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Assessing invertebrate responses to human activities:
evaluating alternative approaches
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Abstract. The goal of biological monitoring is to evaluate the effect of human activities on biolog-
ical resources. In this study, we linked human activities across landscapes to specific changes in
assemblages of benthic macroinvertebrates in streams that drain those landscapes. We used data
from 2nd- to 4th-order streams in southwestern Oregon to test approximately 30 hypotheses about
how macroinvertebrates respond to several common human actions, especially logging and associated
road construction. We found 10 attributes of macroinvertebrate assemblages to be reliable indicators
of disturbance. Data from a subsequent year confirmed those results. We used simple graphical
methods to evaluate land-use data and to relate the data to observed responses of invertebrates.

We constructed a multimetric index (benthic index of biological integrity, or B-IBI) from component
metrics that distinguished disturbed stream sites from minimally disturbed sites. Using an indepen-
dent data set, we found that B-IBI scores were significantly lower for streams whose watersheds were
more degraded by human activities. We also tested rapid bioassessment protocol (RBP) III as mod-
ified by Oregon Department of Environmental Quality. RBP III failed to detect differences among
sites that B-IBI did detect.

Because biologists continue to debate the relative merits of a multimetric vs. a multivariate approach
for interpreting biomonitoring data, we also used principal components analysis (PCA) to explore
patterns in our multidimensional data. We chose PCA based on species abundance because it has
been the most common technique used by state and federal agency biologists to interpret biomoni-
toring data. PCA failed to detect clear differences in our data set (e.g., between most and least dis-
turbed sites).

We suggest that multivariate statistical analyses are most appropriate for exploratory analysis when
the investigator has limited knowledge of an ecological system and wants to generate testable hy-
potheses. We demonstrate that sufficient information about the natural history of stream invertebrates
is available to support more direct tests of how invertebrates respond to human disturbance. The
components of a good multimetric index are founded on tested hypotheses and thus provide a sound
scientific assessment of a stream site. We argue that a method that incorporates ecological information
is more suitable for biomonitoring than one relying on statistical algorithms.

Key words: biological monitoring, benthic macroinvertebrates, assessment, disturbance, streams,
B-IBI, biological integrity, multivariate statistics, Oregon.

The Pacific Northwest region of the USA is on
the brink of losing its salmon (Nehlsen et al.
1991, Frissell 1993). In 1994, the salmon fishery
was closed along the West Coast from Mexico
to Washington because of low returns of spawn-
ing adults. The decline in salmon and closure
of sport and commercial fisheries (Wilderness
Society 1993) represents an annual economic
loss in excess of $1 billion and 60,000 jobs (Pa-
cific Rivers Council 1995). This trend is simply
the most recent chapter in a history of decline
and loss of regional aquatic resources that spans
the continent (Hughes and Noss 1992, Allan and
Flecker 1993), including Atlantic salmon (Salmo

salar) in rivers of northeastern North America,
sport and commercial species in midwestern
USA (Karr et al. 1985), and native fishes of Cal-
ifornia (Moyle and Williams 1990). Salmon and
other aquatic organisms are disappearing be-
cause dams, timber harvest, agriculture, urban-
ization, and other human actions alter water-
sheds and degrade rivers that support popula-
tions of aquatic species. These trends are likely
to continue as long as society undervalues wa-
ter, water bodies, and the aquatic ecosystems
they sustain (Karr 1995).

Widespread recognition of this degradation
has stimulated numerous efforts to improve our
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ability to track the condition of aquatic ecosys-
tems (Davis and Simon 1995). Comprehensive,
multimetric indexes (Barbour et al. 1995) were
first developed in the midwestern USA for use
with fishes (Karr 1981, Fausch et al. 1984, Karr
et al. 1986) and modified for use with inverte-
brates (Ohio EPA 1988, Plafkin et al. 1989, Ker-
ans and Karr 1994, DeShon 1995). Although the
original multimetric index—the index of biotic
integrity (IBL; Karr 1981)—has been adapted for
fish in the Willamette River (a large Oregon riv-
er; Hughes and Gammon 1987), broad applica-
tion of a fish IBI to the Pacific Northwest is re-
stricted by 3 problems: 1) streams in the Pacific
Northwest have few species of fish; 2) many fish
spend a substantial portion of their life cycle in
marine waters; and 3) salmonids, the dominant
fish in most streams, are affected by harvesting
and stocking.

In contrast, streams west of the Cascade
Mountains in Oregon and Washington host sev-
eral hundred easily identifiable taxa of macroin-
vertebrates that spend all or most of their lives
in fresh water. The variety of taxa and knowl-
edge of their natural histories make it possible
to distinguish different types and levels of hu-
man-induced degradation. Thus, we evaluate
the biotic integrity of streams based on analysis
of the benthic invertebrate assemblage.

In this paper, we advocate simple graphical
and statistical analyses rather than multivariate
statistics to relate human activities to biological
changes. We argue that simple graphs are easier
to explain to an audience of non-scientists than
are multidimensional plots derived from mul-
tivariate analyses such as principal components
analysis (PCA). We test specific hypotheses
about how invertebrates respond to human dis-
turbance, primarily logging, with data from 2
different years. Based on those attributes (or
metrics), we modify the original benthic IBI (B-
IBI) developed for Tennessee Valley streams
(Kerans and Karr 1994). Using an independent

“data set, we test whether B-IBI and a similar
index, Rapid Bioassessment Protocol (RBP) III
(Plafkin et al. 1989) as modified by Oregon De-
partment of Environmental Quality (DEQ)
(Mulvey et al. 1992), can detect differences in
intensity of logging. Finally, we discuss why
multimetric indexes with known statistical
properties and constructed from tested hypoth-
eses are better for ranking and assessing re-
source condition than is the output from PCA.

EVALUATING ASSESSMENT APPROACHES
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Methods
Study location

No new data were collected for this study. Of
the data available from Alaska, Idaho, Oregon,
and Washington (US EPAs Region 10), we chose
streams from southwestern Oregon for our
study because many sites had been sampled
during 3 y and land-use data were some of the
best available. Macroinvertebrates had been col-
lected from mid-order streams within the drain-
ages of the Umpqua and Rogue rivers in the
western foothills of the Cascade Mountains
south of Eugene, Oregon. Watershed area
ranged from 15 km? to 400 km? with a median
area of 54 km? Original vegetation was primar-
ily Douglas Fir (Pseudotsuga menziesii).

Our study area was in the Umpqua National
Forest (NF) and in the Roseburg and Medford
Districts of the Bureau of Land Management
(BLM), the latter in a checkerboard pattern of
interspersed public and private lands. Within
the National Forest, clearcuts have increased the
frequency and intensity of runoff which has
simplified channel morphology and increased
debris torrents (USFS 1992). Logging and road-
building have increased sediment and signifi-
cantly widened stream channels since 1937
(Dose and Roper 1994). Watersheds under BLM
and private ownership are modified by timber
harvest as well as grazing, agriculture, and ur-
banization.

