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Judging a Brook by its Cover:
The Relation Between Ecological Condition of a Stream
and Urban Land Cover in New England

James F. Coles™”, Thomas F. Cuffney?, Gerard McMahon?,
and Cornell J. Rosiu®

Abstract - The US Geological Survey conducted an urban land-use study in the New
England Coastal Basins (NECB) area during 2001 to determine how urbanization re-
lates to changes in the ecological condition of streams. Thirty sites were selected that
differed in their level of watershed development (low to high). An urban intensity
value was calculated for each site from 24 landscape variables. Together, these 30
values reppresented a gradient of urban intensity. Among various biological, chemi-
cal, and physical factors surveyed at each site, benthic invertebrate assemblages
were sampled from stream riffles and also from multiple habitats along the length of
the sampling reach. We use some of the NECB data to derive a four-variable urban-
intensity index (NECB-UII), where each variable represents a distinct component of
urbanization: increasing human presence, expanding infrastructure, landscape devel-
opment, and riparian vegetation loss. Using the NECB-UII as a characterization of
urbanization, we describe how landscape fragmentation occurs with urbanization and
how changes in the invertebrate assemblages, represented by metrics of ecological
condition, are related to urbanization. Metrics with a strong linear response included
EPT taxa richness, percentage richness of non-insect taxa, and pollution-tolerance
values. Additionally, we describe how these relations can help in estimating the
expected condition of a stream for its level of urbanization, thereby establishing a
baseline for evaluating possible affects from specific point-source stressors.

Introduction

The likelihood that urbanization of a watershed will cause some de-
gree of impairment to the receiving stream is generally acknowledged
by land planners and ecologists, but ways in which an aquatic system
responds and the level of urbanization at which responses occur are not
always understood (cf. Karr and Chu 1999, Paul and Meyer 2001, Pickett
et al. 2008, Schueler 1994, Walsh et al. 2005). In an urbanizing area, it
may not be apparent which particular features of landscape alteration are
the primary causes of ecological impairment to a stream. Alternatively,
when biological, physical, or chemical characteristics are used to assess
the condition of a stream, interpretations of the changes in these charac-
teristics are more precise when ways in which they relate to urbanization
are understood.
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USGS urban land-use studies

From 2000 to 2004, the US Geological Survey (USGS) National Water-
Quality Assessment (NAWQA) program conducted urban land-use studies
to determine the effects of urbanization on stream ecosystems; these urban
studies focused on nine major metropolitan areas across the US, each as-
sociated with a different physiographic region (Couch and Hamilton 2002,
Tate et al. 2005). The main objective of the studies was to gain a better
understanding of how urbanization affected stream ecosystems in a nation-
ally consistent manner by investigating the relation of urban intensity to
the biological, chemical, and physical condition of streams. The New Eng-
land Coastal Basins (NECB) region is a designated USGS study area that
includes most of Rhode Island and the eastern drainages of Connecticut,
Massachusetts, New Hampshire, and southern Maine. The NECB study area
includes metropolitan Boston, as well as some of the least-developed areas
in the eastern US (Ayotte and Robinson 1997). Consequently, the NECB
study area was one of the nine regions selected for an urban study. Details of
the NECB urban study are described in a USGS Professional Paper (Coles
et al. 2004), a summary of which is given below to provide the context for
the current paper. (Reports on the NECB study unit that are referenced in
this paper may be found online at http://nh.water.usgs.gov/projects/nawqa/
nawgaweb.htm.)

The NECB urban study was based on a network of sites consisting of 30
watersheds and their streams that were within 130 km from Boston, MA.
All sites were within US Environmental Protection Agency (USEPA) Ecore-
gion 59 (Northeastern Coastal Zone; Omernik 1987) and, additionally, were
within a select group of US Forest Service (USFS) ecological subsections
(Keys et al. 1995). The purpose of restricting the network of sites by these
ecologically defined areas was to help increase the certainty that differences
among sites could be attributed to urbanization rather than to natural vari-
ability. The sites were further standardized by selecting third- to fifth-order
streams and delineating sampling reaches that were about 150 m long with
similar physical-habitat characteristics.

