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Abstract In this paper, we evaluate relationships
between in-stream habitat, water chemistry, spatial
distribution within a predominantly agricultural
Midwestern watershed and geomorphic features and
fish assemblage attributes and abundances. Our
specific objectives were to: (1) identify and quantify
key environmental variables at reach and system wide
(watershed) scales; and (2) evaluate the relative
influence of those environmental factors in structuring
and explaining fish assemblage attributes at reach
scales to help prioritize stream monitoring efforts and
better incorporate all factors that influence aquatic
biology in watershed management programs. The
original combined data set consisted of 31 variables
measured at 32 sites, which was reduced to 9
variables through correlation and linear regression
analysis: stream order, percent wooded riparian zone,
drainage area, in-stream cover quality, substrate

quality, gradient, cross-sectional area, width of the
flood prone area, and average substrate size. Canon-
ical correspondence analysis (CCA) and variance
partitioning were used to relate environmental vari-
ables to fish species abundance and assemblage
attributes. Fish assemblages and abundances were
explained best by stream size, gradient, substrate size
and quality, and percent wooded riparian zone.
Further data are needed to investigate why water
chemistry variables had insignificant relationships
with IBI scores. Results suggest that more quanti-
fiable variables and consideration of spatial location
of a stream reach within a watershed system should
be standard data incorporated into stream monitoring
programs to identify impairments that, while biolog-
ically limiting, are not fully captured or elucidated
using current bioassessment methods.
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Introduction

Initial European settlement of the Midwestern USA
started in the early 1800s, and by the end of the 19th
century the landscape was radically transformed
(Urban and Rhoads 2003). Part of this transformation
involved channelization or “ditching” of streams to
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provide enhanced capacity for agricultural field
drainage in the headwaters of many watersheds.
Many wetlands were drained, and networks of
agricultural ditches were constructed. The alteration
of fluvial systems in the Midwestern USA has
affected the geomorphological and ecological charac-
teristics of these systems over a range of scales.

In 1972, the Clean Water Act was enacted and
established a process for regulating discharges of
pollutants into the waters of the USA and acceptable
levels of water quality (USEPA 2007). In most states,
water chemistry monitoring is conducted to support
established water quality criteria and identify priority
pollutants; however, chemical monitoring alone cannot
ensure that all pollutants and interactions among them
are meeting water quality goals (Yagow et al. 2006).
Ohio is one of the few states to have aquatic use
requirements for lotic systems and to incorporate
biological monitoring, or bioassessment, into its water
quality standards. Bioassessment is important for
identifying problems otherwise missed or underesti-
mated by chemical monitoring, and provides response
indicators closest to desired end outcomes related to
ecological health (Karr and Yoder 2004). Aquatic
organisms serve not only as useful indicators of current
conditions, but also of cumulative effects and changes
over time; thus, they provide valuable information
about the overall integrity of a water body (Plafkin et
al. 1989; Barbour et al. 1999).

While monitoring efforts may result in a water
body being classified as impaired, they do not
necessarily identify the pollutant or stressor causing
the impairment. Developing strategies to improve
lotic systems requires knowledge not just of the
chemical constituents but also their relationship to
aquatic use attainment based on habit and aquatic
biology. In Ohio, each stream is designated an aquatic
life use designation: exceptional warmwater habitat
(EWH), warmwater habitat (WWH), modified warm-
water habitat (MWH), and limited resource waters
(LRW), and each designation has a target value to
indicate the healthy level of biotic integrity it can
support (Ohio EPA 1995). WWH defines healthy fish
assemblages and a habitat condition expected in most
water bodies in Ohio, and is the primary restoration
target for most water management efforts (Ohio EPA
1995). Habitat is monitored using the qualitative
habitat evaluation index (QHEI; Rankin 1995) or

Headwater Habitat Evaluation Index (HHEI; Ohio
EPA 2002). Fish are monitored using the index of
biotic integrity (IBI, Karr 1981).

The structure and function of aquatic communities
is influenced by factors operating across a range of
spatial and temporal scales including geography,
geology, climate, richness of regional species pools,
stream order and network position, local stream
habitat, water quality, and flow characteristics (Pusey
et al. 1995; Richards et al. 1996; Allan et al. 1997;
Allan 2004; Angermeier and Winston 1998; Lammert
and Allan 1999; Snyder et al. 2003; King et al. 2005;
Williams et al. 2005). Gangloff and Faminella (2007)
found that relatively minor changes in channel
gradient and bankfull depth may have large effects
on mussel assemblages in Appalachian streams.
Walters et al. (2003) found that geomorphic processes
such as bed mobility and bankfull tractive force were
key predictors of fish species composition in Georgia
Piedmont streams.

In heavily impacted, channelized streams where all
or most of the riparian zone has been removed, one
would expect low QHEI scores to result in low IBI
scores and vice versa. An examination of historical
IBI and QHEI data for the entire Olentangy River
watershed collected by Ohio EPA from 1979–2004,
found that 31% of the sites were either: meeting IBI
targets but not meeting QHEI targets or currently not
meeting IBI targets but meeting QHEI targets. When
IBI and QHEI scores were plotted against each other
and fit with a regression line, the resulting relation-
ship was relatively poor (r2=0.22).

