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Abstract. Bioassessment of nonwadeable streams in the United States is increasing, but methods 
for these systems are not as well-developed as for wadeable streams. In this study, we compared 
six macroinvertebrate field sampling methods for nonwadeable streams adapted from those used by 
three major programs: the U.S. Environmental Protection Agency’s Environmental Monitoring and 
Assessment Program-Surface Waters, the U.S. Geological Survey’s National Water Quality Assess­
ment Program, and the Ohio Environmental Protection Agency, Division of Surface Water Biocriteria 
Program. We performed all six methods at 60 sites across four rivers and measured water chemistry 
and physical habitat at each site to assess abiotic conditon. Sites were divided into two groups: those 
influenced by navigational lock and dam structures (restricted flow, or RF) and those free-flowing 
or with lowhead dams (run-of-the-river, or ROR). Metrics based on passive Hester-Dendy artificial 
substrate samplers differed greatly from active sampling methods (i.e., using nets) but represented 
abiotic conditions well in both ROR and RF sites. Although metric values were similar across certain 
sampling methods, the metrics significantly correlated with abiotic variables varied among methods 
and between ROR and RF sites. These results emphasize that methods are not interchangeable, and 
the ability to detect certain stressors depends on sampling method. 

Keywords: nonwadeable rivers, sampling methods, bioassessment, run-of-the-river, restricted flow, 
macroinvertebrates 

1. Introduction 

Following passage of the Clean Water Act of 1972, several bioassessment programs 
have been developed and are in use by state and local agencies throughout the United 
States. These programs initially focused on point source detection and monitoring, 
leading to the development of sampling methods oriented toward surveys of smaller, 
wadeable streams and rivers. However, the rise in awareness of the substantial 
problem of non-point source pollution has recently led to an increased interest in 
larger rivers where effects of several stressors are often integrated and sources are 
less clear. 

Biological communities and the type and quality of habitats change with increas­
ing stream size (Vannote et al., 1980). Thus, there is a critical need for bioassessment 
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methods for measuring aquatic community health that are specifically designed for 
larger rivers. Most current methods for nonwadeable systems have been developed 
from existing methods developed for wadeable streams (Flotemersch et al., 2001). 
Often, wadeable stream methods are applied in shallow areas (e.g., near shore) 
of nonwadeable waters or from a boat with no further modifications (Flotemersch 
et al., 2001). However, there has been no direct comparison among nonwadeable 
methods to understand potential differences and their relative effectiveness. For 
that reason, the primary focus of this study was to evaluate methods currently used 
to assess macroinvertebrate assemblages in nonwadeable flowing waters. 

This study examined existing methods (with minor modifications) used by three 
bioassessment programs. These programs included the Environmental Monitoring 
and Assessment Program for Surface Waters (EMAP-SW) of the U.S. Environmen­
tal Protection Agency, the National Water Quality Assessment Program (NAWQA) 
of the U.S. Geological Survey and the Biological and Water Quality Monitoring and 
Assessment Program of the Ohio Environmental Protection Agency (Ohio EPA) 
Division of Surface Water. These programs were established to assess water bodies 
at a range of spatial scales (Flotemersch et al., 2001). Thus, while the programs 
share similar goals, they vary in sampling design and in their specific measurements 
based upon the objectives of the program. 

Our main objective was to evaluate differences among sampling methods, both 
in the macroinvertebrate assemblage collected and in the ability to detect various 
types of impairment. To make the results relevant to bioassessment programs, we 
chose to use metrics based on macroinvertebrate assemblage structure to assess 
these differences. For each sampling method, we directly compared metrics among 
methods and examined relationships between metrics and both univariate and mul­
tivariate measures of abiotic condition. In doing this, we also recognized that major 
hydrologic features (e.g., impoundment) could affect relationships between biota 
and abiotic variables. Thus, methods might be effective in one type of system and 
not another. In this paper, we examine, within each impoundment class, the influ­
ence of sampling method on biological metric values and on associations between 
biological metrics and abiotic measures of site condition, and we identify the meth­
ods most related to specific types of measures of abiotic condition within each 
impoundment type. 

