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ABSTRACT / We analyzed the relation of the amount and
spatial pattern of land cover with stream fish communities,
in-stream habitat, and baseflow in 47 small southeastern Wis-
consin, USA, watersheds encompassing a gradient of pre-
dominantly agricultural to predominantly urban land uses. The
amount of connected impervious surface in the watershed
was the best measure of urbanization for predicting fish den-

sity, species richness, diversity, and index of biotic integrity
(IBI) score; bank erosion; and base flow. However, connected
imperviousness was not significantly correlated with overall
habitat quality for fish. Nonlinear models were developed us-
ing quantile regression to predict the maximum possible num-
ber of fish species, IBI score, and base flow for a given level of
imperviousness. At watershed connected imperviousness lev-
els less than about 8%, all three variables could have high val-
ues, whereas at connected imperviousness levels greater than
12% their values were inevitably low. Connected impervious-
ness levels between 8 and 12% represented a threshold re-
gion where minor changes in urbanization could result in ma-
jor changes in stream condition. In a spatial analysis,
connected imperviousness within a 50-m buffer along the
stream or within a 1.6-km radius upstream of the sampling
site had more influence on stream fish and base flow than did
comparable amounts of imperviousness further away. Our
results suggest that urban development that minimizes
amount of connected impervious surface and establishes un-
developed buffer areas along streams should have less impact
than conventional types of development.

Recent studies indicate that stream hydrology, geo-
morphology, water chemistry, and biota are largely de-
termined by a combination of regional factors, such as
geology and climate, and local land cover and land use
(Richards and others 1996, Seelbach and others 1997,
Wehrly and others 1998, Zorn and others 1998). There
is increasing interest in understanding the mechanisms
by which watershed land uses influence stream ecosys-
tems so that appropriate land management can be
undertaken to improve or maintain stream quality
(Booth and Jackson 1997, Lammert and Allan 1999).

Urban land use can severely degrade stream ecosys-
tems (Wang and others 1997, 2000). A growing body of
literature documents substantial alterations in flow pat-
terns, channel morphology, water quality, and biotic
communities associated with watershed urbanization
(e.g., Ferguson and Suckling 1990, Lenat and Crawford
1994, Masterson and Bannerman 1994, Crunkilton and
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others 1996, Booth and Jackson 1997, May and others
1997). As the amount of urban land grows, precipita-
tion runoff volume and rate increase, causing the fre-
quency and magnitude of floods to rise and base flows
to fall. Greater flooding makes the channel less stable,
leading to excessive bank erosion, loss of pool habitat
and instream cover, and excessive streambed scour and
deposition. Urban runoff typically also contains a vari-
ety of pollutants that degrade water quality. All of these
physical and chemical alterations restructure biotic
communities and cause declines in the diversity and
productivity of invertebrates and fishes. Relatively small
amounts of urban land use in a watershed can lead to
major changes in biota, and there appear to be thresh-
old values of urbanization beyond which degradation of
biotic communities is rapid and dramatic (May and
others 1997, Wang and others 2000).

Efforts to conserve stream biological communities in
urbanizing watersheds require quantitative and predic-
tive models that describe the relation between urban-
ization and the biological integrity of the community
(Wang and others 1997, 2000). One challenge in con-
structing such models is the identification of appropri-
ate indicators of the amount and extent of urbanization
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to use in statistical analysis and model building. Urban
land use encompasses a wide range of interrelated hu-
man activities that can be difficult to summarize numer-
ically. Moreover, not only the type, but also the intensity
and the location of the land use within the watershed
are likely to determine its impact on the biological
community of the stream (Booth and Jackson 1997,
May and others 1997).

In previous studies, several different measures have
been used to characterize the degree of urbanization
and its relation to stream biota and their habitat. Bio-
logical diversity and integrity have been shown to be
negatively correlated with percentage urban land cover
(Klein 1979, Steedman 1988, Limburg and Schmidt
1990, Lenat and Crawford 1994, Weaver and Garman
1994, Wang and others 1997, Klauda and others 1998),
human population density (Jones and Clark 1987,
Schueler 1997), and house density (Benke and others
1981). However, Wang and others (1997) did not find
a strong correlation between stream habitat for fish and
the percentage of urban land cover within either the
entire watershed or the riparian corridor.

Recently, the amount of impervious surface within
the watershed, which strongly influences the pattern
and magnitude of precipitation infiltration and surface
runoff, has been proposed as a key environmental in-
dicator of urban land-use effects (Schueler 1994, Ar-
nold and Gibbons 1996). The extent of imperviousness
has an obvious direct effect on stream hydrology and
water quality and an indirect but strong effect on
stream habitat and biota (Booth and Jackson 1997). An
impervious surface is also one of the few urban land-use
attributes that can be explicitly quantified and man-
aged at each stage of land development. However, only
a few studies have examined relations between water-
shed imperviousness and stream fish communities
(Klein 1979, Booth and Jackson 1997, May and others
1997, Wang and others 2000).

Proximity to the stream also appears to be an impor-
tant consideration in estimating the impact of urban
land uses on stream biological communities. A positive
relation has been reported between the width of for-
ested riparian corridors and fish and invertebrate biotic
integrity in urbanizing watersheds of forested regions
of southern Ontario and western Washington state
(Steedman 1988, May and others 1997). In analyzing 45
agriculture- or forest-dominated catchments of a river
basin in central Michigan, Richards and others (1996)
found that stream riparian areas (buffers) were more
important than whole-catchment data for predicting
sediment-related habitat variables, but that channel
morphology was more strongly related to attributes of
entire catchments. For three first-order tributaries of

the River Raisin in southeastern Michigan with mixed
agriculture and forest land cover, Lammert and Allan
(1999) reported that land use immediately adjacent to
the tributaries predicted biotic condition better than
regional land use but was less important than local
in-stream habitat variables.