These findings, together with an opportunity to
conduct a total maximum daily load (TMDL) assess-
ment for the Olentangy River, led the authors to ask
the following questions about modified systems in
Ohio and throughout the Midwest: What are the most
important environmental factors affecting fish com-
munities in Midwestern stream systems beyond in-
stream habitat, and can these factors adequately
explain variation in fish assemblage structure? Are
current bioassessment methods adequate enough to
identify sources of variation affecting fish assem-
blages in highly modified stream systems? To answer
these questions the authors identified four categories
of environmental variables to measure and statistically
relate to fish community structure for a major river
system in Ohio. In this paper, we evaluate relation-
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ships between in-stream habitat, water chemistry,
spatial distribution within the watershed, and geomor-
phic features and IBI and fish abundances. The
ecological focus of the study is on fish, because most
environmental management initiatives in this region are
directed toward fish resources (Rhoads and Herricks
1996) and over 100 years of comparable, spatially
distributed data are available on the composition of the
fish community (Hauser 1999; Trautman 1981).
Additionally, local geomorphic conditions and pro-
cesses may contribute to habitat heterogeneity within
the stream system but have received little attention in
fish assemblage studies (Frothingham et al. 2001).

Our specific objectives were to: (1) identify and
quantify key environmental variables in a predomi-
nantly agricultural Midwestern watershed; and (2)
evaluate the relative influence of those environmental
factors in structuring and explaining fish assemblage
attributes. An anticipated end-product of work
reported in this paper was to obtain knowledge that
would assist regulatory agencies to revitalize, manage
and derive policies for stream ecosystem integrity by:
(1) prioritizing monitoring efforts in comprehensive
watershed management programs; and (2) better
incorporating more aspects of the lotic system that
have a major influence on aquatic biology.

Methods

Study site

The Olentangy River watershed originates in southern
Crawford County, Ohio, and flows south toward its
confluence with the Scioto River near downtown
Columbus, Ohio (Fig. 1). The Olentangy River
mainstem is 142.4 km long and drains 1,400 km2.
Overall, the land use in the Olentangy watershed is
56% cropland, 14% urban, 14% forested, 13% pasture
(Ohio EPA 2007). However, the watershed exhibits
three distinctly different areas based on land use and
geology: the Upper Olentangy, Whetstone Creek, and
Lower Olentangy (Fig. 2). The Lower Olentangy
watersheds are predominantly bedrock controlled, lo-
cated in ravine-like settings, and dominated by urban/
suburban land use (Fig. 2a). Thirty five kilometers of
the Lower Olentangy River mainstem are designated as
a State and National Scenic River.

Row-crop agriculture and sub-surface drainage
dominate the Upper Olentangy watersheds, which
tend to be characterized by glaciated tills, low
gradients, and a history of hydrologic and physical
modifications resulting in little wooded riparian zones
(Fig. 2b). Above the City of Delaware is the Delaware
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Fig. 1 The Olentangy River
watershed and the location
of 32 sites with fish abun-
dance and IBI, QHEI,
geomorphology, spatial
location, and water
chemistry data
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Dam, which is a regulated flood control system that
lies on the Olentangy River mainstem and is the outlet
of the Upper Olentangy watershed.

The Whetstone Creek watershed is a major
tributary to the Olentangy River and enters the system
near the inlet of the lake controlled by the Delaware
Dam. Streams in the Whetstone Creek watershed also
are dominated by row-crop agriculture, but are
characterized by terminal moraine shale, slightly
higher gradients, and a higher percentage of wooded
riparian zones than the remainder of the Upper
Olentangy watershed (Fig. 2c).

Data collection

The Ohio EPA has developed a 12-step project
management-based process to accomplish TMDLs
that builds on existing monitoring, modeling, permit-
ting, and grant programs (1999). The study reported
here was performed under contract with the Ohio EPA
and was constrained by the TMDL process. The
dataset for this study consisted of historical data
collected by Ohio EPA and data collected by the
authors for the entire Olentangy River watershed. The
Ohio EPA database included IBI and Qualitative
Habitat Evaluation Index (QHEI) metrics and scores
collected at the reach scale at 79 sites within the
watershed from 2003 to 2004 as well as water
chemistry grab samples collected at 32 sites in 2004
from specific locations within the watershed. At sites
where Ohio EPA data were available, the authors
collected geomorphology information at the reach level
and spatial location information at the 11-digit or 14-
digit hydrologic unit code (HUC) sub-watershed level
(Table 1).

Fish assemblages (IBI Metrics)

Fish sampling was conducted in the Olentangy River
watershed by Ohio EPA in 2003–2004 (June to
September) based on standardized bioassessment
protocols (Barbour et al. 1999). Sampled reaches
were a minimum of 150 m in length. Fish collected
were identified to species, counted, and then classi-
fied into trophic, reproductive, and sensitivity guilds.