2. Methods 

2.1. STUDY AREAS 

We sampled during summer 1999 in four tributaries of the Ohio River, the Great 
Miami and Scioto rivers in Ohio and the Kentucky and Green rivers in Kentucky. 
These rivers were selected to reflect a range of watershed land uses, stressors, 
hydrogeological influences and habitat types (Table I). Twenty sites each were 
selected in the Great Miami and Scioto rivers, and ten sites each in the Kentucky 
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TABLE I 
Physical characteristics and mean percent (standard deviation) of land use types in the 
study basins, with means and standard deviations based on sites used in analyses 

River basin 

Basin Great Miami Scioto Kentucky Green 
descriptors (19 sites) (17 sites) (9 sites) (9 sites) 

Drainage basin (km2) 13,947a 16,879b 18,130c 23,041d 

River length (km) 233.4a 370.2b 410.4c 330.1d 

Average gradient (m/km) 0.74a 0.44b 0.13c e 

Urban land use (%) 5.90 (2.64) 6.91 (1.87) 7.81 (0.52) 7.98 (0.32) 

Agriculture land use (%) 82.55 (3.21) 76.39 (5.40) 80.18 (1.34) 80.56 (0.83) 
Forested land use (%) 10.10 (1.44) 15.34 (5.74) 10.83 (1.60) 10.27 (0.69) 

aOhio EPA (1997a). 
bOhio EPA (1997b). 
cKentucky River Authority (1999). 
dKDEP (1976). 
eNot available. 

Figure 1. Great Miami, Scioto, Kentucky, and Green river basins. 
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and Green rivers (Figure 1). For site-specific reach placement, we avoided obvious 
stressors (e.g., major outfalls) and physical features (e.g., stream confluences or 
bridges) that might influence comparisons. 

2.2. SAMPLE COLLECTION AND PROCESSING 

The length of sampling reaches was equal to 40 times the mean wetted width, 
with a maximum length of 2000 m. Within each sampling reach, 11 evenly-spaced 
transects were set at intervals of four times the mean wetted width, with a maximum 
distance of 200 m between transects. 

In each stream reach, macroinvertebrates were collected with six methods: two 
EMAP-based, two NAWQA-based, and two Ohio EPA-based methods (Table II). 
The EMAP-based methods were the drift net (DN) and the kick net (KN) methods 
using EMAP protocols (Lazorchak et al., 2000). If current velocity was at least 
0.05 m/s at the sampling point, two drift nets (30.48 cm × 45.72 cm opening, 
595-µm mesh) were deployed at the lower end of a site for 3–4 h during daytime 
hours, preferably with one net in shallower and one in deeper water. The KN 

TABLE II 
Macroinvertebrate sampling methods performed at each site, adapted for use from existing methods 
used by EMAP-SW, NAWQA, and Ohio EPA programs 

Mesh size 
Method (program) Description Distance (m) Banks (µm) 

DN (EMAP-SW) Two drift nets set for 
3–4 h during daylight 
hours at lower end of 

Two locations Either or 
mid-
reach 

595 

reach, in water of 

KN (EMAP-SW) 
adequate depth 

Two 20-s kicks at each 
transect 

11 transects 
over 2000 m 

One 595 

QMH500 (Ohio EPA) All available habitats 
with D-frame net and 

500 m Both 595 

hand-picking, 
minimum 30 min 

HD (Ohio EPA) Five multi-plate 
samplers attached to a 
single block in lower 
500 m of reach 

Single location One 595 

QMH1000 (NAWQA) All available habitats 
with D-frame net and 

1000 m Both 210 

RTH (NAWQA) 

hand picking, 
approximately 60 min 

Five–six sites of the 
richest targeted 
habitats (according to 
prioritized list) 

2000 m Both 425 
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method consisted of two 20-s kicks using a rectangular frame net (50 cm × 30 cm 
opening, 595-µm mesh) at each of the 11 transects. All kicks were conducted on 
a single bank and composited into a single sample for the entire site. For both 
methods, samples were processed in the field with a 595-µm sieve. 

