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Abstract.—The relative influence of local habitat variables and stream network position on fish
assemblages was evaluated in this study of first-order through third-order streams within the
Beaverkill–Willowemoc watershed in New York. We compared fish distribution and abundance
over local and landscape scales by surveying 69 randomly selected tributaries within this 775-
km2 watershed. We used watershed-level metrics of stream link magnitude, branch link, confluence
link, downstream link, and stream order to evaluate the importance of stream network position
upon fish assemblages. Results of canonical correspondence analysis indicated that six factors
significantly influenced fish species abundance in our study watershed. The proportion of fine
substrate, canopy cover, in-stream vegetation, and water temperature were the four local habitat
factors related to the abundance of fish species in this watershed; confluence link and stream order
were the stream network position measures with the greatest influence on fish assemblages. Our
results show that stream fish assemblages in the study watershed were influenced by a combination
of small-scale habitat variables and stream position within a watershed network. The significance
of confluence link relative to that of other link measures designed to evaluate stream network
position has never been previously established in a direct comparison. The usefulness of confluence
link to characterize fish assemblages is consistent with efforts to identify metrics that are relevant
to both watershed network geomorphology and ecology.

Understanding fish–habitat relationships re-
quires a comparison of fish assemblages over a
range of spatial and temporal scales (Heggenes et
al. 1999). Stream fish distributions are influenced
by a variety of small-scale physical characteristics,
as well as large-scale interactions (Bowlby and
Roff 1986; Fausch 1988; Fausch et al. 1994). A
newly developing landscape perspective calls for
viewing streams as connected networks with a de-
finable ‘‘network geometry’’ (Benda et al. 2004),
instead of a linear hierarchy most commonly rep-
resented by stream order (Vannote et al. 1980).
Although stream fish distributions are influenced
by a variety of small-scale habitat features, the
importance of stream network position is less es-
tablished. Patterns in fish assemblages may be ex-
plained to some degree by landscape position char-
acteristics inherent in stream network geometry.
In this study, we incorporated landscape and local
habitat factors in a single analysis to evaluate fish
assemblages in a watershed network of streams.

Landscape position within a watershed influ-
ences fish assemblage patterns (Osborne and Wiley
1992; Fausch et al. 1994; Matthews and Robison
1998). Landscape attributes are often successful
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predictors of broad patterns of fish assemblages at
large spatial extents but may fail under specific
circumstances. For example, stream order (Strah-
ler 1957) has been used to describe some variation
in stream fish assemblages, and several authors
have observed a strong association between stream
order and fish species richness (Paller 1994; Fair-
child et al. 1998). Exceptions to typical longitu-
dinal patterns encompassed by stream order may
occur at locations where small-scale habitat chang-
es occur independently of stream order (McNeely
1986), or within small streams in close proximity
to large assemblages of river species (Gorman
1986). Several additional metrics of stream posi-
tion within a watershed network have been de-
veloped (Osborne and Wiley 1992; Nieman 1996;
Fairchild et al. 1998), but these have never been
evaluated together in one study to determine their
relative influence upon fish assemblages.

As biotic and abiotic stream characteristics
change from low-order headwater streams to high-
order downstream locations, the distribution and
abundance of fish species may also change (Mat-
thews and Robison 1998; Peterson and Rabeni
2001). Use of measures that take into account the
relative position of streams within a watershed
could further define the extent to which fish as-
semblages are influenced by landscape position.
Our overall objective was to determine the influ-
ence of local and landscape factors on fish abun-
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FIGURE 1.—Map of the Beaverkill–Willowemoc watershed in New York State. Solid circles mark sample sites
where fish populations were sampled in 2000 to assess landscape position and habitat variables.

dance and assemblage structure in streams within
a 775-km2 watershed. We were particularly inter-
ested in the extent to which stream network po-
sition influenced fish assemblages within this
drainage system and which stream network posi-
tion metric was most informative.

