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SUMMARY

1. We intensively sampled 16 western Oregon streams to characterize: (1) the variabil-
ity in macroinvertebrate assemblages at seven spatial scales; and (2) the change in
taxon richness with increasing sampling effort. An analysis of variance (ANOVA)
model calculated spatial variance components for taxon richness, total density, percent
individuals of Ephemeroptera, Plecoptera and Trichoptera (EPT), percent dominance
and Shannon diversity.

2. At the landscape level, ecoregion and among-streams components dominated vari-
ance for most metrics, accounting for 43-72% of total variance. However, ecoregion
accounted for very little variance in total density and 36% of the variance was
attributable to differences between streams. For other metrics, variance components
were more evenly divided between stream and ecoregion effects.

3. Within streams, approximately 70% of variance was associated with unstructured
local spatial variation and not associated with habitat type or transect position. The
remaining variance was typically split about evenly between habitat and transect.
Sample position within a transect (left, centre or right) accounted for virtually none of
the variance for any metric.

4. New taxa per stream increased rapidly with sampling effort with the first four to
eight Surber samples (500-1000 individuals counted), then increased more gradually.
After counting more than 50 samples, new taxa continued to be added in stream
reaches that were 80 times as long as their mean wetted width. Thus taxon richness
was highly dependent on sampling effort, and comparisons between sites or streams
must be normalized for sampling effort.

5. Characterization of spatial variance structure is fundamental to designing sampling
programmes where spatial comparisons range from local to regional scales. Differences
in metric responses across spatial scales demonstrate the importance of designing
sampling strategies and analyses capable of discerning differences at the scale of
interest.
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Introduction

Concern for the health of ecosystems and interest in
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ical processes depend on the scale at which observa-
tions are made (Cooper et al., 1998). Stream macroin-
vertebrates, traditionally studied at the microscale,
are particularly challenging to describe at a landscape
scale (Resh, 1979; Peckarsky, Cooper & McIntosh,
1997; Richards et al., 1997; Wiley, Kohler & Seelbach,
1997). We may assume that the scale at which
macroinvertebrates exhibit the greatest variation
comprises the scale over which important physical/
chemical gradients or biotic interactions control
example, physical
processes such as discharge and temperature strongly
affect distribution patterns reflected in differences
between streams or catchments (Townsend, Hildrew
& Francis, 1983; Li et al., 1994; Wiley et al., 1997).
Biotic interactions including predation, competition,
disease (McAuliffe, 1984; Kohler & Wiley, 1997;
Cooper et al., 1997) and life history phenomena, par-
ticularly dispersal, can create strong localized effects
(Downes & Keough, 1998). Our dilemma is to identify
appropriate invertebrate descriptors that respond to
environmental change over a broad spatial range
(sensu Norris, 1995).

Geophysical, chemical and anthropogenic pro-
cesses constrain stream systems in a hierarchical fash-
ion (Frissell et al., 1986; Hildrew & Giller, 1994).
Biological responses can be examined in a similarly

assemblage composition. For
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Fig. 1 Map of western Oregon showing location of the 16
study streams.

nested hierarchy (Downes, Lake & Schreiber, 1993;
Cooper et al., 1998). By grouping individual taxa into
phylogenetically or functionally related taxa, metrics
can compare assemblages from different sites (Karr et
al., 1985; Plafkin et al., 1989; Resh & McElravy, 1993)
and potentially at different scales. Our study exam-
ined assemblage variability in a sequence of spatial
scales using five basic metrics. We nested finer scale
units within coarser ones; at the finest scale we com-
pared samples taken within cross-sectional transects
of individual streams and, at the coarsest, we com-
pared ecoregions. As part of our design we included
a wide range of sites across the Cascade and
Willamette Valley ecoregions of western Oregon
(Omernik & Gallant, 1986). To satisfy the requirement
for replication and to measure cumulative taxon rich-
ness, our sampling effort was large. Other studies
have focused on the adequacy of metrics to distin-
guish between streams and to measure any response
to human disturbance (Whittier, Hughes & Larsen,
1988; Barbour et al., 1992; Kerans & Karr, 1992; Fore,
Karr & Conquest, 1994); our study considered the
spatial variability of assemblage metrics at several
spatial scales.

