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Chapter One

Introduction

The aquatic ecosystems of the United States contain a diverse fauna, which has suffered

the effects of long-term use and abuse.  Approaches to preserve the biotic integrity of these

systems have included legislation to maintain both individual species and water quality.  It has

become clear that efforts to conserve the lakes, streams, and rivers of the United States must

consider the entire ecosystem and all of its components, in addition to rare species and water

chemistry. 

To accomplish this goal, an accurate assessment of current conditions is necessary, with 

inventory of factors related to biological diversity in aquatic systems as a logical first step. 

Important components of such an inventory could include distributions of individual species and

influential environmental factors, evaluated at corresponding spatial scales.  The biodiversity of

freshwater systems can be considered at a variety of levels ranging from individual streams to

entire regions.  The spatial distribution of aquatic biological diversity can be associated with

landscape characteristics of particular watersheds or individual streams.  The relative degree of

human impact on watersheds can also be determined, along with an inventory of current

management practices and protection. 

Gap Analysis is a methodology originally developed to assess conservation needs for the
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protection of diverse terrestrial systems.  The basic ideas of Gap Analysis can also be modified

and applied to aquatic systems, as a means of organizing the inventory and analysis of aquatic

diversity.  Key watersheds or reaches with a high degree of biodiversity and low degree of human

impact can be identified for conservation efforts.

This research examines aquatic biodiversity of fishes of the Monongahela and Potomac

River Basins of West Virginia.  Together, these basins exhibit strong contrast in the landscape

characteristics and the level of human influence within the basin.  A database of fish distributions

was created and used to examine relationships of fish biodiversity to other landscape

characteristics at the watershed level.  Since the research was primarily focused on stream fishes

of the central Appalachians, the literature review primarily covers aquatic diversity issues as

they relate to fishes and fluvial systems.

Research Objectives

1.  To quantify the species diversity (number of species occurring) in watersheds and

individual streams (where possible) in the Monongahela and Potomac River basins of

West Virginia, identifying high diversity watersheds and streams within the study area.

2.  To determine the relationship of species diversity to landscape and human-caused

influences at the watershed level, using Geographical Information Systems (GIS) and

statistical methods.(Chapter 3)

3.  To develop stream-based inter-related databases of fish collections and management
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activities for use in assessing biodiversity and conservation potential at the level of

individual streams. (Chapter 4)

4.  To summarize watershed and stream-based biological and management information, for a

preliminary identification of diverse watersheds and reaches which would be appropriate

for further conservation measures.  (Chapter 5)
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Chapter Two:   Literature Review

This literature review first concentrates on the ecological aspects of diversity, the current

status of U.S. freshwater diversity, and the threats to aquatic diversity, demonstrating the need

to inventory aquatic diversity.  Past work and ecological theory related to aquatic diversity at

various spatial scales, including the individual stream, river system, watershed, and aquatic

ecoregion, are discussed.  Gap Analysis and the use of Geographic Information Systems (GIS)

are also reviewed, as they relate to the study of the occurrence and protection of aquatic

diversity.

Aquatic Diversity

Biodiversity and Biotic Integrity

Biodiversity can be quantified and described in a number of different ways.  There are

numerous components of biodiversity, including species richness, species evenness, endangered

species, endemic species, genetic diversity, ecosystem function, and natural communities

(McKendry and Machlis 1993).  Diversity and richness are terms that are often used

interchangeably, yet their meanings tend to differ based on the context (French 1994).   Several

numerical indices of diversity have been developed by researchers.  The simplest measure is

species richness, which generally refers to the number of species in a defined area (Pielou 1975). 

However, a simple count of species richness weights all species equally, even though some may
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be more abundant or more influential in the ecosystem’s functioning (Hughes and Noss 1992). 

Other measures include the widely known Shannon-Weiner index H' (Shannon and Weaver 1949)

and Simpson's D (Simpson 1949).  There are several other indices of evenness, redundancy, and

similarity that have been developed, but many have been dismissed since they have little

ecological significance or meaning (Washington 1984, Hughes and Noss 1992).  For the purposes

of this report, biological diversity is taken to mean simply the variety of species present at a

given location.

  Biological diversity is an important component of the overall biotic integrity of an

ecosystem.  Biotic integrity is defined as "the ability to support and maintain a balanced,

integrated, adaptive community of organisms having a species composition, diversity, and

functional organization comparable to that of the natural habitat of the region" (Karr and Dudley

1981, Karr et al. 1986).  High biotic integrity implies little or no adverse impact of human

activity on an ecosystem and the ability to recover quickly from perturbation (Karr et al. 1986). 

Biological diversity contributes to biotic integrity, since an ecosystem with a wide variety of

species present is more likely to possess a range of trophic levels and highly specialized species

indicative of high quality environments.  In aquatic ecosystems, the presence, abundance, and

diversity of fish species are important indicators of biotic integrity (Hocutt 1981, Karr et al.

1986).

Freshwater Diversity of the United States

North America is home to a diverse freshwater fauna, including over 950 species of fish
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(Briggs 1986, Page and Burr 1991).  There are almost 300 species of freshwater mussels and

clams (family Unionidae) in  North America (Allan and Flecker 1993).  Invertebrate diversity

greatly exceeds fish diversity, and algal diversity is particularly high (Allan and Flecker 1993). 

The diversity of fish species is concentrated in the eastern half of North America.  The

Mississippi River Basin has particularly high diversity, since it has remained relatively

geomorphically stable over the last 65 million years.  Small stretches of larger river systems that

have become geographically isolated over time tend to have a higher number of species,

particularly endemics.  The eight most speciose genera of the eastern U.S. are Notropis,

Hybopsis, Etheostoma, Percina, Moxostoma, Ictalurus, Noturus, and Lepomis (Briggs 1986).  

North America has 8 families, 128 genera, and 966 species which are endemic to this continent

(Warren and Burr 1994).

Current Status of Aquatic Diversity in the U.S

The threats to biodiversity have received a great amount of worldwide scientific and

public attention, particularly in the region of the tropical rain forests (Wilson 1988).  However, a

similar biodiversity crisis exists in aquatic systems of temperate regions that also warrants

consideration and research (Schindler 1989). 

Aquatic ecosystems of the U.S. have undergone widespread physical, chemical, and

biological alteration, mainly as a result of human influence and disturbance.  This decline in

aquatic ecosystem integrity is reflected in the relatively high rates of extinctions of aquatic fauna.

 During the last century, 40 species of fish became extinct in North America, 19 within the past
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25 years alone (Miller et al. 1989).  Thirteen species of mussels have also become extinct (Allan

and Flecker 1993).

The American Fisheries Society considers 103 North American fish species to be

endangered, 114 threatened, and 147 as species of special concern, an increase of 45% from the

previous decade (Deacon et al. 1979, Williams et al. 1989).  No species improved in status from

1979 to 1989, and more declined in status than improved.  The Nature Conservancy considers

20% of fish species, 55% of mussels, and 36% of crayfish to be imperiled (Warren and Burr

1994).  There are over 100 species of fish, 77 clams or mussels, and 12 crustaceans actually listed

on the Endangered Species List, with many more as candidate species awaiting consideration

(USFWS 1994). 

The present national approaches to the conservation of imperiled aquatic species include

the Endangered Species Act (ESA, PL  93-205 as amended) of 1973, which provides legal

protection of rare species and their habitats.  Numerous states also grant protected status to

endangered fishes within their boundaries (Johnson 1987).  The Endangered Species Act is not

regarded as a highly efficient means of preserving species.  Protection of biodiversity is not

specifically mentioned in the ESA language, which instead focuses on individual species one at a

time (Blockstein 1992).  Restoration of such species may be exceedingly difficult, controversial,

and expensive (Moyle and Yoshiyama 1994).  The ESA's main fault is that it is a slow, reactive

process, as opposed to a forward-looking, proactive approach (Blockstein 1992).

Other problems in the conservation of aquatic diversity at the species level include an
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emphasis on game or sport fish management, and a low regard for non-game species (Cain 1993).

 Non-game species comprise 89% of the United States' fish fauna, and probably an even higher

percentage of the endangered and threatened fauna (Warren and Burr 1994).  Game species are

often introduced at the expense of native non-game fishes:  twenty-nine species of fish on the

Endangered Species List are directly affected by introduced sportfish (Wilcove et al. 1982). 

Appreciation of the ecological and biological value of rare and endemic species and species

richness may not be fully shared by individuals who are not aquatic ecologists or fishery

professionals (Angermeier et al. 1991).  Funding for the preservation of biodiversity is low and

uncertain relative to that provided for sport fishery maintenance (Wilcove et al. 1992).  There is a

clear need to increase public awareness of nongame species status and abundance (Cain 1993).

The decline of individual species is almost always associated with the overall decline of

aquatic systems.  There are a variety of legislative efforts to address problems in aquatic

systems.  These have included the Wild and Scenic Rivers Act of 1968, which allows certain

rivers to be designated as federally protected wild and scenic rivers (Benke 1990).   The National

Environmental Policy Act of 1969 (NEPA, PL 91-190) provides requirements for studying the

impacts of federally funded projects and developments.  In addition, the Clean Water Act, or

Federal Water Pollution Control Act (CWA PL 92-500) of 1973 contains provisions for a

national discharge permitting system. 

Many of these laws have not brought about rapid improvement in conditions.  The

specific language of the laws, along with poor funding and outside pressure, has limited their
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effectiveness (Hughes and Noss 1992).  The 1982 National Rivers Inventory conducted by the

National Park Service found that only 2% of rivers in the 48 contiguous states were worthy of

federal protection status as pristine, wild and scenic rivers (Benke 1990).

Threats to Aquatic Diversity

The main threats to aquatic diversity are attributed to habitat loss, exotic species

introductions, over-exploitation, secondary extinctions, pollution, and possible future global

climate change (Soulé 1991, Allan and Flecker 1993).  These factors act alone and in combination

to erode the biotic integrity of aquatic ecosystems, and can ultimately lead to species losses

(Miller et al. 1989, Neves and Angermeier 1991, Soulé 1991, Williams and Neves 1992, Allan and

Flecker 1993, Warren and Burr 1994, etc).  Miller et al. (1989) concluded that a combination of

more than one of these factors was significant in 82% of recent North American fish extinctions. 

Habitat degradation and loss are the most widespread negative influences on biodiversity.

 Widespread physical habitat alteration is often the result of the construction of dams and

diversion structures, or channelization in order to improve water supply, flood control,

navigation, or hydropower generation.  Benke (1990) found only 42 high quality rivers longer

than 200km with no major physical alterations in the 48 contiguous states (including the

Greenbrier River of West Virginia).  Dams on large rivers effectively create a series of large pools

between dams, destroy fluvial habitat, and devastate the native fauna, as seen in the Tennessee

River basin (Neves and Angermeier 1990).  The specific effects of impoundment include

alteration in flow regime, increased temperature fluctuation, disruption of spawning, and physical
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disturbance, as reviewed in Ward and Stanford (1979).