Two NAWQA-based methods were performed: the richest targeted habitat 
method (RTH) and the 1000-m qualitative multihabitat (QMH1000) (based on 
Cuffney et al., 1993). For this study, the RTH method consisted of sampling five to 
six areas of the richest habitats (e.g., rocks, snags, macrophytes) along either bank 
of a 1000-m stretch of the reach. In each habitat, a 50 cm × 50 cm area was sampled. 
A variety of samplers were used, depending on the type of habitat sampled. All 
devices used to collect macroinvertebrates and process materials had a mesh size 
of 425 µm. All samples were then composited into a single sample for each site. 
The QMH1000 method consisted of sampling macroinvertebrates from all habitat 
types along both banks of a 1000-m section of the reach using a D-frame dip net 
with a mesh size of 210 µm. The material collected was processed in the field with 
a 210-µm mesh sieve. 

We executed two Ohio EPA-based methods: the 500-m qualitative multihabitat 
(QMH500) and Hester-Dendy multi-plate substrate samplers (HD) (based on Ohio 
EPA, 1987). The QMH500 method involved sampling all available habitat types on 
both banks over a 500-m distance using a D-frame net (595-µm mesh). Habitats 
were sampled for a minimum of 30 min or until no new taxa were observed by 
gross examination. The HD samplers were deployed in a run area at each site for 
approximately 6 weeks. Total surface area of each sampler was approximately 0.092 
m2. Upon retrieval, samplers were disassembled, and organisms and debris were 
processed with a 595-µm sieve. 

All samples were preserved in the field with ethyl alcohol and transported to the 
laboratory, where they were processed following EMAP-SW laboratory protocols 
(Klemm et al., 1990) so that field and laboratory methods were not confounded. 
Each sample was placed in a gridded ceramic pan with 40 squares. Squares were 
chosen randomly and were completely sorted until at least 270 (within 10% of 
300 organisms) organisms were picked or until the entire sample was picked. All 
organisms sorted were identified to the lowest practical taxon depending on the 
condition of the specimen and availability of taxonomic keys. 

Additional information was collected from each site to supplement the macroin­
vertebrate data. Crews collected physical habitat data following EMAP protocols 
for nonwadeable streams (Lazorchak et al., 2000). An integrated water sample 
was collected from each sampling reach and evaluated for sulfate, nitrate, total 
Kjeldahl nitrogen, ammonia, total phosphorus, chloride, and total suspended solids 
(TSS) concentrations. Samples were evaluated using EMAP-SW laboratory proto­
cols (Klemm et al., 1990). Conductivity and water temperature were measured in 
situ using a YSI Model 85 meter in the center of the sampling reach. 

Finally, land cover data developed by the Multi-Resolution Land Characteristics 
Consortium (Vogelmann et al., 1998) were overlaid on a riparian corridor 500 m 
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in width on each side of the river for a distance of 4 km upstream of the center of 
the sampling reach. Then, proportions of forest, agriculture, and urban (including 
residential) land uses were calculated within the riparian corridor. This approach 
was used instead of calculating land use in the entire watershed because these sites 
represent very large watersheds, and using the watershed approach would mean that 
each site would incorporate all of the watersheds upstream of it. For this reason, the 
watershed approach resulted in very little overall variation in land use characteristics 
among sites. However, the riparian corridor approach provides an estimate of more 
immediate land use disturbances that are likely to impact biological condition. 

2.3. DATA ANALYSIS 

In light of the obvious hydrologic differences among sites, we divided them 
into two groups: (a) restricted flow (RF) sites, which are heavily influenced by 
navigational lock and dam structures built to support commercial traffic, and (b) 
run-of-the-river (ROR) sites, which are free-flowing or have only low head dams. 
The distributions of physical habitat and water chemistry characteristics for each 
group are provided in Table III. 

As a way to visualize differences in species composition among methods and 
between impoundment types, we performed non-metric multidimensional scaling 
(NMS) in PC-ORD for Windows v. 3.20 (MjM Software, Gleneden Beach, Oregon) 
with generic level data for all sites and methods combined. This ordination tech­
nique positions sites relative to one another based on the ranks of dissimilarities 
in taxonomic composition and assumes only that the relationship between sample 
separation and dissimilarities is monotonic (Minchin, 1987; Tong, 1992). Only taxa 
present in at least 5% of samples were retained in the analysis. Abundances were 
transformed using log(x + 1) to control for skewed distributions, and the dissimi­
larity measure used was Euclidean distance. The stress function measures the fit of 
the relationship between the original dissimilarities, or distances, among samples 
and those in the ordination. Stress was calculated for solutions of 1, 2, 3, and 4 
dimensions, and the solution beyond which the decrease in the stress function was 
relatively small was used. In plots of ordination axes, individual samples were iden­
tified by impoundment type and sampling method to look for patterns of taxonomic 
composition. 