Methods
Site selection

The study was conducted over two western Oregon
ecoregions (Omernik & Gallant, 1986): the Willamette
Valley and the Cascade Mountains (Fig. 1). In the
Willamette Valley, agriculture and urbanization have
influenced low gradient, fine substratum streams for
over a century, while logging and human settlement
have altered the higher gradient, coarse-bedded Cas-
cade streams over a similar period.

A set of 100 candidate stream segments in each
ecoregion was randomly selected from 1:100000 scale
USGS topographic maps following the protocol of the
National Stream Survey (Kaufmann et al., 1991). Sam-
pling was restricted to wadeable streams between 44
and 45°N, approximately between the cities of Salem
and Eugene, OR (Table 1). Fourteen stream segments
were selected from the candidate list in a 2 x 2 facto-
rial design with ecoregion and stream size being the
two factors. Stream size classes were defined as small
(first order) and large (second/third order), as de-
picted on the topographic maps. A random number
generator was used to choose exact sampling loca-
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Table 2 Physicochemical characteristics of the streams in each of the four study strata (mean + SD)

Small cascade streams

Large valley streams Small valley streams

Characteristic Large cascade streams

Basin area (km?) 33+29 442
Channel gradient (%) 29+1.1 9.7+38
Wetted width (m) 71431 23406
% Substratum sand and 1+2 3+2

finer

% Riparian canopy presence 60 + 12 47 +23
Conductivity (uScm™1) 43414 36+19
PH 74+0.1 72403

88 +63 8+8

01+0.1 06+04
57+14 36+15
52 +36 61 +24
27 +17 22+19
68 +15 58+ 8

73403 7.0+0.2

tions on each stream segment. Two additional sites
(Lookout and Mack Creeks) in the H. J. Andrews
Experimental Forest, that is part of the Cascade
Mountains Long-term Ecological Research (LTER)
site, were also included for comparison with long-
term data. Including these two extra LTER streams
in the Cascade ecoregion, we included nine Cascade
and seven Valley streams, representing a wide vari-
ety of stream conditions (Table 2). Study sites
ranged from meandering floodplain streams and
agricultural ditches to montane cascades and glacial-
fed headwaters. Riparian vegetation included old-
growth conifers, deciduous hardwoods, herbaceous
grasslands and agricultural stubble (see Herlihy et
al., 1997, for details).

Streams in the ‘small’ stream size class averaged 4
(Cascade) and 8 (Valley) km? in basin area and mea-
sured 2 and 4 m in mean wetted widths, in contrast
to areas of 33 and 88 km? and wetted widths of 7
and 6 m for the ‘large’ streams in the same ecore-
gions (Table 2). Streams in the Cascades were
steeper (gradients from 1 to 16%) and had coarser
substrata (< 5% sand or finer) than streams in the
Willamette Valley (gradients <1%, >50% substra-
tum sand or finer). Valley streams tended to have
higher conductivity, but stream pH was similar (al-
most all just over 7).

Field and laboratory sampling

Collections were made in late September 1992. The
goal was to include at least seven transects of fast
water (riffle, rapid or cascade) and seven slow water
(pool or glide) habitats. From the random start
point on each stream, 14 study transects (cross-sec-
tions) were marked off upstream at 10-m intervals
in small streams, 25-m intervals in large streams.

Each transect represented one habitat type (fast or
slow water), and that transect was divided into
three equal sections (left, centre and right). One
Surber sample (0.093 m?) was collected from each
section. In the Cascades, when there were not equal
numbers of fast and slow water habitats encoun-
tered after 14 transects, the crew continued up-
stream, sampling in only the under-represented
habitat until seven transects were sampled. In some
Valley streams, fast water was absent or rare so no
attempt was made to get additional fast water sam-
ples there. No samples were collected beyond twice
the original 14 transect sample length, that is no
more than 260m in small streams and 650m in
large streams. In the final analysis, the number of
transects per stream varied from 14 to 20. In the
field, each Surber sample was filtered through a
500-pm soil sieve, placed in plastic bags (whirlpaks)
and preserved in 70% ethanol.

