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bstract

Landscape change associated with urbanization poses major challenges to aquatic ecosystems. Extensive studies have shown that the composition
f land cover within a watershed can account for much of the variability in water quality and stream ecological conditions. While several studies
ave addressed the relationship between watershed urbanization and biotic integrity in streams, few have directly addressed the question of how
rban patterns influence ecological conditions. These studies typically correlate changes in ecological conditions with simple aggregated measures
f urbanization (e.g., human population density or percent impervious surface). We develop an empirical study of the impact of urban development
atterns on stream ecological conditions in 42 sub-basins in the Puget Sound lowland region on a gradient of urbanization. We hypothesize that
cological conditions in urbanizing landscapes are influenced through biophysical changes by four urban pattern variables: land use intensity, land
over composition, landscape configuration, and connectivity of the impervious area. Using community measures of benthic macroinvertebrates

s indicators of in-stream biotic integrity we examined the relationships between urban development patterns and ecological conditions in these
asins. Significant statistical relationships were found between landscape patterns—both amount and configuration of impervious area and forest
and—and biotic integrity of streams suggesting that patterns of urban development matter to aquatic ecosystems.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Urbanization has great impacts on earth’s ecology. It alters
atural habitats (Marzluff, 2001) and species composition (Blair,
996), disrupts hydrological systems (Arnold and Gibbons,
996; Booth and Jackson, 1997), and modifies energy flow and
utrient cycles (McDonnell and Pickett, 1990; Vitousek et al.,
997; Grimm et al., 2000). Landscape change associated with

rbanization, particularly sprawl, has been significant during the
ast half century and is expected to continue through the next
ecades. Across US metropolitan areas, land consumption has

∗ Corresponding author. Tel.: +1 206 616 8667; fax: +1 206 685 9597.
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een outpacing population, with most urban areas expanding at
bout twice the rate of the population growth. Both urban devel-
pment and growth in transportation infrastructure in the US has
ccurred on the country’s most productive land (Imhoff et al.,
998).

Effects of landscape change on stream ecosystems have been
xtensively documented (e.g., Omerick, 1987; Roth et al., 1996;
aul and Meyer, 2001). Modifications of the land surface during
rbanization produce changes in both the type and the magnitude
f runoff processes. These changes result from vegetation clear-
ng, soil compaction, ditching and draining, and covering the

and surface with impervious roofs and roads (Dinicola, 1990;
off et al., 1997; Burges et al., 1998; Konrad, 2000; Jones et
l., 2000; Trombulak and Frissell, 2000). Infiltration capacity of
overed areas is zero, and much of the remaining bare soil area

mailto:malberti@u.washington.edu
dx.doi.org/10.1016/j.landurbplan.2006.08.001
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s trampled to a near-impervious state. Compacted, stripped, or
aved-over soil also has lower storage volumes: even if pre-
ipitation can infiltrate, the soil reaches surface saturation more
apidly and more frequently (Booth, 1991; Arnold and Gibbons,
996). Thus, overland flow is introduced into areas that formerly
ay have generated runoff only by subsurface flow, particu-

arly in humid areas of low-intensity rainfall. Urban gutters,
rains, and storm sewers are laid in the urbanized area to convey
unoff rapidly to stream channels. Natural channels are often
traightened, deepened, or lined with concrete to make them
ydraulically smoother. Each change increases the efficiency of
he channel, transmitting the flood wave downstream faster and
ith less retardation by the channel (Hollis, 1975; Barker et al.,
991; Booth, 1991; Arnold and Gibbons, 1996). These changes
n upland runoff processes alter not only the magnitude of dis-
harges but also the delivery of sediment to the stream network
Montgomery and Buffington, 1998).

Urbanization also causes riparian change. Loss of riparian
abitats reduces the ability of watersheds to filter nutrient and
ediments (Karr and Schlosser, 1978; Peterjohn and Correll,
984). Clearing of streamside vegetation results in less wood
ntering the channel, depriving the stream of stabilizing ele-
ents that help dissipate flow energy and usually (although not

lways) help protect the bed and banks from erosion (Booth et
l., 1997). Deep-rooted bank vegetation is replaced, if at all,
y shallow-rooted grasses or ornamental plants that provide lit-
le resistance. Furthermore, the overhead canopy of a stream is
ost, eliminating the shade that controls temperature and leaf lit-
er that enters the aquatic food chain. In total, many hydrologic,
eomorphic, and biological expressions of stream degradation
re associated with an increase in impervious surface (Booth
nd Jackson, 1997; Yoder et al., 1999).

Previous studies of the impacts of urbanization on ecolog-
cal systems have typically correlated changes in ecological
onditions with simple aggregated measures of urbanization
e.g., human population density or percent impervious surface).
hey show that the composition of land cover within a water-
hed can account for much (but by no means all) of the vari-
bility in water quality (Hunsaker et al., 1992; Charbonneau
nd Kondolf, 1993; Johnson et al., 1997) and stream ecology
Whiting and Clifford, 1983; Shutes et al., 1984; Hachmoller
t al., 1991; Thorne et al., 2000). Yet such correlations gener-
lly make no allowance for the location of that impervious area
ithin the watershed, its proximity to the stream channel, or its

nterconnectedness with other such areas or with the channel
tself.

While several studies have addressed the relationship
etween watershed urbanization and biotic integrity in streams,
ew have directly addressed the question of how urban patterns
nfluence ecological conditions. We develop an empirical study
f the impact of urban development patterns on stream ecolog-
cal conditions in 42 sub-basins in the Puget Sound lowland
egion across a gradient of urbanization. We hypothesize that

cological conditions in urbanizing landscapes are influenced
y patterns of development through biophysical change. Using
ommunity measures of benthic macroinvertebrates as indica-
ors of in-stream biotic integrity we examined the relationships
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etween urban development patterns and ecological conditions
n these basins.

