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ABSTRACT 
 

Stream fish communities are frequently utilized as bioindicators of water quality and stream 

ecosystem health, because environmental and anthropogenic processes that control and alter 

physicochemical properties of streams are often reflected in fish community composition.  Research staff 

of the Eastern Rivers and Mountains Network (ERMN), an Inventory and Monitoring network of the 

National Park Service, annually monitor core indicators of wadeable stream condition using measures of 

ecological integrity; however, no continuous stream fish community monitoring existed.  Given the 

usefulness of stream fish as bioindicators and the potential benefits of adding long-term fish monitoring to 

the ERMN wadeable stream monitoring program, I developed and initiated the framework and 

methodology of a continuous, long-term fish community monitoring program for ERMN wadeable 

streams. During spring and summer of 2013 and 2014, an occupancy sampling framework was used to 

collect stream fish detection/non-detection data at 68 randomly-selected, spatially-balanced sites across 

two ERMN parks: Delaware Water Gap National Recreation Area (DEWA) and New River Gorge 

National River (NERI).  Hierarchical community occupancy models were used to describe stream fish 

distribution and determine the relative importance of stream habitat, measured at multiple spatial scales, 

in structuring stream fish communities. Results indicated that occupancy probabilities and effects of 

habitat, with respect to direction and magnitude, differed among species.  In most cases, natural 

longitudinal gradients of stream habitat were reflected in species-specific and species group-specific 

occupancy probabilities, but anthropogenic disturbance (e.g., species introductions, impoundments, 

deforestation, and water quality impairment) also influenced the frequency of species occurrence and 

native-introduced species dynamics.  These results highlighted the importance of considering multiple 

processes and spatial scales when studying how stream fish communities are shaped by stream habitat; 

moreover, that occupancy may be a valuable state variable for use in long-term species monitoring 

programs.   
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Chapter 1  
 

Overview 

Intro duction 

Stream fish communities 

Stream fish communities are non-randomly structured and distributed through space and time due 

to influences of surrounding environmental processes (Jackson et al. 1992; Taylor et al. 1993; Angermeier 

and Winston 1998; Jackson et al. 2001). These environmental processes may include physical, chemical, 

or biological properties of streams that fishes inhabit, and can influence fishes by creating conditions that 

are more or less favorable for certain species.  For example, geomorphic attributes of streams, such as 

slope or substrate composition, may influence fish communities by only allowing species with certain 

morphological traits or life history characteristics to occupy specific habitats (Jackson et al. 2001; Walters 

et al 2003).  Water temperature, pH, dissolved oxygen, and other water quality properties may limit the 

species capable of inhabiting streams to those with congruent physiological mechanisms (Townsend et al. 

1983; Matthews and Berg 1997).  Biotic interactions among species can further limit community 

composition through the effects of predation and competition (Werner et al. 1983; Gilliam et al. 1993; 

Jackson et al. 2001). 

The effects of environmental forces on fish communities are fairly well understood for many 

species.  As a result, fisheries managers can make inferences about what environmental processes 

structure a fish community, and how changes in the environment may affect its composition in the future.  

However, the relative importance among environmental processes in structuring fish communities can 

vary depending on the spatial scale examined.  This spatial dependence results largely because 
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environmental processes affecting fish communities occur at multiple spatial scales (Jackson et al. 2001) 

and often interact across scales (i.e., cross-scale interactions; Qian et al. 2010).  Frissel et al. (1986) 

described scale as hierarchically nested, that is, smaller scale systems form within the constraints of the 

larger system.  It is the interaction of environmental processes within and across scales that structures a 

fish community (Poff 1997).  For example, the regional climate of an area may select a species pool 

capable of inhabiting a certain area, yet variability in local stream habitat complexity may ultimately 

select which of those species occupy certain streams (Jackson et al 2001).  To make matters more 

complex, anthropogenic stressors can disrupt natural relationships among stream habitats at differing 

spatial scales.  For example, deforestation in upstream catchments may increase local sedimentation in 

streams and, consequently, drive shifts in local fish assemblages and abundance (Jones et al. 1999; 

Sutherland et al. 2002).  This not only makes it important to elucidate and quantify these interactions, but 

also to define a certain resolution of data collection, because inference from different levels of the spatial 

hierarchy may prescribe different management alternatives (Labbe and Fausch 2000).    

Given the aforementioned processes that structure fish communities, it is widely accepted that 

monitoring stream fish communities can provide valuable information about the condition of streams and 

the local and upstream catchments.  For instance, fish are often used as bioindicators of water quality 

(Karr 1991; van der Oost 2003), habitat degradation (Karr 1981; Scott and Hall 1997), and stream 

ecosystem health (Munkittrick and Dixon 1989; Fausch et al. 1990).  Additionally, fish communities 

typically include a range of species that represent a variety of trophic levels, and their position at the top 

of the aquatic food web helps to provide an integrative view of the stream environment (Karr 1981).  

Monitoring fish communities also has advantages over sampling shorter-lived taxa, such as 

macroinvertebrates, because fish life history and habitat requirements are better understood than their 

aquatic counterparts (Angermeier 1995).  These attributes make fish communities a valuable indicator for 

stream monitoring programs. 
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Eastern Rivers and Mountains Network wadeable streams monitoring 

The National Park Service (NPS) initiated a long-term ecological monitoring program, known as 

ñVital Signs Monitoringò, to provide the framework to help more than 270 NPS units, grouped into 32 

networks, identify and monitor their highest-priority measurements of resource condition (Fancy et al. 

2009).  As one of the 32 NPS networks, the Eastern Rivers and Mountains Network (ERMN) is 

challenged with developing a long-term monitoring program of park resources with a set of core 

indicators that are representative of a diverse group of park ecosystems within the network.  With over 

1000 km of streams and rivers in the network within authorized park boundaries, a primary objective of 

the ERMN monitoring program is to evaluate the status and trends of wadeable streams flowing into and 

through member parks.  Wadeable stream condition is currently monitored using measures of ecological 

integrity, such as benthic macroinvertebrate diversity and water chemistry (Tzilkowski et al. 2011), 

streamside bird communities (Marshall et al. 2012), and watershed land use, type, and configuration 

(Marshall and Piekielek 2007).   

Given the benefits of using fish as ecological indicators, I developed the framework for a stream 

fish community monitoring program in the ERMN to set the foundation for future sampling efforts, and 

provide a more comprehensive picture of wadeable stream health.  Additionally, the high amount of fish 

diversity, variability in stream habitat, and presence of urban influences present in the ERMN created an 

ideal setting to study how fish community composition was shaped by environmental and anthropogenic 

influences.  A primary goal of ERMN staff in initiating a stream fish community monitoring program was 

the preservation of native fishes and maintaining diverse communities among wadeable streams.  As such, 

my analyses focused on key differences in the response to environmental and anthropogenic influences 

among native and introduced species.  This approach would inform ERMN staff of future expected 

conditions of native and introduced species diversity under different land use and climate scenarios, and 

let ERMN staff develop proactive management strategies in situations that may need intervention.  
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Occupancy 

There are many ways to describe landscape-level species distributions and monitor changes in 

distributions over time; however, challenges exist because species can occur infrequently or be poorly 

observed across the landscape (MacKenzie et al. 2005; Jones 2011).  Additionally, the level of effort 

necessary to describe and monitor species distributions using certain methods, such as estimates of 

abundance, may be infeasible over large spatial extents (MacKenzie and Nichols 2004).  One approach 

that may account for these issues is an occupancy-based monitoring framework, where the proportion of 

sites occupied by a target species is monitored over time.  Occupancy monitoring can be advantageous 

over alternatives, such as indices of abundance, because collection of detection/non-detection data is 

generally less expensive to employ, and occupancy models can explicitly account for variability in 

detection among species and sites (Mackenzie et al. 2005; Jones 2011; Noon et al. 2013).  Furthermore, 

occupancy is considered an acceptable proxy for abundance, because, at an appropriate spatial scale, these 

two variables are positively related (MacKenzie and Nichols 2004; Noon et al. 2013).   

Monitoring changes in occupancy over time would allow ERMN staff to assess trends in fish 

species distribution, including potential losses or gains in native and introduced species, which could 

provide early warning for declines in stream ecosystem health.  Furthermore, by collecting habitat and 

land use data at multiple spatial scales, the environmental and anthropogenic influences that shape fish 

communities in the ERMN can be determined, and how fish communities may change in the future under 

different climate and land use scenarios.   

Objectives 

Given the aforementioned, the research objectives of this study were to:  

1) Describe the current distribution of fishes in ERMN wadeable streams using occupancy as the 

state variable. 
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2) Determine the relative importance of habitat, acting at multiple spatial scales, on site 

occupancy of stream fishes in ERMN wadeable streams. 

 

Methods 

Study area 

 The study region was the ERMN, an Inventory & Monitoring network of the NPS, which 

includes National Park units in Pennsylvania, New Jersey, New York, and West Virginia (Figure 1-1).  

The ERMN includes nine parks, each designated by the NPS for the protection of historical, cultural, 

and/or natural resources.  Together, the parks encompass roughly 60,000 ha of land, 340 km of river, and 

684 km of streams.  Six of nine ERMN parks were included in the study: Delaware Water Gap National 

Recreation Area (DEWA), Allegheny Portage Railroad National Historic Site (ALPO), Fort Necessity 

National Battlefield (FONE), Friendship Hill National Historic Site (FRHI), New River Gorge National 

River (NERI), and Bluestone National Scenic River (BLUE). 

Wadeable streams and site selection 

 The site selection process was either random or targeted and differed for each park.  At DEWA 

and NERI, wadeable streams were defined by ERMN staff as all flowing surface waters with contributing 

areas between 2 and 100 km
2
.  Although field methods differ among the three wadeable stream-based 

sampling protocols (i.e., streamside birds, benthic macroinvertebrates, and fish communities), the smallest 

common sampling unit is a 100 m reach.  As such, the cumulative lengths of all wadeable streams at 

DEWA and NERI were delineated using flow accumulation models, and divided into discrete 100 m units 
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from which potential sampling sites were selected (Table 1-1).  A generalized random tessellation 

stratified (GRTS) design was used to select 100 m reaches as potential sampling sites from the population 

of all possible 100 m wadeable stream units (for specifics on this technique, see Stevens and Olsen 2004).  

In general, this technique is a probabilistic sampling design that provides a list of spatially-balanced sites 

where any consecutive series of sites in the list is approximately spatially-balanced.  Sites were discarded 

if they fell on private land, within flood-plains or standing water, or were deemed unsafe to reach by field 

crews.  The final list of sample sites were then selected by field crews by working down the ordered list 

until the target number of sites was attained.  In this case, 34 sites were selected and sampled at each of 

DEWA and NERI.  Site selection at ALPO, FONE, FRHI, and BLUE was targeted and did not follow this 

process because the parks were too small, had very few wadeable streams, or had difficult land ownership 

patterns.  See Appendices A and B for locations and names of all study sites at DEWA and NERI, 

respectively.  Site locations for the smaller parks can be found in Appendix E (ALPO, FONE, FRHI) and 

Appendix F (BLUE). 

Fish sampling 

 Single-pass, pulsed-DC backpack electrofishing with a Smith-Root LR 24 unit (Smith-Root, 

Vancouver, Washington) was conducted in an upstream direction to collect fishes at all sites.  A block net 

was only placed at the upstream boundary to conserve time, although no block nets were placed when 

water levels were extremely low.  Although most backpack electrofisher settings remained constant 

across all sites, voltage settings were altered to account for water conductivity differences at each time of 

sampling according to standardized curves (i.e., Kolz and Reynolds 1989; Miranda and Dolan 2003).  

Sampling crew size was variable depending on stream size, but typically consisted of one or two 

backpack electrofisher operators and 2-4 netters.   
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At all park units, fishes captured that were readily and reliably identifiable were identified, 

enumerated, and released.  Photo vouchers of 1-3 specimens of each species per park unit were taken to 

provide verification of field identification accuracy.  At DEWA, NERI, and BLUE, the remaining fish 

that could not be reliably identified were anesthetized with MS-222 and preserved in a 10% formalin 

solution for future identification, vouchering, and archiving purposes.  These preserved collections remain 

property of the NPS, but are archived at the Pennsylvania State University Fish Museum curated by Dr. 

Jay Stauffer.  Fish were not permanently retained at ALPO, FONE, or FRHI. 

Habitat sampling 

Upon reaching a site, the upstream and downstream boundaries of a site were identified by 

measuring 50m upstream and downstream of the site GPS center-point.  Prior to fish sampling, water 

temperature (
o
C), specific conductivity (µS/cm), pH, and dissolved oxygen (mg/L) were measured just 

below the downstream boundary of a reach using an YSI 556MPS multi-parameter instrument (YSI, 

Yellow Springs, Ohio).  Discharge was calculated at the downstream end of a reach using the mid-section 

method with 20 depths and water velocities measured in cross-section of the stream channel.  Water 

turbidity was visually estimated from one of five categories: clear, slightly turbid, turbid, opaque, and 

stained.   

Physical habitat characteristics were measured at all reaches after fish sampling to avoid 

disturbing the reach.  Five evenly-spaced transects were constructed in cross-section of the stream 

channel and wetted widths (m) were recorded.  Water depth (m) was measured at one-sixth, one-half, and 

five-sixths distance along each transect.  Dominant and sub-dominant substrates were characterized 

visually along each transect from one of five categories: boulder, cobble, gravel, fine, or bedrock.  The 

remainder of habitat measurements taken in the field were estimated visually using methods described by 

the U.S. Environmental Protection Agency (USEPA) Rapid Bioassessment Protocols For Use in Streams 
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and Wadeable Rivers (Barbour et al. 1996).  These measurements included large woody debris (LWD) 

accumulations, dominant riparian vegetation type, and canopy cover.  All LWD accumulations, trees, root 

wads, and lone limbs with surface area in contact with the water >0.25m
2
 were estimated for length and 

width to the nearest 0.5m.  The length and width of each woody debris formation were then multiplied, 

summed, and divided by the total area of the sampling reach (m
2
) to calculate woody debris density.  

Dominant riparian vegetation type was noted from one of four categories: trees, shrubs, grasses, and 

herbaceous.  Lastly, canopy cover over the stream channel was estimated as open, partly-shaded, or 

shaded. 

Landscape-level habitat characterization 

All landscape-level characteristics of study reaches were estimated from GIS datasets in ArcGIS 

Desktop 10.1 (ESRI, Redlands, California).  Study reach elevation (m) and reach slope were derived from 

the U.S. Geological Survey (USGS) National Elevation Dataset digital elevation model (DEM; 

http://ned.usgs.gov/) at 9 m resolution.  Linear stream distances, link magnitudes, and upstream 

catchment areas were calculated using flow accumulation and direction rasters and flow polylines from 

the National Hydrography Dataset Plus (NHDPlus; USEPA and USGS 2005).  The 2011 National 

Landcover Database (NLCD) with 30 m resolution was used to calculate percentage riparian forest cover 

and upstream catchment land cover from three categories: forest, agriculture, and developed. 
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Statistical analyses 

Occupancy modeling ï general modeling framework 

Fish are highly elusive organisms and are rarely detected on any sampling occasion with a 

probability of one, which can lead to false absences and underestimation of their true distribution (Bayley 

and Peterson 2001; Rosenberger and Dunham 2005).  Therefore, I used multi-species occupancy models 

that accounted for imperfect detection to describe stream fish distribution in DEWA and NERI (e.g., 

Royle et al. 2007; Kéry and Royle 2009).  These models use repeat visits to sampling sites within a 

season to determine the probability a species occupies a site (ɣ), and the probability of detecting a species 

given it occurs at the site (p).  Additionally, the hierarchical nature of these community models allowed 

estimation of parameters of interest for species that were poorly observed through the use of a common 

prior distribution on model parameter estimates that provides a loose constraint that allows species (or 

groups of species) to share information.  Occupancy and detection probabilities were derived from simple 

unconditional models with species-specific random effects (varying-intercept) and no habitat covariates, 

and are reported as posterior means and corresponding 90% credible intervals.  At the smaller parks 

(FONE, FRHI, ALPO, BLUE), there was an inadequate number of sites to use occupancy models to 

describe stream fish distribution.  Instead, I provide species presence and total catch over three visits in 

Appendix E (FONE, FRHI, ALPO) and Appendix F (BLUE). 

Predictors of occupancy 

Estimating the effects of local- and landscape-level predictors on detection and occupancy 

probabilities was achieved by expressing probabilities as linear functions of predictors using a logit link 

function.  A varying-intercept, varying-slope model was fitted in order to allow each species to vary with 

respect to mean detection probability, occurrence probability, and the effects of predictors on both 
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detection and occurrence probability. This was accomplished by using species-specific random effects 

(intercepts and slopes) where, for example, each species was allowed to have its own logit-scale baseline 

occupancy probability ɻ  and response to a site-level predictor ɼρ , such that ɻ ͯ .ʈȟʎ  

and ɼρ ͯ .ʈ ȟʎ , where ʈ  is the population-average logit-scaled occupancy probability (across all 

species), ʎ  represents the variation among-species in occupancy, ʈ is the population-average effect of 

covariate ὢ on occurrence probability, and ʎ  is the among-species variation in the effect of covariate 

ὢ on occurrence probability. 

For example, to determine the effect of water temperature on stream fish occupancy, ʕ was 

modeled as a function of mean water temperature such that: 

ÌÏÇÉÔʕȟ  ɻ  ɼρ  zÔÅÍÐÅÒÁÔÕÒÅ 

where the logit-scale probability of occurrence ʕ for species É at site Ê is a function of ɻ, the 

intercept for species É, and ɼρ, the effect of mean water temperature on occupancy of species É at site Ê.  

Similarly, each species was allowed to vary in regards to detection probability (Ð) as a function of site- 

and visit-level habitat variables.  For example, to determine the effect of discharge on stream fish 

detection, Ð was modeled as a function of discharge such that: 

ÌÏÇÉÔÐȟȟ  ɻ  ɼρ  zÄÉÓÃÈÁÒÇÅȟ 

where the logit-scale probability of detection Ð for species É at site Ê on survey Ë is a function of 

ɻ, an intercept for species É, and ɼρ, the mean effect of discharge at site Ê on survey Ë on detection of 

species É.  

Four habitat variables were chosen as predictors of detection for DEWA and NERI fish species 

that were hypothesized to affect capture efficiency (Table 1-2).  Two detection predictors varied by site 

(reach area and LWD density), while the other two also varied by visit (conductivity and discharge).  

Similarly, a subset of measured habitat variables served as predictors of occupancy (Table 1-3).  Prior to 

fitting models, Pearson correlation coefficients were calculated among predictors in an effort to avoid 
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issues associated with multicollinearity.  Only those variables with correlation coefficients less than 0.6 

were retained for analyses.  All predictors were standardized with a mean of zero and variance of one, or 

log-transformed if their distribution appeared highly-skewed.   

Evaluation of model parameters 

All model parameters were given diffuse priors.  Individual occupancy models were fitted for 

DEWA and NERI using Markov Chain Monte Carlo (MCMC) simulations and the program JAGS 

(Plummer 2003) in an R Statistical Software environment (R Developmental Core Team 2008). Three 

MCMC chains were run for 200,000 iterations, thinning every two samples, and a burn-in of the first 

150,000 iterations.  Convergence was visually assessed through posterior trace plots of MCMC chains 

and potential scale reduction factors (i.e., Ὑ; Gelman and Rubin 1992). The effect of each predictor on 

detection or occupancy was deemed significant if the 90% credible interval for the posterior mean did not 

overlap zero. 

The process for determining the effect of predictors on occupancy and detection and arriving at a 

final model was a follows.  First, a single predictor variable model was fitted.  If the predictor was 

significant for one or more species, it was retained for a final model of detection or occupancy.  If a 

covariate did not meet this criterion, it was discarded from further analyses.  Second, an additional 

predictor was added to the model (i.e., a two covariate model was now fitted) and the significance of the 

second predictor was assessed as previously described. This process was repeated until all predictors were 

analyzed and a final model of occupancy or detection was created. 
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Naïve richness 

 Prior to fitting of final occupancy models, exploratory analyses were conducted to determine 

variability of habitat effects on naïve species richness, which is defined as the number of species detected 

at each site.  Given the interest of the NPS in native-introduced species dynamics, I examined the effects 

of measured habitat variables on three categories of naïve species richness: total richness, native species 

richness, and introduced species richness.  I fit multiple linear regression models with fixed intercepts and 

slopes for each naïve richness category (i.e., response variables) with all habitat predictors included in 

occupancy analyses as explanatory variables.  Naïve species richness models were fit using MCMC 

simulations and the program JAGS in the same manner as occupancy models (i.e., number of iterations, 

thinning, burn in, and convergence assessment) and the effect of each habitat predictor on naïve richness 

was deemed significant if the 90% credible interval for the posterior mean did not overlap zero. 
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Table 1-1. Minimum size designation of upstream catchments and cumulative length of wadeable streams 

in ERMN parks for random site selection process.  Cumulative lengths of wadeable streams in BLUE, 

ALPO, FONE, and FRHI were not calculated as site selection was targeted for these parks. 

Park Size (km
2
) 

Total length 

(km) 

New River Gorge (NERI) ² 2 103.6 

Delaware Water Gap (DEWA) ² 2 61.8 

 

 

 

Table 1-2. Hypothesized effects of habitat covariates on detection probability (predicted direction of 

effect in parentheses) of fishes in ERMN wadeable streams. 

Predictor Effect 

Conductivity (-) Stream conductivity may affect detection by influencing electrical 

fields of sampling equipment. 

Discharge (-) The amount of flow in a stream may influence visual detection of 

fishes and netting efficiency.  

LWD density (-) The amount of woody debris in a reach may influence visual 

detection of fishes and netting efficiency. 

Reach Area (-) The total surface area of a reach may affect the efficiency of 

sampling equipment and influence escapability of fishes. 
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Table 1-3. Hypothesized effects of habitat covariates on occupancy probability of fishes in ERMN 

wadeable streams. 

Predictor Effect 

Link magnitude The link magnitude of a stream reach may influence the amount of water in 

reach and connectivity with upstream habitats. 

Upstream 

catchment area 

Upstream catchment area may indicate the amount of water in a reach, thus 

providing a variety of available habitat for fish to occupy. 

Percentage 

riparian cover 

The amount and type of riparian cover around a stream reach may affect fish 

occupancy by influencing water chemistry and instream habitat. 

Percentage 

developed 

The amount of development in an upstream catchment may affect fish 

occupancy by influencing water chemistry and instream habitat. 

Percentage 

agriculture 

The amount of agriculture in an upstream catchment may affect fish 

occupancy by influencing water chemistry and instream habitat. 

Percentage 

forest 

The amount of forest cover in an upstream catchment may affect fish 

occupancy by influencing water chemistry and instream habitat. 

Reach slope The slope of a reach may influence fish occupancy by affecting channel 

morphology and hydrologic regime. 

Distance to river 

confluence 

Connectivity with a major river may influence occupancy by providing 

migratory and colonization pathways for fishes moving into and out of 

rivers. 

LWD density The amount of large woody debris may influence occupancy by creating 

cover and instream habitat for certain species with congruent behaviors. 

Elevation The elevation of a stream reach may influence water chemistry, hydrologic 

regimes, and instream habitat. 

Mean water 

temperature 

Water temperature in a stream reach may affect fish occupancy by selecting 

for species with certain thermal requirements or preferences. 

Mean depth The mean depth of a stream reach may influence fish occupancy by selecting 

for species that prefer certain habitat depths. 

Mean pH pH in a stream reach may affect fish occupancy by selecting for species with 

certain physiological requirements or preferences. 
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Figure 1-1. Location of ERMN and its member parks (source: http://science.nature.nps.gov/im/units/ermn/about.cfm)
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Chapter 2  
 

Delaware Water Gap National Recreation Area Fish Communities 

Introduction  

DEWA fish community 

 

The Delaware Water Gap National Recreation Area (DEWA) spans approximately 65 km along 

the middle Delaware River between Pennsylvania and New Jersey, and encompasses approximately 

28,000 ha of land (Figure 2-1).  Managed by the National Park Service (NPS) of the Department of the 

Interior, DEWA provides both access to recreational opportunities and protection for natural and cultural 

features.  Historically, 73 species of fish have been documented in the Delaware River, its tributary 

streams, and ponds within DEWA boundaries, 49 of which are native to the region (Horwitz et al. 2014; 

Table 2-1).   

 Previous fish community studies of DEWA tributary streams have used different sampling 

methodologies, occurred during different times of the year, and sampled different stream locations; 

nonetheless, based on these studies, I estimated that approximately 15 to 36 of the 73 fish species 

documented historically in DEWA waterbodies were encountered in tributary streams. This suggests that 

roughly 21% to 49% of the total species richness historically documented in all waterbodies of the park 

occured in tributary streams, for at least parts of the spring and summer months sampled during these 

studies (Table 2-2).  Additionally, previous studies suggested the majority of species richness in DEWA 

tributary streams was comprised of native species (Table 2-3).  In 1997, Ross et al. (2003) sampled 28 

sites in headwater streams in DEWA and found rather low species richness, but a high percentage (87%) 
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of native species overall.  From 2004 ï 2007, The Academy of Natural Sciences sampled much larger 

streams compared to the current study, many that do not meet the definition of a wadeable stream. For 

example, streams such as Flat Brook and Bushkill Creek were sampled (>100 km
2
 drainage area; Horwitz 

et al. 2014). Despite sampling larger streams, Horwitz et al. (2014) also found a relatively high percentage 

of native species (81%).  The most recent study by Hitt (U.S. Geological Survey; unpublished data) 

occurred from 2011-2013 and most closely resembles the current study in terms of spatial extent and the 

streams that were sampled, many of which are included in the ERMN wadeable streams monitoring 

program.  Hitt sampled 82 sites in 2011, and revisited 24 of those sites in the following two years. Over 

this time period they encountered 31 species, 23 of which were native (74%).   