Methods

Study watershed.—The Beaverkill–Willowemoc
watershed is located in the Catskill region of New
York (Figure 1), about 193 km (120 mi) northwest
of New York City. Our study area encompassed
three subwatersheds: the upper Beaverkill, the
Willowemoc, and the lower Beaverkill. The upper
Beaverkill and the Willowemoc sub-basins drain
into the lower Beaverkill, a major tributary of the
East Branch Delaware River. The entire Beaver-
kill–Willowemoc watershed covers an area of ap-
proximately 775 km2. The watershed is lightly
populated, approximately one-third of the land be-
ing dedicated as state-owned forests. Streams

within the Beaverkill–Willowemoc valley have
predominantly steep-sided, narrow flood plains
surrounded by forests predominated by birch Bet-
ula sp., maple Acer sp., beech Fagus grandifolia,
and eastern hemlock Tsuga canadensis.

The study watershed has historically sustained
a widely recognized trout fishery (Van Put 1996),
but the fish assemblage has changed during the
20th century, particularly with regard to salmo-
nids. Before European settlement, the brook trout
Salvelinus fontinalis was the only salmonid native
to this system. During the 1880s, both nonnative
brown trout Salmo trutta and rainbow trout On-
corhynchus mykiss were introduced into the Beav-
erkill River (Van Put 1996). Both nonnative trout
species are currently naturalized within the wa-
tershed and support active fisheries within the
main stem (lower Beaverkill River), in addition to
stocked brown trout and naturally produced warm-
water fishes, including smallmouth bass Microp-
terus dolomieu and largemouth bass M. salmoides.
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Site selection.—A stratified random sampling
design was implemented to ensure a systematic
and unbiased coverage of the watershed (i.e., we
assumed that a weighting stratification based on
stream order would randomly represent other en-
vironmental variables of interest). We followed
Strahler (1957) in calculating stream orders for all
stream segments (confluence to confluence) within
the watershed except intermittent streams (U.S.
Geological Survey 1:24,000 topographic maps).
The watershed contained 204 first-order, 83 sec-
ond-order, and 28 third-order stream segments,
from which study sites were chosen. Sampling ef-
fort (nh, or the number of sites to be sampled from
each strata) was divided according to optimal sam-
pling stratification (Levy and Lemeshow 1999) as
follows:

n 5 N s N s (72); (1)Oh h h h h1 @ 2h

h 5 the different stream orders (h 5 1, 2, 3),
N 5 the number of stream segments in eachh

strata,
s 5 the approximate variance in speciesh

response expected for each stream order,
72 5 estimated number of sites that could be

sampled over one season.

The number of species was expected to increase
with stream order; therefore, variance in species
abundance and species richness was also expected
to increase with stream order (s1st 5 0.1, s2nd 5
0.2, s3rd 5 0.3).

Stream segments were randomly selected before
beginning fieldwork, at which time accessibility
was assessed. In the event that access points to
selected stream segments were unavailable, re-
placements were randomly selected from the same
stream order strata. Inclement weather and high
water conditions made it impractical to conduct
surveys within three selected segments; therefore,
69 study sites were ultimately surveyed. A study
site was selected to represent a particular stream
segment such that it encompassed at least two me-
sohabitat units, which were defined within each
site as either pools or riffles (the predominant me-
sohabitats in these streams). Study sites ranged in
length from 32.0 to 73.3 m and ranged in area from
30 to 464 m2.

A total of 32 first-order, 29 second-order, and 8
third-order stream sites were surveyed one time
on randomly selected dates from June through Sep-
tember 2000 (Figure 1). Sites were surveyed in a

random order to reduce seasonal biases. Small-
scale physical habitat features were assessed on
the same date as the biological surveys for all
study sites, and all surveys were conducted during
moderate to low flow conditions.

Biological surveys.—Fish abundance was esti-
mated with three-pass depletion surveys via a bat-
tery-powered backpack electrofishing unit. Block
nets were placed at the upstream and downstream
ends of each study site during these surveys to
maintain a temporarily closed system. Electrofish-
ing surveys were conducted by a three-to-five-per-
son crew, each carrying dip nets with 3-mm-di-
ameter mesh. At least 10% of all fish captured for
each species were weighed (0.1 g) and measured
(total length; mm). Population estimates and elec-
trofishing catchability coefficients were calculated
using a Leslie Delury binomial model based on a
binomial likelihood formulation, (P. J. Sullivan,
Cornell University, personal communication).