In this study, we compared a variety of measures of
urbanization to identify which one(s) had the strongest
relation with fish habitat quality, fish community struc-
ture, and biotic integrity. Once we had identified the
best measure, we developed quantitative models to pre-
dict the characteristics of the fish habitat and fish com-
munity that could be attained at a given level of water-
shed urbanization. Finally we analyzed the amount of
urbanization at different spatial scales to examine how
the pattern and proximity of urban development influ-
enced stream ecosystems.

Methods

Study Area

We analyzed land use, fish habitat, and fish commu-
nities for 47 small watersheds in southeastern Wiscon-
sin, USA, the same watersheds used in Wang and others
(2000). All study watersheds were located within the
Southeastern Wisconsin Till Plains Ecoregion (Omer-
nik and Gallant 1988); 28 were in the Lake Michigan
basin and 19 in the Mississippi River basin. Nearly all
the soils in this region were formed, at least in part,
from glacial materials. Nearly two thirds of the soils of
the region are on glacial till, about a quarter on glacial
outwash, and remainder on glaciolacustrine deposits
(Hole 1976). Most of this area has low relief, and hill
slopes are nearly level to rolling. Stream drainage sys-
tems are poorly developed and undrained depressions
are common.

Owing to its rich soil and flat topography, southeast-
ern Wisconsin has long been an important agricultural
region. It has also been the most important urban area
of the state, centered on the city of Milwaukee. In 1990
about 2 million people, 38% of Wisconsin’s population,
lived in this region. Over the last 70 years the urban
population of southeastern Wisconsin has doubled,
leading to a substantial increase in urban land and a
major decrease in agricultural land.

A single stream site was sampled within each water-
shed in 1997, and the sites were chosen to minimize
potential variation in natural biological attributes, such
as watershed soil type, stream size and slope, and nat-
ural hydrological and temperature regimes, while max-
imizing variation in amount of urban and agricultural
land use. At the sampling sites the streams were warm-



water (summer maximum daily mean temperature
>25°C), second to third order in size, and had low to
moderate gradients (<6 m/km). In the absence of
differing watershed land uses, these sites would be ex-
pected to have similar habitat and fish communities
(Lyons 1996).

Watershed Land Use

An existing digital land-use database for 1990, pre-
pared and maintained by the Southeastern Wisconsin
Regional Planning Commission, was used to abstract
watershed land-cover data for the study sites. This da-
tabase contained 63 urban and rural land-use catego-
ries, including residential (six categories), commercial
(three categories), industrial (four categories), trans-
portation (20 categories), communication and utilities
(two categories), government and institutional (nine
categories), recreation (seven categories), agriculture
(six categories), and open or forested lands (six cate-
gories). The database had been developed from 1:4800
air photos and had resolutions of about 0.40 ha for
rural areas and as small as 0.06 ha for urban areas.
Watershed boundaries above each sampling site were
delineated by hand on 1:24,000 topographic maps us-
ing ARC/INFO software (ESRI 1994). We quantified
watershed land cover by overlaying watershed bound-
aries on top of the land-use database with ARC/INFO
software. We analyzed land-use data for a 50-m-wide
region along each side of the stream upstream from the
site, a region between 50m and 100m from the stream,
and a region beyond 100m. We also extracted land-use
data within the watershed for an area within a 1.6-km
radius upstream of the site, between a 1.6- and 3.2-km
radius, and beyond a 3.2-km radius. We chose these
buffer and radius distances based on results from pre-
vious studies of agriculture- and forest-dominated wa-
tersheds (Large and Petts 1994, Richards and others
1996, Wang and others 1997, Harding and others 1998,
Lammert and Allan 1999).

Fish and Habitat Sampling

Habitat, fish communities, and baseflow were sam-
pled at each stream site during 1997. The length of site
was about 35 times mean stream width, or a minimum
of 100 m, a length sufficient to characterize the fish
assemblage and to encompass about three meander
sequences (Lyons 1992a, Simonson and others 1994).
As aresult, stations ranged in length from 100 to 315 m.

Fish sampling occurred between late May and late
August in 1997, when low stream flows facilitated sam-
pling effectiveness and large-scale seasonal fish move-
ments were unlikely to occur (Lyons and Kanehl 1993).
The entire length of each site was electrofished with
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either two backpack units in tandem or a single tow-
barge unit with three anodes (Lyons and Kanehl 1993,
Simonson and Lyons 1995). Efforts were made to col-
lect all fish observed and all captured fish were identi-
fied and counted. Previous studies have shown that this
sampling procedure yields an accurate and precise pic-
ture of the fish community, with a measurement error
of about 10%-20% (Simonson and Lyons 1995).

Habitat sampling occurred within a day of fish sam-
pling. At each site, 28 habitat variables, encompassing
channel morphology, bottom substrates, cover for fish,
bank conditions, riparian vegetation, and land use,
were measured or visually estimated along 13 transects
using standardized procedures described in Simonson
and others (1994). These procedures yield data with
known levels of accuracy and precision, typically +5%-—
10% (Wang and others 1996).