Factors potentially affecting DEWA fish community structure 

Land use 

Although native species comprise a large proportion of the fish communities in DEWA streams, 

anthropogenic and environmental stressors that may negatively affect native species exist in the park and 

in areas immediately adjacent to the park.  Much of DEWA was settled prior to the establishment of the 

park; consequently, private landholdings, residential neighborhoods, roads, and business developments 

exist within DEWA boundaries (Figure 2-2).  Additionally, headwaters of many tributary watersheds 

flowing into DEWA that extend outside of park boundaries are subjected to influences of private land use 

(e.g., agriculture and residential development).  Proximity to, and magnitude of, development and their 

often deleterious effects on native stream fishes are well-documented (Allan 2004 and references therein).  

Future changes in land use could have negative consequences for native DEWA stream fishes and shift 

conditions that favor more tolerant native species and non-native species.    
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Impoundments and natural barriers 

In addition to the hundreds of natural bodies of water in DEWA, such as wetlands, natural 

depressions, and beaver ponds, numerous artificial impoundments interrupt the flow paths of many 

DEWA tributary streams (Andrew 2012; Figure 2-3).  These impoundments have the potential to affect 

the physiochemical and biological properties of DEWA streams. In fact, Andrew (2012) found that 

streams with impoundments in their upstream reaches had significantly higher downstream species 

richness, water temperature, wetted-width, pH, conductivity, and a lower probability of Brook Trout 

(Salvelinus fontinalis) occurrence.  Additionally, while there is typically a longitudinal gradient in species 

richness from upstream to downstream reaches (i.e., The River Continuum Concept; Vannote et al. 1980), 

this relationship did not exist for approximately 25% of sites sampled, which was attributed to roughly 

81% of these sites having impoundments somewhere in their upstream reaches (Andrew 2012).  The 

influence of impoundments on water quality and the contribution of new species in headwater reaches 

may create unfavorable habitat conditions and increased competition for native species.  Unfortunately, 

many of these impoundments also lie outside of park boundaries on private land and are outside of NPS 

jurisdiction. 

Barriers also play a role in structuring stream fish communities in DEWA.  For instance, many 

natural barriers exist that influence upstream migration of species from the Delaware River into tributary 

streams (Figure 2-4).  In addition to impoundments, Andrew (2012) found that in paired sites upstream 

and downstream of natural barriers, species richness was significantly greater below natural barriers.  

While natural barriers are important to promote endemism and longitudinal species diversity, they also 

limit the available habitat for native migratory species, such as American Eel.   

 



19 

 

Hemlock woolly adelgid 

 

In addition to land use, impoundments, and stream fragmentation due to fish passage barriers, an 

invasive insect, the hemlock woolly adelgid (Adelgis tsugae), has the potential to indirectly affect aquatic 

communities in DEWA through direct impacts on riparian tree communities. In 1989, the invasive 

hemlock woolly adelgid was discovered in DEWA.  The hemlock woolly adelgid is capable of causing 

widespread mortality of eastern hemlock (Tsuga Canadensis) trees, a native tree species often found in 

riparian areas. In 2002, a study using satellite imagery (e.g., Landsat) determined that roughly 80% of 

hemlock stands in DEWA were either dead, severely-declining, or moderately-declining (Evans 2005).  

Additionally, studies conducted in DEWA on the effects of hemlock stands on streams have shown 

significant relationships between streams surrounded by hemlock and benthic macroinvertebrate 

communities, stream temperature, and fish communities (e.g., Snyder et al. 1998; Ross et al. 2003), with 

hemlock stands being associated with cooler water temperatures and more diverse native fauna.   

Objectives 

 

Given the myriad of stressors facing DEWA streams and their aquatic inhabitants, the goal of this 

study was to investigate relationships between local- and landscape-level habitat variables on stream fish 

occupancy to determine the drivers of stream fish community structure and evaluate the current condition 

of stream fish communities in DEWA.  Understanding drivers of fish community structure and the current 

ecological integrity of fish communities would help inform potential management decisions with respect 

to stream habitat protection and restoration, and help to predict consequences of possible future scenarios, 

including climate and land use change.  Thus, the objectives of this research were to: 

1) Describe the current distribution of stream fishes in DEWA wadeable streams. 
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2) Determine the relative importance of local- and landscape-level habitat variables in structuring 

DEWA wadeable stream communities. 

Methods 

Refer to Chapter 1 for specifics on site selection, fish sampling, habitat measurements, basic 

multi-species occupancy model parameterization, and model selection. 

DEWA-specific habitat variables 

Natural barriers and impoundments have been shown to affect naïve fish species richness in 

DEWA tributary streams (Andrew 2012).  My study was not designed specifically to address a similar 

question; however, it was unreasonable to ignore the potential effects of natural barriers and 

impoundments on stream fish distribution in DEWA wadeable streams given the possibility of study sites 

existing above and below barriers, and in streams with impoundments.  Therefore, I examined the effects 

of natural barriers and impoundments on fish distribution in DEWA wadeable streams by examining 

differences in naïve species richness and fish occupancy among sites with and without natural barriers 

and impoundments.   

I used data compiled by Andrew (2012) to determine which sites had barriers downstream that 

would prevent fish migration or colonization from the Delaware River into upstream reaches of wadeable 

streams.  This dataset defined different types of barriers (slides, cascades, waterfalls, etc.) and provided a 

score for each barrier, which ranged from 0 ï 1, based on its difficulty of passability for Brook Trout.  

Andrew (2012) showed a significant difference in species richness once a barrier score passed a threshold 

of 0.3; therefore, I determined that a site had a functional downstream barrier that could potentially affect 

fish dispersal if one existed with a score >0.3.  Only one site existed on a stream with no barrier data 
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(DEWA.3030 [see Table A-1 for definition of Site IDs]; Yards Creek 7), but given the siteôs linear stream 

distance from the Delaware River (~10.7km) I assumed that there was a barrier present somewhere along 

its length.  Additionally, the U.S. Fish and Wildlife Service National Wetlands Inventory (USFWS NWI) 

was used to determine which sites had impoundments in their upstream reaches (USFWS 2014).  Only 

those waterbodies that were determined by the USFWS NWI to be artificially created by obstructing 

stream flow with a man-made or impoundment or dike were included in the analyses.  This does not 

include artificial waterbodies determined to be ñexcavatedò or ñfarmed.ò  Wetlands surveys were 

completed near DEWA from approximately 1981-1995, so if any streams were recently impounded 

unknowingly, they were not included in the analyses.  Other impoundments that are known to exist but 

are not described by the USFWS NWI were included in analyses.   

To determine barrier and impoundment effects on naïve species richness, I compared mean naïve 

species richness and 90% credible intervals of sites with and without natural barriers and impoundments, 

and compared my results to those of Andrew (2012).  Differences in species richness between sites with 

and without barriers and impoundments were deemed significant if their 90% credible intervals did not 

overlap.  For their effects on stream fish occupancy, I fitted a separate occupancy model and compared 

occupancy probabilities among species for each of three site types: 1) sites with an upstream 

impoundment and downstream barrier present; 2) sites with upstream impoundments only; and 3) sites 

with a downstream barrier only.  Unfortunately, only one site (DEWA.3005; Dunnfield Creek 3) was 

characterized by a fourth site type (no impoundment or barrier), which introduced problems for 

estimating posterior means and variances, so it was discarded from this portion of the analysis.  In an 

effort to visualize the effects of barriers and impoundments on occupancy, estimates were plotted while 

fixing all other predictors at their mean values, so resulting occupancy probabilities from the barrier-

impoundment analysis represent average habitat conditions across study reaches. 
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Model parameterization 

 

Based on previous studies at DEWA and field observations, I hypothesized the DEWA fish 

community would be dominated by warm water species.  As such, it was inappropriate to allow random 

effects (species-specific intercept and slope parameters) to come from a common distribution, i.e., it was 

not appropriate for occupancy probabilities and effects of habitat covariates for all species to derive from 

a common distribution characterized by an overall mean and variance (as described in Chapter 1).  For 

example, I did not want partial pooling among all species to occur so that warm water species would 

influence parameter estimates for cold water species.  Instead, I hypothesized that species with similar 

thermal preferences, and consequently physiological mechanisms for interacting with stream habitat, 

would differ in their overall mean occupancy probabilities and responses to habitat.  Thus, the model 

described in Chapter 1 was re-parameterized so that species-specific intercepts and slopes were assumed 

to come from normal distributions with means and variances that varied by thermal preference. This 

allowed partial pooling of parameter estimates to only occur across species with similar thermal 

preferences, and was accomplished by grouping species into cold, cool, or warm preference groups 

following the guidelines provided by Halliwell et al. (1999).  For example, the re-parameterization for 

species-specific intercepts followed:  

ɻ .ͯ ʈ ȟʎ  

where mean occupancy  for species É comes from a normal distribution with a group-specific 

mean, ʈ    Ì = 3 and group-specific variance, ʎ   .  Similarly, species-specific slopes 

followed:  

ɼͯ . ʈ ȟʎ  

where the effect of habitat on occupancy ɼ for species É comes from a normal distribution with 

a group-specific mean, ʈ   and group-specific variance ʎ  .    This parameterization was not 
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used for the detection submodel, as it was hypothesized that factors affecting detection would be less 

affected by thermal guild. Rather, the parameterization described in Chapter 1 was retained. 

Results 

Site habitat characteristics 

 

Thirty-four stream reaches were sampled with three visits in DEWA from May 20 to August 7, 

2013 (Figure 2-1).  Stream reaches varied in water chemistry and habitat characteristics (Table 2-4).  

Streams were relatively small, with a mean stream width of about 6 m, although a few sites were larger, 

such as DEWA.3004 (11.8 m; Dingmans Creek 5) and DEWA.3032 (12.8 m; Raymondskill Creek 13).  

Mean water temperature ranged from a low of 13.4
o
C at DEWA.3001 (Caledonia Creek 13) to a high of 

23.0
o
C at DEWA.3032 (Raymondskill Creek 13).  Conductivity ranged widely among sites with a mean 

and standard deviation of 87.3 µS/cm and 64.5 µS/cm, respectively.  Dissolved oxygen (DO) and pH 

values were recorded but not reported herein, because measurements for these two parameters were 

highly variable and had extreme values (e.g., DO >11.0 mg/L ; pH <4.0), which was likely due to 

equipment error. 

Variability  in stream network position was also captured by the site selection process as several 

streams had multiple sites along their lengths.  Elevation, link magnitude, and linear stream distance to 

the Delaware River varied predictably from headwaters to downstream reaches, and included both low 

and high gradient streams.  Land use and land cover in the upstream network catchments of sampled 

reaches ranged from primarily forested to mostly dominated by human land uses, including development 

and agriculture.  Visual assessments of stream habitat were, for the most part, similar among sites with 

most sites consisting of a forested riparian zone, providing overhead shade, and dominated by cobble 
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substrate (Table 2-5).  Additionally, 26 sites had at least one downstream natural barrier, 29 sites had an 

upstream impoundment, and roughly 65% of all sites were characterized by both an upstream 

impoundment and downstream barrier.   See Appendix A for a complete list of the values of habitat 

characteristics at each site. 

Habitat predictors of naïve richness, occupancy, and detection 

As expected, there was high correlation among local- and landscape-level habitat variables.  For 

example, riparian cover from a 25 m reach buffer was highly correlated with water temperature and 

conductivity, with correlations (r) of -0.60 and -0.82, respectively. Due to these covariates being 

correlated, only riparian cover was retained for subsequent model fitting, because of its ability in a natural 

stream setting to represent habitat degradation and influences on water quality.  In addition, link 

magnitude was discarded from analyses because it was highly correlated with upstream catchment area (r 

= 0.99).  Percentage forest cover was retained in the analyses in favor of percentage developed land, 

because of its high correlation with local water quality variables (water temperature and conductivity), its 

ability to represent effects of anthropogenic activities, and the potential influence of hemlock woody 

adelgid on forest communities.  See Appendix A for a complete Pearsonôs correlation matrix of all habitat 

predictors.   

While adding covariates to occupancy models, it was determined that percentage agricultural land 

cover and percentage riparian cover were still too highly-correlated with percentage forest cover to 

include in the model, despite correlations being < 0.60.  This determination was made based on evaluating 

the effects of adding percentage agricultural and riparian land cover to the model on the parameter 

estimate for forest land cover.  Therefore, percentage agricultural land cover and percentage riparian 

cover were also discarded from analyses.  Similarly, reach area was discarded as a covariate of detection, 

because of its influence on parameter estimates of the discharge predictor.  The final list of habitat 
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predictors for analyses of naïve richness and occupancy included: upstream catchment area, percentage 

forest cover in upstream catchment, reach slope, large woody debris (LWD) density, elevation, and, in a 

separate occupancy model, presence of upstream impoundment and presence of downstream barrier.  

Detection covariates included: discharge, conductivity, and LWD density.   

To help visualize habitat covariate effects on naïve richness, occupancy, and detection 

probabilities, mean habitat values were substituted in linear and logit-linear equations for all predictors 

except the one illustrated.  To highlight differences in magnitude and direction of occupancy responses to 

habitat predictors, I present figures illustrating species-specific effects of habitat predictors for subsets of 

species with significant relationships with habitat.  However, a table of estimated parameter values for the 

effect of habitat predictors and figures illustrating individual occupancy and detection responses to habitat 

predictors for all species is found in Appendix A.  All model parameter estimates are reported as posterior 

means and corresponding 90% credible intervals.          

Stream fishes 

Among all sites and revisits, a total of 10,698 individuals representing 32 species and nine 

families were captured (Table 2-6), which represented a diversity of life history characteristics and habitat 

preferences (Table 2-7).  The most abundant species collected were Blacknose Dace (Rhinichthys 

atratulus; n = 3,822), Brown Trout (Salmo trutta; n = 1,940), and Brook Trout (Salvelinus fontinalis; n = 

1,637).  Except for Blacknose Dace and Brook trout, the native species captured in greatest numbers were 

American Eel (Anguilla rostrata; n = 740), Longnose Dace (Rhinichthys cataractae; n = 559), and 

Margined Madtom (Noturus insignis; n = 347).  Introduced species were generally captured in lesser 

numbers than native species, and, outside of Brown Trout, were most commonly Bluegill (Lepomis 

macrochirus; n = 249), Rainbow Trout (Oncorhynchus mykiss; n = 196), and Largemouth Bass 
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(Micropterus salmoides; n = 41).  Of the 32 species encountered, 17 were classified as warm water 

species, 11 as cool water, and four as cold water for occupancy analysis. 

Patterns of naïve species richness 

Naïve species richness observed in the current study was comparable to results of Horwitz et al. 

(2014) and Hitt (unpublished, 2014) who found 36 species and 31 species, respectively.  Of the 32 species 

encountered, 75% were native species (n=24), which was similar to what Hitt (unpublished, 2014) 

encountered during their most extensive sampling efforts in 2011 (Table 2-3).  At individual sites, I 

encountered a maximum of 19 species (DEWA.3013; Little Bushkill Creek 1) and a minimum of zero 

species (DEWA.3030; Yards Creek 7) with a mean of seven species per site.  This was more speciose than 

found by Andrew (2012) and Hitt (unpublished, 2014) whom documented ranges of 0-15 species and an 

average of approximately five species per site.  Native species were present at all sites, except for 

DEWA.3030 (Yards Creek 7) where no fish were detected (Table 2-8).   

Variability in habitat and network position did not have much of an influence on naïve species 

richness among sites.  The only habitat characteristics that were important in determining naïve species 

richness were upstream catchment area and reach slope. Total naïve richness and native richness 

increased with increasing catchment size and decreased with increasing reach slope (Table 2-9).  This was 

expected because native species comprised the majority of total species richness, and the two richness 

metrics were likely correlated.  Introduced species richness was only affected by catchment size where 

introduced richness increased with increasing catchment area.  There were also patterns in naïve species 

richness related to the presence of upstream impoundments and downstream barriers.  Richness was 

greater in reaches with upstream impoundments (posterior mean=8.13 [6.70, 9.48]) than reaches without 

upstream impoundments (2.38, [-1.10, 5.85]; Figure 2-5).  Richness was also greater in reaches without 
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barriers (8.83, [6.96, 9.92]) than sites above barriers (6.30, [4.73, 7.88]), but the difference was not 

significant based on overlapping credible intervals (Figure 2-6). 

 

Occupancy modeling 

Occupancy probability 

Unconditional occupancy probabilities from a model with no habitat covariates ranged from a 

high of 0.69 (Blacknose Dace, [0.55, 0.81]) to a low of 0.05 (Sea Lamprey Petromyzon marinus, [0.01, 

0.14]; Table 2-10).   Naïve occupancy underestimated occupancy probabilities for some species and 

overestimated for others (Figure 2-7).  In addition to Blacknose Dace, there were several native species 

that were estimated to be well-distributed among wadeable streams.  American Eel (0.47, [0.34, 0.60]), 

Brook Trout (0.57, [0.43, 0.71]), and Pumpkinseed (0.48, [0.34, 0.63]) were all estimated to occupy 

roughly half of wadeable streams.  A few introduced species were similarly-distributed to the most 

prolific native species, including Largemouth Bass (0.45, [0.27, 0.67]), Bluegill (0.53, [0.38, 0.68]), and 

Brown Trout (0.55, [0.41, 0.68]).  Although the majority of the overall community was comprised of 

warm water species, cold water species were most widely dispersed with a population average occupancy 

probability of 0.42 ([0.16, 0.72]).  Cool water (0.21, [0.12, 0.35]) and warm water species (0.24, [0.16, 

0.35]) were similarly-distributed.  

Effects of habitat on occupancy 

Results from an occupancy model with continuous habitat predictors showed variation in 

magnitude of occupancy responses to habitat was common, and only one habitat predictor consistently 
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affected species occupancy in one direction (Table 2-11).  Seven species responded negatively to reach 

slope, including three native species: Creek Chub ( = -0.78, [-1.50, -0.07]), Shield Darter ( = -0.98, [-

2.04, -0.17]), and White Sucker (  = -1.09, [-2.11, -0.35]; Figure 2-8).  The other four habitat predictors 

showed variation in direction of their effects among species.  Forest cover was negatively-associated with 

occupancy for five species including Largemouth Bass ( = -0.80, [-1.90, -0.08]), and Margined Madtom 

( = -1.27, [-2.86, -0.19]), but Brook Trout and Rainbow Trout were more likely to occupy forested 

catchments (Figure 2-9).  As expected, Brook Trout responded differently to upstream catchment size 

than the majority of DEWA stream fishes.  A diverse group of 22 species, including Bluegill, Brown 

Bullhead, and Yellow Perch, were more likely to occupy reaches with larger upstream catchment areas, 

but Brook Trout more typically occupied smaller catchments (Figure 2-10).  The effect of elevation was 

negative for six species, including American Eel ( = -1.73, [-2.94, -0.68]), Brown Trout ( = -3.06, [-

5.33, -1.41]), and Cutlips Minnow ( = -2.05, [-4.02, -0.55]), but positive for Rainbow Trout ( = 1.70, 

[0.12, 3.94]; Figure 2-11).  Blacknose dace was the only species negatively affected by logeLWD density 

(Figure 2-12).  Sea Lamprey, a species detected at only one site, showed a positive association with LWD 

density, but the effect was relatively weak ( = 1.19, [0.17, 1.23]). 

There were also differences, on average, in how thermal groups responded to habitat predictors.  

Overall, there was no relationship between cold water species occupancy and any of the six habitat 

predictors (Table 2-12).  Cool water species were, on average, positively-affected by upstream catchment 

area (ʈ  = 2.47, [2.28, 5.13]), but negatively-affected by reach slope (ʈ  = -1.173, [-2.23, -0.25]; 

Figure 2-13).  Whereas, warm water species more often occupied low gradient streams (ʈ  = -0.57, 

[-1.08, -0.11]) in larger catchments with less forest cover (ʈ  -0.80, [-1.59, -0.14]; Figure 2-14).  

Although there was substantial uncertainty surrounding occupancy estimates from a third 

occupancy model with continuous habitat predictors and natural barrier/impoundment categorical 

predictors, barriers and impoundments may be playing a role in structuring fish communities at DEWA.  

The effects of barriers and impoundments are presented for a subset of three species from each thermal 
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group for species that were commonly observed from their respective groups (Figure 2-15).  Of the three 

cold water species, Brook Trout and Brown Trout had marginally higher occupancy probabilities in 

reaches with upstream impoundments.  Additionally, both species more commonly occupied sites with no 

downstream barriers.  Among the cool water species subset, barriers had the opposite effect on Blacknose 

Dace, which were nearly exclusive to sites above barriers regardless of the presence of an impoundment.  

If no downstream barrier existed, Blacknose Dace occurrence decreased considerably.  From the warm 

water species group, Bluegill and Largemouth Bass, on average, were more likely to occupy sites with 

impoundments than without.  The presence of a downstream barrier appeared to have no effect on 

occupancy for either species.  Brown Bullhead showed similar, but reduced, effects to its warm water 

counterparts.  In general, there were no discernable differences among mean occupancy probabilities of 

entire thermal preference groups due to high levels of uncertainty within groups (Figure 2-16).  However, 

there was an apparent pattern where warm water species were slightly more likely to occupy sites with 

upstream impoundments and no downstream barriers. 

Detection probability 

Detection differed among species and was influenced by two visit-specific habitat variables 

(Table 2-10).  Blacknose Dace had the highest detection probability (0.99, [0.95, >0.99]) while Tiger 

Trout (Salmo trutta x Salvelinus fontinalis) had the lowest detection probability (0.15, [0.02, 0.64]).  

Conductivity was an important predictor of detection, because detection of all 32 species decreased as 

conductivity increased (Table 2-13; Figure 2-17).  Similarly, the effect of discharge was also a significant 

predictor of detection for four species (Brook Trout, Creek Chub, Fallfish, and Yellow Perch), with 

detection probability decreasing with increasing discharge; although, this effect was relatively weak for 

most species (Figures 2-18 and 2-19).  Detection was not affected by loge-LWD density for any species.  
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Discussion 

Using a single-season occupancy sampling framework, I quantified species richness and habitat 

drivers of wadeable stream fish occurrence at DEWA.  Fish communities differed in terms of number of 

individuals and species richness, and probabilities of species occurrence in wadeable streams  

differed with respect to stream habitat variability.   

DEWA stream fishes 

Fish species captured in DEWA wadeable streams represented a variety of habitat requirements 

and life histories, including two migratory species, Sea Lamprey and American Eel, which exhibit 

differing forms of diadromy and typically use streams at different life stages to complete their life cycles.  

Many species preferring cool- and coldwater habitats that are typical of small streams in DEWA were 

represented, including Blacknose Dace and Brook Trout.  Others that may have taken advantage of 

warmer conditions and a greater variety of habitat in larger reaches of DEWA streams included Longnose 

Dace, Shield Darter, Northern Hogsucker, and Cutlips Minnow.   

While there was a diversity of stream-dwelling fish present, a number of species more typical of 

stillwater or lacustrine habitats were observed as well.  Generally-speaking, these species were native, and 

included Pumpkinseed, Brown Bullhead, and Chain Pickerel; however, introduced species existed and 

were widespread as well, particularly Largemouth Bass and Bluegill.  Depending on where these species 

were found may suggest how they became inhabitants of DEWA streams.  It is likely that some 

introduced and native species found only at lower elevations and below barriers entered streams via the 

Delaware River.  Others may have been washed downstream from impoundments and either persist with 

other stream fishes, or were simply detected during sampling as they traveled downstream.  

There were similarities and differences among this study and previous studies in terms of species 

encounters.  For example, the 15 species encountered by Ross et al. (2003) were all captured in the 
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current study.  I captured 25 of the same species that were encountered by Hitt (unpublished data, 2014), 

but six of those 31 species were not collected in 2013, including Mottled Sculpin (Cottus bairdii), 

Bluntnose Minnow (Pimephales notatus), Satinfin Shiner (Cyprinella analostana ), Spottail 

Shiner(Notropis hudsonius), River Chub (Nocomis micropogon), and Eastern Mudminnow (Umbra 

pygmaea).  Hitt sampled in more areas near the Delaware River and below the first barrier to upstream 

migration, which may have led to the occurrence of these species.  Seven new species were present in the 

current study but absent for Hitt, including Bluespotted Sunfish (Enneacanthus gloriosus), Comely Shiner 

(Notropis amoenus), Redbreast Sunfish (Lepomis auritus), Redfin Pickerel (Esox americanus), Sea 

Lamprey, Smallmouth Bass (Micropterus dolomieu), and Tiger Trout.  All seven of these species 

occurred in relatively low numbers (15 individuals or less) and could have easily gone undetected in 

previous studies. 

Naïve richness and native vs. introduced species 

Estimates of naïve species richness were similar to other studies of stream fish communities in 

DEWA, and slight disparities in richness among studies were probably due to differences in study designs 

and spatial coverage of fish sampling.  The small increase in mean species richness per site in this study 

most likely resulted from seasonal variation in richness captured by repeat visits to sites within a season.  

Native species also represented a large proportion of all species present, which was consistent with 

previous studies.  Naïve richness for native and introduced species was primarily a function of catchment 

area.  There were no distinct habitat characteristics that led to a greater proportion of native species.     