Initially all three samples from each transect were
counted in the laboratory; this protocol was fol-
lowed for three Valley and three Cascade streams
(Table 1). After we determined that there were rela-
tively small differences between samples in the
same transects (i.e. left, centre or right), we counted
only one sample per transect for the remaining four
Valley and six Cascade streams. The left, centre or
right sample was picked at random for the first
transect, then samples alternated in a left, centre,
right order and potentially at different scales over
the remaining transects. In 378 of the 449 Surber
sample-units, the entire sample was counted. In the
remainder, organisms were extremely abundant or
organic debris made counting very difficult, so the
original sample was subsampled using a 0.5-m?
gridded sieve (Caton, 1991). In these cases at least
100 individuals per sample were counted.
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Insects were identified to genus, with the exception
of Chironomidae, which were identified to tribe. Mol-
luscs, Branchiopoda and Copepoda were identified to
family. Other invertebrate groups (e.g. Annelida and
Arachnida) were identified to order. Unusual taxa
were verified by experts, and representatives of all
taxa have been archived at our laboratory at Oregon
State University. Non-insect groups were identified to
a lower resolution than insects, largely because of
time constraints. However, they were important com-
ponents in many streams and were useful in distin-
guishing between streams in subsequent analyses.

Because some macroinvertebrate metrics are at
least partially redundant (see Hannaford & Resh,
1995), we employed a limited number of metrics that
represent different aspects of assemblage structure
and composition. Five metrics frequently used in
biomonitoring surveys were chosen: total taxon rich-
ness, Shannon diversity (as measures of diversity),
percent abundance of Ephemeroptera, Plecoptera,
and Trichoptera (EPT), percent abundance repre-
sented by the most dominant taxon (as measures of
proportional abundance) and total density.

Data analysis

Four metrics were calculated from each Surber sam-
ple (Table 1). Total taxon richness was the number of
benthic taxa found in a sample. Taxon accumulation
curves were developed for each stream by calculating
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cumulative taxon richness with accumulating sample
size. The percent dominance was determined as the
number of individuals in the most abundant taxon
compared to the total number of organisms in the
sample. Similarly, EPT percentage was calculated as
the percentage of all individuals that were
Ephemeroptera, Plecoptera and Trichoptera. Shannon
diversity was calculated using proportion of individ-
uals per taxon (Magurran, 1988). Alpha diversity was
computed iteratively (Magurran, 1988).

An analysis of variance (ANOVA) model was used
to decompose the different sources of spatial varia-
tion, ranging from fine scale (within transects) to
coarse (between ecoregions; Table 3). The data were
fitted to a mixed linear model using the General
Linear Model procedures of SAS (SAS Institute, 1988).
The model incorporated three fixed effects, and three
random effects. The fixed factors and their levels
were: ecoregion (Cascade, Valley), stream size class
(small, large), and sample location on the transect
(left, centre, right). Individual streams, habitat type
within stream (fast water, slow water) and transect
location within the stream were random components
of the model that were nested: stream within ecore-
gion and stream size, habitat type within stream,
transect within habitat, and location on transect.
Thus, total variance for each metric was decomposed
into the following factors: Landscape Scale: 1) Ecore-
gion, 2) Stream size class, 3) Ecoregion * size interac-
tion, 4) Among stream within Ecoregion * size class;

Table 3 Partially nested analysis of variance of spatial variations in macroinvertebrate metric scores. Sixteen streams were
sampled in two ecoregions and two size classes. In each stream, there were two habitat types, and samples were collected from
between 14 and 20 transects, and one or three positions on each transect

Source of variation df? Type* Expected mean squares

Among ecoregions =E 1 F o+ 1.2407 qys@rzy) +9-0567 s @rz) +15.5205 147,
+119.42¢y

Among size classes =7 1 F o+ 1.256% qys@rzy) +9- 1167 s@rz) + 15.8805 142,
+123.79¢,,

Ecoregion * size interaction =EZ 1 F o+ 1.240% qys@Erzy) +9-0807s@rzy + 15.5705 14,
+59.91 gy

Among streams (EcoxSize) =S(E*Z) 12 R Ok + 16407 (ys(mt2y)) + 15.116F g (mx 2y +23.76 634z

Among habitat within stream =H(S(E*Z)) 13 R o+ 1.610% qy(srrzy) + 11.350 52y

Among transect w/in habitat =TH(S(E*Z) 222 R or+1.946% sz

Among transect location within habitat = L(H(S(E*Z))) 20 F o +9.850 rsErzy)

Residual =R 177 R ok

Total 447

2d.f. = degrees of freedom, F = fixed effect, R = random effect.

