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a  b  s  t  r  a  c  t

Fine  sediments  in  excess  of  natural  background  conditions  are one  of  most  globally  common  causes  of
stream  degradation,  with  well  documented  impacts  on aquatic  communities.  The  lack  of  agreement  on
methods  for  monitoring  fine  sediments  makes  it difficult  to share  data,  limiting  assessments  of stream
conditions  across  jurisdictions.  We  present  a model  that  circumvents  these  limitations  by inferring  fine
sediments  in  Oregon  streams  through  sampling  of macroinvertebrates.  Tolerances  to  fine  sediments
(<0.06  mm  diameter)  were  calculated  for 240 macroinvertebrate  taxa,  from  a calibration  dataset  of  446
sites across  Oregon,  as  well  as  an  independent  validation  dataset  of  50 samples.  Weighted  averaging
methods  were  used  to  infer  fine  sediment  levels  in streams  by weighting  the  tolerances  of  modeled  taxa
observed  in  a sample  by  their  abundances.  The  final  model,  the Biological  Sediment  Tolerance  Index  (BSTI),
showed  a strong  relationship  to measured  fine  sediments  (calibration  r2 = 0.49,  validation  r2 =  0.58).  Root-
mean-squared-error  was  small  in  the  calibration  dataset  (2%  fines),  but larger  in  the validation  dataset

(14%  fines).  Repeatability  was  assessed  by  examining  variability  in  BSTI  at  14  sites  across  Oregon.  Because
field methods  for sampling  macroinvertebrates  are  standardized  across  resource  agencies  in Oregon  and
the  responses  of  macroinvertebrates  represent  the  actual  effects  of fine  sediments  on  stream  ecosys-
tems,  the  BSTI  may  offer  water  resource  managers’  a cost-effective  method  for  assessing  fine sediment
conditions  in  their  ongoing  efforts  to improve  water  quality  across  the  state.

© 2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Excess fine sediments are a leading cause of stream impairments
cross the world, frequently associated with biological impair-
ents of stream ecosystems (Chutter, 1969; Ryan, 1991; Fossati

t al., 2001; Paulsen et al., 2008). Effects from excess sedimentation
re known to result in impairments to all levels of stream commu-
ities (Wood and Armitage, 1997; Suttle et al., 2004; Jensen et al.,
009; Jones et al., 2012). In the Pacific Northwest (PNW) region of
he United States, these impairments have been directly related to

eclines in culturally and economically important salmon popula-
ions. For example, altered sediment regimes were identified as

 high stress factor in 31 out of 40 Southern Oregon/Northern

∗ Corresponding author at: 3150 NW 229th Avenue, Hillsboro, OR 97124, USA.
el.: +1 5036935728.

E-mail addresses: hubler.shannon@deq.state.or.us (S. Hubler),
avid.huff@noaa.gov (D.D. Huff), patrick.edwards@pdx.edu (P. Edwards),
any@pdx.edu (Y. Pan).

ttp://dx.doi.org/10.1016/j.ecolind.2016.02.009
470-160X/© 2016 Elsevier Ltd. All rights reserved.
California coho salmon populations (NMFS, 2014), with impacts
most frequently greater on the earliest life stages (Suttle et al.,
2004; Jensen et al., 2009). While it is generally accepted that
excess fine sediments may  alter ecosystem function, based on both
field (Von Bertrab et al., 2013) and experimental studies (Mathers
et al., 2014; Jones et al., 2015), agreement on how to measure fine
sediments and what levels are protective of aquatic life remains
elusive.

Many resource management agencies in Oregon have broad-
scale monitoring programs in place to measure and quantify stream
substrate composition, however, the ability to easily utilize that
information across programs is limited due to differences in field
protocols (Roper et al., 2010). Additionally, Oregon’s water quality
standards for sedimentation provide no guidance on monitoring
sediment conditions, nor at what levels may  produce impairments:
“The formation of appreciable bottom or sludge deposits or the forma-

tion of any organic or inorganic deposits deleterious to fish or other
aquatic life or injurious to public health, recreation, or industry may
not be allowed (Oregon Administrative Rule 340-041-0007-11).”  This
lack of clarity from resource management agencies, in addition to

dx.doi.org/10.1016/j.ecolind.2016.02.009
http://www.sciencedirect.com/science/journal/1470160X
http://www.elsevier.com/locate/ecolind
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolind.2016.02.009&domain=pdf
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omplicated field methods, causes confusion in the public—making
t difficult to engage citizen-based groups in monitoring sediment
onditions. In periods of reduced monitoring budgets, the abil-
ty to combine data across resource management agencies or to
oost sampling efforts through volunteer monitoring organizations
ould greatly improve our understanding of the impacts of fine

ediments on Oregon’s streams.
Biomonitoring of benthic macroinvertebrates offers a potential

olution to these problems through stressor-response model-
ng of macroinvertebrates to fine sediments. Macroinvertebrates
re the most widely used indicators of stream biological con-
itions (Rosenburg and Resh, 1993; Hering et al., 2004) and
re commonly used to assess stream conditions at regional
Hawkins et al., 2000; Hargett et al., 2007), state (Ode et al.,
008) and national scales (Wright et al., 1993; Smith et al.,
999; Paulsen et al., 2008). Due to their high taxonomic diver-
ity, central position in stream ecosystem food-webs, and varied
eeding strategies and habitat requirements, macroinvertebrates
re effective indicators of biological conditions. Furthermore, the
elatively longer life-cycles (from several months to several years)
f macroinvertebrates integrate stream conditions through time
Hawkes, 1979; Cairns and Pratt, 1993; Hodkinson and Jackson,
005).

Macroinvertebrate monitoring offers several advantages to
onitoring fine sediments alone. First, macroinvertebrate field

ampling methods have been standardized among the major PNW
onitoring programs since the early 2000s (Hayslip, 2007), allow-

ng for ease of transfer of comparable data among programs.
econd, macroinvertebrate taxonomists in the PNW routinely work
ollaboratively to increase similarity in taxonomic information
cross laboratories (PNAMP, 2015). Another advantage provided
y macroinvertebrate monitoring is public engagement. Macroin-
ertebrate field collection methods are relatively simple and easy
o train to novices, and as long as taxonomic identification is stan-
ardized can show a high degree of similarity between professional
nd non-professional samples (Fore et al., 2001; Engel and Voshell,
002). Finally, macroinvertebrate sampling offers a more cost-
ffective way of assessing stream ecological conditions than by
onitoring for a single stressor. While monitoring for instream fine

ediments alone may  indicate a potentially impaired system, it is
articularly useful to understand whether or not excess fine sed-

ments are resulting in actual impairments to the community of
rganisms that we are trying to protect. Macroinvertebrate diag-
ostic indices have been developed for temperature (Yuan, 2007),
tream acidity (Hamalainen and Huttunen, 1996; Larsen et al.,
996), and fine sediments (Extence et al., 2013; Relyea et al., 2012).
hus, the true cost-effective nature of biomonitoring can be realized
hen we integrate a suite of diagnostic indexes capable of iden-

ifying multiple potential causes of biological impairments, while
equiring a single sample (e.g., Chessman and McEvoy, 1998). This
ast step requires thorough knowledge of individual taxonomic
esponses to a given stressor, such as we present here with fine
ediments.