. Relating urban patterns to stream ecological
onditions

The question of how patterns of human settlements affect
quatic ecosystems is of increasing importance to both ecol-
gy (Forman, 1995; Collins et al., 2000; Grimm et al., 2000;
ickett et al., 2001) and urban planning (Collinge, 1996; Alberti,
999; Opdam et al., 2002). Although many previous studies
ave addressed the relationship between watershed urbanization
nd the associated biotic conditions in streams (e.g., Karr and
chlosser, 1978; Arnold and Gibbons, 1996; Booth et al., 2001;
aul and Mayer, 2002), few have investigated how the patterns
f urban development control hydrological, geomorphological,
nd ecological processes in human-dominated watershed. We
o not know, for example, how clustered versus dispersed urban
atterns affect runoff and in-stream ecological conditions, even
hough this design has become a mainstay of what is presumed
o be a more ecologically benign style of “low-impact develop-

ent.”
More recently, scholars in ecology and urban planning are

tudying how alternative urban development patterns (e.g., areas
ith same density but clustered versus dispersed development)

nfluence natural habitats, hydrological processes, energy flow,
nd nutrient cycles (McDonnell et al., 1997; Grimm et al., 2000;
ickett et al., 2001; Alberti et al., 2003). These studies posit that
ifferent configurations of the urban structure imply alternative
ffects on the mosaic of biophysical elements that control eco-
ogical processes. Urban patterns affect resource flows directly
y redistributing solar radiation, water, and mineral nutrients;
nd indirectly by determining the resources needed to support
uman activities. Urban patterns also influence the feasibility of
sing alternative systems to supply resources and services to the
rban population, thus indirectly affecting their environmental
mpact (Alberti and Susskind, 1997).

Since ecological processes are tightly interrelated with
he landscape, the mosaic of elements resulting from human
ction has important implications for ecosystem dynamics.
ur overarching hypothesis is that it is the pattern of human

ctivities—extent, distribution, intensity, and frequency—and
ot simply the magnitude that affect stream and watershed condi-
ions through a variety of biophysical processes. We hypothesize
hat differences in configuration of impervious area and forest
atches, between different locations, between areas with dif-
ering degrees of connectivity, or between different types of
ydrologically distinct non-impervious land cover can explain
he variability in stream biotic conditions when controlling for
and cover composition. Hydrological processes are important

echanisms that link urban patterns to stream conditions since
ore aggregated patterns of impervious surface may increase

unoff and more fragmented patterns of forest reduce the ability

f vegetation to intercept surface-water runoff. Varying urban
orm along the continuum of “clustered versus dispersed devel-
pment” is most likely to affect aquatic ecosystems by the degree
o which the upland watershed surface is pervasively dissected
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y new, artificial conduits of surface-water drainage (i.e., roads).
his hypothesis highlights the significance of roads networks.
e also anticipate that the integrity of the riparian buffer is an

mportant predictor of stream health in urbanizing watersheds.
he delivery of organic matter and solar energy varies signif-

cantly as a consequence of riparian-zone land use, and these
hanges interact with the extent and distribution of impervious
urface and vegetative cover across the watershed.

. Approach

For this study, we postulate that human activities are the great-
st stressors at the scale of the watersheds supporting individual
ributary streams. At this scale, previous research has shown that
mpervious surfaces result in characteristically altered and often
xtreme hydrologic conditions that provide an endpoint on a dis-
urbance gradient (Booth and Jackson, 1997; Konrad and Booth,
002). Yet total impervious area (TIA) in the contributing water-
hed is only a coarse predictor of biological conditions (e.g.,
chueler, 1994). This parameter does not discriminate between
ifferent locations, between areas with differing degrees of inter-
onnection, or between different types of hydrologically distinct
on-impervious land cover. As such, it can offer only a limited
uite of planning or management responses. A much broader
ange of landscape metrics is necessary to represent the com-
lexity of the urban landscape (Alberti et al., 2001).

We hypothesize that ecological conditions in urbanizing land-
capes are significantly influenced by four urban pattern vari-
bles: land use intensity, land cover composition, landscape
onfiguration, and connectivity of the impervious area. Using
quatic macroinvertebrates as indicators of in-stream biotic
ntegrity we have investigated the relationship between land use
nd land-cover patterns in urbanizing watersheds, and between
andscape patterns and ecological conditions a varying spatial
cales. We distinguish between land use attributes associated
ith the actual use of land parcels (i.e., residential use), and

and cover representing the type of cover on the land (i.e., paved
rban). The benthic index of biological integrity (B-IBI) has
een used since the mid-1990s to evaluate the biological con-
ition of Pacific Northwest streams (Fore et al., 1996; Karr and
hu, 1999; Morley and Karr, 2002). This multimetric approach
valuates biological condition by integrating measures of an
mpirically tested set of biological attributes (Fore et al., 1996;
osenberg and Resh, 1993; Karr, 1998). B-IBI can be used to
iagnose information from each of the 10 metrics that composes
he index (see Morley and Karr, 2002 for these same data). There
s vast literature that uses B-IBI to assess the ecological condi-
ions of streams in the Pacific Northwest (Karr and Chu, 1999;

orley and Karr, 2002). In this paper we use B-IBI to synthesize
verall stream conditions.

The study is organized around three questions:
1) How do variables describing urban landscape patterns vary
along a gradient of development intensity?

2) What is the relative importance of pattern metrics in pre-
dicting changes in ecological conditions?
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3) How do the relationships of urban patterns and ecological
conditions vary with spatial scale of analysis?

To answer these questions we start by establishing correla-
ions between TIA and B-IBI in 42 sub-basins in. We then seek
ncremental explanatory power by adding the variables describ-
ng the four patterns. Using multivariate analysis we assess
hether the models that relate TIA to ecological conditions can
e improved by including patterns of urbanization. We defined
he following null hypotheses:

1) There is no significant relationship between level of basin-
scale aggregation of forest cover and B-IBI values that is
not already explained by the amount of forest in the basin.

2) There is no significant relationship between basin level
aggregation of paved land and B-IBI values that is not
already explained by the amount of TIA in the basin.

3) There is no significant relationship between basin level con-
nectivity of paved patches to the stream channel through the
flow path and B-IBI values that is not already explained by
the amount of TIA in the basin.

4) There is no significant relationship between roads and B-IBI
values that is not already explained by the amount of TIA
in the basin.

We have developed a three-step process: (1) based upon pre-
ious studies of stream biological conditions in the Puget Sound
nd the literature on landscape metrics we selected a number
f metrics that we hypothesize are relevant to ecological condi-
ions, (2) using stepwise regression we further reduced the set
f variables to those correlated with B-IBI, and (3) developed
priori models to test our hypotheses.

