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Abstract.—We evaluated a comprehensive set of natural and land-use attributes that represent the 
major facets of urban development at fish monitoring sites in the rapidly growing Raleigh-Durham, 
North Carolina metropolitan area. We used principal component and correlation analysis to obtain 
a nonredundant subset of variables that extracted most variation in the complete set. With this 
subset of variables, we assessed the effect of urban growth on fish assemblage structure. We evaluated 
variation in fish assemblage structure with nonmetric multidimensional scaling (NMDS). We used 
correlation analysis to identify the most important environmental and landscape variables associated 
with significant NMDS axes. The second NMDS axis is related to many indices of land-use/land­
cover change and habitat. Significant correlations with proportion of largest forest patch to total 
patch size (r = –0.460, P < 0.01), diversity of patch types (r = 0.554, P < 0.001), and population 
density (r = 0.385, P < 0.05) helped identify NMDS axis 2 as a disturbance gradient. Positive and 
negative correlations between the abundance of redbreast sunfish Lepomis auritus and bluehead chub 
Nocomis leptocephalus, respectively, and NMDS axis 2 also were evident. The North Carolina index 
of biotic integrity and many of its component metrics were highly correlated with urbanization. 
These results indicate that aquatic ecosystem integrity would be optimized by a comprehensive 
integrated management strategy that includes the preservation of landscape function by maximizing 
the conservation of contiguous tracts of forested lands and vegetative cover in watersheds. 

Introduction fragmentation, increased impervious surface area, in­
creased storm runoff, reduced groundwater recharge,

Conversions of rural and forest lands to urban land and riparian habitat loss (Wang and Lyons 2003). 
degrade streams (Booth and Jackson 1997; Kennen Urbanization is linked consistently to stream degra­
1999; Wang et al. 2000, 2001) by altering the com- dation, which results from increased peak flows,
position, structure, and function of aquatic ecosys- stream power and stream sedimentation, reduced base
tems (Frissell et al. 1986; Jones and Clark 1987; flows, and modified instream habitat and substrate 
Richards and Host 1994; Richards et al. 1997; complexity (Klein 1979; Schueler 1994; Booth and
Lammert and Allan 1999; Kennen and Ayers 2002; Jackson 1997; Wang et al. 2000, 2001; Kennen and 
Roy et al. 2003). Landscape changes associated with Ayers 2002; Walters et al. 2003). These changes are 
urbanization include terrestrial habitat loss, landscape accentuated when connected forests and undevel­

oped lands are replaced with a patchwork of smaller 
* Corresponding author: jgkennen@usgs.gov and smaller interspersed parcels of lands fragmented 
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by urban land uses. The changes not only modify 
the landscape in measurable ways, but also increase 
the extent of stream ecosystem degradation. Ripar­
ian areas are particularly susceptible to urbanization 
impacts and habitat fragmentation. Loss of riparian 
vegetation can destabilize stream banks, increase sum­
mer water temperatures and diel fluctuations, alter 
the recharge of shallow aquifers, and reduce the ef­
fectiveness of these natural filters (Karr and Gorman 
1975; Kleiss et al. 1989; Jensen and Platts 1990). 
Loss of riparian vegetation results in increased sur­
face runoff, increased erosion and sedimentation, and 
reduced woody debris and leaf litter that are used by 
many aquatic organisms for food and shelter 
(Finkenbine et al. 2000). Declines of native fish, 
amphibian, and aquatic invertebrate assemblages have 
been linked to deterioration of riparian habitats 
(Dodd and Smith 2003). 

Terrestrial habitat fragmentation results in smaller 
habitats suitable for survival and fewer corridors suit­
able for dispersion and migration (Noss 1987). It is 
one of the most commonly cited threats to loss of 
biological diversity (D’Eon et al. 2002), and its ef­
fects on terrestrial systems have been extensively stud­
ied (Saunders et al. 1991; Brooker and Cale 1999; 
McCoy and Mushinsky 2000). How forest fragmen­
tation affects water quality and stream processes is 
less well known; however, such understanding is 
important for evaluating the ways in which humans 
can minimize their impacts on aquatic ecosystems. 
Thus, the goal of this study was to evaluate the ef­
fects of urban development on fish assemblage struc­
ture. Our specific objectives were to (1) identify a 
subset of urbanization indicators (e.g., land use/land 
cover, fragmentation indices, riparian habitat) that 
extract most of the variation along a disturbance gra­
dient, and (2) determine correlations between those 
urbanization indicators and variations in fish assem­
blage structure. 