The level of urbanization was quantified for the 30 sites using a gradient
of urban intensity that collectively represented urbanizing watersheds by
substituting spatial for temporal variability. The gradient of urban inten-
sity was derived from 24 landscape variables that were related to different
urban-associated changes in the watersheds. These variables were selected
from datasets that characterized watersheds by three distinct categories:
basin land cover, human demography, and basin infrastructure. The basis of
selection was that a variable was correlated strongly to population density
(Spearman’s |rho| > 0.600), but correlated relatively weakly to watershed
size (Jrho| < 0.400). The 24 variables were then equally weighted for use
in the gradient of urban intensity, which was then standardized over the 30
study sites from 0 to 100 to represent the lowest to highest levels of urban
intensity across the sites (McMahon and Cuffney 2000).
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The gradient of urban intensity derived for the NECB study was ref-
erenced in Coles et al. (2004) as an a priori urban-intensity index (Ull),
but it was used primarily to identify relations between urbanization and
biological, physical, and chemical characteristics of streams. It was not
designed to assign an urban-intensity value to watersheds within the
NECB area beyond the original study sites. However, because the a priori
Ull had been shown to effectively characterize urbanization, it was rela-
tively simple to derive an index to measure the urban intensity for other
watersheds in the NECB area. Deriving the NECB urban intensity index
(NECB-UII) required two steps. First, the a priori urban gradient was
cumbersome with 24 variables, but this number could be reduced by re-
moving the less-relevant and redundant variables so that the NECB-UII
would use only a few variables and still function effectively. Second,
because the a priori urban gradient was scaled to function only with the
original 30 study sites, formulation of the NECB-UII would require that
the relation be expressed in a mathematical model for use in quantifying
urbanization at other sites.

Quantifying relations to urbanization

In a review of different approaches to rural land-use planning and
conservation, Theobald et al. (2005) described the need for developing
environmental indicators that are applicable to local planning efforts.
USEPA (2005) guidance for managing nonpoint source pollution in ur-
banizing areas acknowledges that indicators for monitoring urban effects
vary by region and need to be specified. The guidance further defines
ecological measures needed for effective management of nonpoint pol-
lution, including characterizations of watershed conditions, and reliable
biological, physical, and chemical indicators for use in monitoring the ef-
fects of urbanization.

Objectives of our paper are to use data from the NECB urban study to
(1) determine the general landscape changes that are related to urbaniza-
tion in the region, (2) derive an NECB-UII to quantify urbanization in the
watersheds, and (3) identify invertebrate-based metrics of ecological condi-
tion that are related to urbanization. Additionally, a procedure is described
to estimate the expected ecological condition of a stream for a given level
of urban intensity, based on previously defined relations between urbaniza-
tion and invertebrate indicator metrics in the region. This approach would
have applications in ecological assessments of streams where it would be
difficult to assign impacts to a specific disturbance when compared to the
overall effects from watershed development (Rosiu and Coles 2005). For
example, when an ecological assessment is conducted at a site, invertebrate-
assemblage metrics from the site could be compared to values expected for
the level of urbanization. Professional judgment could then be used to decide
if differences between actual and expected values infer a degraded stream
condition caused by a local disturbance (e.g., point source).
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Methods

The 30 sites for the New England Coastal Basins (NECB) urban study
were selected during 1999 to represent a gradient of urban intensity from low
to high values, while ensuring that in-stream natural features were constant
among sampling reaches. Criteria for a sampling reach were that the stream
was free-flowing for at least 150 m with some riffles, had no sign of recent
human disturbance, and had well-defined banks with at least 50% mature
vegetation cover. With metropolitan Boston MA, as the primary urban
area, the sites collectively represented a gradient of urbanizing watersheds
(Fig. 1, Table 1).

Biological assemblages were sampled from August 1 to September 1,
2000. Semi-quantitative samples of aquatic invertebrates were collected
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Figure 1. Site locations for the New England Coastal Basins (NECB) urban gradi-
ent study and their association with the USEPA Level 111 Ecoregion and the USFS
Ecological Subsection.
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with a Slack sampler (0.25-m? area, 425-micron net) from five riffle areas in
each sampling reach, which were composited and designated as the richest
targeted habitat (RTH) sample. A qualitative multihabitat (QMH) inverte-
brate sample was also collected with a 212-micron mesh dipnet by sampling
various microhabitats along the 150-m sampling reach (Cuffney et al. 1993).
The RTH data were expressed as relative abundances. Additional taxa identi-
fied in the RTH sample but not found in the QMH sample were included in

Table 1. Location of the urban land-use sites, area of their watersheds, and values of the New
England Coastal Basins urban intensity index (NECB-UII). Site number corresponds to site
location on Fig. 1. WA = watershed area (km?), Ull = NECB-UII value.