. Study area and data description

.1. Study area

We have focused our empirical analysis of urban develop-
ent patterns and their influence on aquatic ecosystems in the
uget Sound lowland region (Fig. 1). Several characteristics of

his region make it an ideal site for this study. The population of
he metropolitan area is among the fastest growing in the U.S.
he rapidity and scale of land-use and associated land-cover
hanges in the Puget Sound region has resulted in a great vari-
ty of development patterns in the urban landscape, presenting
unique opportunity to investigate interrelationships between

and-use processes and ecosystem dynamics.
In the Puget Sound watershed as a whole, the predominant

and cover is overwhelmingly forest, while timber harvest is
he dominant land use activity. The mainstem rivers that drain
his landscape (with 8-digit hydrologic unit codes and drainage
reas of ca. 103 mi2) extend from the rugged unpopulated crests
f the Cascade Range and Olympic Mountains down to the

apidly urbanizing lowlands of Puget Sound; they display a >100
ear legacy dominated by forest practices and floodplain alter-
tion, which in most cases has included channelizing, diking,
raining, and filling. Many of their individual tributaries, how-
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Fig. 1. Puget Sound lowland l

ver, are fully contained within the gentle topography of the
uget lowland. Over that last century those smaller tributaries
ave been subjected first to logging, then agriculture, and now
ncreasingly to urban development. For a large majority of these
ub-watersheds, suburban, and urban development is now the
ominant land use.

.2. Selected basins

We have used 42 previously delineated sub-basins (Booth et
l., 2001) with varying levels of urbanization as the basis for
haracterizing ecological condition. They are contained within
4 separate stream systems that drain different parts of the urban
nd urbanizing Puget lowland. Intrinsic differences between
hese streams and their contributing watersheds are modest,
xcept for the type and distribution of land cover. At the selected
ampling localities, all contributing watershed areas are between
and 69 km2. Their surface geology is dominated by poorly

orted, compacted glacial till. Channels typically descend from
hese glaciated uplands, 50–175 m above sea level, through val-
eys of well-stratified granular sediment, recent alluvium, and

aterial derived from soil creep and landsliding (Booth et al.,
003). Only two channels (May and Rock) have their upper-
ost headwaters in bedrock. The streams in this study all flow

erennially and are classified as alluvial plane-bed or pool-riffle
hannels (Montgomery and Buffington, 1998) with gradients
etween 1% and 3%.

Mean daily discharges are not available for most of the sam-
ling sites, because gauge records are typically sparse or absent
n channels of this size. Where available, mean daily discharges
re commonly between a few tenths m3/s to 1 m3/s, with annual
unoff volumes ranging between 50 and 90 cm. About three-
uarters of the annual precipitation in the region (about 100 cm

n average) fall between October and March, primarily as rain in
ow-intensity storms of one to several days in duration. Average
aily precipitation for the months of November through Febru-
ry ranges from 3.8 to 5.1 mm/day (0.15–0.20 in./day).

fi
d
l
l

n map (47◦26′N, 121◦52′W).

Each sub-basin was chosen as the watershed area contributing
o a point with an associated, previously collected and published
core using the Benthic Index of Biological Integrity (“B-IBI”;
ooth et al., 2001; Morley and Karr, 2002) (Fig. 2, Table 1);

ub-basin boundaries were determined by using a 10-m USGS
igital Elevation Model. The B-IBI is a multimetric index of
iotic integrity composed of 10 metrics of taxa richness and
iversity, population attributes, disturbance tolerance, and feed-
ng and other habits of the in-stream macroinvertebrates. For the
riginal study, three samples along the mid-line of a single riffle
ere collected from each site in September when stream flows
ere stable and low, taxa richness was high, and field crews
ad relatively easy access to sites (Fore et al., 1996; Morley
nd Karr, 2002). Invertebrates were preserved in the field in a
olution of 70/30 ethanol/water and returned samples to the lab
or identification under microscopy—typically to the level of
enus. Following procedures first outlined for fish (Karr, 1981;
arr et al., 1986), and later for invertebrates (Ohio EPA, 1988;
ore et al., 1996), metric scores of five (values at or near what

s expected at sites with little or no human influence), three
moderately divergent from condition at such sites), and one
severely divergent) were assigned to each of the 10 raw met-
ic values. These scores were then summed to obtain a site- and
ime-specific B-IBI that ranged from 10 (very poor) to 50 (excel-
ent). The benthic index of biological integrity is considered a
obust method for characterizing in-stream biological condition
nd can help diagnose the causes of ecological impacts and sug-
est appropriate management actions (Karr, 1991; Karr and Chu,
999).

.3. Landscape data

Urban patterns in the Puget Sound lowlands were quanti-

ed using demographic, land cover, land use, and transportation
ata. We processed and analyzed several key data sets. Popu-
ation data and housing units for 1998 (estimates) at the block
evel were obtained from the US Census Bureau. Parcel data
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Fig. 2. B-IBI basins and Puget Sound surroundings. The n

or King County and Snohomish County and the associated
ssessor’s attribute data were obtained from King County and
nohomish GIS Offices. We developed land use maps at the par-
el scale by using land use data from the assessor data files. This
nvolved the development of a protocol for standardizing error
hecking, cleaning, and processing of parcel data sets. We have
eveloped and implemented a land use classification system that
ncludes nine land-use classes based on similarity of functional
and use characteristics. Multiple classes were collapsed into
ine categories (Fig. 3): (1) Single family Residential (SFR),
2) Multifamily Family Residential (MFR), (3) Commercial, (4)
nstitutional, (5) Industrial, (6) Open Space, (7) Transportation,
8) Mixed Use (Residential and Commercial), and (9) Water.
he road network data for 1998 were obtained from the Puget
ound Regional Council.

Land cover data for 1998 were interpreted from Landsat The-
atic Mapper (TM) imagery for the Puget Sound region for 1998

Fig. 4; Hill et al., 2003). Landsat TM data were preprocessed
o mosaic the two image swaths (path 46: row 26–27, and path

7: row 26–27) and corrected for the effects of atmosphere and
opography. The classification procedure creates a seven-class
and cover system, which discriminates between 3 classes of
rban land cover characterized by varying levels of impervi-

p
c
r
a

rs in the map correspond to the basin number in Table 1.

us surface and vegetation coverage. The approach taken for
his classification is to characterize the urban classes as mixed
lasses since the resolution of Landsat TM data in urban areas
oes not allow for effectively capturing the heterogeneity of the
rban landscape. These classes are determined by further charac-
erizing the pixel composition. The three urban classes include:
aved urban (>60% paved cover), grass/shrub urban (charac-
eristic of newer suburban areas with paved area between 20%
nd 60%, and relatively large lawn coverage >25%) and forested
rban (characteristic of mature residential neighborhoods with
aved area between 20% and 60%, and a high degree of canopy
over >20%) (Hill et al., 2003). When examined together, these
lasses are further referred as urban land. Other land cover
lasses include: forested land, grass/shrub/crops, bare soil, and
ater (Fig. 3). An accuracy assessment was performed using 350

andomly selected clusters of 3 × 3 pixels. The accuracy assess-
ent was then performed through systematic visual inspection

f these clusters of homogeneous land cover using 1-m 1998
igital orthophoto. Overall accuracy was estimated at 77%. The

ercent of grass, trees, and impervious area in the various land
over classes were extracted from a visual analysis of the 350
andomly selected clusters and applied to quantify the three vari-
bles at the various scales (Table 2).
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Table 1
B-IBI sub-basin locations and scores