Introduced species were absent from only five sites, but generally occurred in low numbers, with 

the exception of a few species (e.g., Brown Trout, Bluegill, Rainbow Trout).  The five sites where they 

occurred varied in terms of local- and landscape-level habitat characteristics (mean stream temperature, 

slope, percentage forest, etc.) and stream network position variables (elevation, distance to Delaware 
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River, etc.), but three of the five sites without introduced species did not have upstream impoundments, 

and all five sites had downstream barriers.  At the three sites without impoundments, the most commonly 

present introduced species was Brown Trout, which were present in many wadeable stream reaches.  The 

only site without an impoundment and with an introduced species other than Brown Trout was 

DEWA.3007 (Spackmans Creek 8), which also had Bluegill present.  DEWA.3032 (Raymondskill Creek 

13), which had 14 native species and no introduced species, was located above a barrier and below 

multiple impoundments, so it is unclear what led to its conditions.   

Mean richness for sites with and without impoundments were very similar to Andrew (2012) who 

found, on average, approximately six species at sites with impoundments and two species at sites without 

impoundments compared to eight species and two species in the current study, respectively.  Many 

studies have documented the effects of impoundments on fish communities upstream of impoundments 

(e.g., Herbert and Gelwick 2003; Guenther and Spacie 2006), but it is likely impoundments provide 

source populations and means of dispersal for species into downstream habitats as well.   

  There was greater disparity between the two studies in terms of the effects of natural barriers on 

species richness.  Mean species richness according to Andrew (2012) was approximately six species 

below barriers and four species above barriers compared to nine species and six species in the current 

study, respectively.  This disparity was probably the result of different study designs.  Andrew (2012) 

specifically paired sites in the immediate vicinity above and below barriers, whereas sites were randomly 

selected for the current study, and a barrier could exist at any distance from each site.  Regardless, there is 

greater evidence that natural barriers influence species richness in DEWA streams by fragmenting 

habitats and blocking upstream colonization.   
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Effects of habitat on stream fish occupancy 

Local- and landscape-level habitat characteristics were important drivers of species occupancy in 

DEWA wadeable streams.  In general, the observed effects of predictors on individual fish occupancy 

patterns were as expected.  For the most part, the majority of DEWA stream fishes either did not show a 

relationship with habitat predictors of occupancy, or they responded homogeneously.  Forest cover, 

upstream catchment size, elevation, and slope were all important predictors of occupancy and had a 

similar direction of effect for roughly 15 ï 70% of all DEWA stream fishes.  Thus, it appeared that 

species richness and community composition in DEWA streams may be closely tied to upstream land use, 

stream network position, and geomorphic characteristics of stream networks and channels.  LWD density, 

the only reach-level attribute examined in this study, was relatively unimportant, and only significant for 

two species, one of which was only found at a single site.    

A few exceptions did exist in the consistency of directional effects of habitat, and they were 

primarily tied to a few individual cold water species that often responded differently to habitat than cool 

and warm water counterparts.  The cold water species group comprised entirely of species from one 

family (Salmonidae), share close physiological and life history traits among one another that coincided 

with specific stream habitat requirements, such as stream temperature.  Additionally, cool and warm 

water species consistently responded to habitat in a similar manner.  Given the propensity of some cold 

water species to respond differently to habitat than cool and warm water species, it is likely that habitat 

functions in structuring fish communities in DEWA by influencing thermal properties of streams.  

Conversely, the species of the cool water and warm water groups exhibited much more diverse life 

history traits within groups.  While the population-average effects of habitat between cool and warm 

water groups were often similar, the relative importance of some habitat variables in influencing fish 

occupancy often varied considerably among species within those groups. Furthermore, there were even 

instances of cold water species responding differently to habitat relative to members of their own thermal 

group. Therefore, there was both among group and within group variation in the effects of habitat on 
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occupancy.  I suggest that this variation existed, because, in addition to characteristics of stream network 

position, landscape attributes of streams and catchments in DEWA function in structuring fish 

communities by influencing thermal regimes and physical properties of streams. 

The effects of upstream land use on stream condition are well documented (e.g., Harding et al. 

1998; Allan et al. 1997; Allan 2004).  In particular, deforested catchments and riparian areas typically 

result in warmer stream temperatures and increased sediment input, which may lead to decreased 

abundance of fishes requiring cold water and clean gravel to spawn (Allan 2004).  This effect of 

deforestation on thermal regimes was illustrated in DEWA to some degree.  In highly-forested 

catchments, I observed differences in occupancy patterns of stenothermic native species requiring cold 

water, namely Brook Trout, than other species with broader thermal tolerances.  Additionally, some 

species likely benefited from the effects of sedimentation as a result of decreased forest cover, including 

both native and introduced species.  For example, Largemouth Bass, an introduced species to DEWA 

streams, typically occupy warmer waters and build spawning nests in finer sediment (Jenkins and 

Burkhead 1994; Simon 1999).  Golden shiner, a native warm water species, spawn by depositing eggs 

over vegetation, gravel, or sometimes nests of Centrachids, also likely benefit from increased fine 

sediment (Sutherland et al. 2002).  On the contrary, Brook Trout require clean, interstitial space among 

sediments to allow sufficient oxygen flow to avoid suffocation of eggs, which may also explain their 

absence from deforested catchments (Hartman and Hakala 2006; Harvey et al. 2009).  Given the 

correlations between habitat characteristics measured in this study and community occupancy patterns, 

deforestation and development in catchments extending outside park boundaries may shift fish 

communities to favor both introduced and native species, like Largemouth Bass and Golden Shiner, at the 

expense of native species and the native Brook Trout, in particular.  

Stream fish communities can also be characterized by longitudinal changes in species 

composition as a result of changing gradients in water temperature from headwaters to lower elevations 

(Vannote et al. 1980; Jackson 2001).  Typically, as streams proceed from headwaters to low elevations, 
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stream size and water temperature increases, and fish communities typically transition from low-diversity, 

cold water communities to high-diversity, warm water communities.  Water temperature data collection 

was not extensive enough to quantify a relationship with community structure, but relationships between 

occupancy probabilities and catchment area, elevation, and stream fish occupancy support this notion.  

For example, using catchment area and elevation as indicators of network position and stream size (i.e., 

high correlations with link magnitude and reach area, respectively), cool and warm water species were 

much more likely to occupy larger streams and lower elevations.  Additionally, one well-dispersed, native 

cold water species, Brook Trout, was mostly limited to the smallest of catchments in DEWA.  There was 

not, however, a similar relationship with introduced Brown Trout, another cold water species that is more 

tolerant of warmer waters (Jenkins and Burkhead 1994), who were more often found in larger streams and 

at lower elevations.  This may suggest, and further support conclusions of other studies, that an upstream 

threshold exists above which Brown Trout can no longer co-occur with Brook Trout in DEWA (e.g., 

Kokovsky and Carline 2005; Wagner et al. 2013).   

The relationships between species occupancy, thermal guilds, and stream size indicated that fish 

communities in DEWA may have been tied to spatial patterns in water temperature, which may provide 

an indication of how fish communities might change in the future as a result of warming stream waters as 

a result of climate change.  As streams warm, range shifts of stream fishes will likely occur at the species-

level and be most prevalent in stenothermal species (e.g., Salmonids) with very specific thermal tolerance 

limits (Ficke et al. 2007).  Declines in these species may be the first signs of climate change affecting fish 

communities, and DEWA managers should monitor them closely. 

Longitudinal gradients in stream habitat, particularly changes in stream morphology, can also 

play a role in structuring fish communities (Gorman and Karr 1978; Vannote et al. 1980).  As streams 

increase in size, a greater variety of lotic habitats, like deep runs and pools, become more common and 

provide habitat for a more diverse fish community (Schlosser 1982; Rahel and Hubert 1991).  Although 

microhabitat complexity was not quantified in this study, catchment area was, and streams with larger 
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catchment areas are larger systems with presumably more diverse habitats.  As catchment area increased, 

nearly 70% of species increased in occupancy probability, including many native species typically 

characterized as dwellers of deeper waters or pool habitat (e.g., Brown Bullhead and Creek Chub), but 

also introduced species preferring similar habitats (e.g., Largemouth Bass and Bluegill; Jenkins and 

Burkhead 1994).  An overall increase in species richness and diversity is expected as stream size 

increases because species can take advantage of a wider variety of ecological niches, but it also presents 

opportunities for competition among native and introduced species that occupy similar ecological roles in 

stream communities.  For example, Bluegill, a widespread and introduced species both in DEWA and in 

many drainages across the US, can force shifts in habitat use by native Centrachids and can readily 

hybridize with native Lepomis sunfishes, such as Pumpkinseed and Redbreast Sunfish (Jenkins and 

Burkhead 1994; Marchetti 1999).  Given the widespread distribution and relatively high numbers of 

Bluegill caught in DEWA streams, it is possible that Bluegill have already usurped native sunfishes as the 

dominant pool-dwelling sunfish in DEWA stream fish communities. 

Evidence of longitudinal gradients in fish communities as a function of changing stream habitat 

can also be reflected as transitions in trophic group diversity among stream fishes, where small, 

generalist-insectivores in shallow habitats transition to large, benthic-insectivores and piscivores 

downstream in deeper habitats (Schlosser 1982; Schlosser 1987; Rahel and Hubert 1991).  For the most 

part, this transition was observed with Brook Trout in smaller catchments and species like Brown 

Bullhead, Smallmouth Bass, and White Sucker in larger catchments where deeper habitat were likely 

more available.  This shift in trophic guilds also likely results from a number of other transitions of lotic 

environments, such as increases in resource availability as streams become more productive (i.e., benthic 

macroinvertebrate diversity and primary production), or changes in thermal regimes (Vannote et al. 

1980).   

Stream fish communities may also be influenced by longitudinal heterogeneity in stream slopes.  

It is well established that high gradient stream reaches typically exhibit low species diversity, because 
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their position and morphology make them susceptible to frequent events of stressful physicochemical 

conditions (Rahel and Hubert 1991). The negative effect of reach slope for six species in this study further 

supports that conclusion.  However, all six of these species were native, and no introduced species 

showed any type of relationship with reach slope.  This may suggest that although high gradient reaches 

should be characterized by low species diversity, the ability of introduced species to occur in these 

reaches deprives DEWA streams of a unique characteristic of longitudinal species diversity in 

prototypical streams.  Additionally, those species capable of occupying high gradient reaches are often 

characterized by their ability to recolonize after periodic environmental perturbations (Schlosser 1987); 

however, I saw no evidence of any particular species that were favored by these habitats.  Conversely, 

decreases in channel slope, and, consequently, increases in stream width, depth, and pool size may have 

created habitats suitable for a greater subset of species with diverse habitat requirements (Schlosser 

1991).  Seven species from four families were significantly more common in lower gradient reaches, 

specifically Yellow Perch, who prefer pools and backwaters of low-gradient streams, and were almost 

exclusive to such areas (Jenkins and Burkhead 1994).   

Interestingly, the unique topography of DEWA is often characterized by low gradient reaches 

both in headwaters and lowlands near the Delaware River, with high gradient reaches in between.  There 

was no effect of high elevation, low gradient reaches, but many of these areas exist outside of park 

boundaries and were not sampled.  On the other hand, low-elevation, near-confluence regions 

undoubtedly created important habitat for some DEWA fishes, as certain species were almost exclusive to 

sites at low elevations nearest the Delaware River, such as some native species like Cutlips Minnow and 

Shield Darter.  Connectivity with the Delaware River is likely also important for species seeking thermal 

refuge or additional habitat in tributary streams.  This appeared to be the case with Fallfish, who were 

primarily exclusive to low elevations, and were captured in much greater quantities in late-summer when 

stream temperatures approached their reported preferred temperature (22.3
o
C; Stauffer et al. 1984).  

Unfortunately, as previously-mentioned, these low-elevation stream reaches also provide corridors of 
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invasion for introduced species present in the Delaware River.  While management may focus on some of 

the more pristine headwater reaches of streams with native cold and cool water species, it is noteworthy 

that these lower elevations could be important habitats for native warm water species. 

Conversely, the effects of greater stream slopes at middle and upper elevations in DEWA on 

longitudinal gradients of fish assemblages may also be compounded by disconnectivity of upstream and 

downstream reaches by the presence of natural barriers.  Natural barriers are important in many lotic 

systems, because they impede colonization of some species in upstream reaches, which promotes 

longitudinal species diversity and endemism (Rahel 2007).  I was unable to demonstrate that species 

richness was greater at sites below barriers than above barriers, and to elucidate species-specific effects of 

barriers on occupancy in the current study due to high levels of uncertainty.  This was largely due to the 

fact that the current study was not designed to examine the effects of barriers on fish communities.  

Nevertheless, specific examples emerged that may have highlighted the influence of barriers on DEWA 

stream fishes.  First, migratory species, such as anadromous Sea Lamprey and catadromous American 

Eel, were only observed at low elevations.  Man-made barriers have been known to limit American Eel 

dispersal into headwater streams (Hitt et al. 2012), but the cumulative effect of natural barriers in DEWA 

as streams rise in elevation from the valley floor may result in a similar outcome.  Additionally, 

Blacknose Dace occurred frequently above barriers, but rarely below barriers.  I hypothesize that lower 

species diversity above barriers also coincided with fewer piscivorous species, which may have been 

beneficial to smaller species, such as Blacknose Dace.  If such were the case, barriers may simultaneously 

benefit some species and deter others, and promote changes in longitudinal species richness and diversity.   

Alternatively, the presence of impoundments in DEWA streams may essentially nullify the 

effects of natural barriers and contradict many of longitudinal changes typically observed in stream fish 

communities.  While natural barriers promote biogeographic separation among species, impoundments 

can aid in circumvention of natural barriers by introducing new species and promoting homogenization of 

species pools (Taylor et al. 2001; Rahel 2007).  Again, the effects of impoundments were difficult to 
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quantify, as this study was not specifically designed to do so, but a pattern emerged where mean 

occupancy probability of warm water species appeared greater below impoundments.  This result, 

combined with those presented by Andrew (2012) and differences in naïve richness among sites with and 

without impoundments in the current study, provides support for the hypothesis that impoundments 

contribute species to downstream reaches in DEWA streams. 

Impoundments in DEWA were most likely stocked historically, with fish being flushed from 

impoundments during high precipitation or flooding events (Schultz et al. 2003).  A fish inventory of 

DEWA lakes and ponds by Horwitz et al. (2014) bears striking resemblance to the warm water species 

observed in streams during this study.  In fact all ten of the species that most frequently occupied DEWA 

ponds were observed in the current studyôs stream reaches (Table A-6).  Many of these fish are native to 

the Delaware River drainage and may have historically coexisted with fishes of natural stream 

communities, but the list also included introduced species, such as Largemouth Bass.  Largemouth Bass 

are voracious predators that feed at a variety of trophic levels throughout their life cycle (Jenkins and 

Burkhead 1994).  Previous studies have documented profound effects of Largemouth Bass presence on 

fish behavior and aquatic community composition (Werner et al. 1983; Gelwick 2000).  Largemouth Bass 

occupied approximately 46% of wadeable stream reaches, with adults and juveniles both being present, 

suggesting reproduction is currently successful in streams, or juveniles are washed down from upstream 

impoundments.  Their ability to populate DEWA streams should be concerning for those wishing to 

preserve biodiversity among DEWA stream fishes, and park managers may want to consider the 

possibility of mechanical removal in reaches that they occupy. 

The cumulative effect of impoundments and barriers may have also best explained introduced 

species presence, given that introduced species were generally lacking at sites with downstream barriers 

and no upstream impoundments.  Although, there were exceptions to this relationship at DEWA.3007 

(Spackmans Creek 8) and DEWA.3032 (Raymondskill Creek 13).  Bluegill were present at DEWA.3007, 

but a natural headwater pond exists in Spackmans Creek that may provide a source for this species.  At 
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DEWA.3032, it is unclear what led to the presence of so many native species and the absence of 

introduced species, because multiple impoundments exist in upper reaches of Raymondskill Creek.  It is 

possible, but unlikely, that only native species are present in impoundments upstream of this site.  

Another possibility is that an adequate distance is present between upstream impoundments and the 

downstream site to allow stream habitat to recover to more natural conditions.  This seemed to be evident 

at Conashaugh Creek, which is characterized by a headwater impoundment, but flows through heavily-

forested habitat, and the study site (DEWA.3040) exhibited cool water temperatures (mean = 13.6 
o
C) and 

only one introduced species (Brown Trout).  This might suggest that habitat preservation or improvement 

in downstream catchments may counteract the effect that upstream impounded reaches have on stream 

habitat and species composition.    

Effects of habitat on detection 

Detection probability ranged widely among species and was affected by two habitat 

characteristics that differed among repeat visits to study sites.  Heavy rain events can affect electrofishing 

efficiency, making fish collection more difficult due to higher water levels and greater stream velocities. 

The negative relationship I observed between discharge and mean detection probability across all species 

illustrated this effect, although for most species, this effect was relatively weak.  McManamay et al. 

(2014) observed similar effects of increased flow on detection probabilities on all fishes in their study 

(except Largemouth Bass) when using a combination of electrofishing and snorkeling to determine fish 

occupancy.  Species in the current study whose detectability was affected greatest by discharge may share 

similar behavior under high flows that increase difficulty of capture.  For example, Brook Trout, Creek 

Chub, and Fallfish are often associated with deep-water habitats, such as pools, that may become difficult 

to sample when water levels are high (Jenkins and Burkhead 1994).  On the other hand, Yellow Perch 
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may have been missed by netters more frequently than other species because they occurred in fewer 

numbers and were only captured as young-of-year, making visual detection more difficult.  

I expected detectability to be low in low conductivity streams due to the inability to produce 

adequately-sized electrical fields with electrofishing equipment (Lines and Kestin 2004).  However, lower 

detectability coincided with higher conductivity streams for every species.  Miranda (2009) suggested 

effectively immobilizing fish using electricity is a function of the ratio between stream conductivity and 

conductivity of a fish itself.  Fish conductivity is typically between 50 ï 200 µS/cm, and I chose to 

standardize equipment settings using fish conductivity of 115 µS/cm (Miranda and Dolan 2003; Kolz 

2006).  Some of the species present in higher conductivity streams of DEWA may have had body 

conductivities lower than ambient water conductivities.  I hypothesize that the less resistive path for 

electricity through the water relative to the bodies of fish may have decreased the probability of 

immobilization and capture for those species.  

These two variables were important for varying numbers of species, and sometimes affected 

detection in an unexpected manner.  Failure to account for variability in habitat among streams and its 

effect on detection may incorporate unwanted biases into occupancy results (McManamay 2014).  

Differences in detection among species may also be attributed to species abundance (Peoples and 

Frimpong 2011).  In general, species that were collected in large quantities also had higher detection 

probabilities.  One possibility to account for this issue would be to include a site random effect of 

detection rather than a fixed effect (i.e., Royle 2006).  Therefore, the random site effect may capture 

heterogeneity in detection if variability in abundance exists among sites.  We did not anticipate this being 

an issue, but future studies of DEWA stream fishes may want to account for site-effects as well as 

species-effects when estimating detection probabilities.        
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Brook Trout  

Brook Trout are a species of concern in DEWA and throughout much of their native range in the 

eastern United States, because they support recreational fisheries and are culturally and biologically 

important (EBTJV 2008).  However, their persistence has been threatened by current and historical land 

use, changes in water quality, and the spread of invasive species (Hudy et al. 2008).  Research has guided 

conservation efforts towards potential strategies to save threatened populations, such as identifying and 

protecting critical habitat (Rashleigh et al. 2005), re-connecting fragmented habitat and populations, 

(Poplar-Jeffers et al. 2009), and mitigating the effects of anthropogenic activities (Marschall and Crowder 

1996). 

Brook Trout were once prevalent, but have been relegated mostly to forested, headwater streams 

in Pennsylvania, New Jersey, and much of its native range (MacCrimmon and Campbell 1969).  Unable 

to tolerate poor water quality and degraded habitats, remaining populations can function as biological 

indicators of clean water and healthy streams (Jenkins and Burkhead 1994).  This makes the presence of 

Brook Trout in DEWA streams a valuable indicator in the wadeable streams monitoring program, as they 

can provide information about the current status of wadeable stream health.  My analysis suggested that 

Brook Trout are fairly well-dispersed in DEWA streams; however, they appeared to be limited to only the 

smallest and most forested catchments.  For example, Brook Trout were present and captured in large 

quantities at Conashaugh Creek 42 (forest cover = 92.7%, catchment area = 5.6 km
2
), Vancampens Brook 

76 (91.1%, 6.0 km
2
), and Caledonia Creek (99.8%, 2.1 km

2
).  Brook trout were not captured at some sites 

with relatively lower forest cover and larger catchment areas, such as Raymondskill Creek 13 (forest 

cover = 69.5%, catchment area = 58.9 km
2
), Hornbecks Creek 23 (73.7%, 17.5 km

2
), or all four sites on 

Dingmans Creek (mean = 66.9%, mean = 37.1 km
2
).  Additionally, 91% of sites with forest cover greater 

than 90% had Brook Trout present.  This finding should assist DEWA staff to identify and focus Brook 

Trout conservation efforts in drainages with adequate forest cover or recovery efforts where forest habitat 

has been degraded. 
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Forest cover and catchment area are likely not the only drivers of Brook Trout occupancy in 

DEWA.  In fact, some sites with relatively high forest cover and small catchment areas did not have 

Brook Trout present.  Other factors that were not quantified in this study, such as local water quality and 

interactions with introduced species, may also play a role.  However, recovering the benefits to streams 

from loss of forest habitat can take decades (Harding et al. 1998).  Over the time-scale of the wadeable 

stream monitoring project, it will be important to monitor the effects that changing forest cover and 

composition have on wadeable streams.  

Management implications/recommendations 

Overall, DEWA fish communities in wadeable streams were diverse and harbored many native 

species, but relationships existed that suggested native communities may be impacted, and in multiple 

ways.  If the long-term objective of park managers is to preserve native stream fishes, emphasis of future 

management actions should be placed on the reduction of introduced species, limiting deleterious changes 

to catchment and stream habitat, and minimizing the potential influence of impoundments as sources 

populations for introduced species.   

Introduced species are dispersed throughout many wadeable streams in DEWA and many species 

may threaten the persistence of native species.  Although it is unknown from the current study how these 

introduced species interact locally with native species, there are many examples of exotic species 

invading streams and negatively-impacting native species through processes like interspecific 

competition, predation, and hybridization (Allan and Flecker 1993).  Fortunately, certain streams or 

stream reaches exist in the park where introduced species are limited or entirely absent.  These areas are, 

for the most part, above barriers that prevent colonization of introduced species from downstream 

reaches, and in streams without impoundments.  Assuming park-wide eradication of non-native species is 

unrealistic, stream reaches meeting these criteria could be prioritized for protection of native species and 
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stream habitat, and removal of introduced species, if they exist.  Examples include Caledonia Creek, 

Dunnfield Creek, and Spackmans Creek above their most downstream barrier. 

 Relationships between native species and landscape-level habitat were illustrated by the current 

study that will allow park managers to focus habitat protection or restoration in certain DEWA stream 

catchments.  Given that stream habitat in many catchments that extend outside of park boundaries cannot 

be managed by the NPS, priority should be placed on catchments that exist entirely within park 

boundaries that exhibit habitat characteristics capable of supporting important native species.  For 

example, Brook Trout occupy small, forested catchments in DEWA, so these types of catchments could 

be prioritized to protect forest habitat and prevent the colonization of introduced species.  Examples of 

these drainages include Caledonia Creek, Conashaugh Creek, Dunnfield Creek, and headwaters of 

Vancampens Brook.  Additionally, park managers can work to restore a more natural longitudinal 

gradient in species diversity by removing introduced species above barriers and in higher elevations.  For 

example, eleven species were detected at DEWA.3038 in the headwaters of Vancampens Brook, and 

eight species at DEWA.3003 in the headwaters of Deckers Creek.  These areas were likely limited to a 

few species historically, and they could be restored to reflect more typical headwater communities. 

A common denominator for many issues facing native stream fishes at DEWA is the presence of 

impoundments.  The effects of impoundments on downstream habitats are well-documented (e.g., Petts 

1980; Ligon et al. 1995), and these changes may result in poor conditions for native stream-dwelling 

species.  Additionally, results from this study and others attributed increased species richness to the 

presence of impoundments.  Unfortunately, fishes introduced by impoundments are both native and 

introduced.  From a management perspective, the presence of both native and introduced ñpondò species 

in DEWA wadeable streams below impoundments creates a difficult situation.  In terms of native pond 

species, these fish could be viewed in one of two ways.  First, impounded wadeable streams present more 

habitat for some important native species, such as Bluespotted Sunfish, that might otherwise not exist 

within park boundaries and NPS jurisdiction where preservation of native species is desirable.  On the 
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other hand, native pond species may displace native stream-dwelling species if they can establish and are 

allowed to persist in reaches downstream of impoundments.  In addition, there are introduced pond 

species (e.g., Largemouth Bass) that were also observed in wadeable streams and that may be detrimental 

to all native species, pond or stream-dwelling.  Given the presence of native and introduced pond species 

in wadeable streams, one approach could be to identify sites where pond species exist, physically remove 

those introduced species, and prioritize impoundments for removal based on the number of introduced 

pond species present in each impoundment relative to native pond species.  This process would likely 

immediately reduce the presence of pond species in downstream reaches, and, over a greater time scale, 

restore downstream habitat for native stream fishes. 

Advantages of occupancy modeling for stream fishes 

Hierarchical community occupancy models are rarely used to describe stream fish distributions; 

however, there are many advantages to using this approach, which were apparent in the results of this 

study.  By accounting for the fact that fish are sampled with imperfect detection while estimating 

occupancy probabilities, I was able to account for heterogeneous detection probabilities among species 

and likely avoided biases that accompany false absences.  Additionally, the modeling framework utilized 

random effects to inform parameter estimates of species with little data, which allowed the estimation of 

stream fish occurrence and detection even for species that occurred infrequently.  Furthermore, Bayesian 

estimation allowed for intuitive interpretations and statements about parameter estimate uncertainty, 

which could be valuable when balancing alternative management actions and may facilitate 

communications with stakeholders and managers.        