USGS Site Site

Station code # Site name and location WA Ul
Maine
01072540 LIME 1 Little River near Lebanon 458 13.6
01072650 GREA 2 Greatworks River near North Berwick 60.2 234
New Hampshire
01072845 ISIN 3 Isinglass River at Batchelder Road near center 59.4 18.7
Strafford
01072904 BELL 4 Bellamy River at Bellamy Road near Dover 68.5 28.2
01073260 LAMP 5 Lamprey River at Cotton Road near Deerfield 83.1 14.6
01073458 NORT 6 North River at Rt 152 near Nottingham 749 175
010734833 LINH 7 Little River at Cartland Road at Lee 52.2 19.3
01089743 LSUN 8 Little Suncook River at Blackhall Road at Epsom 101.4 23.2
01090477 BLAB 9 Black Brook at Dunbarton Road near Manchester 53.7 16.9
01094005 BABO 10 Baboosic River at Bedford Road near Merrimack 73.0 241
010965852 BEAV 13 Beaver Brook at North Pelham 121.7 49.7
Massachusetts
01095220 STIL 11 Stillwater River near Sterling 78.7 21.0
01096544 STON 12 Stony Brook at School Street at Chelmsford 107.7 43.4
01096710 ASSA 14 Assabet River at Allen Street at Northborough 76.4 51.0
01096945 ELIZ 15 Elizabeth Brook off White Pond Road near Stow 485 28.4
01097270 FORT 16 Fort Pond Brook at River Road near South Acton 53.7 36.6
01097476 SUDB 17 Sudbury River at Concord Street at Ashland 89.6 40.3
01101500 IPSW 18 Ipswich River at South Middleton 115.3 63.7
01102345 SAUG 19 Saugus River at Saugus Ironworks at Saugus 60.4 96.7
01102500 ABER 20 Aberjona River (head of Mystic River) at 65.1 10.9
Winchester
011032058 CHAR 21 Charles River at Maple Street at North Bellingham 54.4 552
01105000 NEPO 22 Neponset River at Norwood 849 57.3
01105500 ENEP 23 East Branch Neponset River at Canton 729 66.6
01105581 MONA 24 Monatiquot River at River Street at Braintree 71.2 80.0
01106468 MATF 25 Matfield River at North Central Street at East 79.8 93.1

Bridgewater
01109000 WADE 26 Wading River (head of Threemile River) near Norton 113.4 39.3

01109595 MIDD 27 Middle River off Sutton Lane at Worcester 124.7 57.6
01110000 QUIN 28 Quinsigamond River at North Grafton 66.2 80.9
01112262 MILL 29 Mill River at Summer Street near Blackstone 73.7 315

Connecticut
01193340 BLAL 30 Blackledge River above Lyman Brook near North 49.2 2438
Westchester
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the QMH dataset. The final QMH dataset, therefore, expressed overall as-
semblage richness along the sampling reach.

Addition data collected included fish and invertebrate-assemblage data,
habitat data, water-chemistry data, and stream-stage and water-temperature
data monitored continuously over about a year. These data are not dis-
cussed in detail, but it is important to specify that there was relatively little
variance among sites in the habitat data. This result confirms that the study-
design objective for heterogeneity among sampling reaches was successful,
and that ecological condition of the streams could be related to watershed
features with greater certainty. See Coles et al. (2004) for further details on
these data.

Selecting variables for the NECB-UII

The 24 landscape variables originally used in the NECB urban gradient
were evaluated by principal component analyses (PCA) to identify a smaller
set of variables that could define urbanization. By the nature of PCA, a vari-
able strongly associated with urbanization would have a strong loading value
(factor score on the first ordination axis) and a high fit statistic (correlation
along the first ordination axis). Additionally, variables in the reduced set
were categorized by specific but different aspects of urbanization: basin
land cover, human demography, and basin infrastructure. We considered that
including variables representing each of these categories was important for
the NECB-UII so that it would function as a proxy for many urban-related
changes. Therefore, the NECB-UIIl would be a more comprehensive rep-
resentation of urban intensity than any single variable and likely be more
responsive to various disturbances.

Variables selected for the NECB-UII required scaling coefficients before
they could be expressed collectively in a model used for calculating the
urban intensity of watersheds. The scaling coefficient for each variable was
its regression-line slope that was determined from the first-order (linear)
equation of the scaled values (0-100) over the raw values for the original
30 study sites. The scaling coefficients could then be used in the NECB-UII
to determine the urban intensity for any site by multiplying values of the
landscape variables by their scaling coefficients, then finding the average of
the products.

