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ABSTRACT: Forty-six independent stream reaches in southeast- INTRODUCTION
ern Pennsylvania were surveyed to assess the relationships
between geomorphic and habitat variables and watershed total {j,panization has significant impacts on stream

impervious area (TIA) and to test the ability of the imperviougystems (Leopold, 1968; Hammer, 1972; Klein, 1979;
cover model (ICM) to predict the impervious category based OBooth, 1991; Schueler, 1994; Booth and Jackson,
stream reach variables. Ten variables were analyzed using sirIg97; Pizzuto et al., 2000; Booth et al., 2002; Hession
ple and multivariate statistical techniques including scatter; al., 2003). This is mainly due to changes in storm
plots, SpearmanOs Rank correlations, principal COMPONeN{S, qyographs observed in developed areas. Urban
analysis (PCA), and discriminant analysis (DA). Graphical ang}:,tersheds show increased surface runoff, in terms of
ysis suggested differences in the response to TIA between thg i magnitude and frequency (Horner et al., 1997;
stream reaches with less than 13 percent TIA and those WitMacRae, 1997). Peak flows after a storm can increase
greater than 24 percent TIA. SpearmanOs Rank correlatiolqﬁ to five times the predevelopment level (Neller,
showed significant relationships for large woody debris and1988; Booth, 1991). Conversely, because less water
sinuosity when analyzing the entire dataset and for depth dive[; fijtrates into the ground, less water reaches the
sity and the standard deviation of maximum pool depths wheQi eam through the ground water, reducing the
analyzing stream reaches with greater than 24 percent TIA., ount of water during low flow periods (DNREC,
Classification into the ICM using DA was 49 percent accurat§g7. Finkenbine et al., 2000). As a result, the bal-

however, the stream reaches did support the ICM in othef, .. of water and sediment supplied to stream chan-
ways. These results indicate that stream reach response tQ.4 changes, resulting in geomorphological

urbanization may not be consistent across geographicaljterations (Leopold, 1968; Hammer, 1972; Booth and
regions and that local conditions (specifically riparian buffery, .. son. 1997: Pizzuto et al. 2000). Urban streams

vegetation) may significantly affect channel response; and thgy, o w increased bed and bank erosion causing
ICM, used in the appropriate context, can aid in the Manag@larged widths and cross sectional areas as com-
ment of stream reaches and watersheds. pared to nonurban streams (Hammer, 1972; Trimble,

(KEY TERMS: urbanization; urban hydrology; impervious cov§g7. pPizzuto et al.. 2000: Hesson et al. 2003).
model; stream habitat; geomorphology; rivers/streams; channel .. . y .

A Urbanization also impacts aquatic habitat quality.
morphology; statistics)

Urban channels tend to be morphologically “simpler,”

having less defined pool/riffle structure and more uni-
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mentation (Wolman, 1967; Wolman and Schick, 1967;
Booth and Jackson, 1997). A decrease in large woody
debris (LWD) has also been observed in Pacific North-
western streams (Booth, 1991; Booth et al., 1997,
Sovern and Washington, 1997; Finkenbine et al.,
2000). These changes affect the ability of a stream to
support a variety of biota, including fish and macroin-
vertebrates (Kemp and Spotila, 1997; Horner et al.,
1999).

Urban best management practices (BMPs) have
been adopted in many watersheds in an attempt to
lessen the downstream effects of urbanization. The
types of BMPs vary widely and include riparian
buffers, infiltration, swales, and wet and dry deten-
tion ponds (USEPA and ASCE, 2005). Measuring the
impacts of these practices on downstream hydrology,
aquatic habitat and biota, and water quality has been
difficult (CWP, 2003). Studies involving detention
ponds have shown mixed results (Jones et al., 1997,
Maxted and Shaver, 1997; Horner et al., 1999; Booth
et al., 2002). These structures have been widely used
to reduce peak flows to predevelopment levels (Booth,
1991). Using data from Montgomery County, Mary-
land, Horner et al. (1999) found that while structural
BMPs such as ponds can reduce the impacts of high
flows on downstream habitat, macroinvertebrate com-
munity health declined with increased impervious-
ness. This may in part be due to increased
temperatures (Horner et al., 1999) or the increased
duration of high flows (Booth and Jackson, 1997)
reported downstream of detention ponds. Maxted and
Shaver (1997) similarly used macroinvertebrates to
compare the physical habitat and biological quality of
watersheds with storm water detention ponds to those
without ponds. The preliminary results showed the
ponds did not reduce the effects of urbanization on
macroinvertebrate communities, especially in water-
sheds with greater than 20 percent TIA (Maxted and
Shaver, 1997).