Small-scale habitat surveys.—Average wetted
width, bankfull stream width, and water depth
were measured to the nearest 0.1 m at a minimum
of three random locations within each mesohabitat
unit. Other measurements within each mesohabitat
unit included unit length, maximum water depth,
water temperature, percent in-stream vegetation,
percent in-stream shelter, percent canopy cover,
and substrate composition. Percent in-stream veg-
etation was visually estimated as the percentage
of stream bottom covered by submerged macro-
phytes and moss. Canopy cover was visually es-
timated as the percentage of the stream channel
shaded by vegetation or land formations at midday
during summer. The proportion of stream habitat
with in-stream shelter and fine substrates (,2 mm
in diameter) in each mesohabitat unit was visually
estimated according to criteria modified from Si-
monson et al. (1994). Proportion of fine substrate
(primarily silt, mud, and sand) was included in our
analyses because of the importance of such sub-
strates in other stream-fish studies (Heggenes
1988). Water conductivity, dissolved oxygen, cur-
rent velocity, and pH were also measured at a sub-
set of sites but were not incorporated in our anal-
yses. Values for all environmental variables were
proportionally weighted according to the area of
each mesohabitat unit, then averaged over the en-
tire study site such that

X 5 A X A ; (2)O Osite i i i@
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FIGURE 2.—Hypothetical example of a stream network
for delineating landscape position variables—stream or-
der, link magnitude (link), branch link (B-link), conflu-
ence link (C-link), and downstream link (D-link)—for
a simplified watershed.

TABLE 1.—Landscape position variable definitions and range of values for the 69 study sites in the Beaverkill–
Willowemoc watershed, New York.

Landscape position
variable Author Definition

Range of
values

Stream order Strahler (1957) Order increases with the confluence of two equal-
ly ordered streams

1–3

Link magnitude Shreve (1966) Number of unbranched source streams upstream
of a given segment in the drainage network

1–17

Branch link Nieman (1996) Number of branches along a path to the right (1)
or left (2) of the central axis or main stem

286 to 172

Confluence link Fairchild et al. (1998) Number of confluences downstream from each
stream segment

2–65

Downstream link Osborne and Wiley (1992) Link magnitude of the next downstream conflu-
ence

2–208

X 5 value for the environmental variable for thesite

entire study site
X 5 value of the environmental variable for thei

mesohabitat unit i
A 5 area of mesohabitat unit i.i

Landscape position variables.—We used water-
shed-level metrics of stream link magnitude,
branch link, confluence link, downstream link, and
stream order to evaluate the importance of stream
network position on fish assemblages (Figure 2).
Stream order was assigned according to Strahler
(1957). Stream link magnitude (link) is defined as
the number of unbranched source streams up-
stream from a given segment in the drainage net-
work (Shreve 1966). Branch link (B-link) is a func-
tion of the number of branches along a path to the
right or left of the central axis or main stem (Nie-
man 1996). Confluence link (C-link) is the number
of confluences downstream from each stream seg-
ment (Fairchild et al. 1998). Downstream link
(D-link; Osborne and Wiley 1992), describes the
upstream and downstream influences on a stream
section within a drainage network and is calculated
as the link magnitude of the next downstream con-
fluence. Measures of these landscape-scale vari-
ables were assigned to each site using a U.S. Geo-
logical Survey 1:24,000 hydrology map (exclud-

ing intermittent streams). Further descriptions of
the landscape-position variables, including the
range of values for the study watershed, are pro-
vided in Table 1.

Statistical analysis.—We evaluated the number
of species per site as a function of site area (m2)
to determine whether the survey area influenced
species richness, defined as the total number of
species per site. We also implemented a linear
model to evaluate the total number of fish species
per site as a function of the stream network po-
sition variables and evaluated correlations between
all environmental variables.

Multivariate approaches can be applied to char-
acterize differences in fish assemblages among
sites influenced by a suite of environmental vari-
ables. Ordination techniques, such as canonical
correspondence analysis (ter Braak 1986), have
been used to examine species abundances with re-
spect to other species, sites, and environmental
variables (Lyons 1996; Peterson and Rabeni 2001).
Canonical correspondence analysis (CCA) is a di-
rect gradient ordination technique, in which spe-
cies data can be directly related to a set of envi-
ronmental variables (ter Braak 1986). This anal-
ysis combines correspondence analysis (reciprocal
averaging)—an ordination technique that maxi-
mizes the correlation between species and envi-
ronmental variables—with multiple regression
techniques, such that the ordination axes are con-
strained to represent linear combinations of the
explanatory variables.