Data sets

An ideal data set for testing metrics would
include sites that were physically identical and
differed only in their degree of human influ-
ence. Data available for the Pacific Northwest
were not ideal, and so we had to first identify
a subset of the data that included a sufficient
number of physically similar sites. We con-
trolled for the effect of large-scale geographic
features by selecting sites within southwest Or-
egon. We minimized seasonal effects by using
fall-sampling data and avoided year effects by
testing within 1 year. We selected 2nd- to 4th-
order streams and excluded Umpqua River sites
because the mainstem is a much larger river
with greater taxa richness, different species
composition, and markedly different biological
dynamics. We divided the data into subsets for
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TABLE 1. Number of sites available, number used
in B-IBI analysis (in parentheses), and analysis for
which data were used (footnotes) for each data set.
High elevation and large river sites were excluded for
metric and index testing and the 2nd principal com-
ponent analysis (PCA); after exclusion of these sites,
some data sets had too few sites remaining for anal-
ysis.

Umpqua Roseburg ~ Medford
Year NF BLM BLM
1990 46° (32%b<)
1991 30 (204) 30 (30<4) 22 (189
1992 30 (249 12 (0) 21 (0)
aPCA

b Testing metrics

¢ Determining metric ranges
4 Testing B-IBI and RBP

¢ Validating metrics

each phase of analysis according to year and
location (Table 1):

Metric testing. We evaluated benthic inver-
tebrate responses to timber harvest and road
building with data collected in 1990 from 32
sites in the Umpqua NE

Metric validation. We validated patterns ob-
served in 1990 metric scores with data collected
in 1992 from 24 Umpqua NF sites.

Index testing. We compared overall index
scores of B-IBI and RBP for 20 Umpqua sites
(1991) and 30 Roseburg sites (1991). The differ-
ent levels of human activity in these 2 areas al-
lowed us to compare B-IBI and RBP.

Sites sampled in the Umpqua NF in 1991 and
1992 were a subset of those originally sampled
in 1990 except for a few (<5) new sites sampled
each year. An ideal data set would have includ-
ed sites independent in both space and time. In
our case, the best available data sets for testing
metrics were independent in time only (1990
and 1992). We saved the “‘best” data sets (Rose-
burg 1991 and Umpqua 1991) for testing the B-
IBI and RBP indexes—data sets independent in
time and space from data sets used to test and
validate the metrics used in B-IBI. For index test-
ing, rather than comparing sites within the
Umpqua NF with each other, Umpqua NF sites
were compared as a group with sites in the Rose-
burg District of the BLM.

L. S. FORE ET AL.
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Data collection

Invertebrates—The data sets described above
were originally collected for the US Forest Ser-
vice and the Bureau of Land Management to
assess watershed condition. Consistent data
quality was assured because all samples were
collected and identified by one of us (RWW) ac-
cording to the same sampling and lab protocols.
Macroinvertebrates were collected using a kick-
net (500-wm mesh) to sample an approximately
30-cm X 70-cm area from 5 erosional habitats
(typically riffles) along an approximately 150-m
reach. The 5 collections were composited into a
single collection representing a total area of 1
m? All individuals collected were identified and
counted, unless the sample was greater than
1000 individuals, in which case a subsample
was processed. Insects were dominant in the
benthic assemblages, and were usually identi-
fied to genus or species. Level of taxonomic
identifications for non-insects varied from spe-
cies to phyla. Invertebrates were collected in the
fall because the largest number of taxa are typ-
ically present at this time and it is a practical
and safe season for field crews.

A single location in each watershed yielded 1
collection of invertebrates for each stream. We
analyzed riffle data for 3 reasons: (1) riffles are
easier to define by field crews than pools or
margins; (2) riffles are more uniform than other
stream microenvironments and are thus easier
to compare across watersheds; and (3) riffles
have high current velocity and shallow depth,
facilitating sampling with kicknets or Surber
samplers. Pools provide information that riffles
do not and there is some evidence that they are
degraded by sediment before riffles (Kerans et
al. 1992); however, our priority was to evaluate
a sampling protocol that could be easily applied
by others.

Land use—We evaluated human influence in
the Umpqua NF at 2 landscape scales: 1) over
the entire watershed and 2) within the stream
channel. At the watershed scale, the US Forest
Service (USFS) provided estimates of total wa-
tershed area, watershed area logged, and
lengths of road within each watershed for Ump-
qua sites. Unfortunately, information about the
type, location, and date of timber harvest was
not available. At the riparian scale, we worked
with USFS hydrologist Mikeal Jones to estimate
the instream condition of sites within the Ump-
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qua NE Over the past 15 y he has walked the
stream channels in order to place instruments,
collect water chemistry data, and recommend
buffer sizes for timber sales. Based on his ob-
servations of riparian corridor, stream bed, bank
stability, and influence of road building and log-
ging on the stream channel, Jones provided us
with a relative ranking of streams within each
of the 7 sub-basins of the Umpqua River. In ad-
dition, he described an overall, general condi-
tion for each sub-basin. We assigned a value
from 1 to 7 to each stream according to its con-
dition relative to other streams in its sub-basin
and then adjusted the scores up or down if the
entire basin was unusually protected or dis-
turbed.

Water chemistry data were available for very
few sites. Supplementary information regarding
elevation, location of roads and urban areas, lo-
cation of private and federal land, and stream
size was obtained from topographic maps of the
US Geological Survey. For Medford and Rose-
burg BLM sites west of the National Forest, spe-
cific information about land use was available
for only a few watersheds.

Data analysis

Our goal was to extract relevant biological
pattern from taxa lists and counts of macroin-
vertebrates and relate those patterns to human-
induced changes in the watersheds. We evalu-
ated data sets with a multimetric approach
(Karr et al. 1986, Kerans and Karr 1994, Barbour
et al. 1995) and a multivariate approach (prin-
cipal components analysis) (Norris and Georges
1993) to identify patterns in macroinvertebrate
assemblages.

Evaluating human influence—Initially we had
to determine the level of human disturbance at
each site. First, we selected a subset of physi-
cally similar sites. Second, we compared the
rankings of sites according to percent area
logged and instream condition to identify data
errors and inconsistencies. After corrections,
and after taking into consideration ancillary
data such as road location and type of logging,
we determined that the land use data only had
the precision to define 3 categories—least, mod-
erately, and most disturbed.

Sites with both high percentages of logged
area and poorest instream condition were rated
as most disturbed. For 1990, we selected 4 sites

EVALUATING ASSESSMENT APPROACHES
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as the most disturbed (Brownie and Tom Creek,
lower Cow Creek, upper Elk Creek and lower
Elk Creek) and 4 sites as the least disturbed
(Calf Creek, South Fork and East Fork of Cow
Creek, and Quartz Creek). Sites with the best
instream condition had been logged, but had
been left to recover (upper forks of Cow Creek)
or had been logged from ridgeline roads rather
than roads along the valley floor (Quartz
Creek). The 1992 data set was smaller and we
selected 3 best sites (South Fork Cow Creek,
North Boulder Creek, and Quartz Creek) and 2
worst sites (lower Elk Creek, lower Jackson
Creek).

Least disturbed sites were not pristine; be-
cause all watersheds have been logged, we
chose sites that were the best available. Best sites
did not have roads paralleling the mainstem
channel, had been logged least or longest ago,
and were not easily accessible to humans. The
most disturbed sites were affected by roads
along the bank of the stream, heavy logging,
grazing, and urbanization.