Impervious cover within urban watersheds is often
cited as the main characteristic driving changes in
hydrology and channel morphology (Hammer, 1972;
Booth, 1991; Schueler, 1994; Booth and Jackson,
1997; Booth et al., 2002). Impervious cover may be
connected or disconnected, depending on how water is
conveyed to the drainage system. For example, most
roads are directly connected to a drainage system and
are thus considered connected impervious surfaces.
Rooftops may be disconnected if gutters drain to per-
vious lawn areas. Most often, TIA, including both con-
nected and disconnected surfaces, is calculated for
watersheds because of the availability of data and
ease of calculation (CWP, 2003). Effective Impervious
Area (EIA) (Sutherland, 1995), which includes only
connected impervious surface, has been shown to be
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more accurately correlated with urbanization effects
than TIA is (Booth and Jackson, 1997; Booth et al.,
2002; Lee and Heaney, 2003). However, the additional
data necessary for computing EIA often is unavailable
or too time-consuming and costly to obtain.

Empirical studies have attempted to relate levels of
impervious cover with instream geomorphic and
aquatic habitat conditions (Klein, 1979; Booth and
Jackson, 1997; Maxted and Shaver, 1997; Horner et
al., 1999; MacRae and DeAndrea, 1999; Morse, 2001).
These studies were used in developing the ICM,
which identifies three levels of stream quality based
on watershed TIA (Schueler, 1994; CWP, 1998).
Streams whose watersheds contain 0 to 10 percent
impervious cover are considered sensitive; those with
11 to 25 percent are considered impacted; and those
with greater than 25 percent TIA are considered non-
supporting. However, the ICM has some limitations,
including the following: it should only be applied to
first-order to third-order streams in tested ecoregions;
it predicts potential rather than actual quality; and
the defined thresholds are not set breakpoints but
indicate transition zones (CWP, 1998). Further, rela-
tionships between TIA and stream quality have been
shown to be relatively weaker at lower levels of
imperviousness (e.g., less than 10 percent) where local
conditions may play a larger role in determining
stream health than watershed level TIA (CWP, 2003).
Where validated, however, this type of model can
prove useful in the management and classification of
watersheds.

In general TIA data are readily available or easily
calculated for most land areas in the United States.
However, many of the underlying mechanisms relat-
ing stream change to impervious cover are poorly
understood. In addition, little is known about which
stream characteristics or combinations of characteris-
tics are most sensitive to changes in watershed imper-
vious cover. Specifically, the relationship between
habitat parameters, both composite measures and
individual measures (e.g., pool depth and sinuosity),
and watershed TIA has been identified as a research
need (CWP, 2003). Field data from 46 stream reaches
in southeastern Pennsylvania were used to test
hypothesized relationships between stream geomor-
phic and habitat characteristics and watershed TIA
and to determine whether the ICM provides a reason-
able method for classifying streams based on field
geomorphic and habitat data.
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METHODS
Study Area

The 46 stream reaches are in the Piedmont
Uplands Physiographic Province in southeastern
Pennsylvania (Figure 1). The Piedmont Uplands were
formed mostly on schist and receive about 110 cm of
precipitation annually. Within Philadelphia County,
Bucks County, and most of Montgomery County,
Pennsylvania, land cover is predominantly suburban
and urban. The Delaware Regional Planning Commis-
sion (1994) reported that developed and residential
lands in this area increased by 30 percent from 1970
to 1990; the commission predicted an increase of an
additional 47 percent from 1990 to 2020. In Chester
County, Pennsylvania, the rural areas include mixed
hardwood deciduous forests and mixed agricultural
lands. Presettlement Philadelphia and the surround-
ing area was forested. However, as settlers began to
arrive in the late 1600s, land was cleared for agricul-
ture, a trend that continued into the next two cen-
turies. By the mid-1800s, most of the forest in and
around the city had been cleared and was replaced by
either farms or urban land uses. This same conver-
sion occurred throughout much of the Mid-Atlantic
during the 1700s and 1800s. Areas where soils
became unproductive were left fallow and eventually
returned to forest (Sweeney, 1992).