Identifying the effects of urbanization

The general change to the landscape from urbanization in the region was
evaluated using correlations of the NECB-UII to land-cover patch statistics.
Patch in this context represents a discrete area of homogeneous land cover
that is differentiated by discontinuities with the adjoining patches. Patch
density (the number of patches in a given area) analysis was done using
FRAGSTATS (McGarigal and Marks 1995) to determine the extent that the
landscape fragments as forested and developed land change in relation to
urban intensity.
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To evaluate the relations of invertebrate RTH (quantitative) and QMH
(qualitative) assemblages to urbanization, each dataset was first analyzed
with correspondence analyses (CA), and the resulting first-axis site scores
were correlated with the NECB-UII. Invertebrate metrics that were previ-
ously found to respond to urban intensity (i.e., |[rho| > 0.7; Coles et al. 2004)
were correlated with the NECB-UII. Included were metrics of abundance,
richness, diversity, dominance, functional groups, and tolerance, which are
commonly used in stream bioassessments (Barbour et al. 1999, Davis and
Simon 1995, Rosenberg and Resh 1993).

The USGS Invertebrate Data Analysis System (IDAS; Cuffney 2003)
was used to resolve taxa ambiguities in the invertebrate data and to calcu-
late the invertebrate metrics. Tolerance and functional-group metrics were
calculated in IDAS with attribute data from the USEPA Rapid Bioassess-
ment Protocol (Barbour et al. 1999). The multivariate ordinations were
done with CANOCO 4.0 (ter Braak and Smilauer 1998). The correlations,
regressions and scatterplots were done with SYSTAT 8 (SPSS 1998).
Spearman correlation coefficients > 0.7 (|rho|, absolute value) were consid-
ered ecologically relevant.

Results

Deriving the urban intensity index

PCA results indicated how strongly each of the 24 landscape variables
contributed to the a priori urban gradient. First-axis loading values from
the PCA ranged from 0.535 to 0.977, and fit statistics ranged from 0.286 to
0.955. Of the variables, seven had loadings and fit statistics that were 0.9
or greater and these were deemed candidates for the Ull (Table 2). Candi-
date variables were judged as to how they were related to fundamentally
different landscape changes associated with urbanization. This process was

Table 2. Variables from the a priori urban gradient that were identified as candidate variables
for the New England Coastal Basins urban-intensity index (NECB-UII). Loading values and fit
statistics are results from PCA ordination axis-1, and indicate the relation of each variable to
the urban gradient. Variables with an “*” were used in the NECB-UIl. NLCD, National Land
Cover Data.

Loading  Fit

Variable Description value statistic

ROADDEN*  Road density in watershed [road length (km)/watershed 0.975 0.950
area (km?)]

pBUF_2 Percentage of stream buffer (120 m outward from banks) 0.948 0.900
in developed land cover

pBUF_4* Percentage of stream buffer (120 m outward from banks) 0.950 0.903
in forest land cover

pNLCD_2* Percentage of watershed in NLCD “level 1” category: 0.970 0.940
developed

pNLCD_4 Percentage of watershed in NLCD “level 1” category: forest 0.977  0.955

pNLCD_21 Percentage of watershed in low-intensity residential 0.958 0.917

POP99DEN*  Population density, 1999, people per hectare 0.953 0.909
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useful for avoiding strong variable redundancies as well as defining vari-
ables that would contribute to a comprehensive urban-intensity index. First
excluded was pNLCD_21 because it represents a highly specific land-cover
category that was inclusive with the general category pNLCD_2. Variables
for developed and forested land cover had a strong inverse relation (r? =
0.954). Therefore, the land-cover associations of pPBUF_2 to pBUF_4 and
of pNLCD_2 to pNLCD_4 were redundant, and consequently, only one
variable from each of these couplets would be considered a candidate for
the NECB-UII.

Each candidate variable was standardized over its range, and various
combinations of the variables were evaluated for the NECB-UII. Based on
the two-tiered procedure to identify variables by PCA that strongly related
to the a priori urban gradient, and that also represented specific aspects of
urbanization, variables selected were ROADDEN, pBUF_4, pNLCD_2,
and POP99DEN. The NECB-UII derived from these four variables was
strongly related to the a priori urban gradient (r*> = 0.966), and by advan-
tage of the four variables, would relate to the extents of infrastructure, loss
of stream buffer, watershed development, and human predominance on
the landscape. Additionally, when 21 invertebrate metrics were correlated
to the NECB-UII and to the a priori urban gradient, the coefficients were
overall slightly stronger with the NECB-UII (average |rho] = 0.860 and
0.849, respectively).