Study Area 

The Raleigh-Durham, North Carolina study area 
(RDU; Figure 1) covers approximately 8,579 km2, 
has a population of nearly 1.5 million and is the 
second fastest growing metropolitan area in the 
United States (http://www.census.gov/prod/www/ 
statistical-abstract-O2.html). In addition, this area 
was the third most sprawling metropolitan area of 
83 measured in the conterminous United States and 
Hawaii (Ewing et al. 2002). Population in the study 
area doubled from 1970 to 2000, and the amount 

of urbanized land increased by 150% over the same 
time period. 

The study area is primarily within the Northern 
Outer Piedmont level IV ecoregion with small parts in 
the Triassic Basins, the Carolina Slate Belt, and the 
Rolling Coastal Plain (Griffith et al. 2002). All of the 
streams have moderate gradients. Streams in the North­
ern Outer Piedmont have mostly cobble, gravel, and 
sandy substrates. Streams in the Triassic Basins tend to 
have mostly sand and clay substrates; however, sub­
strates in the Carolina Slate Belt are composed prima­
rily of boulders and cobbles, and those in the Rolling 
Coastal Plain have sandy substrates. Natural forest 
vegetation in the study area typically includes mixed 
stands of hardwoods and some pines. Land use/land 
cover (LU/LC) is deciduous forest, pine plantations, 
pasture, row crops, and hay; cattle and poultry pro­
duction is common. Landscapes in the RDU have 
changed from lightly harvested forests interspersed 
with light residential and agricultural lands to heavily 
urbanized landscapes with ever smaller parcels of in­
tensively harvested forests. Annual precipitation and 
runoff in the study area are about 103 and 38 cm per 
year, respectively. 

Methods 

Study Design 

The RDU comprises the contiguous metropolitan area 
plus a surrounding 32-km buffer inclusive of the major 
drainage basins. The conservative 32-km buffer was 
chosen to incorporate projected urban growth of these 
metropolitan areas beyond the year 2000 and to evalu­
ate the effects of expanding urban development on 
aquatic communities. Thirty-nine sites were selected 
on the basis of a stratified approach designed to con­
trol for natural environmental differences (Figure 1). 
Site selection was intended to exhibit a range of urban 
LU/LC from low to high and to minimize nested 
catchments (i.e., spatial autocorrelation). Catchments 
in rapidly growing regions of the study area were tar­
geted, and natural variability associated with eleva­
tion, slope, stream size, substrate, and physiographic 
region was minimized. 

ATtILA 

The Analytical Tools Interface for Landscape Assess­
ments (ATtILA) program was used to generate a com­
prehensive list of landscape metrics. Analytical Tools 
Interface for Landscape Assessments is an ArcView 
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extension that allows users to calculate and evaluate 
many types of landscape attributes (Ebert and Wade 
2004). Four different metric groups can be calculated 
by ATtILA, including landscape characteristics, ripar­
ian characteristics, human stress, and physical charac­
teristics. Data on LU/LC, elevation, slope, and 
precipitation are in raster format; stream and road data 
are lines; and population and census data are in poly­
gon format for ATtILA. The LU/LC is the core input 
and is represented by specific land-use codes. Cod­
ing also can be customized to aggregate similar land-
use components for metric calculation. Numerous 
land-use, diversity, and forest patch metrics were cal­
culated for this study. Forest fragmentation was clas­
sified into five categories as defined in Riitters et al. 
(2000). Many small patches are representative of a 
fragmented forest, whereas larger patches represent a 
clumped or contiguous distribution of land uses that 
provide essential habitat and connected corridors for 
many interior species. Proportions of land-cover types 
in the riparian zone also were evaluated (Ebert and 
Wade 2004). Human-stress metrics, such as amount 
of impervious surfaces, road density, and population 
density, were derived from census and roads data. 
Many physical characteristics, such as elevation, 
stream slope, density, and length also were included 
in the assessment. Although not indicators of distur­
bance, these metrics were used to evaluate whether 
natural factors accounted for a part of the variation 
along significant ordination axes. 