Field Data

Stream reach geomorphic and physical habitat
data were collected as part of three previous stream
research efforts (Hession et al., 2003; Pizzuto et al.,
2000; Sweeney et al., 2004). For all variables exclud-
ing large woody debris (detailed below), field data col-
lection methods were identical among the three
studies. Stream reaches were chosen across a gradi-
ent of urbanization (Hession et al., 2003). Watershed
TIA ranged from 0 percent to 75 percent (Table 1).
Riparian zone cover for all stream reaches was pre-
dominantly forested, with 38 of the 46 stream reaches
having greater than 18 m width of forested buffer on
at least one bank.

Geomorphic Surveys. Channel geomorphic sur-
veys were conducted during base flow periods in the
summers of 1997 to 1999 following procedures out-
lined by Pizzuto et al. (2000) and Hession et al. (2003).
Locations of the top and bottom of the reaches were
recorded using a global positioning system (GPS)
(Trimble, Sunnyvale, California). Sinuosity (S) was
calculated using the straight line valley distance,
determined by using the GPS points of the top and
bottom of the reach, and the measured thalweg dis-
tance. Stream reaches were 10 to 20 bankfull widths
in length. All survey measurements were made using
a laser level and survey tapes. The surveys included
longitudinal profiles of all major features and breaks

Figure 1. Location of Stream Reaches.
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TABLE 1. Stream Reach Characteristics.