Using the data collected by each method, we calculated 42 macroinvertebrate 
assemblage metrics, both those traditionally considered in stream bioassessment 
and others more typically associated with lentic systems (Table IV). These metrics 
represented taxa richness, assemblage composition, pollution tolerance, and func­
tional feeding group aspects of the macronvertebrate assemblages. To narrow the 
set of metrics included in analyses, we evaluated metric distribution characteristics 
within each impoundment grouping and collection method. Metrics that provided 
little information, including richness metrics with a range of less than five taxa 
and percentage metrics with a range of less than 10%, were excluded. Finally, we 
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TABLE III 
Range (median) of water chemistry and physical habitat variables as measures of abiotic condition 
in restricted flow (RF) and run-of-river (ROR) sites 

ROR sites range RF sites range 
Variable (median)a (median) 

Physical habitatb 

Mean thalweg depth (m) 0.7–3.7 (1.6) 4.7–9.9 (7.1) 

Mean wetted width (m) 28.0 – 149.1 (78.8) 64.3–104.4 (82.7) 

Bankfull height (m) 1.0–4.4 (1.5) 1.1–6.0 (3.8) 

Riparian human disturbance – non-agriculture 0–118.0 (30.7) 1.5–66.2 (17.0) 

Mean areal fish cover – natural types 4.5–148.4 (56.1) 31.1–161.4 (107.7) 

Canopy density at bank (%) 0–90.5 (59.1) 20.7–95.6 (64.6) 

Substrate as gravel (%) 0–100 (66.3) 0–0 (0) 

LWD quantity 1–95 (19) 1–155 (18) 

Total suspended solids (TSS, mg/L) 8–48 (23) 1–22 (9.5) 

Agriculture in riparian corridor (%) 8.2–87.9 (62.1) 9.7–79.0 (33.6) 

Forest in riparian corridor (%) 6.8–57.5 (17.3) 9.4–85.8 (65.5) 

Water chemistry 

Mean conductivity (uS/cm) 152 – 1176 (770) 337–786 (525) 

SO4 (mg/L) 9.1–134.5 (89.6) 13.9–272.5 (83.0) 

NO3 (mg/L) 0.1–3.6 (1.3) 0.10–0.15 (0.10) 

Chloride (mg/L) 3.5–65.6 (41.3) 4.3–36.4 (11.7) 

Ammonia (mg/L) 0.01–0.10 (0.03) 0.02–0.32 (0.06) 

Total Khejldahl nitrogen (TKN) (mg/L) 0.35–1.57 (0.58) 0.18–1.84 (0.68) 
Total phosphorus (ug/L) 0.045–0.706 (0.248) 0.016–0.164 (0.075) 

aVariables with the range not bolded were excluded from analyses due to limited range or redun­
dancy with another variable. 
bRiparian human disturbance variables are based on an ordinal system of rating individual transects 
that evaluates the proximity of disturbance to the river. Areal fish cover variables are based on 
ordinal categories of areal percentage cover of several types of fish cover, resulting in possible 
totals greater than 100. 

identified pairs of redundant metrics using Pearson correlations (>0.80) and visual 
examination of scatter plots and selected one metric from such pairs based on the 
relative range, ease of calculation, and correlations with other metrics. If samples 
for a particular method were missing for a particular site, we excluded the entire 
site from this analysis. For this and subsequent analyses, separate analyses were 
run for each impoundment class. 

First, we directly compared metric values among sampling methods. For each 
metric, we used a nonparametric repeated measures ANOVA, the Friedman test, 
and its associated multiple comparison procedures (Hollander and Wolfe, 1999) 
at a Type I error rate of 0.05. This procedure tested for differences among meth­
ods within sites and the multiple comparisons identified which specific methods 
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differed. Within each impoundment class, we examined only metrics that were 
selected for analysis for all of the sampling methods. 