At this stage of development, the NECB-UII was still scaled only among
the study sites, as was the a priori urban gradient. However, by regressing
the absolute values against the scaled values of each variable, scaling coef-
ficients were determined so that the NECB-UII could be expressed by the
following equation:

NECB-UII = ([(ROAD*12.5) + (BUFF%%*1.74) + (DEV%*1.53) +
(POP *8.09)]*0.25),

where ROAD = road density (road length [km] / watershed area [km?]),
BUFF% = percentage stream buffer not in forest land cover (NLCD level 1),
DEV% = percentage watershed in developed land cover (NLCD level 1), and
POP = population density, people per hectare (US census data).

A consequence of this equation for the NECB-UII is that the urban-
intensity values across the 30 study sites change from 0 to 100 to a range
from 13.6 to 111. For example, the least urbanized site in the study (LIME;
Table 1) has a NECB-UII value of 13.6 instead of zero, because a zero value
would now represent a hypothetical site with no development.

Fragmentation of the landscape from urbanization

The predominant effect of urbanization on the landscape of the region
was the general loss of forest cover with encroaching development (Coles
et al. 2004). However, this shift was not a simple one-to-one parcel re-
placement of forested land by developed land, as determined when the
changes in patch densities of the two land-use categories were compared.
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There was a linear increase in patch density (number of patches per area)
of forested land with increased urban intensity (rho = 0.941, Fig. 2a).
Concurrently, the average patch size decreased with urban intensity (rho
= -0.975), indicating that forests are lost from urbanization as they frag-
ment into smaller patches.

Patch density of developed land shows a different response pattern
(Fig. 2b). Over the urban-intensity gradient, the average patch size of de-
veloped land increases consistently (rho = 0.952), but the number of the
patches increases only to a NECB-UII value of about 40 (rho = 0.872).
Above this value, patch density decreases with urban intensity (rho =
-0.859). These results suggest that urbanization of a forested watershed
begins with a few isolated small communities and that the number of
communities increases with urbanization only to a certain level. As urban
intensity continues to increase, communities appear to be coalescing into
fewer but larger towns and cities, which results in a decrease in the number
of developed-land patches. Forested land, however, continues to become
more fragmented with increasing urban intensity, possibly due in part to
concurrent increase in road density.

Invertebrate assemblage relations to urbanization

There were 294 invertebrate taxa identified in the samples collected from
the 30 sites. The CA ordinations of invertebrate data resulted in primary-
axis eigenvalues of 0.350 for the RTH data and 0.324 for the QMH data,
indicating that both datasets had strong patterns of assemblage structure.
Furthermore, site scores from the RTH and QMH data ordinations were
strongly correlated to the NECB-UII (RTH, |rho] = 0.893; QMH, |rho| =
0.909) and they were relatively linear over the responses (Fig. 3A, B).

Several of the invertebrate metrics of structure and function that
are commonly used in biomonitoring programs were correlated to the
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Figure 2. The relations between patch density of land cover and urban intensity
(NECB-UII). (A) Patches of forest vs. NECB-UII, rho = 0.941. (B) Patches of devel-
oped land vs. NECB-UII, rho = 0.872 for the increasing response and rho = —-0.859
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NECB-UII. Of approximately 100 metrics tested, those based on taxa
richness generally showed a stronger response than metrics based strictly
on abundance. These results indicated that qualitative information from
the QMH data was as relevant as the RTH abundance data in characteriz-
ing relations of invertebrate assemblages to urbanization. This finding is
consistent with the results from the correlations of ordination site scores
to the NECB-UII (Fig. 3A, B) that indicated the RTH and QMH data were
strongly related to urbanization.

Total taxa richness was negatively correlated with the NECB-UII (rho =
-0.901) and with a linear response (Fig. 4A). Similarly, EPT taxa richness
was negatively correlated with the NECB-UII (rho = -0.902), even though
the number of EPT taxa accounted for less than half of the total taxa in ev-
ery sample (Fig 4B). Conversely, the percentage richness of non-insect taxa
increased linearly with increasing urban intensity (rho = 0.904; Fig. 4C). The
percentage richness of mollusks plus crustaceans (Mol + Crus), the dominant
non-insect taxa, also increased linearly with increasing urban intensity (rho
=0.901; Fig. 4D).

