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A controversial issue in managing urbanizing watersheds is determining the scale at which conserva-
tion measures should be implemented. Current “best practices” suggest establishing riparian buffers
along stream corridors and limiting impervious surfaces to prevent degradation of instream biological
conditions. While there is increasing evidence that the amount of land covers (e.g., impervious surface,
vegetation) has an impact on instream aquatic conditions, the effect of upland vegetation fragmentation
on aquatic conditions requires further study. By using landscape metrics to quantity vegetation amount
and distribution at the riparian and watershed scales, and a macroinvertebrate index to describe aquatic
Vegetation patterns conditions, this study presents empirical evidence about the interactions between riparian and upland
Urban watershed management vegetation as they affect instream biological condition of 51 nested watersheds in the Puget Sound low-
B-IBI land. We ask if the fragmentation of vegetation within a watershed helps predict instream biological
Land use planning condition. In addition, we hypothesize that the fragmentation of vegetation at the riparian and watershed
scales affects instream biological condition. Using parametric and non-parametric statistical analyses to
test relationships, our findings suggest that the fragmentation of upland vegetation and the total amount
of riparian vegetation explain the greatest amount of variation in aquatic conditions. These results help
frame a management approach for conserving upland areas of vegetation through the use of land use
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planning techniques.
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1. Introduction

Evidence is mounting that the way humans use the land has
dramatic consequences on land cover, and that land cover change
impacts ecological systems (Dale et al., 1994; Chapin et al., 2000;
Foley et al., 2005). Vitousek et al. (1997) estimate that between one-
third and one-half of the earth’s land cover has been transformed
by human action. By altering land cover patterns and the use of
land, humans have impacted the hydrologic cycle to provide fresh-
water for irrigation, industry, and domestic consumption (Postel et
al., 1996; Vorosmarty et al., 2000). Land use and land cover changes
threaten biodiversity through loss, modification, fragmentation of
habitats, degradation of soil and water; and overexploitation of
native species (Pimm and Raven, 2000).
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The role of land cover as it affects aquatic systems is well docu-
mented in the literature, and watershed management approaches
have attempted to reflect scientific understandings. Since Klien
(1979) seminal work established that “stream quality impairment
is first evidenced when watershed imperviousness reaches 12%, but
does not become severe until imperviousness reaches 30%”, dozens
of regional investigations have confirmed a relationship between
the amount of a specific land cover and aquatic conditions (Osborne
and Wiley, 1988; Schueler, 1994; Roth et al., 1996; Richards et al.,
1996; Morley and Karr, 2002; Alberti et al., 2007). Accordingly,
land use planning has applied “Best Management Practices” (BMPs)
at the riparian and watershed scales to mitigate the impact of
urban development. At the watershed scale, detention/retention
pond ordinances and limits to the amount of allowable impervious
surface are BMPs for reducing the amount and velocity of runoff
entering stream systems. At the riparian scale, jurisdictions across
the U.S. have adopted riparian vegetation ordinances — including
critical areas, riparian buffers, and no-touch zones - to prevent
reductions in streamside vegetation.

While the application of BMPs at the watershed and riparian
scales helps to regulate hydrological, chemical, and trophic condi-
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tions occurring within the stream system (Gore, 1996; Stauffer et
al.,2000; Konrad and Booth, 2002; Strayer et al., 2003; Stewart et al.,
2001; Boyer et al., 2002; Tockner et al., 2002), several issues remain
unresolved. First, in watersheds with similar types and amounts of
land cover along the riparian corridor, considerable variability in
aquatic conditions exists. For example, Booth et al. (2004) show that
biological metrics for Little Bear creek (Washington State) almost
doubled in value (Benthic Index of Biotic Integrity (B-IBI) change
from 16 to 30) from one sampling point to the next downstream
point. Second, there is the interaction between riparian and water-
shed BMPs. While it is commonplace to establish riparian buffers
in urbanizing areas, models used to estimate BMP specifications do
not differentiate cumulative versus incremental effects of aquatic
degradation and rarely consider the presence of other BMPs in the
watershed. Accordingly, BMPs are often applied incrementally with
little regard to the interaction across scales (Booth and Jackson,
1997; Gergel et al., 2002). We do not know the extent to which
BMPs interact to affect aquatic condition.