Macroinvertebrates may  be strongly influenced by excess fine
ediments (McClelland and Brusven, 1980; Lemly, 1982; Wood
nd Armitage, 1997). Responses to fine sediments are often
axon-specific, with effects observed on survival (Strand and

erritt, 1997), burial (Wood et al., 2005), egg hatching success
Kefford et al., 2010), growth (Kent and Stelzer, 2008), feeding
Hornig and Brusven, 1986), and relative abundance and richness
Angradi, 1999; Kaller and Hartman, 2004). Analyzing taxon-
pecific responses, or tolerances, to fine sediments allows for the

reation of a diagnostic index to identify for a specific cause of
mpairment.

In the field of bioassessment, the term tolerance is often used
o reflect taxon-specific responses to environmental gradients
ators 67 (2016) 132–145 133

potentially altered by human activities (Yuan, 2004). There has
been a recent movement to develop more rigorous and quantita-
tive tolerance designations for individual taxa at various spatial
scales. Carlisle et al. (2007) examined macroinvertebrate genera
and families throughout the United States (US), developing tol-
erances to ions, nutrients, temperature, and both suspended and
bedded fine sediments. Yuan (2004) determined tolerances to
pH, nutrients, sulfate, and stream habitat within the Mid-Atlantic
region of the US. Tolerances for land-cover (e.g., % forested) were
developed for macroinvertebrates in the PNW (Black et al., 2004).
Relyea et al. (2012) quantified macroinvertebrate taxa responses
to fine sediments, then developed an index based on classification
of those tolerances into discrete classes. Taken further, tolerances
(i.e., optima) across taxa can be adapted into an assemblage-level
index to infer stressor levels.

There are various approaches used in modeling tolerances to
environmental gradients from biological samples. The need for
transparent and quantifiable methods in setting management goals
has moved the science away from the long-time standard of expert
opinion. A frequently used approach is to rank tolerances into dis-
crete classes. For example Extence et al. (2013) used a traits-based
approach to model linkages between fine sediments and morpho-
logical or physiological adaptations in macroinvertebrates. Relyea
et al. ranked macroinvertebrate tolerances based on abundance
percentiles across a fine sediment gradient. Multivariate ordina-
tion, followed by ranked tolerances was used by Murphy et al.
(2015) for fine sediments and Carlisle et al. (2007) for multiple
stressors. But for developing continuous tolerances, which arguably
is a more objective approach, weighted averaging (WA) (ter Braak
and Barendregt, 1986) is perhaps the most commonly used tech-
nique.

WA  has been frequently used to make inferences of histor-
ical environmental gradients for diatoms in lentic systems (Ter
Braak and van Dam, 1989; Birks et al., 1990; Hall and Smol, 1992).
More recently, WA has been used to infer environmental gra-
dients in streams for diatoms (Pan et al., 1996; Ponader et al.,
2007) and macroinvertebrates (Hamalainen and Huttunen, 1996;
Larsen et al., 1996; Yuan, 2007). Performance and bias in WA
models are susceptible to the range and evenness of sampling
along the environmental gradient (ter Braak and Looman, 1986;
Yuan, 2005) and to covarying factors (Yuan, 2007). WA may  be
considered less rigorous than other methods of inferring environ-
mental gradients, such as maximum likelihood (ML) (Ter Braak
and van Dam, 1989; Yuan, 2007), WA partial-least-squares regres-
sion (WA-PLS) (Ter Braak and van Dam, 1989; Larsen et al., 1996;
Birks, 1998), or Boosted Regression Trees (Juggins et al., 2015).
However, WA frequently performs as well as other methods and
offers a suitable alternative to more complex methods (Ter Braak
and van Dam, 1989; Birks et al., 1990; Birks, 1998; Juggins et al.,
2015).

Our primary objective was to develop a biological index for
inferring fine sediment conditions in streams across Oregon.
We expanded on prior studies by modeling macroinvertebrate
tolerances to smaller substrate particle sizes (<0.06 mm)  than
were previously examined (<2 mm;  Yuan, 2007; Relyea et al.,
2012). First, we quantitatively defined taxon-specific responses
of macroinvertebrates to fine sediments. Second, we  used these
taxa responses to infer fine sediment levels, based exclusively on
a macroinvertebrate sample. Our goal is to generate an index, the
Biological Sediment Tolerance Index (BSTI) which may  be used as
a cost-effective method for assessing fine sediment conditions in
Oregon streams. We  intend for the index to be used by a broad

range of resource managers, such as government agencies with
well-developed biological monitoring programs to citizen-based
monitoring organizations with relatively minimal resources and
experience.
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. Methods

.1. Study sites

We  sampled 496 unique sites across Oregon for which we had
aired macroinvertebrate assemblage and substrate composition
ata (Fig. 1). Most sites were selected randomly as part of spa-
ially balanced surveys intended to make unbiased estimates of
tream conditions across various spatial scales (Herlihy et al., 2000;
lsen and Peck, 2008), although a smaller proportion of sites were
and-selected based on various study designs. All sites were sam-
led during summer low-flow conditions (June–September), from
999 to 2004. Study reaches ranged from 150 to 800 m in length,
nd consisted entirely of wadeable streams and rivers that allowed
urveyors to safely wade across the width and along the thalweg.

e used a calibration dataset of 446 sites (CAL) to build our mod-
ls, randomly setting aside 50 sites as an independent validation
ataset (VAL).

.2. Macroinvertebrate data

Macroinvertebrate assemblages were sampled from riffle habi-
at with a D-frame kicknet. Eight individual 0.09 m2 kicks were
istributed randomly across the reach and composited into a sin-
le sample (Peck et al., 2006). Samples were preserved in the field
ith 95% ethanol. Macroinvertebrates were randomly sorted in the

aboratory for a subsample target of 500 individuals (Caton, 1991).
he sorted macroinvertebrates were identified to lowest-practical
axonomic level. Identifications were standardized to ensure con-
istent treatment across all samples, so that no ambiguous taxa
ere present in a sample (Cuffney et al., 2007). This procedure

esulted in 240 operational taxonomic units (OTUs), of which 82%
ere at the genus to species level, 15% were at family to tribe, and

% were at higher taxonomic levels.

.3. Environmental data

To measure fine sediments throughout Oregon, stream sub-
trates were surveyed over a reach length of 40-times the average
etted width, using protocols consistent with Kaufmann et al.

1999) and Peck et al. (2006). At each of 21 evenly spaced tran-
ects, five substrates were selected at distances of 0%, 25%, 50%,
5%, and 100% of the wetted width. A total of 105 particles per
each were visually assessed into one of 11 size classes, based on
ts median diameter. While visual estimates of substrate size are
nown to result in higher error and bias than measured values, the
se of this approach provides a practical yet ecologically meaning-
ul measure of sediment conditions (Faustini and Kaufmann, 2007;
lendell et al., 2014). To identify individual particles, the sampler’s

ndex finger was slid down a stadia rod to identify the particle size
t each substrate sampling location. Fine sediments were the small-
st of the 11 size classes and defined as silt or clay particles with a
edian diameter less than 0.06 mm.  At this size, it was not possible

o identify individual fines particles, but rather flocs of fines were
istinguished from sand as not gritty when rolled between the fin-
ers, similar to Glendell et al. (2014). Fine sediments were further
efined as actual deposits and accumulations, not simply thin lay-
rs of fine sediment deposits over larger substrates (e.g., cobbles
nd boulders).

