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Executive Summary

	Variegate darters (Etheostoma variatum) were listed as endangered in Virginia in 1992. Reasons for listing included habitat degradation and concerns about current and future impacts of coal mining throughout their Virginia range. Prior to this research, little was known about variegate darter distribution, habitat use, or populations in Virginia. Two primary goals of this research were to gain knowledge about the current population ecology and the relationship between landscape-level factors (e.g., land cover changes, watershed size, isolation from other populations) on current and past variegate darter population sizes. 
	We investigated distribution, habitat suitability, population genetics, and population size and structure of variegate darters in the upper Big Sandy River drainage, Buchanan, Dickenson, and Wise Co., Virginia. Our results indicate variegate darters are primarily found in the Levisa Fork, with highest densities and abundances between its confluence with Dismal Creek and the Virginia-Kentucky border. Sporadic occurrences in smaller tributaries to the Levisa and Tug forks indicate they exist more widely in low densities, especially near the confluence with the Tug and Levisa mainstems. Detection of variegate darters in smaller tributaries was inconsistent, with reach-level occupancy estimates varying among years. We detected young-of-year variegate darters every year we sampled, but age 1+ darters were indistinguishable from older darters based on standard length.
Variegate darter population size and stability in Virginia were estimated via multiple methods, including site occupancy surveys, mark-recapture studies, and population genetic analysis. Using mark-recapture methods at five sites, we estimated overall population size in 2011 to be approximately 12,800 individuals in the 35-km reach between the Levisa Fork - Dismal Creek confluence and the Virginia-Kentucky border. Age structure seemed stable, with breeding adults and young-of-year collected annually during 2008-2011. Population genetic analysis indicated variegate darters in the Levisa Fork and its tributaries are part of a single genetic population. Historical and current genetic stability were seen in our analysis of the variegate darter population, with no genetic differentiation among riffles across the upper Levisa Fork watershed, indicating dispersal among these sites is enough to overcome random genetic drift. This population is genetically isolated from downstream populations by the dam at Fishtrap Lake, Pike Co., Kentucky, and is beginning to show genetic isolation from other nearby populations. As expected, the Virginia population is most closely related to those in the Russell Fork and Levisa Fork downstream of the dam. 
Regular monitoring of variegate darters in the Levisa Fork mainstem from the Dismal Creek confluence to the Virginia-Kentucky border would facilitate better understanding of normal fluctuations of population size and distribution, as well as assessments of population status. This reach encompasses the core of the variegate darter population in Virginia, and its persistence will determine long-term viability of this species. Given that little is known about long-term population trends, we suggest that annual site-occupancy and population size estimates be made at ten randomly selected riffles for at least ten years to understand normal levels of variability. Thereafter, these population parameters could be monitored bi-annually as a way to detect shrinking distribution or abundance, especially after any fish kill or other pollution event in the Levisa Fork. We further suggest that the sites upstream and downstream of the saline diffusor pipe be monitored to detect changes in the extent of the impact zone.
Overall, the variegate darter population in Virginia appears stable, although primarily confined to the lower 35 km of the Levisa Fork. Nevertheless, variegate darters in Virginia remain susceptible to extirpation due to catastrophic events, both physical (chemical spill) and biological (disease outbreak or invasive species introduction).
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	The variegate darter (Etheostoma variatum Kirtland) is a small-bodied, bottom-dwelling darter, with large fins and a maximum size of approximately 100 mm (Figure 1). Males are much more brightly colored than females, though both have light to dark brown bodies, a dark sub-orbital bar, and four dark saddles down their backs. The males have bright or dark reddish-orange belly, red bars on the side, and red and blue bands in the dorsal fins. Females lack this distinct coloration, but still have the four dark saddles on the back. Their native range covers most of the upper Ohio River drainage, extending from Virginia to New York and east to Ohio. In Virginia, the variegate darter is native to the Big Sandy River drainage, occurring in the Levisa and Tug forks of southwestern Virginia. The variegate darter is listed as endangered under Article 6, Title 29.1 of the Code of Virginia and a Tier II species (very high conservation need) in the Virginia Department of Game and Inland Fisheries’ Wildlife Action Plan (VDGIF 2005). The species is thought to have suffered population declines and range contractions due to impacts from resource extraction, non-point source pollution, and habitat alteration. Extant and future threats to the persistence of variegate darters include coal mining, logging, urban development, sewage effluents, impoundments, road construction, sewer and water line construction, and other land uses. Jenkins and Burkhead (1994) considered siltation from coal mine wastes, logging, and construction run-off as significant contributors to the decline of variegate darters in Virginia; these were the primary reasons for the listing in 1992.  
In April 2007, CONSOL Energy installed a diffuser pipe to discharge high-chloride waste water from the Buchanan No. 1 mine into Levisa Fork, Buchanan County, Virginia. Under sufficiently high flows, the pipe discharges up to 1000 gal/min; environmental impacts are expected to occur for several hundred meters downstream. Between the start of discharge (2008) and 2012, CONSOL-reported data indicated that this pipe discharged 54% of the time, with an average estimated flow of 825 gal/min (VDMME 2012). Because variegate darters are known to occupy this reach, long-term monitoring is necessary to assess impacts to this species. 
Recovering variegate darters in Virginia will require protecting, maintaining, and restoring viable populations (Smogor et al. 1995). An important conservation tactic is to ensure that information is sufficient to accurately describe species distribution, abundance, and status and to assess current human impacts. Although some sites in the Big Sandy River drainage (BSRD) were historically surveyed, additional potential suitable sites remained unsurveyed in recent years. Neither habitat quality nor population status for Virginia’s variegate darters had been rigorously assessed. Furthermore, the biotic impacts of the diffuser discharge were unknown. This research addresses Priority Actions 1, 3, and 4 in the variegate darter recovery plan (Smogor et al. 1995) and establishes a study design to assess biotic impacts associated with the diffuser discharge. 
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Objectives and Findings
	Our research addresses five main objectives; methods and results for each are summarized below for field and laboratory work conducted from May 2008 through July 2011.

[bookmark: _Toc235601232]1) Document the geographic extent of variegate darter distribution in Virginia.
Prior to 2008, the spatial distribution of variegate darters was not well described, despite their protected status since 1992. Prior to 1967, only four samples are known from the potential range of variegate darters in Virginia (Levisa, Russell, and Tug fork watersheds), and individuals were collected at only two sites (Jenkins and Burkhead 1994). Variegate darters were collected at only two sites (Dismal and Knox creeks, Levisa Fork watershed) during surveys conducted in 1983 -1987 and were not collected between 1988 and 2003 (Virginia Fish and Wildlife Information Service 2013). In fact, Jenkins and Musick (1979) considered variegate darters to be possibly extirpated from Virginia. They were collected at 21 sites during 2003-2008 (Virginia Fish and Wildlife Information Service 2013) but were historically assumed to be rare and difficult to capture. The goal of objective one was to determine the current geographic extent of variegate darters in Virginia using a randomized sampling protocol based on prior knowledge of watershed size occupancy, habitat use, and best scientific judgment. 
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To document the geographic extent of variegate darters across the Levisa Fork, Russell Fork, and Knox Creek watersheds in Virginia, we sampled five sites previously known to be occupied, 12 sites chosen ad hoc in 2008, and 49 randomly-selected sites during 2009-2011 (Table 1). Randomly-selected sites were chosen using a stratified-random design because of our limited knowledge about variegate darter presence across stream sizes and habitat types. We used information about historically occupied sites to design our strata, from which we randomly selected stream segments. No variegate darters had ever been collected in streams with watersheds < 25 km2 so these reaches were removed from the site selection process. We divided all remaining Virginia streams within the BSRD into 1-km reaches and categorized them into three strata based on watershed area: > 400 km2 (large), 25-100 km2 (medium), and 25-100 km2 (small). We further segregated the reaches by the three watersheds of the BSRD (Russell Fork, Levisa Fork, and the Virginia portion of the Tug Fork). Within each stream size class, sites within each of the three watersheds were randomly selected for sampling and we sampled a subset of these sites each year during 2009-2011 (Table 2). Sites were sampled at least twice to allow us to estimate detection probability for variegate darter (the likelihood that an individual would be collected if the species is actually present at a site) and to increase the accuracy of our estimates of patch occupancy (the likelihood that a site is occupied by the species).
Stream channel morphology differences between large (mainstem) sites and medium and small (tributary) sites influenced our sampling design. We sampled 30 seine sets within one riffle at large sites, and a 300-m reach split into three contiguous 100-m segments was sampled at medium and small sites. Fish were sampled using identical techniques across all sites, regardless of watershed area. We used a Smith-Root LR-24 backpack electrofisher and a 1.5-m x 3-m seine to sample quadrats (seine sets). Abundance of each fish species collected were recorded within each quadrat. Each seine set began 3 m upstream from the seine, and we used a single pass while disturbing the substrate to flush fishes into the seine. At mainstem sites, seine sets were positioned in non-overlapping quadrats along temporary transects set at 0, 25, 50, 75 and 100% of the length of each site; the entire width of the stream was sampled. At tributary sites, we sampled riffle and run habitat as flow and depth allowed, but excluded pools because of our inability to effectively sample in slow, deep water without using additional equipment; each 100-m segment allowed 18-25 seine sets.
We used program PRESENCE (Hines 2006) to estimate detection probability probability (p) and occupancy (ψ) for variegate darters at all 29 randomly-selected Levisa Fork and Tug Fork sites during 2009-2011. Russell Fork sites were excluded because no variegate darters were found during any survey. All included sites were sampled at least twice and some sites (in 2009) were sampled three times. We used single-season models that assume detection probability does not vary with time and that occupancy is constant between sampling efforts (i.e., we believe sites do not experience extinction and recolonization between years). We compared models using Akaike Information Criterion (AIC), the associated model weight, and the fit of the model to the data. AICc (an AIC value adjusted for small sample size, Hurvich and Tsai 1989) indicates the best fit while penalizing for extra model complexity. The three models included one that assumes constant detection probability across all sites, one that varied detection probability as a function of drainage area, and one that varied occupancy as a function of drainage area (all three using a single-season logistic-link model). Watershed sizes were standardized (mean = 0, variance = 1) for all model analysis. We assessed model fit using a parametric bootstrapping approach. We bootstrapped the data 10,000 times and calculated an estimate of the dispersion parameter  (variance inflation factor; calculated as model deviance divided by the degrees of freedom) to determine the amount of overdispersion (excess variance based on the model, an indicator that the model is appropriate for modeling the data) in the data. Model adjustment is recommended for overdispersion, but not underdispersion as was found in our data. Accordingly, our models are reported using the default value for the dispersion parameter ). 
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We sampled 66 sites across the upper BSRD, including 32 sites in the Levisa Fork watershed, 20 sites in the Russell Fork watershed, and 14 in the Tug Fork watershed, six of which were in Knox Creek or its tributaries (Table 1). We collected variegate darters at 20 sites in the Levisa Fork watershed (Figure 2), none in the Russell Fork watershed (Figure 3), four sites in the Tug Fork watershed of West Virginia, and one site in the Tug Fork watershed of Virginia (Knox Creek watershed). 
In monitoring the effects of the diffusor pipe, we sampled two riffles upstream and downstream of the diffusor pipe. Variegate darters were collected each year at all four sites until 2011, when variegate darters were not collected at the riffle approximately 0.25 km downstream of the diffuser pipe. This site is the only riffle in the Levisa Fork downstream of Dismal Creek that we sampled without finding variegate darters during 2008-2011. Other indications that this site was impacted by the diffusor pipe are the changes in fish species richness and biomass, which were much lower in 2011 than during past surveys at this site; onlythree species (E. blennioides, Cyprinella galactura and Campostoma anomalum) and eight individuals were collected in 37 seine sets. 
Site-level presence/absence data from our distribution surveys were used to understand site occupancy and detection probability. Our top model indicated that site occupancy (ψ) increases with drainage area, and this model out-performed the other two models we compared (Table 3). The goodness-of-fit test indicated underdispersion in our data (<1). Because we scaled our watershed area variable, the odds of variegate darters being present at a site can be calculated in relation to the standard deviation of the watershed areas of sites sampled. Our models indicate that for every increase in one standard deviation (319.6 km2), we were 1.008 times more likely to collect variegate darters at a site. This prediction holds within the range of all the watershed sizes we sampled (26 – 1322 km2).
Our top model indicates that detection probability (p) of variegate darters (when present) at a site is very high (0.95) across all years, but does not vary with watershed size. In other words, we show no evidence that detection probability varies between mainstem and tributary sites. Detection probabilities decrease when individuals are collected during some surveys but not others, i.e., when capture histories differ between visits, and we had very few sites with this capture history. There were only two sites (Knox Creek, TF013 and Dismal Creek, LF019) where variegate darter collections were not consistent between visits. All Levisa Fork sites downstream of Dismal Creek had variegate darters present each time they were surveyed except for the riffle directly downstream of the diffuser pipe (absent only in 2011).
Given our sampling effort, we consider variegate darters to be extremely rare and perhaps temporally sporadic in the Knox Creek watershed. In 2011, we collected variegate darters in Knox Creek (TF013) for the first time during this study (Table 2). Since 2008, one site with a historic record, three other randomly selected sites on Knox Creek, and one tributary to Knox Creek have been sampled at least twice but no variegate darters were observed. Only one female was collected at TF013 and only on our first visit in 2011. Though we saw no evidence of spawning in Knox Creek (no young-of-year collected), we also cannot determine if this individual dispersed from the Tug Fork, approximately 23 river-kilometers downstream. However, three sites downstream of TF013 were sampled in previous years and no variegate darters were collected. 
Variegate darters were collected in 2009 at two sites on Dismal Creek, but were not collected in succeeding years. We consider variegate darters very rare in Dismal Creek. 
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	Variegate darters are much more common in Virginia than previously thought, though they are largely restricted to the Levisa Fork. Consistent with historical records, no variegate darters were collected in the Russell Fork watershed in Virginia. Given our high detection probability, we conclude that variegate darters do not occur in the reaches sampled and likely do not occur throughout the Virginia portion of the Russell Fork watershed. However, it is possible that variegate darters once occurred in the Russell Fork watershed in Virginia but are now extirpated. Variegate darters still occur in the Russell Fork downstream of Breaks Interstate Park; its steep waterfalls and rapids may preclude (re)colonization of the Russell Fork and its tributaries in Virginia. Variegate darters occur in the Virginia portion of the Tug Fork watershed (Knox Creek), though in low abundances. We repeatedly sampled six sites in the Knox Creek watershed and collected just one female variegate darter on one occasion. 
Variegate darters primarily occur in the Levisa Fork mainstem, but they also occur in low abundances in tributaries of the Levisa Fork, especially near tributary confluences. We collected them in two small streams (Bull Creek and Slate Creek) within one kilometer of the Levisa Fork. We collected them further upstream in a larger tributary, Dismal Creek (up to 27 km upstream), but only in 2009. We cannot say with certainty if they are using these habitats for reproduction or if they are simply migrants from the Levisa Fork, but they are certainly using some medium to small streams throughout the summer and fall. Higher silt cover, higher embeddedness, and higher conductivity (an indicator of poor water quality) in tributaries compared to the mainstem may contribute to the low abundances of variegate darters in larger tributaries such as Slate Creek, Dismal Creek, Garden Creek, and Knox Creek (based on analysis in Section 2). 