The CANOCO 4.0 software program (ter Braak
and Smilauer 1998) was used to perform CCA,
which identifies a basis for community ordination
by identifying patterns of variation in community
composition best accounted for by a set of vari-
ables. The CCA finds synthetic gradients (ordi-
nation axes) from species abundance estimates and
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environmental features by forming linear combi-
nations of environmental variables that maximally
separate species niches (ter Braak and Verdonschot
1995). Niche separation is expressed as the weight-
ed variance of species centroids on a standardized
gradient, each species centroid consisting of the
weighted average of gradient values for sites at
which the species occurs.

Environmental data were standardized to zero
mean and unit variance to make them dimension-
less and allow comparisons among canonical co-
efficients. Population estimates were converted
into densities (number of fish/m2) and were loge(x
1 1) transformed to stabilize variance. Three fish
species were not included in these analyses be-
cause they were only present in one sample, and
other rare species were down-weighted for the
CCA analysis by methods described in ter Braak
and Smilauer (1998).

The habitat preferences of different trout size-
classes were evaluated by dividing each trout spe-
cies into two size categories (1 5 young of year
and 2 5 adult fish [age 1 and older]) based on
length frequency histograms; these size-classes
were then analyzed as distinct groups. The broader
groupings (i.e., including both young-of-year and
adults of each trout species) were included as sup-
plements to the analysis; that is, these larger
groups had no influence on the extraction of or-
dination axes but were added afterwards to the
ordination diagrams to visually represent their re-
lationship to environmental factors and other spe-
cies (ter Braak and Smilauer 1998).

The following small-scale variables were in-
cluded in the CCA: water temperature, in-stream
cover, percent in-stream shelter, mean depth, mean
width, maximum depth, percent in-stream vege-
tation, percent fine substrate, and percent canopy
cover. Landscape position variables incorporated
in the analysis were stream order, link, B-link,
C-link, and D-link. A forward selection procedure
identified the variables that described the greatest
amount of variation not accounted for by previ-
ously selected variables (ter Braak and Smilauer
1998), where environmental and landscape vari-
ables were ordered by their ability to account for
the variance in species abundance data. Subse-
quently, the most important variable was then test-
ed for significance (defined as P , 0.05) in 1,000
Monte Carlo simulations before inclusion in the
model. Remaining variables were ordered by their
importance in accounting for additional variance
in the species data, and this procedure was re-
peated for each variable included in the model.

We applied CCA to identify predictors that best
accounted for the variance in species assemblages
for all 69 sites and to determine species that tended
to occur at similar locations. The statistical sig-
nificance of the relationship between species abun-
dances and the entire set of environmental vari-
ables were tested using Monte Carlo permutation
tests at a 5 0.05. To do this, we used two test
statistics, one based on the first canonical eigen-
value and another based on the sum of all canonical
eigenvalues (ter Braak and Smilauer 1998).

Results

We collected 9,273 individual fish throughout
the watershed during this study, representing 26
species, 3 of which were collected only at single
sites (Table 2). Slimy sculpin were the most widely
distributed species (52 out of 69 sites) and ac-
counted for about 60% of the total number of fish
captured. The next most abundant species were
young-of-year (age-0) brook trout (9.7%, 53 sites)
and blacknose dace (9.4%, 32 sites). When quan-
tified according to density (number/m2), slimy
sculpin made up the majority of the total catch,
followed by age-0 brook trout, age-1 and older
(adult) brook trout, adult brown trout, blacknose
dace, and age-0 brown trout (Table 2). The max-
imum population estimate for all species at a given
site was 1,051 (mean 5 181), and electrofishing
catchability for all sites averaged 60%.

Our analyses showed that species richness in-
creased with stream order (P 5 0.01, r2 5 0.095)
and D-link (P 5 0.01, r2 5 0.086) and decreased
with C-link (P 5 0.01, r2 5 0.094); no other en-
vironmental variables were significantly related to
species richness. No significant relationship was
found between species richness and survey area
(P 5 0.44). Positive correlations were found be-
tween link magnitude and stream order (r 5 0.76),
percent pool and percent fine substrate (r 5 0.54),
C-link and B-link (r 5 0.39), percent in-stream
shelter and percent pool (r 5 0.36). Link magni-
tude and percent canopy were negatively corre-
lated (r 5 20.36).

