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ABSTRACT

Twenty-one stream reaches in northwestern Vermont were surveyed to assess the relative influence of local- and watershed-scale
variables on stream biotic assemblages including fish, aquatic macroinvertebrates and birds. Data were collected during the summers
of 2003 and 2004 and included quantitative and qualitative geomorphic and habitat assessments (local-scale) and land-use
characterization and modelled annual flow and sediment loading (watershed-scale). Biotic assemblages were surveyed to capture
characteristics related to abundance, diversity and composition. Principal components analysis (PCA) was used to generate sets of
factors representing unique scenarios of geophysical data derived from various spatial extents within thewatershed. These factors were
then used as the independent variables in multiple regression models using the biotic data as the dependent variables. Forty significant
models were built from the combination of the eight scenarios and 11 dependent variables. Fish assemblage diversity and composition
were influenced by a combination of local-scale and watershed-scale variables; however, the qualitative local data were more
predictive than the quantitative data. Local-scale data and sediment (model-derived) were important factors in building significant
macroinvertebrate models. Bird abundance and species richness were best predicted using local geomorphic characteristics and the
qualitative local data. Our results reinforce the concept that whereas both local- and watershed-scale variables affect stream biota, their
relative influence depends upon the individual ecology of each taxon. In order to address these issues, comprehensive watershed
management, restoration and conservation plans would benefit from assessments at multiple scales and from geomorphological,
watershed and multitaxonomic perspectives. Copyright # 2010 John Wiley & Sons, Ltd.
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INTRODUCTION

Watershed management and protection and the restoration

of aquatic ecosystem health have been identified as national

priorities. Defining aquatic health, condition and integrity

have often been controversial because these measures are

difficult to quantify and compare (Amir and Hyman, 1993;

Frissell et al., 2001). Aquatic macroinvertebrates (Karr and

Dudley, 1981; Plafkin et al., 1989; Resh et al., 1996;

Barbour et al., 1999) and fish (Karr, 1981) have been widely

used to identify impaired waters. However, the relative

impact of local- versus watershed-level stressors has

remained elusive, although an increasing number of studies

have begun to address the issue (Schlosser, 1982; Roth et al.,

1996; Richards et al., 1997; Johnson et al., 2007; Sullivan

et al., 2007; Walsh et al., 2007; 2009; Pinto et al., 2009;

Walters et al., 2009). Developing sound management

programs to address watershed and stream condition

requires an understanding of the relative influences of

factors at multiple spatial scales and how their potential

interaction affects multiple taxa associated with these

ecosystems.

Studies have shown how watershed-scale characteristics,

including land use and land-use change, affect stream

geomorphology (Booth, 1990; Pizzuto et al., 2000; Booth

et al., 2002; Cianfrani et al., 2006), fish (Allan and Johnson,

1997; Wiley et al., 1997; Sutherland et al., 2002; Argent and

Carline, 2004; Horwitz et al., 2008) and macroinvertebrate

communities (Dovciak and Perry, 2002; Roy et al., 2003;

Walsh et al., 2007; Helms et al., 2009; Walters et al., 2009).

Hynes (1975) argued that the ‘valley rules the stream’ and

that watershed characteristics ultimately govern in-stream

characteristics. Similarly, landscape-level influences are

reflected in the River Continuum Concept (Vannote et al.,

1980) and more recently in the Networks Dynamic
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Hypothesis (Benda et al., 2004) and the Land Cover Cascade

(Burcher et al., 2007). However, studies have also shown

that fish and macroinvertebrates are affected by stream

characteristics at the local- (e.g. site or reach) scale (Huryn

and Wallace, 1987; Nerbonne and Vondracek, 2001; Sawyer

et al., 2004; Walters et al., 2009). Recent work has shown

that stream-riparian bird communities reflect stream habitat

characteristics across the riverine landscape (Collier and

Wakelin, 1996; Bryce et al., 2002; Inman et al., 2002;

Buckton and Ormerod, 2003; Sullivan et al., 2006a; Sullivan

et al., 2007). However, studies that simultaneously consider

multiple taxa and multiple spatial scales are rare, yet

represent an important step in understanding the relative

influences of local- versus watershed-scale variables on

stream biological assemblages. The information derived

from such studies is critical both for purely scientific

outcomes as well as for the development of comprehensive

watershed and stream management, protection and restor-

ation plans. Furthermore, understanding the relative

influences across spatial scales would aid in developing

time and cost-efficient sampling strategies by identifying the

predominant variables impacting stream ecosystem health.

In this study, we used two types of local-scale data

(quantitative geomorphic assessments and qualitative

geomorphic and habitat surveys) and two types of

watershed-scale data (land use and model-derived flow,

sediment and nutrient data) to explore their relative

influences on fish, aquatic macroinvertebrate and riverine

bird assemblages. These taxa, although all tied to the stream

ecosystem, rely on different habitat and food resources, and

select and interact with their habitats in different ways and

at different spatial scales. The goal of the study was to

identify the most important factors in predicting assemblage

characteristics relating to abundance, diversity and compo-

sition of each taxonomic group by considering a suite of

scenarios representing local-scale to watershed-scale vari-

ables.

METHODS

Study area

We studied 21 3rd through 5th order (based on USGS

1:24 000 maps) stream reaches located in the Lake

Champlain Basin in northwestern Vermont (Figure 1).

The stream reach watersheds were independent and ranged

in size from 16 to 509 km2 with an average size of about

118 km2. Streams were dominated byWarmWater Moderate

Gradient Streams and Medium-size High Gradient Streams;

no Small High Gradient Streams (e.g. coldwater) were

Figure 1. Map of New England showing the location of stream reaches in the Lake Champlain Basin, Vermont, USA.
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included in the study (VTDEC, 2004). Three major

physiographic regions dominate the Lake Champlain Basin

including the Champlain Lowland, the Vermont Piedmont

and the Green Mountains. All watersheds were typical for

mixed-use glaciated regions. Watershed land use varied, but

the Lake Champlain Basin in general contains mostly forest

(64%) and agriculture (16%) with lesser amounts of open

water (10%), urban area (6%) and wetlands (4%) (LCBP,

2004).

Quantitative geomorphic assessments

We collected quantitative local-scale geomorphic data

during the summers of 2003 and 2004 following procedures

detailed in Cianfrani et al. (2004). A laser level was used to

survey longitudinal and cross-sectional profiles for each

stream reach. Stream reach lengths were determined on-site

and were at least 10–20 bankfull widths in length (Harrelson

et al., 1994; Kondolf and Micheli, 1995). Longitudinal

profiles were surveyed for the entire length of the stream

reach to generate channel slope. Four to six detailed cross-

sections were surveyed for each stream reach. Measure-

ments of bankfull cross-sectional area, bankfull width, mean

and maximum bankfull depth and bankfull width/depth ratio

for the cross-sections were averaged for each stream reach.