[bookmark: _Toc235601236]2) Assess the habitat suitability for variegate darter at all survey sites.
The availability of suitable habitat, dictated by local and landscape factors, often determines the distribution of stream fish (Allan 2004). We can quantify which habitats are suitable for variegate darters by comparing where they are found in relation to habitats available to them at sites within stream networks. Although range-wide species distribution is often determined by a combination of local and landscape variables, changes to suitable habitat at the local scale can often affect both presence and abundance of individuals. The goal of objective 2 is to investigate physical habitat, water quality, and watershed characteristics (land cover and mining within each watershed) most often associated with presence of variegate darters at a site in the BSRD in Virginia. 
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We estimated total physical habitat availability at fish collection sites using three factors: bed-sediment particle size (length of median axis), embeddedness (% substrate within sample area embedded in bed substrate), and silt cover (% substrate within sample area covered by silt). Particle size was categorized as silt, sand, gravel, cobble, boulder, or bedrock based on a modified Wentworth scale (Wentworth 1922). These variables have been used to characterize habitat suitability for other darter species in Appalachian streams (Rosenberger and Angermeier 2003, Osier and Welsh 2007). At each site, we collected 50 sub-samples by evenly spacing 10 sample points across five temporary transects that spanned the wetted width of the stream. At each sample point along the transects, we measured the median axis of four (mainstem) or one (tributary) randomly-selected particles, estimated average silt cover, and estimated substrate embededness over a 1 m2 (mainstem) or 0.1 m2 (tributary) sampling area. For consistency in estimations, a single observer estimated silt cover and embededness at all sampled locations.
Five water quality variables were measured at each fish collection site during each visit and averaged across visits. Water temperature, conductivity, and salinity were measured with a YSI 85 meter. Turbidity was measured with a HACH 2100P turbidimeter, and pH was measured with a pHTestr 2. We used ArcGIS 10 (ESRI Inc., Redlands, CA, USA) to compile percentages of 14 land-cover types (open water, open space developed, low intensity developed, medium intensity developed, high intensity developed, barren land, deciduous forest, evergreen forest, mixed forest, grassland/herbaceous, pasture/hay, cultivated crops, woody wetlands, and emergent herbaceous wetlands) for the watersheds upstream of each sample point in Virginia. Watersheds were categorized using the 2006 National Land Cover Dataset (Fry et al. 2011). We combined open space developed, low intensity developed, medium intensity developed, and high intensity developed into a single “developed” category. We combined deciduous forest, evergreen forest, and mixed forest into a single “forested” category. We omitted cultivated crops, woody wetlands, and emergent herbaceous wetlands because they totaled < 0.03% of any watershed. We also calculated percentage area of each watershed, using the Virginia Coal Surface Mining Operation (CSMO) permit boundaries permitted before June 2011, that is being or will be disturbed by mining. For each watershed, we calculated the percentage of abandoned surface-mined lands, which were digitized from USGS 7.5” topographic quadrangles produced in the late 1970s and compiled by VDMME; these are called “abandoned mine lands” (AML) and include other mining-related areas such as mine tailings and dumps but do not include underground mines. Overall, these AML areas are primarily (76%) forested, but land cover also includes grassland/pasture (15%), developed (5%), and barren (2.5%).
To better understand potential drivers of variegate darter presence at an individual site, we classified the most important descriptors of watersheds and sites using a random forest analysis. This analysis is useful because it allows correlated and nonlinear relationships among measured variables (Cutler et al. 2007). Random forests use combinations of classification trees to best describe binary response data such as presence-absence of fish species. Each classification tree is created using a bootstrap sample of training data. The remainder (“out-of-bag”) of the data are used to test the classification accuracy of the dataset. Each node (i.e., hierarchical level) is split using only a few of the predictor variables (the number of predictor variables used at each node is based on sample size) to reduce correlation among trees. This process is iterated to obtain an averaged tree with multiple nodes.
We compiled data from as many sites as possible in this analysis to fully encompass the range of site conditions in the upper BSRD; these included stream size, a suite of instream variables, and land use in the watershed. We included 29 sites in the Levisa Fork watershed, 13 sites in the Russell Fork watershed, and 11 sites in the Tug Fork watershed. All fish sampling sites where we had the full suite of habitat and land cover data were included. These sites were sampled a) during distribution surveys (objective 1), b) near the diffuser pipe (objective 1), and c) for abundance estimation (objective 3). 
A random forest was created using local site variables (average embeddedness, average silt cover, salinity, conductivity, and average sediment size, watershed area) and land cover variables as percentage of the total watershed upstream of the sample site (% permitted active mine land, % pasture, % barren, % AML, % grassland, % forest, and % urban). We used R for Statistical Computing (Team 2008) to run the randomForest package. We included all predictors and created 500 trees. We used unscaled data for easier interpretation of the results, though scaled data showed similar patterns. We report the mean decrease in accuracy, which is the normalized difference in classification accuracy between the observed “out-of-bag” data and the data randomly permuted for each classification. We also show partial dependence plots for the three most predictive variables, which display the values across which the likelihood of variegate darter presence changes. Partial dependence describes the dependence of the probability of occurrence of the plotted variable after averaging out the effects of the other predictor variables in the model. These plots help clarify both the direction and pattern of influence of each variable.

[bookmark: _Toc235601238]Results
	The top three predictors of variegate darter presence at a site include watershed size, percentage forest cover of the watershed, and average embeddedness at the site (Figure 4), indicating that a combination of landscape and local factors are important contributors to variegate darter distribution. The increasing presence of variegate darters with increasing watershed area is supported by our distribution models in Section 1. The y-axes of the mean decrease in accuracy plots are not directly interpretable, but the shapes and slopes of the fitted curves are informative. For example, variegate darters were more likely to be present as watershed size and forest cover increased, and asembeddedness decreased (Figure 5 a-c). Likelihood of variegate darter presence increases linearly up to an asymptote at ~600 km2, above which likelihood remains constant (Figure 5a). In the Levisa Fork, variegate darters occur at all sites with watershed area >220 km2, but at only one-third of sites with smaller watersheds. In the Tug Fork, variegate darters occur at all sites with watersheds >500 km2, but at only one-quarter of sites with smaller watersheds. High levels of forest cover in a watershed dramatically increased the likelihood of variegate darter presence, with very low likelihoods below ~82% watershed forest cover (Figure 5b). Finally, low levels of embeddedness increase the likelihood of variegate darter presence, and likelihood of presence decreases dramatically if embeddedness exceeds 55% (Figure 5c). The two sites in the Tug Fork with watershed areas >200 km2 had high average embeddedness (> 50%) and high silt cover (> 75%), which may explain the absence of variegate darters there.

[bookmark: _Toc235601239]Discussion
The mainstem of the Levisa Fork is the primary location in Virginia of the conditions that best predict variegate darter presence and is where the majority of the occupied sites occur (Figure 6). Similar conditions (large watersheds, low embeddedness, high forest cover) also occur in the Virginia portion of the Russell Fork watershed, and indicate that some reaches provide appropriate habitat for variegate darters. At the sampled riffles in the Russell Fork downstream of McClure River (watershed size >450 km2; near Haysi, VA), we found habitat with low embeddedness and high forest cover (Figure 2). Given the presence of appropriate habitat and high capture probability of variegate darters (Argentina et al. 2009), we are confident that variegate darters do not currently persist in the Russell Fork watershed. It is impossible to know if variegate darters ever occurred in the Russell Fork because of scarce historical data, but further analysis of the current extent of suitable habitat could inform management decisions regarding their potential future there.  