Site# Streama B-IBIb Drainage area (km2) Nearest city %Trees %TIA

1 Big Bear 32 12.68 Woodinville 72 2
2 Big Bear 36 17.13 Redmond 7 19
3 Big Bear 34 20.73 Redmond 68 21
4 Big Bear 28 61.14 Redmond 62 24
5 Big Soos 26 42.02 Auburn 37 38
6 Forbes 16 5.09 Kirkland 29 48
7 Forbes 16 5.77 Kirkland 3 48
8 Jenkins 32 69.30 Covington 52 31
9 L. Jacobs 30 15.86 Sammamish 46 34

10 L. Jacobs 22 15.93 Sammamish 46 34
11 Little Bear 36 8.13 Mill Creek 49 31
12 Little Bear 40 9.86 Mill Creek 5 3
13 Little Bear 34 11.77 Bothell 52 29
14 Little Bear c 23.96 Bothell 55 27
15 Little Bear 28 28.75 Woodinville 55 27
16 Little Bear 22 30.36 Woodinville 54 27
17 Little Bear 16 31.62 Woodinville 54 28
18 Little Bear 30 35.44 Woodinville 53 29
19 Little Bear 24 39.59 Woodinville 51 3
20 Little Bear 22 39.93 Woodinville 5 31
21 May 24 29.54 Renton 63 23
22 Miller 12 22.02 Normandy Park 19 57
23 North c 20.22 Mill Creek 37 43
24 North 22 57.09 Bothell 39 39
25 Rock c 40.63 Maple Valley 78 13
26 Rock 48 42.90 Maple Valley 77 14
27 Seidel 36 5.48 Redmond 87 1
28 Struve 34 4.38 Redmond 57 28
29 Swamp 26 15.17 Lynnwood 37 43
30 Swamp 28 21.44 Lynnwood 38 42
31 Swamp 30 27.48 Lynnwood 37 41
32 Swamp 26 29.00 Brier 38 41
33 Swamp c 30.60 Brier 37 41
34 Swamp c 45.85 Brier 33 45
35 Swamp 20 15.24 Brier 23 54
36 Swamp c 50.74 Kenmore 34 44
37 Swamp 24 53.42 Kenmore 34 44
38 Swamp 22 58.06 Kenmore 35 43
39 Thornton 14 2.30 Seattle 17 61
40 Thornton 10 18.46 Seattle 22 54
41 Thornton 10 18.47 Seattle 22 54
42 Thornton 12 25.48 Seattle 22 54

5

5
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regimes (O’Neill et al., 1988; Turner, 1989; McGarigal and
Marks, 1995; McGarigal et al., 2002). We also developed two
new spatial metrics to measure basin-scale connectivity of the
impervious surface to the stream network along the flowpath.

Table 2
Percent trees, grass, and TIA by land cover type (from Hill et al., 2003)

%Trees %Grass % Impervious area

Forested urban 39 23 39
Grass urban 4 21 74
Paved urban 5 2 92
a Basins are listed alphabetically.
b Range from 10 (very poor) to 50 (Excellent).
c Not available.

. Landscape analysis

.1. Pattern metrics

Urban ecological gradients in the Puget Sound metropolitan
egion were quantified using land-use and land-cover pattern
etrics. We measure four aspects of the landscape includ-

ng: land use intensity, landscape composition, landscape con-
guration, and connectivity (Table 3). We measure land-use

ntensity using metrics developed in the urban planning lit-
rature (Cervero, 1989; Alperovich and Deutsch, 1992; Batty

nd Longley, 1998). Landscape composition and configuration
re quantified using landscape ecology metrics. Researchers in
andscape ecology have developed a large number of metrics
or quantifying such patterns and their effects on disturbance

G
W
B
F

rass/shrub/crops 1 94 5
ater 0 0 0
are 2 0 98
orest 96 1 3
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Fig. 3. Puget Sound land cover classification fr

Land-use intensity metrics include percent area of a specific
and-use class, population density, housing unit density, and var-
ous metrics of transportation infrastructure. Land-use patterns

n basins were quantified by intersecting parcel data and sub-
asins to determine percent land use types in each sub-basin.
opulation and housing unit density for each census block or
lock section were calculated and then assigned to each basin

a
t
t
t

able 3
elected landscape metrics

ntensity metrics Composition metrics Configuration metrics

Single family residential %Forested urban Contagion
Multi family residential %Grassy urban Mean patch size urban
Commercial %Paved urban Mean patch size forest
Institutional %Grass/shrub/crops Aggregation index urban
Industrial %Forest Aggregation index forest
Open space %Water Percent like adjacent index
Transportation %Bare soil Percent like adjacent index
Mixed use %Grass

opulation density %Trees
ousing unit density %TIA
oad density Shannon index
oad intersection density
98 LANDSAT image (from Hill et al., 2003).

y intersecting the census block coverage with sub-basins. The
umber of road crossings per stream kilometer was determined
y intersecting the roads line layer with the streams line layer,

nd then summarizing the clipped roads with a count operation
o count the number of road segments. The upstream distance
o a road crossing was measured using the ArcView measuring
ool to measure the distance along the stream network from the

Connectivity metrics

#Road crossing/km of stream
Median distance of paved patches through the flow path
Weighted median distance of paved patches through the flow path

urban
forest
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Fig. 4. Puget Sound land us

ampling point to the nearest upstream road crossing along the
ain-stem channel. The streams layer was also summarized for

ach sub-basin to get the total stream length per sub-basin. The
ttribute tables were then exported to Excel to determine the
umber of road crossings per km of stream for each sub-basin.
his metric gives equal weight to all types of roads (i.e., highway
ersus residential).

We apply several landscape metrics to measure urban land-
cape composition and configuration (Table 4). First, we mea-
ured landscape composition by the percent urban land as clas-
ified in the land cover map for 1998. Then we quantified the
ercent impervious area, percent trees, and percent grass within
ach sub-basin. The percent of land cover (percent land) occu-
ied by each patch type (i.e., paved, forest, or grass) is consid-
red an important indicator of ecological conditions since some
cological properties of a patch can be influenced by the compo-
ition of the patches and abundance of similar patches within the

andscape. Percent Land is the sum of the area of all patches of
he corresponding patch type divided by total area of the basin or
ther sub areas. The Shannon diversity index (SHDI) measures
he number of land cover classes in the landscape.

t
b

b

sification from parcel data.