We  calculated additional environmental and habitat character-
stics to examine the similarities between the CAL and VAL datasets.

ean width and percent canopy cover were calculated from the

ame habitat surveys as fine sediments (Stoddard et al., 2005; Peck
t al., 2006). We  used Geographic Information Systems (GIS) to
alculate elevation at the bottom of the sampling reach, stream gra-
ient (slope), catchment area, and two climate-related variables
ators 67 (2016) 132–145

(precipitation and air temperature; PRISM, 2004). A Human Dis-
turbance Index was  calculated from three GIS coverages at the
catchment-scale (forest fragmentation, road density, and percent
urban and agricultural landuse) and a reach-scale assessment of all
human activities (Drake, 2004).

2.4. Taxa tolerances and inference models for fine sediments

In this paper, we  use the generalized term tolerance (Yuan,
2004) to describe a taxon’s response to human caused increases
in fine sediments. We distinguish the use of tolerance in a manner
similar to that of the term optima in an ecological sense, used to
define a taxon’s maximum along an environmental gradient, and
not in the WA modeling sense of tolerance as the width of the
taxon response-curve. Accordingly, a taxon’s tolerance for percent
fine sediments (%FN) is the point along the fine sediment gradient
where abundances are maximized. Then, if we  have an understand-
ing of each taxon’s response to increasing fine sediments, we  can
use the tolerances of all taxa found in a sample to make inferences
of the fine sediment conditions within a stream reach (ter Braak
and Looman, 1986).

We selected WA as the “minimal adequate model” (e.g., Birks,
1998) for inferring fine sediments from the biota. We  explored
multiple modeling alternatives to WA (ML, WA-PLS, WA  tolerance
down-weighting), but found simple WA to provide models with
equivalent or better performance (data not shown). We  used WA
in C2 software (Juggins, 2007) to compute macroinvertebrate fine
sediment tolerances and inference models of %FN. According to
Birks (1998), the best WA models are typically those that include
all taxa, even those with few occurrences. Therefore, rare taxa were
not removed from the dataset, and tolerances were calculated for
all 240 OTUs.

A taxon’s WA fine sediment tolerance is the average of all %FN
for stream reaches in which the taxon was  found, weighted by the
taxon’s abundance in each sample (WA  regression) (Birks et al.,
1990). Tolerances were then used to develop models (WA  calibra-
tion) for inferring %FN using macroinvertebrate samples only. A
stream reach’s %FN was  inferred as the average fine sediment tol-
erance of all taxa present in a sample, weighted by their respective
abundances (Birks et al., 1990). Shrinkage of the range of inferred
parameter values occurs in WA because averages are taken twice,
once in the regression step and once in the calibration step (Birks
et al., 1990). We used two  methods to counteract for shrinkage
and rescale the inferred values. With classical deshrinking, the
initial inferred value (%FNinit) is regressed on the observed (field
measured) %FN of the calibration set. For inverse deshrinking, the
observed %FN is regressed on the initial inferred (%FNinit) (Ter Braak
and van Dam, 1989). Models using both types of deshrinking were
generated and evaluated (see below).

To meet WA assumptions of unimodal response-curves (ter
Braak and Looman, 1986), biological and environmental data were
transformed prior to WA regression and calibration. Macroinverte-
brate abundances were log transformed. Percent FN, which showed
a highly left-skewed distribution (range = 0–98%, median = 7%), was
transformed using the following equation:

%FNtrans = log 10

(((
arcsin

√
%FN
100

)(
2
�

))
+ 1

)
(1)

Inference model performances were assessed by evaluating the
root mean-squared error (RMSE) and coefficient of determination
(r2) of the observed versus inferred values for %FN. Because the

inferred value of %FN for a site was  included in the CAL dataset,
the apparent r2 for observed versus inferred values may  not be
realistic for assessing the predictive power of the models to novel
datasets (Cumming et al., 1995; Reavie et al., 1995). Therefore, cross
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ig. 1. Locations of 446 calibration (CAL) and 50 independent validation (VAL) site
CR,  n = 6) and Upper Grande Ronde Basin (GR, n = 8). Shaded areas represent Orego

alidation with leave-one-out jackknifing and independent vali-
ation (VAL) were used to confirm the apparent r2 (ter Braak and

uggins, 1993). Jackknifing infers the environmental value for a site
y using all the sites except the inferred site to derive an estimated
alue, thereby avoiding possible circularity in the model evalua-
ions. Maximum bias, calculated as the largest absolute value of

ean bias for 10 equal parts of the environmental sampling inter-
al, was used to evaluate systematic model error (ter Braak and
uggins, 1993). Models that produced low RMSE, high r2, and low

aximum bias were considered better models, with the greatest
mphasis placed on results of the VAL dataset.

Inferred fines were converted to the BSTI by back-transforming
he final (post deshrinking) inferred values (%FNinf):

STI =
[

sine

(
�(10(%FNinf) − 1)

2

)]2

∗ 100 (2)

hen untransformed in this manner, the BSTI is on the same scale
s %FN.

.5. Estimating variability with repeated sampling

We  examined variability in BSTI from sites in Oregon’s Coast
ange Ecoregion (Omernik, 1987) and the upper Grande Ronde
asin (Fig. 1). These sites were chosen because they were sampled

requently across the years 1999–2009, as well as represented two
ifferent geographic regions and spatial scales. In the Coast Range,

 total of 65 macroinvertebrate samples were collected across six
ites. Sites in the Coast Range were part of a larger study with a ran-
om sampling design (ODEQ, 2005), with these annually repeated
ites established for estimates of variability.

In the Grande Ronde, eight sites were sampled a total of 122
imes. Sites in the Grande Ronde were selected as part of a long
erm study on the effectiveness of cattle exclusion and stream chan-
el restoration (Whitney, 2007). In 1968 and 1977, McCoy Creek
as relocated, straightened, and channelized to increase grazing

apacity and production. Restoration activities began with cattle
xclusion beginning in 1988, then in 1997 the stream was returned

o its natural channel for a 0.8 km stretch (McCoy Creek-Lower). The
ther sites included here were selected as different types of con-
rols. All Grande Ronde sites were located in the Blue Mountains
coregion (Omernik, 1987).
ughout Oregon. Sites with repeat samples are shown in the Coast Range ecoregion
e Level III ecoregions and the Grande Ronde Basin is outlined.

For both projects, not all sites were sampled in each year, with
sample sizes ranging from 6 to 22 within a site. Samples repre-
sented a mixture of same-day duplicates, seasonal repeats, and
inter-annual visits. We  calculated BSTI summary statistics and 95%
confidence intervals for each site, across all samples. In addition to
natural gradients that are typically correlated with fine sediments,
we also show quantified levels of human disturbances summed
across the survey reach and at the watershed scale (Human Dis-
turbance Index; Drake, 2004).

2.6. Example application of the BSTI in Oregon

To show the utility and cost-effective nature of the BSTI as a
tool for assessing fine sediment conditions, we queried the Ore-
gon Department of Environmental Quality (ODEQ) biomonitoring
database for all records available to assess fine sediments across
the state. Fine sediment conditions within 6th field hydrologic unit
codes (HUCs) were determined by calculating averages for both
field measured (%FN) and macroinvertebrate inferred (BSTI) fine
sediments.

3. Results

3.1. Comparisons between the calibration and validation datasets

Overall, CAL and VAL datasets were similar for %FN and other
habitat and environmental variables (Fig. 2). The distributions of
%FN were similar between the CAL and VAL datasets, although
minor differences were observed. VAL showed a slightly higher
range (0–98%FN) compared to CAL (0–93%FN). VAL also showed
slightly higher median (9%FN) compared to CAL (7%FN). Climate
variables (precipitation and air temperature), canopy cover, and
human disturbances were all quite similar between CAL and VAL.