[bookmark: _Toc235601240]3) Estimate population size and age structure of variegate darter in Virginia.
Population size and age structure are two common metrics of stability and long-term persistence of species. Together, these variables reflect the likelihood of a serious near-term decline in population size due to lack of breeding adults or young-of-year produced in a given year. Groups such as the International Union for Conservation of Nature, US Fish and Wildlife Service, and Virginia Department of Game and Inland Fisheries use these criteria to evaluate the current and future status of a population. These metrics have been examined for few stream species, especially in small, at-risk populations, but have been examined for a few species (Durham and Wilde 2009, Finch et al. 2013). Age structure is often difficult to determine because of overlapping length distribution of individuals across ages (Khudamrongsawat and Kuhajda 2007). Our objective was 1) to determine the current population size of variegate darters in Virginia and 2) to use age structure analysis to show evidence of annual breeding success and growth of variegate darters. 
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We randomly selected five sites (LF025, site 1; LF018, site 2; LF036, site 3; LF023, site 4; and LF034, site 5) on the Levisa Fork for a mark-recapture study to estimate variegate darter abundance at those sites. Our intent was to extrapolate local abundance to estimate the number of variegate darters in the Levisa Fork. We used visible implant elastomer (VIE) tags (Northwest Marine Technology) to mark variegate darters at each site. Each site was sampled daily for four days (except site 5 was sampled three days). All adult variegate darters were marked with a tag unique to the site and day. We measured standard length of each marked individual and described its unique capture history (detected versus not detected). We used a closed-capture model in program MARK to estimate the abundance of variegate darters at each site and the probability of capturing each individual (White and Burnham 1999). This model assumes closure of sites to emigration and immigration during sampling, which occurred on successive days. The model also assumes we can accurately describe each individual’s capture history. We used both the VIE tag and length information for each fish to describe individual capture histories. 
We used a closed population capture-recapture model (Otis et al 1978) to estimate probability of capture (pi), probability of recapture (ci) and N (site abundance). We compared four models of population size to determine which best fit the mark-recapture data (Table 4) in MARK (White and Burnham 1999), incorporating our a priori hypotheses that both capture and recapture probabilities may vary among sites due to abiotic (e.g., habitat quality) or biotic (e.g., abundance or behavior) differences. All models held capture and recapture probabilities constant across all recapture occasions (but not across all sites), notated as pi (.) and ci (.) respectively. Models 1 and 2 incorporated a behavioral effect for recaptures such that if a fish was marked, its subsequent probability of capture was different. Models 3 and 4incorporated differences in capture and recapture probabilities among sites, which could be attributable to differences in abundance, habitat structure, or unknown factors. These differences are not explicitly incorporated into the population estimates, but are accounted for by modeling each site separately. We assessed the suitability of each mark-recapture model using Akaike Information Criterion (AIC), the associated model weight, and the fit of the model to the data. AICc (an AIC value adjusted for small sample size) indicates the best fit while penalizing for extra model complexity. 
To better understand how density changes from upstream to downstream, we used a generalized linear model to estimate the relationship between CPUE and river kilometer (distance upstream from the Virginia border). CPUE was averaged across all visits, from 2008-2010 and ln-transformed. We used the parameter estimates given by this model to estimate densities at sites previously unsampled, then developed an estimate of total density in the Levisa Fork from Dismal Creek to the Virginia-Kentucky border. Finally, we multiplied estimated densities times available habitat to estimate overall population sizes at each site, and these estimates were extrapolated across the entire area of potentially suitable habitat in the Levisa Fork. We estimated suitable habitat in the Levisa Fork, from the confluence of Dismal Creek to the Virginia state line, by canoeing the reach, marking the location of each riffle using a GPS, and measuring total riffle width and length using a rangefinder (Bushnell Medalist, www.bushnellgolf.com) Based on previous surveys, we assumed this portion of Levisa Fork is the core of the Virginia population and would allow for a general estimate of population size. Our estimates of population size do not include darters in tributaries to the Levisa Fork. We ignored variegate darters in tributaries because previous surveys (2008-present) at small and medium-size sites indicated that darters were rare there.
We estimated age structure of variegate darters using length-frequency distributions of all collected individuals; length is a surrogate for age. We recorded standard lengths (SL) of all variegate darters collected at each site. We generated length-frequency histograms with standard lengths grouped into 3-mm bins. We split samples into season (Spring, April-May; Summer, June-August; Fall, September- October) to clarify age groups as variegate darters grew over the year. Most of our sampling was completed in the summer, but we had a larger spring effort in 2009 and a fall effort in 2010. All sampling in 2011 was completed in the summer season. For comparisons between seasons, we adjusted the 2010 fall abundances for sampling effort to compensate for the fewer seine sets collected then. We compared the size classes across years to examine patterns of inter-annual variability in seasonal and annual growth.
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Models 2 and 3 exhibited the best fit and used model averaging to estimate capture probability, recapture probability, population size, and population density. We initially retained the top three models, but eliminated the second-best model (model 1) because the parameter estimates for pi did not converge due to low abundances and capture rates during sampling. Model 4 had a very small likelihood value (< 0.05), indicating very little support for that model being the best model. Thus, we selected two top models for our confidence set (Table 4), which were used to derive weighted-averages of the three estimated parameters: capture probability (pi), recapture probability (ci), and site-specific abundance (N). The top model, pi (.)≠ci (.) with p and c constant across sites (model 2), was 5.9 times more likely (model likelihood) to be the best model of those examined than model 3 (Table 5). 
Accounting for capture and recapture probabilities adjusted our estimates of site-specific abundance of variegate darters. We estimated model-averaged capture probability (pi = 0.214) and recapture probability (ci = 0.123; Table 6). The difference between pi and ci indicates a strong behavioral avoidance response to sampling. Thus, future mark-recapture studies that do not account for changes in behavior would underestimate the abundance of variegate darters at a site. On any one sampling occasion, we captured between 2 and 49 adult variegate darters. The total number of captured individuals varied widely among sites; we captured the most individuals (119) at site 4 and the fewest (16) at site 1. Accounting for capture history, model-weighted average estimated abundances ranged from 27 (site 1) to 198 (site 4). Numbers of unique individuals collected were 52-62% of estimated abundances (Figure 7) based on mark-recapture models.
One goal of this mark-recapture study was to compare observed estimates of variegate darter density and abundance based on transect sampling (see objective 1) to estimates of density and abundance that incorporate incomplete detection. In general, density estimates derived from the two methods were not well correlated, but abundance estimates were correlated. Estimated densities based on our mark-recapture analysis were 0.02 - 0.12 darters/m2 higher than transect-sampling densities (0.01 - 0.09 darters/m2; Figure 8). Additionally, density estimates at a site were not correlated with abundance estimates, indicating patchy distributions within sites. 
Abundance estimates were more similar between sampling methods. Model-averaged estimates of variegate darter abundance at a site were 25 – 196 individuals, which are positively correlated (r = 0.93) with abundances estimated from transect sampling. Observed values of abundance were approximately 10% of predicted values (Figure 9). Abundances increased with distance downstream, with the highest abundances occurring at the two downstream-most sites. Estimated density was not correlated with available habitat (riffle area, Figure 10), but we did find a strong positive correlation between estimated density and downstream location of the riffle (Figure 11). This finding indicates that the distribution of variegate darters within a site is patchy, and abundances observed during transect sampling may not reflect actual abundances. None of the physical attributes measured at a site (riffle size, average sediment size, embeddedness, or silt cover) were correlated with the downstream position of the site. Thus, variegate darter abundance seems to respond largely to discharge along this gradient.
In addition to downstream increases in abundance, density of variegate darters also increases downstream. This strong positive relationship allows us to estimate overall population size based simply on riffle location and area. We used the regression model (darter density = -0.0034(river kilometer) + 0.14, Figure 11) to estimate the density of variegate darters at each mapped riffle. Densities were converted to abundances using total riffle area and summed across all sites. We estimate total population size of variegate darters in the Levisa Fork from the confluence of Dismal Creek to the Virginia-Kentucky border to be 13,200. We believe this part of the Levisa Fork encompasses the bulk of the variegate darter population in Virginia based on our surveys. This estimate of population size does not include tributaries to the Levisa Fork because of the low abundances of variegate darters we observed over the course of this study.
We collected young-of-year fish each sampling season (2009-2011); sampling efforts during fall 2010 were much larger than other years, which increased our catch of this age class. We did not collect young-of-year variegate darters with our sampling methods and gear (seine and backpack electrofisher) until July. Length-frequency histograms show the presence of young-of-year and age 1+ individuals in some samples during each summer sampling period (Figure 12 a-c), thereby indicating annual spawning success. For each data year, we could distinguish age 1+ from age 2+ individuals based on length, but the cohorts of individuals older than 2 years were indistinguishable. We were able to collect young-of- at 21 mm SL; the longest young-of-year we caught was 47 mm SL. Variegate darters were generally > 60 mm SL by their second summer; the largest individuals collected were 98 mm SL. 
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	We estimated a large population size of variegate darters in the Levisa Fork, especially relative to the expectation that they were at risk of extirpation in Virginia. The minimum abundance needed to conserve imperiled species varies widely across taxa and demographic rates, but our total current estimated N (13,200) is within the range recommended for long-term population stability (>100 years) (Traill et al. 2010). The variegate darter population exceeds this threshold by more than three times, indicating a good chance of population persistence if abundance remains stable. However, we do not know the amount of variability of this population or how that variation changes annually due to biotic or abiotic factors. Long-term monitoring of population size would allow us to better understand population variance over time and to infer true population stability. 
	Site-level variegate darter abundance increased in the downstream direction, and although this population is spread across approximately 35 river km, the majority of variegate darters occur at the downstream end of this stretch. Our estimate of site-level abundance at upstream sites was very imprecise due to low numbers of darters and recaptures. 
Length-frequency analysis shows annual reproduction, but we were unable to distinguish among cohorts other than age 0 and age 1+ fish. Without annual sampling, historical analysis of cohort success is not possible because all mature fish appear as one group within our length-frequency histograms. Based on annual ring counts on otoliths from adult variegate darters from BSRD in Kentucky, adults may live up to 7 years (Laura Heironimus, Virginia Tech, unpublished data). Variegate darters are previously known to only live 4 years, but this information is based on scale aging techniques (May 1969), which are less accurate due to scale loss and regeneration throughout an animal’s lifetime. This result shows variegate darters have a longer lifespan than most other studied darters (Jenkins and Burkhead 1993), and may be another reason for the resilience of variegate darter populations subjected to annual variability in environmental conditions and spawning success. Sexual maturity usually begins at 2 years though some individuals in the 1+ cohort size class are immature 2 year olds (Laura Heironimus, Virginia Tech, unpublished data). We conclude from both length-frequency analysis and otolith analysis that individuals grow to maturity quickly, though there is variability in individual growth and maturity rates. 
Future sampling of otoliths to infer age structure in variegate darters may not be cost-effective. Although individuals can be aged more accurately by examining annual growth rings on otoliths, they must be sacrificed and sample sizes must be large, which is not ideal for imperiled species, even one as apparently abundant as variegate darters in Virginia. However, we suggest that regular monitoring to confirm that variegate darters are reproducing most years would be a cost-effective tactic for assessing population persistence.
Abundance levels and age structure analysis indicate that variegate darters are stable in the Levisa Fork in Virginia. However, breeding individuals are almost exclusively limited to the mainstem of the Levisa Fork downstream of Dismal Creek, which leaves the population vulnerable to catastrophic events. 