© 2001 Blackwell Science Ltd, Freshwater Biology, 46, 87-97



92 J. Lietal

EPT %

Diversity

Richness

% Dominance

Density

0% 20% 40% 60% 80%  100%
Distribution of variance across scales

. Ecoregion k| within Stream Residual

Fig. 2 Total variance components for study metrics.

== Among Stream

EPT %

Diversity

Richness

% Dominance

Density

0% 20% 40% 60% 80% 100%
Distribution of Variance across scales

. Location [

Fig. 3 Within-stream variance components for study metrics.

Transect - Habitat ‘ Residual

Within Stream Scale, 5) Habitat type within stream, 6)
Among transects within habitat type, 7) Among loca-
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The residual term depicted sample to sample vari-
ability within a stream reach not accounted for by
spatial factors defined in our model. Variance compo-
nents were calculated using the Type Il expected mean
square error and the model coefficients from the SAS
GLM procedure. To insure that residuals had homoge-
neous variance, several of the variables were trans-
formed; square root for taxon richness, log,, for percent
dominance and total density, and an empirical logit for
EPT percentage (McCullough & Nelder, 1989). Techni-
cally, fixed factors have non-centrality parameters, not
variance components. We estimated a function of the
non-centrality parameter for fixed factors that was
analogous to a variance component and used it in

comparisons in the same way as we used variance
components.

To quantify the magnitude of within-stream varia-
tion relative to mean metric values, precision values
were calculated for each metric as coefficients of stan-
dard variation, i.e. pooled standard deviation/grand
mean. Pooled standard errors (SDpool) were deter-
mined by calculating a sum square error (SSE) for
metric values within each stream, summing the SSE
across all streams, then dividing the total SSE by total
degrees of freedom: SDpool = [Total SSE/(n — 1)]°>,
where 1 was the number of samples within each stream
summed over all streams.

Results

For all metrics, there was a strong landscape (ecoregion
and/or stream) signal. Total taxon richness ranged
from 48 to 78 in the Cascade ecoregion, versus 23-52
taxa in the Willamette Valley ecoregion (Table 1).
Shannon diversity was typically higher, and percent
EPT much higher in the Cascade streams. Mean per-
cent dominance was usually higher in the Willamette
streams (four out of seven streams > 40%) than in the
Cascades (all < 31%). Mean macroinvertebrate density
in the study streams was highly variable, from 351 to
4894 individuals m ~ 2 , and did not indicate a strong
contrast between ecoregions.

Ecoregion and stream scales accounted for 42-71%
of total variance in study metrics (Fig. 2). More than
50% of the variance was due to differences between
ecoregions for percent EPT, Shannon diversity, and
taxon richness, with 34% of percent dominance ex-
plained at the same scale. However, relatively little
variance in total density was attributable to ecoregions;
the stream component was relatively large (Fig. 2).
Stream size class (not shown in Fig. 2) accounted for
less than 1% of total variance for all metrics except total
density, for which it accounted for 3% of total variance.
The ecoregion by size class interaction was virtually
zero for all metrics.

Within-stream variance (attributable to habitat-type,
transects within habitats and locations within habitat)
comprised a much smaller part of total variance than
coarser scale components (Fig. 3). Metric differences
within streams were less distinctive than those be-
tween streams or ecoregions. The residual term con-
tributed the most variance, comprising 60-70% of
within-stream variation, and a large portion (20-40%)
of total variation.

© 2001 Blackwell Science Ltd, Freshwater Biology, 46, 87—97



The sum of transect and habitat variances com-
prised at least 25% of within-stream variance for all
metrics (Fig. 3). For total density, variance associated
with habitat was very small, but habitat type consti-
tuted 8-15% of within-stream variance for other
metrics. Besides habitat and transect-to-transect
differences, the majority of within-stream variance
was residual (Fig. 3). Sample location on a transect
explained negligible amounts of variance (0-3%).