The habitat-occupancy relationships that were identified will allow DEWA managers to predict 

changes in fish distribution under different scenarios and may help guide management decisions towards 

actions at the proper spatial scale.  Although other studies have utilized random effects in community 
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occupancy models to elucidate species-specific effects of habitat on large-scale stream fish occupancy 

(Wenger et al. 2008, Falke et al. 2010; Kirsch and Peterson 2014, etc.), to the best of my knowledge, this 

is the first study that utilized the inherent similarities in physiology within groups of species to constrain 

partial pooling in a community model.  Midway et al. (2014) applied similar methodology by grouping 

species by environmental perturbation tolerance levels to determine the effect of land use on tolerant, 

intermediate, and intolerant species occupancy; however, they did not restrict partial pooling to occur 

only within tolerance-level groupings.  The method of pooling data by grouping fish assemblages has 

broader applications and can be tailored toward specific systems and research objectives of interest.  For 

example, assessments of biological condition could benefit from pooling data among rare species that 

share similar biological characteristics, and determining appropriate surrogate species that best represent 

each group for future studies (e.g., Meador and Carlisle 2009).  This approach provides further insight 

about a less commonly used method in stream fish community investigations.    

Limitations and improvements 

This methodology provided a simple, species-level monitoring framework for DEWA wadeable 

stream fishes and opportunity to investigate the role of local- and landscape-level habitat in structuring 

assemblages while accounting for imperfect detection.  However, there were some limitations for 

implementing this approach in DEWA.  First, the closure assumption of occupancy modeling was likely 

violated, at least for some species, because there were multiple weeks in between repeat visits.  This was 

necessary due to sampling logistics, but it may have led to unintended consequences.  If sites are not 

closed between visits, and species are allowed to move freely into and out of study reaches, the 

interpretation of occupancy changes to the proportion of sites ñusedò by the target species.  For certain 

species, such as Fallfish, that likely moved into some study reaches late in the field season, occupancy 

estimates may be biased, and may have led to overestimated occupancy probabilities for some rare 
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species (Rota et al. 2009).  Therefore, changes in occupancy for these rare species in the future may be 

difficult to detect.  This may be an issue if certain rare species are endemic or listed under the Endangered 

Species Act and the possibility of detecting small changes is low; however, there were no such cases in 

this study.  Under such circumstances, relative abundance could also be used to help inform management 

decisions.   

Second, incorporating landscape-level covariates limited the ability to partition effects of scale on 

stream fish distribution, because local- and landscape-level covariates were highly correlated.  

Constrained within landscape-scale variables are the actual physical and chemical mechanisms that are 

important in determining where fishes can reside in a stream or drainage (Lammert and Allan 1999).  

Similarly, I was unable to incorporate the influence of biotic interactions among fishes on occupancy, 

which may be just as (if not more) important at the local scale (Werner et al. 1983).  Addressing these 

issues at a finer resolution may help more explicitly identify the connections DEWA stream fishes have 

with local habitat characteristics.  This is, however, largely dependent on research objectives.  Local 

habitat attributes measured in this study give a snapshot in time of characteristics that can vary daily, 

seasonally, and annually.  For long-term monitoring projects that only require detecting changes over 

large temporal scales, small changes in local habitat may be less important than changes in landscape 

processes that control them.       

Lastly, I was not able to capture the effects of impoundments and barriers among DEWA stream 

fishes with a high level of precision. Although this was not a primary goal of the study (i.e., sample sites 

were not chosen to specifically address the role of impoundments and barriers on fish communities), these 

features likely play an important role in structuring fish communities in this system. Small sample sizes 

among the three impoundment-barrier scenarios for each site likely influenced the precision of parameter 

estimates.  Regardless, patterns that emerged in this study should advance the discussion towards more 

detailed explorations of impoundment and barrier effects on DEWA stream fishes. 
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Conclusion 

I used detection/non-detection data from three visits to 34 stream reaches in DEWA and 

hierarchical community occupancy models to determine stream fish distribution in DEWA wadeable 

streams, and examine how local- and landscape-level habitat variables influence community structure.  

My results showed responses to habitat differed in both direction and magnitude among species, and 

suggested that land use in upstream catchments, stream network position, geomorphic characteristics of 

stream networks and channels, impoundments, and natural barriers all play important roles in dispersing 

DEWA stream fishes.  Landscape attributes that are currently and historically altered in upstream 

catchments likely drove thermal regimes and physical habitat parameters that favored or disfavored 

certain species.  Longitudinal gradients of thermal regimes and natural, physical processes influenced 

gradients of species diversity.  Natural barriers isolated upper reaches and likely prevented upstream 

migration of some species.  Impoundments that provided source populations and dispersal into 

downstream reaches, and connectivity with the Delaware River that allowed fishes to migrate into 

tributary streams created a multi-directional (upstream and downstream) influence on fish communities.  

Additionally, species of special concern (e.g., Brook Trout) occupied many streams in the park, and 

should be monitored closely in the future, as they are useful indicators of overall stream ecosystem 

condition.  This analysis provided a baseline for future monitoring efforts of DEWA stream fishes, helped 

identify reaches, streams and drainages that are important to DEWA fish communities, and highlighted 

how changes in anthropogenic activities and environmental processes may affect DEWA fish 

communities in the future. 
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Table 2-1. Fish species encountered historically in the Delaware River, streams, and ponds within DEWA 

boundaries (n=73).  Nativity refers to whether a species is native (Nat) to the region or has been 

introduced (Int).  Uncertainty in nativity designation is indicated by a question mark. Species are listed 

alphabetically by species name. Adapted from Horwitz et al. (2014). 

 

Nativity Species Name Common Name 

Nat Acipenser oxyrhynchus Atlantic sturgeon 

Nat Alosa aestivalis Blueback herring 

Nat Alosa pseudoharengus Alewife 

Nat Alosa sapidissima American shad 

Int Ambloplites rupestris Rock bass 

Int? Amia calva Bowfin 

Nat Amieurus catus White catfish 

Nat Amieurus natalis Yellow bullhead 

Nat Amieurus nebulosus Brown bullhead 

Nat Anguilla rostrata American eel 

Int? Campostoma anomalum Central stoneroller 

Nat Carpiodes cyprinus Quillback 

Int Carrasius auratus Goldfish 

Nat Catostomus catostomus Longnose sucker 

Nat Catostomus commersoni White sucker 

Int Cottus bairdi Mottled sculpin 

Nat Cottus cognatus Slimy sculpin 

Nat Cyprinella analostana Satinfin shiner 

Nat Cyprinella spiloptera Spotfin shiner 

Int Cyprinus carpio Common carp 

Nat Dorosoma cepedianum Gizzard shad 

Nat Enneacanthus gloriosus Bluespotted sunfish 

Nat Erimyzon oblongus Creek chubsucker 

Nat Esox americanus Redfin pickerel 

Int Esox lucius Northern pike 

Int Esox masquinongy Muskellunge 

 

Esox masquinongy x 

lucius Tiger muskie 

Nat Esox niger Chain pickerel 

Nat Etheostoma olmstedi Tessellated darter 

Nat Exoglossum maxillingua Cutlips minnow 

Nat Fundulus diaphanus Banded killifish 

Int Gambusia affinis Western mosquitofish 

Nat Hybognathus regius Eastern silvery minnow 

Nat Hypentelium nigricans Northern hogsucker 

Int Ictalurus punctatus Channel catfish 
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Table 2-1. Continued. 

Nativity Species Name Common Name 

Nat Lampetra appendix American brook lamprey 

Nat Lepisosteus osseus Longnose gar 

Nat Lepomis auritus Redbreast sunfish 

Int Lepomis cyanellus Green sunfish 

Nat Lepomis gibbosus Pumpkinseed 

Int Lepomis macrochirus Bluegill 

Nat Luxilus cornutus Common shiner 

Int Micropterus dolomieu Smallmouth bass 

Int Micropterus salmoides Largemouth bass 

Nat Morone americana White perch 

Nat Morone saxatilis Striped bass 

Int Nocomis micropogon River chub 

Nat Notemigonus  crysoleucas Golden shiner 

Nat Notropis amoenus Comely shiner 

Int Notropis atherinoides Emerald shiner 

Nat Notropis bifrenatus Bridle shiner 

Nat Notropis hudsonius Spottail shiner 

Nat Notropis procne Swallowtail shiner 

Int Notropis rubellus Rosyface shiner 

Nat Noturus gyrinus Tadpole madtom 

Nat Noturus insignis Margined madtom 

Int Oncorhynchus mykiss Rainbow trout 

Nat Perca flavescens Yellow perch 

Nat Percina peltata Shield darter 

Nat Petromyzon marinus Sea lamprey 

Nat Pimephales notatus Bluntnose minnow 

Int Pimephales promelas Fathead minnow 

Int Pomoxis nigromaculatus Black crappie 

Nat Rhinichthys atratulus Blacknose dace 

Nat Rhinichthys cataractae Longnose dace 

Int Salmo salar Atlantic salmon 

Int Salmo trutta Brown trout 

Nat Salvelinus fontinalis Brook trout 

Int Sander vitreum Walleye 

Nat Semotilus atromaculatus  Creek chub 

Nat Semotilus corporalis Fallfish 

Nat Strongylura marina Atlantic needlefish 

Nat Umbra pygmaea Eastern mudminnow 
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Table 2-2. Fish species encountered in DEWA streams during past studies with reference to the total 

number of species detected and the percentage of species found relative to all species documented 

historically in the park (i.e., Table 2-1). 

Eastern hemlock study 

(Ross et al. 2003) 

Academy of Natural Sciences 2004-

2007 (Horwitz et al. 2014) 

Unpublished data 2011-

2013 (Hitt) 

American eel American eel American eel 

Brown trout Banded killifish Black crappie 

Brook trout Blacknose dace Blacknose dace 

Cutlips minnow Bluegill Bluegill 

Common shiner Bluespotted sunfish Bluntnose minnow 

Golden shiner Bridle shiner Brook trout 

Blacknose dace Brook trout Brown bullhead 

Longnose dace Brown bullhead Brown trout 

Creek chub Brown trout Chain pickerel 

Fallfish Chain pickerel Common shiner 

White sucker Common shiner Creek chub 

Margined madtom Creek chub Cutlips minnow 

Pumpkinseed Creek chubsucker Eastern mudminnow 

Bluegill Cutlips minnow Fallfish 

Tessellated darter Fallfish Golden shiner 

Total = 15 (21%) Golden shiner Green sunfish 

 

Largemouth bass Largemouth bass 

 

Longnose dace Longnose dace 

 

Margined madtom Margined madtom 

 

Northern hogsucker Mottled sculpin 

 

Pumpkinseed Northern hogsucker 

 

Rainbow trout Pumpkinseed 

 

Redbreast sunfish Rainbow trout 

 

Redfin pickerel River chub 

 

Rock bass Satinfin shiner 

 

Satinfin shiner Shield darter 

 

Sea lamprey Spottail shiner 

 

Shield darter Tessellated darter 

 

Slimy sculpin White sucker 

 

Smallmouth bass Yellow bullhead 

 

Spotfin shiner Yellow perch 

 

Spottail shiner Total = 31 (42%) 

 

Swallowtail shiner 

 

 

Tesselated darter 

 

 

Western mosquitofish 

 

 

White sucker 

 

 
Total = 36 (49%) 
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Table 2-3. Summary of naïve species richness from past studies of DEWA stream fishes.  Range per site and Mean richness per site refer to both 

native and introduced species combined. N/A means the value was not reported or could not be calculated from available data. 

 

  

Eastern hemlock study 

1997 (Ross et al. 2003) 

Academy of Natural 

Sciences 2004-2007 

(Horwitz et al. 2014) 

Natural barriers and 

impoundments 2010- 

2011 (Andrew 2012) 

Unpublished data 2011-

2013 (Hitt) 

Total  15 36 N/A 31 

Total Native 13 29 N/A 23 

% Native 87% 81% N/A 74% 

Range per site N/A N/A 0-15 0-15 

Mean richness per site N/A N/A 5.1 4.9 
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Table 2-4. Mean, standard deviations (sd), and ranges of measured and derived habitat variable values 

across all DEWA study sites.  Link magnitude, reach slope, and LWD density are unitless. 

Habitat variable Mean (sd) Range 

Link magnitude 38.8 (38.8) 1 - 185 

Percentage riparian cover 57.92 (12.00) 16.00 - 70.25 

Upstream catchment area (km
2
) 17.09 (18.14) 2.11 - 85.36 

Percentage agriculture 0.79 (3.34) 0 - 19.54 

Percentage developed 10.88 (9.10) 0 - 30.75 

Percentage forest 81.12 (12.48) 52.00 - 99.79 

Reach slope 0.10 (0.06) 0.02 - 0.30 

Distance to Delaware River (km) 3.91 (3.61) 0.52 - 17.07 

Reach area (m
2
) 604.32 (262.74) 170.00 - 1281.25 

LWD density 0.03 (0.06) 0 - 0.33 

Elevation (m) 195.43 (66.12) 108.63 - 340.16 

Depth (m) 0.24 (0.10) 0.09 - 0.48 

Water temperature (
o
C) 17.33 (2.22) 13.39 - 22.98 

Conductivity (µS/cm) 87.29 (64.51) 19.67 - 310.33 
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Table 2-5. Number of sites representing each visually-assessed habitat characteristic, and 

presence/absence of impoundments and barriers. Percentages of each condition out of all 34 sites are in 

parentheses.    

Habitat variable Assessment 

# of sites (percentage out 

of 34 total) 

Riparian vegetation Trees 27 (79%) 

 

Shrubs 5 (15%) 

 

Grasses 2 (6%) 

 

Herbaceous 0 (0%) 

   Canopy cover Shaded 21 (62%) 

 

Partly shaded 11 (32%) 

 

Open 2 (6%) 

   Dominant substrate Cobble 20 (59%) 

 

Bedrock 7 (21%) 

 

Boulder 5 (15%) 

 

Gravel 1 (3%) 

 

Fine 1 (3%) 

   Impoundment Present 29 (85%) 

 

Absent 5 (15%) 

   Barrier Present 26 (76%) 

  Absent 8 (24%) 
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Table 2-6. Species, number of individuals observed (N), and thermal groups for fishes in study reaches of 

DEWA. Nativity refers to whether a species is native (Nat) to the region or has been introduced (Int). 

Species are ordered descending from most to least abundant. 

Species N Family 
Thermal 

Group 
Nativity 

Blacknose Dace Rhinichthys atratulus 3822 Cyprinidae Cool Nat 

Brown Trout Salmo trutta 1940 Salmonidae Cold Int 

Brook Trout Salvelinus fontinalis 1637 Salmonidae Cold Nat 

American Eel Anguilla rostrata 740 Anguillidae Warm Nat 

Longnose Dace Rhinichthys cataractae 559 Cyprinidae Cool Nat 

Margined Madtom Noturus insignis  347 Ictaluridae Warm Nat 

Bluegill Lepomis macrochirus 249 Centrarchidae Warm Int 

Creek Chub Semotilus atromaculatus  246 Cyprinidae Cool Nat 

Rainbow Trout Oncorhynchus mykiss 196 Salmonidae Cold Int 

Fallfish Semotilus corporalis 169 Cyprinidae Cool Nat 

Pumpkinseed Lepomis gibbosus 161 Centrarchidae Warm Nat 

White Sucker Catostomus commersonii 154 Catostomidae Cool Nat 

Cutlips Minnow Exoglossum maxillingua 69 Cyprinidae Warm Nat 

Shield Darter Percina peltata 66 Percidae Cool Nat 

Tessellated Darter Etheostoma olmstedi 61 Percidae Cool Nat 

Brown Bullhead Ameiurus nebulosus 59 Ictaluridae Warm Nat 

Common Shiner Luxilus cornutus 57 Cyprinidae Cool Nat 

Largemouth Bass Micropterus salmoides 41 Centrarchidae Warm Int 

Yellow Perch Perca flavescens  28 Percidae Warm Nat 

Green Sunfish Lepomis cyanellus 23 Centrarchidae Warm Int 

Northern Hogsucker Hypentelium nigricans  15 Catostomidae Warm Nat 

Redbreast Sunfish Lepomis auritus 15 Centrarchidae Warm Nat 

Sea Lamprey Petromyzon marinus 12 Petromyzontidae Cool Nat 

Chain Pickerel Esox niger 8 Esocidae Warm Nat 

Yellow Bullhead Ameiurus natalis 7 Ictaluridae Warm Nat 

Golden Shiner Notemigonus crysoleucas 5 Cyprinidae Warm Nat 

Comely Shiner Notropis amoenus 4 Cyprinidae Warm Nat 

Smallmouth Bass Micropterus dolomieu 3 Centrarchidae Cool Int 

Redfin Pickerel Esox americanus  2 Esocidae Warm Nat 

Black Crappie Pomoxis nigromaculatus 1 Centrarchidae Warm Int 

Bluespotted Sunfish Enneacanthus gloriosus 1 Centrarchidae Warm Nat 

Tiger Trout Salmo trutta x Salvelinus fontinalis 1 Salmonidae Cold Int 
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Table 2-7. Habitat associations for fish species sampled in DEWA. Nativity refers to whether a species is native (Nat) to the region or has been 

introduced (Int). 

 

Species Nativity Habitat (Jenkins and Burkhead 1994) 

American Eel Nat Broad diversity of habitats.  Mountain streams, ponds, lakes, reservoirs, swamps, marshes, and estuaries. 

Black Crappie Int Swamps, ponds, lakes, reservoirs, and slack water of low to moderate-gradient creeks to rivers. 

Blacknose Dace Nat Tiny to medium-sized streams of gentle to steep gradient. 

Bluegill Int Pools and backwaters of low to moderate-gradients creeks, streams, and rivers, and in all types of lacustrine habitats. 

Bluespotted Sunfish Nat Small and medium-sized swamps, ponds, and small impoundments, pools and backwaters of sluggish and moderately 

flowing creeks, streams, and medium-sized rivers. 

Brook Trout Nat Rocky, tumbling, mountain creeks and small streams that have permanent cool or cold flow or occasionally are 

intermittent.  Open streams of moderate gradient where temperature and other conditions are adequate. 

Brown Bullhead Nat Backwaters and pools of moderate-gradient and sluggish large creeks, streams, and rivers, and of ponds, lakes, and 

reservoirs. 

Brown Trout Int Cool and cold creeks, streams, rivers, and natural and artificial ponds and lakes. 

Chain Pickerel Nat Clear, cool and warm, sluggish creeks, rivers, ditches, natural and artificial ponds. 

Comely Shiner Nat Warm, medium streams to large rivers of moderate to low gradient, smaller streams in northern part of range. 

Common Shiner Nat Clear, cool and warm creeks, streams, and rivers of moderate gradients, sometime lakes. 

Creek Chub Nat Small streams, moderate to somewhat low gradient, cool or warm water. 

Cutlips Minnow Nat Cool and warm, moderate-gradient streams of varied size, occasionally large rivers, but avoid small creeks. 

Fallfish Nat Clear, cool and warm, sandy to hard-bottomed creeks, streams, and rivers of moderate, sometimes low gradient. 

Golden Shiner Nat Medium to large streams of low to moderate gradient, and swamps, ditches, sloughs, ponds, lakes, and reservoirs. 

Green Sunfish Int Slow pools and backwaters of moderate-gradient, clear and turbid creeks, streams, and rivers, and of ponds, lakes, and 

reservoirs. 
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Table 2-7. Continued. 

Species Nativity Habitat (Jenkins and Burkhead 1994) 

Largemouth Bass Int Marshes, swamps, ponds, lakes, reservoirs, and creeks to large rivers.    Pools and backwaters in lotic situations. 

Longnose Dace Nat Moderate and high-gradient streams of widely varied size and temperature. 

Margined Madtom Nat Low and moderate-gradient sections of large creeks to large rivers. 

Northern Hogsucker Nat Cool and warm, gravelly and rocky, upland and montane, large creeks to small rivers. 

Pumpkinseed Nat Calm-water fish, inhabiting pools and backwaters of creeks, streams, and rivers, also proliferate in ponds and 

reservoirs. 

Rainbow Trout Int Creeks, streams, rivers, ponds and lakes, typically forested small rocky streams. 

Redbreast Sunfish Nat Pools and backwaters of warm, creeks, streams, and rivers of low or moderate gradient. 

Redfin Pickerel Nat Vegetated shallows of warm sloughs, drainage ditches, sluggish streams, and backwaters of faster streams. 

Sea Lamprey Nat A great range of environments.  Ammocoetes burrow in beds of sandy silt in streams and sometimes ponds. 

Shield Darter Nat Warm streams and rivers of low to moderate gradient and a variety of substrates. 

Smallmouth Bass Int Cool and warm, generally clear, large creeks, streams, and rivers with gravelly and rocky substrates. 

Tessellated Darter Nat Creeks, streams, rivers, swampy flowages, and estuaries under a variety of temperature and water-clarity conditions. 

Tiger Trout Int See Brook Trout, Brown Trout. 

White Sucker Nat Wide range of habitats.  Small creeks to large rivers, ponds, lakes, and reservoirs. 

Yellow Bullhead Nat Pools and backwaters of lotic habitats and in ponds, lakes, and reservoirs. 

Yellow Perch Nat Wide range of cool- and warmwater habitats.  Creeks, streams, and rivers of low to moderate gradient, also ponds and 

lakes. 
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Table 2-8. Naïve species richness and composition (native vs. introduced) of local fish communities at 

DEWA study sites. 

 

Site ID 

Total 

richness Native Introduced 

Proportion 

native 

DEWA.3004 19 13 6 0.68 

DEWA.3013 19 14 5 0.74 

DEWA.3032 14 14 0 1.00 

DEWA.3035 13 11 2 0.85 

DEWA.3025 12 7 5 0.58 

DEWA.3031 12 8 4 0.67 

DEWA.3034 12 10 2 0.83 

DEWA.3038 12 9 3 0.75 

DEWA.3008 11 7 4 0.64 

DEWA.3018 10 8 2 0.80 

DEWA.3019 10 8 2 0.80 

DEWA.3020 10 7 3 0.70 

DEWA.3029 10 8 2 0.80 

DEWA.3009 9 6 3 0.67 

DEWA.3003 7 6 1 0.86 

DEWA.3015 7 4 3 0.57 

DEWA.3027 6 3 3 0.50 

DEWA.3011 5 3 2 0.60 

DEWA.3012 5 3 2 0.60 

DEWA.3014 5 3 2 0.60 

DEWA.3022 5 4 1 0.80 

DEWA.3028 5 4 1 0.80 

DEWA.3005 4 2 2 0.50 

DEWA.3006 4 3 1 0.75 

DEWA.3023 4 3 1 0.75 

DEWA.3040 4 3 1 0.75 

DEWA.3002 3 2 1 0.67 

DEWA.3007 3 2 1 0.67 

DEWA.3026 3 2 1 0.67 

DEWA.3033 2 1 1 0.50 

DEWA.3037 2 2 0 1.00 

DEWA.3001 1 1 0 1.00 

DEWA.3010 1 1 0 1.00 

DEWA.3030 0 0 0 0 
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Table 2-9. Estimated effects of habitat predictors (90% credible intervals in parentheses) on naïve 

richness metrics from multiple linear regression models.  Significant effects are shown in bold. 

Response variable Habitat predictor Estimate (90% CI) 

Total richness Intercept 7.32 (6.42, 8.23) 

 

Upstream catchment area 2.98 (1.90, 4.05) 

 

Reach slope -1.09 (-0.05, -2.14) 

 

LWD density -0.60 (-1.55, 0.35) 

 

Elevation -0.94 (-1.93, 0.05) 

 

Percentage forest cover -0.35 (-1.41, 0.72) 

   Native richness Intercept 5.35 (4.61, 6.10) 

 

Upstream catchment area 2.26 (1.38, 3.13) 

 

Reach slope -0.92 (-1.77, -0.06) 

 

LWD density -0.37 (-1.14, 0.40) 

 

Elevation -0.58 (-1.39, 0.22) 

 

Percentage forest cover -0.40 (-1.28, 0.47) 

   Introduced richness Intercept 1.97 (1.58, 2.36) 

 

Upstream catchment area 0.73 (0.27, 1.18) 

 

Reach slope -0.17 (-0.62, 0.27) 

 

LWD density -0.23 (-0.63, 0.18) 

 

Elevation -0.34 (-0.77, 0.07) 

  Percentage forest cover 0.06 (-0.40, 0.05) 
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Table 2-10. Estimated posterior means (90% credible in parentheses) of detection and occupancy 

probabilities for all species encountered in DEWA study reaches. Native species are shown in bold. 