Instream habitat can also suffer as a result of various land uses within a stream's

watershed.  Karr et al. (1985) studied the history of the fish fauna of two major midwestern

rivers, attributing fish losses and decline mainly to the broad impacts of agricultural land use and

more localized urbanization.  Agricultural activities in a watershed negatively impact streams

through nutrient enrichment, increased runoff, drainage of wetlands, or livestock grazing (Smart et

al., 1984; Rinne, 1988; Allan and Flecker, 1993).  Klein (1985) found negative impacts of

increasing degrees of urbanization in Maryland watersheds, including increased imperviousness,

runoff, temperature, and pollution.  Timber harvest and other associated activities produce

temperature changes, siltation problems, and fluctuations in discharge (Bottom et al. 1985).  The

destruction of a stream’s riparian zone vegetation can result in increased stream temperature,

runoff, and stream nutrient concentrations (Lowrance et al. 1984). 

The introduction of exotic species or transplantation of species outside their native range

can also negatively impact native aquatic fauna.  Species are introduced or transplanted

intentionally for food, sport, forage, or biological pest control, and unintentionally from various

accidental releases (Courtenay and Moyle 1992).  Introduced species were found to have

detrimental effects on native stream species by changes in population size, realized niche, and

community interactions in over 70% of the cases reviewed in Ross (1991).  These effects can be

especially severe in regions with depauperate fauna.  Some introduced species, such as the carp

and brown trout, have become ubiquitous throughout the U.S.  Overall, a total of 42 exotic
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species have become established within the United States (Courtenay et al. 1986, Ross 1991).

Introduced species are not limited to fish.  The recently introduced European zebra mussel

(Dreissena polymorpha) has the potential to spread rapidly across many river systems of the

United States (Boydstun and Benson 1993).  The zebra mussel may eventually have devastating

effects on native species and may only be limited by its own water chemistry tolerances (Strayer

1991, Williams and Neves 1992).

Chemical and organic pollution can be more noticeable than other forms of degradation of

aquatic systems, or may not be readily apparent at all.  Many U.S. rivers have been historically

severely degraded by various forms of pollution.  With stricter controls on sources of pollution

through the Clean Water Act, even the most polluted systems have begun to recover.  Chemical

pollution can be in the form of large spills, such as the Clinch River fish kill (Jenkins and

Burkhead 1994), or less obvious long-term input from point or nonpoint sources.  Discharge of

sewage into receiving streams can have negative impacts on downstream aquatic diversity (Katz

and Gaufin 1952). 

A significant source of pollution in many coal-producing regions of the northeastern U.S.

is acid mine drainage (AMD), produced from the exposure of coal seams or mining wastes to

oxygen and water (Peck et al. 1979).  Surface waters of the Northeast are also highly impacted by

acidic deposition as a result of the anthropogenic release of SO2 and NOx into the atmosphere

(Cogbill and Likens 1974).  Acidic deposition and AMD can both severely impact aquatic life,

and may result in reduced diversity of fish and other taxa (Haines 1981, Burton et al. 1982,
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Schindler 1988).  Acidification of surface waters from these causes has been linked to species

losses and altered fish distributions in acid-impacted streams of Pennsylvania and Maryland

(Carline et al. 1992, Pinder and Morgan 1995).

Present or future global climate change is the factor influencing biodiversity with the

highest degree of uncertainty (Allan and Flecker 1993).  Meisner (1990) predicted losses of

thermal refugia for coldwater species, based on models of climate shift in the northern

hemisphere.  Shifts in climate may also affect ranges of fishes, expanding the distributions of

temperate species northward (Shuter and Post 1990).  The ultimate extent and effect of climate

change on biodiversity remains to be seen.

Aquatic Diversity Considered at Different Scales

The degradation of diversity can occur at many different scales:  from the species level,

with losses of individual stocks or species of native fish, to the ecosystem and landscape levels,

with widespread declines in water quality (Hughes and Noss 1992).  Likewise, the diversity of

stream fish assemblages and other stream biota has been studied at the level of the individual

reach, stream system, watershed, and larger ecoregion.  Past studies at various scales will be

reviewed.

Diversity of Streams and River Systems
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In general, as the complexity and volume of suitable habitat at a location increases, so

does the number of species occurring in that location (MacArthur 1972).  The structural diversity

and complexity of a stream habitat, as indicated by depth, bottom type, current, and other

variables, is the basic influence on fish species diversity in a stream (Gorman and Karr 1978,

Schlosser 1982).  Habitat requirements, preferences, and tolerances differ greatly among fish

species, particularly small stream fishes.  As a result, more complex stream environments will

provide adequate habitat for a greater variety of fish species.  Species richness is just one element

of overall community structure, which also includes the abundance of each species, trophic

relationships, and population structure.  The community structure of a stream fish assemblage

can be seen as a balance between physical processes, such as disturbance, and biological

interactions, such as competition and predation (Schlosser 1987).

Species richness is affected by a stream's position in the drainage network or stream order

(Strahler, 1957), since downstream addition of species is often observed (Sheldon, 1968).  In

general, low-order headwater streams are observed to have fewer species, with species richness

increasing up to fifth or sixth-order mid-sized rivers (Kuehne 1962, Harrel et al. 1967, Sheldon

1968, and Vannote et al. 1980).  Exceptions include degraded or disturbed systems (Fausch et al.

1984).  The exact relationship of species richness to stream order varies across regions of the

United States and even between nearby drainages (Fausch et al. 1984, Beecher et al. 1988).  In a

comparison of tributaries of the Susquehanna River, Barila et al. (1981) found higher correlations

between order and species richness than with any other physical habitat variable.
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Fish species may also exhibit biotic zonation along a drainage network, resulting in

longitudinal species replacement.  Biotic zonation refers to the general concept of different

species replacing each other along the length of a river system, as a result of differences in

gradient, temperature, stream size, or other factors.  Streams have been traditionally described in

terms of their fauna, similar to Huet’s (1959) “fish zones”: the trout zone, grayling zone, barbel

zone, and bream zone.  Patterns in species richness in Rocky Mountain stream systems were

influenced by broad-scale faunal zonation based on temperature differences (Rahel and Hubert

1985).  In lotic systems, these general concepts of species replacement and biotic adjustment

along the length of a river system were synthesized in the River Continuum Concept (Vannote et

al. 1980).

Diversity of Watersheds

Analysis of fish diversity on a broader scale may be approached by considering the

characteristics of watersheds and their influence on diversity.  Stream biota are strongly

controlled by and adapted to the physical characteristics of a stream and its surrounding

watershed (Likens and Bormann 1974, Platts 1979).  Frissell et al. (1986) provided a hierarchical

framework for considering terrestrial influences on stream habitats at a full range of temporal and

spatial scales.  In this hierarchy, important variables which can be used to classify or group

aquatic habitats at a watershed scale include climate, geology, topography, soils, biota, and

cultural impacts.  Watersheds have frequently been viewed as fundamental natural ecosystems

(Odum 1969, Lotspeich 1980), as well as a logical unit for management (Montgomery et al.
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1995).

Certain characteristics of watersheds have frequently been used to evaluate terrestrial

influences on streams.  Osborne and Wiley (1988), Smart et al. (1981), Johnston et al. (1987),

Hunsaker and Levine (1995), and numerous others have found strong associations between land

use practices within a watershed and stream water quality.  Richards and Host (1994) found

strong correlations between watershed level variables, such as proportions of agricultural,

forested, and developed land, and various benthic macroinvertebrate habitat measurements,

including embeddedness, percent shade, woody debris, and algal abundance.  In studies

specifically related to fish distributions and watershed characteristics, the most broad underlying

influence is landscape physiography, which has created historical drainage divides that have

separated watersheds and their biota for thousands of years (e.g. Warren et al. 1991).  In a

comparison of watersheds in different regions of the United States, Fausch et al. (1984) found

that watershed disturbances, such as agricultural activity, channelization, and pollution,

negatively affected measurements of fish community health, including species richness. 

Watershed characteristics can also positively impact fish populations.  Sharpe et al. (1987) found

that the presence of certain geology and soil types within a watershed was highly associated with

the presence of trout in several acid-impacted drainages in Pennsylvania.

Diversity of Ecoregions

Regionalization, or grouping areas based on shared characteristics, can be an effective

methodology for the study and management of aquatic resources.  Delineation of ecoregions or
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aquatic ecoregions is one method of regionalization.  Ecoregions are defined as "regions of relative

homogeneity in ecological systems or in relationships between organisms and their environments"

(Omernik 1987).  Omernik (1987) mapped the ecoregions of the conterminous United States,

based on regional patterns in individual maps of land use, land surface form, potential natural

vegetation, and soils.  Omernik's ecoregions were developed as part of an analysis of stream

classification and are appropriate for consideration of aquatic systems.  Bailey's ecoregions

(Bailey 1988) were developed for the U.S. Forest Service by a slightly different methodology and

are not as appropriate for aquatic characterization (Platts 1980, Gallant et al. 1989).

Omernik's ecoregions have been adapted and used as a tool in management of aquatic

systems, since they are essentially testable hypotheses of expected similarities and differences

between stream characteristics such as water quality and biota on a landscape scale (Gallant et al.

1989, Hughes et al. 1990).  The use of aquatic ecoregions in aquatic management arose out of the

need to identify unimpacted regional reference sites as measures of attainable water quality or

biological conditions (Hughes et al. 1986).  However, aquatic ecoregions also have potential

application in studies of aquatic diversity:

"Local and regional patterns in environmental variables affect biodiversity
and the impact of human actions on diversity.  Habitat types or regions that are
particularly rich in species, have great abundances of individuals, or support
unusual communities with high rates of endemism can be mapped.  Regional
analysis of biogeographic and habitat data can be compared with species
distributional patterns and abundance, so that where habitat conditions are
desirable, managers can seek to increase those conditions on a regional scale; where
conditions are undesirable, managers can attempt to reverse those trends, protect
remnant ecosystems in the region, or expand or reconfigure refugia before species
become threatened or endangered.  Environmental characteristics common among
habitats or regions can be used to develop resource management policies that are
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more protective of biodiversity" (Gallant et al. 1989, p.119).

Aquatic ecoregions and their components have been used in various statewide studies to

determine the usefulness of aquatic ecoregions in delimiting differences in species assemblages,

species diversity, and other watershed characteristics (Hughes and Larsen 1988, Hughes et al.

1990).  A brief review of the methodology used in specific aquatic ecosystem-related studies will

provide useful examples of analyses of aquatic diversity across broad areas.

Larsen et al. (1986) defined four major aquatic ecoregions in Ohio, from shared patterns in

the spatial distribution of land surface form, geology, soils, and climate.  These regions were

found to have statistically significant differences in fish distributions, the IBI, species richness,

and community composition.  Hughes et al. (1987) analyzed a large fishery collection database in

Oregon to determine its relation to aquatic ecoregions of that state.   A hierarchical system was

used in this study to code collection sites by basin, watershed, main stream, and contributing

stream, so that patterns could be analyzed at various levels within the hierarchy.  Results

indicated that certain fish species were characteristic of certain ecoregions and that the ecoregions

corresponded well with regions of ichthyofaunal similarity.  Aquatic ecoregions developed for

Arkansas showed similarities in fish fauna, physical habitat, and water quality (Rohm et al.

1987).  As a result of these and similar aquatic ecoregion-based studies, several states have since

developed ecoregion-specific management goals and stream characterizations (Gallant et al. 1989).