From a stream size standpoint, the only substantial differences
observed were due to one larger stream in the VAL, with a mean
width two-times greater and a catchment area six-times greater
than the maximum values represented in the CAL. The distributions

of stream slopes were similar across the datasets, except for five
samples in CAL that were beyond the maximum slope observed
in VAL. Of all the variables examined between CAL and VAL, the
greatest differences were observed in elevation. Median elevations
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ig. 2. Comparisons of fine sediments, habitat and environmental variables, and 

ercent of substrate <0.06 mm in diameter (%FN). A single outlier was  removed from

ere almost two-times greater in CAL, with higher quartile and
aximum values than observed in VAL; although CAL also showed

 lower minimum elevation.

.2. Tolerances across taxonomic groups
The greatest number of tolerances were calculated for Tri-
hoptera taxa (n = 69), followed by Diptera (n = 48), Ephemeroptera
n = 38), and Plecoptera (n = 36). The fewest number of taxa were

ig. 3. Boxplots of fine sediment tolerances of 240 individual taxa, of various taxonomic 

edian, the lower and upper box limits represent the 25th and 75th percentiles, and the 

wo  outliers were removed: Ephemeroptera (63%), Non-Insect (73%).
bance between the calibration (CAL) and validation (VAL) datasets. Fines are the
VAL dataset in the Catchment Area plot (618,694 ha).

observed for the taxa categorized as Insect-Other (n = 7). Tolerances
across all 240 taxa ranged from 0 to 73%FN, with an average tol-
erance of 10%FN. Taxa from the orders Ephemeroptera, Plecoptera,
and Trichoptera (together: EPT) generally showed lower tolerances
to fine sediments than taxa from other orders (Fig. 3). All three EPT

orders had median tolerances of 6%FN, and relatively few taxa with
tolerances above 10%FN. Non-Insect and Insect-Other (the latter
comprised of taxa within the orders Odonata and Megaloptera)
showed the highest tolerances to fine sediments, with median

resolution, organized by taxonomic groups. The dark horizontal bar represents the
whiskers show the non-outlier range of tolerances. Open circles represent outliers.
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Table  1
Root mean squared errors (RMSE), coefficient of determination (r2), bias estimates,
and  linear regression coefficients for inferred versus observed values across different
sediment weighted averaging (WA) models. RMSE and bias units are in percent fine
sediments (diameter < 0.06 mm).  Maximum bias is a measure of systematic error in
the  inferences (ter Braak and Juggins, 1993).

WA
Inverse deshrinking

WA
Classic deshrinking

Calibration RMSE 2 4
Jackknifed RMSE 3 5
Independent validation
RMSE

14 19

Training r2 0.49 0.49
Jackknifed r2 0.41 0.42
Independent validation
r2

0.58 0.52

Training max  bias 13 2
Jackknifed max  bias 16 5
Independent validation
max  bias

19 22
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Y-intercept 0.037 0.00
Slope 0.482 1.00

alues of 17%FN and 19%FN, respectively. Across all groups, very
ew taxa had tolerances above 20%FN.

.3. Weighted averaging model performance

Differences among the WA  modeling options were minimal. WA
ith inverse deshrinking was chosen for the final BSTI because it

howed the lowest RMSE (14% fines), highest r2 (0.58), and lowest
aximum bias (19%) in the VAL dataset (Table 1). Errors (RMSE) in
AL were substantially higher than observed in CAL (2%) and jack-
nifed (3%) datasets. Inferences of %FN tended to be overestimated
hen observed %FN were low, and underestimated when observed
FN were high (Fig. 4). This was true for both CAL and VAL, which
ad linear regressions with similar slopes.

The final inverse deshrinking equation was:

FNpred = −0.312236 + 5.37189 ∗ %FNinit (3)
.4. Repeatability of the BSTI

Repeated measurements of the BSTI for six sites in the Coast
ange Ecoregion and eight sites in the Grande Ronde Basin are

ig. 4. Weighted averaging (WA) observed fine sediments versus inferred fine sediments
oth  axes are untransformed percent fines. White open circles: calibration sites (CAL, n =

ines  are shown for CAL (dashed) and VAL (dotted). The solid line is a 1:1 line.
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shown in Table 2. Within the Coast Range, four of the six sites had
median BSTIs of 10% or less and maximums less than 15%. The 95%
confidence intervals for the five sites with low BSTIs ranged from
1–3%. Two of the sites (Montgomery and Tillamook) had median
BSTIs near 30%, and maximums of 36–42%, respectively. These two
sites also showed higher variability, with 95% confidence intervals
approaching 8–9%.

In the Upper Grande Ronde Basin, median BSTI values ranged
from 6–24%, with four of the eight sites showing a median BSTI
below 10%. Maximum BSTIs in the Grande Ronde sites ranged from
9–29%. Variability in BSTI across all eight sites in the Grande Ronde
was lower than that observed in the Coast Range, with 95% confi-
dence intervals from 1–3%. We  observed the highest BSTIs in the
stream with active restoration (McCoy Creek-Lower), with a 57%
increase in mean BSTI compared to the upstream control (McCoy
Creek-Upper).

3.5. Estimating fine sediments using field observations and
macroinvertebrate inferences

From ODEQ’s biomonitoring database, we calculated average
fine sediment conditions in 6th field hydrologic unit codes (HUCs)
across Oregon. We observed a total of 803 sites with direct mea-
surements of fine sediments, representing 407 HUCs, with an
average sample size of 2.0 in each HUC (Fig. 5A). In contrast,
assessing fines using macroinvertebrate tolerances tripled the total
sample size (n = 2536), doubled the number of watersheds assessed
(n = 817), and increased the average number of samples per water-
shed to 3.1 (Fig. 5B).

From a statewide perspective, the assessment of conditions
between field measured and biologically inferred fine sediments
was similar, although minor differences were observed. The BSTI
showed a slightly compressed range (0–88%) compared to %FN
(0–100%). Median BSTI (9%) was  slightly higher than median
%FN (7%), although means were nearly identical (13% and 14%,
respectively). Comparisons among the condition bins in Fig. 5
also displayed minor differences. The BSTI showed a moder-
ately lower percentage of watersheds in the 0–10% class (55%),

compared to 64% for %FN. Conversely the BSTI had a moder-
ately higher percentage of watersheds in the 11–20% class than
%FN (26% and 15%, respectively) (Fig. 5). Results were similar at
the upper end of percent fines, with the BSTI resulting in 10%

. (A) Values on both axes are transformed percent fines, using Eq. (1).  (B) Values on
 446). Black triangles: independent validation sites (VAL, n = 50). Linear regression
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Table 2
Natural gradients and summary statistics of sites used to assess the repeatability of the BSTI. The scale of BSTI is equivalent to percent fine sediments (%FN). ‘HDI’ = human
disturbance index, ‘n’ = sample size, ‘CI’ = confidence interval.