Functional feeding-group metrics generally were not related as strongly
to urbanization as did metrics based on taxa structure. An exception was
richness of gatherer-collector taxa, which was negatively correlated with the
NECB-UII (rho = -0.800; Fig. 4E), and showed a “response-loss” threshold
at a NECB-UII value of about 50. A threshold such as this one indicates that
values of the metric are predictable only over a segment of the urban gradi-
ent, which in this case was from low to moderate levels of intensity.

The average taxa tolerance, an average of pollution-tolerance values as-
signed to taxa at a site, was linear and had a strong positive correlation with
the NECB-UII (rho = 0.892; Fig. 4F). This result indicated a gradual shift in
the invertebrate assemblages from sensitive to tolerant taxa with increasing
urban intensity.
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RTH, quantitative sample from riffle habitats (Jrho| = 0.893). (B) QMH, qualitative
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Although richness-based metrics generally had somewhat stronger
correlations to the NECB-UII than abundance-based metrics, hence the
usefulness of the QMH data, the quantitative RTH data were essential for
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Figure 4. Relations of invertebrate taxa-richness metrics to the NECB-UII. These
metrics were based on the QMH (qualitative multihabitat) data. Spearman rho val-
ues for each correlation: (A) total richness = -0.901, (B) EPT richness = -0.902, (C)
percentage richness of non-insects = 0.904, (D) percentage richness of mollusks plus
crustaceans = 0.901, (E) gatherer-collector richness = -0.800, (F) average taxa toler-
ance = 0.892.
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indices of diversity, evenness, and dominance. Shannon-Wiener diversity
index (SHANDIV) was negatively correlated with the NECB-UII (rho =
-0.867; Fig. 5A). In addition, the percentage abundance of the five most
dominant taxa (DOMDS5) was positively correlated with the NECB-UII (rho
= 0.870; Fig. 5B). A regression between SHANDIV and DOM5 showed
they were inversely related (r* = 0.980), and suggests the response of
SHANDIV was influenced by the five dominant taxa. These responses
furthermore indicated that diversity and evenness of the taxa strongly de-
creased with urbanization.

Discussion

The advantages of an urban-intensity index

Each of the four variables used in the NECB-UII represents a separate
aspect of an urbanizing watershed, and when combined in the NECB-UII,
functions as an effective proxy for various other changes associated with
urbanization. For example, population density has often been used as an in-
direct measure of urban intensity, and accordingly, its use in the NECB-UII
is indicative of the general impact of human presence on the landscape. In
this regard, population density represents human activities in the watershed
that can affect stream condition. However, a concern in using a single vari-
able to characterize urbanization is that too much reliance is placed on one
indicator to respond to many changes that can cause stream impairment; a
multimetric index overcomes this uncertainty in part by relying on several
variables that function comprehensively to quantify urbanization.

Road density was used to characterize the infrastructure associated
with many of the human activities that contribute to urbanization, and has
been used as a surrogate for impervious surface (May et al. 1997). Of the
24 landscape variables used in the a priori urban gradient, road density
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Figure 5. Relations of selected RTH invertebrate metrics to the NECB-UII. Spearman
rho values for the correlations: (A) Shannon-Wiener diversity = -0.867, (B) percent-
age abundance of dominant 5 taxa = 0.870.



2010 J.F. Coles, T.F. Cuffney, G. McMahon, and C.J. Rosiu 41

generally correlated most strongly with site scores from the biological,
chemical, and physical datasets (Coles et al. 2004). Contaminants from
sources such as atmospheric deposition, vehicular traffic, and applications
of de-icing agents can accumulate on roadways and flush into streams,
thereby affecting water quality (Buckler and Granato 1999, Forman et al.
2002, Granato and Smith 1999). Biological assemblages can be directly
affected by these water-quality changes, but also by many of the physical
factors associated with roadways, such as increased sediment loads and
flow modifications to streams (Angermeier et al. 2004, Forman and Alex-
ander 1998, Wood and Armitage 1997).