Hawkes et al. (1986) identified fish ecoregions of Kansas, which are geographic regions of

relatively similar fish species assemblages.  This study is slightly different from the previously



23

mentioned studies, since it uses fish assemblages rather than landscape characteristics to define a

geographic area.  Runoff, growing season, and discharge were found to be the most important

environmental variables used to discriminate between the fish ecoregions.

Methods for Conservation of Aquatic Biodiversity

With the exception of the aquatic ecoregion work, few studies have combined an analysis

of the large-scale distribution of fish diversity and environmental characteristics.  The majority of

studies of species richness have instead focused on individual streams.  In view of the threats to

aquatic diversity, many have suggested that an approach aimed at entire watersheds or larger

regions would be most useful in the protection of aquatic diversity (Warren and Burr 1994, Allan

and Flecker 1993, Moyle and Yoshiyama 1994).

Protection of Valuable Aquatic Systems

There has been limited work on methodologies to assess the biodiversity conservation

potential of aquatic systems, particularly streams.  Compared with terrestrial systems, entire

stream systems or watersheds are less likely to be set aside as protected natural areas, such as

state or national parks or nature preserves.  This is due to the nature of streams and rivers, which

frequently cross political jurisdictions (O’Keefe et al. 1987).  In addition, streams or rivers

flowing through reserve areas may still be affected by activities in remote headwater regions

(O’Keefe et al. 1987), making protection within a traditional reserve difficult.  Instead, protection

efforts for valuable aquatic systems are likely to take place within the limits of previously

human-impacted systems in the form of improved land use practices, land use regulation, and
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cooperative land management agreements (Bain et al. 1995).

A number of authors have proposed specific means to evaluate different types of aquatic

ecosystems for conservation.  Only the most recent have begun to focus on the preservation of

aquatic diversity.  Rabe and Savage (1979) described a ranking system for lakes, rivers, and

wetlands in Idaho.  This evaluation valued unusual and rare features of water chemistry, biota,

and terrestrial surroundings, with the goal of providing a selection procedure for natural reserve

areas.  Maitland (1985) focused only on fish communities, including rare species, local races,

pristine stocks, and unusual or diverse communities as criteria for selection of important

locations in the British Isles.

 Recent authors have taken a more exact, quantitative approach to site evaluation. 

O’Keefe et al. (1987) developed a computerized expert system to evaluate conservation priorities

for South African rivers on the basis of weighted attributes, such as the number of endemic

species, presence of dams and weirs, and recreational importance.  Angermeier et al. (1993)

offered a similar method to assign a score to the value of aquatic stream biota in Virginia.  This

scoring system was made up of components of rare biota, ecological value, and fishery value. 

These methods of evaluation were specifically developed for one region and depend strongly on

the judgment, knowledge, and criteria of regional experts.

Moyle and Yoshiyama (1994) and Moyle (1995) described a five-tiered system of

policies designed to protect aquatic diversity in California, which may eventually be applied to

other regions.  They suggested the establishment of a classification system to rate watersheds
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according to their capability to protect and preserve diversity.  Key watersheds, "still dominated

by native organisms and natural processes", would be found and designated as Aquatic Diversity

Management Areas (ADMAs).  A systematic survey of freshwater systems in  California would

provide baseline data for each ADMA.  ADMAs which receive priority in conservation would

be relatively unique systems, have a high percentage of endemic species, provide important

habitat for endangered species, and/or have a low degree of disturbance.  ADMAs would be

managed specifically for the protection of aquatic diversity, with the efforts of supervising state

agencies, citizen volunteers, and other special interest groups (Moyle 1995).

Gap Analysis

Gap Analysis is a particular method which studies the large-scale distribution and

protection of diversity, as an alternative to the traditional species-by-species conservation

approach.  Gap Analysis is currently being applied as a technique to preserve terrestrial

vertebrate biodiversity, as described in Scott et al. (1993).  In terrestrial Gap Analysis, vertebrate

habitat preferences are combined with knowledge of actual habitat occurrence to predict diversity

(species richness) over areas with a minimum size of 40 to 200 hectares.  Areas of high local

diversity are identified, and then compared with the locations of protected or reserved areas to

identify "gaps" in the conservation of biodiversity.  Gap Analysis relies on the combination,

analysis, and representation of several types of spatially-distributed data.  These functions are

performed using a Geographic Information System (GIS) approach (Scott et al. 1987, Davis et al.

1990, Scott et al. 1993, McKendry and Machlis 1993).  Methods are standardized, and data
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sources well documented, so that the work may become valuable to a variety of users.

Applying the Gap Analysis Framework to Aquatic Biodiversity

An analysis of aquatic diversity protection has some important methodological

differences from terrestrial Gap Analysis, much as the terrestrial classification of ecological units

is both similar to and different from aquatic classification (Scott et al. 1993).  The direct outcome

of an aquatic Gap Analysis would not be the identification of key areas for nature reserve land

acquisitions, but rather identification of valuable systems in need of protective management.  

Aquatic analyses would utilize watersheds as the basic framework, whereas terrestrial studies are

based on large-scale vegetation types.  However, the basic goals of gathering distributional

information on fishes and other aquatic biota and finding diverse areas in need of protection

remain the same.  A specific standard methodology for aquatic Gap Analysis has not yet been

developed, yet the basic ideas behind Gap Analysis may be applied to aquatic systems.

Angermeier and Bailey (1992) described the collection and assimilation of data for the

conservation of aquatic diversity at the large landscape scale.  With the use of a GIS, they

developed a multi-layer database for the Clinch River Basin of Virginia.  Pertinent geographical

information, such as land use, ownership, elevation, and soil type, etc., was then collected into a

textual database, with a record for each particular stream reach above fourth order.  This

information was linked to a textual database of fish collections and stream surveys.  Collections

were registered to a particular reach, and could be queried by county, stream name, reach,

collection, or fish species.  As a whole, the data were used to identify locations with high
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diversity in need of protection, as well as to identify the locations of potential threats to aquatic

diversity.

Angermeier et al. (1996) expanded on this earlier work and described the use of GIS and

statistical techniques used to further assess the aquatic biodiversity of Virginia.  Using a

comprehensive database of over 3000 records, they found that fish species richness was more

strongly associated with landscape characteristics (such as gradient and elevation) at broader

spatial scales rather than at the individual stream scale.  Another key finding was that systems

with the highest fish species richness in Virginia closely corresponded with the systems

supporting the most imperiled fish species.

Use of Geographic Information Systems

Geographic Information Systems (GIS) is a general term for computer technology and

related software packages designed to store, retrieve, analyze, display, and update spatially

distributed information (Angermeier and Bailey 1992).  A GIS allows for efficient spatial data

management, query, and combination.  Some typical questions a GIS may answer are "what

attributes occur at a specific location, and where do specific attributes occur?" (Smith 1987).  A

GIS can also select a subset of data from the original data set based on predetermined criteria,

then perform operations and analyses on this subset (Beardsley and Stoms 1993).  Map overlays

combining thematic maps or data layers are also commonly performed using a GIS, but there can

be concern over the accuracy of the interpretations of the results of these overlays.  Problems

with overlay techniques include over-generalization, differing scales of original data layers,
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differing degrees of generalization in original maps, enlargement/reduction, and accuracy of data

entry and digitization (Bailey 1988).

The GIS application used in this research was ARC/INFO 7.0.3 (ESRI, 1995). 

ARC/INFO is based on map features including arcs, nodes, polygons, and label points, which are

used to make up individual map coverages.  In addition, ARC/INFO stores information about the

spatial relationship of these features to one another (topology) and specific information

associated with individual map features (attributes).

GIS technology has begun to be used in the management of aquatic systems.  A GIS can

be used to make calculations, such as area or percent area that is in a particular land use, to be

analyzed along with other data using statistical software (Kalkhoff 1993).  Richards and Host

(1994) used a GIS to examine the influence of land use on stream macroinvertebrates, by

analyzing patterns of land use within an entire watershed in comparison with land use within a

100m buffer zone around the stream.  A GIS can also be used to simplify calculation.  Eash

(1994) provides several examples of watershed characteristics that can be found from individual

coverages of drainage divides, elevation contours, and the drainage network.  Angermeier and

Bailey (1992) used a GIS to compile data on stream reaches from a variety of sources and

coverages.

Study Area

The state of West Virginia lies mainly within the Western Allegheny Plateau, Blue Ridge

Mountains, Central Appalachians, and Central Appalachian Ridge and Valley ecoregions



29

(Omernik 1987).  There are 9,200 streams in West Virginia, totaling over 45,000 km (WVDNR

1989a).  The seven major river basins include the Monongahela, Ohio, Potomac, Kanawha, Little

Kanawha, Guyandotte, and Big Sandy/Tug Fork.  West Virginia has a number of artificial

reservoirs, but no large, natural lakes. 

Of the 148 native freshwater fish species in the state, approximately 7 are endemic, and 9

are considered imperiled (Hocutt et al. 1986, Warren and Burr 1994).  Endemicity is highest in

the Kanawha drainage (Hocutt et al. 1986).  No West Virginia fish species are currently federally

protected under the ESA or state law, yet 29 species are designated "of special concern" by the

state (USFWS 1992, Johnson 1987).  Responsibility for management of fish lies with the West

Virginia Division of Natural Resources (WVDNR).  Freshwater resources themselves are

managed by the Division of Environmental Protection.  West Virginia also has a large percentage

of federally managed lands within the Monongahela and George Washington National Forests in

the eastern portion of the state.

West Virginia Faunal Studies

There have been various publications detailing fish distributions in West Virginia.  A great

deal of additional, unpublished work has been done by the state and federal agencies that are 

responsible for fisheries management within the state.

Goldsborough and Clark (1907) provided one of the first published accounts of the fish

fauna of West Virginia, in response to general concern over the decline of fish in the state.  An

annotated list of species collected by location is included.  A more complete statewide checklist
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completed by Denoncourt et al. (1975) listed 151 species from 21 families, with 18 additional

species expected to occur.

 There have been a number of publications on individual river basins in West Virginia. 

Hocutt et al. (1978) described the fishes and drainage history of the Greenbrier River.  The

Greenbrier is a tributary to the New River, which is equivalent to the Kanawha River system

above Kanawha Falls.  The New River has a depauperate fish fauna, possibly due to the barrier

formed by Kanawha Falls and past history of degradation (Hocutt et al. 1978).  Similarly, Hocutt

et al. (1979) discussed fishes of the Gauley River in West Virginia.  Hendricks et al. (1983)

described the fish zoogeography of the Youghiogheny River, the largest tributary to the

Monongahela River.  The Youghiogheny has 99 species reported to occur, but 6 of these were

considered erroneous or misidentifications by the authors.

Hocutt (1979) considered the biogeography of fish dispersal in the central Appalachian

region.  Hocutt (1979) outlined hypotheses on the geologic development and fish dispersal of

current drainage patterns of the region, with a discussion on distributions and endemism.  Stauffer

et al. (1982) listed fishes of the central and northern Appalachians by drainage and general habitat

type. 

Hocutt et al. (1981) provided results of an inventory of fishes conducted during 1976-

1978 in the Monongahela National Forest, which includes the headwaters of the Monongahela,

Potomac, Elk, Gauley, and Greenbrier Rivers,  Seventy two species of fish were collected from

219 sampling sites during the 2-year study.  The report also includes a number of historical

references on work within the Forest and a provisional key to the fishes of West Virginia. 
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Specimens from the study are stored at the Appalachian Environmental Laboratory, University

of Maryland at Frostburg.  Lebo (1983) summarized fish collection records of the Appalachian

Environmental Laboratory for the entire Potomac River basin, reporting over 250 collections

made within West Virginia.