Next, we evaluated relationships of metric values with the physical and chem­
ical condition of each site for each method in two different ways. First, we ran a 
Principal Components Analysis (PCA) on the physical habitat and water chemistry 
variables (Table IV) to develop axes that represent multivariate abiotic condition 
gradients. For PCA, eliminating skewness in the contributing variables is typically 
all that is required (Legendre and Legendre, 1998). Thus, each abiotic variable was 
transformed by taking either the log10, square root, or square of the variable to re­
duce skewness in the data as much as possible. Skewness (S) and the standard error 
of skewness (SES) were calculated in SYSTAT (v. 10, SPSS, Chicago, Illinois), 
and a ratio of S to SES of greater than 2 was considered to indicate significant 
skewness. Variables were transformed and PCAs were run in SYSTAT for each 
impoundment group. We used the broken stick model to identify the meaningful 
principal component axes (Legendre and Legendre, 1998). We then performed a 
varimax rotation in SYSTAT for easier interpretation of the axes. For each sam­
pling method and impoundment group, we calculated Spearman rank correlations 
between metric values and PCA axis scores. Because this was an exploratory data 
analysis and we were not interested in testing specific hypotheses, we considered 
correlation coefficients of 0.5 or higher and −0.5 and lower as “strong correlations.” 

We also examined Spearman rank correlations of metrics with individual phys­
ical habitat and water chemistry variables. We again examined relationships for 
each sampling method and impoundment type separately. We used the same 0.5 
correlation strength as a cutoff. 

3. Results 

Five Hester-Dendy substrate samplers were not recovered, one each from the Great 
Miami, Kentucky, and Green rivers, and two from the Scioto River. The five sites 
missing HD data were excluded from all subsequent analyses. An additional RF 
site on the Scioto River was excluded from analyses as an anomaly because the 
reach sampled functioned more as a reservoir than as a river and was much wider 
(391 m wetted width) than other RF sites. Of the sites remaining, 39 were ROR and 
15 were RF sites. 

Only 39 samples (37 ROR, 2 RF) were collected using the DN method due 
to inadequate flow for deployment at many sites. Examination of data from the 
DN method showed that when drift nets could be deployed, this method usually 
collected very few organisms relative to all other methods (Figure 2). The mean 
number of organisms collected with the DN method was only 74 organisms. All 
other methods collected more than 250 organisms on average. Rather than drop a 
large number of sites due to missing DN samples, we dropped the DN method from 
further analyses, including the initial evaluation of metric characteristics, to ensure 
that more subtle differences among the remaining methods could be detected. 
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Figure 2. Mean number of individuals identified for each method and site class based on a fixed count 
of 300 organisms. Those values below 100 represent full counts of samples. Means for DN method 
represent 2 and 37 samples for restricted flow (RF) and run-of-the-river (ROR) sites, respectively. 

At these remaining sites, the ROR and RF classes differed most strongly by mean 
thalweg depth, with no overlap of ranges between impoundment classes (Table III). 
In addition, there was little variation in substrate type among RF sites, with all sites 
dominated by sand or fines. Although the overall ranges of many abiotic variables 
were similar between ROR and RF sites, the medians were sometimes very different. 
For example, there was generally more forested riparian corridor among RF sites 
and more agriculture in the riparian among ROR sites. In addition, the distributions 
were somewhat complementary for total phosphorus and chloride concentrations 
between the two impoundment classes, in that ROR sites tended to have values at 
one end of the gradient and RF sites at the other end. Thus, the gradients of abiotic 
conditions showed some variation between impoundment classes. 

The NMS ordination of genus-level composition data showed groupings of sites 
by impoundment status and sampling method (Figure 3). The three-axis solution 
had a final stress value of 14.90, and the three axes explained a total of 82.7% 
of the variation in the data. Both the second and third axes showed differences 
between ROR and RF sites. On the first and second axes, the HD and RTH samples 
were separated from other methods in ROR sites. These two sampling methods 
were also grouped away from other methods for RF sites on the second axis. 

Within each impoundment type, the metrics evaluated varied among sampling 
methods. This difference in metrics evaluated is due to limited ranges of some 
metrics only for particular methods. In addition, certain metrics were redundant 
only for certain methods and not for others. Thus, the metrics eliminated from 
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Figure 3. Nonmetric multidimensional scaling (NMS) ordination axes based on genus-level macroin­
vertebrate data from all sites and methods. The percentage of variance explained by each axis 
is provided in parentheses. Filled symbols represent restricted flow (RF) sites, and open symbols 
represent run-of-the-river (ROR) sites. 

consideration were dependent on the method used to collect the data. Across the 
five methods, from 21 to 28 metrics for ROR sites and from 14 to 20 metrics for 
RF sites were further evaluated. There were 10 metrics retained across all methods 
for RF sites and 13 in ROR sites. 

