
Quantifying Variability in Four U.S. Streams Using a Long-Term
Dataset: Patterns in Biotic Endpoints

Camille A. Flinders1 • Douglas B. McLaughlin2 • Renee L. Ragsdale1

Received: 20 October 2014 / Accepted: 15 April 2015 / Published online: 1 May 2015

� Springer Science+Business Media New York 2015

Abstract Effective water resources assessment and

management requires quantitative information on the

variability of ambient and biological conditions in aquatic

communities. Although it is understood that natural sys-

tems are variable, robust estimates of long-term variation

in community-based structure and function metrics are rare

in U.S. waters. We used a multi-year, seasonally sampled

dataset from multiple sites (n = 5–6) in four streams

(Codorus Creek, PA; Leaf River, MS; McKenzie and

Willamette Rivers, OR) to examine spatial and temporal

variation in periphyton chlorophyll a, and fish and

macroinvertebrate metrics commonly used in bioassess-

ment programs. Within-site variation of macroinvertebrate

metrics and benthic chlorophyll a concentration showed

coefficient of variation ranging from 16 to 136 %. Scale-

specific variability patterns (stream-wide, season, site, and

site-season patterns) in standardized biotic endpoints

showed that within-site variability patterns extended across

sites with variability greatest in chlorophyll a and lowest in

Hilsenhoff’s Biotic Index. Across streams, variance com-

ponents models showed that variance attributed to the in-

teraction of space and time and sample variance accounted

for the majority of variation in macroinvertebrate metrics

and chlorophyll a, while most variation in fish metrics was

attributed to sample variance. Clear temporal patterns in

measured endpoints were rare and not specific to any one

stream or assemblage, while apparent shifts in metric

variability related to point source discharges were seen

only in McKenzie River macroinvertebrate metrics in the

fall. Results from this study demonstrate the need to con-

sider and understand spatial, seasonal, and longer term

variability in the development of bioassessment programs

and subsequent decisions.
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Introduction

Aquatic ecologists accept that the abundance and distri-

bution of stream biota can be highly variable, and that this

variability occurs both spatially and temporally. This

heterogeneity is mediated in large part by inherent vari-

ability in physical habitats, which can vary considerably

from fine (millimeters to meters) to broad scales (tens of

meters to kilometers). Variability is also influenced by

temporal variation in ecosystem drivers such as flow,

temperature, and water quality characteristics that can oc-

cur seasonally (i.e., within-year variation) and over many

years (i.e., annual variation). Seasonal changes in stream

environments that occur to varying degrees depending on

region and local climate have been studied (Linke et al.

1999; Johnson et al. 2012). However, longer term vari-

ability that can encompass extreme events such as droughts

and flooding is less understood.

Structure and function metrics as descriptors of species–

environment relationships are the cornerstone to many pro-

grams assessing stream condition (Barbour et al. 1999). One

of the key objectives of bioassessment programs developed
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in the United States, Europe, and Australia is to evaluate the

presence and extent of anthropogenic impacts (Simpson and

Norris 2000; United States Environmental Protection

Agency 2002). Fish and benthic macroinvertebrate com-

munity metrics are more widely used than periphyton-based

assessment (Association of Clean Water Administrators

2012), although assessment of periphyton biomass in terms

of chlorophyll a (chl a) and algal-based metrics have been

developed (Cao et al. 2007; Stevenson et al. 2008). Site

condition is typically evaluated using individual metrics,

Indices of Biotic Integrity (IBI), and evaluation of the ob-

served versus expected (O/E) taxa in the context of biolo-

gical response along a gradient of environmental conditions

ranging from minimally impacted to severely degraded.

Although assessments are often based on a single sample

collected from a stream segment (Carter and Resh 2001), the

underlying assumption of these programs is that samples

generated are representative of site condition, and that nat-

ural variability can be distinguished from the effect being

assessed or accounted for by sampling protocols. The per-

formance of ecological assessments is strongly linked to the

accuracy with which freshwater environments are charac-

terized, with site-specific modeling approaches suggested as

a way to improve both accuracy and precision of community

predictions (Hawkins et al. 2010).