Digital Data Used in Watershed Assessment 

Digital LU/LC, census, and transportation data were 
aggregated for this study. The 1990s land cover for 
the RDU was derived from the 1992 National Land 
Cover Data for North Carolina at 30-m resolution. 
The 2000 RDU northeastern area land coverage was 
derived from the 1999 Neuse River basin (NRB) 
land cover and was used for all areas it covers within 
the RDU study area. Landsat Enhanced Thematic 
Mapper Plus was used for the remaining area to per­
form an unsupervised classification to create 150 clus­
ters. Each cluster was labeled for the land cover it 
contained and was then combined according to similar 
land-cover types to create a recoded thematic image. 
The NRB land-cover classification was recoded to 
match the desired scheme and resampled at 15–30­
m resolution. The study area imagery then was pro­
cessed into the common Albers Conical Equal Area 
projection with mosaic processing. The finished prod­
uct was clipped to the RDU study-area boundary 

and used to derive many of the LU/LC and frag­
mentation metrics. 

Fish Assemblage Sampling 

Wadeable streams (4–12 m wide) were sampled from 
1991 to 2000 using a two-pass procedure with dual 
backpack electrofishing units and two netters. All 
collections were made at base flow, and reach length 
was scaled to a distance 20 times the mean channel 
width (average length = 180 m; Leopold et al. 1992; 
Meador et al. 1993; NCDENR 2001a). At each rep­
resentative reach, all available macro- and microhabi­
tats were sampled (e.g., riffles, pools, runs, snags, 
undercuts, deadfalls, and quiescent leaf-covered sub­
strates). Block nets were not used. Juvenile and adult 
fish were collected, and readily identifiable fish were 
examined for external anomalies (sores, lesions, fin 
damage, skeletal abnormalities), measured (total 
length to the nearest 1 mm), and then released. Those 
fish that were not readily identifiable (e.g., Notropis 
spp.) were preserved in 10% formalin and returned 
to the laboratory for identification, examination, and 
total length measurement. Year-0 fish were excluded 
from all analyses because they pose several challenges 
when applying index of biotic integrity (IBI) metrics 
(Angermeier and Karr 1986; Angermeier and 
Schlosser 1987). 

North Carolina Index of Biotic Integrity 

The North Carolina index of biotic integrity (NCIBI) 
is a modification of the IBI initially proposed by Karr 
(1981) and Karr et al. (1986). The IBI is a quantita­
tive measure that can be used to distinguish among a 
range of conditions (poor through excellent). It pre­
serves the integrity of the data and incorporates pro­
fessional judgment (Miller et al. 1988). Although 
Karr’s (1981) original IBI was designed for use in 
warmwater systems in the Midwest, many regional 
applications have been presented (e.g., Fausch et al. 
1984; Miller et al. 1988; Halliwell et al. 1999; 
Daniels et al. 2002). Like most biomonitoring tools, 
the IBI is based on the premise that pristine systems 
have biological characteristics that can be accurately 
measured and that departure from these characteris­
tics is directly related to the severity of degradation 
(Fausch et al. 1990; Bramblett and Fausch 1991). 
The IBI used to assess North Carolina streams con­
sists of 12 metrics that retain many of Karr’s standard 
components, including species richness and compo­
sition, trophic composition, and fish abundance and 
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condition. Additional information on the develop­
ment of the NCIBI and species classifications can be 
found in NCDENR (2001a). 

Physical Habitat Assessment 

We employed a habitat assessment procedure 
(NCDENR 2001b), which is a modification of the 
U.S. Environmental Protection Agency rapid 
bioassessment protocols (Barbour et al. 1999) to evalu­
ate channel modification, proportion of instream habi­
tat types, type of bottom substrate, pool variety, bank 
stability, light penetration, and riparian zone condi­
tions at stream reaches. Piedmont streams of moderate 
to high quality have sticks, leafpacks, snags, undercut 
banks, root mats, gravels and cobbles with low 
embeddedness, frequent pools and riffles of varying 
depths and widths, stable banks with a moderate to 
full tree canopy, and an intact riparian zone with no or 
rare breaks in the forest cover. In contrast, Piedmont 
streams of low to poor quality have a sand substrate, 
embedded riffles, if present, and incised, sparsely veg­
etated banks. 

Data Analysis 

A combination of correlation, regression, and multi­
variate analyses was used to quantify the variation in 
the landscape, environmental quality, and fish assem­
blage structure and to identify possible linkages among 
these attributes. 

Fish assemblages were analyzed on the basis of 
species composition. Species composition was calcu­
lated as relative abundance (i.e., proportion of total 
catch) of various species, which provides detailed in­
formation on species tolerance of environmental con­
ditions and is useful in identifying environmental 
determinants of assemblage structure (Poff and Allan 
1995; Walters et al. 2003). Rare species that accounted 
for less than 0.1% of overall abundance and that were 
present in less than 5% of the samples were excluded 
from multivariate analyses. This approach reduced the 
number of fish taxa from 76 to 57. However, all fish 
species were used in the calculation of the NCIBI. 