Species Detection Occupancy 

American eel Anguilla rostrata 0.88 (0.79, 0.94) 0.47 (0.34, 0.60) 

Black crappie Pomoxis nigromaculatus 0.16 (0.02, 0.65) 0.13 (0.03, 0.44) 

Blacknose dace Rhinichthys atratulus 0.99 (0.95, 1.00) 0.69 (0.55, 0.81) 

Bluegill Lepomis macrochirus 0.59 (0.46, 0.71) 0.53 (0.38, 0.68) 

Bluespotted sunfish Enneacanthus gloriosus 0.16 (0.02, 0.64) 0.14 (0.03, 0.46) 

Brook trout Salvelinus fontinalis 0.83 (0.73, 0.90) 0.57 (0.43, 0.71) 

Brown bullhead Ameiurus nebulosus 0.52 (0.33, 0.71) 0.26 (0.15, 0.42) 

Brown trout Salmo trutta 0.96 (0.90, 0.99) 0.55 (0.41, 0.68) 

Chain pickerel Esox niger 0.62 (0.34, 0.83) 0.14 (0.07, 0.27) 

Comely shiner Notropis amoenus 0.16 (0.04, 0.46) 0.23 (0.08, 0.57) 

Common shiner Luxilus cornutus 0.61 (0.29, 0.85) 0.11 (0.04, 0.23) 

Creek chub Semotilus atromaculatus  0.72 (0.56, 0.84) 0.29 (0.18, 0.43) 

Cutlips minnow Exoglossum maxillingua 0.76 (0.56, 0.89) 0.18 (0.10, 0.30) 

Fallfish Semotilus corporalis 0.57 (0.36, 0.75) 0.22 (0.12, 0.37) 

Golden shiner Notemigonus crysoleucas 0.17 (0.06, 0.39) 0.33 (0.13, 0.67) 

Green sunfish Lepomis cyanellus 0.38 (0.14, 0.67) 0.18 (0.08, 0.37) 

Largemouth bass Micropterus salmoides 0.36 (0.22, 0.53) 0.45 (0.27, 0.67) 

Longnose dace Rhinichthys cataractae 0.80 (0.62, 0.91) 0.20 (0.11, 0.33) 

Margined madtom Noturus insignis  0.83 (0.77, 0.96) 0.28 (0.18, 0.41) 

Northern hogsucker Hypentelium nigricans  0.75 (0.46, 0.92) 0.11 (0.05, 0.22) 

Pumpkinseed Lepomis gibbosus 0.68 (0.56, 0.79) 0.48 (0.34, 0.63) 

Rainbow trout Oncorhynchus mykiss 0.86 (0.72, 0.94) 0.31 (0.19, 0.46) 

Redbreast sunfish Lepomis auritus 0.48 (0.25, 0.70) 0.22 (0.11, 0.38) 

Redfin pickerel Esox americanus  0.52 (0.09, 0.91) 0.08 (0.02, 0.25) 

Sea lamprey Petromyzon marinus 0.87 (0.41, 0.99) 0.05 (0.01, 0.14) 

Shield darter Percina peltata 0.71 (0.47, 0.88) 0.15 (0.08, 0.27) 

Smallmouth bass Micropterus dolomieu 0.16 (0.03, 0.52) 0.17 (0.04, 0.54) 

Tessellated darter Etheostoma olmstedi 0.93 (0.67, 0.99) 0.08 (0.03, 0.17) 

Tiger trout Salmo trutta x Salvelinus fontinalis 0.15 (0.02, 0.64) 0.19 (0.02, 0.72) 

White sucker Catostomus commersonii 0.81 (0.67, 0.90) 0.31 (0.20, 0.45) 

Yellow bullhead Ameiurus natalis 0.45 (0.16, 0.76) 0.14 (0.06, 0.30) 

Yellow perch Perca flavescens  0.43 (0.23, 0.64) 0.25 (0.13, 0.44) 
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Table 2-11. Direction of significant effects of habitat predictors on occupancy for individual species. 

Predictor 
Species (# significant 

and direction) 

LogeLWD Density 1(+), 1(-) 

Forest Cover 5(-), 2(+) 

Upstream Catchment Area 22(+), 1(-) 

Reach slope 7(-) 

Elevation 6(-), 1(+) 

 

 

Table 2-12. Estimated posterior means (90% credible in parentheses) for the effects of predictors of 

occupancy among species thermal groups, i.e., population-average effects ʈ . 

Predictor Cold Cool Warm 

LogeLWD Density 0.13 (-0.78, 1.27) 0.21 (-0.31, 0.77) <0.01 (-0.28, 0.28) 

Forest Cover 0.86 (-0.90, 2.66) -0.21 (-0.83, 0.37) -0.55 (-1.08, -0.12) 

Upstream Catchment Area 0.51 (-1.65, 2.92) 2.47 (1.65, 3.42) 0.96 (0.34, 1.77) 

Reach slope -0.06 (-1.26, 1.36) -0.84 (-1.43, -0.27) -0.45 (-0.82, -0.10) 

Elevation -0.57 (-2.56, 1.44) -0.71 (-1.65, 0.14) -0.39 (-1.00, 0.18) 

 

 

Table 2-13. Direction of significant effects of habitat predictors on detection for individual species. 

Predictor Mean Effect 
Species (# significant 

and direction) 

LogeLWD Density -0.05 (-0.18, 0.05) 0 

Conductivity -0.74 (-0.80, -0.65) 32(-) 

Discharge -0.17 (-0.32, -0.02) 4(-) 
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Figure 2-1. Location and extent of the Delaware Water Gap National Recreation Area (DEWA) with locations and IDôs of study sites. See Table 

A-1 for definition of Site IDs.  



63 

 

 

Figure 2-2. Land use and land cover in and around DEWA.  Land cover data derived from National Land 

Cover Database (2011). 
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Figure 2-3. Locations of impoundments in DEWA boundaries as noted by Andrew (2012) and 

impoundments determined by the U.S. Fish and Wildlife Service National Wetlands Inventory (USFWS 

NWI).  Note: the USFWS NWI was conducted from approximately 1980-1995 near DEWA, so not all 

impoundments, including those most recently impounded, may be shown. 
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Figure 2-4. Natural barriers to fish movement and difficulty of passage (Score Index) in DEWA streams 

(Andrew 2012). Score Index is a value between 0 and 1 and estimates the passability of a natural barrier 

for Brook Trout, where 0 is least difficult and 1 is most difficult. 
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Figure 2-5. Naïve species richness at DEWA study sites with and without an upstream impoundment.  

Black boxes represent posterior means and vertical lines represent 90% credible intervals. 

 

 

Figure 2-6. Naïve species richness at DEWA study sites with and without a downstream natural barrier.  

Black boxes represent posterior means and vertical lines represent 90% credible intervals. 
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Figure 2-7. Naïve occupancy and estimated occupancy probabilities (with 90% credible intervals) for 

fishes observed in DEWA wadeable streams. 
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Figure 2-8. Predicted effects of reach slope on occupancy of Creek Chub, Shield Darter, and White 

Sucker.  Lines represent predicted effects and shaded regions represent 90% credible intervals. 

 
Figure 2-9. Predicted effects of percentage forest cover in upstream catchments on occupancy of Brook 

Trout, Rainbow Trout, Largemouth Bass, and Margined Madtom.  Lines represent predicted effects and 

shaded regions represent 90% credible intervals. 
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Figure 2-10. Predicted effects of upstream catchment area on occupancy of Bluegill, Brown Bullhead, 

Yellow Perch, and Brook Trout.  Lines represent predicted effects and shaded regions represent 90% 

credible intervals. 

 

Figure 2-11. Predicted effects of elevation on occupancy of American Eel, Brown Trout, Cutlips Minnow, 

and Rainbow Trout.  Lines represent predicted effects and shaded regions represent 90% credible 

intervals. 
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Figure 2-12. Predicted effects of logeLWD density on occupancy of Blacknose Dace and Sea Lamprey.  

Lines represent predicted effects and shaded regions represent 90% credible intervals 

 
Figure 2-13. Predicted effects of upstream catchment area and reach slope on occupancy of coolwater 

species.  Lines and shaded regions represent population average effects among all species in the group 

and 90% credible intervals, respectively. 
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Figure 2-14. Predicted effects of upstream catchment area, reach slope, and percent forest on occupancy 

of warmwater species.  Lines and shaded regions represent population average effects among all species 

in the group and 90% credible intervals, respectively. 
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Figure 2-15. Estimated posterior mean occurrence probabilities of three species from each thermal group (blue=cold, orange=cool, red=warm) for 

three stream reach types: 1) presence of upstream impoundment and downstream barrier (Impound/Barrier), 2) upstream impoundment and no 

downstream barrier (Impound), or 3) downstream barrier and no upstream impoundment (Barrier). Squares are posterior means and vertical bars 

are 90% credible intervals. 
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Figure 2-16. Estimated posterior mean occurrence probabilities of species thermal preference groups (blue=cold, orange=cool, red=warm) for 

three stream reach types: 1) presence of upstream impoundment and downstream barrier (Impound/Barrier), 2) upstream impoundment and no 

downstream barrier (Impound), or 3) downstream barrier and no upstream impoundment (Barrier).  Squares are posterior means and vertical bars 

are 90% credible intervals. 
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Figure 2-17. Predicted effects of conductivity on stream fish detection probability.  Thin lines represent 

species-specific effects, and the dark line and shaded region represent the population average effect and 

90% credible interval for the population average effect, respectively. 

 
Figure 2-18. Predicted effects of discharge on stream fish detection.  Thin lines represent species-specific 

effects, and the dark line and shaded region represent the population average effect and 90% credible 

interval for the population average effect, respectively. 
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Figure 2-19. Predicted effects of discharge on detection of Brook Trout, Creek Chub, Fallfish, and Yellow 

Perch.  Lines represent predicted effects and shaded regions represent 90% credible intervals. 
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Chapter 3  
 

New River Gorge National River Fish Communities 

Introduction  

NERI fish community 

The New River flows from its headwaters near Blowing Rock, North Carolina to its confluence 

with the Gauley River, which forms the Kanawha River, a major tributary of the Ohio River (Wellman 

2004).  Along its 402 km northward journey, the New River drains roughly 17,918 km
2
 in North Carolina, 

Virginia, and West Virginia.  The New River system is home to approximately 89 species, of which 47 

are native and 42 are introduced (Jenkins and Burkhead 1994).  Among 15 major Atlantic Slope and Ohio 

River drainages, this is the largest proportion of introduced species relative to total species richness.  The 

New River ichthyofauna is also characterized by eight endemic species only found in the New River 

drainage:  Nocomis platyrhynchus (Bigmouth Chub), Phenacobius teretulus (Kanawha Minnow), 

Notropis scabriceps (New River Shiner), Percina gymnocephala (Appalachia Darter), Etheostoma 

kanawhae (Kanawha Darter), Etheostoma osburni (Candy Darter), and the Bluestone and Cave Sculpins 

(Jenkins and Burkhead 1994, Stauffer et al. 1995).  

In southern West Virginia, an 85 km section of the New River is designated as the New River 

Gorge National River (NERI) and is managed by the National Park Service (NPS) to preserve natural, 

cultural, and historical resources (Figure 3-1).  Within NERI, fish studies have generally been limited to 

the mainstem New River, large tributaries, and areas in close proximity to New River in small tributaries.  

Wellman (2004) conducted a review of historical fish studies in and around NERI dating back to 1928, 

including recent surveys of stream fish distribution in 36 stream reaches on 26 tributaries with partial, 

annual revisits by Wellman and others from 2001-2003 (Figure 3-2).  The synthesis of recent and past 

studies showed 62 species had been collected from within or near NERI, and roughly half were non-
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native (Table 3-1).  The most recent surveys by Wellman and others documented 38 species, 21 (or 55%) 

of which were native.  At individual sites, a maximum of 21 species and minimum of zero species were 

encountered with an average of approximately nine species per site.  The author concluded that native 

species were relatively depauperate, and one endemic species, New River Shiner (Notropis scabriceps) , 

appeared to be declining based on comparisons between recent and historical records.   

In addition to the presence of many introduced species, NERI streams are affected by degraded 

water quality as a result of current and historic anthropogenic activities including mining, timbering, land 

development, and inadequate sewage treatment (Wilson and Purvis 2000).  Since 1980, water quality in 

NERI has been monitored extensively using a myriad of water quality indicators to judge impairment 

based on established standards (e.g., Wilson and Purvis 2000; Webber 2012; WVDEP 2012).  As of 2014, 

the mainstem New River and a handful of tributaries in NERI were designated as impaired under Section 

303(d) of the Clear Water Act (Tucker and Ling 2015; Figure 3-3).  

Poor water quality is often reflected by the presence of more pollution-tolerant fish species (Karr 

1981).  Thus, tolerant species may be valuable indicators of water quality impairment and are often used 

as a metric to describe integrity of fish communities in impacted and unimpacted watersheds (e.g., 

McCormick et al. 2001).  Additionally, introduced species may be more successful in impaired streams 

than native species (Herbold and Moyle 1986; Waite and Carpenter 2000).  Although improvements in 

water quality throughout the New River basin have coincided with range expansions of introduced fishes 

(Messinger and Chambers 2001), Wellman (2004) suggested historical degradation of water quality may 

be a culprit in the depauperacy of native fish species currently found within the basin.   

 Recent studies have increased knowledge of NERI fish distribution in smaller tributaries and 

areas outside the immediate vicinity of New River; however, spatial coverage of stream fish inventories in 

NERI was still lacking, and, to my knowledge, no large-scale inventory of NERI stream fishes had since 

been conducted.  A contemporary, large-scale, and spatially-balanced study in NERI would fill 

knowledge gaps about the current distribution of NERI stream fishes.  Additionally, it would provide the 
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framework to monitor future range expansions and contractions of native and introduced species.  

Furthermore, it would provide the opportunity to investigate the roles of stream habitat characteristics, 

such as land use, stream geomorphology, and water quality, in structuring stream fish communities, and 

predict outcomes of potential scenarios, such as climate change and changes in land use practices.  

Therefore, the objectives of this research were to: 

1) Describe the current distribution of stream fishes in NERI wadeable streams. 

2) Determine the relative importance of local- and landscape-level habitat variables in structuring 

NERI wadeable stream fish communities. 

Methods 

Refer to Chapter 1 for specifics on site selection, fish sampling, habitat measurements, basic 

multi-species occupancy model parameterization, and model selection. 

NERI-specific habitat covariates 

In addition to habitat covariates described in Chapter 1, I examined the effects of three additional 

predictors of occupancy and one predictor of detection.  First, during the first visit to each site at NERI, 

an Onset HOBO Tidbit v2® temperature data logger was placed at the downstream end of the study reach 

to collect continuous water temperature data until the end of the third visit to each site.  Mean maximum 

daily water temperature was calculated at each site to examine the effects of water temperature on stream 

fish occupancy.  Unfortunately, temperature loggers were lost during high flows at two sites: NERI.3041 

(UNT Laurel Creek 3) and NERI.3054 (Arbuckle Creek 5).  For NERI.3054, another site existed 

approximately 300 m downstream (NERI.3038; Arbuckle Creek 2), so mean maximum daily water 

temperature values were shared between the two sites.  Since there were no other sites near NERI.3041 on 
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UNT Laurel Creek, and no fish were detected at this site, I did not include NERI.3041 in any of the 

following occupancy analyses.  Therefore, although fish communities were sampled at 34 sites at NERI, 

the sample size for occupancy analyses was 33 sites.   

Second, given the rapid change in elevation experienced by tributary streams from the New River 

to the top of the gorge, it is likely many natural barriers of fish dispersal exist in wadeable streams that 

prevent upstream colonization.  Because data were not available regarding the distribution of natural 

barriers in NERI, I attempted to capture the potential presence of natural barriers, defined by rapid 

changes in elevation over short distances, and their effects on occupancy.  To accomplish this, an average 

downstream slope was calculated by finding the difference in elevations from the middle of a study reach 

and the confluence of a study reachôs respective stream with the New River, and dividing the difference 

by the total linear stream distance from the confluence to the study reach.  The resulting ñaverage 

downstream slopeò predictor differed from the ñreach slopeò predictor in that the former described the 

average stream slope downstream of a study reach, and the latter described the stream slope within a 

study reach.     

Third, given the previously mentioned threats to water quality in NERI, it was possible that 

streams currently impacted by poor water quality would differ with respect to fish community 

composition from more pristine streams.  Although a comprehensive assessment of water quality was not 

performed during this study, one parameter that was measured, conductivity, was used to estimate relative 

differences in water quality among wadeable streams and its effects on fish communities.  Conductivity is 

a measure of the ability of water to pass an electrical current and is influenced by the presence of 

inorganic dissolved solids (USEPA 1997).  While stream conductivities are affected primarily by the 

geology of areas through which water flows, they can also be influenced by anthropogenic activities that 

artificially raise levels of dissolved solids (Kimmel and Argent 2010).  For example, a failing sewage 

system would raise conductivity because of the presence of chloride, phosphate, and nitrate (USEPA 
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1997).  Elevated stream conductivity above natural, background levels is an osmoregulatory stressor to 

aquatic organisms and sensitive species in particular (Kimmel and Argent 2012).   

Lastly, a separate detection model was fitted to determine the effect of stream turbidity on 

detection probabilities.  This model included a binary predictor of detection for stream turbidity where the 

predictor equaled 0 if the stream was considered ñclearò during sampling or 1 if the stream was either 

ñslightly-turbidò or ñturbidò. The resulting estimates of detection probabilities and 90% credible intervals 

for each species under each turbidity scenario were compared to determine if turbidity during sampling 

affected detection probabilities. 

Results 

Site characteristics 

Thirty-four stream reaches were sampled with three visits in NERI from April 3 to June 22 2014 

(Figure 3-1).  Most streams were relatively small, with a mean stream width of about 6 m; although 

streams, such as Meadow Creek, had mean widths >10 m (Table 3-2).  The dominant land cover type of 

upstream catchments was forest, (mean = 89% forest), followed by developed (6%) and agricultural land 

use (3%). Mean maximum daily water temperature ranged from a low of 11.2
o
C at NERI.3021 (Fire 

Creek 17) to a high of 18.7
o
C at NERI.3043 (Meadow Creek 39).  Mean conductivity varied widely 

among sites with a mean and SD of 97.7 µS/cm and 64.5 µS/cm, respectively.  Although dissolved 

oxygen (DO) and pH values were recorded, they are not reported herein, because of equipment error.  Ten 

sites were located on streams previously listed as impaired with TMDLs developed by WVDEP (Figure 

3-2; Table 3-3).  These streams will henceforth be referred to as ñTMDL developedò or ñpreviously-

impairedò.  
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Variability  in stream network position was captured by the site selection process as many streams 

had multiple sites along their lengths.  Elevation, link magnitude, and linear stream distance to the New 

River varied predictably from headwaters to downstream reaches, and included both low and high 

gradient segments of local study reaches and reaches downstream.  Visual assessments of stream habitat 

were, for the most part, similar among sites with most sites consisting of a forested riparian zone, 

providing overhead shade, and dominated by boulder substrate (Table 3-4).  See Appendix C for habitat 

characteristic summaries for each site. 

Habitat predictors of naïve richness, occupancy, and detection 

As expected, there was high correlation among local- and landscape-level habitat variables.  For 

example, the three land use categories (forest, agriculture, and developed) were highly correlated with 

stream conductivity, with correlations (r) of -0.92, 0.77, and 0.92, respectively.  I chose to include 

conductivity in final analyses of naïve richness patterns and occupancy instead of land use predictors, 

because of its ability to represent the influence of land use on local water quality.  Similarly, link 

magnitude and catchment area were highly correlated with mean maximum daily water temperature (r = 

0.87 and 0.86, respectively).  Given that link magnitude and catchment area are redundant, and water 

temperature provides the ability to predict occupancy under climate change scenarios, I chose to include 

mean maximum daily water temperature in analyses over link magnitude and catchment area.  

Additionally, reach slope and average downstream slope were correlated (r = 0.79), as well as distance to 

river and elevation (r = 0.94).  Average downstream slope was selected in favor of reach slope to account 

for the difficulty of colonizing upstream reaches, and distance to river was retained in favor of elevation, 

because average downstream slope already accounted for changes in elevation.  For detection, reach area 

and discharge were correlated (r = 0.66), so discharge was selected in favor of reach area because flows 
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were often variable between visits.  For a complete Pearsonôs correlation matrix of all habitat predictors, 

see Appendix C.   

After selecting the predictors from pairs that were correlated, the final list of habitat predictors for 

analyses of naïve richness patterns and occupancy included: mean depth, mean maximum daily water 

temperature, distance to river, mean conductivity, percentage riparian cover, average downstream slope, 

and large woody debris (LWD) density.  Detection covariates included: mean conductivity, discharge, 

LWD density, and, in a separate model, turbidity.  To help visualize habitat covariate effects on naïve 

richness, occupancy, detection probabilities, mean habitat values were substituted in linear and logit-

linear equations for all predictors except the one illustrated in each figure. To highlight differences in 

magnitude and direction of occupancy responses to habitat predictors, I present figures illustrating 

species-specific effects of habitat predictors for subsets of species with significant (90% credible intervals 

that do not overlap with zero) relationships with habitat.  However, a table of estimated parameter values 

for the effect of habitat predictors and figures illustrating individual occupancy and detection responses to 

habitat predictors for all species are found in Appendix C.  All model parameter estimates are reported as 

posterior means and corresponding 90% credible intervals. 

Stream fishes 

Across all sites and revisits, 8,012 individuals representing 21 species and five families were 

captured (Table 3-5), which was representative of a diversity of life history characteristics and habitat 

preferences (Table 3-6).  Among 21 species detected, approximately 52% were native.  The most 

abundant species collected were Blacknose Dace (Rhinichthys atratulus; n = 3,833), Central Stoneroller 

(Campostoma anomalum; n = 1,136), and Creek Chub (Semotilus atromaculatus; n = 1,637), which are 

all native species to the New River drainage; moreover, the nine species captured in the greatest quantities 

were native, and introduced species were generally collected in lesser numbers than native species. The 
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most common introduced species detected were Rainbow Darter (Etheostoma caeruleum; n = 29), Rock 

Bass (Ambloplites rupestris; n = 25), and Variegate Darter (Etheostoma variatum; n = 10).  Less than 10 

individuals of the other five introduced species were captured. 

Patterns of naïve species richness 

Fish were observed at 24 of 34 sites.  Total naïve richness, mean naïve richness per site, and 

maximum naïve richness per site were different than Wellman (2004), who generally observed more 

species (Table 3-7).  This was expected because Wellman typically sampled near confluences with New 

River, while greater longitudinal stream coverage was captured by sites in the current study.  The 

proportion of native species observed in the current study (0.52) was similar to the proportion observed 

by Wellman (0.55). Native species were present at all 24 sites where fish were detected (Table 3-8).  Of 

these same sites, introduced species were only detected at nine (38%) sites.  Additionally, seven of the 10 

sites with TMDLs developed had introduced species present, but native species were generally detected in 

large numbers at these sites as well. 

  Total naïve species richness was a function of riparian cover, mean maximum daily water 

temperature and mean stream depth, where richness increased significantly as riparian cover, depth, and 

water temperature increased (Table 3-9).  Under mean habitat conditions, expected richness was 

approximately three species (intercept = 3.02 [2.46, 3.60]).  Native species richness also increased with 

increasing water temperature and stream depth, which was expected because total richness and naïve 

richness were likely correlated given that most species encountered were native.  Total species 

composition was expected to be roughly 83% native species under mean habitat conditions (intercept = 

2.55 [2.13, 2.96]).  Introduced species were not significantly affected by any of the included habitat 

predictors.       
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Occupancy modeling 

Occupancy probability 

The population-average occupancy probability (ʈ ) from an unconditional model without habitat 

covariates was 0.13 (90% CI = 0.09, 0.20).  Creek Chub had the highest occupancy probability at 0.50 

(0.37, 0.64), and two species, Variegate Darter and Rainbow Trout (Oncorhynchus mykiss), had the 

lowest occupancy probability (0.05 [0.02, 0.13]; Table 3-10).  Naïve occupancy underestimated 

occupancy probabilities for some species and overestimated for others (Figure 3-4).  In general, native 

species had higher occupancy probabilities than introduced species.  Nine of the ten most prevalent 

species were native, including Creek Chub, Blacknose Dace (0.42, [0.29,0.56]), Rosyside Dace 

(Clinostomus funduloides; 0.26, [0.16, 0.39]), and Green Sunfish (Lepomis cyanellus; 0.19, [0.10, 0.31]).  

The introduced species with the greatest probability of occupying wadeable streams was Brown Trout 

(Salmo trutta; 0.15, [0.06, 0.31]).  The remaining seven introduced species had occupancy probabilities 

less than 0.10.   

Effects of habitat on occupancy 

There was substantial heterogeneity in the magnitude of occupancy responses to habitat 

predictors across species; however, only one habitat predictor showed differences in directional effects 

among species (Table 3-11).  The effect of mean stream depth was positive and significant for 13 species, 

including five of the eight introduced species that were detected.  For example, Rainbow Darter ( = 

1.12, [0.13, 2.30]), Rock Bass ( = 1.34, [0.31, 2.86]), and Variegate Darter ( = 1.08, [0.08, 2.24]) were 

more likely to occupy reaches with greater stream depths (Figure 3-5).  The population average effect of 

stream depth was also positive (ʈ  = 0.97, [0.46, 1.53]).  Similarly, the effect of stream conductivity was 

positive for five species, including three native species (Central Stoneroller, Creek Chub, and Rosyside 
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Dace) and two introduced species (Bluegill [Lepomis macrochirus] and Brown Trout; Figure 3-6).  The 

population average effect of percentage riparian cover was positive and significant (ʈ  = 0.63, [0.16, 

1.15]) and also significant for three species, including Central Stoneroller ( = 0.90, [0.12, 2.12]), 

Rainbow Darter ( = 0.82, [0.03, 1.95]), and Variegate Darter ( = 0.80, [0.02, 1.92]; Figure 3-7).   

Although the population average effect of water temperature was positive (ʈ  = 0.71, [0.01, 

1.50]) and five species showed significant positive relationships with water temperature (Central 

Stoneroller, Fantail Darter [Etheostoma flabellare], Longnose Dace [Rhinichthys cataractae], Rosyside 

Dace, and White Sucker [Catostomus commersonii]), Green Sunfish responded negatively to water 

temperature ( = -1.28, [-2.80, -0.04]; Figure 3-8).  Blacknose Dace and Brook Trout (Salvelinus 

fontinalis) were more likely to occur close to New River (effect of distance to river of  = -0.81 [-1.76, -

0.02] and   = -1.13 [-2.54, -0.11], respectively; Figure 3-9).  The population average effect of distance to 

river was also negative (ʈ  = -0.60, [-1.26, -0.06]).  As expected, fish were generally less likely to occur 

when average downstream slopes were relatively high.  The population average effect of downstream 

slope was negative across all species (ʈ  = -0.83, [-1.44, -0.26]), and significantly negative for five native 

species (Blacknose Dace, Brook Trout, Creek Chub, Fantail Darter, and Green Sunfish; Figure 3-10).  