We then applied four metrics to measure urban landscape con-
gurations: mean patch size (MPS), contagion (C), aggregation

ndex (AI), and percentage-of-like-adjacency (PLADJ) (O’Neill
t al., 1988; Turner, 1989; McGarigal and Marks, 1995). Mean
atch Size is the sum of the areas of all patches divided by the
umber of patches. Contagion is the probability that two ran-
omly chosen adjacent cells belong to the same class. This is
alculated by the product of two probabilities: the probability
hat a randomly chosen cell belongs to category type i, and the
onditional probability that given a cell is of category type i,
ne of its neighboring cells will belong to a different type. We
uantify landscape configuration also using aggregation (AI)
nd PLADJ indices with Fragstats (Version 3.0, McGarigal et
l., 2002). AI equals the number of like adjacencies involving
he corresponding class, divided by the maximum possible num-
er of like adjacencies of that class. PLADJ equals the sum of
he number of like adjacencies for each patch type, divided by

he total number of cell adjacencies in the landscape; multiplied
y 100 (to convert to a percentage).

We also characterized the spatial configuration of the sub-
asins by measuring the connectivity of the impervious surfaces
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Table 4
Pattern metrics

Landscape metrics Equations

Percent land

Sum of the area of all patches of the corresponding patch type divided by total area of the basin PLAND = Pi =

n∑
j=1

aij

A
(100)

Contagion

Probability of two cells of type i and j to be adjacent where m is the number of land cover types, Pij is the proportion
of cells in land cover i adjacent to cells of type j and 2 ln(m) is the maximum when all possible adjacencies of class i and
j occur with equal probability.

C =
2 ln(m)+

∑m

i=1

∑m

j=1
Pij ln Pij

2 ln(m)

Mean patch size

Sum of the areas of all patches divided by the number of patches. MPS =
∑n

j=1
aij

ni

Shannon diversity

Minus the sum, across all patch types, of the proportional abundance of each patch type multiplied by that proportion. SHDI = −
m∑

i=1

(Pi − ln Pi)

Percent like adjacency

Equals the sum of the number of like adjacencies for each patch type, divided by the total number of cell adjacencies
in the landscape; multiplied by 100.

PLADJ = (100)

(
gii∑m

k=1
gik

)

Aggregation index
ded b
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Equals the number of like adjacencies involving the corresponding class, divi
ike adjacencies involving the corresponding class; multiplied by 100.

ources: O’Neill et al. (1988), Turner (1989), McGarigal and Marks (1995), an

o the stream channel itself. We measured the connectivity of
mpervious surface to the stream network to determine hydro-
ogical distance and explore its relationship to stream quality. We

easured connectivity by calculating the closest distance from
rban land cover to streams and road networks along the flow
ath. We determine flow path using a 10 m Digital Elevation
odel to generate the flow direction and accumulation. Dis-

ance values were extracted for three land cover types: forested
rban, grassy urban, and paved urban. In addition we developed
n index of weighted connectivity which takes into account the
and cover through the flowpath. This was obtained by mea-
uring flowlength in Arc Grid using a weight grid. Flowlength
n Arc Grid assigns to each pixel a distance in pixels from the
ixel. We determined the distance per each pixel of different
and cover and used a weight grid to account for the potential
unoff of different land cover type. The weight grid adds a “cost
istance” value to each pixel. Using the weight grid, distance for
ach pixel is determined not only by the direction of flow, but
lso by the weighted value of the associated pixel. We used land
over data and the percent impervious in each land cover type to
eight our values. We then extract median flowlength distance

or each sub-basin. In addition, we calculated the percent area
or each urban land cover class on 2000 pixels or more of upslope
ixels that flow into one pixel. We examined Median Distance
y sub-basin versus B-IBI. We also examined whether median
istance would improve the predictive power of percent TIA.
.2. Multiple-scale analysis

Since most metrics are scale dependent (e.g., relative to the
easurement scale used) or are relevant to processes operating

fi
c
h
w

y the maximum possible number of AI = (100) max→gii

arigal et al. (2002).

nly at specific spatial scales (Krummel et al., 1987; O’Neill
t al., 1988; Bartel and Brenkert, 1991), we systematically ana-
yzed the relationships between landscape patterns and B-IBI
cross nested scales. We performed the scale analysis only on a
elected set of composition and configuration metrics to observe
heir behavior at multiple scales (see Table 6).

Scale concerns can be thought of both in terms of resolution
size of the minimum mapping unit) and geographic extent of
he study area. Resolution expresses the extent to which spatial
ualities of a map have been generalized. Geographic extent of
study expresses a hypothesis about the area contributing to a
articular ecological process. The resolution of the data used to
stimate the metrics is 30 m. We developed a multiple scale anal-
sis using five nested scales: local riparian zone: 100, 200, and
00 m riparian widths; and basin scale (Fig. 5). We determined
he riparian buffer using distance from the flow path based on a
0 m Digital Elevation Model to generate the flow direction and
ccumulation. Local riparian zones were defined as 100 m ripar-
an buffer 1 km upstream from the B-IBI measurement point.
he multiple-scale landscape analysis was performed by inter-
ecting the parcel data, the land cover data, and Census blocks
eparately with the five vector boundary files representing the
ve scales of analysis developed for each sub-basin. Then the
overage was intersected with the vector basin coverages using
rcGIS. Parcel area for each actual land use was used to deter-
ine the percent land use within the sub-basin and buffer zones.
or the land cover we overlaid the land cover grid with the vector

les and summarized the number of pixels by each land cover
lass within the basins and buffer zones. For the population and
ousing density variables we used census blocks. Census blocks
ere intersected with the vector boundary files and the popula-
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Fig. 5. Different spatial scal

ion and number of housing units of each block or block section
ere calculated by multiplying density by area for that block or
ortion of the block falling with each defined boundary.