The forward selection procedure for the CCA
resulted in the retention of six variables as sig-
nificant contributors to variation in the ordination:
percent fine substrate, stream order, C-link, percent
canopy cover, water temperature, and percent in-
stream vegetation. The CCA produced four axes
that together accounted for 24.2% of the total var-
iance in fish species abundances among sites (Ta-
ble 3). Eigenvalues, which range between 0 and
1, measure the importance of each axis. The first
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TABLE 2.—Abundance and relative composition of fish captured at 69 study sites in the Beaverkill–Willowemoc
watershed, New York, 2000.

Code Species

Total
number
caught

Number
of sites
present

Percent catch

By number By area

SS Slimy sculpin Cottus cognatus 5,583 52 60.2 34.1
STYY Brook trout, age 0 Salvelinus fontinalis 900 53 9.7 25.0
BND Eastern blacknose dace Rhinichthys atratulus 871 32 9.4 4.9
STAD Brook trout, adulta 512 49 5.5 14.1
BTYY Brown trout, age 0 Salmo trutta 388 37 4.2 3.4
LND Longnose dace Rhinichthys cataractae 311 27 3.4 1.9
BTAD Brown trout, adulta 193 31 2.1 10.5
RTYY Rainbow trout, age 0 Oncorhynchus mykiss 101 8 1.1 2.8
TD Tessellated darter Etheostoma olmstedi 74 6 0.8 0.4
CSH Common shiner Luxilus cornutus 67 6 0.7 0.5
WS White sucker Catostomus commersoni 53 11 0.6 0.3
AME American eel Anguilla rostrata 37 10 0.4 0.2
CC Creek chub Semotilus atromaculatus 41 4 0.4 0.3
RTAD Rainbow trout, adulta 29 11 0.3 0.7
CLM Cutlip minnow Exoglossum maxillingua 30 5 0.3 0.2
LAM Sea lamprey (ammocoete) Petromyzon marinus 31 4 0.3 0.2
MT Margined madtom Norurus insignis 23 4 0.3 0.1
BB Brown bullhead Ameiurus nebulosus 11 4 0.1 0.1
PS Pumpkinseed Lepomis gibbosus 8 3 0.1 0.1
LMB Largemouth bass Micropterus salmoides 2 2 0 0
Cyp. spp. Cyprinidae spp. (unknown)b 3 1 0 0
PKL Chain pickerelb Esox niger 2 1 0 0
SMB Smallmouth bassb Micropterus dolomieu 4 1 0 0
Total 9,273

a Adult 5 age 1 and older fish.
b Not included in analysis.

TABLE 3.—Canonical correspondence analysis summary statistics for the Beaverkill–Willowemoc watershed, New
York. Total inertia was 1.721.

Statistic Axis 1 Axis 2 Axis 3 Axis 4

Eigenvalue 0.248 0.084 0.057 0.027
Species–environment correlation 0.788 0.548 0.572 0.470

Cumulative percentage variance

Explained by species only 14.4 19.3 22.6 24.2
Explained by species 1 environmental variables 58.0 77.6 90.8 97.1

Interset correlations with axes

Stream order 0.117 20.121 0.522 20.118
Water temperature 0.375 20.038 20.009 20.120
Canopy cover (%) 20.286 0.025 0.078 0.238
In-stream vegetation (%) 0.347 0.102 0.012 20.121
Fine substrate (%) 0.553 0.088 20.005 0.304
Confluence link 20.026 0.449 0.278 20.039

ordination axis accounted for 14.4% of the vari-
ance of the species data, whereas the second axis
accounted for 4.9% of this variance; we did not
attempt to interpret the third and fourth ordination
axes (Table 3). The entire ordination accounted for
more variation than expected by chance (Monte
Carlo permutation tests, N 5 1000, P 5 0.001),
indicating a significant relationship between spe-
cies abundance and the environmental variables.