Fig. 2 Photos of typical streams found in a Lower Olentangy
watersheds, b Upper Olentangy watersheds, and c Whetstone
Creek watersheds

R
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Variable Units Mean±SD Range

Fish assemblage
Sunfish species # 2.9±1.5 0–6.5
Darter species # 3.4±2.3 0–8
Sucker species # 1.3±0.9 0–3.5
Intolerant species # 0.7±0.9 0–3
Top carnivore individuals % 3.2±3.6 0–13.8
Omnivore individuals % 27.9±24.1 0–87.4
Relative # minus tolerants # 401±266 0–854
Total native species # 16±7.6 0.5–26.5
Tolerant individuals % 53.7±27.6 2.9–100
Sculpin/darter species # 3.6±2.5 0–8
Cyprinid species # 5.3±2.2 0.5–8
Insectivore individuals % 40.8±24.5 0–90
Headwater species # 1.3±1.4 0–5.5
Pioneering individuals % 48.8±26.1 6.9–99
Individuals w/ DELT anomalies % 0.2±0.2.6 6.9–99
Simple lithophilic spawners % 22.4±16.9 0–60
Simple lithophilic spawners # 5.1±3.0 0–11
Habitat
In-stream cover quality – 12.7±3.6 3.0–18.0
Channel quality – 12.3±4.2 4.0–17.5
Riparian quality – 5.3±1.9 2.0–10
Pool/glide quality – 7.3±2.1 3.0–11.0
Riffle/run quality – 2.7±1.6 0.0–5.5
Gradient m/km 3.5±4.0 0.02–14.6
Substrate quality – 13.5±4.1 6.0–20.0
Spatial location
Drainage area km2 44.6±57.8 1.0–292.7
Stream order – 2.4±1.1 1.0–4.0
Distance to wooded riparian zone m 196.2±307.4 0.0–1183
Riparian zone percentage % 20.4±17.2 2.0–70
Distance to next higher order stream m 2919±3915 18.3–13782
River mile – 6.5±8.4 0.1–29.3
Geomorphology
D50 mm 15.1±13.8 0.062–49
D84 mm 63.7±41.7 0.35–150
Width—flood prone area m 59.7±60.7 7.0–250.3
Cross-sectional area m2 8.9±9.0 0.9–36.9
Width: depth ratio – 18.3±8.5 7.7–43.8
Entrenchment ratio – 4.4±3.3 1.3–12.5
Hydraulic radius m 17.9±9.2 7.7–48.2
Water chemistry
Nitrate mg/l 3.5±1.9 0.4–6.7
Ammonia mg/l 0.09±0.05 0.05–0.27
Nitrite mg/l 0.05±0.05 0.02–0.33
Total phosphorus mg/l 0.23±0.53 0.03–3.1
Total Kjeldahl nitrogen mg/l 0.71±0.27 0.4–2.0
Total suspended solids mg/l 27.4±37.3 5.1–202.5
Fecal coliform mg/l 3,556±5,233 481–26,865
Biological oxygen demand mg/l 3.5±7.2 2.0–42.9

Table 1 Summary of data
from the Olentangy
River watershed
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IBI scores for each site were computed following
Barbour et al. (1999) and compared with selected
environmental variables. Individual IBI metrics were
retained to determine variation in IBI scores. Where
more than one IBI assessment was made for one site
in the same sampling year, the IBI scores and metrics
were averaged. Where IBI assessments were made
for both 2003 and 2004, the most recent data were
used.

Habitat

The Qualitative Habitat Evaluation Index (QHEI) is a
qualitative assessment of in-stream habitat, at a reach
scale, and was developed based on knowledge of fish
habitat requirements (Rankin 1995). The metrics that
make up the assessment are intended to be both
positively and negatively correlated with IBI score
and can be influenced by system-wide factors. Habitat
was assessed at each fish sampling site and a QHEI
score was calculated by Ohio EPA during 2003–2004
using standardized protocols (1995). Where QHEI
assessments were made for both 2003 and 2004, the
most recent data were used.

Geomorphology

Geomorphology measurements were made at 51 reach
scale sites on tributaries distributed across the entire
watershed and at several locations along the mainstem
of the Olentangy River. Access to some study sites
and other factors prevented the authors from taking
measurements at all 79 sites where biology and
habitat data were available. Measurements followed
protocols reported by Harrelson et al. (1994) and
Ward and Trimble (2003). Bed material was surveyed
using the Wolman Pebble Count (1954) procedure.
Data were entered in to the reference reach spread-
sheet (Ward and Mecklenburg 2005) where entrench-
ment ratio, hydraulic radius (meters), width to depth
ratio, and bed material size distribution (D50 and D84;
millimeters) were calculated. Like other metrics,
stream geomorphology is influence by reach scale
conditions (i.e., depth to bedrock, bank materials,
attachment to adequate floodplain, vegetation, bed
slope, etc.), watershed scale attributes (i.e., drainage
area and land use), and other factors such as
proximity to upstream and downstream hydraulic
control structures.

Spatial location

Spatial location, in reference to the Olentangy River
mainstem, was represented by stream order (as
described by Strahler 1952), drainage area (square
kilometers), river mile, distance downstream to next
higher order stream (meters), distance upstream to a
wooded riparian zone (meters), and percent wooded
riparian zone within 1.6 km2 of the survey site
described using ArcGIS 1:24,000 topographic maps,
Digital Elevation Models, and aerial photographs.

Water chemistry

Water chemistry variables, represented by the mean
values (mg/l) of the following constituents analyzed
from Ohio EPA grab samples collected in 2004,
include: nitrate-N, ammonia-N, nitrite-N, total phos-
phorus, total suspended solids, fecal coliform, total
Kjeldahl nitrogen, and biological oxygen demand
(BOD). Water chemistry data was available for 32
sites in the Olentangy River watershed.