Stream base-flow was measured at a single transect
near the downstream end of each site using a Flow-Mate
model 2000 portable flowmeter. All measurements
were made during a three-day period in October when
flows were likely to have been at or near their annual
minimum, based on an analysis of gauged sites in the
region. No rainfall had occurred for at least 10 days
before this sampling.

Data Analysis

We summarized the 63 watershed land-use types into
15 major categories and expressed each as a percentage
of total watershed land use. We also determined the
percentage of the watershed as connected impervious
land cover, defined as those surfaces impervious to
infiltration by precipitation (e.g., roads, sidewalks,
parking lots, roofs) that had a direct hydraulic connec-
tion (e.g., surface drainage way, storm sewer) to the
downstream drainage system (Booth and Jackson
1997). The connected impervious area was calculated
based on a previous study that had estimated typical
levels of connected imperviousness for different types
of urban land uses in southern Wisconsin (Bannerman,
WDNR unpublished data). The different land-cover
types and the connected impervious area within the
three buffer and three radius categories were also ex-
pressed as a percentage of total watershed area.

From the habitat data, we calculated in-stream fish
habitat scores using a habitat rating system for low
gradient streams (Wang and others 1998). This habitat
rating system was specifically developed for Wisconsin
stream fishes, was not species specific, and was designed
to assess the suitability of a stream segment for an entire
fish assemblage. It consists of differentially weighted
measures of channelization, instream cover, bank ero-
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sion, sinuosity, variation in thalweg depth, and riparian
vegetation.

From the fish data, we determined the number of
fish species, total fish density (number/100 m?), and
percentage of individuals that were tolerant of environ-
mental degradation (Lyons 1992b). Fish data were also
used to calculate the Shannon diversity index (Magru-
rran 1988) and an index of biotic integrity (IBI) (Lyons
1992b). The IBI is a widely used measure of the quality
of fish community, and an effective method to assess
the overall condition or “health” of the stream ecosys-
tem (Fausch and others 1990). The IBI used here was
specifically developed for Wisconsin warmwater streams
and could range from 0 to 100, with higher values
indicating better fish communities.

For base flows, we calculated a value “adjusted” for
differences among sites in the sizes of their watersheds.
Our adjusted values were expressed as the quotient of
the measured base flow divided by the area of the
watershed in square kilometers, multiplied by 1000.
Such an adjusted base flow is relatively consistent for
streams with similar amounts of groundwater inputs
and can be used to measure base flow changes resulting
from watershed land modification (Seelbach and oth-
ers 1997).

We analyzed the relation of each of the 16 land-use
variables (i.e., 15 land cover types and connected im-
perviousness) with each of the fish, habitat, and base-
flow (“stream”) variables to identify the best measure of
urban land use for predicting stream fish and habitat
attributes. We first examined bivariate plots to deter-
mine if data transformations were required to stabilize
variance and approximate normality. After any neces-
sary transformations, we correlated land-use variables
with stream variables using simple linear regression
(SAS Institute 1990). The land-use variable with the
highest significant (P < 0.05) 7 value was considered to
be the best estimator of urbanization.

We next developed predictive models that related
selected stream attributes to the amount of urban land
use in the watershed. Our goal in this analysis was to
identify the best possible conditions that could be ex-
pected at a given level of urbanization. Consequently,
we applied 90% quantile regression to estimate the
upper bounds of each of the correlations between vari-
ables (BLOSSOM software; Slauson and others 1994).

Finally, we used simple linear regression to analyze
the relation of agricultural, woodland, wetland, and
urban land uses with selected stream variables at the
differing spatial scales represented by our buffer and
radius categories. For each combination of variables, we
compared Pand »” values among the buffer and radius
categories to estimate the relative importance of the

proximity of a given land use to the stream in influenc-
ing habitat, fish, and flow characteristics. When Pand 7
values were similar for different variables, we compared
regression slopes, with higher slopes indicating stron-
ger relations.

Results

Watershed and Land Cover

Our data set encompassed a wide range of watershed
areas and land covers. Watershed areas upstream of the
sampling sites ranged from less than 10 to 101 km® with
amean of 27.6 km®. The watersheds were dominated by
either urban (3%-97%) or agricultural (0-89%) land
uses; woodland ranged from 0.2% to 18% with a mean
of 6.1%; and water-wetland ranged from 0.2% to 25%
with a mean of 8.7%. Details on the location, watershed
size, and land use of each site are given in Wang and
others (2000).

In general, the percentages of each land-use type
were highly and significantly correlated among the
three buffer and the three radius categories. Among
the buffer categories, Pearson correlations for impervi-
ousness and for urban, agriculture, and water-wetland
land uses ranged from 0.70 to 0.99. Correlations for
woodland land covers were more variable, ranging
from 0.40 to 0.99. Among the radius categories, corre-
lations were 0.80-0.99 for urban land uses and 0.35-
0.92 for imperviousness and agriculture, woodland, and
water—wetland land uses. However, correlations were
not significant between the within-1.6-km and beyond-
3.2-km categories for imperviousness, agriculture,
woodland, and water—wetland land uses and between
the 1.6-km-to-3.2-km and the beyond-3.2-km categories
for imperviousness and agriculture land uses.