Watershed Bankfull
Total Cross Mean Max Large
Impervious Drainage Reach Channel Bankfull Bankfull Sectional Pool Pool Woody
Area Area Length Slope Width Depth Area Depth Depth Debris
Site Name (percent) (km?2)* (m) (m/m) (m) (m) (m2) (m) (m) Count
Pennypack Creek Trib. 15 0 0.08 62 0.052 4.08 0.37 1.52 0.05 0.07 N/A
Sedden’s Creek Trib. 1 0 0.05 71 0.018 2.41 0.21 0.51 0.12 0.19 N/A
Three Springs Creek 0 0.09 104 0.032 3.29 0.27 0.89 0.11 0.15 N/A
Carpenter’s Run 4 0.68 79 0.019 5.67 0.19 1.06 0.19 0.32 N/A
Beaver Run 5 11.60 147 0.012 7.42 0.32 2.37 0.37 0.71 0
West Trib. 4 6 0.62 61 0.030 5.00 0.29 1.34 0.13 0.16 N/A
West Br. White Clay 7 1.33 150 0.012 3.73 0.25 0.91 0.31 0.70 16
Hannum’s Run 7 0.69 203 0.030 3.94 0.18 0.78 0.15 0.19 31
White Clay Creek 7 6.56 155 0.005 6.91 0.45 2.97 0.36 0.60 9
Teeter’s Run 8 1.92 224 0.005 3.78 0.33 1.24 0.31 0.50 44
Pocopson Creek 8 21.55 150 0.007 10.11 0.55 5.48 0.53 0.65 4
Big Springs 8 2.10 150 0.011 5.46 0.29 1.68 0.35 0.52 21
West’s Run 8 1.44 170 0.021 5.70 0.26 1.51 0.31 0.55 26
East Trib. 3 8 0.17 74 0.056 4.66 0.31 1.47 0.14 0.24 N/A
Moorehead's Run 8 1.61 147 0.009 5.22 0.34 1.84 0.48 0.82 36
Birch Run 8 8.11 204 0.007 9.12 0.37 3.36 0.43 0.48 25
Fisher’s Run 8 12.94 146 0.008 8.26 041 3.46 0.83 0.83 15
Wise’s Mill Creek 10 0.69 120 0.032 5.70 0.40 2.27 0.22 0.51 N/A
Doe Run 10 26.43 264 0.004 10.98 0.52 5.47 0.86 1.20 23
Sharitz Creek 12 4.48 147 0.007 6.81 0.31 2.04 0.48 0.81 50
Doe Laurels Creek 12 45.56 150 0.002 15.38 0.71 10.98 0.79 0.88 15
Bell’s Mill 13 1.26 97 0.030 6.71 0.42 2.87 0.25 0.98 N/A
Cresheim Creek 24 5.67 218 0.026 11.70 0.45 5.21 0.60 0.94 N/A
Rockledge Creek 27 1.70 124 0.008 5.61 0.42 2.40 0.38 0.49 N/A
Green Creek 30 8.30 125 0.004 8.42 0.53 4.46 0.27 0.43 60
Indian Creek 32 3.84 158 0.012 11.64 0.51 6.03 0.58 0.92 N/A
Rocky Run 33 7.90 133 0.008 10.90 0.36 3.98 0.31 0.92 85
Indian Run 34 4.38 116 0.024 9.75 1.42 10.17 0.33 0.47 N/A
Tacony Creek 35 40.13 245 0.002 17.56 0.71 12.33 0.54 0.70 N/A
Donny Brook 39 3.50 103 0.006 6.12 0.37 2.30 0.29 0.59 46
Wissahickon Creek Trib. 26 41 0.20 44 0.104 4.88 0.48 2.39 0.08 0.16 N/A
Little Valley 41 13.00 95 0.007 6.19 0.30 1.88 0.35 0.67 28
Wooden Bridge Creek 43 6.73 201 0.004 10.24 0.47 4.75 0.43 1.00 N/A
W. Branch Skippack Creek 48 4.00 209 0.003 7.75 0.34 2.59 0.30 0.50 8
Poquessing Creek Trib. 3 49 1.31 76 0.005 5.67 0.42 2.35 0.25 0.41 N/A
Queen Anne Creek 50 15.30 174 0.003 7.91 0.46 3.65 0.37 0.64 22
Bocci Trib. 50 0.06 70 0.025 3.44 0.38 1.31 0.12 0.23 N/A
Towamencin Creek 52 6.90 84 0.005 6.93 0.42 2.91 0.26 0.38 9
Wissahickon Creek 53 11.80 114 0.004 9.86 0.37 3.70 0.45 0.57 15
Abrams Run 57 11.00 140 0.003 8.14 0.57 4.58 041 0.50 52
Wise’s Mill Run 58 0.90 119 0.036 5.30 0.36 1.90 0.16 0.24 22
Eagelville Run 61 1.10 122 0.016 5.36 0.38 1.96 0.18 0.29 17
Indian Creek 2 63 4.10 157 0.006 11.41 0.44 5.12 0.36 0.52 59
Cobb’s Creek 66 0.40 132 0.024 5.17 0.38 1.96 0.13 0.37 43
Pennypack Creek 66 4.60 79 0.008 7.13 0.40 2.83 0.33 0.48 78
Cobb’s Creek Trib. 3 75 0.28 79 0.028 3.98 0.27 1.25 0.18 0.31 N/A
Mean 28 6.68 135 0.02 7.20 041 3.22 0.33 0.54  30.68
Median 25 3.67 132 0.01 6.45 0.38 2.38 0.31 0.51  24.00
Standard Deviation 22 9.75 52 0.02 3.18 0.19 2.56 0.19 0.27 21.84

*Upstream from bottom of reach.
N/A indicates data not available for that stream reach for that variable.
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channels of different size, the number of pools was
converted to number per channel width (P,) (Jack-
son and Sturm, 2002). Each reach length was divided
by the bankfull channel width to determine the num-
ber of channel widths per stream reach. Next, the
count of pools was divided by the channel widths to
result in a measure expressed in pools (Jackson and
Sturm, 2002).

# Pools
Py = :
Length / Channel width

3

Second, depth diversity (Dg;,) was calculated using
the formula

Mean Thalweg Depth
Mean Pool Depth

4)

Dgiy =1~

This measure was created to provide an indication of
the variety of depths throughout the stream reach.
Higher values of Dy;, indicate higher depth diversity
along the longitudinal profile, while low values indi-
cate the absence of deep pools relative to the average
thalweg depth.

Finally, depth was also assessed by using the stan-
dard deviation of the maximum pool depths for each
stream reach (Dgppax)- Maximum pool depths were
measured during the longitudinal profile surveys by
measuring the deep point in pool for every pool.
Streams with higher Dgpyax have higher depth vari-
ability throughout the reach.

For the sites having quantitative LWD counts (28
of the 46 stream reaches), the amount of LWD per
channel width (LWD,,,) was computed in the same
fashion as P, (Jackson and Sturm, 2002).