Among ROR sites, metric values often differed among sampling methods 
(Table V). Typically, the KN, QMH500, and QMH1000 methods resulted in sim­
ilar metric values. The HD method metrics differed significantly from those of 
other methods most frequently, although the RTH method also differed from the 
KN, QMH500, and QMH1000 methods in some metrics tested. Typically, the HD 
method collected few taxa and higher percentages of chironomids, but the KN, 
QMH500, and QMH1000 methods collected more tolerant taxa than the HD and 
RTH methods. 

The variables included in PCAs on water chemistry and physical habitat differed 
between ROR and RF sites, although the two types of sites shared some similar 
abiotic gradients. For ROR sites, sulfate was excluded because of a very high 
correlation with conductivity, reducing the number of variables in the PCA to 18, 
and the number of sites was limited to 37 because two ROR sites were missing 
TSS data. Four axes were meaningful for interpretation, with the total variance 
explained approximately 63% (Table VI). The first axis reflected higher canopy 
densities and more large woody debris at one end and more non-agricultural human 
disturbance and greater depths and widths at the other. The second axis reflected a 
nutrient gradient (nitrate and total phosphorus), and the third axis was most related 
to chloride and TKN at one end and more gravel substrate and ammonia at the 
other. The fourth axis was most correlated with bankfull height, natural fish cover, 
and TSS, reflecting steeper, more undercut banks. 
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TABLE V 
Results of Friedman tests and multiple comparison group membership (values for A>B>C) for 
macroinvertebrate metrics in ROR (N = 39) and RF (N = 15) sites 

Multiple comparison groups (overall α = 0.05) 

Metric S′ p-value KN DP500 DP1000 RTH HD 

ROR sites 
Number of taxa 77.8 <0.0001 A A B A B 

Number of Coleoptera taxa 52.5 <0.0001 A AB C AB B 

Number of Mollusca 40.9 <0.0001 A AC B AC BC 

+ Crustacea taxa 
Non-insects (%) 26.3 <0.0001 A BC C AB BC 

Chironomids (%) 30.6 <0.0001 B B A AB A 

Number of tolerant taxa 99.2 <0.0001 A A B A B 

Taxa as tolerant (%) 57.2 <0.0001 A A B A B 

Tolerant individuals (%) 6.8 0.1474 

Collector-filterer individuals (%) 13.8 0.0079 B B AB B A 

Collector-gatherers individuals (%) 12.8 0.0122 AB AB AB A B 

Number of predator taxa 114.7 <0.0001 A A B A B 

Number of scraper taxa 29.6 <0.0001 A AB A A B 

Scraper individuals (%) 15.9 0.0032 A AB B AB A 

RF sites 

Number of taxa 28.0 <0.0001 A AB C AB B 

Number of ETO taxa 3.1 0.5370 

Taxa in EPT (%) 7.0 0.1341 

Taxa in Chironomidae (%) 13.1 0.0109 B AB A AB AB 

Dominant taxon (%) 12.1 0.0170 B B AB B A 

Taxa as tolerant (%) 3.3 0.5065 

Tolerant individuals (%) 4.1 0.3918 

Collector-gatherer individuals (%) 0.9 0.9312 

Predator individuals (%) 8.1 0.0896 
Scraper individuals (%) 3.4 0.4874 

Among ROR sites, there were few strong correlations (|r | > 0.5) with either mul­
tivariate PCA axes or individual abiotic variables, regardless of sampling method 
(Table VII). The KN and QMH methods were correlated with three of four PCA 
axes, but no method was correlated with the majority of water chemistry variables. 
The HD method produced metrics that were correlated with the largest number of 
physical habitat variables, followed by the KN and QMH500 methods. Overall, 
the HD and QMH500 methods were correlated with the largest numbers of abi­
otic variables. The third PCA axis was not correlated with any metrics, and there 
also were no correlations with the individual variables most correlated with this 
axis (percentage gravel substrate, chloride concentration, ammonia concentration, 
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and TKN). If the metrics for a particular method were associated with a certain 
multivariate gradient (i.e., PCA axis), there were also generally strong associations 
between the metrics and most of the important individual component variables of 
that multivariate gradient. 