[bookmark: _Toc235601244]4) Estimate genetic distinctiveness and effective population sizes of variegate darter populations in Virginia.
	Microsatellite DNA markers are an analytical tool used to examine recent and ongoing changes in genetic diversity of species based on four dominant population-level processes: natural selection, mutation, random genetic drift, and gene flow (genetically effective migration). Here we examine the effects of these processes on variegate darters within the Levisa Fork and compare them to other populations in the BSRD, including in Tug Fork and downstream of Fishtrap Lake in the Levisa and Russell forks. We can look for evidence of changes in the genetic markers due to isolation from downstream populations and historical changes in the breeding population size. Based on historical descriptions of water quality and habitat alteration in the Levisa Fork, as well as the scarce capture records indicating rarity, we expected indications of historically small populations, low allelic diversity, and small effective population sizes. The goal of objective four was to compare Levisa Fork genetic diversity and effective population size to those of Tug Fork and the Allegheny River and examine the Leivsa Fork population for indication of genetic drift due to isolation by Fishtrap Lake.  
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We collected and analyzed genetic material from tissue samples of variegate darters from Levisa Fork (Virginia and Kentucky), Russell Fork (Kentucky), Tug Fork (West Virginia) and from sites in New York to investigate genetic population structure and diversity of variegate darters in Virginia (Figure 13). Variegate darters in Virginia have been isolated from downstream populations by Fishtrap Lake, a U.S. Army Corps of Engineers flood-reduction reservoir on the Levisa Fork in Kentucky, since 1968. Fishtrap Lake precludes fish passage, separating the Levisa Fork from the rest of the watershed. For this analysis, small samples of caudal fin tissue were collected from 333 variegate darters from 19 sites (Table 7). Six sites were in Virginia and one was in Kentucky from the Levisa Fork watershed upstream of Fishtrap Lake. Four sites were in the Levisa Fork and tributaries downstream of Fishtrap Lake, and one was in Kentucky in the Russell Fork. Three sites were in the Tug Fork watershed. We also included samples from the Allegheny River watershed, New York, for comparison. The number of samples varied among sites; we collected as many samples as possible, but at some sites we collected few variegate darters. 
Small samples of fin tissue were collected from every variegate darter collected, up to a limit of 40 individuals per site. Fish were anaesthetized in MS-222, and a 5-mm x 5-mm section of tissue was removed from the caudal fin and stored in labeled envelopes. Samples were air-dried for two to four days, and then placed in a -20° C freezer for storage until DNA extraction.  
We processed 62 tissue samples from three sites, including the upstream- and downstream-most sites where variegate darters were collected in 2008. Due to low darter numbers at the upstream sites, we selected individuals from the two most-upstream sites to represent the upstream population(s). One site was used to represent the downstream population(s). Nineteen individuals were selected from the Levisa Fork downstream of Highway 83 (LF014), and ten were selected from Levisa Fork upstream of Vansant, VA (LF005) to represent upstream individuals; 33 individuals were selected from the Levisa Fork at Highway 604 near Harman Junction, VA to represent downstream individuals. 
We selected DNA primers for 14 of the 15 microsatellite loci developed by Switzer et al. (2008), and developed three multiplexes for analyzing each individual. The use of multiplexes helps to reduce cost and time of processing the primers, but does require the use of dye–labeled primers to label similarly-sized PCR amplification products across microsatellite loci. Forward primers were labeled with one of four fluorescent dyes: FAM, NED, PET, or VIC (Applied Biosystems Inc., Foster City, CA, USA).
We used a Qiagen Gentra Puregene Tissue kit to extract DNA from preserved fin clips. Genomic DNA was quantified and diluted to 50 ng/l with water. All forward primers were labeled by Applied Biosystems Inc. (Foster City, CA, USA) and reverse primers were procured from Integrated DNA Technologies (Coralville, IA, USA). For multiplex one, markers were amplified in 10-l reactions in the following reagent mix: 1 l of 10x ExTaq buffer (TaKaRa Bio, Inc. Otsu, Shiga, Japan), 0.8 l of 2.5 mM each ExTaq dNTPs (premixed), 0.1 l each of 20 M EosC6, EosC108, EosD10, and EosC2 forward and reverse primers, 0.3 l each of 20 M EosD107 forward and reverse primers, 0.1 l of 5-units/l ExTaq polymerase (TaKaRa Bio, Inc. Otsu, Shiga, Japan), and 2 l of 50-ng/l template DNA. For multiplex two, markers were amplified in 10-l reactions in the following reagent mix: 1 l of 10x ExTaq buffer, 0.8 l of 2.5 mM each ExTaq dNTPs (premixed), 0.1 l each of 20-M EosC112, EosC116, EosC208, EosD108, and EosC207 forward and reverse primers, 0.1 l of 5-units/l ExTaq polymerase, and 2 l of 50-ng/l template DNA. For multiplex three, markers were amplified in 10-l reactions in the following reagent mix: 1 l of 10x ExTaq buffer, 0.8 l of 2.5-mM each ExTaq dNTPs, 0.1 l each of 20-M EosD11, EosC117, EosC3, and EosC124 forward and reverse primers, 0.1 l of 5-units/l ExTaq polymerase, and 2 l of 50-ng/l template DNA. PCR was conducted in a MyCycler Thermal Cycler (Biorad, Hercules, CA, USA) using an initial denaturation step (94 C, 90 sec); followed by 30 cycles of: denaturation (94 C, 30 sec), annealing (55 C, 30 sec), extension (72 C, 45 sec), and extension (74 C, 10 min). Amplification products were separated in an ABI 3130 automated sequencer at the Virginia Bioinformatics Institute at Virginia Tech, which used a Genescan LIZ500 (Applied Biosystems Inc., Foster City, CA, USA) size standard, and GeneMapper 3.5 was used to observe the amplification products. Raw fragment sizes were translated to proper allele sizes by eye.
	We first investigated genetic population structure using program STRUCTURE to infer distinct populations within and across watersheds based on multilocus genotypic data (Pritchard et al. 2000). This program uses a Bayesian clustering algorithm to assign probabilities that individuals are from a certain population within K populations available. We investigated models with K = 1 to 4 populations, and the top models were selected based on the lowest Akaike Information Criterion (AIC) values. 
	We used program POPULATIONS 1.2.21 (Langella 2002) to estimate phylogenetic distances between populations. We calculated genetic distance among populations using Da (Nei et al, 1983) and Δμ2 (Goldstein et al 1995). We visualized genetic relationships among populations using the Unweighted Pair Group Method with Arithmetic Mean (UPGMA) and with neighbor-joining methods for population tree construction, each bootstrapped 10,000 times. Each model was examined for consistency and clarity. The resulting trees were displayed using TREEVIEW 1.66 (Page 1996).
Once individuals (from many sites) were assigned to a population, we further investigated genetic structure and diversity of these populations using a variety of methods. First, we used program ARLEQUIN 3.11 to test for Hardy-Weinberg equilibrium for each marker in each site group (Excoffier et al. 2006) and to estimate between-site divergence (FST) between populations. We partitioned the variance in population differentiation attributable to four hierarchical levels (basin, population, site, and individuals within a site) using GeneticStudio (Dyer 2009). We estimated Nei’s unbiased gene diversity, allelic richness and FIS using FSTAT v. 2.9.3 (Goudet 2001). We estimated contemporary effective number of breeders (Ne) using program LDNE (Waples and Do 2008), which uses a linkage disequilibrium model to estimate Ne. We calculated the m-ratio using FSTAT v. 2.9.3 (Goudet 2001), where m–ratio is the mean ratio of the number of alleles to the range in allele size, and can be used to detect historical bottlenecks in the population. M-ratios that approach 1 are more likely to indicate populations in a drift-to-mutation-rate equilibrium because rare alleles have not been lost to drastic reductions in population size; low m-ratios indicate a disproportionate loss of allele frequency to allele size (Garza and Williamson 2001).
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	Individual-based analyses performed in STRUCTURE indicate that the most parsimonious model recognized two populations of variegate darters in the upper BSRD (K = 2); Levisa and Russell fork watershed individuals were in one population and Tug Fork watershed individuals were in a second population (Figure 14). Equally likely was the model with three populations (K = 3), further dividing individuals from above and below Fishtrap Lake. In the K = 3 model, most individuals from sites above and below the dam are assigned to the appropriate populations, indicating these two populations have begun to differentiate via random genetic drift. The neighbor-joining tree based on phylogenetic distances showed a similar pattern, with the Levisa upstream branching separately from Levisa downstream and Russell Fork populations, and all branching separately from the Tug Fork population (Figure 15). Inclusion of the New York samples helped to illustrate the relative branch lengths between populations and that the Tug Fork is different from the Levisa Fork populations, although we cannot estimate absolute branch lengths (evolutionary distance) because rates of evolutionary change in these populations are unknown. 
	Effective population sizes (Ne) in these three populations were greater than 500 (a benchmark set by the 50/500 rule for long-term conservation of genetic diversity,) for all three populations: Tug Fork > 550, Levisa Fork upstream of dam > 740, and Levisa Fork downstream of the dam > 1470. Ne estimates depend on sample sizes, so our estimates of effective population sizes may be underestimating actual effective numbers of breeder in the Tug Fork watershed, especially compared to Levisa Fork sites where we had larger sample sizes. We also observed high m-ratios in all three BSRD populations, indicating that there is no evidence of historic bottlenecks due to drastic decreases of population sizes. 
	In contrast to the individual-based analyses showing clear patterns between populations, FST values show very little differentiation among populations, indicating gene flow among populations, which can be explained by large effective population sizes where none of the studied populations have undergone substantial drift or been subjected to bottlenecks (Table 8). Mantel tests revealed genetic distance significantly increases with geographical distance (r = 0.496, p < 0.01), but the correlation is no longer significant after accounting for the Fishtrap Lake dam (r = 0.079, p = 0.35). The AMOVA revealed significant variance between drainages (Tug and Levisa), between populations (Tug, Levisa upstream and downstream of the dam), and among individuals within a site, but not between sites (Table 9). Most of the variance originated from individuals at a site (95.1%) and between drainages (4.2%), with only 0.7% originating among populations.
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A general recommendation for the number of individuals needed for long-term persistence (and retention of genetic resilience) is the maintenance of Ne > 500 and/or N > 5000 individuals (Jamieson and Allendorf 2012). Our analyses indicate a moderate-sized, genetically-stable breeding population of variegate darters in Virginia, with Ne > 740. This population is also demographically stable given our mark-recapture estimates of N and consistent evidence of successful breeding (young-of-year fish collected each year). Current estimates of N indicate large numbers of breeders, and genetic results also indicate historic stability in numbers of breeders. Effective population sizes (Ne) in all three populations are large enough to be generally considered protected from problems such as genetic bottlenecks, inbreeding depression or random genetic drift. The lack of evidence of past bottlenecks in the population (high m-ratios) indicates that it was never on the verge of extirpation, as previously thought.
Larger variance between Tug and Levisa fork watersheds than between populations across Fishtrap Lake indicates isolation by stream distance as a mechanism for divergence, which is a natural and common phenomenon in stream fish (Hutchinson and Templeton 1999). However, we see evidence that differentiation is occurring between the upstream and downstream Levisa Fork populations and will likely continue as long as populations are separated by barriers to movement, such as the dam at Fishtrap Lake. Additionally, the Virginia population could be severely reduced or extirpated by a catastrophic event, and because of isolation by the dam, successful recolonization from small source population sizes could be difficult. Based on genetic analysis, individuals from the Russell Fork and those immediately downstream of the dam are most closely related to the Levisa Fork population and could be used to slow the differentiation that is occurring due to the dam or to re-establish populations if a catastrophic event should occur in the Levisa Fork.