# LWD

= (5)
Length | Channel width

LWD,,

This enabled comparison of LWD across channels of
differing size. While a smaller sample size was used
for this measure, stream reaches represented a broad
range of watershed TIA (5 percent to 66 percent).

Watershed Total Impervious Area

Watershed total impervious area was generated for
each stream reach using the best available data.
Three sources of impervious cover were used: Multi-
Resolution Land Characteristics Consortium (MRLC)
land cover based on 1992 Landsat Thematic Mapper
data (Vogelman et al., 1998) converted to impervious
cover using loading factors described by Prisloe et al.
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(2001); Delaware Valley Regional Planning Commis-
sion (DVRPC) impervious land cover layers created
from 1995 aerial photography (DVRPC, 1998); and
Philadelphia Water Department (PWD) impervious
cover data layers created from 1996 aerial photos
(PWD, 1996). The MRLC data were used for all 13
nonurban sites. Testing of watersheds where overlap-
ping data sources existed showed that the MRLC data
were adequate for predicting land use in rural areas
but less accurate in urban and urbanizing areas. The
DVRPC data covered 15 of the sites outside the coun-
ty boundaries of Philadelphia. The PWD data were
used for the 18 sites within Philadelphia County. If
watershed boundaries extended beyond the Philadel-
phia County boundary, either DVRPC data (when
available) or MRLC data were used for that portion of
the watershed.

As part of the analysis, stream reaches were cate-
gorized into watershed TIA categories based on the
ICM (Schueler, 1994). In this study, only two of the
three ICM groups were well represented — 0 to 10 per-
cent (19 stream reaches) and greater than 25 percent
(23 stream reaches). Four stream reaches (12 percent,
12 percent, 13 percent, and 24 percent, respectively),
fell outside those two categories, and due to the prox-
imity to the cutoffs these were assigned either to the 0
to 10 percent or greater than 25 percent categories.
As these thresholds are not set “breakpoints” by
design, this adjustment was deemed appropriate
(CWP, 2003).

Statistical Methods

Ten stream reach variables were used in the statis-
tical analyses (Table 2). As a first test, scatterplots
were used to assess relationships between the stream
reach geomorphic and habitat data and watershed
TIA. Since 8 of the 10 variables failed the Shapiro-
Wilk test for normality (Afifi et al., 2004), nonpara-
metric Spearman’s Rank correlation coefficients
(Mendenhall et al., 1986) were computed to assess the
statistical correlation between the variables and
watershed TIA. Spearman’s Rank correlations were
computed for all stream reaches and two subsets —
stream reaches less than 13 percent TIA and stream
reaches greater than 24 percent TIA.

Principal components analysis (PCA) was used to
assess the relationships among and reduce the num-
ber of interrelated variables and ensure that the new
reduced number of variables used in the subsequent
regression and discriminant analysis (DA) were inde-
pendent and uncorrelated. The PCA technique often
used in biological and social sciences (Townsend et
al., 1997; McGarigal et al., 2000; Nerbonne and Von-
dracek, 2001) and more recently in stream studies
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TABLE 5. Principal Components for All Stream Reaches and for Stream Reaches > 24 Percent TTA
(variables loading significantly on a PC axis shown in bold).

All Stream Reaches PCl,y PC2,p1 PC3aq1 PC4,an1 PC5,11
Eigenvalue 2.670 1.534 1.331 1.038 0.821
Percent 29.669 17.048 14.785 11.533 9.126
Cum. Percent 29.669 46.717 61.502 73.035 82.161
Wgp 0.549 0.018 0.074 0.037 -0.160
Dgrp 0.542 0.084 0.180 -0.045 -0.145
S -0.086 0.549 -0.300 0.075 0.520
Dgiv -0.309 0.363 0.358 -0.111 -0.169
dso 0.003 0.446 0.528 0.369 0.197
DgpMax -0.448 -0.245 0.072 -0.300 0.084
P.w 0.219 -0.410 0.173 0.020 0.768
LWD,4¢ -0.108 -0.117 -0.407 0.771 -0.120
E -0.203 -0.345 0.514 0.398 -0.072