Stream name Site type Erodible lithology in watershed (%) Slope (%) HDIa n Median BSTI (range) Mean BSTI (±95% CI)

Coast Range
Ben Smith Creek Random repeat 42 7.3 51 16 5% (3–8) 5% (± 1)
Big  Creek Random repeat 24 0.5 16 17 8% (4–12) 8% (± 1)
Montgomery Creek Random repeat 93 3.0 75 6 31% (19–36) 29% (± 8)
Sixes  River Random repeat 98 0.3 43 10 10% (7–15) 11% (± 2)
Tillamook River Random repeat 79 0.1 79 9 29% (6–42) 27% (± 9)
Wolf  Creek Random repeat 97 0.8 64 7 10% (9–12) 10% (± 1)

Grande  Ronde Basin
Dark Canyon Creek Negative control 1 2.2 69 10 13% (8–21) 14% (± 3)
Limber  Jim Creek—lower Least disturbed 47 3.4 36 22 9% (5–12) 8% (± 1)
Limber Jim Creek—upper Least disturbed 47 1.8 38 12 6% (3–14) 7% (± 2)
Lookout Creek Least disturbed 47 1.8 37 12 8% (3–9) 7% (± 1)
McCoy  Creek—lower Treatment 1 0.9 69 17 24% (9–29) 22% (± 3)
McCoy  Creek—upper Upstream control 1 0.7 69 17 13% (8–21) 14% (± 2)
Meadow Creek—lower Positive control 1 0.8 69 18 11% (3–19) 11% (± 2)
Meadow Creek—upper Positive control 1 1.0 n/a 14 9% (6–12) 9% (± 1)

a Higher values (unitless) represent increased human disturbances in the study reach and watershed (Drake, 2004).
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ig. 5. Assessment of fine sediment conditions across Oregon using direct measurem
BSTI;  panel B). Each watershed is a 12-digit Hydrologic Unit Code (6th field). Cond

f watersheds and %FN with 15% of watersheds above the 30%
ategory.

. Discussion

.1. Fine sediment particle sizes

To our knowledge, our study represents the first efforts to infer
ne sediment conditions in streams based on macroinvertebrate
olerances to the smallest bedded substrate particle sizes (silt and
lay; median diameter < 0.06 mm).  It should be noted that given the
isual nature of our field methods it was not possible to verify the
ize of particles classified as fines. As such, the actual particle sizes
sed in estimating %FN are likely to include larger sizes. The sub-
trate utilized by stream invertebrates includes both surface and
ubsurface habitat, thus the lack of information about subsurface
ediment size classes presents an important limitation of this study.

owever, vertical stratification of the substrate typically results
ith finer sediment in the subsurface than the surface (Bunte and
bt, 2001), therefore surface estimates may  be an underestimate
f subsurface fines.
f substrate composition (%FN; panel A), or inferred via macroinvertebrate tolerances
ins represent averages of all samples in a watershed.

Yuan (2007), Relyea et al. (2012), and Murphy et al. (2015) each
developed similar models or indices of macroinvertebrate toler-
ances to fine sediments, but all of these indices were calibrated on
larger particles sizes (<2 mm;  %SAFN). There is evidence that the
smallest particles sizes, such as %FN in this study, show as much
or perhaps more of an effect on macroinvertebrates than the larger
particles sizes used in similar models (Runde and Hellenthal, 2000;
Kaller and Hartman, 2004; Wood et al., 2005). Given that across
Oregon we routinely observe a higher extent of wadeable streams
exceeding thresholds for %FN compared to %SAFN (Hubler, 2007;
Mulvey et al., 2009), we feel it is important to have a tool that
addresses the most common and most likely stressor.

But, that is not to say that fine sediment sizes greater than
modeled in our study may  not impact macroinvertebrates. What
becomes clear when reviewing the literature is that responses
across varying size classes of fine sediments are taxon specific
(Wood et al., 2005; Cover et al., 2008; Jones et al., 2012). Indices
such as the BSTI that integrate taxon-specific responses to a stressor

across the entire assemblage (Extence et al., 2013; Murphy et al.,
2015) thus may  offer increased sensitivity over the more traditional
approaches, such as richness or relative abundances of indicator
taxa.
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.2. BSTI model performance

The performance of the BSTI compares favorably to similar
nference models for stream macroinvertebrates. The jackknife
stimated r2 of the BSTI (0.41, Table 1) was at the low end of that
eported for macroinvertebrate WA  pH models in Northern Euro-
ean streams (r2 = 0.47–0.71) (Hamalainen and Huttunen, 1996;
arsen et al., 1996). The most direct comparisons are to fine sedi-
ent inference models for streams across the Western U.S. (Yuan,

007). Yuan reported a WA r2 of 0.41 and a ML  r2 of 0.42 for
bserved versus inferred fine sediments in the calibration set, while
n our study the BSTI showed a CAL r2 of 0.49. However, Yuan
efined fine sediments as those particles with intermediate diam-
ters less than 2 mm (%SAFN). One possible explanation for this
odest improvement of the BSTI over Yuan’s models could be

igher precision estimates in field measurements for %FN, com-
ared to %SAFN (Kaufmann et al., 1999; Stoddard et al., 2005). The
orrelative abilities of two macroinvertebrate fine sediment diag-
ostic indices developed for Europe (Turley et al., 2014; Murphy
t al., 2015) were similar to the predictive abilities of the BSTI.

The majority of environmental inference models assess model
erformance from the calibration dataset itself and some form of
ross-validation (e.g., leave-one-out jackknifing or bootstrapping).
ew studies have examined model performance using independent
alidation datasets (Ter Braak and van Dam, 1989; Birks et al., 1990;
elford et al., 2004; Telford and Birks, 2011). Similar to our results,
n each of these studies estimates of model errors (RMSE) based on
he calibration datasets were consistently lower than observed in
ndependent datasets. Birks et al. (1990) split their original calibra-
ion dataset into different calibration and independent validation
atasets of varying sample sizes. They observed an increase in
MSE in the independent validation datasets for six models, and

 decrease in validation RMSE for four models. This would indi-
ate that final estimates of model performance can be influenced
y the composition of the individual sites selected for any indepen-
ent validation dataset. The multiple-trials approach used by Birks
t al. (1990) and Telford et al. (2004) may  provide a more accurate
ssessment of model performance than relying on a single vali-
ation dataset. However, this would require multiple versions of
he inference model, which could make implementation within a

anagement setting more complicated.
An additional consideration for future improvements of the

STI centers on taxonomic resolution. Currently, 18% of taxa used
n construction of the BSTI were identified to higher levels (less
esolution) than genus or species. Turley et al. (2014) showed taxo-
omic resolution can have minor to modest effects on relationships
etween a biological index and the stressor of interest. However,
ypically improvements are observed. While it is unlikely to see
axonomic advances in groups of taxa routinely left at less resolved
evels (e.g., Order, Class, etc.), there are already substantial advances

ithin certain groups. Most specifically, the Chironomidae are
idely recognized as a highly diverse family. Since the early to mid-

000s, standardized taxonomy in the PNW now routinely identifies
he Chironomids to genus or species. These efforts, as well as efforts
o standardize taxonomic levels for all taxa across PNW moni-
oring programs (PNAMP, 2015) should work to improve future
ersions of the BSTI. On the other hand, Juggins et al. (2015) showed
nference model improvements when non-informative taxa were
xcluded. Incorporating methods to determine non-informative
axa may  lead to model improvements.

.3. Repeatability of the BSTI
Few studies have examined the repeatability of biolog-
cal inference models of environmental gradients, such as
he BSTI. Hamalainen and Huttunen (1996) calibrated their
ators 67 (2016) 132–145 139

macroinvertebrate—pH inference models with 64 sites, sampled
three times in a single year. Ponader et al. (2007) included repeated
samples in the development of diatom-based nutrient inference
models for New Jersey streams, finding that exclusion of the repeat
samples did not significantly decrease model performance. How-
ever, neither of these studies examined the repeatability of the
models across sites.