Data analysis

Dimensionality of the dataset was reduced and
variables causing redundancy in the data set were
eliminated using a four-step approach that included
correlation analysis, linear regression analysis to test
for significance, canonical correspondence analysis
(CCA), and variance partitioning with CCA. Other
studies have used similar multivariate techniques to
test hypotheses about species–environment relation-
ships at different spatial and temporal scales or the
effects on aquatic assemblages (Anderson and Willis
2003; Angermeier and Winston 1998; Griffith et al.
2001; McArdle and Anderson 2001; Nerbonne and
Vondracek 2001; Wang et al. 2003; Williams et al.
2003, 2005).

First, correlation of the variables to each other and
to IBI score was assessed to reduce redundancy in the
data set. A correlation matrix was created for each of
the four categories of variables: habitat represented by
QHEI metrics, geomorphology, spatial location, and
water chemistry. The minimum Pearson product
moment correlation (r) threshold was set to 0.4, and
any variables with correlation to IBI score below this
threshold were eliminated. Then, the variables were
assessed against each other to determine which
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variables grouped together to account for multi-
collinearity. Final determinations between redundant
variables were based on our analysis of which
variable retained more information on fish assem-
blage structure based on our knowledge of the
watershed. To illustrate this step, river mile and
distance to the next higher order stream express
similar information about spatial location in the
watershed (r=0.99). Distance to the next higher order
stream showed a stronger correlation to IBI score (r=
0.52) than river mile (r=0.45) and, therefore, river
mile was eliminated from the list of variables
describing spatial location.

Linear regression analyses was then conducted to
determine which of the remaining independent vari-
ables were significantly related to IBI score (p<0.05)
to further reduce the data set. Linear regression
analyses using all the variables of the original data
set was also conducted to ensure that significant
variables were not inadvertently eliminated during the
correlation analysis. Correlation and simple linear
regression analyses were performed using the Systat
v.11 statistical software package (SSI 2004).

CCA analysis focused on fish assemblage attributes
(IBI metrics) and species composition (abundance)
using the Canoco v4.5 statistical program (ter Braak
and Smilauer 2002) to determine the relationship of
fish assemblages (dependent variables) to environmen-
tal factors (independent variables) in the Olentangy
River watershed. CCA was used on the full data set of
environmental variables as well as the data set of
reduced environmental variables (after correlation and
regression analysis) to determine if any explanatory
variance was lost by eliminating statistically redundant
variables. Significance of canonical axes and variation
explained by environmental variables (α=0.05) were
based on 1,000 Monte Carlo permutations. The nature
of the species–environment relationship was then
inferred from intraset canonical correlation coefficients
of environmental variables with CCA axes (ter Braak
and Smilauer 2002).

In order to improve the overall predictive success
of the model, variance partitioning was used to
estimate the contribution of each set of variables to
community variation after accounting for the other
sets (Borcard et al. 1992; ter Braak 1996; Parris 2004;
Williams et al. 2005). The technique yielded the
proportion of explained variation for the overall
model, each category of environmental variables,

each two-way interaction among the pairs and the
interaction of all the pairs. In all analyses, proportions
were angular-transformed, and fish abundances were
ln-transformed to correct for detected non-constant
error variance.

Results and discussion

The original combined data set consisted of 31
variables measured at 32 sites in the Olentangy River
watershed: 10 geomorphology variables, 7 habitat
variables, 6 spatial location variables, and 8 water
chemistry variables (Table 1). Sites with missing data
values were omitted. Sub-watersheds analyzed in this
study ranged in size from 1 to 300 km2. IBI scores for
the data set analyzed ranged from 12 to 52 with a
median score of 38. Forty-seven species of fish were
caught among the study sites. The greatest number of
species caught at a site was 26 species. The fewest
number of species caught at a site was one species.
The greatest number of fish caught at a site was 1,683
individuals. The fewest number of fish caught at a site
was nine individuals. Whetstone Creek watersheds
had greater average diversity and abundance than the
Upper and Lower Olentangy watersheds. Redfin
shiners (Lythrurus umbratillis) and white crappies
(Pomoxis annularis) were unique to the Upper
Olentangy watersheds and not found in the Lower
Olentangy and Whetstone Creek watersheds. Madtoms
(Noturus spp.) and sculpins (Cottus spp.) were found
only in the Whetstone Creek watersheds. QHEI
scores ranged from 29 to 85 with a median score of
60. Sites within the Upper Olentangy watersheds
exhibited highly variable habitat conditions, having
both the highest and lowest QHEI scores. Lower
Olentangy sites generally had higher gradients and
lower riffle and pool quality. Whetstone Creek sites
generally had higher in-stream cover, riparian, and
substrate quality.

Objective 1: analysis of key environmental variables

Within the habitat category, in-stream cover quality
most highly correlated to IBI score (r=0.60) followed
by gradient (r=−0.53) in the correlation analysis.
When all habitat variables were regressed against IBI
score (r2=0.60; p=0.001), in-stream cover quality,
substrate quality, and gradient were each significant
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(p=0.02). Explanatory variance was similar when
only these three variables were regressed against IBI
score (r2=0.58; p=0.001).

Within the spatial location category, stream order,
river mile, and distance to next higher order stream
are all descriptors for location of a site within the
watershed and, to a lesser extent, stream size and were
determined to be strongly correlated to IBI. Stream
order had the highest correlation to IBI score (r=
0.68). When all of the spatial location variables were
regressed against IBI score (r2=0.55; p=0.001)
stream order (p=0.0001), percent wooded riparian
zone (p=0.007), and drainage area (p=0.04) were
significant. Virtually no explanatory variance was lost
when only these three variables were regressed
against IBI score (r2=0.54; p=0.001); therefore, these
three variables were retained for CCA analysis.