Stream Reaches >24% TIA PCl1.94¢, PC2.94¢, PC3.94¢, PC4.949, PC5.94¢,
Eigenvalue 2.766 1.696 1.321 1.081 0.838
Percent 30.732 18.847 14.680 12.014 9.309
Cum. Percent 30.732 49.579 64.259 76.274 85.583
Wgr 0.506 -0.054 -0.099 0.076 -0.271
Dgrp 0.549 -0.019 0.185 -0.079 -0.195
S 0.223 -0.131 -0.564 0.399 0.474
Dgiv -0.080 -0.188 0.546 0.605 0.104
dso 0.346 0.277 0.241 0.361 0.328
DgpMax -0.429 -0.223 0.171 0.043 0.206
P.w 0.058 0.609 0.370 -0.212 0.184
LWD,4¢ -0.186 0.602 -0.313 0.091 0.164
E -0.213 0.290 -0.134 0.527 -0.665

lower depth variability. PC2,y; contained significant
loadings for S, djj, and P, with positive values of S
and dg( associated with decreasing values of P,
PC3,)) contained significant loadings for dsg and E.
PC4,y and PC5,y each had one significant positive
loading, LWD,,; and P, respectively, and contribut-
ed 12 percent and 9 percent of the overall variance.
The scores for the first two PCs for the stream
reaches are shown in Figure 3. The first two PCs
account for 47 percent of the variance seen in the
dataset. The sites were grouped into the two impervi-
ous classes according to the ICM (Schueler, 1994) with
the modifications previously described for this study.
The stream reaches show a significant amount of
overlap with no general clustering tendencies on
either PC1yy or PC2,y. This indicates that the vari-
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ables used in the study were unsuccessful in grouping
stream reaches according to watershed TIA.

A PCA was performed again using the stream
reaches with greater than 24 percent TIA (PC.944,) to
determine if the variables loaded differently for high-
er impervious sites (Table 4). For this subset, five PCs
were retained explaining 86 percent of the variance.
PC1.94¢, contained significant loadings for Wgg, Dgp,
dsg, and Dgpprax- PC25949, contained significant load-
ings for P., and LWD,,;. For the higher TIA stream
reaches, LWD explained a relatively higher level of
variance than in the first PCA. PC3.944 contained
significant loadings for S and Dy, PC4.949, for Dy,
and E, and PC5,9449, for E. The variables explaining
the most variance in the data (those that loaded on
PC1.944,) remained consistent between the two PCAs;
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Figure 3. Plot of the First Two Principal Components for All Stream Reaches. PC1,3; contained significant
loadings for width and depth enlargement ratios (Wgp, Dgp), depth diversity (Dg;y), and standard
deviation of maximum depth (Dgppax)- PC247; contained high loadings for sinuosity (S),
median bed sediment diameter (d5(), and pools per channel widths (P ).

however, the associations changed for the remaining
PCs. As with the Spearman’s Rank correlations, the
PCA results suggest that when separated by impervi-
ous group, the associations between the variables
change.

Multiple Linear Regression

Both sets of PCs were used in an attempt to devel-
op multiple regression models to explore the relation-
ship between TIA and stream reach geomorphic and
habitat variables. No significant models were built
using either set.

Discriminant Analysis

The ability of the ICM (CWP, 1998) to predict cate-
gories of impervious cover using the PCs developed
from all the stream reaches (PCyj) was tested in a
stepwise DA. The discriminant function was devel-
oped using two categories of impervious cover: 0 to 13
percent and greater than 24 percent. All sites were
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classified using the function developed from the five
retained PCs (Table 6). During the stepwise addition
of PCs, only PC2,; (significant loadings for S, d5,
and P,,) entered the model and was used in generat-
ing the discriminant model. This model generated an
overall 68 percent accuracy in assigning stream
reaches to impervious categories. Using cross valida-
tion, classification accuracy dropped to 49 percent.
The ICM was not accurate in classifying stream
reaches into impervious classes based on the vari-
ables.

DISCUSSION
Correlation Analysis

The data support the results of previous studies
which found that streams with less than 10 percent
watershed TIA show greater relative scatter and vari-
ability for a variety of geomorphic and habitat vari-
ables than those with higher levels of imperviousness
(Booth et al., 1997, 2002; Horner et al., 1997; Booth,
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and Washington, 1997; Pizzuto et al., 2000; CWP,
2003).