Metric testing.—For the multimetric analysis,
metrics started out as hypotheses about how in-
vertebrates respond to disturbance (Table 2); for
example, we expected the number of Plecoptera
taxa to decline as human influence increased.
The hypotheses we tested came from published
literature (Cummins et al. 1989, Karr and Ker-
ans 1991), existing protocols and multimetric in-
dexes (Plafkin et al. 1989, Hayslip 1993, Kerans
and Karr 1994, DeShon 1995), and our field ex-
perience.

Metrics were selected from 4 general classes:
taxonomic richness and composition, tolerance
and intolerance, feeding ecology, and popula-
tion attributes. We tested metrics based on the
taxonomic richnesses of the major orders of in-
sects as well as other specific groups, such as
intolerant taxa. Classification of tolerant and in-
tolerant taxa has a long history from the early
Saprobien system (Kolkwitz and Marsson 1909)
to more recent efforts (Chutter 1972, Hilsenhoff
1982, Lenat 1993). Our approach differs some-
what in that we identify only the most and least
tolerant taxa rather than assigning a tolerance
score to every taxon. In addition, we identify the
first and last taxa to disappear in response to a
broad array of disturbances rather than any sin-
gle influence, such as organic pollution. Tolerant
and intolerant taxa were identified based on
20y of author RWW'’s experience while collect-
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TABLE 2.  Attributes of the invertebrate assemblage
(metrics), their hypothesized response to human dis-
turbance, and their ability to distinguish most and
least disturbed Umpqua NF sites in 1990 and 1992.

Metrics
that could
distin-
Predicted  guish
Metric response sites
Taxa richness & composition
Total number of taxa? Decrease N4
Ephemeroptera® Decrease J
Plecoptera? Decrease v
Pteronarcys species® Decrease v
Trichoptera? Decrease J/
Diptera Decrease
Chironomidae Increase
Tolerance /intolerance
Intolerant taxa? Decrease J
Sediment intolerant taxa® Decrease N
Sediment tolerant taxa Increase N
% Tolerant? Increase v
% Sediment tolerant? Increase J
% Sediment intolerant Decrease
% Oligochaeta Increase
% Chironomidae Increase
Feeding ecology
% Scraper Variable
% Predator Decrease
% Gatherer Variable
% Shredder Variable
% Filterer Variable
% Omnivore Increase
Scraper taxa Variable
Shredder taxa Variable
Omnivore taxa Increase
Population attributes
% Dominance (3 taxa)*® Increase J/
Abundance? Decrease

2 Component metric included in benthic index of bi-
otic integrity (B-IBI)
b Also tested 1, 2, 4, and 5 dominant taxa

ing and identifying invertebrates from streams
throughout the western USA. Invertebrate taxa
were classified as scraper, predator, gatherer,
shredder, or filterer according to the primary
category documented by Merrit and Cummins
(1984) and in some cases modified according to
RWW's experience with local taxa. When am-
biguities about feeding ecology could not be re-
solved, taxa were identified as omnivore or un-
known.
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Fic. 1. Hypothetical relationships between re-
source condition and candidate biological metrics.
Metric A is more strongly correlated with resource
condition (or 72 is higher if using regression) than met-
ric B, suggesting it is a better metric. A more reliable
test compares the metric’s ability to distinguish be-
tween minimally disturbed (+) and severely degrad-
ed ([J) sites (ranges noted by arrows). Note that mod-
erately degraded sites (@) span the range between the
extremes. Metric B is the more effective metric in spite
of its smaller statistical correlation.

We used graphical analysis to judge candi-
date metrics because it provides insight into
how invertebrates respond to different levels of
human influence (e.g., monotonically or at some
threshold) and because graphs reveal outliers
that stimulate fresh hypotheses. Metrics that
had little or no overlap between most disturbed
and least disturbed sites and that arrayed mod-
erately disturbed sites between the extremes
(Fig. 1) were selected and tested again with data
from a subsequent year. Only metrics that re-
sponded to a gradient of human influence in
both 1990 and 1992 were included in B-IBI. Be-
cause 1992 was a drought year, we had greater
confidence that metrics selected were minimally
influenced by this source of natural variability.

Statistical considerations—We could have used
a statistical test (e.g., Mann-Whitney test for 2
independent samples) to decide if the most and
least disturbed sites were significantly different.
Instead, we based our decisions on graphical
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analysis because it provided more insight into
biology than a simple p-value could. For exam-
ple, we were interested in whether scores for
best and worst sites clumped together tightly or
were spread more evenly. Graphs allowed us to
examine each metric’s range and to evaluate
over what range of human disturbance a metric
was most sensitive.

A typical alternative approach might select
metrics according to statistical correlations with
water chemistry, percent area logged, or similar
variables. In our study area, although logging
was the primary land use, the percentage area
of the watershed logged did not differentiate be-
tween sites that had been clearcut to the river
bank and those sites that had riparian areas left
intact. Another limitation was that the year of
the cut and the frequency of cutting were also
unknown. Our situation was not unique; rarely
is a single variable available that can summarize
all the human activities that affect streams and
provide a linear ranking of sites. Typically mul-
tiple human activities influence watersheds si-
multaneously. Watersheds may be affected by
mining, in which case water chemistry data are
appropriate, or by channel modification by
dams or roads, in which case physical habitat
data are relevant. The narrow use of statistical
correlation, or any other statistical model to
make decisions, can lead to a dependence on p-

values. Tests of significance are overused by.

ecologists (Yoccoz 1991); they focus on detection
of impacts rather than on their magnitude or
importance (Stewart-Oaten 1996). Routine sta-
tistical testing can short-circuit the process of
looking at the data and asking whether they
make sense and what they show.

Index construction and testing.—Following the
method developed for the fish IBI (Karr 1981,
Karr et al. 1986), metrics were combined into an
index by transforming the metric values to a
score of 5 (similar to or deviating slightly from
minimally disturbed, or reference, condition), 3
(moderate deviation), or 1 (strong deviation
from reference condition). The sum of the metric
scores gave a B-IBI score for each site.

Simple, general rules for setting metric scor-
ing criteria are difficult to define because they
depend on the sampling design that generated
the data. If sites from a region are sampled such
that % are in pristine areas, % in moderately dis-
turbed areas, and % in very disturbed areas,
then the range of each metric can be divided at
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the 33rd and 67th percentiles. In our case, we
suspected that our data sets included neither
very disturbed sites (e.g., sites from urban ar-
eas) nor pristine sites with no human influence.
Therefore, we tried to err on the conservative
side by broadening the middle category (3) to
include more sites, thus making it more difficult
for a site to score a 5 or 1. Natural breakpoints
in the distribution probably reflect relevant bi-
ology. Where these occurred, we adjusted the
scoring criteria to fall at these points. Setting
scoring criteria is ‘an iterative process and
should be reconsidered as more regional data
become available across a broader range of hu-
man influences.