.3. Statistical analysis

We tested relationships between metrics of urban landscape
atterns and B-IBI in the selected sub-basins using a two-step
rocess. First using stepwise regression analysis we reduced
he set of variables to those correlated with B-IBI. Then we
eveloped apriori models to test our hypotheses. We conducted

n exploratory analysis using forward stepwise regression (P-
alue = 0.05 to enter and 0.10 to remove). We examined models
sing composition and configuration metrics for urban and for-
st. We did not include urban and forest land cover together

t
V
m
c

able 5
tatistics summary of gradient of metrics represented by sub-basins

%Grass %Trees

a) Statistics summary for the %grass, %trees, and %TIA metrics for the 42 sub-basi
Mean (%) 12 46
Median (%) 12 48
Minimum (%) 4 17
Maximum (%) 17 87

PLADJ (urban) PLADJ (forest)

b) Summary statistics for percent-like-adjacency (PLADJ) and aggregation index (A
Mean 77.69 71.46
Median 77.86 72.66
Minimum 50.89 44.44
Maximum 92.17 91.09

Road density (km/km2) #Road cro

c) Summary statistics for road density metrics
Mean 6.61 2.12
Median 6.20 2.01
Minimum 0.62 0.60
Maximum 13.26 3.84
nalysis (e.g., Miller basin).

ince they are highly correlated and their relationships to B-IBI
re the inverse of each other. We then developed a set of apri-
ri models to test our hypotheses. Since we know that percent
IA is an important variable, we developed a hierarchical model
tarting with percent TIA and tested the significance of entering
onfiguration variables. We added one pattern metric at a time
nd compared them using adjusted R2 and the Akaike Informa-
ion Criterion (AIC). We then calculated the partial correlation
oefficient for the pattern metric to see how much additional
ariance it explains over percent TIA alone. To address issues
f multicollinearity we performed a correlation analysis among

he variables and estimated the Variance Inflation Factor (VIF).
IF values were high but still acceptable (max < 10). Since high
ulticollinearity leads to high covariance between regression

oefficients of the related variables, it is difficult to separate out

%TIA

ns
36
32
10
61

AI 1 (urban) AI 2 (forest)

I)
78.47 72.61
78.31 73.47
52.78 50.91
93.28 92.38

ssings (#crossings/km stream) Intersection density (#/km2)

28.41
25.17

0.73
64.02
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Table 6
R2 of pattern metrics at multiple scales

Transformed variable Basin 300 m 200 m 100 m Local

arcsin(sqrt(%grass) 0.52 0.49 0.52 0.56 0.02**

arcsin(sqrt(%trees) 0.60 0.61 0.62 0.64 0.07**

arcsin(sqrt(%TIA) 0.61 0.61 0.62 0.63 0.08**

log(population density) 0.55 0.55 0.56 0.57
log(housing density) 0.55 0.56 0.57 0.58 0.40

arcsin(sqrt(PercentLikeAdjacency urb) 0.63 0.62 0.62 0.57 0.28
arcsin(sqrt(PercentLikeAdjacency for) 0.63 0.61 0.60 0.40 0.36
arcsin(sqrt(Aggregation Index urb) 0.63 0.62 0.38 0.64 0.30
arcsin(sqrt(Aggregation Index for) 0.65 0.64 0.63 0.63 0.31
arcsin(sqrt(MeanPatchSize urb) 0.64 0.60 0.66 0.58 0.44
arcsin(sqrt(MeanPatchSize for) 0.60 0.66 0.57 0.66 0.45
Road density 0.67 0.65 0.63 0.65 0.31
Median hydrological distance 0.25*

log(#road crossings) 0.66
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2 of simple regressions between pattern metrics and B-IBI (all P < 0.001) exce
* P < 0.01.

** Not significant P > 0.05.

he effects of each variable and can create unstable coefficients.
his requires particular caution in interpreting the results. To
eet the assumptions of normality for all variables of paramet-

ic tests, we used two types of transformations: log (# of road
rossings, mean urban, and forest patch size) and arcsine square
oot (percent land cover, aggregation indices and percent like-
djacency, contagion and Shannon index).

. Results

The following section starts by characterizing the relation-

hips between land use and land cover in the 42 basins (Table 5).
e then describe the relationships between the pattern met-

ics and B-IBI (Table 6) and the results of apriori models
Table 7).

p
b
(

ig. 6. Land use in each sub-basin and percent total impervious surface. Please note
nterval.
one noted with an asterisk. All P < 0.001.

.1. Land use and land cover

The sub-basins represent a gradient of urbanization ranging
rom 10% impervious area in Seidel Creek to 61% in Thorn-
on Creek (Table 5). Conversely percent trees in the sub-basins
ary from 17% to 87%. The basins also vary with respect to the
ntensity of land uses and road infrastructure density. The vari-
bility in the level of development across these basins is also
eflected in the landscape configuration metrics as measured by
he AI for the urban and forest cover which vary, respectively,
etween 53 and 93 (AI of urban) and between 44 and 91 (AI of
orest).
The distributions of land uses across basins with different
ercent of impervious surface indicate complex relationships
etween land use and land cover in the 42 drainage basins
Fig. 6). Different land use parcels have different amounts of

that the %TIA across the basins represented on the x-axis is not on a consistent
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Table 7
Apriori model results

Model rank Dependent Independent adj. R2 AIC values �AIC

1 B-IBI LOG MPS + LOG Road Cross 0.70 116.32 0
2 B-IBI LOG Road Crossings 0.66 121.12 4.80
3 B-IBI AS TIA + LOG Road Cross 0.66a 121.68 5.36
4 B-IBI AS TIA + LOG MPS Urban 0.63a 123.30 6.98
5 B-IBI LOG MPS Urban 0.63 124.90 8.08
6
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B-IBI AS TIA

IBI: Benthic index of biotic integrity; MPS: mean patch size; TIA: total impe
a AS TIA not significant.

mpervious surface depending on the land use type and pattern
f development. Single-family residential parcels have generally
ignificantly lower amounts of impervious surface than multi-
amily parcels, although these parcels may accommodate a much
arger number of households. Even greater is the percentage of
mpervious surface on mixed-use parcels, where residential and
ommercial activities are located, and industrial parcels. On the
ther hand, high percentage of forest cover is found in single-
amily residential whereas this drops significantly in the other
and use types. It is important to notice that there can be high
ariability of land cover within the same land use type. This
epends on parcel size, location of the parcel over an urban-to-
ural gradient, and year built.

The amount and aggregation of impervious surface can be
xplained by population density, housing density and trans-
ortation infrastructure in the basins. Percent impervious area
s highly correlated with percent transportation use (R2 = 0.93,
< 0.001), housing density (R2 = 0.92, P < 0.001) and popula-

ion density (R2 = 0.90, P < 0.001). Also 91% of the variation in
ggregation of urban land measured by the Aggregation Index
ould be explained by percent transportation (R2

(adjusted) = 0.88,
< 0.001) and population density (R2

(adjusted) = 0.91, P < 0.001).
hese results show that land development typology have dif-

erent impacts on the amount of natural land cover that can be
reserved and level of fragmentation that will be generated under
ifferent land-use scenarios.