The Monte Carlo permutation tests indicated
that the following factors were important in con-

structing CCA ordination axis one: percent fine
substrate, percent in-stream vegetation, percent
canopy cover, and water temperature (Table 3).
Percent fine substrate, percent in-stream vegeta-
tion, and water temperature were positively cor-
related with the first ordination axis, whereas can-
opy cover was negatively correlated. C-link and
stream order were the two factors important to
CCA ordination axis two. C-link was positively
correlated with the second ordination axis, and
stream order showed a negative correlation.
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FIGURE 3.—Canonical correspondence analysis (CCA) diagram for 69 random sites for which six environmental
variables were examined in the Beaverkill–Willowemoc watershed, New York, in 2000. Abbreviations are as follows:
AME 5 American eel, BB 5 brown bullhead, BND 5 blacknose dace, BT 5 all brown trout, BTAD 5 adult
brown trout (age 1 and older), BTYY 5 age-0 brown trout, CC 5 creek chub, CLM 5 cutlip minnow, CSH 5
common shiner, LAM 5 sea lamprey ammocoete, LMB 5 largemouth bass, LND 5 longnose dace, MT 5 madtom,
PS 5 pumpkinseed, RT 5 all rainbow trout, RTAD 5 adult rainbow trout, RTYY 5 age-0 rainbow trout, SS 5
slimy sculpin, ST 5 all brook trout, STAD 5 adult brook trout, STYY 5 age-0 brook trout, TD 5 tessellated
darter, and WS 5 white sucker.

The plot of the species scores on the ordination
diagram (Figure 3) indicates their relationship with
the CCA ordination axes with the reduced number
of environmental variables. Two main gradients
were apparent from the CCA. One separates as-
semblages based on small-scale environmental
variables: canopy cover, percent fine substrate, in-
stream vegetation, and water temperature. The oth-
er major gradient includes two landscape position
variables: stream order and C-link. Slimy sculpins
and brook trout were most abundant in streams
with high percentage canopy cover, low percent
fine substrate, and low water temperatures. Long-
nose dace, pumpkinseeds, and rainbow trout (age
0 and adult) exhibited similar preferences to brook
trout (age 0 and adult) with regard to water tem-
perature, in-stream vegetation, and fine substrate.
Brown bullheads also showed similar tendencies,
but were more tolerant of higher temperatures, per-
cent vegetation, and percent fine substrate. The
optima for rainbow trout, longnosed dace, pump-
kinseeds, and margined madtoms fell in the cen-

troid of canopy cover, in-stream vegetation, water
temperature, and percent fine substrate gradients.

The same species groupings reflected tendencies
in relation to two landscape position variables:
stream order and C-link. Brook trout, slimy scul-
pin, brown bullheads, and margined madtoms were
found near the centroid of the landscape position
gradient, showing a slight tendency to be associ-
ated with first-order and second-order streams with
many downstream confluences. Other fishes were
most abundant in second-order streams, except for
white suckers, tessellated darters, and creek chub,
which were found almost exclusively in third-
order streams with low C-links.

Although we found a distinct separation among
the three trout species, only slight differences were
found in the location of species optima for all three
age-0 and adult trout comparisons within species.
Differences between age-0 and adult trout were
more pronounced along the landscape position gra-
dient. Adults of all three trout species were more
often found in high ordered streams with lower C-
links than their age-0 counterparts.
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Discussion

Landscape position within a watershed stream
network was a significant factor influencing fish
species abundance in our study watershed. Spe-
cifically, confluence link and stream order were
the significant stream network position measures
identified in our analysis. The significance of con-
fluence link, compared with other link measures
designed to evaluate stream network position, has
never been previously established in a direct com-
parison of these measures. The usefulness of con-
fluence link in characterizing fish assemblages is
an important insight consistent with efforts to
identify metrics relevant to both watershed net-
work geomorphology and ecology (Benda et al.
2004).

The presence of particular species at locations
within their potential geographical range is influ-
enced by both historical and biogeographic con-
ditions, such as prior colonization opportunities
that define the regional species pool, and contem-
porary local factors, such as small-scale habitat
conditions (Jackson et al. 2001). Given the com-
plexity of large stream networks, accounting for
even a small proportion of overall variation in an
entire fish community is valuable in identifying a
subset of key variables that influence species abun-
dance (Gauch 1982; ter Braak 1986; Palmer 1993).
Using the forward selection procedure of the CCA,
we were able identify six variables that signifi-
cantly influenced the abundance of 23 fish species
at 69 stream locations within the study watershed.
Significant variables correlated with local species
abundance in this study included C-link, stream
order, water temperature, percent canopy cover,
percent in-stream vegetation, and percent fine sub-
strate. The CCA specifically identified two stream
network position variables (i.e., C-link and stream
order) that significantly influenced fish abundance,
highlighting the influence of landscape position
variables upon fish assemblages.