Hocutt et al. (1986) synthesized many earlier studies of particular drainages into a

comprehensive survey of fish zoogeography of the Central Appalachians and central Atlantic

coastal plain.  All of the West Virginia drainages are included, with a table listing native, endemic,

and introduced species for the Potomac, Monongahela, Little Kanawha, Kanawha above and

below the falls, Guyandotte, and Big Sandy drainages.  In the most comprehensive work to date,

Stauffer et al. (1995) described the distribution and biology of 176 fish species known or

expected to occur in West Virginia.  Distributional information for each species was based on fish

surveys, available literature, and museum records. 

Monongahela River Basin

The Monongahela River drains an area of 19,011 km2 in West Virginia, Pennsylvania, and

Maryland, with 10,836 km2 (57%) entirely within West Virginia (WVDNR 1976a).  The

Monongahela is formed in Fairmont, West Virginia, by the West Fork and Tygart Valley rivers. 

The Monongahela then flows northward for 206 km to join the Allegheny River at Pittsburgh to

form the Ohio River.  Other major tributaries of the Monongahela are the Cheat and the

Youghiogheny rivers.  The Cheat joins the mainstem river at Point Marion, PA, and the

Youghiogheny joins the mainstem at McKeesport, PA.  At Point Marion, PA, as the
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Monongahela leaves West Virginia, the average discharge is just over 212,000 m3/sec.  There are

three major locks on the river between Fairmont and Morgantown to aid in navigation:  Opekiska,

Hildebrand, and Morgantown.

The Monongahela drainage has been characterized in a number of state agency documents

( WVDNR 1982, WVDNR 1989a, etc.)   The drainage is unglaciated.  The western portion of the

drainage is comprised of horizontal sandstone and shale layers, with occasional Pennsylvanian

(345mya) and Permian (280mya) coal seams.  The streams in this area of the drainage basin have

relatively low gradient and velocity and tend to form dendritic patterns as they flow over the

resistant layers of rock.  The elevation ranges from approximately 488m to 670m.  In contrast,

the eastern and southwestern portions of the basin cover more rugged terrain, at elevations of

975m to 1340m.  These rock layers are of lower Pennsylvanian, Mississippian, and Devonian

(395mya) origin.  The strata are more tilted, producing a series of parallel ridges.   This results in

a trellis-like drainage pattern, with high-gradient, high-velocity headwater streams.

The average annual precipitation is approximately 127cm, and ranges from 102 to 178 cm.

 The average annual temperature varies with elevation, from 45°F to 55°F (7.2° to 12.8 °C), with

maximum temperatures in July of 88°F, and minimum in January of 20°F (WVDNR 1976a).

Water quality is impacted mainly by mining, domestic wastes, and nonpoint sources. 

Acid Mine Drainage (AMD) from both abandoned and active mines has historically caused

severe degradation of the Monongahela River and its tributaries.  In the 1920s, aquatic habitat

was effectively nonexistent in the Monongahela as a direct result of AMD, and it was not until

1969 that the river's pH rose above 6.0 (WVDNR 1982).  Since the 1970s, fish biomass and
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diversity have greatly increased in the Monongahela River (Weller et al. 1991). Certain

tributaries, particularly the Buckhannon River, remain severely affected (Ramsey and Brannon

1988, WVDEP 1991).  Improvements in sewage treatment and the control of domestic wastes

have been made.  However, some rivers still continue to violate state water quality standards for

fecal coliforms, including the Monongahela River, the West Fork River, and the Tygart Valley

River (WVDEP 1991).    Non-point sources of pollution include runoff from agricultural and

silvicultural operations, construction sites, and oil and gas exploration (WVDNR 1982, WVDNR

1989a, WVDEP 1991).

The Monongahela River basin presently supports a relatively "modest" fish fauna, which

is somewhat indistinct from that of other adjacent basins (Hocutt et al. 1986).  According to

Hocutt et al. (1986), the basin contains 89 native taxa, 13 introduced species, and 2 euryhaline

species.  Two species have been extirpated in recent history.  There are no endemic species. 

Specifically, the fauna includes 32 species of Cyprinidae, 12 Catostomidae, 9 Ictaluridae, 1

Cottidae, 11 Centrarchidae, and 15 Percidae.

Potomac River Basin

The Potomac River is formed by the confluence of the North Branch and the South

Branch in Hampshire County, West Virginia.  The Potomac then flows through the eastern

panhandle of West Virginia for 185 km.  The other major tributaries to the Potomac in West

Virginia are the Cacapon and Shenandoah rivers.  The Potomac drainage in West Virginia

encompasses an area of over 9000 km2 (WVDNR 1989b).  There are a number of smaller
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impoundments within the basin, including Mt. Storm Lake in Grant County and Jennings

Randolph Lake in Mineral County.

The Potomac drainage of West Virginia is also well described in management agency

documents (WVDNR 1976b, WVDNR 1989b) and Flynn and Mason (1978).  This drainage is

also unglaciated.  The majority of the drainage is within the Valley and Ridge ecoregion.  In this

ecoregion, geologic formations are predominately Ordovician (500mya) to Devonian (395mya)

dolomites and limestones, with some shale and sandstones.  This area is very mountainous, with

high ridges (900-1200m) dividing the valleys.  The elevation ranges from 1000m at the

headwaters of the North Branch to 80m as it leaves West Virginia at Harper's Ferry.

The climate differs slightly between the western and eastern halves of the basin within

West Virginia.  In the western portion, the average annual precipitation is 122 cm and the average

annual temperature is 48°F (8.9°C) in the highlands.  The eastern portion of the drainage is

subject to less extreme weather, with an average annual precipitation of 94 cm and average annual

temperature of 53°F (11.7°C) in the lowlands (WVDNR 1989b).

The populations of the counties of the eastern panhandle have been increasing for some

time.  Land use activities within the basin that could negatively impact water quality include

timber harvesting, limestone and sandstone quarrying, agriculture, and commercial manufacturing.

 Major concerns of the state DNR are improper sewage disposal, pollution from abandoned

minelands, especially in the North Branch, and agricultural runoff (WVDNR 1989a, WVDEP

1991).

The Potomac River basin supports 95 freshwater fish species, of which 65 are native
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(68%) (Hocutt et al. 1986).  There is 1 endemic species, and two species have been extirpated

historically.  The fauna includes 31 species of Cyprinidae, 7 Catostomidae, 7 Ictaluridae, 16

Centrarchidae, and 11 Percidae.
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Chapter Three:  Assessing the Relationship of Watershed Attributes
to Fish Species Diversity at a Large Spatial Scale:  A GIS Approach

Applied to the Monongahela and Potomac River Basins in West
Virginia

Abstract

Assessment of landscape-level influences on aquatic biodiversity is an important step

toward preserving the ecological integrity of river ecosystems. We used Geographic Information

Systems (GIS) to quantify watershed-level environmental, land use, and disturbance variables for

94 watersheds in the Monongahela and Potomac river basins for the West Virginia Gap Analysis

Project.  We determined fish species richness, proportion of native species, proportion of

intolerant species, and trophic guild composition for each watershed using survey records from

1980-1995. Watersheds with high species richness (>30 species) had greater area, percentage of

limestone bedrock, and gradient than watersheds with low species richness (<16 species,

p<0.05).  Fish species richness was positively correlated with watershed area, percent limestone

bedrock, and gradient.  At this level of resolution (average watershed size = 234 km2), land use

was not correlated with most aspects of fish biodiversity, except the proportion of intolerant or

sensitive species within the watershed.   The number of intolerant species within a watershed

was positively correlated with gradient, presence of limestone, and forested land use, and

negatively correlated with human population density, urban and agricultural land use.  GIS

analyses helped identify important inter-relations between terrestrial and aquatic ecosystems and

aquatic biodiversity at a regional, landscape scale.
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Introduction

The freshwater biodiversity of the United States is affected by ongoing habitat

destruction, pollution, introduction of exotic species, and the possibility of future climate change

(Williams and Neves 1992, Allan and Flecker 1993).  Currently, fisheries professionals consider

more than one-third of fish species in the United States to be endangered, threatened, or sensitive,

a figure that is rapidly increasing each decade, as more species decline in status (Deacon et al.

1979, Williams et al. 1989, Warren and Burr 1994).  The ineffectiveness of past approaches to

conservation of aquatic systems, such as legislation to protect single species or to regulate water

quality, has shifted the focus of many current researchers toward consideration of biotic integrity

at the ecosystem scale (Karr et al. 1986, others).  With the increasing focus on watersheds as

fundamental ecosystems for conservation, monitoring, and management of aquatic biota (Naiman

1992, Moyle and Yoshiyama 1994, Montgomery et al. 1995), an assessment of biodiversity at

the watershed scale could be extremely useful and timely.  An initial assessment of biodiversity

requires knowledge of the distribution of both biota and influential environmental factors

(Angermeier and Bailey 1992).  We present a GIS-based analysis of the distribution of one aspect

of biodiversity, fish species richness, and its relationship to spatially-distributed environmental

characteristics at the watershed scale for two large river basins in West Virginia.
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Watersheds are the fundamental geomorphic and ecological units of the landscape

(Lotspeich 1980, Lotspeich and Platts 1982).  The physical, chemical, and biological aspects of 

streams are largely determined by their surrounding watershed, through the interactions of

climate, geology, vegetation, and land formations (Likens and Bormann 1974, Frissel et al. 1986).

 Land use activities within watersheds, such as logging, mining, or agriculture, as well as

increasing urban development, can affect fish populations through increased sedimentation or

altered flow and nutrient dynamics (Schlosser 1991).

Fish species richness has most often been quantified at the individual stream scale, then

related to specific characteristics of streams (e.g. channel morphology, riffle/pool development,

substrate characteristics) at study sites.  Gorman and Karr (1978) associated high fish species

richness with complex, relatively unmodified physical stream habitat in three streams in Indiana

and Panama.  Other studies have included aspects of the catchment.  Beecher et al. (1988) found

that elevation, gradient, drainage area, and stream order of collection sites were correlated with the

number of fish species found at multiple stream sites across Washington.  In a study which

quantified the relative level of stream disturbance, Leidy and Fiedler (1985) found several

apparent links between disturbance and fish species diversity in streams of the San Francisco

Bay drainage.  They  also considered components of species richness, such as the number of

endemic species or number of exotic species, in their analysis.

In contrast to these studies, which have considered stream fish species richness at 

individual study sites, some efforts have been made to consider fish species richness across

broader areas.  Monaco et al. (1993) found significant relationships between species richness and
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several physical characteristics of coastal estuaries from Washington to California.  In lakes,

species richness is often found to be correlated with lake area and other measures of  habitat and

resource heterogeneity (Eadie and Keast 1984, Jackson and Harvey 1989).  Aquatic ecoregions,

which are regions with similar combinations of land surface form, potential natural vegetation,

soils, and land use (Omernik 1987), have been used in the analysis of spatial distributions of

stream fish assemblages within the states of Ohio (Larsen et al. 1986), Arkansas (Rohm et al.