Our examination of repeat data shows the BSTI can make precise
inferences for a site, with a degree of independence from natu-
ral gradients that may  influence fine sediments levels in streams.
These results may  give an indication of the suitability of the BSTI as
a bioassessment tool for detecting human disturbances at a site,
when placed in context with these natural gradients (see man-
agement discussion, below). For example, in the Coast Range we
observed the highest BSTI values and variability for Montgomery
Creek and Tillamook River (Table 2). Both sites contain high per-
centages of erodible lithology in their watersheds, which would
be expected to increase fine sediments. But Montgomery Creek
had the second highest stream gradient in the Coast Range, which
would be expected to decrease sedimentation by increased stream
power (Wood and Armitage, 1997). On the other hand, these two
sites had the highest human disturbance values of all 14 repeat
sites. Conversely, the Sixes River site had two natural gradients
typically associated with higher sedimentation (high erodibility
and low slope) and one gradient associated with lower sedi-
mentation (high rainfall = increased stream power); yet the Sixes
showed moderate BSTIs (11 ± 2%; Table 2). In the Grande Ronde, we
observed the lowest BSTIs for the three sites (both Limber Jim Creek
sites and Lookout Creek) with the highest potential source material
(high erodibility); but these three sites conversely had the high-
est slopes and precipitation. Incidentally, these sites also showed
the lowest degrees of human disturbance across the study area.
The highest fine sediment inferences in the Grande Ronde were
observed in the restoration site, McCoy Creek-Lower. This result is
unsurprising, given that the restoration action was to return the
creek from a heavily channelized section back into the previously
abandoned natural channel which had a lower slope, higher sinu-
osity, and had accumulated fine sediments over the years. Similar
to observations in the Coast Range, the two  sites with the greatest
degree of human disturbances in the Grande Ronde (Dark Canyon
and McCoy-Lower), showed increased variability (although minor)
in BSTI.

4.4. Management implications

Clearly, excess sedimentation is a global issue (Chutter, 1969;
Ryan, 1991; Wood and Armitage, 1997; Paulsen et al., 2008); but
resource management efforts to address the impacts caused by fine
sediments above natural background levels must be dealt with at
local scales. Larger, regional scale biotic-fine sediment indexes have
been developed for the Western United States (Yuan, 2007) and
the PNW (Relyea et al., 2012), but these indexes lack the density of
sampling locations necessary to adequately represent a manage-
ment area as environmentally heterogeneous as Oregon (Omernik,
1987). Thus, we focused on development of an index with the great-
est utility in identifying potential stream impairments in Oregon.

The BSTI provides an alternative, robust, and cost-effective
approach to monitoring fine sediment conditions across Ore-
gon. The shared macroinvertebrate field methods across resource
agencies in the PNW and the increased ability to engage citizen-
based monitoring groups provides an opportunity to substantially
increase our assessments of fine sediment conditions. As an exam-

ple of the cost-effective nature of the BSTI, we queried the
Oregon Department of Environmental Quality (ODEQ) biomoni-
toring database for all records available to assess fine sediments
across the state (Fig. 5). While direct comparisons between the two
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atasets are not possible (due to spatial and temporal differences in
onitoring), similar overall patterns are presented. However, the

STI offers a clear advantage due to increased sample size, filling
n gaps in the Coast Range (far left), Northeastern Oregon, and (to

 lesser extent) Southeastern Oregon. Most importantly, approx-
mately 43% of the BSTI scores were obtained from data sources
utside of ODEQ. These partners represented nearly all monitor-
ng organization types, from local citizen-based monitoring groups
perating at watershed or basin scales, up to a broad-scale and
ong-term federal program that spanned multiple PNW states.
ll of these external datasets were capable of integration within
DEQ’s program due to the foresight of resource managers to align

ampling and laboratory methods for macroinvertebrate monitor-
ng (Hayslip, 2007). Unfortunately, similar efforts to align physical
abitat protocols have had minimal traction.

While the BSTI demonstrated a good ability to infer instream fine
ediment conditions with high repeatability, we feel the greatest
tream management utility would be within a reference condi-
ion approach (Bailey et al., 1998, 2004; Reynoldson and Wright,
000). Reference expectations for BSTI scores at any study site
ould be based on the distribution of BSTI scores observed at a
opulation of least disturbed (Stoddard et al., 2006) reference sites.
ere, standard biointegrity indices like Observed/Expected taxa

O/E; Wright et al., 1993; Hawkins et al., 2000) or Indices of Biotic
ntegrity (Karr, 1981; Karr, 1991; Rehn et al., 2007) could be used
o identify biological impairment, and then the BSTI could be used
o identify excess fine sediments as a likely cause of the biological
mpairment. While reference expectations are built into O/E and
BI indexes, they are not integrated into WA  inferences of environ-

ental gradients, such as the BSTI. (The rationale for this is that not
ll taxa are observed at reference sites, especially the most toler-
nt taxa.) As shown in the sites with repeat sampling, BSTI values
an show a complex relationship between natural environmental
radients and human disturbances. Future efforts to integrate the
se of the BSTI into a reference condition approach should there-
ore address the need to factor out natural gradients from reference
xpectations. Until that time, the bins shown in Fig. 5 may  provide
nterim guidelines for assessing conditions, with BSTIs less than 10%
ndicating little to no fine sediment impairment and BSTIs greater
han 30 indicating moderate to severe impairment.
There is a wide range of possibilities in how the BSTI, or sim-
lar indexes that explicitly infer stressor gradients using biota,
ould be used in a stream management setting. Anyone wishing

Taxon Type Level 

Heptagenia Ephemeroptera Genus 

Prostoia  Plecoptera Genus 

Neophylax occidentalis Trichoptera Species 

Ordobrevia Coleoptera Genus 

Plumiperla Plecoptera Genus 

Pilaria  Diptera Genus 

Sierraperla Plecoptera Genus 

Diamesinae Diptera Sub-Family 

Podmosta Plecoptera Genus 

Rhyacophila Oreta Gr. Trichoptera Species group 

Soyedina Plecoptera Genus 

Valvata  Non-Insect Genus 

Oligophlebodes Trichoptera Genus 

Arctopsyche Trichoptera Genus 

Cryptochia Trichoptera Genus 

Agraylea Trichoptera Genus 

Allocosmoecus Trichoptera Genus 

Ochrotrichia Trichoptera Genus 

Epeorus  grandis Ephemeroptera Species 

Acneus  Coleoptera Genus 

Kathroperla Plecoptera Genus 

Blephariceridae Diptera Family 

Epeorus  deceptivus Ephemeroptera Species 

Soliperla Plecoptera Genus 
ators 67 (2016) 132–145

to calculate the BSTI for their own  data simply need to apply
macroinvertebrate abundances and the tolerances in Appendix to
the weighted averaging and inverse deshrinking formulas pre-
sented by Ter Braak and van Dam (1989) and Birks et al. (1990),
followed by the back-transformation step provided in Eq. (2). Sites
lacking measured fine sediment data and high BSTI values (on
the scale of % fine sediments) could be prioritized within moni-
toring plans for more technical sediment field studies to confirm
whether or not the instream conditions match those inferred by
the macroinvertebrate assemblage (e.g., Turley et al., 2014). Or
BSTI reference benchmarks could be used by resource managers
as targets within total maximum daily loads (TMDLs) (Karr and
Yoder, 2004; Yagow et al., 2006), representing desired shifts in the
protected biological assemblage toward more natural conditions.
Citizen-based monitoring groups could use expected BSTI scores to
assess the effectiveness of restoration projects, such as additions of
large woody debris or decommissioning of failing road networks to
improve instream sediment conditions. In this example, a stream
with a high degree of excess fine sediments could be monitored to
see if the assemblage-level tolerance to fine sediments decreased
following implementation of the restoration actions.
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Appendix A. Tolerances of macroinvertebrate taxa to
percent fine sediments (median diameter < 0.06 mm),  as
well as the number of occurrences (‘n’) in the calibration
dataset. Tolerances are presented on two different scales,

the first on the scale of percent fines, and the second on the
transformed scale as presented in Eq. (2). ‘Type’ refers to the
taxonomic groupings used in Fig. 2.