Our results support the use of C-link—rather
than other stream link measures—as a landscape
position measure influencing fish assemblages.
Fairchild et al. (1998) found a similar result in a
CCA ordination of fish communities within a
southeastern Pennsylvania watershed: C-link and
link magnitude, the only landscape position vari-
ables evaluated, accounted for 13.5% of the var-
iation in species composition among sites. The
utility of C-link is also supported by the relevance
of stream confluences to geomorphological pro-
cesses within streams that are likely to influence

ecological processes (Benda et al. 2004). C-link
was likely most informative because of its ability
to distinguish between small adventitious streams
that connect with larger or main-stem streams
(Gorman 1986) and streams of a similar size lo-
cated farther upstream. It is important to recognize,
however, that maximum C-link values are influ-
enced by the size of a study watershed; therefore,
absolute C-link values can only be used to compare
locations within, rather than between, watersheds.

Our results should not be interpreted to mean
that the significant variables identified by the CCA
‘‘predicted’’ 24% of the variability in fish abun-
dance, or that other unknown variables would ex-
plain the remaining 76% variability. This misun-
derstands the use of CCA in this (or any) study,
and we do not suggest using results from CCA to
predict fish abundance. Instead, we have identified
six key variables that significantly influence fish
abundance within this watershed. Our results have
identified significant structure in a complex, com-
prehensive dataset, and our unique contribution is
that we have identified confluence link as a key
component of that structure. This approach is con-
sistent with the use of ordination techniques in
community ecology. For example, in a compre-
hensive recent review of this subject, McCune and
Grace (2002) noted that ‘‘r2 values are commonly
called the percentage of variance ‘explained’, but
‘represented’ is a more appropriate word.’’
McCune and Grace (2002) further noted that no
fixed answer can be given to the question, ‘‘What
is a ‘good’ r2?’’, and they provide a CCA example
for stream fauna in which the total species-envi-
ronment r2 (for two axes) was 15% but neverthe-
less provided useful insight regarding the influence
of pollution on stream biota. Similarly, we have
rejected the hypothesis that confluence link (and
five other variables) did not influence fish abun-
dance in our study watershed.

Other link measures did not have a significant
influence on fish abundance in our study. By con-
trast, Osborne and Wiley (1992) found a significant
relationship between D-link and fish species rich-
ness in a central Illinois watershed, and Nieman
(1996) found a similar result using B-link; how-
ever, neither study evaluated the significance of
C-link. Given the perspective that landscape po-
sition within stream network is best determined
from a measure incorporating some aspect of net-
work geometry (Benda et al. 2004), we consider
both B-link and D-link as flawed measures that
have limited utility. B-link is limited by only pro-
viding information about how the watershed dif-
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fers on one side or the other of a main-stem branch.
D-link incorporates information downstream from
a given stream segment but is limited by an in-
ability to distinguish between stream locations that
are often quite different (e.g., compare sites c and
d in Figure 2).

Although fish assemblages are clearly influ-
enced at small scales by local biotic and abiotic
factors, factors operating at larger scales are less
evident (Jackson et al. 2001). Recent studies have
increasingly evaluated streams at a landscape scale
and as components within complex watersheds,
rather than simply as independent entities (Rich-
ards et al. 1996). The most prominent landscape
position species-environment gradient found in
our study distinguished between sites closely con-
nected to larger main-stem waters (predominated
by tessellated darters, white suckers, margined
madtoms, cutlip minnows, common shiners, and
creek chub) and those located farther upstream in
the watershed (predominated by slimy sculpin and
brook trout).

Tributaries joining with larger rivers, such as
those in the lower Beaverkill subwatershed, are
closer to more diverse sources of colonizing fish
species than are tributaries farther upstream in the
watershed (Osborne and Wiley 1992). Adventi-
tious streams, defined as streams at least three
stream orders smaller than streams into which they
flow, are located closer to a more diverse species
pool (Gorman 1986) than similar-sized streams
with larger C-link values. Small streams also often
require recolonization following harsh winter or
summer conditions, and the density of source pop-
ulations can also affect movement and recoloni-
zation rates (Sheldon and Meffe 1995). Note that
only one site, upper Mongaup Creek, was located
in close proximity to a lake, and it therefore was
the only study site in close proximity to a source
of species associated with warm lake conditions.
Three species found solely at that site were there-
fore excluded from the CCA. This raises a caution
that landscape position influences associated with
stream network branching patterns might be re-
duced in a study watershed encompassing numer-
ous lake and stream connections because of the
likely influence of lakes as source populations.