1987), and Oregon (Hughes et al. 1987).  Ecoregion-based studies have also included methods for

regional characterization of water quality (Gallant et al. 1989).  Overall, these examples show that

biodiversity and species richness may be evaluated at many different spatial scales.  The most

useful scale for assessment may be at the landscape level: within river basins or regions (Hughes

and Noss 1992).

The increased availability and use of Geographical Information Systems (GIS) and digital

spatial data has only recently begun to make quantification of watershed-level spatial variables

practical for larger study areas (Richards and Host 1994).  A GIS is used to store, retrieve,

display, and update spatially-distributed information (Angermeier and Bailey 1992). With a GIS,

 Richards and Host (1994) compiled land use data within several watersheds, which were then

analyzed in relation to benthic macroinvertebrate and stream habitat data.  Several others have

also used GIS to generate similar land use pattern data for use in analyzing spatial relationships

of watershed-level land use and stream-level water quality parameters (Smart et al. 1981, Smart et

al. 1985, Osborne and Wiley 1988, others).  GIS is also useful in assessing the spatial distribution
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of multiple factors, as Johnston et al. (1988) demonstrated in an assessment of cumulative

impacts on wetland quality and stability.

We describe the use of GIS with landscape-level environmental data and historical fish

collection data in an assessment of fish species richness for watersheds within the Monongahela

and Potomac River basins within West Virginia.  These basins provide a wide contrast in

landscape influences (e.g. elevation and geology) and human influences (e.g. land use, population

density).  We will demonstrate a general approach that is useful to evaluate influences on aquatic

biodiversity within watersheds at this broad scale.  The use of watersheds as the basic study

framework is at a similar scale as many state management agency efforts.  For each watershed,

our specific objectives were (1) to compile species richness, along with components of species

richness, including relative proportions of native species, introduced species, and trophic and

tolerance guild composition,  (2) to quantify numerous physical landscape, land use, and

disturbance variables through the use of a GIS, and (3) to conduct statistical analyses to identify

associations between species richness (and its components) and the physical landscape, land use,

and disturbance variables.

Methods

Study Area

The Monongahela and Potomac River Basins cover almost 20,000 km2 in the northeastern

third of West Virginia (Figure 3.1).  The Monongahela River flows northward to join the Ohio

River, and the Potomac River flows eastward to Chesapeake Bay.  The Monongahela basin is

underlain by unglaciated sedimentary rock, with relatively horizontal layers in the western half,
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progressing into tilted, steep-sided mountain slopes in the eastern half of the basin.  The Potomac

basin lies predominantly in the Ridge and Valley ecoregion (Omernik 1987), with lowlands to the

east.   Water quality is affected by land use activities (particularly coal mining in the

Monongahela basin and North Branch of the Potomac; WV Division of Environmental

Protection, 1991), agriculture in the eastern panhandle, atmospheric acidic deposition over the

mountainous headwaters (Wisniewski and Keitz 1983), and the underlying catchment geology. 

Approximately 18% of the study area is federally managed within the Monongahela and George

Washington National Forests. 

Fish Species Richness in the Watersheds

The number of fish species present within each watershed (species richness, Table 3.1)

was compiled from individual collections made by a number of researchers from 1975 to the

present, including Hocutt et al. (1980), Chipps (1992), the West Virginia Division of Natural

Resources (WVDNR), the U.S. Environmental Protection Agency (EPA) E-Map project, the

United States Forest Service (USFS), Appalachian Environmental Laboratory museum records

(Lebo 1983), and Cornell Ichthyological Collections museum records.  We also used collection-

based range maps presented by Stauffer et al. (1995).  We constructed a (0,1) presence/absence

matrix for each watershed and fish species based on these sources.  Since our assessment of fish

species richness is based on a variety of collections and collection methods, we used a simple

count of the number of different species present in each watershed, rather than relative species

abundances or density-dependent indices, which may have produced misleading results in the

analysis (Hawkes et al. 1986).  Only those watersheds that were included in the range maps in
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Stauffer et al. (1995), or which had significant numbers of collections, were included in the final

statistical analyses.

Fish species were categorized as native or introduced to the Monongahela and Potomac

River basins, respectively, according to Stauffer et al. (1995).  Individual species were also

assigned to tolerance guilds (i.e. tolerant, moderately tolerant, intolerant to environmental

degradation; Larsen et al. 1986), based on a variety of regional references including Trautman

(1981), Plafkin et al. (1989), Jenkins and Burkhead (1994), and Stauffer et al. (1995).  Each

species was also assigned to the appropriate trophic guild based on the feeding habits of adults of

that species, with reference to the same regional reference texts (invertivore, herbivore, piscivore,

filterer, omnivore).

GIS Procedures

A variety of existing digital spatial data sources were used with the Arc/Info 7.0.3

software (ESRI 1995) to compile summary data for the physical landscape and land use variables

for each watershed  (Table 3.1).  In most cases, the original data were in the form of a state or

regional Arc/Info polygon (shape-based) or arc (line-based) coverage, which was clipped to

include only the study area.  Summary data for each watershed unit were calculated using various

Arc/Info overlay commands.  For example, to compute the percentage of a certain land use type

within a watershed, the basic watershed polygon coverage was overlaid with the land use

polygon coverage to produce a new coverage of land use polygons denoted by watershed. 

Arc/Info statistical commands were then used to compute the sum of the total area of each

different land use within each watershed.  Similar commands were used in the case of arc-based
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coverages (such as roads), to compile the total length within each watershed.  The elevation and

precipitation data were originally obtained in grid format, with each cell in a grid containing a

value for precipitation or elevation. To find the maximum and minimum elevation or average

precipitation for each watershed, the watershed polygon coverage was temporarily converted to

grid format and used to find the maximum, minimum, or average value of the variable in question

within each watershed.

Spatial Data Layers

Watershed boundaries (Figure 3.1) were obtained from the USGS Hydrologic Units for

West Virginia.  These watersheds are also grouped into larger sub-basins or cataloging units

(Seaber et al. 1984).  Stream reaches were obtained from the EPA’s River Reach file, version

three.  Drainage density was computed as the sum of the lengths of all reaches within a watershed

divided by the area of the watershed. 

Elevation data  was compiled from USGS 3-arc-second Digital Elevation Models

(DEMs), resampled at 60m.  Minimum and maximum elevation within each watershed was

determined and used to calculate the change in elevation for each watershed.  Elevation change

within the watershed was used as an approximation of gradient, which is a major influence on

zonation in fishes between the headwater region and downstream areas (Schlosser 1987).

Areas underlain by bedrock containing limestone were digitized from the 1:250,000 state

geologic map for West Virginia (Cardwell et al. 1968).  Limestone bedrock has been found to be a

major contributing factor to the acid buffering capacity of watersheds (Winger et al. 1987,

Herlihy et al. 1991).
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Land use and land cover information was derived from USGS 1:250,000 scale land

use/land cover data.  Land use was aggregated into the general Anderson Level I classifications:

urban, agricultural, forest, wetland, open water, and barren land (Anderson et al., 1976). 

Wetlands and open water (mainly reservoirs) make up a very small portion of the overall land use

within the study area, and were not considered.  The percent of total watershed area within

urban, agricultural, forest, and barren land uses was calculated using procedures described in the

previous section.

We sought to obtain a variety of measures of human influences (Table 1) to assess the

relative differences in multiple disturbances on aspects of species richness, using variables similar

to the individual components of the Cultural Pollution Index (CPI) of Leonard and Orth (1986).  

Population data were obtained by county from the U.S. Bureau of the Census (1994).  County

populations were pro-rated to watershed populations based on the proportion of a county’s area

contained within a watershed times the county’s population, summed for all counties partly

within a watershed.  Road locations were determined from USGS Digital Line Graph (DLG)

coverages at 1:100,000 scale.  Road density within each watershed was computed as the total

length of roads in km divided by watershed area in km2.  The location and extent of strip mining

activity was determined from USGS land use land cover data, since strip mines are a more

specific type (Anderson Level II) of Anderson Level I barren land classification.

Data Analysis

For each watershed, all variables were evaluated using Arc/Info, with the results output

into a text file for use with spreadsheet programs and statistical software.  Median and mean
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values were found for all watershed level variables for low species richness watersheds, high

species richness watersheds, mainstem watersheds, and all watersheds.  Low species richness

watersheds were defined as non-mainstem river watersheds that were in the lowest quartile for

species richness (<16 species reported).   High species richness watersheds were defined as non-

mainstem river watersheds that were in the highest quartile in species richness (>30 species

reported).  Mainstem watersheds, which include the largest river systems within a sub-basin

(such as the Cheat River or Cacapon River) were considered separately.  Twelve of the 94

watersheds in the study area were excluded from all statistical analyses and summaries due to

inadequate collection data. 

The Shapiro-Wilk test was used to test the normality of each watershed level variable. 

Only species richness was distributed normally among all watersheds.   We used a non-

parametric Wilcoxon test for differences in all variables between low diversity watersheds (n=20)

and high diversity watersheds (n=21).  Spearman’s rank correlation coefficient (rho) was used to

quantify relationships between watershed level variables and species richness, percent intolerant

species, percent tolerant species, percent invertivore species, and percent omnivorous species for

all watersheds.

Results

Ninety-nine fish species were reported from both river basins in the study.  Eighty-three

fish species were reported from the Monongahela River basin.  Sixty-five species were reported

from the Potomac River basin watersheds.  The highest overall fish species richness was recorded
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for the mainstem West Fork River drainage, with 52 species reported.  The most species-rich

non-mainstem watershed was Opequon Creek of the Potomac basin, with 44 species reported. 

The West Fork River drainages also had the highest number of native species, with 48 native

species.  Tenmile Creek was the non-mainstem drainage containing the most native species with

35.  As a whole, the Potomac watersheds had a higher percentage of introduced species

(Wilcoxon test, p<0.05).  The most commonly-occurring species included Campostoma

anomalum (central stoneroller), Catostomus commersoni (white sucker), and Hypentelium

nigricans (northern hogsucker) (Table 3.2).

Watersheds with high species richness had significantly higher area, percent limestone

bedrock, elevation change, and percent invertivore species than did low species richness

watersheds (Wilcoxon test, p<0.05) (Table 3.1).  Low species richness watersheds had

significantly higher road density.  When compared with all non-mainstem watersheds, mainstem

river watersheds had significantly higher fish species richness, percent intolerant species, percent

piscivorous species, and percentages of urban land.

For all non-mainstem watersheds, strong positive correlations (p<0.01) were found

between species richness and area (Spearman’s _ = 0.61), elevation change ( _= 0.38), and

percent limestone bedrock (_ = 0.39).  In addition, significant correlations were also found

between percent intolerant or sensitive species and percent limestone bedrock (_ = 0.40),

elevation change (_ = 0.40), population density (_ = -0.34), urban land use (_ = -0.40),

agricultural land use (_ = -0.36), and forested land use (_ = 0.43).  No significant correlations
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were observed between percent tolerant species and percent piscivorous species and any of the

watershed variables.

Discussion

The area of the watershed had a strong influence on the number of species found within a

watershed.  The species richness of a river system has been found to be significantly related to its

drainage area by Watters (1992) and Angermeier and Schlosser (1989).  This is generally

attributed to a combination of greater stream habitat volume and habitat diversity contained

within larger streams and larger watersheds.  Fourth and fifth-order streams may contain a large

proportion of the total fish population (in numbers and numbers of species) within a given area,

even though these streams only comprise a small percentage of the total stream length across the

same area (Platts 1979).