Finally, and perhaps connected to the inter-relationship among
BMPs in the watershed, is that previous studies have produced
mixed conclusions about the importance of riparian-scale ver-
sus coarse-scale physical factors in affecting aquatic condition
(Richards and Host, 1994; Allan et al., 1997; Lambert and Allan,
1999; Wang et al., 2001, 2002; Dovciak and Perry, 2002; Fausch et
al,, 2002; Roy et al., 2003, 2007; Snyder et al., 2003). For example,
Roth et al. (1996) examined the relationship among land use, land
cover and instream biological conditions at various spatial scales
in southeastern Michigan. While they found that watershed-scale
land use is the strongest predictor of instream biological condition,
a similar study in the same region by Lambert and Allan (1999)
found that riparian-scale land cover characteristics explained more
of the variation of instream biology. Although differences in study
designs and changes in watershed conditions from one year to the
next (i.e., development, removal of riparian land cover) may have
influenced the results, both studies examined identical streams,
used similar measures of land cover characteristics, as well as met-
rics for instream biological conditions (IBI). In another study, Roy
et al. (2003) report that values of a macroinvertebrate IBI were
strongly correlated with both catchment and riparian land cover
over a range of 5-61% total urban area and 34-95% forest area
in 100-m buffers. However, macroinvertebrate indices were more
strongly correlated with environmental factors quantified at the
reach-scale, including variation in substrate size and ion concen-
trations (Roy et al., 2003).

Several possible explanations may be offered to address the
aforementioned variability of results when linking riparian and
watershed conditions to instream biological measures. First, “land-
scape legacies” (Allan, 2004) may have a lasting impact on the
condition of stream systems. Wang et al. (2001) found that values of
IBI varied strongly along an urbanization gradient. This was inter-
preted as the legacy of similar habitat degradation at all sites under
the common, prior influence of agriculture. Second, minor changes
inland use may have animpact on the geomorphic features within a
watershed and affect localized hydrological regimes across water-
sheds (Booth and Jackson, 1997; Trimble, 1997). Modifications in
watershed hydrology impact instream biota through changes in
the quantity and quality of water in the stream channel (Paul and
Meyer, 2001). In addition, land use and land cover conditions are
generally recognized as instrumental in affecting energy sources,
habitat structures, chemical constituents, and biotic interactions
within the stream system (Karr and Rossano, 2001), and have
lasting consequences on instream conditions. Due to the mecha-
nistic pathways through which these environmental characteristics
influence aquatic biota, understanding the structure and dynam-
ics of macroinvertebrate communities in streams, including their

responses to human disturbance, can be enhanced by examining
environmental and anthropogenic effects at multiple spatial and
temporal scales (Peterjohn and Correll, 1984; Vannote et al., 1980;
Allan and Johnson, 1997; Malmgqvist, 2002; Weigel et al., 2003;
Alberti, 2005).

Another possible explanation, and the topic explored in this
study, is that previous research has largely relied on the compo-
sition of land cover in watersheds, such as percent of agricultural
land and total amount of impervious or vegetated surface, dis-
regarding the role of configuration or fragmentation of the land
cover within the watershed (previous studies have examined sep-
arate scales - the riparian zone and whole watershed - but these
studies do not explicitly consider the role of fragmentation of vege-
tation as it affects instream aquatic conditions). Watershed metrics
that quantify spatial fragmentation of the land cover add important
information to those that simply quantify landscape composition
to help explain the variability in stream conditions (Alberti et al.,
2007). Because configuration metrics are spatially explicit (Herzog
and Lausch, 2001; Turner et al., 2001; Gergel et al., 2002), they
account for the distributional effects of land uses or land covers on
stream conditions. This is an important element since the distribu-
tion of land cover can be affected by land use planning activities,
and spatial configuration may link more explicitly to management
activities aimed at reducing the impact of urban development on
aquatic systems.

This study explores the role of watershed vegetation patterns in
explaining variations in aquatic conditions in the Puget Sound low-
land. Vegetation patterns are defined as both the amount and the
spatial distribution of vegetation cover in a watershed. By building
upon previous studies examining the relationship between com-
position and configuration of vegetation and instream biological
conditions, we examine this relationship across scales (riparian
corridor and whole watershed). Specifically, we ask how vegeta-
tion patterns at the riparian and watershed scales help to explain
instream biological conditions. To address this question we test
two null hypotheses: (1) no significant relationship exists between
riparian vegetation patterns and instream biological conditions
that are not already explained by watershed vegetation patterns;
and (2) fragmentation (a measure of configuration) of upland vege-
tation is not related to instream biological conditions. By explicitly
describing the linkages between vegetation amount and distri-
bution, and instream biological conditions, this research aims to
expand scientific understanding of the role of vegetation in explain-
ing instream biotic conditions. This study will also attempt to
provide urban and regional watershed management agencies with
tools for systematically describing and monitoring watershed con-
ditions from the riparian to the watershed scales.