We tested the Oregon DEQ version of the RBP
because it resolves some of the problems of the
original RBP IIl. Ratio metrics in the original
RBP, such as scrapers/ filterers are replaced with
metrics such as percentage scrapers and per-
centage filterers. The original RBP calculated
scoring criteria as a percentage of a reference
site, which we could not do because reference
sites were not sampled. In general, setting scor-
ing criteria as a percentage of a reference site is
a poor approach because it fails to recognize
that reference condition is more meaningful
when defined as a range of values rather than
as a single value. Oregon DEQ recognized this
problem and defined scoring criteria that assign
a score of 5, 3, or 1 to metric values (Mulvey et
al. 1992) similar to B-IBL. We used these scoring
criteria to calculate RBP.

To summarize our multimetric approach, we
started with metrics that varied systematically
along a gradient of human influence for fish
(Miller et al. 1988) and invertebrates in other
regions (Ohio EPA 1988, Kerans and Karr 1994).
We also included new metrics suggested for in-
vertebrates. We tested metrics with data from
the Umpqua NE selected metrics that varied
along a gradient of human influence, and tested
those successful metrics with data from a sub-
sequent year. Finally, we tested B-IBI and RBP
by comparing index scores for sites from yet an-
other year and from 2 areas (Umpqua NF and
Roseburg District of the BLM) with different
levels of human influence.

Principal components analysis.—We chose PCA
because it is the most common multivariate
technique in use by state and federal biologists
to interpret monitoring data; in the late 1980s it
was also the most common multivariate method



218

reported in ecological journals (James and
McCulloch 1990). The typical application of this
procedure uses taxa lists and abundances to in-
terpret differences between stream sites (Norris
and Georges 1993). We present 2 PCAs based
on the 1990 Umpqua NF data: all 46 sites and
a subset of 32 sites (used in the initial round of
metric testing).

Principal components analysis calculates the
line (“the component”) that extracts the maxi-
mum amount of statistical variance from a cloud
of points. In our case each point in the cloud
represents a stream site. The number of dimen-
sions through which the line passes is equal to
the number of taxa collected. PCA solutions are
degraded by departures from multivariate nor-
mality (Tabachnick and Fidell 1989). In partic-
ular, outliers, such as sites with high abun-
dances or many zeros, tan cause problems (Ken-
kel and Orléci 1986). To address this issue,
abundance data are often transformed by nor-
malizing (i.e., subtracting the mean and divid-
ing by the standard deviation) or by taking the
logarithm. For our data, neither approach was
satisfactory because neither transformation re-
sulted in normally distributed variables. Three
versions of the same data were used in PCA:
normalized, log transformation, and no trans-
formation. We present only results from the nor-
malized data because that transformation best
supported the underlying assumptions of the
model.

Other ordination techniques, such as corre-
spondence analysis, are recommended for spe-
cies abundance—or count—data (Manly 1994).
These ordination methods rely on the same
mathematical rules to extract maximum statis-
tical variance from the variance-covariance ma-
trices of species and/or sites (Ludwig and
Reynolds 1988, p. 255). In addition, correspon-
dence analysis assumes that species abundance
changes along an environmental gradient by in-
creasing, peaking, and then declining (the
Gaussian model) (Gauch 1982, p. 243). Our data
did not support this assumption of an under-
lying modal optimum for species abundance.
Another multivariate technique, canonical cor-
relation analysis, can be used to relate two sets
of variables to each other, for example, land use
variables and taxa abundances. For our land use
data, too many variables had missing values;
therefore, we simply identified important site
characteristics afterward on the PCA plots.

L. S. FORE ET AL.
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Instream condition

FiG. 2. Relationship between elevation and in-
stream condition (based on channel morphology, bank
erosion and stability, and riparian condition) for the
Umpqua NF (1 = 41). Sites above 750 m were exclud-
ed from analysis because very little logging occurred
at high elevation; thus, elevation was confounded with
disturbance.

Results
Classifying sites and evaluating human influence

Our goal in classifying sites was to obtain a
subset of sites that were physically similar and
did not confound human influence with other
physical attributes. For example, high elevation
sites were logged less (Fig. 2) and had fewer
roads in their watershed; thus, high elevation
sites were biased toward more pristine condi-
tions. In addition, high elevation sites had a
much higher number of taxa, but we could not
determine if high taxa richness was a result of
pristine conditions or elevation. We excluded
high elevation sites from the multimetric anal-
ysis because sites below 750 m formed a cohe-
sive group and were spread more evenly across
the range of human influence.

Percent area logged measured human influ-
ence at the watershed scale; instream condition
measured human influence at the riparian scale.
We expected measurements at 2 different scales
to roughly agree for these sites because the pri-
mary human activity (logging) affected both the
watershed and the instream channel (Fig. 3).
Given the many sources of variability and error
in land-use data, we expected the agreement to
be rough at best. Plotting land-use variables
against each other provided a check for data
consistency. Unexpected outliers pointed us to-
ward data errors and new hypotheses to be test-
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ed. For example, 2 sites with low harvested area
but very poor instream condition made us
aware of several watersheds for which timber
harvest was underestimated: estimates were
only for public land and did not include logging
on private land within the watershed. We cor-
rected estimates of percent area logged for wa-
tersheds with private land by estimating that
the area cut on private land was the same as on
federal land, probably an underestimate.
Decline in taxa richness is one of the most
reliable indicators of degradation for many
aquatic groups (Ford 1989, Barbour et al. 1995):
periphyton (Bahls 1993); phytoplankton (Schel-
ske 1984); riverine fish (Karr 1981, Miller et al.
1988, Ohio EPA 1988, Lyons 1992, Lyons et al.
1995); lake fish (Minns et al. 1994); estuarine
fish (Deegan et al. 1993); and invertebrates
(Ohio EPA 1988, Kerans and Karr 1994, DeShon
1995). Therefore we used taxa richness to test
whether road density, presence or absence of
roads adjacent to the channel, or percent area
logged most accurately reflected the impact of
human activities on the biota. Taxa richness de-
clined significantly (Spearman’s rho, p < 0.05)
as area logged increased (Fig. 4), but did not
change systematically with density or presence
of roads. We were initially concerned that most
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FiG. 3. Relationship between watershed condition
at a site (percent area not logged) and instream con-
dition (based on channel morphology, bank erosion
and stability, and riparian condition). Dashed lines de-
note direction of expected correlation and are drawn
by eye to bound groups of sites. Points that fell outside
the lines were judged outliers. For outlier sites, area
logged was underestimated (1, 2, 4); data were tabu-
lated incorrectly (for 3 and 5, instream condition was
reversed); and some logging had occurred long ago
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FIG. 4. Relationship between number of taxa and
percent of watershed logged for the Umpqua NE For
some sites, we increased logged area (dotted lines) to
reflect private-land logging within the watershed (see
text for details). Before data correction, correlation
(Spearman’s rho) was not significant; after correction,
it was significant (p < 0.05).

of the sites were similarly degraded and there-
fore might not provide a broad enough range of
disturbance to test metrics. Significant correla-
tion between area logged and taxa richness, in
spite of the inaccuracy of the land-use data,
gave us confidence that the sites were sampled
across a gradient of human-induced change,
and that best and worst sites were truly differ-
ent. Because our analysis was limited to existing
data sets, our sites probably did not include true
extremes.