In the geomorphology category cross-sectional
area, bankfull width, mean depth, max depth, and
hydraulic radius are all descriptors of stream channel
size and were all strongly correlated; therefore, cross-
sectional area was used to describe stream channel
size as the variable incorporates both width and depth
measurements. Cross-sectional area (r=0.45), width
of the flood prone area (r=0.42), and average
substrate size (r=0.41) were the most highly corre-
lated variables to IBI score. When geomorphology
variables were regressed against IBI score (r2=0.50;
p=0.02) cross-sectional area was the only significant
variable (p=0.04). When cross sectional area, average
substrate size, and width of the flood prone area were
regressed against IBI score the explained variance
decreased by half, but all the variables were signifi-
cant (r2=0.22; p=0.05).

Average total suspended solids was the most
highly correlated water chemistry variable to IBI
score (r=0.33); however, it did not meet our
minimum correlation threshold (r>0.40). When all
of the water chemistry variables were regressed
against IBI score (r2=0.18; p=0.05) none of the
variables were significant; therefore, no water chem-
istry variables were retained for CCA analysis. The
lack of correlation might be due to insufficient
variation in water chemistry between specific sites to
significantly influence IBI score. For example, there
were no pollution sources that caused very low IBI
scores or exceptional water quality areas that resulted
in high IBI scores.

Regression analysis conducted on the combined
dataset of all 31 variables resulted in a high, but not
significant, Pearson product moment correlation to
IBI score (r2=0.83; p=0.069). Regression analysis on
the combined data set reduced to 9 variables by
correlation analysis resulted in a slightly lower, but
significant, Pearson product moment correlation to
IBI score (r2=0.71; p=0.001). Our selection of
environmental variables through correlation analysis
was supported upon examination of the relationship
of each category of environmental variables to IBI
score, which indicated that reducing the number of
variables within each category resulted in similar
explained variance and significance (Table 2). This
occurred for all categories except geomorphology
where reducing the data set from ten variables to three
variables decreased the explained variance by about
half. The likely reason is that geomorphology
variables eliminated from the correlation and regres-
sion analysis could be explaining an unmeasured or
unknown component that is important to fish assem-
blage structure.

Table 2 Linear regression results for all variables of the spatial
location category (independent variables) and IBI score
(dependent variable) and the reduced set of significant variables
from the correlation analysis (α=0.05)

Category r2 p value Significant variables

Combined data set
Original (31 variables) 0.83 0.07 None
Reduced (9 variables) 0.68 0.001 Stream order
Geomorphology
All 0.50 0.04 D50, cross-sectional

area
Reduced 0.22 0.05 D50

Spatial location
All 0.52 0.001 Stream order
Reduced 0.50 0.001 Stream order
Habitat
All 0.60 0.001 In-stream cover,

substrate quality,
gradient

Reduced 0.58 0.001 In-stream cover,
Substrate quality,
gradient

Chemistry 0.27 0.46 None
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Objective 2: Analysis of fish assemblage
(IBI metrics)

Results of the CCA of fish assemblage (IBI metrics)
and 9 environmental variables for the 32 sample sites
are illustrated in Fig. 3. The first two axes accounted
for 81.6% of the explained variance in the fish
assemblages and environmental variables. Results
indicate the influence of multiple environmental
variables on the distribution of species assemblage
characteristics. Higher percentages of lithophilic
spawners, pioneering species, and insectivore species
as well as higher numbers of cyprinids and headwater
species occurred in the smaller watersheds that also
had higher gradients. Most of the species found at
these sites were typical, but considered highly
tolerant; indicating these systems were experiencing
some level of impairment. Sites with poor substrate
quality and little riparian zone or in-stream cover had

higher percentages of omnivorous species as well as
fish that had some sort of abnormality as defined by
the DELT (deformity, fin erosion, lesion, tumor) IBI
metric. More intolerant individuals and darter species
were found in streams with good substrate (i.e., clean
gravel or shale) and more wooded riparian zone and
in-stream cover. Top carnivore species were only
found in sites with larger drainage areas or cross-
sectional areas, indicating a more balanced trophic
structure.

The results suggest that the patterns in fish
assemblages that were distinctly different between
the three regions of the Olentangy River watershed
included: number of intolerant species, number of
round-bodied sucker species, % omnivores, % DELT
anomalies, % tolerants, and % pioneering individuals
(Fig. 3). Tolerant species often become dominant
components of the fish community in highly impaired
steams. Bluntnose minnows (Pimephales notatus),
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CCA axes for the fish
assemblage attribute model
in the Olentangy River
watershed, Ohio
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creek chubs (Semotilus atromaculatus), blacknose
dace (Rhinichthys atratulus) are considered highly
tolerant and omnivorous. A site with a fish commu-
nity dominated by tolerant, omnivorous species might
indicate a disruption of the food base caused by
environmental degradation (OEPA 1987). However,
increased omnivory may be a natural condition of
fluctuating temperate streams and its impact on fish
food web stability is debatable (Emmerson and
Yearsley 2004). The species assemblage distinction
was a function of stream size, gradient and substrate
quality and size (Table 3).