Taxon accumulation curves reflected the high vari-
ability within streams and illustrated differences be-
tween ecoregions (Fig. 4). Curves developed for
Cascade streams were steeper than those for the
Willamette Valley, drawn for either cumulative
Surber sample sizes (Fig. 4a) or by cumulative num-
ber of individuals counted (Fig. 4b). The difference
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Fig. 4 a) Cumulative taxon curves developed by number of
Surber samples for the six streams in which all samples were
counted; CAS denotes mountain streams, VAL denote valley
streams. b) Cumulative taxon curves for all nine Cascade
streams (solid line) and all seven Valley streams (broken
line). (Error bars are standard errors.)
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Fig. 5 Relative precision of five assemblage metrics,
calculated as coefficients of variation.

between curves illustrates the consistently higher
taxon richness found in Cascade streams in contrast
to those in the Willamette Valley (Table 1). For data
shown here (Figs. 4a,b), the samples were accumu-
lated in the order in which they were collected in the
field. We also have performed a bootstrap analysis,
and the results were virtually identical if samples
were accumulated in random order. When all 16
streams were averaged to examine how many taxa
were added with increasing sample size, an average
of four to eight new taxa were added in the first four
samples; one or two taxa were added beginning with
the fifth and continuing through 23 subsequent sam-
ples. The unusually high number of samples revealed
that curves in both ecoregions were slow to attain an
asymptote.

Assemblage metrics varied in how they reflected
within-stream variability (Fig. 5). Total density was
the most variable metric; the coefficient of variation
was greater than 50% with five samples, and only
40% after nine samples (Fig. 5). Other metrics demon-
strated lower coefficients of variation, in part because
their mathematical attributes varied less than raw
abundance numbers. Taxon richness, percent EPT,
percent dominance and Shannon diversity had coeffi-
cients of less than 25% within five samples (Fig. 5).

Discussion

The spatial organization of catchments, from basins
to microhabitat, establishes the geomorphic and
physical template for biological processes (Frissell et
al., 1986; Gregory et al., 1991; Poff et al., 1997). Biolog-
ical interactions and movement patterns also con-
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tribute to heterogeneity at multiple levels (May 1975;
Crowl et al., 1997). To understand individual, popula-
tion, community and metapopulation responses to the
environmental template, surveys of stream inverte-
brates must take into account these multiple scales
(Norris, 1995).

Our hierarchically designed study demonstrated
that variability in assemblage metrics changes with
spatial scale, with less metric variation attributable to
smaller scales (Fig. 2). We saw differences between
macroinvertebrate assemblages between streams, as
well as between the Willamette and Cascade ecore-
gions, as reported by other investigators (Whittier et al.,
1988; Barbour et al., 1992; Vinson & Hawkins, 1996).
The proportion of EPT taxa, Shannon diversity, percent
dominance and taxon accumulation curves were useful
in discriminating, at landscape scales, between ecore-
gions. In the large spatial scope of our study, differ-
ences in richness measures varied between spatial
scales; these differences were not detectable in an
Australian study conducted at smaller scales (Downes,
Lake and Schreiber, 1993). The contrasting metric
responses in these very different ecosystems also high-
light the importance of regionally specific patterns.

Whereas the River Continuum concept would sug-
gest easily detectable differences as streams become
larger (Vannote et al., 1980; Barbour et al., 1992), there
was no variability in assemblage metrics that could be
attributed to stream size (small and large wadeable
streams) in our study. Measures sensitive to particular
taxa, such as similarity indices or functional feeding
groups, may be more sensitive to differences among
streams of varying sizes. Wiley et al. (1997) observed
species-specific differences in variance composition
among fish and macroinvertebrates over long time and
spatial intervals. In their study, disease and competi-
tion controlled site-specific variation among the cad-
disflies Glossosoma nigrior Banks and Goera stylata Ross,
but regional climatic or hydrological variation seemed
to influence Baetis more strongly. Variance in individ-
ual taxa rather than composite assemblage measures
may be more useful in distinguishing differences
within streams.

A notable observation was that every stream had a
very large pool of taxa. New taxa were added to our
cumulative list even after collecting over 50 Surber
samples and counting thousands of individuals. These
rare taxa contribute to within-stream variability, and
taxon richness measures are very sensitive to sampling

effort. The relationship between the number of taxa
and area or individuals sampled is well known (Arrhe-
nius, 1921; Preston, 1948; Hart & Horwitz, 1991; Dou-
glas & Lake 1994). Taxon richness has been thought to
reach a theoretical asymptote when 100-900 organ-
isms were counted (May, 1975; Barbour & Gerritson,
1996; Vinson & Hawkins, 1996), but empirical evi-
dence, particularly at small scales, indicates otherwise
(Hart & Horwitz, 1991). Similarly, in our Cascade
study streams cumulative taxon curves did not ap-
proach an asymptote until over 2000 individuals had
been counted (Fig. 4b). Macroinvertebrates respond to
multiple micro-habitat components such as food
availability (Downes et al., 1993), wood (O’Connor,
1991) and stone (Downes & Lake, 1991; Hart & Hor-
witz, 1991; Douglas & Lake, 1994) substrates. As
sampling size increased in our study, opportunity for
including a greater diversity in stream habitats, and
consequent variety in invertebrates, occurred.