Defining and testing metrics

Among 30 biological attributes (Table 2) in 4
broad classes—taxa richness and composition,
tolerant and intolerant taxa, feeding ecology,
and population attributes—only 10 successfully
distinguished most and least disturbed sites for
1990 and 1992. Those 10 metrics and 1 other
(see discussion of abundance below) were in-
cluded in B-IBI (Table 3).

Taxa richness and composition.—Total taxa rich-
ness and richnesses of Ephemeroptera, Plecop-
tera, and Trichoptera easily separated the best
sites from the poor sites and, in general, de-
clined as disturbance increased (See Fig. 5 for
examples). Plecoptera are apparently more sen-
sitive to human influence, because they disap-
peared from sites at lower levels of disturbance
than did either Ephemeroptera or Trichoptera.
Pteronarcys species richness indicated better
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TABLE 3. Metrics included in B-IBI for 2nd- to 4th-order Oregon streams, their response to human distur-
bance, and class boundaries used as scoring criteria. A score of 5 indicates a metric value that deviates little or
none from expected condition, 3 indicates moderate deviation, and 1 strong deviation from expectation.

} Response to

Metric disturbance 1 3 5
Total number of taxa Decrease <40 40-54 >54
Ephemeroptera taxa Decrease <8 8-11 >11
Plecoptera taxa Decrease <6 69 >9
Pteronarcys species Decrease 0 — >0
Trichoptera taxa Decrease <6 69 >9
Intolerant taxa Decrease <2 2-5 >5
Sediment intolerant taxa Decrease 0 1 >1
% Tolerant Increase >40 20-40 <20
% Sediment tolerant Increase >15 5-15 <5
% Dominance (3 taxa) Increase >55 40-55 <40
Abundance Decrease <500 500-1500 >1500

stream condition. Neither Diptera nor Chiro-
nomidae taxa richnesses changed systematically
along a gradient of human influence.

Tolerance and intolerance metrics.—For tolerance
and intolerance metrics, we identified the most
tolerant (about 35 out of 200 total taxa) and ex-
tremely intolerant taxa (about 35 taxa). We also
identified taxa that were specifically tolerant or
intolerant to fine sediment, which included
some of the taxa in the general tolerance/intol-
erance metrics and others as well.

We express tolerance metrics as a percentage
of the total number of individuals in a sample
that are tolerant; intolerance metrics are ex-
pressed as taxa richness (Karr et al. 1986). Tol-
erant organisms occur at all sites but tend to
dominate in relative abundance as conditions
are degraded. In contrast, intolerant taxa, when
present, are typically never very abundant,
making accurate estimates of their relative
abundances difficult with a reasonable sam-
pling effort; yet, the presence of these taxa sends
a strong signal about local environmental qual-
ity. Our results confirmed the generality of this
pattern: tolerance metrics are best expressed as
percentages of total abundance and intolerance
metrics should be expressed as taxa richness.

Feeding ecology—We were surprised to find
that feeding ecology metrics (Merritt and Cum-
mins 1984), calculated as either percentage of
individuals or taxa richness, failed to distin-
guish the most and least disturbed sites (See
Fig. 5 for examples). Percentage of scrapers in
the sample distinguished good from poor sites
in both 1990 and 1992, but the best sites had a

smaller percentage of scrapers in 1990 yet a
higher percentage in 1992. The year 1992 was
unusually dry, suggesting that temporal varia-
tion in environmental conditions may affect
scrapers and possibly the relative abundances of
other trophic groups as well.

Population attributes—High abundance rela-
tive to other species was tested as cumulative
percentage of the 1-5 most abundant taxa. The
best form for this metric calculated dominance
as the cumulative abundance of the 3 most
abundant taxa divided by total abundance. Total
abundance did not satisfy our criteria for selec-
tion. Nonetheless, we included it because we ex-
pected very low abundances only in the most
extreme situations, such as high levels of urban
or industrial contaminants. Very high abun-
dances may also indicate degradation, particu-
larly in agricultural areas where nutrient enrich-
ment affects invertebrates. In general, species
abundances (or population size or density) are
perhaps the most variable aspects of an assem-
blage; thus, all other metrics were calculated as
a percentage of total abundance (relative abun-
dance) or as taxa richness.

Constructing and testing B-I1BI

Metrics differed in their range of values;
therefore, we transformed them to a similar
scale before combining them into a summary
index, B-IBI. We divided the range of each met-
ric into three parts and assigned a new score of
5 (similar to expected, or reference, condition),
3, or 1 (strong deviation from expected condi-
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FIG. 5. Relationship between invertebrate metrics
and percent area logged. Metrics that clearly distin-
guish least degraded (+) from most degraded stream
sites (CJ) are used in B-IBL. Moderately degraded sites
are also shown (@). Two taxa richness metrics (upper
panels) distinguished the 2 groups of sites. Trophic
structure metrics, such as percent of predators and
shredders (lower panels), failed to distinguish the
groups of sites. Arrows to the right of each plot in-
dicate the range of metric scores for good and poor
sites.

tion) (Table 3, Fig. 6). The 11 selected metrics
were added to get a final B-IBI score (maximum
= 55; minimum = 11). We determined the po-
tential range of metrics based on 80 sites: 32
from the Umpqua NF (1990), 30 from the Rose-
burg District of the BLM (1991), and 18 from
the Medford District of the BLM (1991).
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Some data used to set scoring criteria (30 Rose-
burg sites) were subsequently used to test B-IBI.
Their inclusion should not bias our test of the
index because they were used only to assess the
range of metrics. For most metrics, very low and
very high scores were found in all 3 study areas.
Roseburg sites did not have the lowest score (1)
for most metrics, and neither did Umpqua sites
always score high (5); rather, metric scores for
Umpqua sites were on average higher than
scores for Roseburg sites, which provided an-
other check of the metrics.

We tested the hypothesis that B-IBI scores for
Umpqua stream sites would be higher, reflect-
ing higher biotic integrity, than for Roseburg
sites. Although the range of B-IBI scores was
similar for the 2 areas, the poorest sites in Rose-
burg were more degraded than the poorest sites
in the Umpqua (Fig. 7). The Roseburg area in-
cludes BLM and private land in a checkerboard
pattern. Private land, in general, has been
logged more heavily and has been affected fur-
ther by urbanization, roads, mining, and agri-
culture. A significant difference between index
scores for the 2 areas (1-sided t-test, p < 0.05)
demonstrated that B-IBI scores reflect the influ-
ence on instream biota of different levels of hu-
man activities in the 2 study regions.

Testing RBP

The RBP index as modified by Oregon DEQ
(Table 4) failed to detect a difference between
sites in Roseburg BLM and Umpqua NF (1-sid-
ed t-test, p > 0.05; Fig. 7). RBP metrics represent
a set of working hypotheses that must be tested
(like all metrics) with data from the region to
be monitored. RBP metrics have not been tested
in northwestern USA (and only minimally test-
ed elsewhere). We tested the component RBP
metrics with the same criteria described above
and found that only 4 of the 10 metrics could
distinguish between most- and least-disturbed
sites (Table 4). One of those metrics, total taxa
richness, was included in B-IBI. Taxa richness for
Ephemeroptera, Plecoptera, and Trichoptera is
included in B-IBI but as a separate metric for
each order, rather than as a single metric for all
three richnesses (EPT).