Two measures of LWD presence — LWD_, and
LWD,,: — were used due to data availability. When
using all the stream reaches, LWD,,, was significantly
positively correlated ( = 0.60, p = 0.0006), indicating
increased amounts of LWD,,, with increased TIA.
Most studies have reported losses of LWD with
increases in watershed TIA (Booth et al., 1997;
Horner et al., 1997, May et al., 1997; Finkenbine et
al., 2000). As specified previously, this analysis was
completed using 28 of the 46 stream reaches due to
data availability. One explanation for this result may
be increased LWD loading due to increased bankfull
widths in stream reaches with intact forested riparian
buffers, as evidenced by enlargement ratios greater
than 1 in stream reaches with TIA greater than 24
percent. As the streams become wider, tree roots may
be exposed and become unstable, resulting in
increased wood loading to the stream reach. While
significantly correlated, the data also show a range of
scatter. Also of note is the lack of correlation with the
LWD,,;. This may indicate that using broad qualita-
tive categories of LWD presence may not be adequate
for all assessment purposes.

Embeddedness is also often measured in composite
habitat assessments, with higher levels indicative of
reduced habitat suitability (Barbour et al., 1999). In
these stream reaches, neither ds; nor E showed any
correlation with watershed TIA. This is in contrast to
the research of Horner et al. (1997) and May et al.
(1997) that showed increased fine sediment deposition
in streams with increased TIA. The amount of sedi-
mentation has been shown to change over time, with
streams undergoing increased sediment inputs during
watershed level construction and increased bed and
bank erosion as increased flows move sediment from
the stream channel (Wolman, 1967; Wolman and
Schick, 1967). As the exact timing of watershed
imperviousness construction was not documented for
each of the stream reach watersheds, these competing
processes may have caused the increased variability
in the collected data.

While often not explicitly testing sinuosity,
research has shown that increased urbanization often
results in the straightening of stream reaches either
directly by channelization or indirectly as the result of
altered hydrology (Booth and Jackson, 1997; Pizzuto
et al., 2000; CWP, 2003). Using all the stream reaches,
the data show a weak negative correlation of S with
TIA ( = -0.25, p = 0.096), which is consistent with
previous research. When using the higher TIA stream
reaches, no correlation was observed.
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Principal Components Analysis

Principal components analysis was used in an
attempt to reduce the number of variables employed
in analyses and to understand the interrelationships
of the geomorphic and habitat variables. The latter
goal can aid further studies by helping to eliminate
redundancy in field data collection. In this study, to
maintain 80 percent of the variance measured in the
stream reaches, five PC axes were retained when
using the entire dataset and when using the stream
reaches with greater than 24 percent TIA. Use of PCA
reduced the number of variables from nine to five.
PCA is most useful when the axes can be interpreted
in meaningful ways. When using all stream reaches,
PC1,;; (30 percent of the variance) was interpreted as
channel size and depth variability. Decreasing depth
variability has been associated with increasing
enlargement ratios in studies of urbanizing streams,
as previously described. In terms of sampling effort, it
is also useful to know that Wgp and Dgp are interre-
lated, as these variables are more easily collected, in
terms of time and money, than are specific measures
of depth throughout the longitudinal profile. Interpre-
tation of the remaining PCs was not as straightfor-
ward, since PC2,;; and PC3,;; both had multiple
variables loading on the axes. However, this analysis
is useful in identifying variables that may be more
easily collected in the field. PC2,} contained signifi-
cant loadings for S, d5g, and P, with S usually
requiring the least effort to collect. It is interesting to
note that in the first PCA, LWD,,; loaded on PC4,;,
which was only helpful in explaining a total of 12 per-
cent of the variance seen in the stream reaches. For
this dataset, LWD, at least at the categorical level,
was not among the most significant variables in
explaining the variance seen in the stream reaches
across the urban gradient.

PC1.949, (31 percent of the variance) retained simi-
lar loadings in the second PCA after the stream
reaches of less than 13 percent were removed. Stream
channel size and depth variability, as represented by
Dgpnmaxs @s well as dsg had significant loadings. How-
ever, PC2,944, in this PCA was interpreted as a habi-
tat axis with significant loadings for P, and LWD_;.
This association is supported in the literature linking
LWD with pool formation and habitat diversity (Booth
et al., 1997). LWD, even at the categorical level,
explained an increased amount of variance seen in
the data when the lower impervious stream reaches
were removed. The loadings for the remaining PCs
changed between the two PCAs as well. That the vari-
ance structure changed is not surprising, given the
results from the correlation analysis.
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