Best Land-Use Variables for Explaining Stream
Attributes

Among the 16 land-use variables considered, con-
nected imperviousness was the best at explaining vari-
ation in fish community attributes (Table 1). Percent-
age watershed connected imperviousness explained the
most variance in the number of fish species (55%),
Shannon diversity index (50%), fish density (39%), and
the second-most variance for percent tolerant fish
(19% vs 21% for the best variable) and third for IBI
score (32% vs 34% and 33%). The next 10 best vari-
ables for explaining fish attributes were, from best to
worst, highways—streets—parking lots, commercial land,
total urban land, agricultural land, government land,
residential land, environmental corridor (undisturbed
land connected to the stream), woodland, vegetated
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Table 1. Coefficients of determination () for regressions between land use variable (% of watershed) and fish and
habitat variables®
Fish

Species Shannon Individuals number/

number IBI score index of tolerant 100 m? Habitat Base flow
Land cover Variables (%) (Ln) (Ln) (Ln) fish (%) (Ln) score Erosion (Ln)
Connected imperviousness  0.55% (=)  0.32% (=) 0.50% (— 0.19% (+)  0.39* (—) — 0.27% (+)  0.09 (—)
Highway, street, parking 0.48% (=) 0.23% (—) 0.48% (— 0.17% (+)  0.28% (—) — 0.25*% (+) 0.10 (—)
Commercial land 0.41* (=) 0.33*% (—) 0.30* (— 0.21% (+)  0.31* (—) — 0.21* (+) 0.14 (—)
Urban land 0.35% (=) 0.22% (=) 0.33* (— 0.13 (+) 0.28*% (—) — 0.21* (+) 0.10 (—)
Agricultural land 0.33* (+) 0.13 (+) 0.31* (+ — 0.22% (+) — 0.13 (—) —
Residential land 0.23* (=) 0.16*% (—) 0.20* (— — 0.22% (—) — 0.20* (+) 0.10 (—)
Government land 0.30* (=) 0.31*% (=) 0.20*% (— 0.11 (+) 0.29% (—) — — 0.10 (—)
Environmental corridor 0.17% (+) 0.34*% (+) 0.10 (+ 0.11 (=) 0.26% (+) 0.09 (+) 0.14 (—) 0.24* (+)

(Ln)

Woodland (Ln) 0.15% (+) 0.27% (+) 0.13 (+) 0.11 (=) 0.28%(+) 0.13 (+) — 0.16* (—)
Vegetated land (Ln) 0.10 (+) 0.23% (+) — 0.09 (—) 0.23*%(+) 0.11 (+) — 0.15% (+)
Industry 0.08 (—) — 0.14 (—) — — — — —
Water/wetland 0.12 (+) 0.22% (+) — 0.09 (—) — — — 0.35% (+)
Other transportation 0.18% (=) 0.15* (—) — — 0.15% (—) — — —
Recreational land 0.14 (—) — 0.22% (=) 0.10 (+) 0.10 (—) — — —
Pasture 0.10 (+) 0.15*%(+) 0.10 (+) — 0.21% (+) — — —
Unused land 0.18% (=) 0.27% (=) 0.11 (—) — — 0.10 (—) — 0.14 (—)

“Ln indicates natural log transformed variables; base flow = m®/sec/1000 km® watershed area. Coefficients were listed only for regression slopes
that were significant at P < 0.05; *indicates significant at P < 0.01. (+) indicates the relationship is positive and (—) is negative.

land, and water—wetland. Most of these variables ex-
plained the greatest variance for number of species and
the least for percent tolerant fish.

Correlations were much weaker between land-use
and habitat variables (Table 1). Environmental corri-
dor, woodland, vegetative land, and unused land were
the only variables that were significantly related to hab-
itat score, but none explained more than 13% of the
variation. Connected imperviousness and one of its
major components—highways, streets, and parking
lots—explained the most variation in streambank ero-
sion (25%—27%). Water-wetland (+* = 0.35) and envi-
ronmental corridor (** = 0.24) had the best correla-
tions with base flows. A plot suggested that connected
imperviousness limited the maximum values for base
flow, but the overall correlation was very weak (1 =
0.09).

Predictive Models Based on Connected
Imperviousness

Percentage watershed connected imperviousness
had similar relations with number of fish species, IBI
scores, and adjusted base flows (Figure 1). For water-
sheds with connected imperviousness less than 8%,
which corresponded to areas of relatively high agricul-
ture (>40%), fish species number, IBI scores, and base
flows were highly variable. Some sites had healthy fish
communities (>15 species and IBI scores >50) and

high base flows (>4 m?/sec/1000 km2) , whereas others
had poor-quality fish communities (<8 species and IBI
scores <30) and very low base flows (<1 m?/sec/1000
km?). Watersheds with connected imperviousness
greater than 12% had poor-quality fish communities
and low base flows. Connected imperviousness levels
from 8% to 12% appeared to represent a threshold
zone, where there was a dramatic drop in the maximum
possible value for species number, IBI score, and base
flow with a small increase in connected imperviousness.

The 90% quantile regressions between connected
imperviousness and numbers of species (¥ = 0.40), IBI
scores (©* = 0.42), and base flows (** = 0.26) had
similar forms and were best fit with a negative exponen-
tial model (Figure 1). The regression lines quantified
the pattern of relatively high maximum values at con-
nected imperviousness levels less than 8%, a sharp de-
cline in maximum values between 8% and 12%, and
consistently low maximum values above 12% connected
imperviousness.