Interpreting principal components analysis

PCA results for the 46 Umpqua 1990 sites
were similar for 3 versions of the data (normal-
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FIG. 6. Range and quantitative values for 6 B-IBI
metrics at a severely disturbed site (Lower Elk Cr.)
and a less disturbed site (East Fork Cow Cr.). Because
metrics have different ranges, they are scored as 5 (in-
dicating little or no deviation from expected, or ref-
erence, condition), 3, or 1 (indicating strong deviation
from expected condition) to put them on the same
scale. Tick marks represent the class boundaries used
to assign scores of 5, 3, or 1. Total B-IBI score equals
the sum of the 6 metric scores and 5 others not shown.

TABLE 4. Metrics included in Oregon DEQ’s RBP
(Mulvey et al. 1992), their predicted response to hu-
man influence, and whether they could distinguish
least disturbed from most disturbed sites in south-
west Oregon.

Could it
Predicted distin-
Metric response guish?
Total number of taxa Decrease yes
EPT taxa Decrease yes
% EPT taxa Decrease yes
% Chironomidae Increase no
% Dominance (1 taxon) Increase no?
% Shredder Increase no
% Filterer Increase no
% Scraper Decrease no
Hilsenhoff biotic index Increase no
Diversity index, H' Decrease yes®

2 A better form for this metric uses 2 or 3 taxa
b Strongly correlated with taxa richness
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ized, log transformed, and no transformation).
For all 3 data versions, sites identified as most
disturbed, large river, and high elevation
showed a slight tendency to form their own
groups when plotted against the 1st and 2nd
principal components. Least disturbed sites and
moderately disturbed sites did not form distinct
groups and none of the groups were exclusive;
all showed considerable overlap (Fig. 8A). Sites
that were outliers from their groups in 1 anal-
ysis were also outliers in the other 2 analyses.
The second PCA excluded large river and high
elevation sites and was based on the same 32
sites used in the B-IBI analysis. This PCA was
even less successful in grouping sites according
to a gradient of human disturbance (Fig. 8B).
We suspect that zeros in the data matrix had
a strong effect on the PCA solutions for 3 rea-
sons. First, data transformation had little effect
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FiG. 7. The cumulative distribution function (CDF)
of B-IBI scores (significant difference, 1-sided ¢-test, p
< 0.05) and RBP scores (not significant) for sites in
the Roseburg district (n = 30) and the Umpqua dis-
trict (n = 20). The CDF is the percentage of sites with
B-IBI scores lower than the B-IBI score on the x-axis.
Distance between the 2 CDFs indicates the degree of
difference between index scores for the 2 areas.
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FiG. 8. Sites from Umpqua NF sampled in 1990
plotted according to principal components analysis of
the “‘normalized” data for n = 46 sites (A) and n =
32 sites (B). Most degraded ((J), high elevation (A),
and large river (L) sites showed a tendency to group
together (A); least-degraded sites (+) did not. When
high elevation and large river sites were excluded
from the analysis (B), most and least degraded sites
did not group together, nor were moderately degrad-
ed sites (@) arrayed between the extremes.

on the PCA outcome, probably because zero
abundances were not changed by transforma-
tion. Second, disturbed sites grouped together
best, probably because, with the fewest taxa,
they contained the largest number of zeros in
the data matrix. Third, PC I (for the second
PCA, n = 32) was strongly correlated with taxa
richness (Spearman’s rtho = —0.61, p <0.01).
We looked for patterns in the loadings of the
198 identified taxa on the principal components.
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We found a slight tendency for Ephemeroptera,
Plecoptera, and Trichoptera taxa to load more
frequently on the component that separated
most and least disturbed sites (PC I). We did
not detect patterns in the loadings for intolerant
and tolerant taxa. Other taxa grouped together
on principal component axes provided little ad-
ditional insight into the structure of the assem-
blage. Rather than trying to work through the
statistical analysis and determine how and why
species were grouped together, we found it eas-
ier to compare sites and search for patterns in
the raw data by simply noticing which taxa were
present or absent in similar sites. By focusing
on biological patterns associated with specific,
testable hypotheses, we were better able to rank
sites according to environmental condition with
B-IBI (Fig. 9A) than we could from PCA plots
(Fig. 8, Fig. 9B, 9C).

Discussion

In this paper, we emphasize the process of
testing hypotheses about how invertebrates re-
spond to human influences and developing an
index that can communicate this response to a
broad audience. Even with a rather narrow
range of disturbance, we were able to test met-
rics and develop an index that varied with hu-
man-induced disturbance. Component metrics
of the index varied as the intensity of logging,
road building, and other human activities in-
creased. One may ask, if human influence can
be determined so easily, why bother with bio-
logical monitoring? Although the condition of
sites near the ends of the spectrum are easy to
judge, moderately degraded sites are not. Thus
we started with the extremes, tested our hy-
potheses, and developed an index that could
rank sites with intermediate levels of human in-
fluence. Judging the condition of streams based
on the instream biota allows us to identify
smaller differences than those a human observ-
er might notice, such as large woody debris,
which may be less important to the resident bi-
ota than more subtle changes in river ecology.

B-IBI functions as a yardstick for measuring
the condition of stream sites. Multimetric index-
es formalize what any good biologist, familiar
with local biota, knows about the biological con-
dition of a stream. The effects of human-in-
duced degradation on rivers and streams that
biologists are being asked to describe are not
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FiG. 9. Sites sampled in Umpqua NF in 1990 (n =
32) ranked according to B-IBI score (A), 1st principal
component (B), and 2nd principal component (C). B-
IBI correctly ranked the most ((J) and least (+) de-
graded sites at the extremes except for Calf Cr. (),
the only least-disturbed site with substantial distur-
bance (bridges and removal of woody debris from the
channel) adjacent to the sampling site. PC I (see Fig-
ure 8B) ranked the most degraded sites near one ex-
treme but did not separate them from moderately dis-
turbed sites (@). Neither PC I nor PC II separated least
disturbed sites from moderately disturbed sites; PC II
also failed to distinguish most disturbed sites.

subtle. Multiple metrics are critical to a useful
index; they are analogous to the measurements
(e.g., blood pressure, pulse, and blood chemis-
try) a doctor might make on a single patient.
Multiple measurements increase the probability
of an accurate diagnosis. Narrative and numeric
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indexes communicate biological condition to
policy makers and concerned citizens and thus
provide a scientific basis for the management
decisions that affect aquatic resources.

Too often, biological patterns in complex data
sets are reported in terms of complicated statis-
tics, such as principal components analysis. In
contrast, we demonstrated how graphical anal-
ysis and simple statistics can be used to inter-
pret complex data and understand biological
patterns. To many field biologists, “‘statistics”
means ‘“‘multivariate statistics.”” Monitoring re-
ports have been using the same multivariate
techniques since the 1960s in spite of a plethora
of statistical techniques available (Potvin and
Travis 1993).