Comparison of metric values for RF sites revealed few consistent differences 
among sampling methods (Table V). The KN method tended to collect the most 
taxa, and the HD method collected the fewest. The KN method tended to differ the 
most from the HD and RTH methods when methods differed at all in metric values. 

The PCA for RF sites was based on 14 variables, excluding NO3 due to limited 
range, percentage gravel substrate due to a lack of variation, and percentage forest in 
the riparian corridor, natural fish cover, and SO4 because of strong correlations with 
other variables. Three axes were meaningful for interpretation based on the broken 
stick model, and the varimax rotation was applied to these three (Table VI). The 
first axis was strongly related to canopy density and large woody debris quantity 
at one end and wider, deeper, warmer conditions at the other end. The second axis 
reflected a gradient of total phosphorus, chloride, and ammonia concentrations, 
along with bankfull height. The third axis was most related to conductivity and 
non-agricultural human disturbance at one end and TKN, TSS, and agriculture at 
the other end of the gradient. 

In RF sites, sampling methods varied in the metrics showing strong correlations 
(|r | > 0.5) with multivariate and individual abiotic variables (Table VII). Only the 
QMH1000 and RTH methods showed correlations with all three PCA axes. Most 
methods performed similarly with respect to water chemistry variables, related 
to four or five of the individual variables. The KN and HD methods were related 
to the most physical habitat variables, although only the HD method had metrics 
associated with TSS concentrations. 

4. Discussion 

Not surprisingly, the DN method was not effective using the current protocol of 
setting the nets for 4 h during full daylight. There are several factors that might 
have contributed to the low effectiveness of this method in this study. Studies have 
shown that drift is higher for many species at night (e.g., Brittain and Eikeland, 
1988; Cellot, 1989; Sagar and Glova, 1992). Thus, the timing of drift net deployment 
probably contributed greatly to the low numbers or lack of individuals collected, 
and use of drift nets may work more effectively if deployed during nighttime hours 
at sites with sufficient flow. However, drift nets may be more problematic in larger 
systems in general because drift may not reflect local conditions well (Koetsier and 
Bryan, 1996). 

Based on the NMS axes, there were clear differences in taxonomic composition 
among samples collected using certain sampling methods and from the two different 
impoundment classes. These results support the separation of the two types of sites 
for data analysis. Such differences are likely due largely to the large differences in 
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physical characteristics such as mean thalweg depth and substrate types, although 
other differences in abiotic gradients also may have played a role in these taxonomic 
differences. The differences among methods in the NMS plots were evident in 
examining metric data as well, reinforcing that the assemblages sampled differed 
among methods. In ROR sites, the RTH and HD methods differed most from other 
methods for both the NMS plots and the metric comparison. On the other hand, the 
RF samples were generally all grouped together in the NMS plots, and these same 
samples showed little consistent variation in metrics among sampling methods. 

Although we made an effort to compare existing field sampling methods, with 
some adaptations, the complete method used by an agency was not always followed. 
In some cases, the laboratory method associated with a particular field method 
differed significantly from that used in processing samples for this study. Therefore, 
the use of the results from this study may not be as originally intended by the 
agency that developed a particular field sampling method. In fact, the methods on 
which the QMH500 and QMH1000 were based are used by the Ohio EPA (1987) 
and NAWQA (Moulton et al., 2002) programs, respectively, only to measure taxa 
richness. Thus, the processing of these samples was performed with the intention of 
recording the presence of taxa in a sample and not necessarily relative abundances 
of taxa. Even so, we were interested in a comparison of field methodologies only, 
and by processing samples differently for different field methods, we would have 
been unable to distinguish differences due to the field method from those due to 
laboratory methods. 