Influence of Spatial Distribution of Land Use

Analysis of the radius data emphasized the impor-
tance of urbanization and the effect of land-use prox-
imity on in-stream conditions. Within the 1.6-km radius
and between the 1.6- and 3.2-km radius, connected
imperviousness tended to have stronger correlations
with fish, habitat, and flow variables than did agricul-
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Figure 1. Plots between watershed percent connected im-

perviousness and number of fish species, IBI score, and base
flow (mg/sec/IOOO km? of watershed area). The models were
developed by first log -transforming the dependent variables,
then performing 90% quantile regression on these semitrans-
formed data to develop linear models, and finally back-trans-
forming the linear models into nonlinear models using anti-
logarithms. The coefficients of determination of the models,
equivalent to »* in least square regression, are 0.40 for number
of fish species, 0.42 for IBI score, and 0.26 for adjusted base
flow.

tural, woodland, and water-wetland land-uses (Table 2).
For connected imperviousness, the »* values were nearly
identical for these two radius categories, but the slope
was consistently steeper for the within-1.6-km class, sug-
gesting that connected imperviousness immediately ad-
jacent to the stream had the strongest influence on
instream conditions. Beyond a 3.2-km radius, the cor-
relation with imperviousness declined precipitously,
and the other three land uses explained more of the

variation in stream attributes. Interestingly, for these
other land uses, the beyond-3.2-km category usually
explained substantially more variation than the within-
1.6-km or the 1.6-km-to-3.2-km categories. This result
indicates that within 3.2 km of the study sites the effects
of connected imperviousness were overwhelming, or at
least obscuring, any influence of these other land uses.

Buffer analysis yielded a different pattern. For num-
ber of fish species, IBI scores, and Shannon index, the
connected imperviousness had the highest »* values for
all buffer categories, but woodland land cover had the
steepest slopes (Table 3). With the exception of wood-
land beyond 100 m (#* = 0.14), none of the four land
uses explained a significant amount of variation in
habitat scores. Water-wetland land cover and con-
nected imperviousness both were significantly related
to baseflow for all three buffer categories. Water—wet-
land explained more variation but imperviousness
tended to have steeper slopes.

Discussion

Imperviousness as an Indicator of Urbanization

Our results show that watershed connected impervi-
ousness was the best single indicator of urbanization
effects on stream fish communities in southeastern Wis-
consin. This finding supports similar conclusions from
previous studies of stream fish communities from Mary-
land (Klein 1979, Schueler 1994) and Washington state
(Booth and Jackson 1997, May and others 1997). Our
next-best indicator, land cover by highways, streets, and
parking lots, was a major component of impervious-
ness. Overall urban land use, which has been widely
used in previous studies (e.g, Steedman 1988, Wang
and others 1997), was an adequate indicator, but it
explained substantially less of the variation in fish com-
munity attributes than did imperviousness.

Surprisingly, we found little relation between con-
nected imperviousness (or any other measure of urban-
ization) and our habitat quality index. This is consistent
with an earlier statewide study of urbanization impacts
on Wisconsin streams (Wang and other 1997), but
appears to contradict findings from other parts of the
United States. In other studies, researchers have docu-
mented increased erosion, channel destabilization and
widening, loss of pool habitat, excessive sedimentation
and scour, and reduction in large woody debris and
other types of cover as a consequence of urbanization
(Lenat and Crawford 1994, Schueler 1994, Arnold
and Gibbons 1996, Booth and Jackson 1997, May and
other 1997). We did find a significant negative cor-
relation between connected imperviousness and ero-



2061

Urbanization Impacts on Streams

Table 2. Coefficients of determination () and regression slopes for relations between selected fish and habitat

variables and selected land-use variables®

Land use (% of watershed area)

Connected

. . . R Agricultural Woodland Water—wetland imperviousness
Fish or habitat variable and distance
from site 7 Slope s Slope 7 Slope 7 Slope
Number of species (Ln)

Within 1.6 km radius 0.01 +0.01 0.00 —0.01* 0.02 +0.05 0.46 —0.12

Between 1.6 and 3.2 km 0.08 +0.01 0.02 +0.16%* 0.02 +0.03 0.48 —-0.07

Beyond 3.2 km 0.31 +0.02 0.18 +0.30%* 0.16 +0.05 0.16 —0.04
Index of biotic integrity (Ln)

Within 1.6 km radius 0.01 —-0.02 0.00 +0.12% 0.06 +0.22 0.34 —0.25

Between 1.6 and 3.2 km 0.03 +0.02 0.09 +0.74* 0.04 +0.10 0.35 —-0.14

Beyond 3.2 km 0.16 +0.03 0.38 +1.05%* 0.24 +0.14 0.04 —-0.05
Shannon index (Ln)

Within 1.6 km radius 0.02 +0.01 0.00 +0.04* 0.00 +0.00 0.43 —0.06

Between 1.6 and 3.2 km 0.09 +0.01 0.02 +0.07%* 0.02 +0.01 0.45 —0.03

Beyond 3.2 km 0.27 +0.01 0.11 +0.11* 0.27 +0.02 0.14 —0.02
Habitat score

Within 1.6 km radius 0.00 —-0.17 0.01 +3.11* 0.00 +0.40 0.14 —1.76

Between 1.6 and 3.2 km 0.03 —0.23 0.05 +6.42% 0.01 +0.40 0.15 —1.02

Beyond 3.2 km 0.10 +0.24 0.16 +7.39% 0.05 +0.70 0.02 —0.31
Adjusted base flow (m®/sec/1000 km?

watershed area) (Ln)

Within 1.6 km radius 0.02 —=0.01 0.01 —0.04 0.12 +0.02 0.15 —0.30*

Between 1.6 and 3.2 km 0.01 +0.00 0.11 +0.09 0.12 +0.08 0.09 —0.18*

Beyond 3.2 km 0.03 +0.00 0.10 +0.04 0.24 +0.05 0.01 —0.08*

Calculated as % watershed land use within a given radius upstream from the stream sampling site. Values significant at P < 0.05 are in bold type.