[bookmark: _Toc235601248]5) Develop a protocol to monitor status and trends of variegate darter in Virginia.
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	Both chronic and acute threats exist in the Levisa Fork watershed, the center of the variegate darter populations in Virginia. Virginia Department of Environmental Quality (VDEQ) lists much of the watershed as impaired for aquatic life use, consumption, and recreational use based on high levels of E. coli, sediment, and polychlorinated biphenyls (PCBs). Levisa Fork watershed total maximum daily load (TMDL) limits are currently being created by VDEQ for E. coli, benthic macroinvertebrates, and PCBs. Water quality data collected by VDEQ indicate there are additional stressors without TMDL limits, including sediment, metals (copper, lead, nickel and zinc), sulfate, chlorides, organic matter (total organic solids, organic suspended solids, total organic dissolved solids, total Kjeldahl nitrogen (TKN), chemical oxygen demand (COD), conductivity/total dissolved solids (TDS), and other unknown toxics (MapTech 2011). 
These stressors affect both physical habitat and water quality important for variegate darters in the Levisa Fork. Chronic physical habitat impacts are primarily seen in tributaries to the Levisa Fork, including siltation, substrate embeddedness, and elevated conductivity from coal mining and other development (e.g., roads and railways adjacent to streams, residential and urban development, and loss of riparian vegetation). Changes in average sediment size, increasing silt cover and embeddedness negatively impact variegate darter populations across the watershed. Chronic water quality impairments also exist, and some scarcely have been monitored for their effects on fish and human health. For example, there is a human consumption advisory for all fish species based on PCB levels between Grundy, VA and the Virginia-Kentucky border (Virginia Department of Health [VDH] 2012). Recent monitoring indicates E. coli exceedances are likely caused by raw sewage entering waterways primarily from leaky public utilities pipes, unmaintained septic systems, and untreated sewage discharge; small amounts also come from domestic or wild animals (MapTech 2011). However, the exact spatial distribution and biological impacts of sewage inflow for the Levisa Fork watershed is unknown because of weak monitoring and because none of the county-level information on public sewer connections is digitally referenced or readily available for analysis. The effect of chronically poor water quality on variegate darters is less demonstrable but is documented for benthic macroinvertebrates (Pond et al 2008), the primary food of variegate darters. 
Acute threats occur throughout the Levisa Fork watershed, but the saline diffusor pipe, downstream of Grundy, VA, is the most obvious and largest impact (Figure 16). We monitored two sites upstream and two sites downstream of the saline diffusor and saw a loss of variegate darters, as well as most other species, from the riffle just downstream of the discharge. Effects on the fish assemblage seem to attenuate less than 1 kilometer downstream, though we saw impacts more clearly each year and they may continue or expand as discharges continue. In the mainstem Levisa Fork, acute threats such as the saline diffusor appear to have more impact on variegate darters than the chronic impacts to water quality and physical habitat quality. Notably, the mainstem Levisa Fork supports the highest densities and abundances of variegate darters in Virginia. 
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In this study, we used a few key biotic metrics (i.e., abundance, extent, genetic structure, and age structure) to assess the current status of variegate darters in Virginia. Combinations of these are commonly used to monitor at-risk populations, and they are critical to understanding how a population changes through time, whether due to natural or anthropogenic factors (e.g., Johnson et al. 2006, Jelks et al. 2008, Morris and Doak 2002). Thus, we suggest that long-term monitoring of variegate darter status be based on these (or analogous) biotic metrics. 
Based on our results, variegate darters primarily occur in the mainstem of the Levisa Fork. Thus, we suggest that long-term monitoring of variegate darter status be focused on this water body.
Although we did not see changes in the extent (sites occupied in one year were generally occupied in succeeding years) of variegate darters across years, we did see drastic differences in variegate darter population size and habitat quality and availability between mainstem and tributary sites in the Levisa Fork watershed. Tributary sites were generally unoccupied but future surveys could help document the upstream extent and frequency of variegate darter presence. Monitoring of the core variegate darter population would be best focused on the Levisa mainstem from the Dismal Creek confluence to the Virginia-Kentucky line. The only tributary sampling needed to establish site occupancy and population distribution would be in the lower reaches of Dismal and Slate creeks; sampling efforts there would need to be more intensive and different than mainstem sampling because of low darter abundances. 
	Furthermore, we found that a few key factors, including sediment size, silt cover, and substrate embeddedness, are important for variegate darter presence at a site. No water quality variables predicted variegate darter presence, though continued monitoring of conductivity during fish sampling, especially upstream and downstream of the saline diffusor, may be helpful in documenting effects of mining effluent on fish populations.
	Below, we describe general methodologies for a) collecting variegate darters, b) monitoring environmental impacts in the Levisa Fork watershed, and c) monitoring long-term changes in population status of variegate darters in Virginia.

[bookmark: _Toc235601251]Collecting variegate darters
General sampling methods for monitoring the variegate darter population would likely be similar to those described herein. We suggest using a backpack electrofisher and seine. We found snorkeling and seining without a backpack electrofisher to be generally ineffective in collecting variegate darters. This is likely due to their preference for deep, swift waters, which are difficult to sample with seines and allows the fish to escape capture by hiding in interstitial spaces between cobbles. We suggest sampling between August and October because breeding is usually completed by this time and spring floods have generally subsided. A monitoring protocol that includes sampling for young-of-year (YOY) at multiple sites would inform managers about recruitment success. YOY use habitats similar to adults by August and can be collected using seines and backpack electrofishers via a sampling protocol similar to that used for collecting adults, thereby eliminating the need to sample during time of year restrictions (March 15- July 31) to determine annual spawning success. 

[bookmark: _Toc235601252]Monitoring acute and chronic impacts in the Levisa Fork watershed
Continued monitoring of the riffles upstream and downstream of the saline diffusor pipe would facilitate assessing the long-term effects of the discharge on water quality, variegate darter occupancy and abundance, and other riffle specialists occupying these habitats. Annual monitoring at the two riffles downstream of the pipe as well as other riffles within 1 km downstream (i.e., the “mixing zone”) will allow for long-term documentation of how the discharges affect downstream habitats and fishes. 
	Dispersed chronic impacts also warrant monitoring across the Levisa Fork watershed, including both water and sediment contamination and changes in substrate composition. We measured changes in substrate composition across sites, and our findings suggest that availability of cobble substrates with low embeddedness and low silt cover limits variegate darter distribution and abundance. Transect-based habitat monitoring (i.e., pebble counts and estimates of site-level embeddedness and silt cover) at the same sites and times sampled for variegate darter site occupancy will allow for long-term monitoring of changes to habitat quality and quantity in concert with changes in fish occupancy. Though unaddressed in this research, an additional monitoring goal might be to determine the primary sources of key pollutants (e.g. PCB and E. coli) and their impacts on variegate darters and other species of interest across the watershed. 

[bookmark: _Toc235601253]Monitoring variegate darter distribution, abundance, and age structure
Monitoring variegate darter site occupancy (distribution) in the Levisa Fork is straightforward and relatively easy to accomplish. Site occupancy allows managers to monitor changes in distribution and may be used as a surrogate for more intensive surveys to estimate abundance. Given the temporal variation we observed, sampling Levisa Fork riffles annually for 10 years may be needed to understand temporal variability across sites, with longer intervals between sampling after that period if variegate darter site occupancy and density remain relatively constant. Sampling could be focused on the Levisa Fork between the Virginia-Kentucky border and the Dismal Creek confluence because this reach contains most of the variegate darters in Virginia. We consistently collected variegate darters in lower Dismal and Slate creeks; thus, monitoring for changes in distribution might also include these areas. A subset of ten sites could be randomly selected from all riffles (Appendix A) to be annually sampled.
Given the present density of variegate darters in the Levisa Fork, our findings (Figure 17) indicate that approximately 46 seine sets in mainstem riffle habitats during a single visit are needed to conclude site-level presence or absence of variegate darters with 95% confidence. This amount of effort is a function of variegate darter abundance and sampling efficiency. The amount of effort required will vary if variegate darter abundance changes, if different sampling methodology is used, or if the precision desired changes. Given this dependence on abundance for estimating site occupancy, mark-recapture studies may need to be repeated periodically to re-calibrate occupancy estimates. Given their current occupancy rates in the mainstem Levisa Fork (nearly 100% of sites occupied), overall population size, and high densities, a decline in occupancy at any site would warrant further investigation. 
Much more effort would be required to characterize occupancy (especially absence) in tributary sites; we estimate at least 56 seine sets in a tributary site are needed to conclude presence or absence of variegate darters with 95% confidence. Sample-site lengths would need to be at least 300 meters of appropriate habitat (riffles and swift runs), and at least two repeat visits would be needed if variegate darters are not collected on the first visit(s). Individuals seem to be more common near confluences with the Levisa Fork, so less effort may be needed at sites near confluences. 
Our field experience indicates that estimating variegate darter abundance requires more intensive efforts than simply estimating occupancy. Because of variability in abundances across sites, an abundance index based on transect sampling is unlikely to accurately estimate site-specific abundance. Our data suggest that mark-recapture techniques give a more accurate estimate of abundance at each site. To accurately estimate abundances, our data suggest each site would need be visited at least three times (first time for marking individuals, other visits for recapture) to ensure adequate numbers of individuals are recaptured. Further, at least five sites would need to be surveyed during a single season across the reach of interest to capture site variability in abundances. Finally, sites near the upstream extent of the range (near Dismal Creek) may need to be visited at least four times because of very low site-level abundances. We suggest that abundance surveys be completed annually for 10 years to capture natural interannual variability, with less frequent surveys in subsequent years. More frequent abundance estimation could be resumed if changes in site occupancy or lack of reproduction are detected during occupancy surveys.