2. Methods

2.1. Study site selection

The Puget Sound region covers an area of more than 41,440 km?
and comprises about 80% land and 20% water (Lasmanis, 1991).
Puget Sound is an estuary—a semi-enclosed, glacial fjord where
saltwater from the ocean is mixed with fresh water draining
from the surrounding watersheds. Fresh water inflow from rivers
amounts to a yearly mean of 41,000 cubic feet per second (ft3/s),
ranging between a peak of about 367,000 ft3/s to a minimum of
about 14,000 ft3/s. Dense coniferous forests dominate the Puget
Sound Lowland (here on Puget lowland), which are interspersed
with a variety of deciduous woodlands, wetlands, and grass and
shrub prairies. Prior to the 1800s’ the vegetation was primarily
old-growth conifer forests of western hemlock (Tsuga heterophylla),
western red cedar (Thuja plicata), and Douglas fir (Pseudotsuga
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Fig. 1. Study location with study watersheds.

menziesii) (Omernik and Gallant, 1986). Today, the greater Puget
Lowland’s 3.2 million people account for a majority of the state’s
population (PSRC, 2002), which has increased by 20% since 1990
and 180% since 1950 (PSRC, 2002). It is expected that an additional
one million residents will live in the Puget Lowland by 2025 (PSRC,
2005).

We selected eight watersheds, from a database of 57 sampled
between 1992 and 2000 (Kleindl, 1995; May, 1996; Morley, 2000),
to include in our study. Each watershed had data on instream
macroinvertebrates assemblages using the same protocol (see Sec-
tion 2.3 methods), contained salmon species listed under the
Endangered Species Act (ESA), representing a range of urban devel-
opment conditions (e.g., from highly urbanized core of Seattle to
completely forested areas in the hinterlands), and information on
the second and third order streams within each watershed (Fig. 1).
All basins were located in the Puget Sound physiographic region,
which contain relatively immature soils with shallow accumula-
tions of organic material (Lasmanis, 1991).

2.2. Vegetation amounts and distribution

While past studies have focused on the relationship between
impervious surfaces and aquatic conditions, we use an alternative
approach, and one that we argue is more suitable for manag-
ing urban watersheds. It is well understood that changes in the

amount of urban development affect the configuration of vegeta-
tion (Dorney et al., 1984; McDonnell et al., 1993; Simpson et al.,
1994), therefore, by examining differences in vegetation conditions
across an urban to rural gradient we capture the process through
which urban development changes landscape conditions. Unlike
the total impervious area (TIA) metric often used to characterize
land cover conditions, vegetation amounts and configurations can
be modified and manipulated in terms of amount or location in the
watershed. As a result, by examining vegetation amount and dis-
tribution we aim to provide urban planners and natural resource
managers with information about how to manipulate vegetation
amounts and distribution as one mechanism to mitigate the impact
of urban development on stream systems.

Using geographic information system (GIS) software (ArcGIS
9.1) we characterized vegetation amounts and distribution in three
steps. The first step involved delineating watersheds using a 10-
m digital elevation model (DEM). While urbanized watersheds
may not conform to the topographical form of a DEM, when this
study was conducted, limited data on stormwater infrastructure
and other artificial drainage systems were available. We classi-
fied land cover conditions for each watershed using a year 2000
Landsat Thematic Mapper® (TM) image (30m resolution). The
data were preprocessed to mosaic the two image swaths (path
46: rows 26-27, and path 47: rows 26-27) and corrected for the
effects of atmosphere and topography (Alberti et al., 2004). The
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Fig. 2. Characterizing riparian areas and drainage areas for each watershed—
provided example has three B-IBI points.

classification procedure created a four-class land cover system -
vegetation, grass/bare soil, impervious surface, or water - which we
assessed for consistency using high-resolution digital orthophotos.
We defined vegetation as containing canopied trees, and grass/bare
soil as shrubs, cleared soil and grass.

The second step involved use of a high-resolution digital
orthophoto (1 m resolution) (King County, 2000), and the same
year 2000 Landsat Thematic Mapper® image (30 m resolution) to
characterize riparian land cover. This localized riparian zone con-
sisted of a 100 m buffer adjacent to the stream channel (Washington
State Department of Ecology’s recommended ‘buffering’ distance)
and an upstream reach length of 500 m from the sampling point.
Although this uniform approach does not reflect differences in the
size of the watersheds, the distances upstream and adjacent to the
sampling point are consistent with theories that describe river sys-
tems as hydrologically connected through longitudinal, lateral, and
vertical dimensions (Vannote et al., 1980; Ward and Elliot, 1995;
Naiman and Decamps, 1997; Strayer et al., 2003). Each drainage
basin is hierarchically nested, containing multiple sampling points
per stream channel with the lowest sampling point capturing all
upstream points (Fig. 2). Each localized riparian zone was classified
using a 5m by 5m grid (ArcInfo 8). We then hand-digitized each

Table 1

grid cell into four land cover categories to match the watershed
land cover classification. Once digitized, we compared our land
cover classification to a high-resolution photograph of the same
region and ensured at least a 95% accuracy assessment in our local-
ized classification scheme. For each study basin, we calculated the
percent of riparian and watershed vegetation (Table 1).