Ln indicates natural log transformed; *indicates land-use variables were also natural log transformed.

sion, but the other habitat impacts (several of which
are incorporated into the habitat quality index) were
not correlated with urbanization. Many of our non-
urban sites had degraded habitat from agricultural
land uses in their watersheds, and this may have
obscured the relation between increasing urbaniza-
tion and decreasing habitat quality. Furthermore,
our habitat scoring system seems to be most affected
by local riparian conditions, as evidenced here by the
significant correlations of habitat scores with stream
corridor and vegetative land-cover variables (see Ta-
ble 2). Some of our suburban and urban sites had
well-vegetated riparian corridors, and these sites had
at least fair-quality fish habitat.

The relation between connected imperviousness
and baseflow was complex. Connected imperviousness
appeared to limit the base flow in moderately to heavily
urbanized watersheds but had little influence on base
flow in rural watersheds. The low base flows we ob-
served in urban watersheds agreed with findings from
other studies, where impervious surfaces caused re-
duced infiltration of precipitation into the groundwa-
ter, a lowered water table, and a decrease in stream flow
(Riggs 1965, Klein 1979, Simmons and Reynolds 1982,

Ferguson and Suckling 1990, Schueler 1994). However,
in nonurban areas other factors besides imperviousness
controlled base flow. For these areas, the amount of
surface water (i.e., lakes and impoundments) and wet-
lands in the watershed was a better predictor of base
flow, suggesting that the surface water storage capacity
of the watershed strongly influenced the volume of flow
in the stream channel in the absence of runoff.

We expect that only a small increase in connected
imperviousness occurred between 1990, when the land
use data were captured, and 1997, when the stream fish
and habitat data were collected. Between 1970 and
1990, the average annual increase in connected imper-
viousness for all 47 study watersheds was 0.09% (Wang
and others 2000). For watersheds with less than 10%
connected imperviousness, the increase was 0.03%. In
addition, there is evidence to support a time lag be-
tween watershed land-use changes and responses of the
biological community. In agricultural watersheds the
time lag is typically two to three years (Wang, WDNR
unpublished data). Therefore, we believe that the dif-
ference in collection dates for the watershed land use
data and the stream fish and habitat data in this study
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Table 3. Coefficients of determination () and regression slopes for relations between selected fish and habitat

variables and selected land-use variables®

Land use (% of watershed area)

Connected
. . . R Agricultural Woodland Water-wetland Imperviousness
Fish or habitat variable and distance
from stream 7 Slope T Slope 7 Slope 7 Slope
Number of species (Ln)
Within 50 m buffer 0.16 +0.09 0.04 +0.42% 0.10 +0.06 0.48 —-0.33
Between 50 and 100 m 0.19 +0.09 0.09 +0.56* 0.10 +0.14 0.45 —0.41
Beyond 100 m 0.34 +0.02 0.14 +0.28%* 0.11 +0.05 0.48 —0.04
Index of biotic integrity (Ln)
Within 50 m buffer 0.01 +0.06 0.09 +1.59* 0.19 +0.22 0.29 —0.51
Between 50 and 100 m 0.04 +0.10 0.23 +2.35% 0.04 +0.45 0.26 —-0.75
Beyond 100 m 0.16 +0.03 0.25 +0.92* 0.18 +0.16 0.31 —0.08
Shannon Index (Ln)
Within 50 m buffer 0.18 +0.05 0.03 +0.02% 0.05 +0.17 0.37 —-0.14
Between 50 and 100 m 0.19 +0.04 0.04 +0.20%* 0.02 +0.03 0.35 —-0.17
Beyond 100 m 0.32 +0.07 0.12 +0.12% 0.05 +0.02 0.48 —0.02
Habitat score
Within 50 m buffer 0.00 +0.07 0.01 +6.81%* 0.04 +1.13 0.03 —-2.19
Between 50 and 100 m 0.00 +0.39 0.05 +12.28* 0.02 +1.81 0.07 —4.21
Beyond 100 m 0.03 +0.13 0.14 +7.46* 0.02 +0.62 0.06 —0.40
Adjusted base flow (m®/sec/1000 km?
watershed area) (Ln)
Within 50 m buffer 0.01 —-0.03 0.01 —0.11 0.20 +0.08 0.16 —0.47*
Between 50 and 100 m 0.00 —-0.04 0.02 +0.12 0.31 +0.23 0.19 —0.57*
Beyond 100 m 0.03 +0.00 0.14 +0.04 0.35 +0.08 0.12 —0.02*

Calculated as % of watershed area at various distances from the stream upstream of the site. Values significant at P < 0.05 are in bold type. Ln

indicates natural log transformed; * indicates land-use variables were also natural log transformed.

should not have a major effect on our results or con-
clusions.

Connected Imperviousness as a Limiting Factor and
Values of Quantile Regression

Base flow and most of the fish community attributes
that we measured had a wedge-shaped relation with
connected imperviousness. High levels of impervious-
ness were always associated with low values of these
attributes, but low levels had both high and low values.
Traditional linear regression does not perform well
with this sort of data structure. We analyzed relations
with the recently developed technique of quantile re-
gression, which is ideal for wedge-shaped relations
(Terrell and others 1996, Thomson and others 1996,
Scharf and others 1998, Cade and others 1999).