[bookmark: _Toc235601254]Conclusions

· Variegate darters occur primarily in the Levisa Fork watershed in Virginia, but one individual was collected in Knox Creek (Tug Fork watershed) in 2011. 
· The core population of variegate darters exists in the 35-km stretch from Dismal Creek to the Virginia-Kentucky state line. 
· Abundance and density of variegate darters increases in the downstream direction and are highest in the riffles of the mainstem Levisa Fork.
· Site occupancy of variegate darters is positively related to watershed size, forest cover, and average sediment size and negatively related to average site silt cover and embeddedness.
· In 2011, abundance of variegate darters was estimated to be approximately 13,200 individuals. 
· Evidence of reproduction is seen in annual capture of young-of-year and age 1+ individuals across the mainstem Levisa Fork.
· Individuals reach approximately 60 mm SL by their second summer, after which cohorts become indistinguishable by length.
· Genetic structure analysis indicates two populations in the upper BSRD, one in Tug Fork and one in the Levisa and Russell forks. However, the Fishtrap Lake dam is an isolating barrier, and genetic divergence is becoming apparent.
· Effective breeding sizes in all three populations (Tug Fork, Levisa Fork upstream of Fishtrap, and Levisa Fork downstream of Fishtrap) are large enough to sustain long-term genetic diversity. 
· No evidence of historical bottlenecks was found in the Virginia population. 
· Continued monitoring of sites upstream and downstream of the saline diffusor will allow long-term impacts to be understood and quantified.
· Annual sampling of variegate darter site occupancy and habitat metrics (sediment size, silt cover, and embeddedness) to quantify normal variation in site occupancy and habitat quality across the core population of variegate darters would aid in the conservation of this narrowly distributed species. 
· Annual abundance estimates for ten consecutive years to quantify natural variability in population size would aid in the conservation of this species in Virginia.
· Abundance and site occupancy monitoring can be reduced, and remain useful, once baselines for these parameters are established. 
· Overall, current population size and genetic variability indicates a stable and viable population, but one that is susceptible to a catastrophic event because of its limitation to only the mainstem of the Levisa Fork.
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[bookmark: _Toc235600560]Table 1. Sites sampled between 2008-2011 in Buchanan, Dickenson, and Wise counties, Virginia, Pike County, Kentucky, and McDowell County, West Virginia. Darter occurrence (presence or absence) at each site is also shown. Asterisks indicate sites randomly selected for distribution analysis. “Y” and “N” indicate fin clips were or were not taken, respectively.



	Site ID
	Site Description
	Watershed
	State
	Northing
	Easting
	Visit 1
	Visit 2
	Visit 3
	Visit 4
	Visit 5
	Visit 6
	Variegate darters
	Fin Clips

	LF001
	Levisa Fork, 2nd riffle upstream of saline diffuser pipe
	Levisa Fork
	VA
	402104
	4126636
	6/11/10
	6/30/11
	
	
	
	
	present
	N

	LF002
	Levisa Fork, 1st riffle upstream of saline diffuser pipe
	Levisa Fork
	VA
	401965
	4126665
	6/11/10
	6/30/11
	
	
	
	
	present
	N

	LF003
	Levisa Fork, 1st riffle downstream of saline diffuser pipe
	Levisa Fork
	VA
	401568
	4126751
	5/26/10
	7/15/10
	7/16/10
	10/21/10
	6/30/11
	
	present (except visit 5)
	N

	LF004
	Levisa Fork, 2nd riffle downstream of saline diffuser pipe, just upstream of Wellmore Hollow Road
	Levisa Fork
	VA
	401392
	4126770
	6/11/10
	6/30/11
	
	
	
	
	present
	N

	LF005
	Levisa Fork upstream of Vansant, VA
	Levisa Fork
	VA
	405928
	4121671
	7/29/08
	8/6/08
	
	
	
	
	present
	N

	LF006
	Levisa Fork behind Keen Mountain, VA post office
	Levisa Fork
	VA
	412705
	4117709
	7/29/08
	8/11/08
	
	
	
	
	absent
	N

	LF007
	Levisa Fork downstream of Wellmore Hollow Road
	Levisa Fork
	VA
	400012
	4128146
	8/6/08
	8/13/08
	
	
	
	
	present
	Y

	LF008
	Levisa Fork at County Road 604 near Harman Junction, VA
	Levisa Fork
	VA
	397558
	4129566
	8/6/08
	8/13/08
	
	
	
	
	present
	Y

	LF009
	Bull Creek at Bull Creek Road
	Levisa Fork
	VA
	396690
	4130073
	7/29/08
	8/13/08
	
	
	
	
	present
	Y

	LF011
	Garden Creek upstream of County Road 7739
	Levisa Fork
	VA
	410613
	4117953
	7/28/08
	8/11/08
	
	
	
	
	absent
	N

	LF012
	Dismal Creek off County Road 638
	Levisa Fork
	VA
	409258
	4122680
	7/28/08
	8/13/08
	
	
	
	
	present
	Y

	LF014
	Levisa Fork 500 m downstream of Highway 83
	Levisa Fork
	VA
	402202
	4121356
	6/25/08
	
	
	
	
	
	present
	Y

	LF016
	Slate Creek ~ 4 mi from WV state line*
	Levisa Fork
	VA
	417746
	4129335
	6/2/09
	6/26/09
	7/23/09
	
	
	
	absent
	N

	LF017
	Slate Creek in Grundy, VA near confluence with Levisa Fork*
	Levisa Fork
	VA
	403040
	4126205
	6/3/09
	6/26/09
	7/23/09
	
	
	
	present
	Y

	LF018
	Levisa Fork behind the Anchor Inn*
	Levisa Fork
	VA
	401987
	4123002
	6/3/09
	6/24/09
	7/23/09
	6/10/10
	10/22/10
	7/19/11
	present
	N

	LF019
	Dismal Creek off Dismal Creek Road*
	Levisa Fork
	VA
	411943
	4124493
	6/8/09
	7/8/09
	7/28/09
	
	
	
	absent
	N

	LF020
	Levisa Fork downstream of Big Rock, VA*
	Levisa Fork
	VA
	394044
	4134775
	6/16/09
	7/2/09
	7/22/09
	8/9/10
	8/10/10
	10/21/10
	present
	Y

	LF021
	Dismal Creek upstream of Pilgrims Knob, VA*
	Levisa Fork
	VA
	422704
	4121993
	6/24/09
	7/8/09
	7/28/09
	
	
	
	present
	Y

	LF022
	Levisa Fork down stream of Keen Mountaitn Post Office*
	Levisa Fork
	VA
	412259
	4117921
	7/8/09
	7/20/09
	
	
	
	
	absent
	N

	LF023
	Levisa Fork off Highway 460 train yard and Michelle Talbot's house*
	Levisa Fork
	VA
	396677
	4131596
	6/10/10
	7/14/10
	7/15/10
	10/22/10
	7/28/11
	
	present
	N

	LF024
	Levisa Fork, 1st riffle upstream of Bull Creek*
	Levisa Fork
	VA
	396823
	4130042
	5/27/10
	10/21/10
	
	
	
	
	present
	N

	LF025
	Levisa Fork off Highway 460 behind Dollar Store*
	Levisa Fork
	VA
	404743
	4121822
	5/27/10
	6/25/10
	10/21/10
	7/28/11
	
	
	present
	N

	LF026
	Dismal Creek off Dismal Creek Road near handicap fishing access*
	Levisa Fork
	VA
	410834
	4123288
	5/27/10
	6/25/10
	
	
	
	
	absent
	N

	LF027
	Dismal Creek off Dismal Creek Road ~1.5 mi upstream of Big Branch Road*
	Levisa Fork
	VA
	415765
	4123033
	5/27/10
	6/25/10
	
	
	
	
	absent
	N

	LF028
	Dismal Creek upstream of intersection of state routes 613 and 636*
	Levisa Fork
	VA
	428037
	4120587
	6/11/10
	8/9/10
	
	
	
	
	absent
	N

	LF030
	Dismal Creek ~ 0.25 mi downstream of Hale Creek Road*
	Levisa Fork
	VA
	415886
	4123807
	6/20/11
	 7/1/11
	
	
	
	
	absent
	N

	LF031
	Dismal Creek, off Dismal Creek Road, downstream of Big Branch Road*
	Levisa Fork
	VA
	413219
	4122339
	6/21/11
	7/1/11
	
	
	
	
	absent
	N

	LF032
	Feds Creek, off Feds Creek Road
	Levisa Fork
	KY
	389684
	4140176
	6/30/11
	
	
	
	
	
	absent
	N

	LF033
	Levisa Fork, off Highway 460, behind Save-a-Lot*
	Levisa Fork
	VA
	408520
	4119842
	6/21/11
	7/1/11
	
	
	
	
	present
	N

	LF034
	Levisa Fork, off Highway 460, downstream of Boundary Road*
	Levisa Fork
	VA
	392074
	4135502
	6/21/11
	 7/6/11
	
	
	
	
	present
	N

	LF035
	Big Prater Creek, off Highway 83, just upstream of the mouth*
	Levisa Fork
	VA
	402467
	4121085
	6/29/11
	7/14/11
	
	
	
	
	absent
	N

	LF036
	Levisa Fork, across from Riverside Elementary School
	Levisa Fork
	VA
	390370
	4129549
	7/18/11
	
	
	
	
	
	present
	N

	RF001
	Russell Fork at Bridge Street in Haysi, VA
	Russell Fork
	VA
	385185
	4118360
	8/4/08
	8/12/08
	
	
	
	
	absent
	N

	RF002
	McClure River off Highway 83 near Clinchco, VA
	Russell Fork
	VA
	381435
	4116549
	8/4/08
	8/12/08
	
	
	
	
	absent
	N

	RF003
	Frying Pan Creek off County Road 625
	Russell Fork
	VA
	390642
	4109569
	8/4/08
	8/12/08
	
	
	
	
	absent
	N

	RF006
	Russell Fork off Highway 80 in Davenport, VA*
	Russell Fork
	VA
	399255
	4106347
	6/4/09
	7/6/09
	7/29/09
	
	
	
	absent
	N

	RF007
	Indian Creek off State Route 602 upstream of Duty, VA*
	Russell Fork
	VA
	398631
	4104212
	6/4/09
	7/6/09
	
	
	
	
	absent
	N

	RF022
	Indian Creek at Highway 602 downstream of Duty, VA*
	Russell Fork
	VA
	397024
	4106257
	8/11/10
	
	
	
	
	
	absent
	N

	RF008
	McClure River off Highway 83, ~ 1.25 mi downstream of intersection with State Route 840*
	Russell Fork
	VA
	378157
	4110831
	6/22/09
	7/1/09
	7/29/09
	
	
	
	absent
	N

	RF009
	Russell Fork off State Route 605*
	Russell Fork
	VA
	389138
	4114501
	6/22/09
	7/13/09
	7/29/09
	
	
	
	absent
	N

	RF010
	Russell Prater Fork off State Route 613*
	Russell Fork
	VA
	383972
	4120030
	6/29/09
	7/13/09
	
	
	
	
	absent
	N

	RF011
	Russell Prater Fork off SR 611*
	Russell Fork
	VA
	383034
	4122343
	6/29/09
	7/17/09
	
	
	
	
	absent
	N

	RF012
	Pound River near Norland, VA*
	Russell Fork
	VA
	364648
	4114195
	7/1/09
	7/22/09
	
	
	
	
	absent
	N

	RF013
	Cranes Nest River off Highway 72*
	Russell Fork
	VA
	367698
	4104359
	6/24/10
	
	
	
	
	
	absent
	N

	RF014
	Lick Creek off Lick Creek Road, just downstream of Wilson Drive near Aily, VA*
	Russell Fork
	VA
	385070
	4107006
	6/24/10
	
	
	
	
	
	absent
	N

	RF015
	Russell Fork off Russell Fork River Road near Jeremiah Road*
	Russell Fork
	VA
	381581
	4113908
	6/23/10
	
	
	
	
	
	absent
	N

	RF016
	Russell Fork just upstream of wastewater treatment plant*
	Russell Fork
	VA
	384872
	4118902
	5/28/10
	
	
	
	
	
	absent
	N

	RF017
	Russell Fork downstream of confluence with Pound River*
	Russell Fork
	VA
	382252
	4123308
	5/28/10
	
	
	