In this study, the species richness of an entire watershed usually reflected the species

richness of the largest stream in that watershed, although there were cases where certain species

were limited only to smaller headwater streams within the watershed.  Analysis of the influential

factors at the watershed level then essentially becomes an analysis of factors related to fish

species richness in the largest tributary within the watershed.

The watersheds used in this study are part of a standard, existing USGS base map for

hydrologic units.  The non-mainstem river watersheds ranged in size from that of a first-order

stream (under 10km2 total area) to a fifth-order stream (725 km2 total area).  The watersheds

delineated by USGS in the base map are not necessarily the same size or stream order.  Mainstem
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river drainages are arbitrarily subdivided into different parts at major cities or other landmarks. 

However, for this analysis, most of the smaller headwater watersheds were eventually excluded

from statistical analysis (due to a lack of fish collection data); therefore, most watersheds

analyzed were medium-sized tributaries, usually third to fifth-order streams.

The other watershed-level variable that was highly related to species richness within the

study area was the presence and amount of limestone bedrock within the catchment.  The

presence of limestone-containing bedrock layers is a key determining factor in fish distributions

of the mid-Appalachian region (Sharpe et al. 1987).  This region (which includes the study area)

experiences some of the lowest pH precipitation in the Northeast (Adams et al. 1993), which

contributes heavily to acidification of surface waters if not neutralized (Herlihy et al. 1991). 

Areas underlain by low acid-neutralizing capacity soils or poorly buffered igneous or

metamorphic bedrock are especially vulnerable to acidification (Johnson 1979, DeWalle et al.

1988, Winger et al. 1987).  Several comprehensive reviews have documented the detrimental

effects of low pH on fish and aquatic communities (e.g. Haines 1981, Burton et al. 1982).  For

small headwater watersheds on Laurel Hill in southwestern Pennsylvania, Sharpe et al. (1987)

found that watersheds with a large proportion of limestone-derived soils and Loyalhanna and

Pocono group (limestone-containing) bedrock were more likely to support trout than watersheds

lacking these characteristics.  Our results indicate that a similar relationship holds for larger

systems as well:  in acid-impacted regions, watersheds with a higher percentage of limestone-

containing bedrock were more likely to have high overall fish species richness.
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We also attempted to explore the relationship of fish communities and land use at this

scale.  Land use is a major contributing factor to water chemistry and habitat quality within

streams.  Urban and agricultural land uses are associated with elevated stream nutrient levels

(Smart et al. 1985, Osborne and Wiley 1988, Hunsaker and Levine 1995).   Urban and agricultural

land uses can also contribute to increased sedimentation, reduction in large woody debris, and

lowered benthic macroinvertebrate species richness, as a result of channelization and riparian

zone alteration (Richards and Host 1994).  

Even with 82 watersheds included in the final analyses, the study area showed a high

degree of homogeneity at the scale used for analysis.   The area did not include any large cities,

and only two watersheds (the Monongahela River and the Shenandoah River) had over 10% of

their area in urban land uses.  Most watersheds contained approximately 30% agricultural lands

and about 60% forested land.  Major exceptions included watersheds in the eastern panhandle

such as Opequon Creek and the Shenandoah River, which were more heavily agricultural.  Even

with the large sample size, there was not enough variation in land use between the watersheds to

detect any patterns.  McDaniel et al. (1987) experienced similar difficulties in determining

regional water quality patterns for USGS hydrologic units in Kansas, where water quality was

relatively similar across the state.

The distribution of different land uses within a watershed may also be critical (Hunsaker

and Levine 1995).  For example, agricultural activity concentrated along streams may produce a

higher degree of instream habitat effects.  Hunsaker and Levine (1995) evaluated the use of land

use proportions for a 200m zone around a stream, a 400m zone around the stream, and the entire
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watershed in predicting various water quality parameters.  They concluded that the use of the

entire watershed's land use proportion offered the best predictions of water quality response.

Aspects of the fish communities that were related to land use at the watershed scale were

the proportion of sensitive or intolerant species and the proportion of invertivore species.  This

may indicate that focusing on critical groups of fish species may be useful, in addition to

considering overall species richness.  Individual fish species such as carp (Cyprinus carpio) or

green sunfish (Lepomis cyanellus) are often used as indicator species of degraded stream

conditions (Karr et al. 1986).  We used percent tolerant and percent omnivorous species as

general indicators of degraded conditions, such as increased siltation, poor water quality, reduced

cover, etc.  These types of conditions tend to favor opportunistic, generalist species (Karr et al.

1986).  However, no significant relations were found between any watershed level variables and

percent tolerant or percent omnivorous species.  We intended percent invertivore and percent

intolerant species to reflect overall system health.  Intolerant species include species commonly

cited as sensitive, indicator species (such as longnose dace):  about half of the cyprinids reported

for the study area, some sucker species, and all salmonids.  Invertivore species are a broader

category, and include almost all cyprinids, suckers, centrarchids, and percids, whose abundance

reflects the amount of insect and other invertebrate prey available (Karr et al. 1986).  Similar

categories of fish species have been used in biotic integrity assessments, such as Karr's Index of

Biotic Integrity (IBI) (Fausch et al. 1984, Karr et al. 1986, Leonard and Orth 1986, etc.).  

However, when these categories of species are included in the IBI, they are calculated as

percentages of the total number of individual fish collected, not as percentages of the total
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numbers of fish species collected.  We were not able to base our calculations on the total number

of individual fish, due to the nature of the many data sources used.

The percentage of intolerant species in particular was significantly associated with lower

levels of urban and agricultural land use, and higher amounts of forested land use within the

watersheds, which was expected.  This indicates that even at this coarse resolution, species

sensitivity and perhaps individual species may be valuable as indicators of healthy aquatic

systems.

An understanding of the impacts of a variety of watershed characteristics on stream biota

is critical in regional or state level assessment of the influences on aquatic biodiversity.  Even at

the broad scale of this study, watershed size and elevational change were both related to species

richness within watersheds.  In addition, the underlying catchment geology emerged as another

critical factor in biodiversity of an acid-impacted region.  More specific and more useful

watershed or stream characteristics (such as large woody debris, riffle and pool development,

substrate composition) are more appropriately evaluated at smaller spatial scales (Frissell et al.

1986).  A further refinement of the relationship of broad land use patterns to the distribution of

fish species and diverse watersheds would be possible with an expanded study area or greater

land use variation among watersheds.

This study builds on previous work conducted within small (headwater to third order)

watersheds (Sharpe et al. 1987, Richards and Host 1994) and more broad stream characterization

work at the regional level (e.g. Gallant et al. 1989).  This study showed that a broad, landscape

characterization of watershed attributes can be related to certain aspects of fish communities. 
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This knowledge could be potentially valuable for regional assessments of influences on aquatic

diversity, including the identification of influential watershed-scale variables.  The watershed

level may also be a convenient scale at which to quantify certain human disturbances and

activities.  The use of GIS provides a powerful, convenient tool to compile spatially-distributed

environmental, land use, and disturbance data from existing sources for relatively large areas. 

Watershed-based approaches toward conservation and assessment of aquatic biodiversity will

likely rely on very similar GIS techniques and databases.  These same watershed-based data may

also be extremely valuable in a wide variety of environmental monitoring and planning

applications, such as water quality assessment, analysis of land use shifts, as well as in planning

for biological conservation.
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Table 3.1.  Variables used to characterize watersheds by physical landscape characteristics, land use, human disturbance, and fish
community structure.  Certain variables were measured as percent of total watershed area (%W).  Certain fish community
variables were measured as percentage of total fish species richness (%F).  Mean values are reported separately for all non-
mainstem river watersheds (n=52), mainstem watersheds (n=30), non-mainstem, low diversity watersheds (fish species
richness < 16, n=13), and non-mainstem, high diversity watersheds (fish species richness > 30, n=15).  The probability > |z| is
given for the Wilcoxon test, which was used to compare high and low diversity watershed variables between the non-
and mainstem watersheds, and between the low diversity and high diversity watersheds.

Variable Non-mainstem

mean

Mainstem

mean

prob > |z| Low species
richness

watersheds
mean

High species
richness

watersheds
mean

PHYSICAL LANDSCAPE VARIABLES

Area (km2) 227.5 239.8 0.5738 128.7

Maximum elevation difference (m) 505.4 437.4 0.2926 385.4

Drainage density (km/km2) 0.9 1.0 0.0061 0.9

Limestone bedrock, area (%W) 5.5 17.5 0.0860 0.6

Average annual precipitation (cm) 115.6 111.5 0.0092 112.8

HUMAN INFLUENCE VARIABLES

Population density (#/km2) 27.5 30.7 0.7452 30.6

Road density (km/km2) 1.4 1.6 0.1327 1.6

Strip mine area (%W) 0.01 0.01 0.9569 0.01



Table 3.1 (continued)

LAND USE VARIABLES

Urban land use, area (%W) 1.5 1.4 0.0052 2.1

Agricultural land use, area (%W) 21.1 20.3 0.8366 23.3

Forested land use, area (%W) 76.0 70.8 0.4097 72.9

Barren land use, area (%W) 1.0 1.0 0.9961 1.4

FISH COMMUNITY VARIABLES

Species richness (#) 23.4 39.3 0.0000 9.8

Introduced species (%F) 15.9 18.8 0.1339 22.3

Intolerant species (%F) 20.9 18.1 0.0462 17.5

Tolerant species (%F) 22.5 19.7 0.0971 25.7

Omnivores (%F) 20.5 20.0 0.7341 26.2

Piscivores (%F) 11.8 15.7 0.0006 14.3

Invertivores (%F) 62.4 61.3 0.2035 49.0



71

Table 3.2.  Common fish species reported from collections made between 1975-1995 in the
Monongahela and Potomac River Basins.  The number of watersheds (out of a possible
94 watersheds) where the species was reported is indicated.

Scientific Name Common Name Number of Watersheds

Campostoma anomalum Central stoneroller 83

Catostomus commersoni White sucker 81

Hypentelium nigricans Northern hogsucker 80

Micropterus dolomieu Smallmouth bass 79

Semotilus atromaculatus Creek chub 78

Pimephales notatus Bluntnose minnow 73

Rhinichthys atratulus Blacknose dace 72

Cyprinella spiloptera Spotfin shiner 70

Ambloplites rupestris Rock bass 70

Notropis rubellus Rosyface shiner 68

Etheostoma blennoides Greenside darter 68

Lepomis macrochirus Bluegill 67

Etheostoma flabellare Fantail darter 65

Rhinichthys cataractae Longnose dace 63

Nocomis micropogon River chub 62
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Table 3.3.  Significant Spearman rank correlations between watershed level variables and fish
community variables for non-mainstem river watersheds only.  The level of significance of
the correlation is indicated: ++ positively correlated at p <0.05 level., + positively
correlated at p<0.10 level, -- negatively correlated at p<0.05 level, - negatively correlated
at p<0.10 level.  Percent tolerant species and percent omnivorous species are not included
in the table, since no significant correlations were found at either level for these variables.