Our primary concern regarding multivariate
analyses is that decisions are often based on sta-
tistical properties of the data, e.g., the structure
of the covariance matrix, rather than the biolog-
ical knowledge and understanding of the inves-
tigator. PCA uses mathematical algorithms to
extract variance from the covariance matrix of
species abundances. For our data, PCA failed to
clearly distinguish sites with different levels of
human influence. As is typical of most multi-
variate analyses, PCA focuses on numbers of an-
imals present (one of the most variable aspects
of biology) rather than biological knowledge of
how the animals feed, reproduce, use the habi-
tat, or respond to human activities. In contrast,
this biological information is the foundation for
multimetric indexes.

Ordination was developed for data that follow
a multivariate normal distribution; our data did
not. Numerous zeros and frequent high abun-
dances typical of biomonitoring data represent
outliers to the analysis and can have a strong
influence on the solution (Gauch 1982, Tabach-
nick and Fidell 1989). Transformation and edit-
ing of data are designed to address departures
from normality typical of taxa lists and abun-
dances. The recommendation to remove rare
taxa from the analysis (typically those present
in less than 5% of the samples) is a striking ex-
ample of statistical requirements eclipsing bio-
logical common sense. The presence of rare taxa
in the data matrix means lots of zeros which can
degrade the statistical solution. The presence of
rare taxa in the field indicates pristine condi-
tions capable of supporting these (often) sensi-
tive taxa. Thus rare taxa provide critical clues to
biological condition.
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Even if PCA, or another type of multivariate
analysis, had arrayed sites perfectly according
to our a priori classifications, our larger point is
that the inherent statistical complexity of mul-
tivariate analyses distracts biologists from mak-
ing clear, testable statements to each other and
to nonscientists about how the biota responds
to human influence. Multivariate analyses are
most appropriate for exploratory analysis, that
is, constructing hypotheses about systems for
which little is known. We know enough about
freshwater systems to test hypotheses rather
than continue generating them; we must move
forward with testing hypotheses directly rather
than simply reporting presumed complexity.
More important, we must use monitoring data
to make difficult policy decisions; more effort
must be dedicated to defining the magnitude of
differences and their biological consequences.

Metric definition

Metrics were calculated as taxa richness or
percentages depending on the attribute mea-
sured. A good biomonitoring index should not
be sensitive to slight differences in rainfall or
location; therefore we are less interested in
which particular species of stonefly is found at
a site because the identity of the species may
depend on subtle microhabitat differences or
broader biogeographic patterns. Similarly, nu-
meric abundance of species responds dramati-
cally to small changes in the environment. On
the other hand, taxa richness of stoneflies as a
whole, for example, is robust to natural vari-
ability. We count how many stonefly taxa are
present because most stoneflies require large
cobble and fast clean cool water.

Trophic composition metrics (e.g., shredders,
scrapers, and predators), tolerance metrics, and
dominance (relative abundance of most numer-
ous taxa) metrics are scored as percentages rath-
er than taxa richness because they evaluate pro-
cesses at the level of the assemblage. Taxa in
these groups may be present at all sites, but
their relative proportion changes with degra-
dation. We also tested trophic composition met-
rics as taxa richness metrics when they failed to
discriminate sites as percentages; neither ap-
proach showed consistent variation in metric
values along a gradient of human influence. No
doubt human disturbance affects the trophic
composition of the resident biotic assemblage.
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We suspect that these metrics did not vary sys-
tematically because our classification of inver-
tebrates according to feeding ecology is as yet
imprecise. In future studies we intend to iden-
tify obligate members of each trophic group and
enlarge the category of unknowns and omni-
vores.

Although ratio metrics have been included in
other monitoring protocols, e.g., ratio of scrap-
ers to filterers in RBP, we recommend against
them for 2 reasons. First, the numerator and de-
nominator vary together; therefore a pair of very
large values for scrapers and filterers may yield
the same ratio value as a pair of very small val-
ues. We expect that large values for these 2
groups may have a different biological meaning
than small values. In short, if 2 attributes of an
assemblage are potentially important, they
should be evaluated individually. Second, when
2 variables are combined as a ratio, the ratio
tends to have higher variance than either vari-
able alone (Sokal and Rohlf 1981). Barbour et al.
(1992) found ratio metrics for invertebrates to be
more variable than other metrics. On the other
hand, percentages, or relative abundances, are
based on the binomial distribution and are
much more reliable.

Our goal is to supplement the general toler-
ance and intolerance metrics with more specific
metrics that describe to what the organisms are
tolerant; for example, the metrics for sediment-
tolerant and intolerant taxa that were defined
for these data. As appropriate data sets become
available, we suspect another more inclusive
metric will include Pteronarcys along with other
taxa, such as freshwater mussels, that are sen-
sitive to scour because of large adult size and
time needed to complete their life cycle.

“Indexes”

To most biologists, the word “index” carries
with it semantic baggage that is the legacy of
diversity indexes. Multimetric indexes are often
condemned along with diversity indexes (Suter
1993, Norris and Georges 1993) although they
differ fundamentally in what they measure and
how they are constructed (Fausch et al. 1990).
Semantic confusion also surrounds the terms
““parameter”’, “metric”, and ““index”’, which are
often used interchangeably. In the language of
statistics, “‘parameter’”” refers to a summary sta-
tistic, such as the mean, computed for a partic-
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ular variable. Often the word “variable” is more
accurate when referring to taxa richness, nitro-
gen level, or area logged. “Metrics” refer to at-
tributes of the biological assemblage, such as
taxa richness, included in a multimetric index.
The word ““index’” has several meanings and a
“diversity index” is sometimes included as a
component of a multimetric index.

Biomonitoring indexes can be divided into
three types: (1) diversity and similarity indexes;
(2) pollution-tolerance indexes, or “‘biotic index-
es”; and (3) multimetric indexes. Diversity in-
dexes and most similarity indexes combine in-
formation about abundance (or density) and
species richness into a measure of “evenness”.
The concept of evenness was developed in the
context of information theory, but has not been
meaningfully interpreted in terms of ecological
theory (Hurlburt 1971). Diversity indexes often
vary with degradation because they are strongly
correlated with taxa richness (Camargo 1992),
an attribute of the assemblage that, on its own,
is easy to interpret in terms of biology. The re-
sponse of these indexes to systematic changes
in the assemblage are often erratic, inconsistent,
dependent on initial conditions, and can give
misleading interpretations of biological data
(Wolda 1981, Boyle et al. 1990).

Pollution-tolerance indexes, or biotic indexes,
are based on assignment of a pollution tolerance
value to every taxon. These biotic indexes are
calculated by multiplying the taxon-specific tol-
erance value by the number of individuals for
that taxon. These values are summed across taxa
and divided by the number of individuals in the
sample (Chutter 1972, Winget and Mangum
1979, Hilsenhoff 1982, Lenat 1993) to estimate
an average pollution tolerance for the assem-
blage. In western streams as elsewhere, chemical
and organic pollution resulting from agriculture
and urban sewage represent only part of the
problem. Grazing, timber harvest, and road
building affect streams and their resident biota
differently than organic pollution. A potential
problem with this index format is that by defin-
ing the tolerance of every organism, a strong
response by a few taxa can be missed because
most assemblages are dominated by taxa that
are neither sensitive nor insensitive; that is, the
signal may be lost in the noise. We avoided this
problem with tolerance and intolerance metrics
by concentrating on the most and least tolerant
organisms.
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Each component metric of a multimetric index
measures an attribute of the assemblage that is
the product of evolutionary and biogeographic
processes at a site (Karr 1996). Metrics are in-
terpreted (and assigned a score of 5, 3, or 1)
based on metric values observed in pristine, or
best available, sites. The n metrics represent n
measurements of the biotic integrity of a stream.
We found for the fish IBI that variance was re-
duced and precision increased by using an av-
erage of several metrics (Fore et al. 1994). Metric
values are not independent because they are cal-
culated from a single collection of invertebrates;
nonetheless, the functional form of multimetric
indexes, i.e,, the average (or sum) of metrics, al-
lows us to take advantage of properties of the
mean. We found that multimetric index scores
approximate a normal distribution (Fore et al.
1994), probably because averages tend to be dis-
tributed normally by the Central Limit Theorem
(Cassella and Berger 1990); consequently mul-
timetric indexes can be tested with familiar sta-
tistics, such as ANOVA or regression.