	
	
	absent
	N

	RF018
	McClure Creek ~ 1/2 mi downstream of Highway 83/63 split to Clintwood/McClure, VA*
	Russell Fork
	VA
	378075
	4109894
	7/15/10
	
	
	
	
	
	absent
	N

	RF019
	McClure River, off Highway 83*
	Russell Fork
	VA
	380890
	4115322
	6/22/11
	7/14/11
	
	
	
	
	absent
	N

	RF020
	Birchfield Creek, off Route 632 and Mountainview Road*
	Russell Fork
	VA
	365119
	4103224
	6/22/11
	7/6/11
	7/13/11
	
	
	
	absent
	N

	RF021
	Cranes Nest River, off Cranes Nest River Campground Road*
	Russell Fork
	VA
	373850
	4111965
	6/22/11
	7/13/11
	
	
	
	
	absent
	N

	TF001
	Knox Creek ~50 m upstream of State Route 697 and State Route 642*
	Tug Fork
	VA
	406573
	4145048
	6/10/09
	7/2/09
	
	
	
	
	absent
	N

	TF002
	Guesses Fork off Guesses Fork Road*
	Tug Fork
	VA
	411213
	4144109
	6/10/09
	7/2/09
	
	
	
	
	absent
	N

	TF003
	Tributary to Dry Creek in War, WV*
	Tug Fork
	WV
	438788
	4128626
	6/25/09
	7/15/09
	
	
	
	
	absent
	N

	TF004
	Dry Fork downstream of English, WV*
	Tug Fork
	WV
	435831
	4132888
	6/25/09
	7/15/09
	7/30/09
	
	
	
	present
	N

	TF005
	Panther Creek in Panther Creek State Forest*
	Tug Fork
	WV
	421757
	4140438
	6/30/09
	7/16/09
	
	
	
	
	absent
	N

	TF006
	Tug Fork downstream of confluence with Horse Creek*
	Tug Fork
	WV
	423650
	4147187
	6/30/09
	7/16/09
	
	
	
	
	present
	Y

	TF007
	Little Slate Creek off Raysall Hollow Road in Raysal, WV*
	Tug Fork
	WV
	431035
	4132910
	7/7/09
	7/21/09
	
	
	
	
	absent
	N

	TF008
	Dry Fork downstream of Crane Creek confluence*
	Tug Fork
	WV
	430701
	4141155
	7/7/09
	7/21/09
	7/30/09
	
	
	
	present
	Y

	TF009
	Tug Fork off State Route 7 near Merrytown, WV*
	Tug Fork
	WV
	440862
	4147500
	7/7/09
	7/21/09
	
	
	
	
	present
	Y

	TF010
	Tug Fork upstream of Gary, WV*
	Tug Fork
	WV
	454035
	4135918
	7/21/09
	7/30/09
	
	
	
	
	present
	Y

	TF011
	Knox Creek off County Road 370
	Tug Fork
	VA
	413630
	4138074
	7/23/08
	8/13/08
	
	
	
	
	absent
	N

	TF012
	Knox Creek at junction of Country Roads 643 and 650
	Tug Fork
	VA
	409794
	4134918
	6/26/08
	
	
	
	
	
	absent
	N

	TF013
	Knox Creek, off Knox Creek Road, near intersection with State Route 649*
	Tug Fork
	VA
	410979
	4141065
	6/29/11
	7/7/11
	
	
	
	
	present visit 1 only
	N

	TF014
	Knox Creek ~1/2 mi upstream of VA/KY border*
	Tug Fork
	VA
	406454
	4147337
	8/10/10
	
	
	
	
	
	absent
	N



[bookmark: _Toc235600561]Table 2. Annual presence (Yes) or absence (No) of variegate darters at sites sampled in Virginia between 2008-2011. “-“ indicates the site was not sampled. LF029 was identified as TF011 in previous reports. Sites with “Tug” in the waterbody description are in the Tug Fork watershed (McDowell County, WV and Buchanan County, VA); all other sites are in the Levisa Fork watershed (Buchanan County, VA).
	Site ID
	Waterbody
	2008
	2009
	2010
	2011

	LF001
	Levisa
	Yes
	-
	Yes
	Yes

	LF002
	Levisa
	Yes
	-
	Yes
	Yes

	LF003
	Levisa
	Yes
	-
	-
	No

	LF004
	Levisa
	Yes
	-
	Yes
	Yes

	LF005
	Levisa
	Yes
	-
	-
	-

	LF006
	Levisa
	No
	-
	-
	-

	LF007
	Levisa
	Yes
	-
	-
	-

	LF008
	Levisa
	Yes
	-
	-
	-

	LF009
	Bull
	Yes
	-
	-
	-

	TF011
	Knox (Tug)
	No
	-
	-
	-

	LF011
	Garden
	No
	-
	-
	-

	LF012
	Dismal
	Yes
	-
	-
	-

	TF012
	Knox (Tug)
	No
	-
	-
	-

	LF014
	Levisa
	Yes
	-
	-
	-

	LF016
	Slate
	-
	Yes
	-
	-

	LF017
	Slate
	-
	Yes
	-
	-

	LF018
	Levisa
	-
	Yes
	Yes
	Yes

	LF019
	Dismal
	-
	Yes
	-
	-

	LF020
	Levisa
	-
	Yes
	Yes
	-

	LF021
	Dismal
	-
	Yes
	-
	-

	LF022
	Levisa
	-
	No
	-
	-

	LF023
	Levisa
	-
	-
	Yes
	Yes

	LF024
	Levisa
	-
	-
	Yes
	-

	LF025
	Levisa
	-
	-
	Yes
	Yes

	LF026
	Dismal
	-
	-
	No
	-

	LF027
	Dismal
	-
	-
	No
	-

	LF028
	Dismal
	-
	-
	No
	-

	TF001
	Knox (Tug)
	-
	No
	-
	-

	TF002
	Guesses (Tug)
	-
	No
	-
	-

	LF029
	Knox (Tug)
	-
	-
	No
	-

	LF030
	Dismal
	-
	-
	-
	No

	LF031
	Dismal
	-
	-
	-
	No

	LF032
	Levisa
	-
	-
	-
	No

	LF033
	Levisa
	-
	-
	-
	Yes

	LF034
	Levisa
	-
	-
	-
	Yes

	LF035
	Big Prater
	-
	-
	-
	No

	LF036
	Levisa
	-
	-
	-
	Yes

	TF013
	Knox (Tug)
	-
	-
	-
	Yes

	TF014
	Knox (Tug)
	
	
	
	No



[bookmark: _Toc235600562]Table 3. Fit comparisons of the three site-level occupancy models for estimating detection probabilities and site-level occupancy of variegate darters in the Levisa Fork and Tug Fork watersheds. Models held occupancy (ψ) and detection probability (p) constant (.) or varied it with watershed size (WS). K is the number of parameters in the model. Models were compared using Akaike Information Criteria, adjusted for small sample sizes (AICc). Model in bold is our best-fit model. 

	Model
	AICc
	ΔAIC
	Model likelihood
	Model weight
	K

	ψ(.)p(.)
	34.68
	8.07
	0.017
	0.017
	2

	ψ(WS)p(.)
	26.61
	0
	1.0
	0.933
	3

	ψ(.)p(WS)
	32.44
	5.83
	0.054
	0.051
	3




[bookmark: _Toc235600563]Table 4. Attributes of four closed-capture mark-recapture models used to estimate variegate darter abundance and detectability parameters. Modeled parameters include p (capture probability) and c (recapture probability). Parameters were estimated for each site (group) in models 1 and 4 and combined across sites (groups) in models 2 and 3. “(.)” indicates capture and recapture probabilities held constant across all sampling events.

	
	Site effect
	No site effect

	Behavior effect
	p(.) ≠ c(.), varies with group, Model 1
	p(.) ≠ c(.), constant across groups, Model 2

	No behavior effect
	p(.) = c(.), varies with group, Model 4
	p(.) = c(.), constant across groups, Model 3





[bookmark: _Toc235600564]Table 5. Confidence set of the top two models estimating capture probability (pi), recapture probability (ci), and variegate darter abundance across sites sampled in 2009-11 in the Levisa and Tug forks (Buchanan County, VA and McDowell County, WV). K is the number of parameters in the model (capture and recapture probability in Model 2 and capture probability in Model 3). Models were compared using Akaike Information Criteria, adjusted for small sample sizes (AICc). Model in bold is our best-fit model. “(.)” indicates capture and recapture probabilities held constant across all sampling events.

	Model
	AICc
	ΔAIC
	Model likelihood
	Model weight
	K

	p(.) ≠ c(.), constant across groups, Model 2
	1288.11
	0
	1.0
	.86
	2

	p(.) = c(.), constant across groups, Model 3
	1291.67
	3.56
	.17
	.15
	1





[bookmark: _Toc235600565]Table 6. Model-averaged parameter estimates and standard errors (pi, capture probability; ci, recapture probability) across five sites sampled in 2011 in the Levisa Fork (Buchanan County, VA) and N, estimated abundance, for each sampled site. Models are explained further in Tables 3 and 4.

	Model
	Group Weight
	Parameter
	Parameter Estimate
	Standard Error

	2
	0.855
	p
	0.228
	0.014

	3
	0.145
	
	0.131
	0.014

	Weighted average
	
	0.214
	

	
	
	
	
	

	2
	0.855
	c
	0.121
	0.014

	3
	0.145
	
	0.131
	0.014

	Weighted average
	
	0.123
	

	
	
	
	
	

	2
	0.855
	N, site 1
	24.78
	4.69

	3
	0.145
	
	37.18
	7.71

	Weighted average
	
	26.57
	

	
	
	
	
	

	2
	0.855
	N, site 2
	120.79
	16.28

	3
	0.145
	
	181.25
	21.97

	Weighted average
	
	129.53
	

	
	
	
	
	

	2
	0.855
	N, site 3
	54.20
	8.35

	3
	0.145
	
	81.33
	12.51

	Weighted average
	
	58.13
	

	
	
	
	
	

	2
	0.855
	N, site 4
	184.29
	23.74

	3
	0.145
	
	276.52
	30.51

	Weighted average
	
	197.63
	

	
	
	
	
	

	2
	0.855
	N, site 5
	176.82
	26.50

	3
	0.145
	
	273.02
	34.07

	Weighted average
	
	188.17
	



[bookmark: _Toc235600566]Table 7. Year, site location, population assignment, site number (#), UTM coordinates and number of variegate darters used in genetic analyses. Sites without site numbers (-) were not part of habitat or population sampling, only genetic tissue sampling.
	Year
	Site
	Population
	Site #
	Northing
	Easting
	Number analyzed