The pattern of variability at multiple scales suggests
that spatial variation must be considered at each level
of study. As noted by Wiley et al. (1997), ‘the variance
structure of a population provides a framework for
placing analyses into an appropriate context, and
implies something about the relative importance of
ecological processes at different spatial scales’. Recent
studies demonstrate that the pattern of distribution
(Collins & Glenn, 1997), riparian interactions (Johnson
& Covich, 1997) and behaviour (Peckarsky et al., 1997)
vary with spatial scale. In studies spanning spatial
scales, sampling must be designed to detect these
differences.

In our study within-stream variance structure sug-
gests that there is relatively little local spatial pattern
detectable using 0.093 m? sample units. Both location
within a transect and longitudinal position accounted
for little of the within-stream variance. Also, little of the
within-reach variance was associated with differences
between fast and slow water. The fine scale microhab-
itat variation may require sampling techniques that
incorporate localized differences and analyses that
focus on finer taxonomic resolution as discussed ear-
lier. For discriminating patterns at larger scales, a
random arrangement of samples within habitats of
interest may be sufficient. Most gains in metric preci-
sion will come from increasing the number of samples
taken, rather than from specific sample locations. For
comparisons between streams, standardizing sample

© 2001 Blackwell Science Ltd, Freshwater Biology, 46, 87—97



effort (in areas or numbers of organisms counted) is
also important (see Vinson & Hawkins, 1996).

The survey design used here illustrates a method
for quantifying spatial variation, and the variance
structure suggests ways of optimizing sampling ef-
fort. Assemblage metrics derived from samples col-
lected across a wide scale can be wuseful in
characterizing differences between ecoregions and
streams. Both the number and appropriate distribu-
tion of samples will influence the precision by which
invertebrate metrics in streams are estimated.

Acknowledgments

This research was funded by the U.S. Environmental
Protection Agency. This document was prepared
through a cooperative agreement with Oregon State
University and EPA’s National Health and Environ-
mental Effects Laboratory (Corvallis, Oregon)
( # CR818606); it received EPA peer and administra-
tive review, and approval for publication. Mention of
trade names or commercial products does not consti-
tute endorsement or recommendation for use. We
thank C. Torgersen, W. Davis, M. Coggins and B.
Lyons for technical assistance, and are grateful to two
anonymous reviewers for editorial assistance.

References

Arrhenius O. (1921) Species and area. Journal of Ecol-
ogy, 9, 95-99.

Barbour M.T., Plafkin J.L., Bradley B.P., Graves C.G.
& Wisseman R.W. (1992) Evaluation of EPA’s rapid
bioassessment benthic metrics: metric redundancy
and variability among reference stream sites. Envi-
ronmental Toxicology and Chemistry, 11, 437—-449.

Barbour M.T. & Gerritson J. (1996) Subsampling of
benthic samples: a defense of the fixed-count
method. Journal of the North American Benthological
Society, 15, 386—-391.

Caton L.W. (1991) Improved subsampling methods
for the EPA ‘Rapid Bioassessment’ benthic proto-
cols. North American Benthological Society Bulletin, 8,
317-319.

Collins S.L. & Glenn S.M. (1997) Effects of organismal
and distance scaling on analysis of species distribu-
tion and abundance. Ecological Applications, 7, 543—
551.

© 2001 Blackwell Science Ltd, Freshwater Biology, 46, 87-97

Macroinvertebrates at multiple scales 95

Cooper S.D., Barmuta L., Sarnelle O., Kratz K. &
Diehl S. (1997) Quantifying spatial heterogeneity in
streams. Journal of the North American Benthological
Society, 16, 174—188.

Cooper S.D., Diehl S., Kratz K. & Sarnelle O. (1998)
Implications of scale for patterns and processes in
stream ecology. Australian Journal of Ecology, 23,
27-40.