Although regulatory bioassessment, criteria, and guide-

lines in many regions in the U.S. and elsewhere rely on

community-based endpoints, the long-term variability of

these endpoints in the context of variation at different

spatial scales is relatively understudied. This may be due to

the paucity of long-term datasets with which to make these

assessments (Jackson and Füreder 2006). However, un-

derstanding variability of assessment endpoints over time

and how these patterns might change across spatial scales

can result in more precise assessment of stream condition,

establish regulatory criteria with more meaningful targets,

and increase the effectiveness of management decisions

(e.g., setting total maximum daily load (TMDL) limits or

developing remediation activities).

Long-term datasets provide a baseline framework with

which to evaluate change, and are essential to understanding

and interpreting rare events, ecological processes operating

on long time frames, and highly variable systems (Franklin

1988; Lindenmayer and Likens 2009). Findings from long-

term studies have shown evidence of delayed responses and

revealed recurring temporal patterns and surprise outcomes

resulting in shifts in understanding of lotic systems and new

avenues for research (Lindenmayer et al. 2010; Dodds et al.

2012). With this in mind, a long-term study was initiated in

1998 in four U.S. streams to evaluate abiotic and biotic

changes related to inputs of pulp and paper mill effluent (Hall

et al. 2009a). The Long-Term Receiving Water Study

(LTRWS) uses an integrative approach that examines both

environmental characteristics (i.e., water quality measure-

ments and physical habitat assessments) and community-

level assessments of fish, benthic macroinvertebrates, and

periphyton. Although the study is designed specifically to

address questions related to pulp and paper effluent exposure,

expansive spatial and temporal scales were chosen to dif-

ferentiate point source stressor responses from variation that

occurs naturally or due to other anthropogenic factors within

sites and over a stream continuum, and to evaluate patterns in

the context of seasonal and long-term annual variability.

Although efforts have been made to address questions re-

lated to spatial variability in bioassessment endpoints (e.g.,

Rabeni et al. 1999; Gregg and Stednick 2000), relatively few

studies address spatial and seasonal variability in bioassess-

ment metrics using long-term data (e.g., Mazor et al. 2009).

The dataset resulting from our ongoing study is uncommon in

that it is comprised of fine-scale replicate measurements,

multiple assemblage types, and seasonal collections from

multiple sites in each of four streams. Additionally, the study

spans a longer time period than is typical for many studies, and

includes streams with different physical characteristics (e.g.,

size, temperature, dominant substrates) and drainage land

uses. This provides a unique opportunity to evaluate vari-

ability in biological response across different spatial and

temporal scales and across different ecoregions. Using data

collected between 1998 and 2012, we sought to characterize

spatial, temporal, and spatio-temporal variability (stream-

wide, season, site, and site and season) in commonly used fish

and macroinvertebrate assessment metrics and periphyton chl

a; evaluate whether variability patterns are assemblage or

endpoint dependent; and estimate the relative contributions of

spatial (within and among sites) and temporal components

(seasons and years) to endpoint variability. Finally, we de-

termined the presence of temporal patterns in measured

endpoints using polynomial regression and whether these

were endpoint, assemblage, or stream dependent. Individuals

collecting fish, macroinvertebrate, and periphyton samples,

and performing taxonomic identifications and chl a measure-

ments were consistent throughout the study. As such, variance

estimates attributable to spatial and temporal differences are

more robust than might otherwise be found in long-term

datasets. Results from this and other similar research can

provide important information on variability that can help

guide management decisions.

Methods

Study Sites

The study was initiated in Codorus Creek (York County,

PA), the McKenzie River (Lane County, OR), and the
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Willamette River (Benton and Lane Counties, OR) in 1998,

and in the Leaf River (Forrest and Perry Counties, MS) in

1999 (Fig. 1). The Leaf River is a warm-water stream

dominated by sand substrates ([90 % sand at all sites),

whereas the remaining three streams are cold water and

consist predominantly of gravel-pebble (2–64 mm di-

ameter) and cobble (64–256 mm diameter) substrates.