Other interactions between species and stream
characteristics may contribute to differences
among assemblages, highlighting the need to eval-
uate both small-scale and large-scale features
when examining fish community composition. For
example, habitat-use and landscape preferences of
fishes may change with ontogeny (Schlosser

1995); we found that age-0 brown and rainbow
trout were more abundant in streams with lower
C-link and higher stream order than were their
adult counterparts. Additionally, body size and
mobility may influence the location of fishes with
a stream landscape (Minns 1995). Some fishes
found within our study system, such as tessellated
darters and slimy sculpin, typically live in very
short stream sections and may complete their en-
tire life within a single habitat unit (Hill and Gross-
man 1987). This contrasts with observations of
highly mobile fishes, such as American eel, sea
lamprey, and trout species.

The results from the CCA analysis corroborate
other studies focusing on small-scale environmen-
tal factors that influence fish abundance. The in-
fluence of temperature on stream fish distributions
has been well documented (Symons et al. 1976;
Drake and Taylor 1996; Taniguchi et al. 1998).
Canopy cover was also a significant predictor of
fish species abundance in the study watershed. The
presence of extensive canopy cover was important
for certain species, such as brook and rainbow
trout, but areas of open canopy were associated
with species such as the tessellated darter and
creek chub. Although shade and temperature are
probably correlates because canopy cover can
shade a stream, such correlated variables can still
influence species abundance in different ways. For
example, a stream location with extensive canopy
cover probably has an intact riparian area that pro-
vides many other stream habitat functions (Greg-
ory et al. 1991). A particular strength of CCA is
its ability to detect independent effects of such
highly correlated variables, and the arrangement
of species and habitat variables in CCA diagrams
are not greatly influenced by strong correlations
(Palmer 1993).

The percentage of fine substrates (,2 mm in
diameter) also significantly influenced fish assem-
blage composition in the study watershed, sepa-
rating species that prefer complex habitats with
gravel or cobble substrates (e.g., brook trout and
slimy sculpin) from other fishes. By contrast, we
found that brown bullheads and margined mad-
toms showed no preference, and therefore tend to
be generalists with regard to substrate. Submerged
macrophytes provide underwater structure and of-
fer shelter and foraging habitat for fishes in a man-
ner similar to complex substrates. Several species
were found in streams with a large percentage of
in-stream vegetation, particularly creek chub,
white suckers, tessellated darters, largemouth bass,
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sea lamprey, blacknose dace, common shiners, and
cutlip minnows.

Local habitat variables such as substrate com-
position or canopy cover are easy to assess and
provide information regarding other important
stream habitat factors. For example, fines are more
likely to accumulate at low-gradient stream loca-
tions seldom influenced by high-energy flow
events, which cannot be determined as readily as
substrate composition. Similarly, abundant canopy
cover often indicates that the riparian area is rel-
atively intact, which can influence factors such as
stream temperature, nutrient availability, and par-
ticulate terrestrial inputs (Gregory et al. 1991).
This CCA analysis supports the contention that
such surrogate habitat measures can be valuable
in conducting rapid assessments designed to eval-
uate fish assemblages.

Several small-scale variables measured in this
study often vary throughout a day, season, or year
(i.e., temperature, pool depth, in-stream vegeta-
tion, and canopy cover). By contrast, the landscape
position variables incorporated in these analyses
remain consistent through time. Temperature was
the only significant variable from our analyses that
varied extensively over short periods. Because
summer 2000 was relatively cool and wet in the
study watershed, temperature conditions may have
been less influential during our field collections
than would have occurred during warmer years.

Our results indicate that stream fish assemblages
are significantly influenced by a combination of
both local and landscape features associated with
stream network position. A significant proportion
of the variation in stream fish abundance within
the study watershed was accounted for by a small
number of easily-obtained habitat variables and
stream network position variables that can be ob-
tained from standard topographic maps. Most of
the significant small-scale variables are unlikely
to change from year to year, and stream network
position remains constant, thereby providing a
landscape framework from which to evaluate fish
assemblages.
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