.2. Land use intensity
Patterns of biological conditions in 42 sub-basins were best
redicted by basin scale road density (R2 = 0.67, P < 0.001)
nd the number of road crossings per km up stream from

v
i
I
P

Fig. 7. Relationships between
0.60 126.61 10.30

surface; AS: ArcSin. All models are significant at <0.001.

he B-IBI measurement points (R2 = 0.66, P < 0.001) (Fig. 7,
able 6). The data show a linear relationship between num-
er of road crossings and biological conditions in the stream,
ith B-IBI values approaching poor biological conditions after

wo crossings per kilometer. Strong relationships also were
ound between B-IBI and population density at both the basin
nd local scale (R2 = 0.55, P < 0.001). Statistically significant
elationships were also found between land use and B-IBI,
hich strength varies with diverse patterns of land use inten-

ity ranging from percent Transportation (R2 = 0.56, P < 0.001),
ercent Institutional (R2 = 0.44, P < 0.001), percent Commercial
R2 = 0.20, P < 0.001), percent MFR (R2 = 0.18, P < 0.001), to
ercent Mixed use (R2 = 0.12, P < 0.001).

.3. Landscape pattern

Urban ecological gradients in the Puget Sound metropolitan
egion can be quantified using land-use and land-cover pattern
etrics (Alberti et al., 2001). The pattern metrics selected are

seful to describe the composition and spatial configuration of
rban development in our 42 basins. Our regression models
learly indicate that land uses and housing density on an urban-
o-rural gradient are good predictors of land-cover composition
nd configuration. These results show that land development pat-
erns have different impacts on the amount of natural land cover
hat can be preserved and the level of fragmentation that will
e generated under different land-use scenarios. All the pattern

ariables were significantly related with B-IBI scores includ-
ng Mean Patch Size urban (R2 = 0.64, P < 0.001), Aggregation
ndex of forest (R2 = 0.65, P < 0.001), PLADJ forest (R2 = 0.63,
< 0.001), percentage TIA (R2 = 0.61, P < 0.001), MPS forest

B-IBI and road network.
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Fig. 8. Relationships between contagion, shannon i

Fig. 9. Percentage of like adjacencies, a
ndex, and mean patch size (MPS) and B-IBI.

ggregation index (AI), and B-IBI.
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Fig. 10. Relationships between percent TIA

R2 = 0.60, P < 0.001), AI urban (R2 = 0.60, P < 0.001), PLADJ
rban (R2 = 0.63, P < 0.001), and percentage forest (R2 = 0.63,
< 0.001) (Figs. 8–10).
The results from our apriori models (Table 7) show that MPS

f urban land cover and road crossings together do a much better
ob than percent TIA alone in explaining the variance in B-IBI.
he models vary between a R2 of 0.70 for model 1 (# of road
rossings and MPS) and Akaike of 116.32 and a R2 of 0.60 and
kaike of 126.61 for model 6 (percent TIA). When including
PS of urban land cover and percent TIA, although the overall
odel is significant (P < 0.001), percent TIA becomes insignifi-

ant because of its high correlation with MPS. MPS and # of road
rossings are both significant alone and when are included in the
odel together and they explain more than percent TIA alone.

.4. Connectivity

We correlated the median flow distances of paved patches
ithin each sub-basin to B-IBI scores. We use both the median
owlength distances and the distance weighted by the land cover

hrough the flowpath. Median flow distance is correlated with
-IBI (R2 = 0.25, P < 0.01) but do not improve the explanatory
ower of percent TIA, since it is highly correlated with percent
IA (r = 0.57). Because road networks enhance the land cover
onnectivity through flow paths across the urban landscape, the
istinction of total impervious area and effective impervious
rea is not as important in highly urbanized areas as it is in less
rbanized areas. The landscape becomes increasingly connected
ith increasing impervious surface.

.5. Effect of scale

The results of the regression analysis show that all variables
re significant at four scales except at the local riparian scale.
he only variable significant at the local riparian scale is housing
ensity. Our results clearly indicate that it is the basin landscape
atterns that significantly influence stream biotic integrity. The

cale of analysis of sub-basin landscape patterns does not show
owever a powerful trend. The differences in R2 across scale
re too small to be of significance (Table 6). While landscape
onfiguration metrics (AI and PLADJ) had slightly higher R2 at

a
r
t
c

impervious area), percent trees, and B-IBI.

he sub-basin scale and landscape composition metrics (percent
IA and percent Trees) had slightly higher R2 at the riparian
cale, the differences are too small to be of significance.

. Discussion

.1. Multiple stressors

Over the past decade, numerous studies have linked urban-
zation with aquatic ecosystem condition (Hunsaker et al., 1992;
harbonneau and Kondolf, 1993; Booth and Jackson, 1997;
ang et al., 1997; Karr, 1998; Yoder et al., 1999; Finkenbine

t al., 2000; Thorne et al., 2000; Booth et al., 2002). Although
mpervious surface emerges as perhaps the most prominent stres-
or, it is clear that there is no best single variable that explains
omplex relationships between urban development and ecologi-
al conditions in watersheds. Aquatic ecosystems can be altered
y human actions in several ways (Karr, 1995). Our study con-
rmed the strong correlation between urban land cover and
-IBI found by others (Morley and Karr, 2002). TIA explains a

arge part of the variance in B-IBI across the 42 basins. However,
hile TIA is highly correlated with multiple factors in urban-

zing landscapes (i.e., population density, housing density, and
oad density), TIA does not fully represent the complex rela-
ionships between land use and land cover. Different landscape
atterns (i.e., mean patch size of urban land) and connectivity
i.e., # of road crossings) contribute to ecological conditions
cross basins.

.2. Roads as key urban stressors

The findings confirm that roads are a key stressor in urban-
zing landscapes (Jones et al., 2000; Trombulak and Frissell,
000). This is particularly relevant given that the land use/land
over analysis indicates that road intensity is correlated with total
mpervious surface in basins. Since roads increase impervious
urface, and ditches are built to channel water from roads into
treams, the rate of water runoff is higher in basins with a greater

mount of roads. A more specific result of our study is that both
oad density and number of road crossings are better predic-
ors of B-IBI than raw total impervious area. In particular, road
rossings are a better predictor than road density. The important
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ffect of road crossings can be related to the cumulative effect of
arious road-related stresses including streambanks and channel
lteration, leaking of petroleum products, and increased pollu-
ion and sediment loadings.