Qualitative geomorphic and habitat assessments

The State of Vermont has developed rapid geomorphic

and habitat assessments as part of a fluvial geomorphic

approach to river and watershed management (VTDEC,

2001, 2002a, 2002b). We used these rapid assessment

protocols to assess the geomorphic and habitat condition of

each of our 21 stream reaches (VTDEC, 2002a). The rapid

geomorphic assessment (RGA) is designed to identify the

major mode of adjustment for each stream reach. Each reach

is given a score from 1 to 20 (1¼ poor, 20¼ reference) in

four categories: (1) degradation (incision); (2) aggradation;

(3) over-widening and (4) change in planform (VTDEC,

2002a). Degrading streams exhibited erosion of bed material

resulting in stream incision or lowering of the bed elevation.

Aggrading streams exhibited the opposite qualities—

increases in the bed elevation due to increased deposition

of bed material. Channel widening occurred in confined

streams where stream flows became erosive and caused bank

failure. Changes in planform occurred as streams adjusted

from straightening or other channel modification or in

response to aggradation or degradation as the channel

attempted to establish a new equilibrium. To obtain the final

RGA score, all categories were summed and divided by 80

(the total possible) and then subtracted from 1 to give the

deviation from reference (RGAdev). The purpose of the RGA

was to determine the overall physical condition of the stream

and identify the dominant adjustment process (stage of

channel evolution) occurring within the stream (Schumm,

1977).

The rapid habitat assessment (RHA) is derived from the

USEPA’s Rapid Bioassessment Protocols (Plafkin et al.,

1989; Barbour et al., 1999) and involved scoring each stream

reach on a scale of 1–20 in 10 different categories for a total

maximum score of 200. Habitat characteristics evaluated

include the following: epifaunal substrate and available in-

stream cover; degree of embeddedness; representation of a

heterogeneous mixture of velocity and depth regimes;

amount of sediment deposition; status of channel flow (e.g.,

wetted width); degree of channel alteration; frequency of

riffles; bank stability (e.g., bank erosion, undercut banks);

vegetative protection and the width of the riparian vegetative

zone. The final score provided an indication of how well the

stream reach supported aquatic life (specifically fish and

macroinvertebrates) based on the physical habitat present.

The RHA did not, however, give any indication of water

quality (other than sediment).

Land use

We used the Multi-Resolution Land Characteristics

Consortium (MRLC) land-cover data layer based on

1990–1992 Landsat Thematic Mapper (TM) data (Vogelman

et al., 1998) within a geographic information system (GIS)

to calculate land-use area percentages for each watershed.

Detailed land-cover categories were summed to produce

four major land-use classes: agriculture; forest; urban and

other. The ‘other’ category contained mostly open water and

was not used in our analysis.

Watershed modelling

To obtain an understanding of the relative differences in

flow, sediment and nutrient loadings among the stream reach

watersheds, we used a continuous hydrologic model, the Soil

and Water Assessment Tool (SWAT) (Arnold et al., 1998).

SWAT was developed by the United States Department of

Agriculture—Agricultural Research Station (USDA-ARS)

and has been described extensively in other studies

(Srinivasan and Arnold, 1994; Arnold and Allen, 1996;

Arnold et al., 1998; Eckhardt and Arnold, 2001; Neitsch

et al., 2001; Santhi et al., 2001; Fontaine et al., 2002; Van

Liew and Garbrecht, 2003).

SWAT was run using an ArcView GIS (ESRI, Redland,

CA) interface (DiLuzio et al., 2002). GIS data layers required

by the SWAT model were obtained from the Vermont Center

for Geographic Information (www.vcgi.org) and included:

(1) a digital elevation model (DEM) with 30m pixel size;

(2) MRLC Landsat TM land-use grid (30m pixel size) and

(3) soils data from the STATSGO soil database (USDA

NRCS). Stream reach watershed outlet points were deter-

mined with a global positioning system (GPS—Geoexplorer
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XT, Trimble, Sunnyvale, CA) in the field and then imported

into a GIS.

Basic calibration of the SWAT model was performed

following procedures outlined by Neitsch et al. (2002). We

calibrated SWAT for flow only as sediment and nutrient

monitoring data were not available. The calibration and

validation watershed (Lewis Creek) was centrally located in

our study region (northwestern Vermont), contained one of

our stream reaches and is gauged at the outlet. Specific

parameters were recommended for adjustment in the SWAT

calibration documentation (Neitsch et al., 2002) and other

relevant studies (Fontaine et al., 2002). Parameters, their

original values and final calibrated values are listed in

Table I. Volume (mm over entire watershed) and flow (cm)

were calibrated first on an annual average basis, then on an

average monthly basis. Model prediction was evaluated

using the following methods: relative error (RE%); root

mean square error (RMSE); normalized objective function

(NOF); coefficient of determination (R2) and Nash-Sutcliffe

simulation efficiency (E) (Nash and Sutcliffe, 1970; Pennell

et al., 1990; Van Liew and Garbrecht, 2003). Heddon (1986)

recommends the NOF to be within an order of magnitude for

screening applications and within a factor of two for site-

specific applications. Hession et al. (1994) applied this

criterion for evaluating the applicability of flow models for

screening or site-specific applications. Calibration targets

were RE within 15%, R2> 0.60 and E> 0.5 (Santhi et al.,

2001).

The model was validated by holding all parameters to the

values determined during calibration. The model was run

using the same watershed (Lewis Creek), but with different

years of precipitation and flow (1993–1994).

Biological assemblage data

Fish. Using bag seines (1.22m� 12.19m with 3.175mm

mesh weighted with sinkers), we collected fish following a

two-pass depletion method (Zippin, 1958) at three to four

locations that reflected the flow composition (e.g., pools,

riffles, runs) of the reach at large (VTDEC, 2004). The

sampling effort at each reach approximated 15% of its

wetted area. All streams were wadeable and were

successfully sampled by the seine across a range of depths.

All fish captured were enumerated. From each sampling

location of each reach, we identified a subsample of 150 fish

(see Sullivan et al., 2006b) and weighed (g), measured (tail

length, mm) and identified each of these individuals to

species. Young-of-year fish were excluded from the analysis.

After fish were surveyed, they were released into the stream

at the site of capture.