Patterns in fish assemblage structure among the 
sites were examined using nonmetric multidimensional 
scaling (NMDS; McCune and Mefford 1999; 
McCune et al. 2002). The distance measure used was 
Sorensen, and all NMDS procedures (Kruskal 1964a, 
1964b; Mather 1976) were performed using PC­
ORD software (McCune and Mefford 1999). Forty 
runs and 400 iterations were made using real data 

with a final instability of 0.00005. Stress was evalu­
ated using a Monte Carlo test (P < 0.05) that was 
based on 50 randomized runs and indicated that the 
3-dimensional solution was the best solution and could 
not have occurred by chance alone. Higher dimen­
sions did little to improve the model. The NMDS 
analysis allowed us to determine which environmen­
tal variables accounted for the majority of the variabil­
ity in the distribution of fish species in ordination 
space (e.g., Roy et al. 2003; Walters et al. 2003). Be­
cause NMDS axes are acquired independently of gra­
dient length and amount of variance explained, it was 
important to establish which of the NMDS axes ac­
counted for the primary gradient. 

A total of 126 environmental variables were 
evaluated for this study. We used principal compo­
nents analysis (PCA; SAS Institute Inc. 1989) in com­
bination with collinearity assessment to isolate a subset 
of variables that accounted for the greatest propor­
tion of variance while minimizing redundancy. Dis­
tributions of all response and explanatory variables 
used in the PCA analysis were evaluated for normal­
ity and were appropriately transformed when neces­
sary. Variables based on amount of land use in a basin 
were standardized by basin area (percentage data) 
and arcsine square-root transformed. We conducted 
PCA on the correlation matrix and evaluated the 
significance of principal components using the bro­
ken stick method (Jackson 1993). The broken stick 
method is used to determine statistically significant 
principal component axes by comparing the observed 
eigenvalues to the eigenvalues from random data. In 
addition, by using the correlation matrix, we ensured 
that all the environmental variables contributed 
equally to the PCA and that the contributions were 
scale-independent (Legendre and Legendre 1998; 
Olden and Poff 2003). Loadings of the environmen­
tal variables on each significant principle component 
were used to identify variables that extracted domi­
nant patterns of variation. A Spearman rank correla­
tion matrix (SAS Institute Inc. 1989) of the 
environmental variables was examined to eliminate 
redundant variables with an r greater than 0.80. We 
used a combination of correlation and linear regres­
sion analysis to link environmental variables with 
changes in fish assemblage structure. Axis 2 from the 
NMDS analysis was correlated with environmental 
variables, NCIBI metric scores, and fish species. Linear 
regression analysis was used to directly link changes in 
sensitive species abundance with the disturbance gra­
dient and to evaluate the relation between urban land 
use and the NCIBI. The later analyses were used to 
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exemplify the strength of relations between key land 
use stressors and fish assemblage structure. 

Results 

Environmental Disturbance Gradient 

The NMDS identified three primary gradients that 
together accounted for 88% of the variance in the 
analytical data set. The first and third axes accounted 
for a significant but small proportion of variance (6% 
and 15%, respectively) and were not considered for 
further analysis. The second axis accounted for 67% 
of the fish assemblage variation. 

Data reduction using PCA and correlation analy­
sis reduced the environmental data to nonredundant 
subsets of 35 and 28 variables, respectively. Of these, 
only 12 habitat and landscape variables (Table 1) 
were significantly (P < 0.05) related to the extracted 
NMDS axis 2 scores for the fish assemblage. 
Nonmetric multidimensional scaling axis 2 correlated 

most strongly with specific environmental distur­
bance variables. In particular, population density, 
percent urban land cover, and diversity of patch types 
were positively related, and variables such as propor­
tion of largest forest patch to total forest area, and the 
percent of forest land were negatively related to 
NMDS axis 2 (Table 1). Habitat variables most sig­
nificantly related to NMDS axis 2 include light pen­
etration, riffle habitats, and riparian zone vegetation 
width (Table 1). Natural environmental factors such 
as stream slope, length, density, and elevation ac­
counted for an insignificant amount of the variation 
in NMDS axis 2 scores (Table 1). 

Linking Fish Assemblage and Landscape 
Change 

More than 30,700 fish representing 76 species in 12 
families were collected (Table 2); however, only 57 
species met the censoring criteria and were retained 
for ordination analysis. The most commonly collected 

TABLE 1.   Spearman’s correlation coefficients of selected environmental variables and NMDS ordination axis 2 (***, P < 
0.001; **, P < 0.01; *, P < 0.05). 