In our third and final, step we quantified the fragmentation of
vegetation in the riparian zones and watersheds using FRAGSTATS
(McGarigal et al., 2002). Studies in the field of landscape ecol-
ogy offer several metrics for quantifying the fragmentation of land
cover, and based on prior analysis we identified two landscape met-
rics that accurately describe the total amount and fragmentation of
vegetation. Accordingly, we selected the composition metric “per-
cent land” to describe the amount of vegetation relative to other
land cover categories. For describing the fragmentation of vegeta-
tion, we used the aggregation index (Al; Turner and Gardner, 1991;
Jaeger, 2000). Al of vegetation measures the number of adjacent
pixels in relation to the maximum possible adjacencies, assum-
ing vegetation would constitute a single aggregated patch (He et
al., 2000; Jaeger, 2000). We applied the two metrics to all land
cover categories in order to provide a quantitative description of
watershed and riparian vegetation.

2.3. Sampling macroinvertebrates and B-IBI development

We conducted instream biological sampling at several points
along the riparian corridor of the eight study streams, totaling 51
monitoring sites (see Table 1 for sampling intensity). The sam-
pling occurred between August and September in 2003 and 2004,
when stream flows were stable and low, taxa richness was high, and
the field crew had relatively easy access to sites (Fore et al., 1996;
Morley and Karr, 2002). We used standard protocols for monitor-
ing macroinvertebrates in Puget Lowland streams (Karr and Chu,
1999; Morley, 2000). At each site a Surber sampler (500-m mesh,
0.1 m? frame) was used to collect three samples along the mid-
line of a single riffle (all three samples for each instream sampling
site occurring no more than 10 m apart). In the field, each sample
was strained through a 500-pm soil sieve, mineral material picked
through and discarded, and the remaining sample preserved in a
solution of 70/30 ethanol/water.

When samples were taken to the lab for identification, inver-
tebrates were separated from the mineral and organic debris,
identified, and counted. In this manner, each sample was processed
and identified separately without compositing or sub-sampling
(following Kearns and Karr, 1994; Karr and Chu, 1999; Doberstein
et al., 2000). Insect nymphs and larvae, the majority of benthic
samples, were identified to genus where practical (exceptions:
Capnidae, Ceratopogonidae, Chironomidae, Dolichopodidae, Dystisci-
dae, Leucridae, Phoridae, and Sciomyzidae). Non-insect taxonomic
identification varied from family to phylum. Other non-benthic
invertebrates, pupae, and terrestrial adults were excluded from
sample analysis. Across all study sites, the average abundance
among replicates was 783 and median abundance 704.

Name of study basins with respective attributes, including basin area, amount of riparian and watershed vegetation and sampling intensity.

Study basin Area (km?) Amount of riparian vegetation (%) Amount of watershed vegetation (%) Number of sampling sites
Pipers Creek 10 70 27 3
Thornton Creek 25 28 24 4
Swamp Creek 20 40 38 9
North Creek 55 15 46 9
Little Bear Creek 40 43 69 9
Big Bear Creek 61 84 69 7
Rock (Cedar) Creek 35 87 96 5
Rock Creek 31 67 85 5
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Table 2
Puget lowland B-IBI scoring criteria. Scoring criteria are based on protocol first
described by Karr and Chu (1999).

Metric
1 3 5
Taxa richness and composition
Total number of taxa [0, 20) [20, 40] >40
Number of Ephemeroptera (mayfly) taxa [0, 4] (4, 8] >8
Number of Plecoptera (stonefly) taxa [0, 3] (3,7] >7
Number of Trichoptera (caddisfly) taxa [0,5) [5,10) >10
Number of long-lived taxa [0,2] (2,4] >4
Tolerance
Number of intolerant taxa [0,2] (2,3] >3
% of individuals in tolerant taxa >50 (19, 50) [0, 19]
Feeding ecology
% of predator individuals [0, 10) [10, 20) >20
Number of clinger taxa [0, 10] (10, 20] >20
Population attributes
% dominance (top 3 taxa) >75 [50, 75) [0, 50)