Count Tolerance (% FN) Tolerance (transformed)

1 0 0
1 0 0
5 1 0.0214

37 1 0.0309
8 2 0.0336
5 2 0.0344
2 2 0.0348
1 2 0.0359
1 2 0.0359
1 2 0.0359
1 2 0.0359
1 2 0.0367

31 2 0.0383
72 2 0.0396
24 2 0.0396

7 2 0.0397
4 2 0.0407

14 2 0.041
90 2 0.0415
10 2 0.0416
26 3 0.0419
19 3 0.0423
11 3 0.0428
33 3 0.043
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Count Tolerance (% FN) Tolerance (transformed)

oup 136 3 0.0434
oup 11 3 0.0435

59 3 0.0442
5 3 0.0447

21 3 0.0451
36 3 0.0454
36 3 0.0464

oup 4 3 0.0464
83 3 0.0471

oup 74 3 0.0472
19 3 0.0475

2 3 0.0479
240 3 0.048

18 3 0.049
109 4 0.0494

3 4 0.0495
31 4 0.0498

112 4 0.0498
90 4 0.0502
92 4 0.0504
10 4 0.0512
70 4 0.0513
82 4 0.0514
27 4 0.0514

4 4 0.0524
oup 14 4 0.0525

6 4 0.0526
oup 221 4 0.053

51 4 0.0534
2 4 0.0536

oup 30 4 0.054
134 4 0.0541

9 4 0.055
2 5 0.0556

253 5 0.0556
73 5 0.0557

104 5 0.0557
28 5 0.0558
67 5 0.0561
15 5 0.0564

oup 272 5 0.0566
36 5 0.0567

6 5 0.057
2 5 0.0572

187 5 0.0575
28 5 0.0588
40 5 0.0589

4 5 0.0591
72 5 0.0591

170 5 0.0593
18 5 0.0595
25 5 0.06

oup 17 5 0.0603
270 5 0.0604
112 5 0.0605

25 5 0.0606
71 6 0.0611

254 6 0.0612
35 6 0.0616

1 6 0.0621
39 6 0.0622

132 6 0.0626
17 6 0.0632
10 6 0.0633

oup 19 6 0.0636
22 6 0.0637

398 6 0.0641
56 6 0.0643
52 6 0.0645
14 6 0.0645

176 6 0.0646
184 6 0.0647

14 6 0.0647
S. Hubler et al. / Ecologica

Taxon Type Level 

Rhyacophila Hyalinata Gr. Trichoptera Species gr
Rhyacophila Iranda Gr. Trichoptera Species gr
Ampumixis Coleoptera Genus 

Petrophila Insect-Other Genus 

Hesperoconopa Diptera Genus 

Eubrianax edwardsi Coleoptera Species 

Oreogeton Diptera Genus 

Rhyacophila Nevadensis Gr. Trichoptera Species gr
Drunella doddsi Ephemeroptera Species 

Rhyacophila Angelita Gr. Trichoptera Species gr
Ecclisomyia Trichoptera Genus 

Philocasca Trichoptera Genus 

Drunella grandis Ephemeroptera Species 

Polycentropodidae Trichoptera Family 

Visoka Plecoptera Genus 

Nemoura Plecoptera Genus 

Anagapetus Trichoptera Genus 

Pteronarcys Plecoptera Genus 

Caudatella Ephemeroptera Genus 

Epeorus longimanus Ephemeroptera Species 

Wiedemannia Diptera Genus 

Megarcys Plecoptera Genus 

Parapsyche elsis Trichoptera Species 

Zapada frigida Plecoptera Species 

Leucotrichia Trichoptera Genus 

Rhyacophila Vagrita Gr. Trichoptera Species gr
Neotrichia Trichoptera Genus 

Rhyacophila Brunnea Gr. Trichoptera Species gr
Agapetus Trichoptera Genus 

Pseudolimnophila Diptera Genus 

Rhyacophila Vofixa Gr. Trichoptera Species gr
Drunella coloradensis/flavilinea Ephemeroptera Species 

Acentrella insignificans Ephemeroptera Species 

Procloeon Ephemeroptera Genus 

Rhithrogena Ephemeroptera Genus 

Clinocera Diptera Genus 

Zapada columbiana Plecoptera Species 

Atherix Diptera Genus 

Neophylax splendens Trichoptera Species 

Perlinodes Plecoptera Genus 

Rhyacophila Betteni Gr. Trichoptera Species gr
Acentrella turbida Ephemeroptera Species 

Pedomoecus Trichoptera Genus 

Pseudochironomini Diptera Tribe 

Antocha Diptera Genus 

Thaumalea Diptera Genus 

Brachycentrus Trichoptera Genus 

Claassenia sabulosa Plecoptera Species 

Neophylax rickeri Trichoptera Species 

Serratella tibialis Ephemeroptera Species 

Cultus Plecoptera Genus 

Drunella pelosa Ephemeroptera Species 

Rhyacophila Verrula Gr. Trichoptera Species gr
Glossosoma Trichoptera Genus 

Deuterophlebia Diptera Genus 

Suwallia Plecoptera Genus 

Apatania Trichoptera Genus 

Calineuria Plecoptera Genus 

Doroneuria Plecoptera Genus 

Cordulegastridae Insect-Other Family 

Neothremma Trichoptera Genus 

Rhyacophila narvae Trichoptera Species 

Baetis bicaudatus Ephemeroptera Species 

Hydatophylax Trichoptera Genus 

Rhyacophila Grandis Gr. Trichoptera Species gr
Psephenus Coleoptera Genus 

Baetis tricaudatus Ephemeroptera Species 

Amiocentrus Trichoptera Genus 

Maruina Diptera Genus 

Timpanoga hecuba Ephemeroptera Species 

Ironodes Ephemeroptera Genus 

Ameletus Ephemeroptera Genus 

Dicosmoecus gilvipes Trichoptera Species 
Cinygmula Ephemeroptera Genus 

Hydropsyche Trichoptera Genus 

Baetis flavistriga Ephemeroptera Species 

Drunella spinifera Ephemeroptera Species 

Goeracea Trichoptera Genus 
244 6 0.065
248 6 0.065

17 6 0.0651
65 6 0.0651

1 6 0.0651
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Count Tolerance (% FN) Tolerance (transformed)