Standard 
Variable NMDS axis 2 Mean deviation Minimum Maximum 

Population density in 
watershed (people/km2) 0.385* 153.0 3,150.7 8.5 5,509.2 

Urban land cover (%) 0.357* 23.36 21.17 2.70 81.13 
Area of watershed classified 

as edge forest (%) –0.404** 23.27 6.51 6.47 32.70 
Amount of largest forest patch 

to total forest area (%) –0.460** 76.39 23.13 29.50 99.55 
Number of forest patches in 

watershed 0.371* 264.4 204.5 24.0 1,120.0 
Patch Diversity 

(Shannon-Wiener) 0.554*** 0.95 0.17 0.49 1.18 
Area of watershed classified 

as patch forest (%) 0.395* 2.93 1.24 0.57 5.76 
Latitude (decimal degrees) –0.380* 356,758 3,175 352,800 362,000 
Forest land cover (%) –0.408** 58.94 16.30 18.57 87.41 
Riffle habitata –0.302* 5.34 2.74 0.00 10.00 
Light penetrationa –0.530*** 8.11 2.51 2.00 10.00 
Density of riparian vegetationa 0.347* 4.36 0.91 2.00 6.00 
Mean slope (%) –0.073 4.48 1.22 2.41 7.50 
Stream length (km) 0.100 81.85 42.69 9.53 211.39 
Stream density (kilometers of 

stream/km2) 0.093 0.13 0.01 0.00 0.32 
Mean elevation (m) –0.023 121.90 39.40 56.21 201.69 
Bottom substratea 0.071 6.88 1.92 3.00 13.00 

a Nominal variables derived from visual characterization of habitat condition (NCDENR 2001b). 
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TABLE 2.   Occurrence frequency, total abundance, tolerance, and trophic guild of fish species collected in the Raleigh-
Durham study area. Only those species included in the ordination analysis are shown. 

Family name Occurence Total Trophic 
Scientific name Common name frequency abundance Tolerancea guilda 

Anguillidae 
Anguilla rostrata American eel 22 409 Intermediate Piscivore 

Clupeidae 
Dorosoma cepedianum gizzard shad 4 70 Intermediate Omnivore 

Cyprinidae 
Clinostomus funduloides rosyside dace 7 48 Intermediate Insectivore 
Cyprinella analostana satinfin shiner 23 942 Tolerant Insectivore 
C. nivea whitefin shiner 3 318 Intermediate Insectivore 
Cyprinus carpio common carp 3 37 Tolerant Omnivore 
Luxilus albeolus white shiner 29 3,841 Intermediate Insectivore 
Lythrurus matutinus pinewoods shiner 19 565 Intolerant Insectivore 
Nocomis leptocephalus bluehead chub 29 4,708 Intermediate Omnivore 
N. raneyi bull chub 8 386 Intermediate Omnivore 
Notemigonus crysoleucas golden shiner 12 87 Tolerant Omnivore 
Notropis alborus whitemouth shiner 2 37 Intermediate Insectivore 
N. altipinnis highfin shiner 8 284 Intermediate Insectivore 
N. amoenus comely shiner 8 139 Intermediate Insectivore 
N. cummingsae dusky shiner 3 77 Intermediate Insectivore 
N. hudsonius spottail shiner 4 44 Intermediate Omnivore 
N. procne swallowtail shiner 26 3,324 Intermediate Insectivore 
N. scepticus sandbar shiner 2 37 Intermediate Insectivore 
N. volucellus mimic shiner 5 109 Intolerant Insectivore 
Semotilus atromaculatus creek chub 15 149 Tolerant Insectivore 

Catostomidae 
Catostomus commersonii white sucker 9 27 Tolerant Omnivore 
Erimyzon oblongus creek chubsucker 25 249 Intermediate Omnivore 
Hypentelium nigricans northern hog sucker 15 183 Intermediate Insectivore 
Moxostoma collapsum notchlip redhorse 16 182 Intermediate Insectivore 
M. pappillosum V-lip redhorse 7 39 Intermediate Insectivore 
M. cervinum (sometimes blacktip jumprock 11 203 Intermediate Insectivore 

called Scartomyzon cervinus (formerly black 
jumprock) 