The taxonomic analysis provides the information for develop-
ing a multi-metric called the Benthic Index of Biotic Integrity (Karr,
1991). Taxa richness, relative abundance, tolerance, and inverte-
brate life history information were used to calculate B-IBI scores
for each study site. Following procedures first outlined for fish
(Karr et al., 1986), and later for invertebrates (Fore et al., 1996;
Kearns and Karr, 1994; Kleindl, 1995; Morley, 2000), raw scores
from the three replicates were averaged for each of the 10 metrics.
While averaging the three replicates reduces the total informa-
tion available in the site, this approach allowed us to compare
across all sites. Based on deviation from reference conditions and
previously established scoring criteria for Puget Lowland streams,
metric scores of one, three, or five were then assigned to the raw
metric values (Table 2). The 10 metrics scores were summed to
provide a site and time specific B-IBI score, ranging from 10 to
50. One advantage of the B-IBI is that it provides a single num-
ber describing the biological condition of the stream at a given
location that can be used by urban planners and natural resource
managers for long-term monitoring and management of stream
systems.

2.4. Data analysis

We used Pearson’s correlation coefficient (r) to analyze rela-
tionships between watershed and riparian vegetation for all 51
sub-basins in the study region. Although these are not indepen-
dent variables (i.e., smaller spatial units are incorporated within
larger spatial units), we used correlation as a descriptive measure
of the relative strengths of relationships. Correlation analysis was
also used to determine relationships between vegetation pattern
variables and B-IBI scores. Since we know that percent watershed
vegetation is an important variable, we developed a hierarchical
model starting with percent watershed vegetation and tested the
significance of entering the fragmentation variable. Once added,
we compared it to the percent vegetation metric using adjusted
R? and the akaike information criterion (AIC). We then calcu-
lated the partial correlation coefficient for both the composition
and fragmentation metric to see how much additional variance
it explains over percent vegetation alone. To address issues of
multicollinearity we performed a correlation analysis among the
variables and estimated the variance inflation factor (VIF). While
VIF values were high, they were still under the generally accept-
able limits (max<10). Since high multicollinearity leads to high
covariance between regression coefficients of the related variables,

it is difficult to separate out the effects of each variable and can
create unstable coefficients. This requires particular caution in
interpreting the results. All independent variables were normally
distributed, and the percent vegetation cover and Al values were
transformed using arcsin square root.

Since whole-watershed vegetation amount and fragmentation
may provide a dominant influence on macroinvertebrate assem-
blages, we asked how strong the evidence was that the amount and
fragmentation of riparian vegetation influenced B-IBI, and whether
that influence was dependent on the amount and fragmentation
at the watershed scale. To address this question, we removed (or
masked) the riparian areas from the larger contributing watershed
when analyzing the relative contribution of riparian and watershed
land cover. We also examined separate plots of percent vegetation
in local riparian zones versus percent of watershed vegetation to
determine if we had sufficient data (e.g., sites with high and low
percent vegetation in watershed and riparian areas). A similar diag-
nostic analysis was also conducted using vegetation fragmentation
indices for riparian and watershed areas.

We used a parametric regression and non-parametric
analysis to examine the role of riparian and watershed
vegetation in explaining instream biological conditions. To
reduce the effects of multicollinearity, simple and multiregres-
sion models were developed with minimal correlation across
all studied watersheds (r<0.7, P>0.1). Several diagnostics (see
description below) were also employed to ensure independence of
observations. We used an additive and interactive combination of
watershed and riparian vegetative cover to create several multiple
regression models. We plotted regressions for the best supported
models for each vegetation pattern variable and B-IBI.

To ensure that the strongest model sufficiently addressed the
assumptions of a regression model, we examined two additional
relationships. The first relationship measured the unstandard-
ized residuals of independent variables against the B-IBI values
and the second relationship measured residuals versus pre-
dicted values. Examining the residuals provided information on
assumptions about error terms and on the appropriateness of the
model.

To prevent effects from spatial autocorrelation in the vegetation
pattern variables we used a partial regression technique based on
non-parametric statistical procedures to examine the relationships
among. Several methods have been identified to assess spatial auto-
correlation in data, including Mantel’s r-test (Urban et al., 2002),
Moran’s I-test, and other methods (see Legendre and Legendre,
1998; Dutilleul et al., 2000). Mantel’s r-test is frequently used
(Smouse et al., 1986; Legendre and Legendre, 1998; Legendre, 2000;
Fortin and Payette, 2002; Urban et al., 2002), and is particularly use-
ful in testing spatial autocorrelation in stream systems (King et al.,
2005). We employed the approach used by King et al. (2005) using
R-Statistical Package (R Development Core Team, 2007) to asses the
independence of observations and the level of spatial autocorrela-
tion on the sample sites. The Mantel’s r-test is a partial regression
technique the uses the residuals of the independent variables and
the spatial [Euclidian] distance of sampling sites to calculate the
overall level of spatial autocorrelation among sampling sites. In
this study we employed a partial Mantel test which allows a com-
parison to be made among two variables while controlling for the
third. Accordingly, our approach allowed us to remove the varia-
tion in the B-IBI values and all independent variables expected due
to similarity in inter-site distances, and compare the unexplained
residuals of the B-IBI (that variation unrelated to spatial location)
with variation in residuals of the independent variables. As a result,
we assessed the associational relationship among the indepen-
dent variables and B-IBI while controlling the Euclidian distance
between sampling sites.
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3. Results