LWD density was not a significant predictor of occupancy for any species, and, thus, was not retained in 

the model. 

Detection probability 

Detection varied among species, but was relatively high with a population average detection 

probability of 0.73 (0.52, 0.87).  Detectability was highest for Central Stoneroller, Fantail Darter, and 

Longnose Dace, and the lowest for four species, including White Shiner (Luxilus albeolus), Whitetail 

Shiner (Cyprinella galactura), Fathead Minnow (Pimephales promelas), and Smallmouth Bass 

(Micropterus dolomieu; Table 3-10).   Conductivity was the only predictor that affected detection, and 
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only for Blacknose Dace ( = -1.92, [-3.10, -0.99]; Figure 3-11).  Discharge and LWD density did not 

significantly affect detection for any species.  From a separate model, turbidity also did not affect 

detection, as detection probabilities were relatively similar when streams were clear or turbid (Figure 3-

12).  

Discussion 

Using a single-season occupancy sampling framework, I quantified species richness and habitat 

drivers of stream fish occurrence in NERI.  In general, I found that wadeable streams fish communities 

were relatively depauperate, which was in agreement with previous studies (e.g., Wellman 2004).  There 

were also several fishless stream reaches ï fish were not detected at approximately a quarter of NERI 

wadeable stream reaches.  In reaches where fish resided, communities were generally uniform with 

relatively few species and dominated by native species.  Introduced species generally occurred 

infrequently, were caught in low numbers, and comprised a slightly smaller proportion of the fish fauna in 

NERI streams than previously reported.    

Previous studies 

Previous studies of NERI stream fish communities generally targeted larger tributaries and 

confluences of tributaries with New River.  These areas likely provide important habitat for many species, 

but are also heavily-influenced by fish fauna of New River and may not provide an accurate 

representation of overall fish diversity and native/introduced species dynamics in tributary streams.  

Greater longitudinal coverage of sampling sites into tributary streams in the current study relative to 

previous studies showed that stream fish communities may be far less diverse than previously anticipated.  

For example, overall species richness was much less than the most recent inventories of stream fishes 
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(e.g., Wellman 2004).  This fact helps illustrate the importance of random site selection when making 

inferences regarding NERI stream fish communities. If entire stream networks were not included in the 

site selection process, results could imply that all NERI stream fish communities are similarly diverse and 

impacted by introduced species as the mainstem New River.   

Patterns of occupancy and naïve richness 

Stream size and river connectivity 

The most important characteristics in determining fish community structure were related to 

stream size and connectivity to New River, such as stream depth, water temperature, proximity to New 

River, and average downstream slope.  As streams increase in size, there is typically an increase in 

species richness and diversity (Schlosser 1982; Rahel and Hubert 1991).  The addition of species as 

stream size increased in NERI was evident in this study through patterns of naïve richness and occupancy.  

Given that mean stream depth was a significant predictor of total and native species richness, it was likely 

that increased stream size provided a greater quantity and variety of deep-water habitat, which created 

more living space and ecological niches for species to occupy (Schlosser 1982; Rahel and Hubert 1991).  

The high correlation between catchment size and stream depth supported this notion.  Additionally, 

approximately 62% of species detected increased in occupancy as stream depth increased.  Unfortunately, 

roughly one third of those species were also introduced species.  This was expected because newly-

available, deep-water habitats provide opportunities for invasions of introduced species with congruent 

habitat requirements or ecological roles.  For example, Smallmouth Bass and Rock Bass, two species 

preferring run or pool habitat, were more likely to occupy streams with greater depth (Jenkins and 

Burkhead 1994).  These two species were introduced for sport fishing in New River by the Virginia Fish 
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Commission in the 1870ôs and have since become well-established (Jenkins and Burkhead 1994; 

Wellman 2004).   

Changes in fish community structure can also be the result of longitudinal water temperature 

gradients from headwaters to lower elevations as streams increase in size (Vannote et al. 1980; Jackson 

2001).  As streams increase in size and water temperatures rise, fish communities typically transition from 

low-diversity, cold water communities to high-diversity, warm water communities.  This transition was 

reflected by total richness and native richness increasing as maximum daily water temperature increased.  

Surprisingly, however, introduced species richness was not a function of water temperature.  

Additionally, mean occupancy was influenced positively by water temperature, but the only species that 

responded significantly to water temperature were native.  Five of those six species increased in 

occupancy at relatively warmer stream temperatures. It is unlikely, however, that cold water temperatures 

are limiting these species distributions, as all are known to inhabit a wide-range of thermal conditions 

(Jenkins and Burkhead 1994).  Additionally, Green Sunfish, a species not particularly known to prefer 

cold water, was the only species that responded negatively to increasing water temperature.  Since habitat 

characteristics related to stream size (i.e., link magnitude and catchment area) were correlated with stream 

temperature, it is likely other factors related to stream size, such as depth, productivity, and available 

habitat, are responsible for the observed patterns of occurrence for Green Sunfish.  Overall, water 

temperature did not appear to be a very important driver of fish distributions in NERI.  However, it is 

likely that stream water temperatures do play an important role in structuring NERI fish communities, but 

the patchily-distributed nature of most NERI stream fishes, especially those that were introduced, made it 

difficult to elucidate the effects on occupancy patterns.   

For example, water temperature is typically an important determinant in Brook Trout occurrence 

probability (Deweber and Wagner 2015), but Brook Trout were relatively uncommon in NERI wadeable 

streams and showed no relationship with water temperature.   However, given its limited distribution in 

NERI and their sensitivity to warming water conditions, Brook Trout may serve as a valuable indicator of 
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the effects of climate change.  As streams warm, range shifts of stream fishes will likely occur at the 

species-level and be most prevalent in stenothermal species (e.g., Brook Trout) with very specific thermal 

tolerance limits (Ficke et al. 2007).   

Connectivity with New River is also likely an important driver of fish community structure in 

NERI wadeable streams. Many fishes exhibit seasonal movements to complete life cycles or cope with 

natural disturbances (Ross and Baker 1983; Chapmen and Kramer 1991; Jenkins and Burkhead 1994). 

Given that many NERI streams are prone to flooding and droughts, one might expect some NERI stream 

fishes only occupy areas near confluences with the mainstem New River where corridors exist to migrate 

between river and tributary habitats.  While distance to river was not an important predictor of naïve 

species richness, the population average effect of distance to river on fish occupancy was negative, 

suggesting many species occupy these lower reaches and do not colonize upstream.  Additionally, the 

most common species captured, Blacknose Dace, showed a significant negative relationship with distance 

to river.  Wellman (2004) found that Blacknose Dace was one of the most dominant species involved in 

post-flood recovery in small NERI tributaries, which may suggest they are best equipped to persist in 

streams with high levels of natural disturbance.  Although no specific riverine species occupied habitats 

closer to New River more often, it is likely that some seasonal movement also exist that was not captured 

during the sampling period.  Wellman (2004) found that some introduced species, such as Smallmouth 

Bass and Whitetail Shiner, were captured in the greatest quantities in fall relative to other seasons, and 

attributed it to seasonal migration from New River.  These two species occurred relatively infrequently 

and in few numbers in the current study, which primarily encompassed spring and early-summer, so 

seasonal changes in abundance and occupancy may have been missed during the sampling window.  

In addition to river connectivity, fragmentation of upstream habitats by high gradients and natural 

barriers likely influenced fish assemblages in NERI.  Natural barriers are important in many lotic systems 

because they impede colonization of some species in upstream reaches, which promotes longitudinal 

species diversity and endemism (Rahel 2007).  Although natural barriers were not enumerated in this 
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study, the negative population average effect on occupancy of average downstream slope suggested that 

rapid changes in elevation over short distances may have prohibited upstream dispersal of some species.  

The only species that were significantly affected by high downstream slopes were native, which is likely a 

byproduct of native species occurring more frequently than introduced species.  Alternatively, it may have 

suggested some introduced species were introduced above barriers, although there were few instances 

where this might have occurred.  For example, Rock Bass were present at NERI.3074 (Manns Creek 24), 

a site that resided at a relatively high elevation and a great distance from New River.   

Water quality 

 Development in watersheds often negatively affects water quality, and its deleterious effects on 

native stream fishes are well-documented (Allan 2004 and references therein).  An increase in stream 

conductivity is often associated with degraded water quality from urban or agricultural runoff, which 

becomes an osmoregulatory stressor, particularly for sensitive species, and may shift fish communities to 

favor species tolerant of pollution (Karr 1981; USEPA 2008; Kimmel and Argent 2010; Kimmel Argent 

2012).  In the current study, an increase in stream conductivity resulted in an increase in occupancy of 

four species that may be considered moderately-tolerant to tolerant of pollution (USEPA 2008).  Bluegill, 

Central Stoneroller, and Creek Chub are often considered relatively tolerant taxa, and Brown Trout are 

relatively tolerant compared to other Salmonids (Jenkins and Burkhead 1994).  While other factors may 

contribute to the presence of these species, their presence in high conductivity streams may be a good 

indicator of water quality impairment.  For example, these species were often present at sites located on 

streams with TMDLs, including the two sites on Arbuckle Creek.  The two sites on Arbuckle Creek 

(NERI.3038 and NERI.3054) exhibited the highest mean conductivities (314 and 317 µS/cm), which was 

nearly two times higher than any other site.  Arbuckle Creek has consistently shown high conductivity in 

previous studies as well (Tzilkowski et al. 2011; Webber 2012), which is likely due to wastewater 
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discharge from two upstream wastewater treatment plants, and possibly straight pipe discharges, leaking 

sewer lines, and faulty septic systems (Mathes et al. 2007).  These species were also present at other sites 

on streams with TMDLs, such as Meadow Fork (Bluegill, Creek Chub), Meadow Creek (Brown Trout, 

Central Stoneroller, Creek Chub), Batoff Creek (Creek Chub), and Keeney Creek (Brown Trout, Creek 

Chub). Treating pollution sources in these streams may restore water quality and fish communities 

comprised of fewer tolerant species.  Additionally, future range expansions or contractions of these 

species may indicate changes in water quality. 

On the other hand, given the objective of the NPS to preserve native species, water quality 

impairment may not have a great impact given that two of the four aforementioned tolerant species were 

native.  Additionally, although considered a relatively intolerant species, Rosyside Dace, another native 

species, were also more likely to occupy high conductivity streams.  There was no indication that native 

species were less common in previously-impaired streams.  However, the tendency of introduced species 

to be common in previously-impaired streams may be concerning.  Introduced species may displace 

native species or subjugate native species to marginal habitats in streams already impaired (Allan and 

Flecker 1993).  If previously-impaired streams do not improve or become further impaired, or others 

become impaired, introduced species may expand their range in the park.  

Detection 

Contrary to expectations, variation in stream habitat among sites and visits did not influence 

detectability of NERI stream fishes.  Although conductivity was retained in the model because it was a 

significant predictor of detection for Blacknose Dace, detection for Blacknose Dace was relatively high 

and only decreased once conductivity reached extremely high levels.  Detection probability was relatively 

high for most species, and those species with low detection probabilities were typically captured 

infrequently.  One possibility to account for this issue would be to include a site random effect of 
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detection rather than a fixed effect (i.e., Royle 2006).  Therefore, the random site effect may capture 

heterogeneity in detection if variability in abundance exists among sites.  Regardless, incorporating 

detectability into estimates of species distribution is important to avoid false absences and unwanted 

biases in results and should be considered in future monitoring efforts (McManamay 2014). 

Management implications/recommendations 

In general, NERI fish communities in wadeable streams exhibited patterns in species occupancy 

and richness closely tied to measures of stream size and proximity to New River.  Additionally, many 

introduced species were primarily confined to larger streams and located in the vicinity of New River.  

This was expected given the relatively large proportion of introduced species present in New River and 

the potential of New River fishes to migrate into tributaries.  It is unknown from the current study how 

these introduced species interact locally with native species, but there are many examples of exotic 

species invading streams and negatively affecting native species through interspecific competition, 

predation, and hybridization (Allan and Flecker 1993).  If the long-term objective of park managers is to 

preserve native stream fishes, emphasis of future management actions should be placed on these areas 

where introduced species exist.  This likely requires starting with introduced species removals in the New 

River mainstem given that it likely provides source populations for introduced species invading wadeable 

tributary streams.  

Introduced species were captured in relatively few numbers and, in some instances, were entirely 

absent in wadeable streams outside of the immediate vicinity of New River.  These areas where native 

species dominate should be prioritized for protection of native species and stream habitat and removal of 

introduced species, if they exist.  Other threats to native species in these areas may include changes in 

upstream land use that affect water quality.  While water quality is generally good in many NERI 

wadeable streams, there are a few instances where development and other anthropogenic activities may 
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impact native fish communities and allow introduced species to establish (e.g., Arbuckle Creek).  Efforts 

could be made to buffer the effects of upstream land use and to protect streams that are not currently 

affected by development from future alterations to their catchments.  Continuous water quality monitoring 

of impacted and unimpacted streams would also ensure water quality is adequate for the persistence of 

native and sensitive fishes.  

Advantages of occupancy modeling for stream fishes 

Hierarchical community occupancy models are rarely used to describe stream fish distributions; 

however, there are many advantages to using this approach, which were apparent in the results of this 

study.  Given the apparent depauperacy of NERI wadeable stream fishes, it may have been difficult to 

estimate other measures of species distribution, such as indices of abundance, which could potentially 

create problems for identifying changes in distribution over long periods of time.  By utilizing random 

effects to inform parameter estimates of species with little data, I was able to estimate stream fish 

occurrence even for species that occurred infrequently.  Additionally, by accounting for the fact that fish 

are sampled with imperfect detection into occupancy estimates, I was able to account for heterogeneous 

detection probabilities among species and likely avoided biases that accompany false absences.  

Furthermore, Bayesian estimation allowed for intuitive interpretations and statements about parameter 

estimate uncertainty, which could be valuable when balancing alternative management actions and may 

facilitate communications with stakeholders and managers.        

The habitat-occupancy relationships that were quantified will allow NERI managers to identify 

streams where appropriate management actions could be taken to ensure the persistence of native species, 

and predict changes in fish distribution under different scenarios.  Additionally, these relationships might 

identify certain species with specific ecological or physiological properties (i.e., intolerant and 



94 

 

stenothermal) that could serve as indicators of changing water quality as a result of habitat restoration, 

climate change, or alterations in land use practices.    

Limitations/improvements 

This methodology provided a simple, species-level monitoring framework for NERI wadeable 

stream fishes and opportunity to investigate the role of local- and landscape-level habitat in structuring 

assemblages while accounting for imperfect detection.  However, there were some limitations for 

implementing this approach in NERI.  First, the closure assumption of occupancy modeling was likely 

violated, at least for some species.  Having multiple weeks in between repeat visits, which was necessary 

due to sampling logistics, may have led to overestimated occupancy probabilities for some rare species 

and contributed to high levels of uncertainty.  Therefore, changes in occupancy for these rare species in 

the future may be difficult to detect.  This may be an issue for certain rare species (i.e., Brook Trout) 

where the possibility of detecting small changes is low.  If future monitoring efforts suggest that rare 

species are declining or are imperiled, measures of relative abundance might be a more appropriate 

monitoring variable to help inform management decisions. 

Second, high correlation among local- and landscape-level habitat variables made it difficult to 

partition effects of scale on stream fish distribution.  By choosing to incorporate more local-level habitat 

variables (i.e., water temperature, conductivity, etc.), I could not draw strong, direct conclusions about the 

effects of some landscape-level variables, such as stream size and land use.  Additionally, local habitat 

attributes that were measured may only give an instantaneous view of characteristics that can vary daily, 

seasonally, and annually.  However, local physical and chemical properties of streams that determine 

species presence are often times the result of landscape-levels processes (Lammert and Allan 1999).   

Additionally, there is a wealth of evidence from previous studies that some local water quality parameters 

in NERI streams are the result of upstream land use.  Nonetheless, for long-term monitoring projects that 
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only require detecting changes over large temporal scales, small changes in local habitat may be less 

important than changes in landscape processes that control them.  To draw more direct conclusions about 

the long-term changes in landscape-level habitat and their effects on stream fish distribution, long-term 

monitoring programs may want to place a greater emphasis on landscape-level processes.   

Conclusion 

I used detection/non-detection data from three visits to 33 of 34 stream reaches in NERI, patterns 

of naïve species richness, and hierarchical community occupancy models to determine stream fish 

distribution in NERI wadeable streams, and examine how local- and landscape-level habitat variables 

influenced fish community structure.  My results reinforced the findings of previous studies that NERI 

stream fishes are patchily-distributed and relatively depauperate, and that introduced species make up a 

large proportion of total species richness.  However, results also suggested that fish communities of most 

wadeable streams were comprised of mostly a few numerically dominant native species, and that 

introduced species were confined to larger streams, areas in close proximity to New River, and may have 

existed in fewer numbers than native species.  Relationships between habitat and occupancy also 

suggested that local water quality parameters, such as water temperature and conductivity, may have 

played a role in structuring fish communities. Water quality impairment may have also led to a greater 

proportion of introduced species and pollution-tolerant species in previously-impaired streams.  This 

analysis provided a baseline for future monitoring efforts of NERI stream fishes, helped identify reaches 

and streams that are important to NERI fish communities, and highlighted how changes in anthropogenic 

activities and environmental processes may affect NERI fish communities in the future.      
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Table 3-1. Fish species encountered in NERI streams from 2001-2003 by Wellman (2004).  Nativity 

refers to whether a species is native or introduced with the following designations: Nat = native, Int = 

introduced, Nat/Int = native but possibly introduced, Int/Nat = introduced but possibly native, E = 

endemic. 

 

Nativity Species Name Common Name 

Int Ambloplites rupestris Rock Bass 

Int/Nat Ameiurus natalis Yellow Bullhead 

Nat Campostoma anomalum Central Stoneroller 

Nat Catostomus commersonii White Sucker 

Nat Clinostomus funduloides Rosyside Dace 

Nat Cottus bairdi Mottled Sculpin 

Int Cyprinella galactura Whitetail Shiner 

Nat Cyprinella spiloptera Spotfin Shiner 

Nat Etheostoma blennioides Greenside Darter 

Int Etheostoma caeruleum Rainbow Darter 

Nat Etheostoma flabellare Fantail Darter 

Int Etheostoma variatum Variegate Darter 

Nat Hypentelium nigracans Northern Hogsucker 

Nat Lepomis cyanellus Green Sunfish 

Int Lepomis gibbosus Pumpkinseed 

Int Lepomis macrochirus Bluegill 

Nat/Int Luxilus albeolus White Shiner 

Int Micropterus dolomieu Smallmouth Bass 

Int Micropterus puntulatus Spotted Bass 

Int Micropterus salmoides Largemouth Bass 

Nat (E) Nocomis platyrhynchus Bigmouth Chub 

Int Notropis hudsonius Spottail Shiner 

Nat Notropis rubellus Rosyface Shiner 

Int Notropis telescopus Telescope Shiner 

Nat Notropis volucellus Mimic Shiner 

Int Oncorhynchus mykiss Rainbow Trout 

Nat Percina oxyrhynchus Sharpnose Darter 

Int Percina roanoka Roanoke Darter 

Nat Phoxinus oreas Mountain Redbelly Dace 

Nat Pimephales notatus Bluntnose Minnow 

Int Pimephales promelas Fathead Minnow 

Int Pomoxis annularis White Crappie 

Nat Pylodictis olivaris Flathead Catfish 

Nat Rhinichthys atratulus Blacknose Dace 

Nat Rhinichthys cataractae Longnose Dace 

Int Salmo trutta Brown Trout 

Nat Salvelinus fontinalis Brook Trout 

Nat Semotilus atromaculatus Creek Chub 
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Table 3-2. Mean, standard deviations (sd), and ranges of measured and derived habitat variable values 

across all NERI study sites.  Link magnitude, reach slope, and large woody debris (LWD) density are 

unit-less metrics. 

 

Habitat variable Mean (sd) Range 

Link magnitude 101.15 (122.27) 9 - 395 

Percentage riparian cover 87.96 (4.86) 68.80 - 96.80 

Upstream catchment area (km
2
) 19.15 (22.59) 1.96 - 71.96 

Percentage agriculture 3.14 (3.34) 0 - 11.73 

Percentage developed 6.05 (9.16) 0 - 38.46 

Percentage forest 88.67 (13.20) 45.72 - 99.80 

Reach slope 0.11 (0.07) 0.01 - 0.25 

Average downstream slope  0.07 (0.05) 0.02 - 0.21 

Distance to New River (km) 2.52 (2.86) 0.10 - 11.05 

Reach area (m
2
) 634.67 (292.37) 251.00 - 1406.25 

LWD density 0.02 (0.01) 0 - 0.05 

Mean maximum daily water 

temperature (
o
C) 

14.03 (1.87) 11.19 - 18.65 

Elevation (m) 477.65 (177.70) 306.99 - 781.3 

Mean depth (m) 0.24 (0.09) 0.08 - 0.52 

Mean conductivity (µS/cm) 97.72 (69.14) 18.33 - 316.67 

 

Table 3-3. Streams previously designated by WVEPA as impaired due to poor water quality in NERI, 

water quality parameters (Criteria) for which streams were impaired, year TMDLs were developed, and 

sites on each stream. 

 

Stream Criteria 

TMDL 

developed 

(year) 

Sites 

Keeney Creek Fecal Coliform 2008 NERI.3018 

    

Arbuckle Creek Biological          

Fecal Coliform   

Iron 

2008                                         

2008                                

2008 

NERI.3038 

NERI.3054 

    

Meadow Fork Iron                          

pH 

2002                           

2002 

NERI.3001 

NERI.3065 

    

Batoff Creek Aluminum           

Iron                           

pH 

2008                                         

2008                                

2008 

NERI.3064 

    

Meadow Creek Fecal Coliform 2008 NERI.3011 

NERI.3075 

NERI.3043 

NERI.3059 
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Table 3-4. Number of sites representative of each visually-assessed habitat characteristic.  Percentages of 

each condition out of all 34 sites are in parentheses.    

 

Habitat variable Assessment # of sites 

Riparian vegetation Trees 30 (88%) 

 

Shrubs 4 (12%) 

 

Grasses 0 (0%) 

 

Herbaceous 0 (0%) 

   Canopy cover Shaded 22 (65%) 

 

Partly shaded 12 (35%) 

 

Open 0 (0%) 

   Dominant substrate Boulder 21 (62%) 

 

Cobble 7 (20%) 

 

Bedrock 4 (12%) 

 

Gravel 1 (3%) 

  Fine 1 (3%) 
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Table 3-5. Species and number of individuals observed (N) for fishes in study reaches of NERI wadeable 

streams. Nativity refers to whether a species is native (Nat) to the region or has been introduced (Int). 

Species are ordered descending from most to least abundant. 

 

Species N Family Nativity 

Blacknose Dace Rhinichthys atratulus 3833 Cyprinidae Nat 

Central Stoneroller Campostoma anomalum 1136 Cyprinidae Nat 

Creek Chub Semotilus atromaculatus  884 Cyprinidae Nat 

Rosyside Dace Clinostomus funduloides 838 Cyprinidae Nat 

Fantail Darter Etheostoma flabellare 834 Percidae Nat 

Longnose Dace Rhinichthys cataractae 189 Cyprinidae Nat 

Green Sunfish Lepomis cyanellus 122 Centrarchidae Nat 

Brook Trout Salvelinus fontinalis 49 Salmonidae Nat 

Northern Hogsucker Hypentelium nigricans  32 Catostomidae Nat 

Rainbow Darter Etheostoma caeruleum 29 Percidae Int 

Rock Bass Ambloplites rupestris 25 Centrarchidae Int 

Variegate Darter Etheostoma variatum 10 Percidae Int 

Brown Trout Salmo trutta 7 Salmonidae Int 

White Sucker Catostomus commersonii 7 Catostomidae Nat 

Bluegill Lepomis macrochirus 4 Centrarchidae Int 

Smallmouth Bass Micropterus dolomieu 4 Centrarchidae Int 

Bluehead Chub Nocomis leptocephalus 3 Cyprinidae Int 

Rainbow Trout Oncorhynchus mykiss 3 Salmonidae Int 

White Shiner Luxilus albeolus 1 Cyprinidae Nat 

Fathead Minnow Pimephales promelas 1 Cyprinidae Int 

Whitetail Shiner Cyprinella galactura 1 Cyprinidae Int 
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Table 3-6. Habitat associations for fish species sampled in NERI. Nativity refers to whether a species is native (Nat) to the region or has been 

introduced (Int). 

 

Species Nativity Habitat (Jenkins and Burkhead 1994) 

Blacknose Dace Nat Tiny to medium-sized streams of gentle to steep gradient. 

Bluegill Int Pools and backwaters of low to moderate-gradients creeks, streams, and rivers, and in all types of lacustrine 

habitats. 

Brook Trout Nat Rocky, tumbling, mountain creeks and small streams that have permanent cool or cold flow or occasionally 

are intermittent.  Open streams of moderate gradient where temperature and other conditions are adequate. 

Brown Trout Int Cool and cold creeks, streams, rivers, and natural and artificial ponds and lakes. 

Creek Chub Nat Small streams, moderate to somewhat low gradient, cool or warm water. 

Green Sunfish Nat Slow pools and backwaters of moderate-gradient, clear and turbid creeks, streams, and rivers, and of ponds, 

lakes, and reservoirs. 