Ictaluridae 
Ameiurus catus white catfish 2 7 Tolerant Omnivore 
A. natalis yellow bullhead 25 104 Tolerant Omnivore 
A. nebulosus brown bullhead 10 16 Tolerant Omnivore 
A. platycephalus flat bullhead 11 39 Tolerant Insectivore 
Ictalurus punctatus channel catfish 8 20 Intermediate Omnivore 
Noturus insignis margined madtom 30 639 Intermediate Insectivore 

Esocidae 
Esox americanus redfin pickerel 19 95 Intermediate Piscivore 

Umbridae 
Umbra pygmaea eastern mudminnow 2 11 Intermediate Insectivore 

Aphredoderidae 
Aphredoderus sayanus pirate perch 24 137 Intermediate Insectivore 

Fundulidae 
Fundulus rathbuni speckled killifish 7 195 Intermediate Insectivore 

Poeciliidae 
Gambusia holbrooki eastern mosquitofish 22 384 Tolerant Insectivore 
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TABLE 2.  Continued. 

Family name Occurence Total Trophic 
Scientific name Common name frequency abundance Tolerancea guilda 

Centrarchidae 
Ambloplites cavifrons Roanoke bass 5 89 Intermediate Piscivore 
Centrarchus macropterus flier 7 21 Intermediate Insectivore 
Enneacanthus gloriosus bluespotted sunfish 9 28 Intermediate Insectivore 
Lepomis auritus redbreast sunfish 38 4,727 Tolerant Insectivore 
L. cyanellus green sunfish 31 688 Tolerant Insectivore 
L. gibbosus pumpkinseed 25 347 Intermediate Insectivore 
L. gulosus warmouth 22 67 Intermediate Insectivore 
L. macrochirus bluegill 36 3,117 Intermediate Insectivore 
L. microlophus redear sunfish 16 191 Intermediate Insectivore 
Lepomis sp. Hybrid sunfish 8 30 Tolerant Insectivore 
Micropterus salmoides largemouth bass 28 172 Intermediate Piscivore 
Pomoxis nigromaculatus black crappie 9 30 Intermediate Piscivore 

Percidae 
Etheostoma collis Carolina darter 2 11 Intermediate Insectivore 
E. flabellare fantail darter 6 232 Intermediate Insectivore 
E. nigrum johnny darter 19 1,136 Intermediate Insectivore 
E. olmstedi tessellated darter 20 581 Intermediate Insectivore 
E. vitreum glassy darter 12 84 Intermediate Insectivore 
Perca flavescens yellow perch 6 80 Intermediate Piscivore 
Percina nevisense chainback darter 18 89 Intolerant Insectivore 
P. roanoka Roanoke darter 22 856 Intolerant Insectivore 

a North Carolina Department of Environment and Natural Resources 2001a. 

family was the Centrarchidae. Redbreast sunfish was 
the most abundant fish (N = 4,727) and was found 
at all but one site. Bluegill and green sunfish were 
collected at 36 and 31 sites, respectively (Table 2). 
In addition, two common cyprinids (white shiner 
and bluehead chub) occurred at 29 of the sites 
sampled. Highly significant relations were found 
between NMDS axis 2 and the abundance of red­
breast sunfish (r2 = 0.70) and bluehead chub (r2  = 
0.65; Figure 2). In total, the abundance of 11 fish 
species was significantly correlated with NMDS axis 
2 (Table 3). 

The NCIBI was significantly related to the 
amount of watershed urbanization (N = 39, r2 = 0.44, 
P < 0.0001; Figure 3). Sites with the highest NCIBI 
scores typically fell in watersheds with a high percent­
age of forest and a low percentage of urban land. Four 
of the NCIBI component metrics were significantly 
related to NMDS axis 2, including percentage of tol­
erant individuals, percentage of omnivorous and her­
bivorous individuals, percentage of insectivorous 
individuals, and percentage of piscivorous individuals 
(Table 4). 