Results of the Pearson’s correlation analysis provided the basis
for examining the relationship between the amount and frag-
mentation of watershed and the amount and fragmentation of
riparian vegetation conditions. The amount of watershed vegeta-
tion and the fragmentation of that vegetation was highly correlated
(r=0.88, P<0.01), and the relationship between the amount of
watershed and riparian vegetation, while weak, was significant
(r=0.28, P<0.01). Because of the high correlation between these
watershed-wide variables, we developed seven distinct statistical
models for testing against the B-IBI: (1) percent of riparian forest;
(2) fragmentation of riparian vegetation; (3) percent and fragmen-
tation of riparian vegetation; (4) percent of watershed vegetation;
(5) fragmentation of watershed vegetation; (6) percent of riparian
and watershed vegetation; (7) percent of riparian vegetation and
fragmentation of watershed vegetation. The seven distinct models
allow a separation of variables that are correlated, and provide a
robust measurement of the impact of each independent variable
on B-IBI (Braak and Van Tongeren, 1995).

Scatter plots provided clues about the relationship between
independent variables and B-IBI (Fig. 3A-D). The x-axis on the plots
reflects transformed landscape metric values, while the y-axis rep-
resents the raw B-IBI scores which were used to develop seven
distinct statistical models. The results indicate a linear relationship
between independent vegetation pattern variables and B-IBI. The
percent of riparian forest had the strongest correlation (R% =0.56,
P<0.001), while at the watershed scale the fragmentation of water-
shed vegetation contained the strongest (R%=0.68, P<0.001). The
percent of watershed forest also suggested a strong relationship
(R? =0.59) with the fragmentation of riparian vegetation indicating
an insignificant relationship to B-IBI (R2=0.13, P=0.12).

The seven statistical models varied in their indication con-
cerning which vegetation metric most affect instream biological
condition (Table 3). Of the two riparian forest variables used to
predict the B-IBI score in Models 1-3 (Table 3), the riparian forest
amount and the riparian aggregation index were both significant
when taken individually (adjusted R%=0.56, P<0.001; adjusted
R%2=0.13, P<0.001). When combined (Model 3, Table 3), however,
the riparian fragmentation metric (Al) was no longer significant

Table 3
Seven distinct models for the relationship between riparian and watershed vegetation patterns and instream biological conditions (B-IBI).
Model Model number Parameters Standardized beta coefficient T-value Significance Adjusted R?
Riparian 1 Percent riparian forest 0.22 7.48 0.56
P Aggregation riparian forest 19.63 7.14 > 0.13
Combined riparian 3 Percent riparian forest 23.86 3.51 058
p Aggregation riparian forest -1.70 6.67 0.12 .
4 Percent watershed forest 19.46 2.45 0.59
Landscape .
5 Aggregation watershed forest squared 16.41 1.71 0.68
6 Percent riparian forest 13.09 2.23 077
Ripari dland Percent watershed forest 13.22 2.11 .
Iparian and landscape - Percent riparian forest 11.11 2.24 - 079
Aggregation watershed forest squared 11.60 1.68 .

™" Significance is <0.001.
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Table 4

Non-parametric analysis using Mantel’s test to describe the relationship between riparian and watershed vegetation conditions and B-IBI.

Dependent variable

No controls Control
Distance of sampling sites? Percent riparian forest? Basin forest aggregation index?
Mantel's r 0.49 0.44 0.45 0.45
Significance . . . .
2 B-IBL.
" P<0.001.

(adjusted R%=0.58, P=0.12) for any model including the fragmen-
tation of riparian vegetation. In the latter case the results were
not responsive possibly due to a minimum number of represen-
tative pixels. Since FRAGSTATS examines the adjacency of land
cover pixels to describe the degree of fragmentation, the fewer
pixels available in a study location, the higher the probability of
unresponsive or erroneous results (He et al., 2000; Jaeger, 2000).
The watershed alone and watershed combined with the riparian
vegetation (Models 4-7, Table 3) were all significant, with the
aggregation of watershed forest having the strongest relationship
(adjusted R? =0.67). Together the percent riparian vegetation and
watershed fragmentation of vegetation (Model 7, Table 3) explained
the greatest amount of variability in B-IBI across all study basins
(adjusted R? =0.79, P<0.001).