Patterns in fish assemblage were evident by analyz-
ing the relationship between environmental factors and
study sites (Fig. 4; study site codes provided in Table 5).
Sites that plotted on the left side of Fig. 4 are all first
order tributary streams and are located in urban or
rapidly urbanizing ravine-like settings in the Lower
Olentangy watersheds. Sites that plotted on the lower
half of Fig. 4 are located in relative close proximity to
each other in predominantly agricultural watersheds of
the Upper Olentangy and Whetstone Creek that have
experienced extensive channelization and modification
for agricultural drainage purposes. Sites that plotted on
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Fig. 4 Biplot showing the
relationship between
environmental factors and
sample sites of first and
second CCA axes for the
fish assemblage attribute
model in the Olentangy
River watershed, Ohio

Variable Intra-set correlations Canonical coefficients

Axis 1 Axis 2 Axis 1 Axis 2

In-stream cover −0.2427 0.4001 −0.008 −0.022
Substrate quality 0.0090 0.4582 −0.063 −0.054
Gradient 0.5687 0.2791 −0.170 −0.043
Average particle size, D50 −0.1872 0.5101 0.014 −0.101
Width of flood prone area −0.2359 0.1123 0.024 0.012
Cross-sectional area −0.4386 0.1142 0.067 0.025
Drainage area −0.4573 0.0794 −0.158 −0.056
Stream order −0.6175 0.2390 0.242 0.001
Percent wooded riparian zone −0.1960 0.1921 0.118 0.063

Table 3 Intra-set correla-
tions and canonical coeffi-
cients of the environmental
variables for the species
assemblage model
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the upper half of Fig. 4 also are located in close
proximity to each other in the Upper Olentangy and
Whetstone Creek watersheds and, although they are
predominantly agricultural watersheds, they have a
higher degree of recovery resulting in slightly higher
gradients and more wooded riparian zone compared
to other watersheds in the Upper Olentangy and
Whetstone Creek. Overlap of fish assemblage patterns
between the Upper Olentangy and Whetstone Creek
watersheds might be, in part, because many of the
sampling sites were located in close proximity to each
other or near the boundaries of these watershed regions,
and may exhibit characteristics of each watershed
region. Fish assemblages in headwater first- and
second-order streams typically comprise few species
and low abundances (Robinson and Minshall 1994).
Although percent tolerant and pioneering species
appeared distinct from the other sites, fish sampled at
these sites were typical for disturbed first-order streams
in the Lower Olentangy watersheds. The fish species
that comprised this assemblage were found in other
sites sampled, but did not constitute the vast majority
of species sampled as they did in the Lower Olentangy
sites.

Analysis of species abundance (fish species)

Results of the CCA of fish species abundance and 9
environmental variables for the 32 sample sites are
illustrated in Fig. 5. The first three axes accounted for
70.2% of the explained variance in the fish species
abundance and environmental variables. As in the
species assemblage (IBI metrics) model, the CCA
indicates the influence of multiple environmental
variables on the distribution of species. Locations in
the ordination diagram represent the measured envi-
ronmental conditions with which a particular fish
species is associated. Additionally, species that plot
near the center of Fig. 5 are more likely to occur in a
wide range of stream systems.

The CCA also revealed some distributional differ-
ences in fish species as a result of watershed
characteristics (i.e., gradient) and size (Fig. 6; Table 4).
The first axis was associated mostly with decreasing
stream size (stream order, −0.65; drainage area, −0.74;
and cross-sectional area, −0.66) and increasing gradient
(0.80). Fish species associated with higher gradients,
lower stream orders, and smaller channel sizes were
creek chub (Semotilus atromaculatus), blacknose
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dace (Rhinichthys atratulus), and redside dace
(Clinostomus elongatus). Fish species associated
lower gradients and larger stream sizes included
golden redhorse (Moxostoma erythrurum), small-
mouth bass (Micropterus dolomieu), and banded
darter (Etheostoma zonale).

The second CCA axis was associated mostly with
decreasing substrate quality (−0.68) and average
substrate particle size (D50; −0.56; Table 4). Fish
species associated with low gradients, poor substrate

quality and sandy/silty substrates are variable given the
range of sample sites with these characteristics, but
include sunfish and sunfish hybrids (Lepomis spp.),
yellow bullhead (Ameiurus natalis), and common carp
(Cyprinus carpio). The third axis was associated with
increasing percent riparian zone (0.48) and in-stream
cover quality (0.43; Table 4). Fish species associated
with these variables included mottled sculpin (Cottus
bairdi), greenside (Etheostoma blenniodes) and fantail
(Etheostoma flabellare) darters, and silver shiner

Table 4 Intra-set correlations and canonical coefficients of the reduced set of nine environmental variables for the species abundance
model

Variable Intra-set correlations Canonical coefficients

Axis 1 Axis 2 Axis 3 Axis 1 Axis 2 Axis 3

In-stream cover −0.1750 −0.3301 0.4349 0.097 0.034 −0.213
Substrate quality 0.2036 −0.6840 0.1098 0.049 −0.158 0.015
Gradient 0.8013 −0.0335 0.3224 0.366 −0.109 −0.265
Average particle size, D50 −0.1666 −0.5643 0.2511 −0.085 −0.014 −0.015
Width of flood prone area −0.3038 −0.2828 0.1242 −0.057 −0.067 −0.011
Cross-sectional area −0.6618 −0.1357 0.4457 0.089 −0.166 −0.013
Drainage area −0.7380 −0.0120 0.5010 −0.309 0.477 −0.346
Stream order −0.6465 −0.5712 0.1510 −0.030 −0.516 0.152
Percent wooded riparian zone −0.1496 −0.1267 0.4818 −0.036 −0.079 −0.005
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(Notropis photogenis). These species also associated
with better substrate quality and larger average particle
sizes.