62 6 0.0652
20 6 0.0655
50 6 0.0658

190 6 0.0658
21 7 0.0661

3 7 0.0662
p 16 7 0.0664

176 7 0.0673
259 7 0.0674

4 7 0.0677
14 7 0.068

p 65 7 0.0681
17 7 0.0686

223 7 0.0688
35 7 0.0699

195 7 0.07
49 7 0.0702
11 8 0.0707

162 8 0.0708
158 8 0.071
312 8 0.0717
176 8 0.0721

11 8 0.0724
124 8 0.0728
426 8 0.073

61 8 0.0733
75 8 0.074

165 8 0.0741
303 8 0.0745

73 8 0.0746
444 8 0.0746
383 9 0.075

6 9 0.0751
221 9 0.0755

35 9 0.0757
97 9 0.076
53 9 0.0761

109 9 0.0762
274 9 0.0763

12 9 0.0766
2 9 0.0766
3 9 0.0784

203 9 0.0786
250 9 0.0787

65 9 0.0788
55 10 0.079

p 2 10 0.079
15 10 0.0791
26 10 0.0797
70 10 0.08

260 10 0.0803
33 10 0.0804

6 10 0.081
361 10 0.081

18 10 0.0813
281 10 0.0817
278 10 0.0819

15 10 0.0823
11 10 0.0825

1 10 0.0827
14 11 0.0832

293 11 0.0836
122 11 0.0839
200 11 0.0842
231 11 0.0855
105 11 0.0856

4 11 0.0857
279 12 0.0875
236 12 0.0876

28 12 0.0877
15 12 0.0881

1 12 0.0895
9 12 0.0897
42 S. Hubler et al. / Ecologica

Taxon Type Level 

Forcipomyiinae Diptera Sub-Family 

Serratella teresa Ephemeroptera Species 

Rhyacophila pellisa/valuma Trichoptera Species 

Yoraperla Plecoptera Genus 

Rhabdomastix Diptera Genus 

Palaegapetus Trichoptera Genus 

Rhyacophila Alberta Gr. Trichoptera Species grou
Hesperoperla pacifica Plecoptera Species 

Heterlimnius Coleoptera Genus 

Despaxia Plecoptera Genus 

Kogotus/Rickera Plecoptera Genus 

Zapada Oregonensis Gr. Plecoptera Species grou
Hemerodromia Diptera Genus 

Micrasema Trichoptera Genus 

Prosimulium Diptera Genus 

Lepidostoma Trichoptera Genus 

Attenella Ephemeroptera Genus 

Taeniopterygidae Plecoptera Family 

Dicosmoecus atripes Trichoptera Species 

Turbellaria Non-Insect Class 

Sweltsa Plecoptera Genus 

Hexatoma Diptera Genus 

Ecclisocosmoecus Trichoptera Genus 

Glutops Diptera Genus 

Tanytarsini Diptera Tribe 

Moselia Plecoptera Genus 

Skwala Plecoptera Genus 

Chelifera/Metachela Diptera Genus 

Simulium Diptera Genus 

Epeorus albertae Ephemeroptera Species 

Orthocladiinae Diptera Sub-Family 

Trombidiformes Non-Insect Order 

Setvena Plecoptera Genus 

Wormaldia Trichoptera Genus 

Paraperla Plecoptera Genus 

Ephemerella Ephemeroptera Genus 

Dicranota Diptera Genus 

Narpus Coleoptera Genus 

Zaitzevia Coleoptera Genus 

Limonia Diptera Genus 

Psychoda Diptera Genus 

Baetis  alius Ephemeroptera Species 

Malenka Plecoptera Genus 

Diphetor hageni Ephemeroptera Species 

Gomphidae Insect-Other Family 

Nixe/Leucocruta Ephemeroptera Genus 

Rhyacophila Rotunda Gr. Trichoptera Species grou
Baetis  notos Ephemeroptera Species 

Meringodixa Diptera Genus 

Pericoma/Telmatoscopus Diptera Genus 

Chironomini Diptera Tribe 

Capniidae Plecoptera Family 

Leptoceridae Trichoptera Family 

Oligochaeta Non-Insect Class 

Gumaga Trichoptera Genus 

Zapada cinctipes Plecoptera Species 

Diura  Plecoptera Genus 

Tricorythodes Ephemeroptera Genus 

Ephydridae Diptera Family 

Labiobaetis Ephemeroptera Genus 

Heteroplectron Trichoptera Genus 

Paraleptophlebia Ephemeroptera Genus 

Dixella Diptera Genus 

Ceratopogoninae Diptera Sub-Family 

Nematoda Non-Insect Phylum 

Lara  Coleoptera Genus 

Odontoceridae Trichoptera Family 

Tanypodinae Diptera Sub-Family 

Optioservus Coleoptera Genus 

Pristinicola Non-Insect Genus 

Helicopsyche Trichoptera Genus 

Ormosia Diptera Genus 

Stratiomyidae Diptera Family 
Rhyacophila Lieftincki Gr. Trichoptera Species group 

Rhyacophila blarina Trichoptera Species 

Dixa  Diptera Genus 

Podonominae Diptera Sub-Family 

Psychoglypha Trichoptera Genus 
18 13 0.0909
58 13 0.0918

5 13 0.0931
8 13 0.0932

30 14 0.0936
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Taxon Type Level 

Parapsyche almota Trichoptera Species 

Prostoma Non-Insect Genus 

Limnophila Diptera Genus 

Desmona Trichoptera Genus 

Amphizoa Coleoptera Genus 

Cryptolabis Diptera Genus 

Psychomyia Trichoptera Genus 

Hirudinea Non-Insect Class 

Pteronarcella Plecoptera Genus 

Juga  Non-Insect Genus 

Hydraena Coleoptera Genus 

Ochthebius Coleoptera Genus 

Fluminicola Non-Insect Genus 

Cinygma Ephemeroptera Genus 

Cleptelmis Coleoptera Genus 

Hydrophilidae Coleoptera Family 

Rhyacophila Coloradensis Gr. Trichoptera Species gro
Goera Trichoptera Genus 

Metrichia Trichoptera Genus 

Tabanidae Diptera Family 

Ferrissia Non-Insect Genus 

Margaritifera Non-Insect Genus 

Ostracoda Non-Insect Class 

Hydroptila Trichoptera Genus 

Dytiscidae Coleoptera Family 

Microcylloepus Coleoptera Genus 

Lymnaeidae Non-Insect Family 

Isoperla Plecoptera Genus 

Planorbidae Non-Insect Family 

Sialis  Insect-Other Genus 

Cheumatopsyche Trichoptera Genus 

Dolichopodidae Diptera Family 

Haliplidae Coleoptera Family 

Asellidae Non-Insect Family 

Sphaeriidae Non-Insect Family 

Centroptilum Ephemeroptera Genus 

Dolophilodes Trichoptera Genus 

Libellulidae Insect-Other Family 

Muscidae Diptera Family 

Pedicia Diptera Genus 

Physa  Non-Insect Genus 

Corydalidae Insect-Other Family 

Farula Trichoptera Genus 

Molophilus Diptera Genus 

Onocosmoecus Trichoptera Genus 

Tipula Diptera Genus 

Coenagrionidae Insect-Other Family 

Dubiraphia Coleoptera Genus 

Corixidae Insect-Other Family 

Protoptila Trichoptera Genus 

Corbicula Non-Insect Genus 

Hyalella Non-Insect Genus 

Gammarus Non-Insect Genus 

Helichus Coleoptera Family 

Ptychopteridae Diptera Family 

Pseudostenophylax Trichoptera Genus 

Curculionidae Coleoptera Family 

Prodiamesinae Diptera Sub-Family
Callibaetis Ephemeroptera Genus 

Talitridae Non-Insect Family 
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