Neither of the diagnostics measuring the sufficiency of the
model or the independence of errors exhibited a systematic pat-
tern, suggesting that the model fits the data well. However, the
high degree of collinearity between watershed vegetation metrics
(e.g., percent of basin forest and basin forest aggregation index)
prevented, as in the previous regression analysis, the application of
a Mantel’s test that would include both variables at the watershed
scale. When controlling for the watershed-level influences sepa-
rately from the spatial distribution of sampling sites, the percent
of riparian forest remained significant with only a minor change
in the partial correlation value (Table 4). The correlation between
the amount and distribution of riparian and watershed vegeta-
tion described by the Mantel’s test corroborates results from the
parametric regression analysis.

4. Discussion

Our study emphasized the measurement of spatial vegetation
patterns — as defined by amount and fragmentation of vegeta-
tion - across riparian and watershed scales. We can reject our
first null hypothesis because the percent of riparian vegetation
was significantly correlated to instream biological conditions, while
controlling for amount of watershed vegetation. Alternatively, the
distribution of riparian vegetation, as characterized here by riparian
Al did not remain significant when considered with watershed veg-
etation. In addition, results from Model 7 (Table 3) and the Mantel’s
test (Table 4) suggest that the percent of riparian forest was signif-
icant, even when holding both the amount of basin vegetation and
aggregation of watershed vegetation constant.

The second null hypothesis stated that fragmentation of upland
vegetation is not related to instream biological conditions. Since
both the simple regression between the fragmentation of veg-
etation (as described by Al and B-IBI) and the multiregression,
consisting of riparian vegetation amounts and fragmentation, pro-
vided the strongest correlation with instream biological conditions,
we can reject the second hypothesis. However, the high level of
collinearity in the relationship between the percent of watershed
vegetation and the aggregation of vegetation did not allow con-
firmation of the relationship between fragmentation and B-IBI.
To assess unequivocally whether the fragmentation of vegetation

explained instream biological conditions would have required com-
paring watersheds with equal amounts of vegetation and variable
levels of aggregation—a phenomenon that is difficult to find due to
the spatial patterning of urban developments.

Our findings confirm a strong relationship between the amount
of riparian and watershed vegetation and instream biological con-
dition as demonstrated in previous studies (Richards and Host,
1994; Allan et al., 1997; Lambert and Allan, 1999; Wang et al.,
2001; Dovciak and Perry, 2002; Fausch et al., 2002; Roy et al.,
2003, 2007). Our results also suggest a need to further explore
the role of vegetation fragmentation as it affects macroinvertebrate
assemblages, and that the combination of the amount of riparian
vegetation and contiguity of upland vegetation best explains the
greatest variation of B-IBI scores in the study region. While other
authors have suggested extending the reach of BMPs to include
watershed-wide measures such as impervious surface limits on
development (Schueler, 1994; May et al., 1997), little attention has
been given to the role of the aggregation of forest patches by land
use planners.

Current watershed management relies on BMP approaches,
including containment of runoff from roads and bridges, stormwa-
ter detention systems, and riparian buffers. These strategies involve
isolated conservation measures where areas are considered local-
ized ‘hot-spots’ or environmentally sensitive areas (Francis et al.,
2004). Land use regulations in upland areas of the watershed con-
tinue to permit activities which fragment forest patches—practices
that are not allowed along riparian corridors (Randolph, 2004).
Even with large buffers along all portions of a stream, an absence
of contiguous forest in the upland areas may not be sufficient in
protecting instream biology from urban development. For exam-
ple, decisions about the placement of road networks can impact
the configuration of forest patches in upland areas by fragmenting
previously contiguous forest patches (Forman et al., 2002). Address-
ing multiple scales of management may allow land use regulations
to move beyond the piece-meal, parcel-based approach that cur-
rently governs urban landscapes to one that considers regional (or
ecological boundary-based) approaches to managing watersheds
(Linehan et al., 1995; Johnson et al., 1999). Watershed management
regulations that target the configuration of upland forests (e.g.,
distribution, location) may provide a means to begin examining
a broader-scale approach to managing urban watersheds.