Percentage of watershed area in general developed land cover (NLCD-
Level I) was used to characterize the general change from a natural landscape
(typically forested for the region) to residential, commercial, and industrial
centers. Although land-cover classifications that represent more specific land
use (NLCD-Level I1) were available, it was previously reported that cor-
relations between landscape change and biological, physical, and chemical
endpoints were usually stronger with the more comprehensive Level | clas-
sifications (Coles et al. 2004).

The percentage of stream buffer in forested cover was used to character-
ize the loss of riparian forest that often is associated with urbanization. The
loss of forested cover along the riparian buffer was previously reported to
be associated with declining fish and invertebrate assemblages (Coles et al.
2004), and alterations in this zone probably affect stream condition more
directly than other land-cover variables. Although loss of forested cover
was closely related to increase in developed land cover for the watershed,
the loss of riparian forest helped to “weight” these disturbances by their
proximity to the stream. The importance of managing the natural riparian
corridor was recognized through legislation in Massachusetts as the Riv-
ers Protection Act of 1996 (Commonwealth of Massachusetts 1996), which
protects areas extending from the mean annual high-water line on banks of
perennial streams.

Landscape changes related to urbanization

The most notable landscape change related to urbanization in the region
was in how developed land increased as forested land was lost. It appeared
that urbanization resulted in a steady loss of forests by fragmenting the
natural landscape with patches of development. Fragmentation of forests
continued with urbanization, but beyond moderate levels of urban intensity
(NECB-UII > 40), the number of developed patches began decreasing as
they apparently coalesced into increasingly larger urban centers.

Impervious surface area (ISA) is closely associated with urbanization
and has been used to measure urban intensity in different regions (Schueler
1994). Values of ISA were not available at the time of our study, but establish-
ing the relation between the NECB-UII and ISA was considered important
so that our results could be compared to studies that use ISA as a surrogate
for urbanization. Subsequent to our study, estimated values of impervious-
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surface data were derived by NOAA from mid-1990s satellite night-light
observations, 1992 land-cover data, and 2000 Census road-density data
(Elvidge et al. 2004, NOAA 2006). The NOAA-based ISA values for our
sites were used in a regression with the NECB-UII, and the resulting relation
was determined: percentage ISA = 0.382 * NECB-UII -4.27 (r*=0.982, P <
0.001)). Although a strong linear relation was confirmed, the regression line
intersects the NECB-UII axis at 11.2 (x-intercept value), which may indicate
that the relation is nonlinear over low values (Fig. 6).

Stream condition indicators of urbanization

The overall results of this study showed that urbanization was associated
with declining ecological conditions, which is consistent with results report-
ed in other studies (Kennen 1999, May et al. 1997, Morley and Karr 2002,
Walsh et al. 2005). Among the responses in the invertebrate-assemblage
data, changes in taxa richness appeared more important than abundance.
This finding was most strongly supported by the qualitative QMH data,
where the CA site scores and the metrics such as EPT richness and pollution
tolerance of taxa were strongly correlated to the NECB-UII.

In relating the effects of urbanization to invertebrate assemblages, a pre-
sumed ecological “coupling” exists across spatial scales such that watershed
development causes changes to water quality that will ultimately affect as-
semblages at the stream-reach level (Picket et al. 2008). A gradient of water
quality was described in Coles et al. (2004) that was PCA-derived from
water-chemistry data collected at the 30 study sites. Among water-quality
constituents that increased with urbanization were specific conductance,
total Kjeldahl nitrogen (TKN), total phosphorus, and total pesticides. Sub-
sequent analyses showed that the NECB-UII was strongly correlated to this
water-quality gradient (rho = -0.927), indicating that water quality declined
with urbanization. The water-quality gradient was also strongly correlated
to invertebrate metrics such as EPT richness (rho = 0.878), so it is likely
that water quality was an intermediate factor between urbanization and the
invertebrate response.
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Interpreting responses to urbanization

Changes in the invertebrate assemblages generally began as soon as
conditions departed from background (minimal urban), which suggests that
they did not show a resistance to initial impairment as has been observed
in other studies (Cuffney et al. 2000). This result may indicate that the bio-
logical communities are highly sensitive to watershed change, or that urban
intensity at “background conditions” was already at a level where impair-
ment would occur. The lowest urban-intensity value in the study (NECB-UII
= 13.6) indicates some degree of ecological disturbance may have occurred
in even the least urbanized watersheds in the region. Additionally, if the
relation between ISA and NECB-UII holds true (described above), a thresh-
old of disturbance at some critical ISA value was not apparent in how the
invertebrate assemblages responded over very low ISA values. This result
also indicates that the ISA level at which ecological disturbances first occur
is less than the sometimes-cited values of 10-15 percent (cf. Arnold and Gib-
bons 1996, Booth and Jackson 1997, Booth et al. 2004, Klein 1979, May et
al.1997, Schueler 1994).