Fish community variables

Watershed variables species
richness

intolerant
species (%F)

piscivore
species (%F)

invertivore
species (%F)

Area (km2) ++

Max. elevation difference (m) ++ ++

Drainage density (km/km2) - - ++ -

Limestone bedrock (%W) ++ ++

Average annual precipitation (in) ++ +

Population density (#/km2) --

Road density (km/km2) -

Strip mine area (%W)

Urban land use, area (%W) --

Agricultural land use, area (%W) -- + -

Forested land use, area (%W) ++ ++

Barren land use, area (%W)
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Table 3.4.  Summary of classifications of fish species used in the analysis.

Category Number of Species Percent of Total Species

Tolerant 22 22.2

Moderately tolerant 60 60.6

Intolerant 17 17.2

Omnivore 14 14.1

Invertivore 67 67.7

Piscivore 16 16.2

Herbivore 1 1.0

Filterer 1 1.0

Total 99
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Figure 3.1.  Watersheds within the Monongahela and Potomac River Basins, West Virginia.
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Figure 3.2.  Limestone containing bedrock layers within the Monongahela and Potomac River
basins, West Virginia.
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Chapter Four:  GIS Techniques for Stream Fish Conservation
Assessment in West Virginia

Abstract

Management and protection of the stream fish diversity of the United States requires

knowledge of known species distributions, environmental characteristics of stream systems, and

human impacts.  We used spatially-referenced stream fish survey data within a Geographical

Information System (GIS) to identify diverse streams in the Monongahela and Potomac River

Basins of West Virginia.  Twenty-two streams had over 25 reported fish species.  The use of GIS

allows the survey data to be searched by species, stream, collection date, or collecting agency,

with search results presented as a map or table.  Digital map layers within the GIS were also used

to evaluate landscape influences on streams, including land-use, mining activity, and bedrock

geology, at various spatial scales (e.g.  entire watershed, 1km buffer zone around the stream,

100m buffer zone).  Widely varying results were found for each influence at each of the different

spatial scales used, indicating that these landscape influences should be considered at both the

individual stream and watershed levels.  The use of the digital map layers and stream fish survey

data in a GIS is shown to be a highly effective management tool for organizing, presenting, and

analyzing the spatial distribution of stream fishes and influences on stream fish diversity.



77

Introduction

Ongoing threats to freshwater ecosystems, continued declines in individual fish species,

and the apparent ineffectiveness of current protection measures have increased consideration of

aquatic biodiversity as a whole.  The main threats to aquatic biodiversity include habitat

alteration, pollution, and the introduction of exotic species  (Allan and Flecker 1993, Maitland

1995).  The preservation of biodiversity requires effective use of the current knowledge base of

information related to biological distributions, even if this information is incomplete (Davis et al.

1990).  Compilation of the information necessary for biodiversity assessment can be effectively

conducted through the use of Geographic Information Systems (GIS).  This chapter presents

components of a GIS developed to store and present stream survey information, allow searches

of the survey database, and evaluate landscape-level influences on particular streams, all within

the context of stream fish biodiversity conservation.

An ideal dataset for biodiversity conservation and management should include species

distributions, environmental characteristics of systems, and the location, nature, and extent of

any human (cultural) impacts (Davis et al. 1990).  The environmental and human impact data are

generally available in digital format for use with a GIS, or are readily digitized from existing maps.

 However, stream fish survey data are often collected by a variety of federal or state biological

monitoring efforts and are not generally combined or standardized.  Some examples of recent

federal projects involving regional fish sampling efforts include the Environmental Protection

Agency’s (EPA) aquatic ecoregion projects (Gallant et al. 1989), EPA's Regional Environmental

Monitoring and Assessment Project (R-EMAP) (EPA 1993), and the U.S. Geological Survey’s



78

National Water Quality Assessment (NAWQA) program (Gerhart 1991).  In addition, most state

wildlife management agencies have their own stream survey system, and may possess survey

records spanning several decades.  In many cases, the collection data from these programs were

not specifically intended for use in conservation management.

Recent developments in GIS technology allow more efficient management, manipulation,

and analysis of spatial data over large regions, which makes GIS an invaluable tool in biodiversity

assessment (Davis et al. 1990).  Relevant functions of a GIS include digital storage of spatial data,

the ability to link spatial data elements with related non-spatial data, combination, cross-

referencing, and manipulation of various data layers, and visual or statistical presentation of

results (Beardsley and Stoms 1993).

Geographical Information Systems are increasingly used in many ways in the study of

aquatic systems.  Angermeier and Bailey (1992) designed a GIS for the Clinch River Basin of

Virginia to store fish survey information, identify potential threats to threatened and endangered

mussels and fish, and display the results.  Additional research has focused on using GIS to

quantify spatially-distributed landscape influences, such as land use and elevation, on aquatic

systems.  One specific area of research has attempted to resolve whether land use along the

stream or land use within the entire watershed is more influential on water quality (Osborne and

Wiley 1988, Hunsaker and Levine 1995).  Using a GIS, map overlay techniques are used to

quantify different land uses within defined areas such as watersheds.   Land use along the stream

is quantified using a GIS technique called buffering,  which evaluates spatial variables within a

certain distance from a stream.  Buffer zone analysis has been used to evaluate land use within
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100m (Richards and Host 1994), 200m, 400m (Hunsaker and Levine 1995),  and 1 km

(Angermeier and Bailey 1992) of a stream, as a possible alternative to considering land use within

the entire watershed.  Richards and Host (1994) reported that the relative proportions of

different land uses in the 100m buffer zone and the entire watershed were similar.  Hunsaker and

Levine (1995) concluded that land use data for the entire watershed were more useful in

explaining variation in water quality than was land use within 200m and 400m buffer zone

widths.

I present and evaluate procedures used to compile stream fish survey data and landscape

influences on species-rich aquatic communities through the use of a GIS.  GIS techniques can be

used to combine and present these data in many ways that may be useful in conservation and

management of valuable freshwater systems.  My objectives in this chapter include: (1) To

illustrate the use of GIS software and a simple, relational database of fish survey data to

determine  fish species richness for individual streams, using a searchable, easily updated,

spatially referenced data format.  (2) To discuss GIS map overlay and buffering techniques used

to evaluate landscape influences on species-rich stream systems at three different spatial scales.

Study Area

The Monongahela and Potomac River Basins within West Virginia were used as the study

area.  Together, these rivers drain almost 20,000 km2 in the northeastern third of West Virginia

(Figure 1).  One hundred-seventeen fish species are known to occur in the basins (Stauffer et al.

1995).  Major influences on fish fauna include underlying bedrock geology and landform, as well

as the effects of acid mine drainage, acid precipitation, impoundments, and agriculture.  Certain
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areas in the western portion of the study area are highly impacted by mining activity, whereas

the extreme eastern portion is experiencing rapid development and land use changes.  Currently,

394 km along ten different rivers are being considered for inclusion in the federal Wild and Scenic

Rivers program.  In addition, the EPA E-Map project has begun an assessment of the

Monongahela basin, while the NAWQA program has selected the Potomac River basin as one of

its study areas, and plans to expand into the Monongahela Basin in the future.  The West Virginia

Division of Natural Resources (WVDNR) and Division of Environmental Protection (WVDEP)

are also jointly sponsoring the West Virginia Watershed Conservation and Management Program,

which encourages local participation in watershed management issues.

Methods
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Fish Collection Data Sources

Fish collection or survey data were supplied by a number of sources (Table 4.1).  The

West Virginia Division of Natural Resources (WVDNR) contributed stream survey reports from

individual fisheries biologists and Federal Dingell-Johnson funding reports.  The EPA’s E-MAP

program in the Monongahela Basin, the USGS NAWQA program in the Potomac Basin, the U.S.

Forest Service (USFS), and the U.S. Army Corps of Engineers also provided collection data. 

Data from the Appalachian Environmental Laboratory at Frostburg State University was

obtained from Lebo (1983).  Chipps (1992) reported data collected in the Monongahela National

Forest.  Museum records from the Cornell University Ichthyological Collections were also used. 

Range maps included in Stauffer et al. (1995) were used to verify presence or absence of a species

within a watershed, but were not included in the individual stream-based collections database. 

Sampling methods (if reported) varied widely among the sources, and included rotenone, boat

electroshocking, backpack electroshocking, and seining.
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Landscape Level Data Sources

The EPA’s River Reach file (version 3) was used as the base map for streams.  Watershed

boundaries were obtained from the USGS Hydrologic Units for West Virginia, which contains a

hierarchical coding system for river basins and watersheds (Seaber et al. 1984).  Land use was

derived from USGS 1:250,000 scale land use/land cover data.  Land use was aggregated into

Anderson Level I categories: urban, agriculture, forest, and barren (Anderson et al. 1976).  Urban

and agricultural land use alter runoff and chemical and nutrient inputs to streams, as well as

physical habitat within streams (Klein 1979, Schlosser 1991).  Limestone-containing bedrock

layers were digitized from the 1:250,000 state geologic map for West Virginia (Cardwell et al.

1968).  Limestone bedrock has been shown to be an important factor in buffering the effects of

acid precipitation and acid mine drainage in Appalachian watersheds (Winger et al., 1987; Herlihy

et al. 1991).  Publicly owned land, including the Monongahela and George Washington National

Forest boundaries, and state park and state forest boundaries were obtained from a number of

sources.  The locations of industrial National Pollutant Discharge Elimination System (NPDES)

permits were obtained from the EPA’s Toxic Release Inventory (TRI) data for EPA’s Region III.

 The locations of Surface Mine Control and Reclamation Act (SMCRA) sites were obtained from

the WV Division of Environmental Protection (WVDEP).  Cities or towns with populations over

2500 (U.S. Bureau of the Census 1994) were also included as a point coverage.
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Each of the above types of data were maintained as separate digital map layers within the

GIS.  Each map layer is associated with its own attribute table, which contains one record for

each map feature (i.e. stream segment or watershed) in that map layer.  Each separate record in

the attribute table can contain data for multiple items pertaining to an individual map feature,

such as size, length, or name. 

Collections Database

The database of fish sample information was composed of several interrelated text tables,

as well as the watershed and reach coverage attribute tables (Figure 4.2).  Each record in the

collection information table contained one record for each entire collection taken at one location

and time.  The fish sample information table contains one record for each fish species sampled in

each collection and helped to minimize repetition of data.  The fish species information table

contains one record for each different fish species.  The primary trophic level of adults of each

species (filterer, herbivore, invertivore, piscivore, omnivore) was determined from regional fish

references, including Stauffer et al. (1995), Jenkins and Burkhead (1994), and Trautman (1981). 

The tolerance level (tolerant, moderately tolerant, intolerant) is a general characterization of the

species’ tolerance to disturbance, siltation, pollution, and the like, and was obtained from the

same regional fish references and Plafkin et al. (1989).

Other characteristics of streams were also included as text tables, including:  streams with

stocking, streams with impoundments, designated uses of impacted streams, designated use

support of impacted streams, and high quality streams.  Designated uses are the use which the

stream is capable of supporting, and include warmwater fishery, coldwater fishery, baitminnow
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fishery, and drinking water.  Designated uses were assigned and evaluated by the WVDNR.  For

streams which do not meet their designated use, the degree of support (none, partial) was also

noted (WVDNR 1989).  High quality streams (identified by WVDNR biologists) have been

defined as streams which contain stocked trout, native trout, or ‘desirable’ warmwater fish

populations (WVDNR 1986).  Locations of streams with impoundments were found from

Baloch (1972) and the reach coverage.   Stocking information was obtained from the WVDNR.