Longnose Dace Nat Moderate and high-gradient streams of widely varied size and temperature. 

Northern Hogsucker Nat Cool and warm, gravelly and rocky, upland and montane, large creeks to small rivers. 

Rainbow Trout Int Creeks, streams, rivers, ponds and lakes, typically forested small rocky streams. 

Smallmouth Bass Int Cool and warm, generally clear, large creeks, streams, and rivers with gravelly and rocky substrates. 

White Sucker Nat Wide range of habitats.  Small creeks to large rivers, ponds, lakes, and reservoirs. 

Central Stoneroller Nat Usually clear streams of varying size and temperature that have moderate or high gradient. 

Fantail Darter Nat Ubiquitous over much of its range in cool and warm, gravelly and rockey brooks and medium-sized 

streams; to a lesser extent it occurs in large streams and rivers. 

Rosyside Dace Nat Low and high-gradient creeks, occasionally in medium-sized streams, and rarely in rivers. 

Rainbow Darter Int Warm, moderate-gradient creeks, streams, and rivers.  Runs and riffles of sand, gravel, and rubble, and is 

occasionally found in pools. 

Rock Bass Int Clear, moderate-gradient, cool and warm creeks, streams, and river; they inhabit pools and backwaters, and 

strongly associate with shelter. 

Variegate Darter Int Warm streams and river and tends to localize in riffles of gravel, rubble, boulder, some sand, and little 

siltation. 
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Table 3-6. Continued. 

 

Species Nativity Habitat (Jenkins and Burkhead 1994) 

Bluehead Chub Int Warm, typically clear, gravelly and rocky, moderate-gradient, medium-sized streams to large rivers. 

White Shiner Nat Principally a pool inhabitant in cool and warm streams of moderate gradient. 

Fathead Minnow Int Ranges from small creeks to large, usually clear rivers of moderate to low gradients; occupies pools and 

backwaters. 

Whitetail Shiner Int Cool and warm, moderate gradient, typically clear, lotic waters ranging from large creeks to rivers 

 

 

Table 3-7. Comparisons of naïve richness between Wellman (2004) and the current study (Faulk 2015). 

 

Richness measure Wellman (2004) Faulk (2015) 

Total naïve richness 38 21 

Mean richness per site 9 3 

Range per site 0 - 21 0 - 13 

Proportion native species 0.55 0.52 
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Table 3-8. Naïve species richness and composition (native vs. introduced) of local fish communities at 

NERI study sites.  Sites on TMDL streams are in bold. 

 

Site ID 

Total 

richness Native Introduced 

Proportion 

Native 

NERI.3044 13 7 6 0.54 

NERI.3011 10 8 2 0.80 

NERI.3075 9 8 1 0.88 

NERI.3043 8 6 2 0.75 

NERI.3037 7 7 0 1.00 

NERI.3059 6 6 0 1.00 

NERI.3018 5 4 1 0.80 

NERI.3038 5 4 1 0.80 

NERI.3054 5 4 1 0.80 

NERI.3074 5 4 1 0.80 

NERI.3065 4 2 2 0.50 

NERI.3026 3 3 0 1.00 

NERI.3052 3 3 0 1.00 

NERI.3064 3 3 0 1.00 

NERI.3080 3 3 0 1.00 

NERI.3001 2 2 0 1.00 

NERI.3048 2 2 0 1.00 

NERI.3005 1 1 0 1.00 

NERI.3009 1 1 0 1.00 

NERI.3036 1 1 0 1.00 

NERI.3053 1 1 0 1.00 

NERI.3058 1 1 0 1.00 

NERI.3069 1 1 0 1.00 

NERI.3077 1 1 0 1.00 

NERI.3016 0 0 0 0 

NERI.3021 0 0 0 0 

NERI.3024 0 0 0 0 

NERI.3032 0 0 0 0 

NERI.3034 0 0 0 0 

NERI.3041 0 0 0 0 

NERI.3042 0 0 0 0 

NERI.3049 0 0 0 0 

NERI.3050 0 0 0 0 

NERI.3072 0 0 0 0 
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Table 3-9. Estimated effects of habitat predictors (90% credible intervals in parentheses) on naïve 

richness metrics from multiple linear regression models.  Significant effects are shown in bold. 

 

Response variable Habitat predictor Estimate (90% CI) 

Total richness Intercept 3.02 (2.46, 3.60) 

 

Riparian cover 0.67 (0.02, 1.32) 

 

Mean max. daily temperature 1.24 (0.46, 2.06) 

 

Distance to New River -0.15 (-1.01, 0.70) 

 

Mean stream depth 1.09 (0.37, 1.83) 

 

LWD density -0.54 (-1.34, 0.29) 

 

Conductivity 0.42 (-0.27, 1.11) 

 

Average downstream slope -0.68 (-1.50, 0.13) 

   Native richness Intercept 2.55 (2.13, 2.96) 

 

Riparian cover 0.33 (-0.14, 0.81) 

 

Mean max. daily temperature 1.10 (0.51, 1.68) 

 

Distance to New River -0.01 (-0.63, 0.61) 

 

Mean stream depth 0.96 (0.43, 1.49) 

 

LWD density 0.29 (-0.88, 0.30) 

 

Conductivity 0.32 (-0.18, 0.84) 

 

Average downstream slope -0.46 (-1.05, 0.13) 

   Introduced richness Intercept 0.48 (0.15, 0.82) 

 

Riparian cover 0.34 (-0.04, 0.73) 

 

Mean max. daily temperature 0.17 (-0.31, 0.64) 

 

Distance to New River -0.14 (-0.65, 0.37) 

 

Mean stream depth 0.14 (-0.29, 0.58) 

 

LWD density -0.24 (-0.73, 0.24) 

 

Conductivity 0.10 (-0.32, 0.51) 

  Average downstream slope -0.22 (-0.71, 0.26) 
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Table 3-10. Estimated posterior means (90% credible intervals in parentheses) of detection and occupancy 

probabilities for all species encountered in NERI study reaches. Species are sorted from highest to lowest 

occupancy probability.  Native species are shown in bold. 

 

Species Detection Occupancy 

Creek Chub Semotilus atromaculatus 0.98 (0.90, >0.99) 0.50 (0.37, 0.64) 

Blacknose Dace Rhinichthys atratulus 0.98 (0.90, >0.99) 0.42 (0.29, 0.56) 

Rosyside Dace Clinostomus funduloides 0.98 (0.84, >0.99) 0.26 (0.16, 0.39) 

Green Sunfish Lepomis cyanellus 0.94 (0.54, >0.99) 0.19 (0.10, 0.31) 

Fantail Darter Etheostoma flabellare 0.94 (0.54, >0.99) 0.19 (0.10, 0.30) 

Central Stoneroller Campostoma anomalum 0.93 (0.83, 0.98) 0.19 (0.10, 0.30) 

White Shiner Luxilus albeolus 0.92 (0.83, 0.97) 0.17 (0.07, 0.40) 

Brown Trout Salmo trutta 0.86 (0.77, 0.92) 0.15 (0.06, 0.31) 

Brook Trout Salvelinus fontinalis 0.84 (0.60, 0.95) 0.14 (0.07, 0.25) 

Northern Hogsucker Hypentelium nigracans 0.81 (0.63, 0.92) 0.12 (0.05, 0.22) 

Longnose Dace Rhinichthys cataractae 0.80 (0.58, 0.93) 0.11 (0.05, 0.21) 

Fathead Minnow Pimephales promelas 0.64 (0.25, 0.90) 0.09 (0.02, 0.33) 

Smallmouth Bass Micropterus dolomieu 0.64 (0.25, 0.90) 0.09 (0.02, 0.32) 

White Shiner Luxilus albeolus 0.64 (0.25, 0.90) 0.09 (0.02, 0.32) 

Whitetail Shiner Cyprinella galactura 0.61 (0.12, 0.94) 0.09 (0.02, 0.31) 

Bluegill Lepomis macrochirus 0.40 (0.16, 0.69) 0.08 (0.03, 0.18) 

Rainbow Darter Etheostoma caeruleum 0.29 (0.10, 0.58) 0.08 (0.03, 0.18) 

Rock Bass Ambloplites rupestris 0.19 (0.02, 0.72) 0.08 (0.03, 0.18) 

Bluehead Chub Nocomis leptocephalus 0.19 (0.02, 0.72) 0.06 (0.02, 0.17) 

Rainbow Trout Oncorhynchus mykiss 0.19 (0.02, 0.72) 0.05 (0.02, 0.13) 

Variegate Darter Etheostoma variatum 0.19 (0.02, 0.71) 0.05 (0.02, 0.13) 

 

 

Table 3-11. Direction of significant effects of habitat predictors on occupancy for individual species. 

LWD was not a significant predictor for any species. 

 

Predictor 
Species (# significant 

and direction) 

Mean depth 13 (+) 

Mean max. daily temperature 4 (+), 1 (-) 

Distance to New River 2 (-) 

Mean conductivity 5 (+) 

Percentage riparian cover 3 (+) 

Average downstream slope 5 (-) 

LWD density 0 
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Figure 3-1. Location and extent of the New River Gorge National River (NERI) with locations and IDôs 

of study sites.  See Table C-1 for definition of Site IDs.   
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Figure 3-2. Current and historic fish studies within and around NERI.  Adapted from (Wellman 2004). 
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Figure 3-3. Streams in NERI previously designated as impaired (TMDL developed) by West Virginia 

Department of Environmental Protection (WVDEP) according to water quality standards.  Derived from 

data compiled by Tucker and Ling (2015).   
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Figure 3-4. Naïve occupancy and estimated occupancy probabilities (with 90% credible intervals) for 

fishes observed in NERI wadeable streams. 
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Figure 3-5. Predicted effects of mean stream depth on occupancy of Rainbow Darter, Rock Bass, and 

Variegate Darter.  Lines represent predicted effects and shaded regions represent 90% credible intervals. 

 

 

 

 

 

 

Figure 3-6. Predicted effects of conductivity on occupancy of Central Stoneroller, Creek Chub, Rosyside 

Dace, Bluegill, and Brown Trout.  Lines represent predicted effects and shaded regions represent 90% 

credible intervals. 
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Figure 3-7. Predicted effects of percentage riparian cover on occupancy of Central Stoneroller, Rainbow 

Darter, and Variegate Darter.  Lines represent predicted effects and shaded regions represent 90% 

credible intervals. 
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Figure 3-8. Predicted effects of mean maximum daily water temperature on occupancy of Central 

Stoneroller, Fantail Darter, Longnose Dace, Rosyside Dace, White Sucker, and Green Sunfish.  Lines 

represent predicted effects and shaded regions represent 90% credible intervals. 

 

 

Figure 3-9. Predicted effects of linear stream distance to New River on occupancy of Blacknose Dace and 

Brook Trout.  Lines represent predicted effects and shaded regions represent 90% credible intervals. 



112 

 

 

Figure 3-10. Predicted effects of average downstream slope on occupancy of Blacknose Dace, Brook 

Trout, Creek Chub, Fantail Darter, and Green Sunfish.  Lines represent predicted effects and shaded 

regions represent 90% credible intervals. 

 

 

Figure 3-11. Predicted effects of conductivity on detection of Blacknose Dace.  Lines represent predicted 

effects and shaded regions represent 90% credible intervals.
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Figure 3-12. Estimated posterior mean detection probabilities for sampled NERI stream fishes when water turbidity was clear and turbid.  Squares 

are posterior means and vertical bars are 90% credible intervals.
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Appendix A 

 

DEWA Additional Figures/Tables 

Table A-1. Site identification numbers, names, and locations of sample sites in DEWA (n=34).  Site ID 

numbers correspond to numbered order of sites from list of potential sites generated by the GRTS random 

selection process.  Site name refers to the wadeable stream where each site resided and a number 

corresponding to the location of a site on each stream, ordered from downstream to upstream in 100 m 

reaches. For example, ñCaledonia Creek 13ò refers to the 13
th
 upstream 100 m reach on Caledonia Creek.   

 

Site ID Site name State Latitude Longitude 

DEWA.3001 Caledonia Creek 13 PA 40.971382 -75.143962 

DEWA.3002 Van Campen Creek 12 PA 41.113812 -74.984465 

DEWA.3003 Deckers Creek 3 PA 41.197439 -74.903080 

DEWA.3004 Dingmans Creek 5 PA 41.222420 -74.874654 

DEWA.3005 Dunnfield Creek 3 NJ 40.974027 -75.126536 

DEWA.3006 Toms Creek 20 PA 41.137285 -74.962515 

DEWA.3007 Spackmans Creek 8 PA 41.175611 -74.905946 

DEWA.3008 Dingmans Creek 57 PA 41.237695 -74.918324 

DEWA.3009 Vancampens Brook 28 NJ 41.067812 -74.979348 

DEWA.3010 Vancampens Brook 95 NJ 41.096751 -74.923716 

DEWA.3011 Adams Creek 14 PA 41.248822 -74.877075 

DEWA.3012 Adams Creek 33 PA 41.257815 -74.890464 

DEWA.3013 Little Bushkill Creek 1 PA 41.093838 -75.005311 

DEWA.3014 Vancampens Brook 43 NJ 41.071076 -74.965035 

DEWA.3015 Dingmans Creek 39 PA 41.230547 -74.903405 

DEWA.3018 Toms Creek 7 PA 41.129487 -74.959153 

DEWA.3019 Hornbecks Creek 23 PA 41.192757 -74.907524 

DEWA.3020 Mill Creek 25 PA 41.168876 -74.926741 

DEWA.3022 Toms Creek 25 PA 41.141504 -74.962808 

DEWA.3023 UNT Dingmans Creek 7 PA 41.235416 -74.885758 

DEWA.3025 Vancampens Brook 22 NJ 41.064702 -74.984439 

DEWA.3026 UNT Vancampens Brook 5 NJ 41.085696 -74.940562 

DEWA.3027 Adams Creek 3 PA 41.241469 -74.869745 

DEWA.3028 White Brook 15 NJ 41.294575 -74.795539 

DEWA.3029 Sand Hill Creek 8 PA 41.082400 -75.014358 

DEWA.3030 Yards Creek 7 NJ 41.031790 -75.005378 

DEWA.3031 Dingmans Creek 30 PA 41.230649 -74.894796 

DEWA.3032 Raymondskill Creek 13 PA 41.295192 -74.845448 

DEWA.3033 Dunnfield Creek 26 NJ 40.983365 -75.105159 
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Table A-1. Continued. 

 

Site ID Site name State Latitude Longitude 

DEWA.3034 Toms Creek 3 PA 41.127073 -74.956496 

DEWA.3035 Hornbecks Creek 15 PA 41.193548 -74.899877 

DEWA.3037 Dunnfield Creek 53 NJ 40.991255 -75.080851 

DEWA.3038 Vancampens Brook 76 NJ 41.090624 -74.941252 

DEWA.3040 Conashaugh Creek 42 PA 41.270541 -74.847476 
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Table A-2. Measured and derived habitat characteristics of all study sites in DEWA. 

Site ID 

Link 

Magnitude 

Percentage 

riparian 

cover 

Upstream 

catchment 

area (km2) 

Percentage 

agriculture 

Percentage 

developed 

Percentage 

forest 

Reach 

slope 

Distance to 

Delaware River 

(km) 

Reach 

area (m2) 

LWD 

density 

Barrier 

Index 

(score/km) 

DEWA.3001 5 55.36 2.13 0.00 0.00 99.79 0.11 1.29 341.25 0.01 3.74 

DEWA.3002 9 56.27 3.77 0.00 30.75 67.07 0.10 1.52 338.75 0.00 0.68 

DEWA.3003 6 55.00 2.47 1.71 12.19 82.75 0.08 2.94 521.25 0.01 0.85 

DEWA.3004 94 67.56 43.26 0.08 18.27 69.13 0.05 1.19 1178.13 0.02 0.00 

DEWA.3005 22 54.62 9.37 0.13 0.03 97.64 0.21 0.52 432.50 0.05 0.00 

DEWA.3006 43 64.69 19.22 0.00 19.54 77.69 0.04 2.60 652.50 0.01 1.36 

DEWA.3007 9 61.50 2.39 0.00 4.36 94.59 0.21 1.27 411.25 0.01 4.72 

DEWA.3008 68 60.50 32.16 0.00 17.94 65.80 0.07 6.10 886.25 0.04 0.99 

DEWA.3009 39 61.00 16.25 0.07 1.30 94.15 0.05 6.01 455.00 0.00 0.56 

DEWA.3010 5 68.92 2.47 0.00 0.18 87.09 0.13 12.38 526.25 0.02 0.71 

DEWA.3011 45 56.36 17.75 0.08 10.58 83.98 0.10 1.86 678.75 0.01 1.29 

DEWA.3012 33 57.18 13.09 0.11 12.44 80.36 0.16 3.66 700.00 0.01 2.92 

DEWA.3013 185 66.38 85.36 0.00 6.32 72.58 0.03 1.69 791.25 0.02 0.00 

DEWA.3014 31 62.57 13.86 0.00 0.60 94.99 0.05 7.46 632.50 0.05 0.68 

DEWA.3015 76 63.20 36.11 0.04 19.09 66.23 0.05 4.40 838.75 0.01 0.42 

DEWA.3018 48 67.23 21.28 0.00 19.12 78.28 0.14 1.37 867.50 0.02 0.89 

DEWA.3019 46 56.11 17.53 1.07 14.87 73.67 0.15 3.14 577.50 0.01 1.49 

DEWA.3020 26 42.38 7.63 0.39 12.70 78.91 0.09 3.2 493.75 0.02 2.84 

DEWA.3022 43 68.64 18.85 0.00 19.92 77.26 0.04 3.08 512.50 0.33 1.15 

DEWA.3023 7 54.50 2.24 0.00 24.58 72.89 0.06 3.48 283.75 0.01 0.14 

DEWA.3025 39 65.27 16.65 0.07 1.57 93.91 0.05 5.44 690.00 0.01 0.62 

DEWA.3026 6 65.42 2.11 0.00 0.00 97.27 0.14 7.60 367.50 0.01 0.97 

DEWA.3027 50 58.80 19.21 0.08 9.85 85.14 0.12 0.81 652.50 0.03 1.90 

DEWA.3028 8 25.67 3.32 19.54 14.11 52.00 0.06 1.70 170.00 0.00 0.76 

DEWA.3029 21 16.00 9.49 0.46 27.73 58.98 0.03 2.77 335.00 0.01 0.00 

DEWA.3030 1 70.25 2.29 0.00 0.24 89.26 0.17 17.07 596.25 0.00 NA 

DEWA.3031 77 69.18 36.62 0.03 18.92 66.61 0.12 3.55 1008.75 0.01 0.52 

DEWA.3032 126 36.00 58.94 0.88 15.15 69.49 0.05 2.23 1281.25 0.01 2.51 

DEWA.3033 17 63.69 6.52 0.18 0.04 97.20 0.30 5.30 552.50 0.01 0.93 

DEWA.3034 52 60.92 24.01 0.01 17.28 79.95 0.04 0.98 993.75 0.04 0.00 

DEWA.3035 52 54.55 20.42 1.13 14.24 75.31 0.05 2.37 643.75 0.08 0.24 

DEWA.3037 6 59.00 2.83 0.41 0.10 94.28 0.02 2.72 211.25 0.02 3.09 

DEWA.3038 10 69.17 5.95 0.00 0.47 91.14 0.05 10.62 578.75 0.00 0.69 

DEWA.3040 15 55.31 5.59 0.34 5.54 92.74 0.14 0.55 346.25 0.02 0.00 



125 

 

Table A-2. Continued. 

Site ID 

Elevation 

(m) 

Mean depth 

(m) 

Mean water 

temperature 

(oC) 

Mean 

conductivity 

(µS/cm) 

Riparian 

vegetation Canopy cover 

Dominant 

substrate Impoundment 

Downstream 

barrier 

DEWA.3001 196.99 0.12 13.39 36.00 Shrubs Shaded Cobble No Yes 

DEWA.3002 160.99 0.12 16.37 176.00 Trees Shaded Boulder Yes Yes 

DEWA.3003 173.50 0.11 14.66 118.00 Trees Shaded Cobble Yes Yes 

DEWA.3004 126.53 0.35 19.31 83.67 Trees Partly shaded Cobble Yes No 

DEWA.3005 108.63 0.24 16.24 32.00 Trees Partly shaded Bedrock No No 

DEWA.3006 155.79 0.21 15.45 110.33 Trees Partly shaded Gravel Yes Yes 

DEWA.3007 193.14 0.18 15.39 71.67 Trees Shaded Bedrock No Yes 

DEWA.3008 280.66 0.32 20.16 69.33 Trees Shaded Boulder Yes Yes 

DEWA.3009 166.41 0.33 16.63 56.00 Trees Shaded Bedrock Yes Yes 

DEWA.3010 328.85 0.15 16.51 19.67 Shrubs Shaded Cobble Yes Yes 

DEWA.3011 158.61 0.16 18.14 81.33 Trees Partly shaded Boulder Yes Yes 

DEWA.3012 271.14 0.30 18.39 78.33 Trees Shaded Bedrock Yes Yes 

DEWA.3013 110.83 0.32 17.62 53.33 Shrubs Open Cobble Yes No 

DEWA.3014 192.74 0.48 15.43 43.33 Shrubs Partly shaded Cobble Yes Yes 

DEWA.3015 213.26 0.29 19.27 77.00 Trees Shaded Cobble Yes Yes 

DEWA.3018 123.16 0.19 14.72 74.10 Trees Shaded Cobble Yes Yes 

DEWA.3019 202.28 0.31 18.49 128.00 Trees Shaded Bedrock Yes Yes 

DEWA.3020 240.95 0.26 19.48 74.33 Trees Partly shaded Cobble Yes Yes 

DEWA.3022 166.21 0.21 16.37 77.17 Trees Shaded Cobble Yes Yes 

DEWA.3023 218.45 0.09 17.46 158.00 Trees Shaded Cobble Yes No 

DEWA.3025 158.79 0.33 17.04 56.00 Trees Shaded Cobble Yes Yes 

DEWA.3026 286.77 0.16 14.86 31.33 Trees Shaded Cobble Yes Yes 

DEWA.3027 128.69 0.38 18.49 80.00 Trees Partly shaded Bedrock Yes Yes 

DEWA.3028 192.70 0.15 21.35 310.33 Grasses Partly shaded Cobble Yes Yes 

DEWA.3029 126.36 0.14 20.27 271.67 Shrubs Shaded Cobble Yes No 

DEWA.3030 335.27 0.20 19.45 20.67 Trees Shaded Boulder Yes Yes 

DEWA.3031 197.27 0.30 19.65 75.33 Trees Shaded Bedrock Yes Yes 

DEWA.3032 214.87 0.35 22.98 120.67 Trees Partly shaded Cobble Yes Yes 

DEWA.3033 222.12 0.19 16.04 27.00 Trees Shaded Cobble No Yes 

DEWA.3034 114.54 0.22 15.49 105.00 Trees Partly shaded Cobble Yes No 

DEWA.3035 143.75 0.19 17.51 124.00 Trees Shaded Cobble Yes No 

DEWA.3037 340.16 0.46 16.85 26.67 Grasses Open Fine No Yes 

DEWA.3038 267.08 0.24 16.27 34.33 Trees Partly shaded Cobble Yes Yes 

DEWA.3040 127.04 0.21 13.61 67.33 Trees Shaded Boulder Yes No 
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Table A-3. Fish species observed at DEWA study sites across all sampling occasions (n=3 sampling occasions per site). 
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DEWA.3001 x

DEWA.3002 x x x

DEWA.3003 x x x x x x x

DEWA.3004 x x x x x x x x x x x x x x x x x x x

DEWA.3005 x x x x

DEWA.3006 x x x x

DEWA.3007 x x x

DEWA.3008 x x x x x x x x x x x

DEWA.3009 x x x x x x x x x

DEWA.3010 x

DEWA.3011 x x x x x

DEWA.3012 x x x x x

DEWA.3013 x x x x x x x x x x x x x x x x x x x

DEWA.3014 x x x x x

DEWA.3015 x x x x x x x

DEWA.3018 x x x x x x x x x x

DEWA.3019 x x x x x x x x x x

DEWA.3020 x x x x x x x x x x

DEWA.3022 x x x x x

DEWA.3023 x x x x

DEWA.3025 x x x x x x x x x x x x

DEWA.3026 x x x

DEWA.3027 x x x x x x

DEWA.3028 x x x x x

DEWA.3029 x x x x x x x x x x

DEWA.3030

DEWA.3031 x x x x x x x x x x x x

DEWA.3032 x x x x x x x x x x x x x x

DEWA.3033 x x

DEWA.3034 x x x x x x x x x x x x

DEWA.3035 x x x x x x x x x x x x x

DEWA.3037 x x

DEWA.3038 x x x x x x x x x x x x

DEWA.3040 x x x x
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Table A-4. Estimated posterior means (90% credible intervals in parentheses) of species-specific effects 

of final habitat predictors on detection.  Significant effects are in bold. 