For each reach, we pooled the data from each of the

subsampling locations to calculate statistics relating to fish

assemblages. We used species richness (S) (the number of

species) and Simpson’s index (1/D) (a multifactor dom-

inance index) (Simpson, 1949) to represent fish assemblage

diversity at each reach. Total fish assemblage biomass

(gm�3) for each stream reach was estimated using the

total number of fish caught per cubic meter and the mean

weight of the 150 fish subsampled. In addition, we

calculated the Vermont Mixed Waters Index of Biotic

Integrity (MWIBI) (VTDEC, 2004), which is a regional

adaptation of the Index of Biotic Integrity (Karr, 1981) and

represents both assemblage composition and condition. The

MWIBI is a composite index with scores below 25

considered poor and those above 33 considered good

(VTDEC, 2004).

Aquatic macroinvertebrates. We sampled macroinverte-

brates at a subset of 16 stream reaches during early July

through August 2003 and 2004, waiting at least 48 h after

any significant rainfall event. We collected subsamples at six

regularly-spaced intervals along the length of each stream

reach using a 500mm mesh Surber sampler, disturbing the

substrate for 90 s intervals per collection effort. In order to

Table I. Inputs used in SWAT model calibration

Variable Description Original
value

Calibrated
value

CN2 Runoff curve number Default �10%
SFTMP Snowfall temp. Mean air temp. at which precip is equally likely to be

rain as snow/freezing rain.
1.08C 1.08C

SMTMP Snow melt base temp. 0.58C 08C
SMFMX Melt factor for snow on 21 June 4.5mm 8C�1 6mm 8C�1

SMFMN Melt factor for snow on 21 December 4.5mm 8C�1 4.5mm 8C�1

TIMP Snow pack temp. lag factor 1 0.5
SNOCOVMX Min. snow water content that corresponds to 100% snow cover, SNO100 1mm 100mm
SNOCOVMN Fraction of snow volume represented by SNOCOVMX that corresponds

to 50% snow cover
0.5 0.5

RCN Conc. Of Nitrogen in rainfall (mgNL�1) 1 1
SURLAG Surface runoff lag coefficient 4 4
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collect a representative sample of habitat types in the stream

channel, we alternated the position of the sampler at each

subsample location (i.e., towards mid-channel, towards the

left bank or towards the right bank). We preserved all six

subsamples from each reach in 70% ethanol and later

enumerated and identified all insects in the laboratory,

pooling the subsamples to obtain reach-level estimates of the

aquatic macroinvertebrates. We used three macroinverte-

brate metrics as biological endpoints: (1) per cent insects in

the orders Ephemeroptera, Plecoptera and Tricoptera

(%EPT); (2) per cent insects in the genus Chironomidae

(%Chiros) and (3) the mean density of insects per reach

(Density, No. 900 cm�2).

Birds. Following Sullivan et al. (2007), we surveyed bird

assemblages using a modified version of Nichols et al.’s

(2000) double observer method. Surveys were conducted

from mid-May through mid-June 2003 and 2004 during

which time we conducted two surveys of each stream reach,

at least 10 days apart, with the first occurring in the morning

(sunrise to 4 h after sunrise) and the second in the evening

(3 h before dusk to dusk) (USFWS, 1990). At each reach, we

established fixed-width line transects (250m parallel

transects, established on both sides of the stream at the

bankfull width) along which surveys were conducted.

We treated groups of birds as a single observation for

purposes of distance and location and immature birds were

not included in the count.

After the surveys were completed, we removed migrants

and upland bird species from the dataset and grouped the

remaining birds into: (1) River Corridor Birds (RC)—all

species that commonly use river-riparian ecosystems

because of habitat and/or food resources and (2) Piscivores

(PISC)—species whose primary food source is fish. We

calculated abundance (ARC, APISC) and species richness

(SRC, SPISC) for each stream reach.

Numerical and statistical analysis

We completed all statistical analyses using JMP 5.0.1.2

Statistical Discovery Software (SAS Institute, Inc.,

Cary, NC). We tested variables for normality using the

Shapiro–Wilk test and transformed them (ln x or x2) when

necessary (McGarigal et al., 2000; Afifi et al., 2004). All

variables are listed in Table II. We reduced local,

rapid assessment, land-use and watershed modelling

variables to factors using principal components analysis

(PCA) with a varimax rotation (McGarigal et al., 2000;

Afifi et al., 2004). We used PCA with factor rotation to

reduce the number of variables for use in multiple regression

analysis with the biological data. For this study, the number

of principal components (PC) axes explaining at least 80%

of the variance were retained and used in the varimax

rotation to generate uncorrelated factors (McGarigal et al.,

2000).

Eight scenarios were developed in the final regression

matrix used to evaluate the relative importance of local,

rapid assessment, land-use and watershed modelling

variables on the 11 biotic variables. Six sets of factors

which represented different combinations of variable

categories were generated from the PCA analysis and used

as scenarios. Individually, land-use data and RGAdev were

also used as two separate scenarios. For example, in

evaluating the importance of local geomorphic variables, a

set of factors was generated from only the seven local

variables. In evaluating the importance of the combination

of local, land-use and watershed modelling variables, a new

set of factors created from all 18 original variables was

generated. For each scenario, stepwise multiple regression

was used to select the factors most useful in predicting

the biological variable. Simple regression was used to test

the biological data with the RGAdev scenario. All data were

tested at the a¼ 0.05 level (Afifi et al., 2004).

RESULTS

Geomorphic, land-use and habitat data

All stream reach geomorphic data are reported in

Table III. Watershed size ranged from 16 to 509 km2.

Channel slope was fairly low with only four sites greater

than 1%. Depths were also fairly shallow with a maximum

bankfull depth of 1.9m for all sites. While most stream reach

watersheds were dominated by forest land cover, four

watersheds had greater than 10% urban land, while 11 had

greater than 10% agricultural land (Table IV). The stream

reaches showed a range of RGAdev and RHA scores

(Table IV). High RGAdev scores indicate significant channel

adjustment. Eight sites scored in ‘fair’ condition, 12 sites in

‘good’ condition and only one site in ‘reference’ condition.

High RHA scores indicate good quality physical habitat.

Twelve sites scored between 130 and 169 placing them in the

‘good’ category. Only one site was considered ‘reference’.