Quantile regression is superior to least-square linear
regression in several regards. Least-square techniques
are particularly sensitive to outlying values for depen-
dent variables and irregularities in the distribution of
observations, and they frequently produce inconsistent
estimates of slope for upper and lower bounds (Scharf
and others 1998). Estimates of means from least-square
regressions are unbiased only for linear monotonic

transformation (Bassett 1992). In contrast, quantile re-
gression techniques based on least absolute value mod-
els are more robust to outlying values of the dependent
variable and to sparseness within data sets, while pro-
viding consistent estimates of upper and lower bound
slopes (Scharf and others 1998). In addition, quantile
regression is proficient in dealing with curvilinear
edges of scatter diagrams as nonlinear (e.g., logarith-
mic) transformations of data do not bias coefficient
estimates (Bassett 1992). In previous biological applica-
tions, quantile regressions have been used to model
stream fish habitat for standing stock estimation (Ter-
rell and others 1996); estimate changes in glacier lily
seedling numbers as a function of lily flower numbers,
rockiness, and pocket gopher activity (Thomson and
others 1996); examine patterns between prey size and
predator size in animal populations and the relation
between animal abundance and body size (Scharf and
others 1998); and study changes in annual acorn bio-
mass due to forest canopy cover of oak and oak species
diversity (Cade and others 1999). All of these studies
have demonstrated that quantile regression is an appro-
priate statistical technique for modeling relations with a
wedge-shaped form.



Quantile regression has enhanced our understand-
ing of how and when connected imperviousness acts as
a limiting factor for stream fish communities. The 90%
quantile estimates are calculated such that they are
greater than 90% of the observations and less than the
remaining 10%. The products of our models could be
interpreted as predictions, with 90% probability, of the
highest possible number of fish species, IBI score, and
adjusted base flow that can be achieved for a given
imperviousness level. Our model predicts that high
values of these variables are possible, but not inevitable,
at low levels of imperviousness, but that at high levels of
imperviousness only low values of base flow and fish
community characteristics can be achieved.

Previous studies of fish communities in urban water-
sheds have reported both wedge-shaped and linear re-
lations. Wedge-shaped relations have been found
mainly in areas where rural land-uses are dominated by
agriculture, whereas linear relations are more typical of
areas where the rural landscape has been less modified
and remains mainly forest. Watershed agriculture can
strongly impact stream fishes, but degradation of fish
communities is not inevitable in predominantly agricul-
tural watersheds (Wang and others 1997, 2000). For
example, in a survey of 270 stream sites from water-
sheds with a mix of forest, agriculture, and urban land
uses in Maryland, Klauda and others (1998) reported a
wedge-shaped relation between urbanization and IBI
score. Sites with greater than 50% total urban land use
had IBI scores in the poor to very poor range, but
among sites with less than 25% urban land use, a wide
range of IBI scores was observed from good to very
poor. However, when the analysis was restricted to 61
sites in the Patapsco basin, where agricultural land-use
impacts were limited (Klauda and others 1998, Klauda,
Maryland Department of Natural Resources unpub-
lished data), a strong linear negative relation between
IBI scores and urban land was observed. Similarly, in an
early study of 27 small Maryland watersheds with lim-
ited agriculture, Klein (1979) reported a near-linear
negative relation between watershed total impervious-
ness and a fish diversity index. Steedman (1988) also
reported a negative linear correlation between water-
shed urban land use and IBI scores in largely forested
watersheds in southern Ontario.

Regardless of the type of land use in rural areas, all
studies to date comparing the relation between imper-
viousness and stream fishes, including this one, have
noted a sharp decline in fish community attributes at
8%—-12% imperviousness (Scheuler 1994, Booth and
Jackson 1998, May and others 1997, Wang and others
2000). Below about 8% imperviousness, fish species
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richness, diversity, and IBI scores may be either high or
low, but above 10%-12% they are consistently poor.

Impacts of Spatial Distribution of Urbanization on
Stream Quiality

The influence of the spatial distribution of land
cover, especially in riparian areas, has long been recog-
nized in watersheds with a mix of forest and agriculture
or forest and urban lands. In otherwise predominantly
agricultural or urban watersheds, riparian forests can
stabilize streambanks and reduce erosion, provide
woody debris that improves in-stream habitat, and filter
sediment in nutrients from upland runoff (Castelle and
others 1994). Establishment and maintenance of well-
vegetated riparian buffer strips along streams has be-
come one of the most visible and widely accepted ap-
plications of watershed management.

Buffer strips have a disproportionate influence on
some aspects of stream biological communities and
their habitats. In comparing the importance of buffer
versus watershed land covers for mixed forest—agricul-
ture watersheds, Richards and others (1996) reported
that land cover from a 100-m-wide buffer explained
more of the variance in the percent of fine substrate in
the stream channel and in bank erosion than land
cover in the entire catchment. However, catchment
data explained more of the variance in channel mor-
phological variables such as width, depth, and sinuosity.
In a study attempting to distinguish the relative impor-
tance of local (riparian) versus regional (catchment)
land uses on streams in a mixed forest-agriculture area,
Allan and others (1997) concluded that the influence
of land use on stream integrity was scale-dependent.
Instream habitat structure and organic matter inputs
were determined primarily by riparian conditions such
as the vegetative cover adjacent to a stream site, whereas
nutrient supply, sediment delivery, hydrology, and
channel characteristics were influenced more by re-
gional conditions, including landscape features and
land cover upstream from and lateral to the site. In
analyzing urbanization impacts on streams in primarily
forested watersheds, Steedman (1988) and May and
others (1997) have concluded that riparian buffers can
offset some of the negative effects of urban land uses.
They developed graphical models that predicted urban-
ization impacts on stream quality based on the amount
of urban land use in the entire watershed and the
amount of woodland in the riparian zone.