Crowl T.A., Townsend C.R., Bouwes N. & Thomas H.
(1997) Scales and causes of patchiness in stream
invertebrate assemblages: top-down predator ef-
fects? Journal of the North American Benthological
Society, 16, 277-285.

Douglas M. & Lake P.S. (1994) Species richness of
stream stones: an investigation of the mechanisms
generating the species-area relationship. Oikos, 69,
387-396.

Downes B.J. & Keough M.J. (1998) Scaling of colo-
nization processes in streams: parallels and lessons
from marine hard substrata. Australian Journal of
Ecology, 23, 8-26.

Downes B.J. & Lake P.S. (1991) Different colonization
patterns of two closely related stream insects (Aus-
trosimulium spp.) following disturbance. Freshwater
Biology, 26, 295-306.

Downes B.J., Lake P.S. & Schreiber E.S.G. (1993) Spa-
tial variation in the distribution of stream inverte-
brates: implications of
implications of patchiness for models of commu-
nity organization. Freshwater Biology, 30, 119-132.

Fore L.S., Karr J.R. & Conquest L.L. (1994) Statistical
properties of an index of biological integrity used
to evaluate water resources. Canadian Journal of
Fisheries and Aquatic Sciences, 51, 1077-1087.

Frissell C.S., Liss W.J., Warren C.E. & Hurley M.C.
(1986) A hierarchical framework for stream habitat
classification: viewing streams in a watershed con-
test. Environmental Management, 10, 199-214.

Gregory S.V., Swanson E.J., McKee W.A. & Cummins
K.W. (1991) An ecosystem perspective of riparian
zones. Bioscience, 41, 540-551.

Hannaford M.J. & Resh V.H. (1995) Variability in
macroinvertebrate rapid-bioassessment surveys and
habitat assessments in a northern California stream.
Journal of the North American Benthological Society,
14, 430-439.

Hart D.D. & Horwitz R.J. (1991) Habitat diversity
and the species-area relationship:
models and tests. In: Habitat Structure: The Physical

stream invertebrates:

alternative



96 J. Liet al.

Arrangement of Objects in Space (eds S.S. Bell, E.D.
McCoy & H.R. Mushinsky), pp. 47-68.

Herlihy A., Kaufmann P., Reynolds P., Li J. & Ro-
bison G. (1997) Developing indicators of ecological
condition in the Willamette Basin: an overview of
the Oregon prepilot study for EPA’s EMAP Pro-
gram. In: River Quality, Dynamics, and Restoration
(eds A. Laenen & D.A. Dunnette), pp. 275-282.
CRC Press, Boca Raton, FL.

Hildrew A.G. & Giller P.S. (1994) Patchiness, species
interactions and disturbance in the stream benthos.
In: Aquatic Ecology: Scale, Pattern and Process (eds
P.S. Giller, A.G. Hildrew & D.G. Raffaelli), pp.
21-62. Blackwell Science, London.

Johnson S.L. & Covich A.P. (1997) Scales of observa-
tion of riparian forests and distributions of sus-
pended detritus in a prairie river. Freshwater
Biology, 37, 163-175.

Karr J.R., Fausch K.D., Angermeier P.L., Yant P.R. &
Schlosser 1]. (1985) Assessing biological integrity in
running waters: a method and its rationale. In:
Illinois Natural History Survey Special Publication 5.

Kaufmann P.R., Herlihy A.T., Mitch M.E., Messer ] .J.
& Overton W.S. (1991) Chemical characteristics of
streams in the Eastern United States: 1. Synoptic
survey design, acid-base status and regional chemi-
cal patterns. Water Resource Research, 27, 611-627.

Kerans B.L. & Karr J.R. (1992) Aquatic invertebrate
assemblages: spatial and temporal differences among
sampling protocols. Journal of the North American
Benthological Society, 11, 377-390.

Kohler S.L. & Wiley M.]. (1997) Pathogen outbreaks
reveal large-scale effects of competition in stream
communities. Ecology, 78, 2164-2176.

Levin S.A. (1992) The problem of pattern and scale in
ecology. Ecology, 73, 1943-1967.

Li HW., Lamberti G.A., Pearsons T.N., Tait C.K. & Li
J.L. (1994) Cumulative effects of riparian distur-
bances along high desert trout streams of the John
Day Basin, Oregon. Transactions of the American
Fisheries Society, 123, 627—-640.