Watershed modelling

Model calibration resulted in a slight improvement in the

predictive capability of the model (Table V). Pre-calibrated,

calibrated and validated volumes all met the �15% RE

criterion for total annual average volume (mm). Using

Heddon’s (1986) criterion, the NOF should be within an

order of magnitude for screening applications and within a

factor of two for site specific applications. Model

performance at the monthly level improved after calibration

so that values for both average annual and monthly

volume met the site-specific criterion (NOF< 1). Monthly
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R2 approximately doubled after calibration of the model

while the monthly E value improved but did not reach the

criterion of 0.5. However, since the modelling results were

used to assess relative differences between stream reach

watersheds, the output was deemed adequate.

Biological assemblage data

Biological data among stream reaches varied significantly

(Table VI). Data are reported for the 21 stream reaches

sampled for fish and bird assemblages and the 16 stream

reaches sampled for aquatic macroinvertebrates.

Numerical and statistical analysis

PCA (with varimax rotation). The number of factors

retained for each set of variables varied from two to five

(Table VII). Set no. 1 contained land-use and modelling

variables—data that did not require site visits. Factor 1

loaded heavily for land use, Factor 2 for sediment and Factor

3 for surface runoff. Set no. 2 included local geomorphic

data, watershed land-use variables and variables derived

from the modelling (flow, sediment and nutrients). Four

factors were retained explaining 87% of the variance. Factor

1 loaded most highly for land-use characteristics as well as

the WDBF ratio. Variables associated with sediment

Table II. Stream reach variables used in data analyses

Variable Description Units Transformation

Local
AD Drainage area upstream of stream reach km2 ln
SCh Channel slope mm�1 ln
ABF Bankfull cross-sectional area m2 ln
WBF Bankfull width m ln
DMEAN Mean bankfull depth m ln
DMAX Maximum bankfull depth m ln
WDBF Bankfull width/depth ratio mm�1 ln

Qualitative Assessment
RGAdev Deviation from reference rapid geomorphic score 0–1.00
RHA Rapid habitat assessment score 0–200

Land use
%Urb % urban land in the watershed % ln
%Ag % agricultural land in the watershed % ln
%For % forested land in the watershed % x2

Watershed Modeling
SURQ Surface runoff contribution to streamflow mm
GW_Q Groundwater contribution to streamflow mm
ORGN Organic N yield kgN ha�1

ORGP Organic P yield. Organic P transported with sediment kg P ha�1

SYLD Sediment yield. Sediment from watershed transported to reach metric tons ha�1 ln
NSURQ NO3 in surface runoff. Nitrate transported by surface runoff kgN ha�1 ln
SOLP Soluble P yield. P that is transported by surface runoff kg P ha�1 ln
SEDP Mineral P yield. Mineral P attached to sediment that is transported by

surface runoff
kg P ha�1 ln

Fish
SFish Species richness (number of species) No. of species
1/D Simpson’s index Unitless
Biomass Fish biomass gm�3

VT MWIBI Vermont mixed-waters index of biotic integrity Score (17–33)
Macroinvertebrates
%EPT % Ephemoptera, Plecoptera, and Tricoptera %
%Chiros % Chironomidae %
Density Total density No. 900 cm�2 ln

Birds
ARC River corridor bird abundance No. of individuals
SRC River corridor bird species richness No. of species
APISC Piscivore abundance No. of individuals
SPISC Piscivore species richness No. of species
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Table III. Geomorphic stream reach characteristics

Site
no.

Site name Drainage
area
(km2)y

Channel
slope
(%)

Bankfull
cross-sectional

area (m2)

Bankfull
width (m)

Mean
bankfull
depth (m)

Max
bankfull
depth (m)

Bankfull
width/depth

ratio

1 Beaver Brook 30 0.96 7.2 14.5 0.5 0.9 29.1
2 Rogers Brook 17 0.96 2.6 6.7 0.4 0.5 17.6
3 Browns River 53 0.77 7.1 19.8 0.4 0.6 54.8
4 Lee River 35 1.05 4.5 10.8 0.4 0.6 26.2
5 Malletts Creek 44 0.66 5.5 10.8 0.5 0.8 21.1
6 Huntington River 161 0.66 14.3 22.0 0.7 1.0 33.7
7 Allen Brook 28 0.49 3.7 6.6 0.6 0.8 11.9
8 Mill Brook 33 0.98 4.5 12.2 0.4 0.6 32.7
9 LaPlatte River 81 0.50 7.6 13.8 0.5 0.9 25.1
10 Lewis Creek 196 0.70 15.9 24.5 0.6 0.9 37.8
11 Little Otter Creek 148 0.31 7.4 17.1 0.4 0.7 39.8
12 New Haven River 220 0.51 13.7 20.9 0.7 1.0 31.9
13 Mississiquoi River 174 0.47 10.5 25.8 0.4 0.7 63.4
14 Lamoille River 509 0.30 24.2 35.2 0.7 1.2 51.1
15 North Branch Lamoille River 150 0.42 14.8 26.3 0.6 1.0 46.9
16 Gihon River 139 0.55 16.3 23.7 0.7 1.1 34.3
17 West Branch Waterbury River 59 1.18 8.8 14.6 0.6 1.0 24.1
18 Mad River 240 0.46 39.6 33.2 1.2 1.9 27.8
19 Stone Bridge Brook 23 1.41 3.4 7.8 0.4 0.6 18.1
20 Potash Brook 16 1.05 3.9 8.3 0.5 0.6 17.7
21 Middlebury River 121 0.51 11.9 23.9 0.5 0.8 47.9

Mean 117.9 0.60 10.8 18.0 0.6 0.9 33.0
Median 80.9 0.44 7.6 17.1 0.5 0.8 31.9
Standard deviation 115.3 0.50 8.6 8.4 0.2 0.3 13.7

yUpstream from bottom of reach.

Table IV. RGAdev, RHA and land-use percentages for stream reaches

Site no. RGAdev RHA %Urban %Agriculture %Forest

1 0.29 155 10 7 78
2 0.29 156 6 19 67
3 0.44 114 9 6 78
4 0.41 133 9 6 81
5 0.36 127 12 21 60
6 0.08 161 5 7 83
7 0.60 101 29 32 35
8 0.40 149 8 6 81
9 0.38 128 16 31 45
10 0.16 141 5 24 63
11 0.31 147 6 45 40
12 0.40 104 4 8 83
13 0.34 170 5 8 84
14 0.30 159 5 11 78
15 0.53 94 2 4 85
16 0.26 169 4 7 82
17 0.56 82 3 9 82
18 0.50 116 7 9 82
19 0.25 149 9 21 61
20 0.28 158 51 32 11
21 0.34 160 3 1 90
Mean 0.36 137 10 15 69
Median 0.34 147 6 9 78
Standard deviation 0.13 26 11 12 21

Copyright # 2010 John Wiley & Sons, Ltd.