Discussion 

Our analyses identified ecologically relevant landscape 
and habitat factors that were directly related to changes 
in fish assemblage structure across a disturbance gradi­
ent in North Carolina streams (Table 1). Many of the 
fragmentation, patch, and riparian metrics accounted 
for a significant amount of the variability in fish as­
semblage structure and were important in differenti­
ating fish assemblages along a disturbance gradient. 
For example, the percentage of the watershed classi­
fied as patch forest, the diversity of patch types, and 
the number of forest patches in the watershed were 
significant indicators of watershed change and were 
directly related to NMDS axis 2. In contrast, factors 
such as the proportion of largest forest patch to total 
forest area, the percent of the watershed classified as 
forest, and the amount of riffle habitat were inversely 
related to NMDS axis 2. The direct link from forest 
fragmentation, habitat loss, and changes in patch dy­
namics to ecological consequence for many terrestrial 
species is well established (e.g., Saunders et al. 1991; 
Andren 1994; Debinski and Holt 2000; Trombulak 
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habitat availability, and increasing patch diversity can 
have a quantifiable effect on aquatic assemblage struc­
ture. One possible scenario is that as fragmentation 
increases, forested watershed and riparian areas be­
come more and more discontinuous and patchy. This 
process results in the loss of protective forested areas 
that can alter riparian conditions by reducing buffer­
ing capacity and ultimately modifying water quality 
and aquatic assemblage structure. 

Results of previous investigations indicate that 
aquatic-assemblage health is affected negatively by the 
alteration of forested and agricultural lands (Benke et 

r2 = 0.645 
(B) 
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FIGURE 2.  Regression relation between NMDS axis 2 
scores and proportionate abundance of  bluehead chub (A)  

al. 1981; Garie and McIntosh 1986; Jones and Clark 
1987; Kennen 1999). Roth et al. (1996) indicate 
that the amount of forested land in a basin was posi-

TABLE 4. Correlation coefficients (Spearman’s rho) be­
tween NCIBI metrics and NMDS ordination axis 2. Metrics 
with a significant correlation (P < 0.05) with NMDS axis 2 
are in bold. 

Metric r P 

Number of species 0.338 0.838 
Number of fish –0.184 0.262 
Number of darter species –0.027 0.872 
Number of sunfish species –0.049 0.766 
Number of sucker species –0.135 0.411 
Number of intolerant species 0.021 0.899 
Percentage of tolerant individuals 0.609 <0.001 
Percentage of omnivorous and 

herbivorous individuals –0.500 0.001 
Percentage of insectivorous 

individuals 0.463 0.003 
Percentage of piscivorous 

individuals –0.467 0.003 
Percentage of diseased fish –0.053 0.341 
Percentage of species with 

multiple age-groups –0.231 0.156 

and redbreast  sunfish (B).. 

and Frissell 2000). However, lotic systems also are 
linked directly and indirectly to terrestrial ecosystem 
fragmentation (Conroy et al. 2003). 

The same anthropogenic processes that affect ter­
restrial species by reducing landscape connectivity, 

TABLE 3.  Significant correlations (Spearman’s rho) be­
tween relative abundance of fish species collected from the 
Raleigh-Durham study area and NMDS ordination axis 2. 
Tolerance classes are defined in Table 2. 

Species r P 

Bluehead chub –0.616 <0.001 
Redbreast sunfish 0.697 <0.001 
American eel 0.492 0.001 
White shiner –0.484 0.002 
Bull chub 0.466 0.003 
Tessellated darter 0.419 0.008 
Satinfin shiner 0.379 0.017 
Dusky shiner 0.376 0.018 
Bluespotted sunfish 0.344 0.032 
Speckled killifish –0.336 0.036 
Largemouth bass 0.326 0.043 
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tively related to fish-assemblage IBI scores. May et al. 
(1997) report that stream buffer width, vegetative 
condition, and longitudinal connectedness of buffer 
vegetation were altered as the level of development 
in a watershed increased. Urbanization fragments 
landscapes and riparian corridors and greatly reduces 
the amount of mature vegetation in watersheds. In 
addition, soil erosion during and after development 
activities affects vegetative cover by promoting the 
movement of invasive species, increasing pathogens, 
inhibiting vegetative regeneration, and increasing fo­
liar damage (Schlosser and Karr 1981; Reid 1993). 
Consequently, fragmentation of forested areas and a 
concomitant reduction in canopy cover can result in 
changes in stream temperature and habitat structure, 
which can alter the structure and function of the fish 
assemblage. 

In the RDU, sensitive species such as the bluehead 
chub, which typically occur in clear creeks and small 
rivers with medium to fast current and a substrate 
composed of rock, gravel, or sand (Rohde et al. 1994), 
decreased in abundance across the disturbance gradi­
ent (Figure 2). In contrast, the opportunistic and tol­
erant redbreast sunfish, which occurs throughout the 
mid-Atlantic region in lotic systems (Rohde et al. 
1994), increased in abundance with increasing water­
shed disturbance. Abundance of other tolerant and 
intermediate tolerant species, such as the tessellated 
darter Etheostoma olmstedi, satinfin shiner Cyprinella 
analostana, and the bull chub Nocomis raneyi, in­
creased along the disturbance gradient (Table 3). In 
contrast, intermediate species such as the white shiner 
and speckled killifish Fundulus rathbuni decreased. In 
addition, the NCIBI metric percentage of tolerant in­
dividuals was significantly related to the disturbance 
gradient (Table 4), further supporting the linkage 
between landscape change and watershed disturbance. 