Fish species generally did not differ distinctly in
the Olentangy River watershed with the exception of
brindled madtoms (Noturus miurus), black crappie
(Pomoxis nigromaculatus), and brook silverside
(Labidesthes sicculus). These species were found
only at one site in the Whetstone Creek mainstem
(site code 26, Table 5) near its confluence with the
Delaware Dam Reservoir, and usually are associated
with lake or slow-moving deep pool environments.

Analysis of variance partitioning

In order to better diagnose the explained variation in
the fish abundance and the species assemblage (IBI
metrics) attribute models we performed partial CCAs
on the reduced data set (Fig. 7). For the species
assemblage (IBI metrics) model (Fig. 7a), the pure
effects of habitat represented by QHEI metrics
explained more variation (12.9%) than geomorphology
(4.1%) and spatial location (7.4%); however, the pure

Table 5 Codes for study sites, and associated sub-watersheds,
used in CCA analysis

Site code Site name Sub-watershed

1 Bee Run 0.3 Upper Olentangy
2 Big Run 0.1 Lower Olentangy
3 Claypool Run 1.2 Whetstone Creek
4 Deep Run 1.2 Lower Olentangy
5 East Branch Whetstone

Creek 0.4
Whetstone Creek

6 Flat Run 0.6 Upper Olentangy
7 Flat Run 7.3 Upper Olentangy
8 Flat Run 12.6 Upper Olentangy
9 Grave Creek 1.4 Upper Olentangy
10 Grave Creek 3.2 Upper Olentangy
11 Indian Run 0.9 Lower Olentangy
12 Mill Run 0.9 Upper Olentangy
13 Mitchell Run 0.2 Upper Olentangy
14 Mud Run 2.7 Upper Olentangy
15 Mud Run 6.7 Upper Olentangy
16 QuQua Creek 4.6 Lower Olentangy
17 Rocky Fork 2.9 Upper Olentangy
18 Sams Creek 1.4 Whetstone Creek
19 Shaw Creek 1.6 Whetstone Creek
20 Shaw Creek 5.2 Whetstone Creek
21 Shaw Creek 10.6 Whetstone Creek
22 Shaw Creek 13.2 Whetstone Creek
23 Sugar Run 1.3 Upper Olentangy
24 Tributary to Whetstone

Creek 0.4
Whetstone Creek

25 Turkey Run 0.7 Lower Olentangy
26 Walhalla Ravine 0.9 Lower Olentangy
27 Whetstone Creek 2.5 Whetstone Creek
28 Whetstone Creek 9.2 Whetstone Creek
29 Whetstone Creek 18.2 Whetstone Creek
30 Whetstone Creek 21.7 Whetstone Creek
31 Whetstone Creek 25.5 Whetstone Creek
32 Whetstone Creek 29.3 Whetstone Creek

Geomorphology 
4.1%

Geomorphology 
5.2%

Spatial Location 
10.5%

Habitat 
13.9%

0% 

18.6% 

2.2% 3.5% 

Total Uncertainty: 46% 

Spatial Location 
7.4%

Habitat 
12.9%

0% 

18.6% 

3.3% 5.8% 

Total Uncertainty: 48% 

a 

b 

Fig. 7 CCA variance partitioning results showing the pure
effects and shared variation of each environmental category
geomorphology, spatial location, and habitat represented by
QHEI for a the species assemblage model (IBI metrics) and b
the species abundance model
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effects of each category were not significantly different
(α=0.05). Shared variation among all three categories
was significantly different from the pure effects of each
category and explained 18.6%. Total uncertainty, or
that amount of variance that could not be explained,
was 48%. This indicates that fish community structure
likely is a function of location within watershed and
proximity to a potential source of habitat or fish
species, stable geomorphology creating diverse in-
stream habitats, and the quality of those habitats.
Nearly half of the fish community structure is likely a
result of variables that could not be measured such as
competition and trophic interactions.

For the fish abundance model (Fig. 7b), the pure
effects of habitat represented by QHEI metrics
explained more variation (13.9%) than spatial location
(10.5%) and geomorphology (5.2%). The pure effects
of habitat and spatial location were not significantly
different from each other, but were significantly
different from geomorphology. Shared variation
among all three categories explained 18.6%. Total
uncertainty was 46%. This indicates that individual
fish species are more highly influenced by quality of
in-stream habitat and proximity to higher quality
habitats, and nearly half of the variation in fish
species abundance is likely a result of variables that
could not be measured such as species interactions
and behaviors.

A sensitivity analysis was performed on the study
sites to determine if interchanging watersheds or the
number of sample sites within on watershed would
affect whether one environmental category become
more important than another one in the variance
partitioning. For example, the dataset consisted of
seven sites located on the Whetstone Creek mainstem.
When the number of Whetstone Creek mainstem sites
was reduced to two, explained variance among the
three categories shifted slightly, but the overall
uncertainty was similar. When the overall number of
sites was reduced to include only one site from each
subwatershed, the explained variance among the three
categories shifted again, but the overall uncertainty was
similar. This indicates that inclusion of environmental
factors such as geomorphology and spatial location in
stream monitoring assessments explains an important
component of variation in fish community structure
above and beyond qualitative habitat metrics alone even
though the variables within each category will change or
become more important in different watersheds.