SCALE AND STREAM BIOTA

River Res. Applic. 28: 973–

DOI: 10.1002/rra

988 (2012)

979



(sediment yield, nutrients attached to sediment) loaded on

Factor 2. Surface runoff and nitrogen in surface runoff

loaded on Factor 4. Set no. 3 combined all the variables in

the study, land-use, modelling, local geomorphic data,

RGAdev and RHA—the most intensive ‘in-office’ and field-

collected data effort. Five factors were retained to explain

89% of the variance. Factor 1 loaded heavily for land use and

WDBF, Factor 2 for sediment, Factor 3 for local geomorphic

variables, Factor 4 for RGAdev and RHA and Factor 5 for

surface runoff. Set no. 4 combined land-use, modelling,

RGAdev and RHA variables—data requiring a modest

amount of field effort. Four factors were retained to explain

91% of the variance. Factor 1 contained the highest loadings

for land use, Factor 2 loaded heavily for sediment variables,

Factor 3 for RGAdev and RHA and Factor 4 for surface

runoff. Set no. 5 contained variables for both local

geomorphic data and RGAdev and RHA—all data that

must be collected on site. Three factors were retained

explaining 87% of the variance. Factor 1 loaded most highly

for channel size variables, Factor 2 for RGAdev and RHA and

Factor 3 for bankfull channel depths. Finally, set no. 6

comprised only the local geomorphic data. Two factors were

retained to explain 85% of the variance in the original data.

Factor 1 contained high loadings for the channel size

variables while Factor 2 contained high loadings for depths.

Multiple regression. Forty significant models were built

using the 11 biological assemblage variables and the eight

scenarios of local/watershed variables (Table VIII). Fish

assemblage diversity and condition were best predicted when

using a combination of local-scale and watershed-scale data

(scenarios 4 and 5). However, based on the factors used in the

models, local stream geomorphology data only improved the

model for fish biomass and the MWIBI but not the diversity

measures. The RGAdev and RHA did contribute, however,

indicating that qualitative indices of geomorphic and habitat

condition surveyed at the local-scaleweremore useful than the

actual quantitative field data. Eleven significant models were

built for the macroinvertebrate variables; the greatest number

of models was built using a combination of watershed-scale

and local-scale (scenario 4). The significant factors in building

these models, however, were the local-scale data, RGAdev and

RHA and sediment. Significant models were also built using

the local-scale and RGAdev and RHA (scenario 6) and the

RGAdev (scenario 7). Land use as a variable across scenarios

was only significant in building one of the macroinvertebrate

models. Whereas land use was a significant contributor

to models for the fish measures, it was not a significant factor

in the majority of macroinvertebrate models and did not

predict species richness or abundance of RC or PISC birds.

Bird assemblage richness and abundance were best

predicted with local geomorphic characteristics and the

RGAdev and RHA.

DISCUSSION

Local-scale

The components used in our study to represent local-scale

(i.e. geomorphic data, RGAdev and RHA) contributed in

Table V. Annual and monthly SWAT calibration results for 21 stream reach watersheds. Model evaluation methods: relative error (RE%);
root mean square error (RMSE); normalized objective function (NOF); coefficient of determination (R2); and Nash-Sutcliffe simulation
efficiency (E)

Variable Simulated
period
of record

Average
annual

rainfall (mm)

Observed
average
annual

volume (mm)

Simulated
average
annual

volume (mm)

RE (%) RMSE NOF R2 Monthly E

Pre-Calibration Annual 928 423 423 �0.12 77.99 0.18 0.63
1/1/98–31/12/02 Monthly 0.08 33.56 1.02 0.17 �0.11
Calibration Annual 928 423 487 �15.2 110.45 0.26 0.63
1/1/98–31/12/02 Monthly 8.11 31.56 0.89 0.33 0.18
Validation Annual 876 414 411 0.89 109.63 0.28 NA
1/1/93–31/12/94 Monthly �1.2 25.42 0.73 0.61 0.6

Table VI. Mean, median and standard deviation for biological
assemblage data

Variable Mean Median Standard
deviation

Fish
SFish 8 8 3
1/D 3.13 3.17 1.13
Biomass (g m�3) 12.1 7.1 14.1
VT MWIBI 24.57 25.00 4.82

Macros
%EPT 36 30 19
%Chiros 46 48 23
Density (No. 900 m�2) 549.1 359.5 468.4

Birds
ARC 19.7 17.0 11.3
SRC 9 9 3
APISC 0.9 1.0 1.1
SPISC 0.8 1.0 0.8
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different ways in building regression models. Fish diversity

and condition appear to be best predicted by a combination

of variables, but at the local-scale, geomorphic and habitat

condition, as represented by RGAdev and RHA, were more

useful for prediction than the more detailed, quantitative

geomorphic data. The factor with dominant RGAdev and

RHA influences was significant in building all models, and

was most significant in the MWIBI model (Table VIII)

where it was the first variable to enter in all significant

models, explaining between 33 and 50% of the variance.

This finding is consistent with previous analyses of fish

assemblages in the Lake Champlain Basin using a larger

data set (Sullivan et al., 2006b). A previous study using data

from these same stream reaches has also shown that fish

assemblage diversity varies based on local conditions as

defined by geomorphic class (Cianfrani et al., 2009).

Nerbonne and Vondracek (2001) found riparian land use

(incorporated into our RHA; e.g. riparian vegetation extent

and composition) to be important in determining in-stream

habitat which influenced fish communities in Minnesota

streams. Creque et al. (2005) found local-scale variables

(including depth) explained 12–57% of the variance in fish

density in regression models. Walters et al. (2009) also

found fish to be influenced by local-scale variables. Our

finding supports the use of field bioassessment protocols

as their predictive power relating to fish assemblages was

greater than the detailed geomorphic data collected in this

study. We recognize, however, that although we used

commonly collected geomorphic metrics at the stream reach

scale (e.g. slope, bankfull width and depth, etc.) and

attempted to balance spatial resolution between the

qualitative and quantitative data, a more intensive data

collection effort (e.g. higher density of data points,

additional variables), may have shown different relation-

ships with the fish data.