	2008
	Levisa Fork 500 m downstream of Highway 83
	Levisa Upstream
	LF014
	402202
	4121326
	19

	2008
	Levisa Fork upstream of Vansant, VA
	Levisa Upstream
	LF005
	405928
	4121671
	10

	2008
	Levisa Fork at County Road 604 near Harman Junction, VA
	Levisa Upstream
	LF008
	397558
	4129566
	33

	2008
	Dismal Creek off County Road 638
	Levisa Upstream
	LF012
	409258
	4122680
	2

	2009
	Slate Creek in Grundy, VA near confluence with Levisa Fork
	Levisa Upstream
	LF017
	403040
	4126205
	6

	2009
	Levisa Fork upstream of Fishtrap Lake Wildlife Management Area
	Levisa Upstream
	-
	388898
	4139640
	40

	2009
	Dismal Creek upstream of Pilgrims Knob, VA
	Levisa Upstream
	LF021
	422704
	4121993
	3

	2009
	Levisa Fork near Pikeville, KY
	Levisa Downstream
	-
	365071
	4147436
	10

	2009
	Levisa Fork just downstream from Fishtrap Lake dam
	Levisa Downstream
	-
	374798
	4143371
	3

	2009
	Levisa Fork just downstream from Fishtrap Lake dam
	Levisa Downstream
	-
	373669
	4141493
	36

	2009
	Levisa Fork downstream of Fishtrap Lake near Shelbiana, KY
	Levisa Downstream
	-
	367855
	4143566
	18

	2009
	Russell Fork in Regina, KY
	Levisa Downstream
	-
	374992
	4136419
	43

	2009
	Beaver Creek
	Levisa Downstream
	-
	347600
	4163604
	1

	2009
	Dry Fork downstream of Crane Creek confluence
	Tug
	TF008
	430701
	4141155
	31

	2009
	Tug Fork at Horse Creek confluence
	Tug
	TF006
	423650
	4147187
	17

	2009
	Tug Fork near Merrytown, WV
	Tug
	TF009
	440862
	4147500
	1

	2010
	Allegheny River downstream of Union Street bridge, Olean, NY
	Allegheny
	-
	712617
	4660802
	20

	2010
	French Creek at NY and PA state line
	Allegheny
	-
	6023834
	4652622
	19

	2010
	Stillwater Creek downstream of Bacon Road near Jamestown, PA
	Allegheny
	-
	646385
	4656144
	21

	
	
	
	
	
	TOTAL
	333



[bookmark: _Toc235600567]Table 8. Fst values between three upper Big Sandy River drainage (Buchanan County, Virginia, Pike County, Kentucky, and McDowell County, West Virginia) populations of variegate darter. Samples were collected in 2008 and 2009. US= upstream, DS = downstream, both in reference to Fishtrap Lake dam, Kentucky. 

	
	Levisa US
	Levisa DS

	Levisa US
	-
	-

	Levisa DS
	0.006
	-

	Tug
	0.04
	0.03





[bookmark: _Toc235600568]Table 9. Genetic variance of variegate darters from the upper Big Sandy River drainage (Buchanan County, Virginia, Pike County, Kentucky, and McDowell County, West Virginia) partitioned into basin, population, site, and within-site components. Numbers in bold font represent sources that explain a significant portion of the variance. Samples were collected in 2008 and 2009. DF = degrees of freedom. 

	Source
	DF
	Variance
	%
	p-value

	Drainage
	2
	0.427
	4.2
	0.002

	Population
	2
	0.004
	0.7
	0.001

	Site
	13
	0.000
	0.0
	0.998

	Within a site
	264
	9.695
	95.1
	0.001

	Total
	281
	10.196
	100
	0.001






[bookmark: _Toc235600787]Figure 1. Male Etheostoma variatum captured in the Levisa Fork, Buchanan County, VA, showing breeding coloration.




[bookmark: _Toc235600788]Figure 2. Sample sites in the Levisa Fork and Tug Fork watersheds of Buchanan County, VA and McDowell County, WV where variegate darters were present (green) and absent (red) in 2008 (triangle), 2009 (square), 2010 (circle), and 2011 (star). Site IDs from Table 1 are also shown.
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[bookmark: _Toc235600789]Figure 3. Sample sites in the Russell Fork watershed of Dickenson County and Wise County, VA where variegate darters were present (green) and absent (red) in 2008 (triangle), 2009 (square), 2010 (circle), and 2011 (star). Site IDs from Table 1 are also shown.




[bookmark: _Toc235600790]Figure 4. Variable importance plot from random forest analysis based on data collected at sites in the Levisa and Tug forks, Buchanan County, Virginia and McDowell County, West Virginia. Variables with higher values of mean decrease in accuracy are considered more important (more explanatory). Variables in descending order are watershed area in square kilometers (AREASQKM), percent watershed forest cover (PercForest), average site embeddedness (AveEmbed), percent watershed pasture cover (PercPasture), percent abandoned mine lands (PrelawPerc), average site sediment size (AVGSedSize), percent watershed grasslands cover (PercGrass), average site conductivity (cond1), percent watershed urban cover (PercUrban), percent watershed with active surface mining permits (ActivePerc), percent watershed barren cover (PercBarren), average site silt cover (AvgSilt), average site salinity (Salinity), and stream segment slope (slope).

a.

b.





c.



[bookmark: _Toc235600791]Figure 5. Partial dependence plots for the top three variables describing variegate darter presence at a site in the Levisa and Tug forks, Buchanan County, Virginia and McDowell County, West Virginia. AREASQKM (4a) is the watershed area in square kilometers upstream of the site. PercForest (4b) is the percent forest cover in the sampled watershed. AveEmbed (4c) is the average percent embeddedness of the sampled site. 




[bookmark: _Toc235600792]Figure 6. Levisa Fork riffle (Buchanan County, Virginia) indicative of typical variegate darter habitat. 




[bookmark: _Toc235600793]Figure 7. Comparison of estimates of variegate darter abundance in the Levisa Fork, Buchanan County during 2011 among three estimator methods (naïve, mark-recapture, and transect sampling). Bars indicate estimated (light grey) and naïve (i.e., collected; medium grey) abundance based on mark-recapture sessions; abundance estimates based on subsequent transect sampling (dark grey) at the same sites (except site 2) are also shown.
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[bookmark: _Toc235600794]
Figure 8. Observed density of variegate darters during transect sampling versus estimated density from mark-recapture analysis in the Levisa Fork, Buchanan County during 2011. Plotted points are labeled with site numbers. Site 3 was not sampled using transect methodology.





[bookmark: _Toc235600795]Figure 9. Predicted abundance (per site) of variegate darters based on mark-recapture sampling in relation to abundance observed during transect sampling in the Levisa Fork, Buchanan County during 2011. R2= 0.87




[bookmark: _Toc235600796]Figure 10. Relation between estimated density of variegate darters and riffle area in the Levisa Fork, Buchanan County during 2011. r = 0.03.
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[bookmark: _Toc235600797]Figure 11. Estimated density of variegate darters at a riffle in 2011, from upstream to downstream in Levisa Fork; r = 0.98. River kilometer is the distance upstream from the Virginia-Kentucky border, Buchanan County, Virginia.
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[bookmark: _Toc235600798]Figure 12. Length-frequency distribution of the standard lengths (mm) all variegate darter individuals collected in summer (grey bars, June-August) and fall (black bars, September-October) in 2009 (a), 2010 (b), and 2011 (c). All individuals collected each year from Levisa and Tug forks are included in the analysis.
	



[bookmark: _Toc235600799]Figure 13. Sites in the Levisa, Russell, and Tug fork watersheds where variegate darter genetic tissue was collected for analysis in 2008 and 2009. The red ellipse indicates the location of Fishtrap Lake on the Levisa Fork in Kentucky.





[bookmark: _Toc235600800]Figure 14. STRUCTURE bar plot where each vertical bar represents one individual, with membership of an individual in one or more groups inducted by the proportion of its bar represented by different colors, and with individuals grouped by numbered site. The top panel shows samples divided into two populations (K=2), Tug Fork (green) and all other samples (red). The bottom panel shows three populations (K=3): Levisa Fork upstream of Fishtrap Lake dam (red, Buchanan County, Virginia), Levisa Fork and Russell Fork below the dam (blue, Pike County, Virginia), and Tug Fork (green, McDowell County, West Virginia). 



[bookmark: _Toc235600801]Figure 15. Unrooted neighbor-joining tree depicting relative genetic distances among four populations in the upper Big Sandy River drainage (Tug, Russell, Levisa upstream and Levisa downstream) and one population from the upper Allegheny River drainage in New York sampled in 2008 and 2009. Bootstrap values for each branch are indicated by numbers on the dashed lines. This tree indicates the genetic distance between Levisa Downstream and Russell populations is smallest. These two populations and Levisa Upstream are more genetically distant from New York and Tug populations than they are from each other.



[bookmark: _Toc235600802]Figure 16. Saline diffusor pipes during discharge event in the Levisa Fork, Buchanan County, Virginia. 





[bookmark: _Toc235600803]Figure 17. Cumulative distribution function of the increase in variegate darter probability of detection with increasing number of seine sets in tributary and mainstem Levisa Fork sites, Buchanan County, Virginia. 




Appendix A. Locations of all riffles (UTM 17N) in the Levisa Fork (Buchanan County, VA) from the confluence of Dismal Creek to the Virginia-Kentucky line.
	
Northing
	Easting

	406902
	4121487

	406880
	4121480

	406713
	4121499

	406570
	4121520

	406464
	4121522

	406403
	4121540

	406108
	4121587

	406014
	4121627

	405963
	4121648

	405716
	4121784

	405484
	4121912

	405344
	4121975

	405160
	4121917

	404904
	4121830

	404753
	4121811

	404628
	4121837

	404319
	4121832

	404175
	4121784

	404094
	4121726

	403851
	4121723

	403767
	4121734

	403632
	4121723

	403188
	4121715

	402896
	4121135

	402816
	4121106

	402527
	4121144

	402451
	4121218

	402103
	4121417

	402050
	4121471

	401978
	4121690

	401982
	4121740

	402026
	4121832

	402182
	4122017

	402147
	4122343

	401973
	4122446

	401926
	4122726

	401983
	4122883

	402011
	4123026

	401626
	4123333

	401580
	4123554

	401759
	4123743

	401927
	4123994

	402103
	4124111

	402223
	4124407

	402126
	4124504

	402087
	4124521

	401998
	4124582

	404798
	4124621

	401856
	4124961

	402003
	4185109

	402053
	4125176

	401921
	4125408

	401885
	4125467

	401732
	4125650

	401710
	4125698

	401838
	4125947

	402132
	4126015

	402351
	4126115

	402404
	4126146

	402446
	4126270

	402387
	4126353

	402143
	4126677

	401624
	4126768

	401369
	4126772

	401047
	4126751

	401000
	4126737

	400891
	4126797

	400745
	4127009

	400677
	4127096

	400363
	4127237

	400095
	4127590

	400168
	4127719

	400178
	4127964

	399925
	4128219

	400301
	4128621

	400334
	4128808

	400246
	4129103

	400101
	4129304

	399892
	4129657

	399824
	4130015

	399474
	4130320

	399169
	4130409

	399169
	4130411

	399100
	4130239

	398631
	4129656

	398363
	4129576

	398247
	4129548

	398211
	4129531

	397690
	4129463

	397263
	4129642

	396878
	4129989

	396695
	4130228

	396789
	4130519

	396861
	4130605

	396843
	4130778

	369581
	4131001

	396494
	4131469

	396579
	4131542

	396654
	4131595

	396418
	4131848

	395784
	4132150

	395782
	4132315

	395827
	4132546

	395416
	4133106

	395357
	4133110

	395281
	4133482

	353715
	4133535

	395595
	4133935

	395534
	4134104

	395382
	4134173

	395298
	4134212

	394970
	4134329

	394764
	4134583

	394718
	4134862

	394614
	4135022

	394044
	4134795

	393722
	4134274

	393482
	4134114

	393227
	4134225

	393086
	4134379

	392650
	4134578

	392529
	4134674

	392159
	4135039

	392061
	4135330

	392042
	4135475

	392157
	4135780
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