Multimetric indexes are structured like famil-
iar indexes, such as the consumer price index or
the index of leading economic indicators (Mitch-
ell and Burns 1938). These indexes summarize
the current condition or state of the economy
and reduce the inherent natural variability by
including the prices of several items or the cur-
rent levels of several indicators. Like multimetric
indexes, economic indicators are combined into
an overall index by comparing them to a stan-
dard year; after conversion, index components
are summed. These composite indexes have sur-
vived 60 years of discussion and criticism and
are still widely used by economists, policy mak-
ers, and the media to interpret economic trends
(Auerbach 1982).

Making decisions

Collecting data for biological monitoring is
not a goal in itself; data should be collected to
answer specific questions relevant to environ-
mental management (Yoder 1994). Statistical
tests are appropriate in some situations, such as,
when the goal is to regulate a polluter by as-
sessing sites upstream and downstream of a
point source. But when a biologist or statistician
reports a significant difference based on a p-val-
ue, an alert audience will ask, how different?
and, in what way?
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In a monitoring context, we are less interested
in testing for statistical significance than we are
in evaluating differences, especially their biolog-
ical relevance (Stewart-Oaten et al. 1992, Stew-
art-Oaten 1996). Multimetric indexes can be
used for statistical comparisons, but they also
provide a yardstick that can be used to rank
sites, for example, to determine which sites are
the best candidates for restoration. Index scores
for similar sites within a region provide a con-
text for interpreting scores and identifying
trends. As data accumulate across a region, we
can calculate the statistical power of our yard-
stick (Peterman 1990, Fore et al. 1994) and re-
port confidence intervals with index scores.

In contrast, multivariate analyses, such as or-
dination, are not easily adapted to a simple task
like ranking streams from severely to minimally
degraded. Management decisions can be (and
have been) based on multivariate statistical
analysis of biological data (Davies et al. 1993,
Reynoldson and Zarull 1993, Wright et al. 1993),
but the decision process is opaque to anyone
who does not understand the mathematical al-
gorithms and the underlying assumptions of the
models.

Multimetric indexes condense and summarize
information and can be used to compare sites
over a large geographic area. On a smaller scale,
the component metrics are available to make
more site-specific assessments, such as to pin-
point sources of degradation (Yoder and Rankin
1995a) or identify which attributes of the assem-
blage are affected by human activities. Al-
though a single number, the index, is used to
evaluate the relative condition of sites within a
region, detailed information about individual
sites is not lost, but is retained in the component
metrics (Simon and Lyons 1995).

We recognize that biological criteria are ur-
gently needed; but if an index is not composed
of biologically meaningful and reliable metrics,
the biological criteria will be useless. The RBP
index failed to detect differences in southwest-
ern Oregon because the component metrics
were never adequately tested. Finally, we urge
caution about the concept of “rapid” bioassess-
ment. Our goal is to accurately convey infor-
mation about biological condition at a site.
Speed should only be invoked as a specific cri-
terion after a method is shown to be effective.
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Fine-tuning B-IBI

Some steps involved in developing a biomon-
itoring index may need to be reconsidered as
data accumulate, but we expect many of the
conclusions from our study to hold true across
the Pacific Northwest. In particular, the metrics
that responded reliably to the effects of logging
will likely respond to other types of disturbance
such as grazing, agriculture, or urbanization. We
expect this to be true because many of the same
metrics (8 out of 11) that responded to human
influences in southwestern Oregon also re-
sponded to agriculture, mining, and damming
in the Tennessee Valley (Kerans and Karr 1994).
For the fish IBI, the same set of metrics or their
functional equivalents responds to many types
of human influence across most regions of the
USA (Miller et al. 1988); a similar pattern is
emerging for the benthic IBL

The relationship of a metric to human influ-
ence—whether it goes up or down—will likely
be consistent as well. As data accumulate, sam-
ples from severely degraded and relatively pris-
tine streams will probably extend the range of
metrics beyond the values reported here. Scor-
ing criteria will shift to reflect this new infor-
mation. Scoring criteria may also shift as we ap-
ply B-IBI to other regions, elevations, and
stream sizes. Just as physical sciences recognize
the reality that water takes different forms (sol-
id, liquid, gas) as a function of temperature,
multimetric indexes reflect the reality that bio-
logical systems vary as a consequence of phys-
ical and geographic gradients. Scoring criteria
may change as we move from west to east
across the Cascade Mountains, but our goal is
to identify and include metrics in B-IBI that are
broadly applicable to a large region and many
types of human influence.

A good multimetric index includes a balance
of metrics that respond across the range of deg-
radation and to different types of degradation.
Because our data sets came from moderately
disturbed sites, we were unable to specifically
test the sensitivity of metrics under extremely
degraded conditions. Percent sediment-tolerant
taxa was sensitive at the most degraded end of
the spectrum, and taxa richnesses of Plecoptera
and percent sediment-intolerant taxa were more
sensitive for least disturbed sites. Total taxa
richness has a more monotonic response across
the range of disturbance. As new data are eval-
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uated, we intend to assess the redundancy of
metrics and the overall balance of B-IBI (Kerans
and Karr 1994).

By carefully selecting component metrics, we
can minimize the effects of natural physical
variability and weather so that changes in the
assemblage caused by human actions are re-
vealed in sharp relief. Complete separation of
the effects of natural variability from human-
induced variability is not realistic because dis-
turbance exacerbates the effects of natural
events (Schlosser 1990); floods are more ex-
treme, for example, in damaged watersheds.
Multimetric index scores reflect this reality and
consequently are more variable for heavily de-
graded sites (Karr et al. 1987, Steedman 1988,
Fore et al. 1994, Yoder and Rankin 1995b).

Statistical variability of the index determines
how precisely it compares sites and guides de-
cisions. State and federal agencies in the US
have not yet agreed on the number of individ-
uals to be identified from an invertebrate sam-
ple or the number of replicates needed from a
stream site. We intend to evaluate the statistical
power of B-IBI for different sampling protocols
to determine how many classes of integrity B-
IBI can distinguish, as was done for the fish IBI
(Fore et al. 1994). If we can reduce the amount
of effort involved in identifying samples with-
out sacrificing reasonable precision, the money
saved for each site assessment translates into
more streams visited each year.
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