We can find no previous studies that have analyzed
the spatial influence of different land uses in mixed
agricultural-urban watersheds. Several factors make
such an analysis difficult. Agricultural land uses appear
to have more variable influences on stream attributes
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than do forest land uses (Wang and others 1997, 2000).
Land uses at different spatial scales are, at best, often
highly intercorrelated and, at worst, not statistically
independent, which has limited the application of mul-
tiple regression techniques. To avoid this problem,
most previous investigators have compared regression
coefficients of determination (i.e., 7> values) from sep-
arate simple linear regressions for each land use and
each spatial scale (Steedman 1988, Richards and others
1996, Roth and others 1996, Allan and others 1997,
Harding and others 1998). However, such an approach
can only indicate which spatial scale and land cover is a
better predictor of stream quality, and it says little about
how much of a change in stream quality will result from
a change in the amount or spatial pattern of a land-use
category.

Our study looked specifically at how the spatial pat-
tern of different land-uses affected stream quality in an
urbanizing agricultural region. We compared not only
regression coefficients of determination but also regres-
sion slopes to assess the relative importance of location
and type of land use. We found that urban land uses
(i.e., connected imperviousness) in buffer areas along
the stream (within 50 m and from 50 to 100 m) and in
watershed areas immediately upstream (within a 1.6-km
radius and between a 1.6- and 3.2-km radius) had much
more influence on the fish community and on base
flow than did urbanization further away from the site or
stream. The closest buffer (within 50 m) and radius
distances (within 1.6 km) had the steepest slopes, indi-
cating that a given land use change in these areas would
have a greater effect on the stream than a comparable
change in a different part of the watershed. Weaver and
Garman (1994) reported a significant correlation be-
tween fish community attributes and urbanization
within a 1.4-km radius in a Virginia watershed.

We found relatively little influence of nonurban
land uses near the stream or site on stream quality. We
do not think that this finding means that the amount or
location of these other land uses has no effect on the
stream, but rather that the effects of connected imper-
viousness are so overwhelming that relations with other
land uses are obscured (see also Wang and others
2000).

Summary and Management Implications

Our study has confirmed that the amount of con-
nected impervious surface in the watershed is the best
available indicator of urbanization impacts on stream
fish communities and base flow. However, impervious-
ness may not be a good indicator of habitat quality,
although it does accurately predict the amount of bank

erosion present. Using connected imperviousness as
our measure of urbanization, we developed quantile
regressions that can be used to predict the maximum
possible values for fish species richness, fish community
biotic integrity, and base flow for a given level of urban
development. High values for these three variables are
possible (but not inevitable) if connected impervious-
ness is less than 8% of the watershed area, but low
values are inevitable above 12% connected impervious-
ness. Levels of connected imperviousness between 8%
and 12% represent a threshold zone where minor in-
creases in urbanization are associated with sharp de-
clines in fish community quality and baseflow. Con-
nected imperviousness within a 100-m buffer along the
length of the stream or within a 3.2-km radius upstream
of the sampling site has substantially more influence on
stream quality than comparable levels of impervious-
ness further away. Above about 12% connected imper-
viousness, the influence of urbanization on stream
quality is so dominant that nonurban land uses showed
little influence on stream fish communities or base flow.

Our results have several implications for watershed
management. First, urban development schemes that
minimize the amount of connected impervious surface
(e.g., see Schueler 1994, Arnold and Gibbons 1996)
should reduce the impact of urbanization on stream
ecosystems. Urban watershed best management prac-
tices, such as detention ponds, should ease the dra-
matic increase in flooding caused by urbanization (e.g.,
Booth and Jackson 1997), although they will not re-
verse declines in base flow. Establishment of “green
spaces” or other types of undeveloped buffer areas at
least 50 m wide along streams should also be beneficial.
However, even with more environmentally friendly ur-
ban development practices, urbanization probably will
eventually degrade stream ecosystems once it exceeds a
certain threshold level. All the urban best management
practices can do is to raise such a threshold level. For
the conventional types of urban development that are
currently in widespread use, this threshold is between
8% and 12% connected impervious surface. Note that
this level of imperviousness corresponds to a suburban
rather than a downtown urban landscape. Studies from
forested watersheds suggest that better development
practices and the establishment of riparian buffers may
increase the amount of watershed urbanization that a
stream ecosystem can withstand before it becomes de-
graded (e.g., Steedman 1988, Booth and Jackson 1997).
Whether this is the case in agricultural watersheds is as
yet unknown. In any event, even under the best-case
urban development scenarios, our results and those of
previous studies indicate that stream fish communities
will decline substantially in quality even while the wa-



tershed remains largely rural in character. Unlike in
agricultural landscapes, where implementation of best-
management land-use practices can allow for relatively
healthy stream fish communities in watersheds that are
almost completely farmed (Wang and others 1997,
2000), relatively low levels of watershed urbanization
inevitably lead to serious degradation of the fish com-
munity.
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