas that benefit from the multispecies
approach and yield valuable insights for applied efforts: (i) hybridization is widespread yet not
evenly distributed among species. A multispecies approach is less biased and yields a more
accurate picture of hybridization in natural communities. (ii) Spatio-environmental constraints on
biodiversity should be general among species; therefore, a comparative approach allows these
overarching processes to be more reliably inferred. The complexity of stream and riverine
networks must be integral to the conservation and management of freshwater biodiversity
because the structure of biodiversity—from genes to ecosystems—mirrors that of the network.
(iii) measures of genetic diversity represent not only the history of populations and species but
also the future. We can start forecasting the future by understanding the relationship between
phenotypic traits and genetic diversity. The insights gathered from riverscape community

genomics will only grow as the framework is applied across more diverse regions and taxa.
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