At ROR sites, no sampling method was very effective at detecting all three types 
of abiotic gradients (i.e., multivariate, physical habitat, and water chemistry). The 
HD method was correlated with the largest number of physical habitat gradients. 
Because the HD sampler was limited to the lower 500 m of the sampling reach, 
and the habitat variables were measured and summarized across the entire reach, 
the macroinvertebrate assemblage on the HD sampler may have represented the 
integration of upstream habitat conditions. However, water chemistry samples were 
collected from a single transect in the reach, making it less likely that the conditions 
experienced by the macroinvertebrates colonizing the HD sampler were similar. In 
fact, although the QMH500 method was correlated with the largest number of 
individual water chemistry variables, only three of six variables were represented. 
This might reflect the general difficulty in comparing macroinvertebrate samples 
collected from a variety of sampling points and water chemistry samples integrated 
across a single transect. 

Surprisingly, all five methods performed similarly and collected more similar 
macroinvertebrate assemblages at RF sites. Perhaps this is primarily due to a greater 
mean depth at these sites, which limits the overall accessible sampling area in a 
reach. A limited sampling zone may result in greater habitat homogeneity and 
fewer available habitats that can be sampled for the QMH500, QMH1000, and 
RTH methods, resulting in more similar data. The placement of HD samplers in 
these reaches was also in a more limited zone, which may explain why this method 
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was not as dissimilar to other methods as it was for ROR sites. The tendency for 
sedimentation on these samplers may also account for the association between HD 
method metrics and TSS in slow-flowing RF sites, whereas other methods failed to 
detect this abiotic gradient. 

Superficial similarities among certain methods do not indicate that data from 
these methods can be pooled into a single set of data. Metric values may have 
varied little among some methods at ROR sites and among all methods for RF 
sites, but relationships between macroinvertebrate data and abiotic conditions varied 
among methods. Even though the KN and QMH500 methods shared similar metric 
values among ROR sites, correlations of metrics with abiotic gradients were not 
consistent between the two sampling methods. These same issues were present for 
RF sites, though to a lesser degree. Even for those methods that showed correlations 
with the same abiotic variables, the metrics associated with those abiotic variables 
may vary widely among sampling methods. Thus, combining data indiscriminately 
from different sampling methods is likely inappropriate, as the data from different 
methods may provide us with different information about abiotic conditions in an 
area. 

In this study, the HD method was relatively effective in representing abiotic 
conditions in both ROR and RF sites. In some types of systems, the HD method 
may provide one of the only viable sampling protocols, such as where substrates are 
too hard or the river is too deep for kick nets to be useful (see review by Rosenberg 
and Resh, 1982). Battegazzore et al. (1994) concluded that artificial substrates 
performed best in the larger rivers sampled in that study, and in our study, the HD 
method was among the methods performing consistently well across impoundment 
groups. However, a review of artificial substrates by Rosenberg and Resh (1982) 
identifies several disadvantages to using this sampling method. Artificial substrates 
have a higher likelihood of being lost due to high flow or vandalism, and a higher 
risk of drying if water levels drop. In addition, the requirement of at least two visits 
to a site for deployment and retrieval of the device may limit the appeal of this 
sampling method. 

Considering the requirements associated with each sampling method and the 
results of this study, a combination of sampling methods may provide the most 
useful macroinvertebrate data, particularly in ROR sites. For example, the Ohio EPA 
uses a combination of a qualitative, active sampling method (similar to the QMH500 
method) and a quantitative, passive method (substrate sampler) for calculation of the 
Invertebrate Community Index (ICI) (Ohio EPA, 1987). For reasons described, the 
use of artificial substrates (HD sampler) can be a drain on resources because multiple 
site visits are required. We suggest using a method that combines systematic, semi-
quantitative characteristics of the KN method and the more qualitative QMH500 
method. The KN method provides some insurance that macroinvertebrate habitats 
unrecognized by the human eye will be sampled, and the QMH500 method ensures 
that additional taxa obviously missed by the placement of the kick net are still 
collected. 
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Even with improved, more reliable sampling methods, bioassessment at RF sites 
is more problematic than at ROR sites. Relatively unaltered run-of-the-river sites 
can be identified using habitat, chemistry, and land cover data. However, defin­
ing a reference condition for sites with restricted flow is very difficult because 
comparing these sites with sites lacking lock-and-dam structures often sets an un­
realistic expectation or goal. In addition, identifying otherwise unaltered RF sites 
is also challenging because sites often have restricted flow for the express purpose 
of promoting human activities in the watershed. Therefore, the identification of 
appropriate reference conditions for RF sites should be a focus for research related 
to bioassessment of nonwadeable rivers and streams. 
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