While our study does not address mechanisms through which
the fragmentation of upland vegetation affects instream biologi-
cal conditions, these results do suggest that multiple mechanisms
may be operating at the different scales to affect aquatic conditions.
Urban development has the twofold effect of breaking formerly
contiguous patches of forest and introducing impervious surfaces.
As a result, runoff frequency, volumes, and peak flow rates increase,
while stream channels respond by increasing their cross-sectional
area to accommodate the higher flows—through widening their
stream channels, down-cutting their streambeds, or both (Lenat
and Crawford, 1994; Boyer et al., 2002). In turn, changes to the
benthic substrates, dissolved oxygen levels, sediment loading and
bank erosion, and pollutant loading impact aquatic biota (Naiman
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and Decamps, 1997; Naiman and Bilby, 1998; Hession et al., 2003;
Palmer et al., 2000). Moreover, due to the loss of upland tracts of for-
est, flows are concentrated and less likely to be dispersed within the
riparian area greatly reducing the potential for pollutant removal by
riparian vegetation (Dillaha et al., 1989). Explicitly exploring which
mechanisms explain these results could add important insight to
this research.

Because environmental characteristics influence the aquatic
systems through mechanistic pathways operating at multiple spa-
tial and temporal scales, understanding the structure and dynamics
of macroinvertebrate communities in streams, including their
responses to human disturbance, requires caution when interpret-
ing results. Vegetation pattern is one of five factors (Karr, 1999)
associated with instream biological integrity and cannot account
fully for the complexity of factors that explain the variability in
biota. For example, streams with greater percentage of forest are
likely to also have channel morphology that dictates improved habi-
tat for benthic invertebrates. Since watershed and riparian forests
is partially related to channel form (Naiman and Decamps, 1997;
Allan, 2004), further research is required to assess the extent of the
affect of channel form and the other factors on instream biological
conditions.

In addition, in urban watersheds riparian vegetation is often
difficult to increase due to the fact that these areas are predom-
inately in private land holdings, and land owners are varied in their
preferences for increasing vegetation amounts (Shandas, 2007).
Associational studies are limited because they cannot exclude
potential confounding variables or prove causation, nor can they
explicitly identify what mechanisms operate at multiple scales.
We can only suggest that known hydrologic, geomorphologic, and
chemical mechanisms can explain the relationship between vege-
tation and macroinvertebrate assemblages (Pratt et al., 1981; Poff
and Ward, 1989; Lenat and Crawford, 1994; Quinn and Hickey,
1994; Clausen and Biggs, 1997; Dole-Olivier et al., 1997). Also, we
do not consider other biological interactions occurring within the
stream or adjacent riparian areas, such as which specific vegeta-
tion characteristics (e.g., species composition, age) impact aquatic
condition.

In heavily urbanized and urbanizing watersheds, removal of
impervious surfaces may pose formidable challenges, and be
prohibitively expensive (Kaiser et al., 1995). As an alternative
watershed management approach, manipulation of vegetation by
connecting fragmented patches of forest may help regulate runoff
frequency, volumes, and peak flow rates across the whole water-
shed, and, as a result, provide a means for improving watershed
health without the formidable challenges associated with removal
of impervious surfaces. While the amount of vegetation and imper-
vious surface may be correlated at the watershed scale, by focusing
on the vegetation in watershed, environmental planners work at
the parcel scale and can affect the location of vegetation through
numerous land use planning tools. Several mechanisms in envi-
ronmental planning enable connecting fragmented patches of
vegetation if the land is owned by a private party, including: out-
right purchase, conservation easements, purchase of land with
leaseback, lease, or undivided interest (Trust for Public Land, 2002).

5. Conclusions

A result of the urbanization process is the fragmentation of pre-
viously contiguous patches of vegetation (Paul and Meyer, 2001).
Much of our understanding of the impact of vegetation fragmenta-
tion on ecosystems has focused on the demographic effects on bird
and mammal populations (Ambuel and Temple, 1983; Freemark
and Collins, 1992; Robinson et al., 1995; Tewksbury et al., 1998).

By building on such research, this study examines the role of for-
est fragmentation on aquatic conditions. Quantifying the role of
both the riparian and upland areas of 51 nested watersheds in the
Puget Lowland, we identified the role of vegetation amount and
distribution that may have adverse affects on aquatic condition.

This study provides empirical evidence for the joint influence of
upland and riparian conditions on stream biotic conditions. While
we cannot provide watershed managers with specific standards
and thresholds for developing policies aimed at protecting urban
watersheds, these findings indicate: (1) the further research into
the hydrologic relationship between upland and riparian areas; and
(2) the need for urban and regional planning agencies to account for
both the vegetation amount and distribution within the watershed.
We hope that these results provide a critical lens to view current
watershed planning practices in urbanizing regions by demon-
strate the importance of linking watershed management with land
use planning at the local and regional scale. Future studies should
closely examine the mechanisms linking whole-watershed with
riparian vegetation distribution so that a better understanding of
how and where to emphasize aquatic protection measures can
emerge.
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