Both local-scale components and model-derived sediment

were significant in building models for aquatic macro-

invertebrates. Many studies have shown that local geo-

morphic variables (Richards et al., 1997; Dovciak and Perry,

2002) and water chemistry (Sawyer et al., 2004) affect

macroinvertebrate species composition. Others have found

that larger-scale variables, such as ecoregion, are also

significant (Mykrä et al., 2004). Sullivan et al. (2004), doing

research in the same study area, found in-stream and riparian

habitat condition explained 28% of the variance seen in EPT

taxa. In our study, the local geomorphic variables, and

RGAdev and RHA (scenario 6) explained 38 and 32% of the

variation in %EPT and %Chiros, respectively. Although

adding the land-use and modelling data improved the

amount of variance explained for all three macroinvertebrate

measures, the RGAdev and RHA factor was the first variable

to enter for the %EPT and %Chiros, and local geomorphic

variables entered first for macroinvertebrate density indi-

cating that these local-scale variables are still the most

important. Whereas these models were statistically signifi-

cant, more than 50% of the variance remains unexplained by

local characteristics of the reach. In this study we used only

%EPT, %Chiros and density. Furthermore, the sample size

for macroinvertebrates was smaller than either of the other

groups (16 versus 21 stream reaches). Richards et al. (1997),

Dovciak and Perry (2002) and Sawyer et al. (2004) all used

additional indices or species in generating their relation-

ships. Richards et al. (1997) indicated that multimetric

indices, rather than individual taxa, may be more appropriate

to use if the underlying mechanisms affecting habitat and

conditions within stream ecosystems are unknown. There-

fore, whereas we may have observed stronger relationships

between macroinvertebrates and local-scale variables if we

had increased our sample size or used multimetric indices,

our results may also indicate that macroinvertebrates, in

some settings, may not always be the most sensitive taxon in

reflecting the physical habitat condition (Sullivan et al.,

2004; Sullivan and Watzin, 2008). Macroinvertebrates

may be more sensitive to smaller, patch-scale dynamics,

water quality and/or to changes in energy sources than to

relatively coarse estimates of physical structure (Wright and

Li, 2002).

The variety of patch habitats that comprise stream

ecosystems (e.g., riparian, floodplain, in-stream) provides a

rich mosaic of habitats for RC birds. This was reflected in

our results: both local-scale geomorphic characteristics as

well as geomorphic and habitat conditions were important in

the regression models for bird abundance and species

richness. Birds commonly associated with river corridors

included an array of species representing a host of food

preferences, foraging strategies and habitat requirements

[e.g., alder flycatchers (Empidonax alnorum), grey catbirds

(Dumetella carolinensis), spotted sandpipers (Actitis macu-

laria), tree swallows (Iridoprocne bicolor), wood ducks (Aix

sponsa)]. Among the most prevalent PISC were belted

kingfishers (Ceryle alcyon), great blue herons (Ardea

herodias) and common mergansers (Mergus merganser).

Because of their spatial integration of stream-riparian

habitat units, many RC are likely released from the strict

reliance on solely in-stream attributes so crucial for

macroinvertebrates and fish. Because of this, birds might

be expected to select stream reaches based on local-

conditions of habitat across the riverine landscape, including

aquatic, semi-aquatic and terrestrial (i.e., riparian/upland

interface) habitat patches. Stream size is expected to exert

influence over both the abundance and number of species,

and our findings are consistent with this pattern. On the other

hand, PISC likely reflect both local- and watershed-level

factors because of their direct link to stream fish

productivity. However, our results do not support this,

suggesting that some PISC are adaptable in their foraging
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strategies being able to sufficiently complement their diets

with other food sources, or that none of our reaches

exhibited local-level conditions that were sufficiently poor

to reduce the biomass of fish below a critical threshold that

would translate to fish-feeding birds.

Watershed-scale

At the watershed-scale, we considered land use, annual

average flow and annual average sediment loading. Land use

was the most significant variable in predicting fish

assemblage diversity and condition. Studies have shown

that increased watershed urbanization (Booth and Jackson,

1997; Sovern and Washington, 1997; Sawyer et al., 2004)

and agricultural land use (Allan et al., 1997; Argent and

Carline, 2004; Sawyer et al., 2004) are often associated with

decreased fish assemblage diversity and condition. Argent

and Carline (2004) cite row crops as particularly disruptive

to stream and habitat conditions due to consistent annual

perturbations. In this study, however, we observed an

increase in fish assemblage diversity and condition as %Ag

increased. Upon further analysis of the land-use patterns

within our study watersheds, we noted that %Ag was fairly

low (mean¼ 15%, standard deviation¼ 12%) and an

average of 50% of the agricultural land was hay and

pasture and not actively managed row crops. Wang et al.

(1997), based on work in Wisconsin streams, indicated that

fish may not respond to low levels of agriculture and that

even at high levels it may be possible to find relatively high

fish assemblage condition scores. Stepenuck et al. (2002)

found the same results when using macroinvertebrates. In

our study, land use only contributed significantly in building

one regression model for macroinvertebrates and none for

birds. While Mykrä et al. (2004) found ecoregion to be

important, our results are consistent with studies that have

found watershed land use to be less important in predicting

macroinvertebrate populations than local or water chemistry

variables (Richards et al., 1997; Sawyer et al., 2004).

Multiple investigations have shown that birds are sensitive to

land-use attributes (Croonquist and Brooks, 1993; Bryce

et al., 2002; Clear et al., 2005). Although we did not observe

relationships between bird assemblages and land-use

variables, we suspect this in part to be an artifact of

resolution, and that we could potentially see relationships

with land-use metrics derived at the stream reach scale (e.g.

riparian zone land use).

Whereas Sawyer et al. (2004) found that fish assemblages

responded to suspended sediments in Florida and south-

eastern Alabama with a decrease in intolerant species, in this

study, sediment loading information was only significant in

building models for fish biomass. This may, however, be an

indication that annual average sediment data are too coarse

to provide meaningful information as compared to fine-scale

in-stream measurements. The results may also be con-

founded by differing responses of species to sediment

loading as reported by Sullivan and Watzin (2009).

Similarly, for macroinvertebrates, other studies have shown

a negative correlation between in-stream sediment and

sensitive species (e.g. Roy et al., 2003). The sediment factor

was significant in building five of the 11 macroinvertebrate

regression models. Sediment also loaded significantly in

three of the bird regressions, one for ARC and two for SPISC.

Increased sediment loads may be precipitating widening

channels and bank failure, thereby reducing overbank

vegetation and in-stream shading. The reduction in

vegetation along the active channel boundary may account

for reductions in the abundance of many RC, particularly in

aerial insectivores and other species that require near-water

perching sites. Conversely, our data indicate that increases in

sediment increase the number of PISC. This increase may be

linked to the increase in fish biomass we observed with

increases in stream reach sediment. As sediment increases

and homogenizes in-stream habitat (thereby reducing

availability of benthic food resources, spawning substrate,

and cover; see Sullivan and Watzin, 2009), more common

and ubiquitous fish species may become abundant at the

expense of more sensitive species, resulting in a potential

increase in biomass. This general pattern was also reported

in a previous study in the region, where Sullivan et al.