In this study, fragmentation of the landscape as­
sociated with the loss of forested lands, changes in 
patch dynamics, and an increase in developed lands 
appeared to promote highly tolerant aquatic species. 
In contrast, species sensitive to environmental distur­
bance became much less prevalent (Figure 2; Table 3). 
This is only one of many processes associated with 
landscape disturbance that are known to degrade 
stream condition. Other pressures that can affect na­
tive species include impoundments, streamflow regu­
lation, and water-resource development. These 
practices can have profound effects on the structure, 
function, and resilience of lotic systems (Conroy et al. 
2003), yet often are essential to meet the water needs 
of a growing population. Consequently, changes in 

aquatic species composition throughout this and other 
regions are the legacy of historical management prac­
tices. 

Linking the effects of landscape fragmentation in 
a spatial context to ecological consequences is often a 
difficult task for aquatic ecologists. Moreover, translat­
ing the effects into procedures that can be used in 
management is even more complicated because eco­
logical complexity tends to blur results with patterns 
and processes that can be difficult to distinguish be­
cause of the high level of variability inherent in aquatic 
ecological data. This tendency is apparent in these 
data because the strongest relations with metrics and 
landscape and habitat variables, although significant, 
account for only a part of the overall variability in the 
fish assemblage data. However, management of forest 
and riparian fragmentation may become necessary if 
ecosystem function is to be maintained, especially for 
aquatic systems that exhibit a response to landscape 
change. Additionally, an increase in patch diversity 
indicates that greater attention be given to the preven­
tion of perforated landscape conditions, especially those 
along the stream corridor that may result in modifica­
tion in aquatic-assemblage structure. Some develop­
ment practices promote habitat fragmentation and this 
process ultimately may jeopardize the conservation goals 
of many state agencies (Keitt et al. 1997) by creating 
smaller and smaller noncontiguous forested areas in 
watersheds. This approach is in direct contrast to “smart 
growth” efforts that support “green infrastructure” (that 
is, large conservation areas, connected forest and ripar­
ian corridors, and green belts) that promote the main­
tenance and restoration of intact forests and riparian 
areas that have consistently been shown to be protec­
tive of stream integrity (e.g., Karr and Gorman 1975; 
Kleiss et al. 1989; Leavitt 1998). 

The results of this study indicate that smart 
growth policies complemented by low-impact devel­
opment and open-space preservation appear to pro­
mote the retention of sensitive species. Watershed-level 
low-impact development patterns likely result in im­
proved sediment mitigation, hydrologic stability, and 
biotic integrity because these approaches protect larger 
tracts of land and preserve critical ecological functions 
(i.e., they maximize open space and minimize imper­
vious cover). Thus, natural landscapes that maintain 
contiguous areas of forest in a watershed and along the 
stream corridor are important for the maintenance of 
ecosystem health. Nonproactive growth policies that 
promote or allow scattered development eventually 
replace naturally vegetated areas with impervious sur­
faces and increase the volume and frequency of 
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stormwater runoff following a rain event. The result­
ing hydrologic alteration is but one of the many conse­
quences of urban growth that have been linked to 
changes in the composition, structure, and function of 
aquatic systems (see Ward and Stanford 1989; Richter 
et al. 1996; Bunn and Arthington 2002; Wang and 
Lyons 2003). Structurally engineered stormwater-man­
agement measures (e.g., swales, retention basins) often 
have been used to control the environmental impact of 
new development; however, few have demonstrated 
the long-term ability to control the movement of con­
taminants or maintain ecosystem integrity (Coffman 
and Smith 1996; Maxted and Shaver 1998). These 
results indicate that for preservation of open land to be 
most effective as a management tool, the preserved for­
est and riparian lands not only need to be large enough 
to serve an environmental function, but also should be 
connected. To manage aquatic ecosystem integrity in a 
comprehensive, integrated manner, resource managers 
will need to consider restoration of the hydrologic re­
gime, protection of ground-and surface water quality 
by minimizing disturbance to the riparian corridor, and 
preservation of landscape function by maximizing the 
conservation of contiguous tracts of forested lands and 
vegetative cover in watersheds. 
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