Meyer J.L. (1997) Stream health: incorporating the
human dimension to advance stream ecology. Jour-
nal of the North American Benthological Society, 16,
439-447.

Magurran A.E. (1988) Ecological Diversity and its Mea-
surement. Princeton University Press, Princeton, NJ.

May R.M. (1975) Patterns of species abundance and
diversity. In: Ecology and Evolution of Communities

(eds M.L. Cody & J.M. Diamond), pp. 81-120. Har-
vard University Press, Princeton, NJ.

McAuliffe J.R. (1984) Competition for space, distur-
bance, and the structure of a benthic stream com-
munity. Ecology, 65, 894-908.

McCullough P. & Nelder J.A. (1989) Generalized Linear
Models. Chapman and Hall, Cambridge.

Norris R.H. (1995) Biological monitoring: the
dilemma of data analysis. Journal of the North Amer-
ican Benthological Society, 14, 440-450.

O’Connor N.A. (1991) The effects of habitat complex-
ity on the macroinvertebrates colonizing wood sub-
strates in a lowland stream. Oecologia, 85, 504-512.

Omernik J.M. & Gallant A.L. (1986) Ecoregions of the
Pacific Northwest (with map). In: EPA/600/3-86/
033. Environmental Protection Agency, Corvallis,
OR.

Peckarsky B.L., Cooper S.A. & McIntosh A.R. (1997)
Extrapolating from individual behavior to popu-
lations and communities in streams. Journal
of the North American Benthological Society, 16, 375—
390.

Plafkin J.L., Barbour M.T., Porter K.D., Gross S.K. &
Hughes R.M. (1989) Rapid bioassessment protocols
for use in streams and rivers. In: Benthic Macroin-
vertebrates and Fish. EPA/444/4-89/001. Office of
Water Regulations and Standards, U.S. Environ-
mental Protection Agency, Washington, DC.

Poff N.L., Allan ].D., Bain M.B., Karr J.R., Prestegaard
K.L., Richter B.D., Sparks R.E. & Stromberg ].C.
(1997) The natural flow regime. Bioscience, 47, 769—
784.

Preston F.W. (1948) The commoness and rarity of
species. Ecology, 29, 254-283.

Resh V.H. (1979) Sampling variability and life history
features: basic considerations in the design of
aquatic insect studies. Journal of the Fisheries Re-
search Board of Canada, 36, 290-311.

Resh V.H. & McElravy E.P. (1993) Contemporary
quantitative approaches to biomonitoring using
benthic macroinvertebrates. In: Freshwater Biomoni-
toring and Benthic Macroinvertebrates (eds D.M.
Rosenberg & V.H. Resh), pp. 159-194. Chapman
and Hall, New York.

Richards C, Haro R.J., Johnson L.B. & Host G.E.
(1997) Catchment and reach-scale properties as in-
dicators of macroinvertebrate species traits. Fresh-
water Biology, 37, 219-230.

© 2001 Blackwell Science Ltd, Freshwater Biology, 46, 87—97



SAS Institute, Inc. (1988) SAS/STAT User’s Guide. Re-
lease 6.08 edition. SAS Institute, Inc., Cary, NC.

Townsend C.R., Hildrew A.G. & Francis J.E. (1983)
Community structure in some southern English
streams: the influence of physicochemical factors.
Freshwater Biology, 13, 521-544.

Vannote R. L, Minshall G.W., Cummins K.W., Sedell
JR. & Cushing C.E. (1980) The river continuum
concept. Canadian Journal of Fisheries and Aquatic
Sciences, 37, 130-137.

Vinson M.R. & Hawkins C.P. (1996) Effects of sampling
area and subsampling procedure on comparisons of

© 2001 Blackwell Science Ltd, Freshwater Biology, 46, 87-97

Macroinvertebrates at multiple scales 97

taxa richness among streams. Journal of the North
American Benthological Society, 15, 392-399.
Whittier T.M., Hughes RM. & Larsen D.P. (1988)
Correspondence between ecoregions and spatial pat-
terns in stream ecosystems in Oregon. Canadian
Journal of Fisheries and Aquatic Sciences, 45,1264-1278.
Wiley M.]., Kohler S.L. & Seelbach P.W. (1997) Recon-
ciling landscape and local views of aquatic commu-
nities: lessons from Michigan trout
Freshwater Biology, 37, 133—-148.

streams.

(Manuscript accepted 13 April 2000)