 The tables were related to each other through matching values of common items such as

fish species, stream code, or watershed code.  ArcView 2.1 (ESRI 1995) was used to facilitate

relations between text tables, attribute tables, and coverages.  Tables were related to each other in

two different ways: (1) cases where the item value in common between two tables only occurred

once in each table (a one-to-one relationship) and (2) cases where the item value in common

between two tables occurred more than once in at least one of the tables (a many-to-one or many-

to-many relationship).  With these relations established, records of interest could then be selected

from one table, while the related/corresponding records (i.e. same fish species code, same stream

code, same watershed code) in a different table would automatically be selected as well.  Database

queries could then be based on any information/item in any table.  The results of such queries

could then be displayed as maps of occurrence or output as summary tables.

The collection and fish sample tables were summarized to find the number of different

fish species collected in each stream and the number of collections per stream using SAS (SAS

Institute 1994).  Since the data were maintained in separate text tables, it was easily updated or

output for use in different computer applications.
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GIS Procedures

ArcInfo 7.0.3  (ESRI 1995) was used for most basic GIS operations.  The nature of the

relationship between the coverage attribute tables and the database text tables required each

watershed polygon or set of reach arcs to be uniquely coded.  WVDNR has its own hierarchical

alphanumeric coding system for streams, which was used in this work, since the majority of

WVDNR collection records are referenced using this code.  The WVDNR stream codes and

names were added to the reach attribute table.  Additional streams were also added to the original

reach coverage by digitizing from 1:24,000 topographical maps.  The reach coverage was overlaid

with the watershed coverage, so that each reach was also cross-referenced by watershed.

Twelve different third to fifth-order streams (Strahler 1957) were selected for preliminary

analysis of landscape influences that were potentially related to stream conservation potential

(Figure 4.3).  These streams were selected based on the relatively high number of different

species found and abundance of collection data.  Land use and other landscape-level variables

were quantified for each of these 12 streams at three different spatial scales: within 100m of

either side of the stream, within 1km of the stream, and for the entire watershed.  The 100m and

1km buffer zones surrounding each stream were created as new coverages using ArcInfo

commands, and were overlaid with the land use, limestone bedrock, public land, TRI site, and

SMCRA site coverages for analysis.  The total area and percent area of urban land, agricultural

land, forested land, limestone bedrock, and publicly-owned land was determined at each of the

three spatial scales.
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Results

Stream Level Management Data

A variety of information related to the management status of individual streams was

compiled (Table 4.2).  Impoundments ranged from large dams on mainstem rivers to small,

privately-owned structures on tributary streams.  About one-third of streams (by length) were

classified as West Virginia high quality streams, which include stocked streams and other streams

with potentially valuable fisheries.  The seven species of special concern that were reported

include rosyside dace (Clinostomus elongatus), satinfin shiner (Cyprinella analostana), Cheat

minnow (Rhinichthys bowersi), longnose sucker (Catostomus catostomus), blue sucker

(Cycleptus elongatus), slimy sculpin (Cottus cognatus), and Potomac sculpin (Cottus girardi).  In

each study basin, over 20% of all stream reaches by length were classified as not meeting their

designated uses (Table 4.2).  The proportion of reaches not meeting designated uses was 38% in

the Monongahela Basin and about 21% in the Potomac Basin.  Most impacted reaches in the

Monongahela basin were designated as bait minnow streams, while trout streams were highly

impacted in the Potomac basin.

Fish Collections Data

Collection data was gathered from a variety of sources, but the majority of the data were

provided by the WVDNR (Table 4.1).  Only collections made since 1978 were included in the

database.  A great deal of sampling effort was centered in or near the Monongahela National

Forest.  A total of 99 species were included in the collections database, including 10 species
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introduced to the Monongahela basin and 25 species introduced to the Potomac basin (Stauffer et

al. 1995).  Specifically, the survey records reported:  32 species of Cyprinidae, 6 Catostomidae,

13 Percidae, 12 Centrarchidae, 3 Salmonidae, 7 Ictaluridae, and 3 Cottidae.  The species collected

most often were mottled sculpin (Cottus bairdi), brook trout (Salvelinus fontinalis), and

blacknose dace (Rhinichthys atratulus), each with over 450 records of collection.  Collection data

were included for 335 individual streams totaling 5658 km (approximately 20% of the total

number of named streams).
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Buffer Zone Analysis

Twelve streams were used to evaluate the use of the entire watershed, and the 1km and

100m buffer zones in quantifying impacts to potentially valuable species-rich streams (Table

4.3).  All watersheds were predominately forested, with some agricultural land use, and small

percentages of both strip mines and urban land.  Limestone bedrock was present in moderate

amounts in all watersheds, ranging up to over 50% of the area of the Opequon Creek watershed. 

SMCRA sites were concentrated in the Big Sandy watershed and Shavers Fork watershed, and

TRI sites were found in the Opequon Creek and South Fork of the South Branch of the Potomac

watersheds.  All streams except Opequon Creek contained at least some publicly-owned or

managed land in their watershed.  All three categories of land use (urban, agriculture, forested)

varied considerably, depending on the level at which they were evaluated (Figure 4.4 example). 

In particular, Leading Creek, Patterson Creek, and the North and South Forks of the South

Branch had a much higher percentage of agricultural land in the 100m buffer zone, along with

greatly reduced percentage of forested land at the 100m scale.  The percentage of urban land

tended to increase slightly when considered at smaller size areas for all streams except Opequon

Creek and Glady Fork.

Discussion

Collections Inventory

There are a number of important considerations and limitations in the use of historical

biological survey data.  This type of data can be biased toward certain taxonomic groups or
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localities (Bojorquez-Tapia et al. 1994).   Karr et al. (1986) described four common biases

associated with historical fish collection data: varied original purpose of data collection, species-

specific susceptibility of fish to collection gear used, inadequate sampling of different habitat

types, and inherent biases in samples collected near bridges or mouths of tributaries.  Depending

on the original goal of the collection, it is possible that not all fish were recorded or only species

of interest (such as game fish) were identified.  All of these biases were found in my data: 

collection data was centered in certain areas, focused on game species, or only reported a few

species and grouped the remainder together by family or other description.  In addition, some

collection records contained little or no description of the types of habitats sampled or degree of

sampling effort.  The time of year and stream conditions (such as flow) may also affect the

number of species found (Karr et al. 1986).  Yet with all of these biases in mind, historical

collection data from multiple sources can still be useful as long as its limitations are recognized. 

For instance, when compiling data that were collected over many years using different sampling

methods, presence and absence data is generally more interpretable than density or biomass data

(Hawkes et al. 1986).

The database structure used has certain limitations in its representation of species

occurrences.  For inventories of terrestrial vertebrate species, presence may be represented by

point locations of observations, grid cells coded by occurrence, or other units such as counties

coded by occurrence (Davis et al. 1990).  However, the representation of range and occurrence for

stream fishes differs.  Streams are directional, linear networks that often cross county and state

boundaries, and are generally not represented well by grids at the regional scale.  One method is
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to indicate collections as points along stream segments at the exact location of collection (e.g.

Stauffer et al. 1995).  This approach requires more exact knowledge of collection location than

was available in this data.  Another approach is to delineate watershed boundaries and shade

watersheds by presence or absence of particular species.  (Since a watershed code was included in

the collection information text table (Figure 4.2), it would be possible to indicate presence and

absence of a fish species by watershed with the database developed.) 

In my database, each collection was associated with the entire length of the stream.  Each

stream may consist of anywhere from one to several hundred individual reach segments.  For the

great majority of streams, which are only composed of a few reach segments, this method seems

appropriate.  More exact location information would have allowed collections to be associated

with individual reaches within a stream.  The method I used offers an effective means of

presenting known occurrences of fish species.  The visual display of results (Figure 4.5) allows

the data user to gain an overall sense of a species range and rarity, as well as occurrence in larger

rivers or smaller tributaries.  In spite of the unavoidable limitations of historical data, the

collections database is an important step in organizing the many sources of available information

for this region.  Certain data are generalized for display, yet the database maintains all relevant

information about the collection available in text format (such as more detailed location

information, relevant comments regarding stream conditions, etc.). 

The query capability of the software used allows a wide variety of questions to be

answered quickly and effectively.  Simple queries include identification of streams with collection

data and identification of streams with collections of certain species or certain types of species
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(e.g. special concern species).  More complex queries that involve data summarization include

listing all fish species collected within a certain stream, listing the number of different fish species

collected within a stream, or finding the date of the most recent collection in a stream.  In most

cases, query results can be output as text summary tables or maps.  The queries can be used to

assess areas lacking recent survey data (Figure 4.6) or to display known locations of single or

several species of interest (Figure 4.5).

Buffer Zone Analysis: Influences on Species Rich Reaches

The purpose of the buffer zone analysis was to investigate the appropriate spatial scale

at which to quantify influences on species-rich streams, such as land use, bedrock geology, and

mining activity.  These types of data were selected based on their availability and relevance to

fish distributions.  Every data layer, except limestone geology and city locations, was already

available in digital format.

Data for the 100m buffer zone include the area immediately adjacent to the stream and the

riparian zone.  A high percentage of agricultural land, urban land, or mining within this buffer

zone implies direct impacts to streams and a non-forested riparian zone.  The 1km buffer zone

can be used to assess local impacts to each stream (Angermeier and Bailey 1992) and may be

more appropriate to the scale of the land-use data used than the 100m buffer zone (Hunsaker and

Levine 1995).  The minimum width of an urban area in the land use data is 200m, and the

minimum size of forested and agricultural land is 16 ha (USGS 1990).  The use of the entire

watershed gives a broader view of the impacts to tributary streams. 
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I observed differences in land use between the 100m buffer zone, the 1km buffer zone, 

and the entire watershed.  Because of these differences, the 100m or 1km buffer zone should not

be used as an equivalent to the entire watershed.  Hunsaker and Levine (1995) concluded that the

use of watershed level landscape data accounted for more of the variation in three water quality

parameters than land use data from smaller buffer zones (200m, 400m width).  This result

indicated that the presence of a certain type of land use within a watershed is more critical to

water quality than land use along the stream.  I was not able to statistically test the relative

strength of the relationship between biotic factors (fish species richness) and landscape variables

between spatial scales in this study, due to the low number of streams analyzed.  However, I can

conclude that watershed land form is an important contributing factor: for instance, watersheds

with steep-sided valleys are likely to have any human activities (such as agriculture) concentrated

along the valley floor.  Narrow river valleys are common in the Ridge and Valley region, which

includes much of the study area.  These types of watersheds may appear to have low agricultural

activity in the entire watershed, but that activity could be quite significant at the 100m or 1km

scale.  Land use and other influences should be evaluated at a combination of buffer distances, as

well as the watershed level, especially in regions with highly variable topography such as West

Virginia.

Conservation Management Implications

The stream survey database and buffer zone analysis presented here could both be

elements of a protocol to identify and evaluate systems that offer high potential for management

and protection of aquatic biodiversity.  Several specific methods have been proposed to evaluate