 

Species Conductivity Discharge 

American Eel -0.70 (-1.00, -0.37) -0.05 (-0.37, 0.38) 

Black Crappie -0.75 (-1.19, -0.36) -0.16 (-0.55, 0.25) 

Blacknose Dace -0.66 (-1.02, -0.23) -0.15 (-0.52, 0.26) 

Bluegill -0.60 (-0.92, -0.19) -0.09 (-0.31, 0.17) 

Bluespotted Sunfish -0.71 (-1.13, -0.30) -0.15 (-0.53, 0.26) 

Brook Trout -0.70 (-0.99, -0.41) -0.31 (-0.69, -0.02) 

Brown Bullhead -0.71 (-1.09, -0.32) -0.17 (-0.45, 0.11) 

Brown Trout -0.75 (-1.13, -0.40) -0.10 (-0.42, 0.33) 

Chain Pickerel -0.78 (-1.24, -0.41) -0.11 (-0.45, 0.30) 

Comely Shiner -0.64 (-1.01, -0.17) -0.24 (-0.65, 0.09) 

Common Shiner -0.77 (-1.24, -0.39) -0.09 (-0.43, 0.33) 

Creek Chub -0.84 (-1.39, -0.48) -0.28 (-0.62, -0.03) 

Cutlips Minnow -0.79 (-1.23, -0.46) -0.02 (-0.35, 0.49) 

Fallfish -0.73 (-1.12, -0.38) -0.41 (-0.90, -0.08) 

Golden Shiner -0.67 (-1.04, -0.23) -0.25 (-0.66, 0.06) 

Green Sunfish -0.74 (-1.14, -0.36) -0.24 (-0.65, 0.09) 

Largemouth Bass -0.70 (-1.05, -0.35) -0.24 (-0.56, 0.01) 

Longnose Dace -0.71 (-1.13, -0.29) -0.05 (-0.35, 0.37) 

Margined Madtom -0.79 (-1.21, -0.45) -0.03 (-0.34, 0.41) 

Northern Hogsucker -0.74 (-1.18, -0.33) -0.20 (-0.61, 0.17) 

Pumpkinseed -0.75 (-1.10, -0.42) -0.20 (-0.45, 0.03) 

Rainbow Trout -0.79 (-1.28, -0.42) -0.03 (-0.31, 0.37) 

Redbreast Sunfish -0.82 (-1.30, -0.47) -0.23 (-0.62, 0.11) 

Redfin Pickerel -0.73 (-1.16, -0.31) -0.14 (-0.52, 0.30) 

Sea Lamprey -0.75 (-1.21, -0.35) -0.12 (-0.52, 0.34) 

Shield Darter -0.73 (-1.16, -0.32) -0.26 (-0.65, 0.05) 

Smallmouth Bass -0.73 (-1.17, -0.32) -0.22 (-0.66, 0.15) 

Tessellated Darter -0.73 (-1.16, -0.32) -0.09 (-0.47, 0.40) 

Tiger Trout -0.74 (-1.17, -0.34) -0.19 (-0.62, 0.22) 

White Sucker -0.75 (-1.11, -0.41) 0.05 (-0.27, 0.53) 

Yellow Bullhead -0.80 (-1.28, -0.44) -0.33 (-0.85, 0.02) 

Yellow Perch -0.77 (-1.22, -0.40) -0.32 (-0.73, -0.03) 
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Table A-5. Estimated posterior means (90% credible intervals in parentheses) of species-specific effects of final habitat predictors on occupancy.  

Significant effects are in bold.   

 

Species Catchment Area Elevation Percent Forest logeLWD Density Reach slope 

American Eel -0.15 (-1.03, 0.72) -1.73 (-2.94, -0.68) -0.57 (-1.25, <0.01) -0.02 (-0.37, 0.35) -0.42 (-0.89, 0.02) 

Black Crappie 0.83 (-0.87, 2.82) -0.66 (-2.50, 0.86) -0.32 (-1.22, 0.82) >-0.01 (-0.58, 0.52) -0.47 (-1.06, 0.03) 

Blacknose Dace 2.41 (1.28, 3.59) -0.56 (-1.42, 0.26) -0.65 (-1.83, 0.19) -0.97 (-1.57, -0.33) -0.82 (-1.50, -0.17) 

Bluegill 1.23 (0.02, 2.87) -0.17 (-1.02, 0.63) -0.51 (-1.27, 0.16) -0.23 (-0.79, 0.20) -0.40 (-0.86, 0.06) 

Bluespotted Sunfish 1.43 (0.12, 3.34) -0.11 (-1.74, 1.51) -0.56 (-1.58, 0.34) 0.16 (-0.33, 0.77) -0.44 (-1.01, 0.08) 

Brook Trout -1.79 (-3.56, -0.43) -0.75 (-1.70, 0.13) 1.09 (0.20, 2.12) -0.04 (-0.58, 0.51) -0.46 (-1.32, 0.32) 

Brown Bullhead 1.37 (0.12, 3.21) 0.11 (-0.84, 1.16) -0.55 (-1.39, 0.16) -0.06 (-0.47, 0.31) -0.45 (-0.97, 0.01) 

Brown Trout 2.18 (0.30, 6.42) -3.06 (-5.33, -1.41) -0.01 (-1.05, 1.00) 0.05 (-0.59, 0.73) 0.38 (-0.57, 1.51) 

Chain Pickerel 0.54 (-0.41, 1.59) 0.63 (-0.36, 1.75) -0.44 (-1.2, 0.33) 0.03 (-0.37, 0.42) -0.40 (-0.89, 0.10) 

Comely Shiner 1.12 (-0.11, 2.76) -0.62 (-2.22, 0.73) -0.83 (-2.00, -0.07) -0.02 (-0.48, 0.41) -0.49 (-1.09, 0.01) 

Common Shiner 2.52 (1.50, 3.73) -0.69 (-2.41, 0.86) -0.20 (-1.28, 0.86) 0.67 (-0.02, 1.41) -0.89 (-1.91, 0.01) 

Creek Chub 2.54 (1.29, 3.91) 0.55 (-0.44, 1.51) 0.13 (-0.66, 1.06) -0.44 (-0.94, 0.04) -0.78 (-1.50, -0.07) 

Cutlips Minnow 0.88 (0.01, 1.91) -2.05 (-4.02, -0.55) -0.71 (-1.64, -0.03) 0.24 (-0.17, 0.75) -0.47 (-1.03, <0.01) 

Fallfish 2.36 (1.33, 3.46) -1.74 (-3.52, -0.29) -0.55 (-1.71, 0.28) 0.18 (-0.33, 0.72) -0.84 (-1.70, -0.03) 

Golden Shiner 0.60 (-1.05, 2.30) -0.36 (-1.90, 1.10) -0.87 (-2.23, -0.05) -0.18 (-0.80, 0.26) -0.43 (-0.97, 0.09) 

Green Sunfish 0.74 (-0.68, 2.51) -0.09 (-1.25, 1.10) -0.50 (-1.44, 0.35) -0.05 (-0.59, 0.38) -0.45 (-1.00, 0.05) 

Largemouth Bass 1.44 (0.17, 3.27) -0.13 (-1.12, 0.82) -0.80 (-1.90, -0.08) -0.26 (-0.81, 0.17) -0.44 (-0.95, 0.03) 

Longnose Dace 2.49 (1.49, 3.65) -2.65 (-4.87, -0.78) -0.01 (-0.83, 0.97) 0.36 (-0.16, 0.94) -0.68 (-1.44, 0.19) 

Margined Madtom 2.30 (0.75, 4.51) -0.81 (-1.99, 0.19) -0.93 (-2.03, -0.21) 0.10 (-0.26, 0.50) -0.45 (-0.98, 0.02) 

Northern Hogsucker 1.18 (0.27, 2.38) -1.08 (-2.67, 0.15) -0.53 (-1.41, 0.28) 0.33 (-0.15, 0.97) -0.47 (-1.03, 0.02) 

Pumpkinseed 1.00 (0.09, 2.12) 0.01 (-0.69, 0.73) -0.23 (-0.92, 0.53) -0.16 (-0.60, 0.21) -0.40 (-0.84, 0.05) 

Rainbow Trout 6.32 (1.35, 12.90) 1.70 (0.12, 3.94) 2.89 (0.44, 6.66) -0.15 (-1.01, 0.51) -0.79 (-2.33, 0.23) 

Redbreast Sunfish 1.02 (-0.48, 3.24) -0.41 (-1.54, 0.67) -0.28 (-1.11, 0.69) -0.15 (-0.65, 0.23) -0.52 (-1.11, -0.05) 

Redfin Pickerel 1.19 (0.05, 2.83) 0.10 (-1.30, 1.55) -0.51 (-1.44, 0.36) 0.25 (-0.23, 0.88) -0.43 (-0.97, 0.09) 

Sea Lamprey 2.42 (1.35, 3.60) -0.71 (-2.82, 1.22) -0.09 (-1.21, 1.18) 1.19 (0.17, 2.40) -0.77 (-1.73, 0.26) 

Shield Darter 2.65 (1.63, 3.98) -1.84 (-3.84, -0.23) -0.21 (-1.21, 0.75) 0.55 (-0.05, 1.23) -0.98 (-2.04, -0.17) 



129 

 

Table A-5. Continued. 

 

Species Catchment Area Elevation Percent Forest logeLWD Density Reach slope 

Smallmouth Bass 2.55 (1.45, 3.90) -1.26 (-3.59, 0.61) -0.26 (-1.45, 0.82) 0.70 (-0.16, 1.68) -0.84 (-1.83, 0.12) 

Tessellated Darter 2.61 (1.59, 3.89) -0.03 (-1.66, 1.69) -0.15 (-1.23, 0.97) 0.74 (-0.06, 1.56) -0.79 (-1.73, 0.18) 

Tiger Trout -0.42 (-7.51, 6.48) -2.70 (-8.40, 1.56) 2.16 (-1.26, 7.89) 0.94 (-0.58, 3.84) 0.97 (-1.34, 5.19) 

White Sucker 2.59 (1.61, 3.80) 0.09 (-0.85, 1.04) -0.19 (-0.90, 0.51) -0.35 (-0.82, 0.07) -1.09 (-2.11, -0.35) 

Yellow Bullhead 0.28 (-1.09, 1.63) 0.44 (-0.64, 1.61) -0.47 (-1.30, 0.33) 0.06 (-0.39, 0.51) -0.48 (-1.06, 0.01) 

Yellow Perch 2.40 (1.3, 3.56) 0.14 (-1.08, 1.33) -0.23 (-1.16, 0.64) -0.22 (-0.84, 0.33) -0.84 (-1.70, -0.04) 

 

 

Table A-6. Comparison of frequency of occurrence of the ten most common species in DEWA lakes and ponds (Horwitz et al. 2014) and 

occupancy of same species in streams from the current study (Faulk 2014). 

 

Species 

Horwitz et al. 2014 

Frequency of occurrence 

(% of 23 sites) 

Faulk 2014 (Thesis) 

Occupancy (34 sites) 

Pumpkinseed 76.7 0.49 

Bluegill 50.0 0.54 

Golden Shiner 43.3 0.33 

Brown Bullhead 36.7 0.26 

Largemouth Bass 36.7 0.46 

Chain Pickerel 33.3 0.14 

Yellow Perch 20.0 0.26 

Black Crappie 10.0 0.13 

Redbreast Sunfish 10.0 0.21 

Bluespotted Sunfish 6.7 0.13 

 

 

 



130 

 

Table A-7. Pearsonôs correlation coefficients for all measured predictors of stream fish occupancy and detection in DEWA. 

 

 

Link 

magnitude 

Percentage 

riparian 

cover 

Upstream 

catchment 

area (km
2
) 

Percentage 

agriculture 

Percentage 

developed 

Percentage 

forest 

Reach 

slope 

Distance to 

Delaware 

River (km) 

Link magnitude 1.000 -0.113 0.994 0.112 0.194 -0.422 -0.145 -0.349 

Percentage riparian cover -0.113 1.000 0.155 -0.522 -0.348 0.544 0.194 0.323 

Upstream catchment area (km
2
) 0.994 0.155 1.000 -0.185 0.044 -0.273 -0.296 -0.328 

Percentage agriculture 0.112 -0.522 -0.185 1.000 0.027 -0.461 -0.085 -0.173 

Percentage developed 0.194 -0.348 0.044 0.027 1.000 -0.769 -0.107 -0.641 

Percentage forest -0.422 0.544 -0.273 -0.461 -0.769 1.000 0.181 0.521 

Reach slope -0.145 0.194 -0.296 -0.085 -0.107 0.181 1.000 0.116 

Distance to Delaware River (km) -0.349 0.323 -0.328 -0.173 -0.641 0.521 0.116 1.000 

Reach area (m
2
) 0.891 0.310 0.724 -0.361 0.044 -0.074 -0.059 -0.210 

LWD density 0.066 0.218 0.035 -0.102 0.128 0.019 -0.225 -0.059 

Elevation (m) -0.145 0.097 -0.335 0.000 -0.348 0.196 0.422 0.753 

Mean depth 0.556 0.243 0.510 -0.218 -0.360 0.213 -0.085 0.050 

Mean water temperature (
o
C) 0.675 -0.602 0.369 0.353 0.284 -0.664 -0.098 -0.254 

Mean conductivity (µS/cm) -0.020 -0.824 -0.212 0.661 0.609 -0.734 -0.223 -0.490 
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Table A-7. Continued. 

 

 

Reach 

area (m
2
) 

LWD 

density 

Elevation 

(m) 

Mean depth 

(m) 

Mean water 

temperature 

(
o
C) 

Mean 

conductivity 

(µS/cm) 

Link magnitude 0.891 0.066 -0.145 0.556 0.675 -0.020 

Percentage riparian cover 0.310 0.218 0.097 0.243 -0.602 -0.824 

Upstream catchment area (km
2
) 0.724 0.035 -0.335 0.510 0.369 -0.212 

Percentage agriculture -0.361 -0.102 0.000 -0.218 0.353 0.661 

Percentage developed 0.044 0.128 -0.348 -0.360 0.284 0.609 

Percentage forest -0.074 0.019 0.196 0.213 -0.664 -0.734 

Reach slope -0.059 -0.225 0.422 -0.085 -0.098 -0.223 

Distance to Delaware River (km) -0.210 -0.059 0.753 0.050 -0.254 -0.490 

Reach area (m
2
) 1.000 -0.024 -0.173 0.544 0.260 -0.397 

LWD density -0.024 1.000 -0.123 0.000 -0.166 -0.123 

Elevation (m) -0.173 -0.123 1.000 -0.065 0.094 -0.300 

Mean depth (m) 0.544 0.000 -0.065 1.000 0.247 -0.440 

Mean water temperature (
o
C) 0.260 -0.166 0.094 0.247 1.000 0.424 

Mean conductivity (µS/cm) -0.397 -0.123 -0.300 -0.440 0.424 1.000 
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Table A-8. Species and reference numbers for panel figures (Figures A-1 - A-8). 

 

Reference # Species  

1 American eel Anguilla rostrata  

2 Black crappie Pomoxis nigromaculatus  

3 Blacknose dace Rhinichthys atratulus  

4 Bluegill Lepomis macrochirus  

5 Bluespotted sunfish Enneacanthus gloriosus  

6 Brook trout Salvelinus fontinalis  

7 Brown bullhead Ameiurus nebulosus  

8 Brown trout Salmo trutta  

9 Chain pickerel Esox niger  

10 Comely shiner Notropis amoenus  

11 Common shiner Luxilus cornutus  

12 Creek chub Semotilus atromaculatus   

13 Cutlips minnow Exoglossum maxillingua  

14 Fallfish Semotilus corporalis  

15 Golden shiner Notemigonus crysoleucas  

16 Green sunfish Lepomis cyanellus  

17 Largemouth bass Micropterus salmoides  

18 Longnose dace Rhinichthys cataractae  

19 Margined madtom Noturus insignis   

20 Northern hogsucker Hypentelium nigricans   

21 Pumpkinseed Lepomis gibbosus  

22 Rainbow trout Oncorhynchus mykiss  

23 Redbreast sunfish Lepomis auritus  

24 Redfin pickerel Esox americanus   

25 Sea lamprey Petromyzon marinus  

26 Shield darter Percina peltata  

27 Smallmouth bass Micropterus dolomieu  

28 Tessellated darter Etheostoma olmstedi  

29 Tiger trout Salmo trutta x Salvelinus fontinalis  

30 White sucker Catostomus commersonii  

31 Yellow bullhead Ameiurus natalis  

32 Yellow perch Perca flavescens   
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Figure A-1. Predicted effects of conductivity on detection probabilities of DEWA stream fishes. Lines represent predicted effects and shaded 

regions represent 90% credible intervals.  Numbers on each panel refer to individual species from Table A-8. 
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Figure A-2. Predicted effects of discharge on detection probabilities of DEWA stream fishes. Lines represent predicted effects and shaded regions 

represent 90% credible intervals.  Numbers on each panel refer to individual species from Table A-8. 
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Figure A-3. Predicted effects of reach slope on occupancy probabilities of DEWA stream fishes. Lines represent predicted effects and shaded 

regions represent 90% credible intervals.  Numbers on each panel refer to individual species from Table A-8. 
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Figure A-4. Predicted effects of percent forest in upstream catchments on occupancy probabilities of DEWA stream fishes. Lines represent 

predicted effects and shaded regions represent 90% credible intervals.  Numbers on each panel refer to individual species from Table A-8. 
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Figure A-5. Predicted effects of upstream catchment size on occupancy probabilities of DEWA stream fishes. Lines represent predicted effects and 

shaded regions represent 90% credible intervals.  Numbers on each panel refer to individual species from Table A-8. 

 

 



138 

 

 

 
 

Figure A-6. Predicted effects of elevation on occupancy probabilities of DEWA stream fishes. Lines represent predicted effects and shaded regions 

represent 90% credible intervals.  Numbers on each panel refer to individual species from Table A-8. 
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Figure A-7. Predicted effects of logeLWD density on occupancy probabilities of DEWA stream fishes. Lines represent predicted effects and 

shaded regions represent 90% credible intervals.  Numbers on each panel refer to individual species from Table A-8. 
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Figure A-8. Predicted effects of reach slope on thermal group-specific occupancy probabilities of DEWA 

stream fishes. Lines represent predicted effects and shaded regions represent 90% credible intervals.  

 

 

 
 

Figure A-9. Predicted effects of percentage forest in upstream catchments on thermal group-specific 

occupancy probabilities of DEWA stream fishes. Lines represent predicted effects and shaded regions 

represent 90% credible intervals.   

 



141 

 

 
 

Figure A-10. Predicted effects of upstream catchment size on thermal group-specific occupancy 

probabilities of DEWA stream fishes. Lines represent predicted effects and shaded regions represent 90% 

credible intervals.  

 

 
 

Figure A-11. Predicted effects of elevation on thermal group-specific occupancy probabilities of DEWA 

stream fishes. Lines represent predicted effects and shaded regions represent 90% credible intervals.   
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Figure A-12. Predicted effects of logeLWD density on thermal group-specific occupancy probabilities of 

DEWA stream fishes. Lines represent predicted effects and shaded regions represent 90% credible 

intervals.  
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Figure A-13. Estimated posterior mean occurrence probabilities of DEWA stream fishes for three stream reach types: 1) presence of upstream 

impoundment and downstream barrier (I/B), 2) upstream impoundment and no downstream barrier (I), or 3) downstream barrier and no upstream 

impoundment (B). Squares are posterior means and vertical bars are 90% credible intervals.
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Appendix B 

 

DEWA Site-By-Site Narrative 

The following is a breakdown of fish species and habitat characteristics observed at DEWA study 

sites.  It includes relatively larger-scaled maps to view all sites on each stream, measured and derived 

habitat characteristics, fish species captured, pictures of sites, and a general discussion containing 

observations of the field crew during sampling and potential sources of fishes inhabiting each site. The 

narrative proceeds in alphabetical order by stream name.  
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DEWA.3027 ï Adams Creek 3 

 
Link 

Magnitude 

Percentage 

riparian 

cover 

Upstream 

catchment 

area (km2) 

Percentage 

agriculture 

Percentage 

developed 

Percentage 

forest 

Reach 

slope 

Distance to 

Delaware 

River (km) 

Reach area 

(m2) 

LWD 

density 

50 58.80 19.21 0.08 9.85 85.14 0.12 0.81 652.50 0.03 

          
Barrier 

Index 

(score/km) 

Elevation 

(m) 

Mean 

depth (m) 

Mean water 

temperature 

(oC) 

Mean 

conductivity 

(µS/cm) 

Riparian 

vegetation 

Canopy 

cover 

Dominant 

substrate 
Impoundment 

Downstream 

barrier 

1.90 128.69 0.38 18.49 80.00 Trees Partly 

shaded 

Bedrock Yes Yes 
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Species 

American Eel (N) 
Blacknose Dace (N) 
Bluegill (I) 
Brook Trout (N) 
Brown Trout (I) 
Largemouth Bass  (I) 

 

Total: 6 
Native: 3 
Introduced: 3 

 
DEWA.3027 (Adams Creek 3) was the most downstream site on Adams 
Creek. It was heavily forested and characterized by bedrock substrate, 
steep banks, large woody debris accumulations, and many small 
waterfalls with deep plunge pools.  Plunge pools and LWD 
accumulations made capturing fish difficult in some situations.  
 
Brown Trout were most abundant in the reach, including many large 
adults and yoy.  American Eel were also relatively abundant.  Brook 
Trout were relatively uncommon (3 individuals). Bluegill and 
Largemouth Bass adults were both present and typically occupied 
plunge pools and LWD accumulations (e.g., see picture). 
 
There are many impoundments in headwaters of Adams Creek, which 
may have contributed Bluegill and Largemouth Bass. The deep pools 
provide ideal habitat for these two species. Many barriers exist 
downstream of the reach, including some with high index scores, 
which makes it unlikely these two species moved up from the river.  
However, American Eel were able to navigate over the barriers to 
occupy this site. 

 
 

 

 
LWD accumulation at upstream end of reach (looking downstream). 
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DEWA.3011 ï Adams Creek 14 

 
Link 

Magnitude 

Percentage 

riparian 

cover 

Upstream 

catchment 

area (km2) 

Percentage 

agriculture 

Percentage 

developed 

Percentage 

forest 

Reach 

slope 

Distance to 

Delaware 

River (km) 

Reach area 

(m2) 

LWD 

density 

45 56.36 17.75 0.08 10.58 83.98 0.10 1.86 678.75 0.01 

          
Barrier 

Index 

(score/km) 

Elevation 

(m) 

Mean 

depth (m) 

Mean water 

temperature 

(oC) 

Mean 

conductivity 

(µS/cm) 

Riparian 

vegetation 

Canopy 

cover 

Dominant 

substrate 
Impoundment 

Downstream 

barrier 

1.29 158.61 0.16 18.14 81.33 Trees Partly 

shaded 

Boulder Yes Yes 
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Species 

American Eel (N) 
Blacknose Dace (N) 
Bluegill (I) 
Brook Trout (N) 
Brown Trout (I) 

 

Total: 5 
Native: 3 
Introduced: 2 

 
DEWA.3011 (Adams Creek 14) was the middle site on Adams Creek. It 
was heavily forested and characterized by cobble and boulder 
substrate, steep banks, and riffle/run habitat.  Very few deeper pools 
existed.  A very popular hiking trail follows the reach and crosses 
Adams Creek near the upstream end of the reach.  Water temperature 
was the coolest at DEWA.3011 out of all three Adams Creek sites. 
 
Blacknose Dace and American Eel made up the majority of the fish 
community at DEWA.3011.  Brown Trout were also prevalent, and 
Brook Trout were uncommon (5 individuals).  A few Bluegill were 
present (4 individuals) and were mostly captured from one small pool 
with woody debris. 
 
Conditions for this site were similar to the most downstream site on 
Adams Creek (DEWA.3027), and it was reflected in species diversity.  
No Largemouth Bass were encountered at this point in the stream, but 
there was mostly shallow, swift habitat and relatively few pools they 
could occupy.  No significant barriers exist downstream, which opens 
this section of stream for American Eel.   

 
 

 
Upstream end of reach near where trail crosses stream. 
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DEWA.3012 ï Adams Creek 33 

 
Link 

Magnitude 

Percentage 

riparian 

cover 

Upstream 

catchment 

area (km2) 

Percentage 

agriculture 

Percentage 

developed 

Percentage 

forest 

Reach 

slope 

Distance to 

Delaware 

River (km) 

Reach area 

(m2) 

LWD 

density 

33 57.18 13.09 0.11 12.44 80.36 0.16 3.66 700.00 0.01 

          
Barrier 

Index 

(score/km) 

Elevation 

(m) 

Mean 

depth (m) 

Mean water 

temperature 

(oC) 

Mean 

conductivity 

(µS/cm) 

Riparian 

vegetation 

Canopy 

cover 

Dominant 

substrate 
Impoundment 

Downstream 

barrier 

2.92 271.14 0.30 18.39 78.33 Trees Shaded Bedrock Yes Yes 
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Species 

Blacknose Dace (N) 
Bluegill (I) 
Brook Trout (N) 
Creek Chub (N) 
Largemouth Bass (I) 

 

Total: 5 
Native: 3 
Introduced: 2 
 
DEWA.3012 (Adams Creek 33) was the uppermost site on Adams 
Creek. It was settled between a large waterfall at the 
downstream end and a large pool that was too deep to shock 
effectively at the upstream end, resulting in an 80 m reach.  
Habitat was characterized by fast, shallow riffles over bedrock, 
and deeper runs or pools.  The reach was directly adjacent to 
Milford Road.  There were many signs that it was an active area 
for hiking and swimming. 
 
Blacknose Dace was the most prevalent species (>200 
individuals).  Three species that were detected at downstream 
sites (Brook Trout, Bluegill, and Largemouth Bass) were also 
detected here, but in low numbers.  Bluegill were only detected 
on the third visit.  This was the only site on Adams Creek where 
Creek Chub were detected.     
 
Although we were unable to shock the large pool at the upstream 
end, there were many Largemouth Bass adults that were visually 
identified by crew members occupying the pool.  This could be a 
source of the Largemouth Bass encountered in downstream 
reaches.  Many large barriers exist downstream of this site, 
including one waterfall estimated at roughly 50ft high, which 
likely made these upper reaches unavailable to American Eel.   

 
 

 
Waterfall and large pool where adult Largemouth were present at upstream 

end of reach. 

 






























































































































































































































































































































