(2006b) observed greater relative numbers of tolerant,

generalist feeders (e.g. creek chubs [Semotilus atromacu-

latus], common shiners [Luxilis cornutus] and white suckers

[Catostomus commersoni]) in reaches undergoing geo-

morphic adjustment. Since PISC feed largely based on size

and position in the water column, a turnover in the fish

species composition of a reach would not necessarily be

expected to negatively influence PISC. Additionally, the

reduction of in-stream cover available to forage fish in

sediment-loaded stream reaches may increase the accessi-

bility of fish to foraging PISC. As with the fish data, it

appears that annual average sediment and nutrient

data, while contributing to some of the regression models,

are not as useful as other variables in predicting bird

assemblages. Data derived at finer resolutions—either with

modelling or in-stream sampling—may reveal stronger

relationships.

Despite statistically significant regression models, R2

values (�0.59) for our models indicate that a significant

proportion of residual variance remained. Wiley et al. (1997)

found significant variance in fish populations not only over

space but also over time. They found after approximately

20 years of sampling variances started to stabilize with

approximately half of the variance due to the spatial

component and the remaining variance distributed between

time and a time X site interaction factor (Wiley et al., 1997).

As our study sampled all biota during one time period, the
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unexplained variance may in part be due to potential

temporal rather than spatial differences. The unexplained

variance may also be due to a number of other factors known

to affect biotic populations. Nerbonne and Vondracek (2001)

cite a number of additional considerations including

dissolved oxygen, toxins (e.g. pesticides) and other in-

stream water quality parameters. Furthermore, because of

the extensive data collection required for this study, we were

limited to 21 study reaches. However, we predict that we

would capture additional variance given a larger number of

study reaches.

CONCLUSIONS

Twenty-one stream reaches were studied in northwestern

Vermont to determine the relative influence of local-scale

and watershed-scale variables on fish, macroinvertebrate and

bird assemblages. While our analysis identified a number of

key variables in relating stream and watershed character-

istics with biological assemblage data, we recognize the

existence of significant unexplained residual variance. For

example, at the local-scale, coordinated measurements of

water quality and quantity alongside physical habitat

surveys could further refine our understanding of the

influences on aquatic biota. At the watershed-scale,

additional research explicitly addressing both direct and

indirect influences of the broader riverine landscape is also

needed (Passy, 2009). For example, agricultural land-use

was most often located within valleys—a human impact that

often covaries with an existing environmental gradient. Our

analyses did not discern between these two variables and

thus may attribute influence incorrectly. More detailed

analyses of the structure of ecosystems and the relationships

of variables (including environmental gradients, watershed

structural characteristics, landscape size and connectivity,

etc.) could provide additional insight into the influence of

broader-scale characteristics on biological assemblages.

Concurrently, considering both food web dynamics and the

flow of energy and materials (Baxter et al., 2005; Raikow

et al., 2010) in a spatially-explicit manner would also likely

illuminate key biotic-physical relationships in watersheds.

Our results speak directly to the challenge of reconciling

ecological and management scales, reinforcing the concept

that stream biota respond to their environment over a range

of spatial scales. The nature of these responses, in this and

other studies, is highly dependent on the life-history traits

and habitat requirements of each taxon (Vaughn et al., 2007;

Walters et al., 2009). In order to address these issues,

comprehensive watershed management, restoration and

conservation plans would benefit from assessments at

multiple scales from a geomorphological, watershed and

multitaxonomic perspective.

ACKNOWLEDGEMENTS

Research is supported in part by grants from the U.S.

Environmental Protection Agency STAR Grants Program

no. R 83059501-0 and the Vermont Experimental Program

to Stimulate Competitive Research (EPSCoR) grant number

EPS 0236976 Graduate Research Assistantship. The authors

thank Andrea Pearce, Laura Allen, Jenn Gagnon, Tracy

Owen, Jessica Clark, Chelsea Ransom, Kelly McCutcheon,

Elizabeth Royer, Brian Ellrott and Eric Howe for their field

assistance. The authors would also like to acknowledge the

helpful comments of an anonymous reviewer.

REFERENCES

Afifi A, Clark VA, May S. 2004. Computer-aided Multivariate Analysis.

Chapman and Hall/CRC: New York.

Allan JD, Erickson DL, Fay J. 1997. The influence of catchment land use on

stream integrity across multiple spatial scales. Freshwater Biology 37:

149–161.

Allan JD, Johnson LB. 1997. Catchment-scale analysis of aquatic ecosys-

tems. Freshwater Biology 37(1): 107–111.

Amir S, Hyman J. 1993. Measures of ecosystem health and integrity.Water

Science and Technology 27(7–8): 481–488.

Argent DG, Carline RF. 2004. Fish assemblage changes in relation to

watershed landuse disturbance. Aquatic Ecosystem Health and Manage-

ment 7(1): 101–114.

Arnold JG, Allen PM. 1996. Estimating hydrologic budgets for three Illinois

watersheds. Journal of Hydrology 176: 57–77.

Arnold JG, Srinivasan R, Muttiah RS, Williams JR. 1998. Large area

hydrologic modeling and assessment, part I: model development. Journal

American Water Resources Association 34(1): 73–89.

Barbour MT, Gerritsen J, Snyder BD, Stribling JB. 1999. Rapid Bioassess-

ment Protocols for use in Streams and Wadable Rivers: Periphyton,

Benthic, Macroinvertebrates, and Fish, 2nd edn. United States Environ-

mental Protection Agency: Washington.

Baxter CV, Fausch KD, SaundersWC. 2005. Tangled webs: reciprocal flows

of invertebrate prey link streams and riparian zones. Freshwater Biology

50: 201–220.

Benda LN, Poff LN,Miller D, Dunne T, Reeves G, Pess G, PollockM. 2004.

The network dynamics hypothesis: how channel networks structure

riverine habitats. Bioscience 54: 413–427.

Booth DB. 1990. Stream-channel incision following drainage-basin urban-

ization. Water Resources Bulletin 26(3): 407–417.

Booth DB, Hartley D, Jackson R. 2002. Forest cover, impervious-surface

area, and the mitigation of stormwater impacts. Journal of the American

Water Resources Association 38(3): 835–845.