.3. Landscape fragmentation

The study clearly indicates that at the scale of the water-
heds supporting individual tributary streams, patterns of urban
evelopment affect ecological conditions on an urban-to-rural
radient. At this scale, previous research has shown that impervi-
us surfaces result in characteristically altered and often extreme
ydrologic conditions that provide an endpoint on a disturbance
radient (Meyer et al., 1988; Booth and Jackson, 1997; Konrad
nd Booth, 2002). However, percent impervious area and percent
orest in the contributing watershed is only a coarse predictor
f biological conditions in streams, in part because hydrolog-
cal change is only one of several factors that affect stream
iota. The aggregation of urban land and forest land cover may
xplain some of the variability in B-IBI not explained by TIA.
ignificant statistical relationships are found between selected

andscape patterns and ecological conditions in streams. While
he findings clearly suggest that patterns of urban development

atter to watershed function, this relationship does not indicate a
pecific threshold but shows that both the increase in percentage
mpervious surface and its aggregation both have a direct impact
n stream macroinvertebrates. In particular, as the probability of
rban land cover being adjacent rises from 50% to 100%, typi-
al B-IBI values decline from 50 (excellent) to 10 (very poor).
owever, because of the high correlation between the aggre-
ation index of paved urban and amount of paved urban in the
asins we cannot reject the hypothesis that there is not signifi-
ant relationship between basin level aggregation of paved land
nd B-IBI values that is not already explained by the amount of
IA in the basin. We do show however that mean patch size and
umber of road crossings are better predictors than %TIA alone.

.4. Basin and riparian effects

Our multiple-scale analysis aimed at discriminating across
atterns that operate at different scales—from riparian local zone
o basin. Since landscape metrics are scale-dependent, we sys-
ematically examined the relationship between each variable and
-IBI at each scale. Except for the local riparian zone, all vari-
bles are highly correlated with B-IBI across the various scales.
n our study however we were not able to determine whether the
ffects of land cover composition and configuration vary with
cale. Particularly since the riparian and sub-basin variables are
losely correlated (R = 0.95, P < 0.001), it is difficult to discrimi-
ate between riparian and sub-basin effects because of the nested
ffect, even though the processes that affect aquatic ecosystems
re clearly different.
. Conclusions

While the processes of urbanization and development are
inked to ecological degradation, they are by no means homoge-

o
b

l

n Planning 80 (2007) 345–361 359

ous or uniform in terms of their explicit spatial patterns or
mplications to biophysical functioning. In this study we postu-
ate that urbanization can be characterized according to the four
ifferent dimensions of landscape composition, landscape con-
guration, land-use intensity, and connectivity. It is necessary

o understand the nature of the relationships and interactions
etween these dimensions before trying to associate them indi-
idually to ecological conditions, and perhaps more importantly,
efore management strategies target any one measure for guid-
ng or limiting development.

The findings of this study indicate significant statistical rela-
ionships between urban landscape patterns—both amount and
onfiguration of impervious area and forest patches—and eco-
ogical conditions in streams. Although many studies have
ddressed the relationship between urbanization and aspects of
cosystem function (e.g., Karr et al., 1985), few have asked
irectly how patterns of urban development affect aquatic
cosystems. Most studies on the impacts of urbanization on envi-
onmental systems correlate changes in environmental systems
ith simple aggregated measures of urbanization (e.g., human
opulation density, percent impervious surface). However, these
etrics are only coarse predictors of biological conditions and

o not discriminate between different landscape patterns. As
uch, they can offer only crude predictions of conditions and a
imited suite of planning or management responses.

In this paper we confirm that percent impervious surface does
xplain a great part of the variance in B-IBI across the sub-basins,
ut show that our hypothesized relationship between landscape
attern and stream biological condition can be better captured by
ther variables that describe the configuration and connectivity
f the landscape such as mean patch size and number of road
rossings as stated in Hypotheses 1, 2, and 4. Both mean patch
ize of urban land cover and number of roads crossing the stream
xplain part of the variance not explained by TIA alone. Impor-
ant other configuration variables that are significantly correlated
ith B-IBI are aggregation index and percent-like adjacencies
f urban land cover indicating that aggregated impervious sur-
aces have a negative impact on stream conditions (Hypothesis
). Further, the inverse relationship between the aggregation of
orest and B-IBI indicates that an intact and mature forest within
watershed positively influences stream conditions (Hypothesis
). However, because of the high correlation between the aggre-
ation and hydrological connectivity of paved land and amount
f impervious surface in the basin we cannot reject the hypothe-
es that there is not significant relationship between basin level
ggregation of paved land and B-IBI values (Hypothesis 1) and
etween basin hydrological connectivity of paved land and B-
BI values (Hypothesis 3) that is not already explained by the
mount of TIA in the basin.

While there are multiple mechanisms operating simultane-
usly in urban basins and certainly this study cannot discriminate
mong the contributions of these multiple stressors, our results
uggest the importance of investigating more explicitly patterns

f urban development to better understand the relationships
etween urbanization and aquatic ecological conditions.

Our analysis of land use-land cover reveals that urbanizing
andscapes are characterized by a complex pattern of intermixed
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igh- and low-density built-up areas, showing that urban land
over and impervious surface cannot account for the difference
hat alternative development patterns may generate. We suggest
hat urban landscape stressors can best be described using a
eries of pattern metrics that describe spatially aggregated vari-
bles of land-use intensity and land-cover types (e.g., density
f human population, road density, or amount of impervious
urface) and spatial distributions and configuration of the land-
cape.

Since the 42 selected sub-basins represent a cross-section of
arying levels and patterns of urbanization in the Puget low-
and, the results are transferable to other urbanizing sub-basins
f similar size and hydrogeology. The established relationships
etween urban pattern and ecological conditions however do
ot indicate a specific threshold of effects but do show that both
he percentage impervious surface and its aggregation have a
irect impact on stream ecological conditions. While this study
rovides an initial exploration of how development patterns
nfluence ecological conditions, much remains to be explored.

ore research could be pursued to assess the relative ecological
mportance of local influences once watershed scale factors are
ontrolled for. Furthermore an explicit exploration of the mech-
nisms by which patterns of urban development affect stream
cological conditions is necessary. This knowledge is critical in
etermining the processes that need to be maintained in order
o ensure that ecosystem services can simultaneously support
umans and other species.
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