Although variables did not show an initial resistance to urbanization,
we observed examples where the response was linear from low to moderate
urban intensities, but which then declined or even reached an exhaustion
phase at higher urban intensities. An example of this response-loss type of
threshold was observed in gatherer-collector richness for the invertebrates
(Fig. 4e), and has been described for taxa richness in benthic diatoms and
abundance of insectivorous fish (Coles et al. 2004). Response-loss thresholds
occurred at about the same level of urban intensity (NECB-UII around 50),
which was just above the level where the number of developed land patches
changed from increasing to decreasing with urbanization (Fig. 2b). It was
not discernable from the study, however, whether these thresholds indicated
a sensitivity of biological assemblages to effects from specific landscape
changes at that urban intensity, such as coalescing of developed patches into
urban centers.

Because thresholds are points along a response gradient where the under-
lying relation changes abruptly, it is important that they be recognized when
assessing or monitoring aquatic resources. For example, if urban intensity
were to increase from mid- to high levels, an assessment of changing stream
condition would be different if based on the gatherer-collector richness
(Fig. 4E) compared to the average taxa tolerance (Fig. 4F). Although the use
of metrics that show a threshold response might be considered less effective
for assessing ecological condition, this information is still very useful for
identifying the level of a disturbance below which certain taxa can survive.
This situation could occur where the protection of particular species is
important, and the threshold value would indicate the urban intensity where
extirpation would be expected.

Compared to variables showing a threshold response, variables that
indicate long linear responses are often favored when assessing the
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ecological condition of streams because they are more predictable over
a disturbance gradient. Examples from our study (all based on qualita-
tive data) were EPT taxa richness, percentage richness of non-insect taxa,
and the average taxa tolerance (Table 3). Each of these was derived from
a combination of at least three single-parameter variables (i.e., multiple
invertebrate taxa), which emphasizes that multimetric indices often more
effectively indicate a continuous response over a disturbance gradient than
a single variable can indicate.

Predicting effects from urbanization

EPA Region 1 (New England) recently initiated a project through the
Regional Applied Research Effort (RARE) of the Office of Science Policy
(USEPA 2007a) to evaluate the relations between land-cover variables
and biological responses, using data from the NECB urban gradient study
and the New England Wadeable Streams Survey (USEPA 2006, 2007b). In
addition, the biological responses investigated for this RARE project are
to be evaluated in the context of the Biological Condition Gradient (BCG),
a descriptive model in which a suite of ecological attributes are predicted
to change in response to increasing levels of stressors (Davies and Jackson
2006). The results are expected to determine the extent that ecological re-
sponses, such as those we have described, are applicable to sites across the
region (N.E. Detenbeck, US EPA, June 2008 pers. comm.).

Results from our study may help in understanding the underlying rela-
tions between urbanization and ecological response variables. It is antici-
pated that our findings will be useful in assigning values of the expected
ecological condition for streams, given the level of urbanization in their
watersheds. For example, for a degraded stream segment undergoing res-
toration, the expected condition after recovery could depend in large part
on urban intensity above the site. Using the relations between invertebrate
metrics and the NECB-UII (Fig. 4, Table 3), if the urban intensity of the
watershed was NECB-UII = 20, it would be reasonable to expect an EPT
richness of around 20 to 30 after restoration. Achieving EPT richness in
this range would be unrealistic, however, if the urban intensity was around
NECB-UII = 80. In this case, it is more likely that EPT values below 10
would be achieved. Therefore, the ability to predict the condition at a site
by accounting for “background” effects of urbanization is expected to

Table 3. Regression statistics for selected invertebrate metrics that have a strong linear relation
to urbanization as represented by the NECB-UII. Metrics are based on qualitative multihabitat
(QMH data), which characterizes assemblage richness (taxa presence/absence).

Invertebrate Probability Regression Y Figure
metric R? value slope intercept  in text
EPT richness 0.743 <0.001 -0.294 30.70 4b
Non-insect % richness 0.837 <0.001 0.342 4.45 4c

Average taxa tolerance 0.824 <0.001 0.022 3.92 4f
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improve the precision of stream assessments, especially when evaluating
effects from specific stressors.
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