Booth DB, Jackson CR. 1997. Urbanization of aquatic systems: degradation

thresholds, stormwater detection, and the limits of mitigation. Journal of

the American Water Resources Association 33(5): 1077–1090.

Bryce SA, Hughes RM, Kaufmann PR. 2002. Development of a bird

integrity index: using bird assemblages as indicators of riparian con-

dition. Environmental Management 30(2): 294–310.

Buckton ST, Ormerod SJ. 2003. Global patterns of diversity among the

specialist birds of riverine landscapes. Freshwater Biology 47: 695–709.

Burcher CL, Valett HM, Benfield EF. 2007. The land-cover cascade:

relationships coupling land and water. Ecology 88: 228–242.

Cianfrani CM, Hession WC, Rizzo DM. 2006. Watershed imperviousness

impacts on stream channel condition in southeastern Pennsylvania.

Journal American Water Resources Association 42(4): 941–956.

Copyright # 2010 John Wiley & Sons, Ltd.

C. M. CIANFRANI ET AL.

River Res. Applic. 28: 973–

DOI: 10.1002/rra

988 (2012)

986



Cianfrani CM, Hession WC, Watzin MC. 2004. Evaluating aquatic habitat

quality using channel morphology and watershed scale modeling tech-

niques. In Proceedings of the World Water and Environmental Resources

Congress, Sehlke G, Hayes DF, Stevens DK (eds). American Society of

Civil Engineers, Reston, VA: Salt Lake City.

Cianfrani CM, Sullivan SMP, Hession WC, Watzin MC. 2009. Mixed

stream channel morphologies: implications for fish community diversity.

Aquatic Conservation: Marine and Freshwater Ecosystems 19: 147–

156.

Clear DFR, Genner MJ, Boyle TJB, Setyawati T, Angraeti CD, Menken

SBJ. 2005. Associations of bird species richness and community com-

position with local- and landscape-scale environmental factors in Borneo.

Landscape Ecology 20: 989–1001.

Collier KJ, Wakelin MD. 1996. Instream habitat use by blue duck (Hyme-

nolaimus malacorhynchos) in a New Zealand river. Freshwater Biology

37: 277–287.

Creque SM, Rutherford ES, Zorn TG. 2005. Use of GIS-derived landscape-

scale habitat features to explain patterns of fish density in Michigan

rivers. North American Journal of Fisheries Management 25(4): 1411–

1425.

Croonquist MJ, Brooks RP. 1993. Effects of habitat disturbance on bird

communities in riparian corridors. Journal of Soil and Water Conserva-

tion 48(1): 65–70.

DiLuzio M, Srinivasan R, Arnold JG, Neitsch SL. 2002. ArcView Interface

for SWAT2000: User’s Guide. Grassland, Soil and Water Research

Laboratory Report 02–03, Black Research Center Report 02–07. Texas

Water Resources Institute TR-193. College Station, TX.

Dovciak AL, Perry JA. 2002. In search of effective scales for stream

management: does agroecoregion, watershed, or their intersection best

explain the variance in stream macroinvertebrate communities? Environ-

mental Management 30(3): 365–377.

Eckhardt K, Arnold JG. 2001. Automatic calibration of a distributed

catchment model. Journal of Hydrology 251: 103–109.

Fontaine TA, Cruickshank TS, Arnold JG, Hotchkiss RH. 2002. Develop-

ment of a snowfall-snowmelt routine for mountainous terrain for the soil

water assessment tool (SWAT). Journal of Hydrology 262: 209–223.

Frissell CA, Poff NL, Jensen ME. 2001. Assessment of biotic patterns in

freshwater ecosystems. In AGuidebook for Integrated Ecological Assess-

ments, Jensen ME, Bourgeron PS (eds). Springer-Verlag NewYork, Inc.:

New York; 390–403.

Harrelson CC, Rawlins CL, Potyondy JP. 1994. Stream Channel Reference

Sites: An Illustrated Guide to Field Technique. U.S. Department of

Agriculture Forest Service Rocky Mountain Forest and Range Exper-

iment Station: Fort Collins.

Heddon KF. 1986. Example field testing of soil fate and transport model,

PRZM, Dougherty Plain, Georgia. In Vadose Zone Modeling of Organic

Pollutants, Hern SC, Melancon SM (eds). Lewis Publishers, Inc.:

Chelsea.

Helms BS, Schoonover JE, Feminella JW. 2009. Seasonal variability of

landuse impacts on macroinvertebrate assemblages in streams of western

Georgia, USA. Journal of the North American Benthological Society

28(4): 991–1006.

HessionWC, Shanholtz VO,Mostaghimi S, Dillaha TA. 1994. Uncalibrated

performance of the finite element storm hydrograph model. Transactions

of the American Society of Agricultural Engineers 37(3): 777–783.

Horwitz RJ, Johnson TE, Overbeck PF, O’Donnell K, Hession WC,

Sweeney BW. 2008. Effects of riparian vegetation and watershed urban-

ization on fishes in streams of the mid-Atlantic piedmont (USA). Journal

American Water Resources Association 44(3): 724–741.

Huryn AD, Wallace JB. 1987. Local geomorphology as a determinant of

macrofaunal production in a mountain stream. Ecology 68(6): 1932–

1942.

Hutchens JJ Jr, Schuldt JA, Richards C, Johnson LB. 2009. Multi-scale

mechanistic indicators of midwestern USA stream macroinvertebrates.

Ecological Indicators 9: 1138–1150.

Hynes HBN. 1975. The stream and its valley. Internationale Vereinigung fur

Theoretische und Angewandte Limnologie Verhandlungen, Vol. 19; 1–15.

Inman RL, Prince HH, Hayes DB. 2002. Avian communities in forested

riparian wetlands of southern Michigan, USA. Wetlands 22: 647–660.

Johnson RK, Furse MT, Hering D, Sandin L. 2007. Ecological relationships

between stream communities and spatial scale: implications for designing

catchment-level monitoring programmes. Freshwater Biology 52: 939–

958.

Karr JR. 1981. Assessment of biotic integrity using fish communities.

Fisheries 66: 21–27.

Karr JR, Dudley DR. 1981. Ecological perspective on water quality goals.

Environmental Management 5(1): 55–68.

Kondolf GM, Micheli ER. 1995. Evaluating stream restoration projects.

Environmental Management 19(1): 1–15.

LCBP. 2004. Lake Champlain basin atlas: Land use. Lake Champlain Basin

Program.

McGarigal K, Cushman S, Stafford S. 2000. Multivariate Statistics for

Wildlife and Ecology Research. Springer-Verlag: New York.
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