Results of this study suggest that more focus
should be placed on better quantifying in-stream
habitat factors to better understand stream function,
which also is recommended by other researchers (Poff
1997; Papanicolaou et al. 2003). This type of study,
which attempts to determine direct causality of stream
fish assemblages using physical environmental vari-
ables, necessitates quantifiable data. Studies have
documented inconsistency between the importance
of habitat metrics measured qualitatively and impor-
tance of these factors measured quantitatively or at a
different scale (Frimpong et al. 2005; Wang et al.
1996; Hannaford et al. 1997). Physical integrity to
describe functional attributes of streams is poorly
represented in qualitative metrics for a number of
reasons. First, because qualitative metrics are a
function of conditions on the day they are evaluated
and not dependent on flow conditions. Second, local
habitat variables can only infer direct causality when
considering fish species that range widely because
their optimal habitat will not necessarily reflected at
the exact spot they are captured (Schlosser 1991;
Cooper et al. 1998). Third, system impairments that
are limiting to aquatic biology are not necessarily
reflected in the QHEI score itself. For example, the
benefits of a good quality riparian zone and high
sinuosity necessary for a stable fish assemblage may
be undermined by thick silty substrate or lack of riffle
and pool development. Therefore, the QHEI score
may exceed a designated target because some
components of the habitat are of an excellent quality
but other poor components are limiting the biological
community resulting in lower than expected IBI
scores. While qualitative multi-metric indices are
valuable for developing extensive databases and
identifying a potential impairment within a reach,
they are limited in the ability to diagnose the causes
of that impairment.

Quantitative data have advantages over visual
assessments in determining stream instability prob-
lems. For example, the CCA analyses in this study
show that substrate size and quality are important
factors influencing fish assemblages in the Olentangy
River. Using a Wolman Pebble Count (or other
similar procedure), we are able to calculate the D50,
which then can be used in assessments of sediment
transport. Comparing measured to predicted values
(i.e., via tractive force equations) of average particle
size, one can begin to determine potential instabilities
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in shear stresses and stream power that may be
causing localized sedimentation or erosion problems.
Additionally, other variables such as width to depth
ratio or connectivity to an active floodplain may help
explain the instability causing poor substrate conditions
and proper enhancement or restoration activities can be
implemented to ameliorate the impairment. The
authors recommend that qualitative habitat assess-
ments, such as the QHEI, should be retained in stream
assessment studies because they describe important
trends in data over time, and can serve as benchmarks
for success and an important communication tool in
localized stream enhancement projects.

Conclusions

The analysis associated with Objective 1 identified
the following key environmental variables that influ-
ence fish assemblages: stream order, percent wooded
riparian zone, drainage area, in-stream cover quality,
substrate quality, gradient, cross-sectional area, width
of the flood prone area, and average substrate size.
Some of these factors, such as drainage area, are a
function of the watershed, while others such as the
width of the flood prone area and gradient are a
function of reach attributes. No additional predictive
power was gained by using more than two or three
environmental variables from each category, and each
category will shift in importance as watershed
characteristics change. Further data are needed to
investigate why water chemistry variables had insig-
nificant relationships with IBI scores. Total suspended
solids had the strongest relationship to IBI score in
both the correlation and regression analysis. Possible
reasons for water quality not explaining more varia-
tion in the fish assemblage structure are numerous. It
is speculated that measured constituents may not have
exhibited wide enough variation between specific
sites. It might be necessary to conduct intensive water
quality sampling at a sub-watershed scale (0.5 to
2 km2) to really understand its effect on fish. Though
water quality signatures were above Ohio EPA target
values in some instances, they may not have been
high enough to cause an effect on fish assemblages in
the watershed, or to be the largest stressor when
compared to physical parameters such as geomorpho-
logical, in-stream habitat, and land use changes.

In the analysis associated with Objective 2, CCA
was used to explore relationships between and among
species and environmental factors. The CCA revealed
distributional differences in fish assemblages as a
result of both reach and watershed characteristics. IBI
metrics and abundances were explained best by
stream size, gradient, substrate size and quality, and
percent wooded riparian zone.

In our study, it was not possible to evaluate the
influence of hydraulic control structures on the results.
There are numerous road crossings through the water-
sheds that were studied but few low head weirs. At
several locations, however, there are log jams and
occasionally a beaver dam. These natural and artificial
structures probably account for some of the unex-
plained variability in the results. Groundwater recharge
also was not quantified because this component
generally is small or not evident in most channelized
systems. It appeared in this study that a few sites likely
benefited from groundwater recharge.

Comprehensive watershed programs, such as
TMDL, while effective at identifying impairments at
the watershed scale, are difficult to translate to the
reach or site scale where most stream restoration and
enhancement projects take place. The importance of
spatial location variables shows some potential for
developing a watershed-scale index of stream condi-
tion to help managers locate vulnerable sites and
prioritize potential restoration projects. Quantitative
geomorphology variables allows examination of
stream integrity on a finer scale than bioassessment
indices that consolidate stream condition into a single
score, which is especially useful when sites are in the
mid-range of the indices. Results of this study suggest
that more quantifiable environmental variables of lotic
systems and consideration of spatial location of a
stream reach within a watershed system should be
standard data incorporated into stream monitoring
programs to identify impairments that, while biolog-
ically limiting, are not fully captured or elucidated
using current bioassessment methods.
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