Temperature patterns in Codorus Creek are influenced by

cold-water discharge from an upstream dam and by warm-

water discharged from pulp and paper mill non-contact

cooling water systems and treated effluent. In addition to

differences in substrate composition and temperature

regimes, streams differed in size and are located in three

ecoregions with differing climate, precipitation patterns,

and underlying geology, making study results broadly ap-

plicable to other systems. In all streams, biological

Fig. 1 Biota sampling locations a Codorus Creek, b the Leaf River, c the McKenzie River, and d the Willamette River. Site numbers are USGS

stream kilometer distance to the stream confluence

Environmental Management (2015) 56:447–466 449

123



sampling sites were selected to represent similar conditions

in terms of substrate, current velocity, and depth. In the

larger Leaf, McKenzie, and Willamette rivers, all sites had

an open canopy cover with minimal to no shading. Codorus

Creek had a forested canopy composed largely of de-

ciduous trees. Canopy cover was mostly consistent across

sites, but changes in riparian habitat and stream width were

unavoidable with two sites differing from others in terms of

channelization and riparian cover (15 km) and greater

stream width and substrate size (1 km). With the exception

of Codorus Creek, accessibility dictated that water quality

sampling locations differ slightly from biological sampling

locations. Mean monthly temperature in the vicinity of

each study stream followed predictable seasonal trends,

and total monthly precipitation patterns showed few sig-

nificant events that affected flows during the study period

(Fig. 2). Drought conditions between 1997 and 2002 af-

fected Leaf River stream flows (NOAA 2002) early in the

study, and a storm surge associated with Hurricane Katrina

in August 2005 resulted in low dissolved oxygen that likely

affected biotic assemblages more so than elevated storm-

related streamflow (Schaefer et al. 2006). Snowmelt from

the Cascade Range that contributes significantly to flows in

the McKenzie and Willamette Rivers were greater in 1999

and 2008 than in other years (Fig. 3). Stream characteris-

tics and study site locations are described in Table 1 and, in

more detail, elsewhere (Hall et al. 2009b).

Field Sampling

Fish, macroinvertebrate, and periphyton samples were

collected from sites in each stream during the spring and/or

fall (Table 2). Collections during both seasons were not

always feasible due to rainfall-related high flows and lo-

gistical challenges. In Codorus Creek, most spring samples

were collected during March and April, while most fall

samples were collected in late September and October. In

the McKenzie and Willamette Rivers, spring and fall
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Fig. 2 Patterns in (i) mean monthly temperature and (ii) total monthly

precipitation from the National Atmospheric and Oceanic Administration’s

National Climatic Data Center (http://www.ncdc.noaa.gov/cdo-web/search?

datasetid=GHCNDMS) for a York, PA (GHCND: USC00369933),

b Hattiesburg, MS (GHCND: USC00223887), c Corvallis, OR (GHCND:

USC00351862), anddEugene, OR (GHCND: USW00024221) representing

climate conditions between 1997 and 2015 at Codorus Creek, the Leaf River,

the McKenzie River, and Willamette River, respectively
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samples were typically collected in May and September,

respectively. In the Leaf River, macroinvertebrate and chl

a samples were most often collected in May and October.

Biotic communities were sampled using standard pro-

tocols (Barbour et al. 1999). The fish community was

sampled from both banks in Codorus Creek, and small-

bodied, near-shore fish from a single bank in the McKenzie

and Willamette Rivers using a backpack electrofisher

(battery-powered Smith-Root LR-24). Lack of habitat

complexity made backpack electrofishing sampling for

small-bodied fish ineffective in the Leaf River. A sampling

effort of 30 min was targeted for each site with typical

reach lengths of *100 m in Codorus Creek and *400 m

in the McKenzie and Willamette Rivers. Sampling was

always conducted at depths \80 cm, and electrofisher

settings (volts, amps, watts, frequency, and duty cycle)

were dependent on water conditions (conductivity and

temperature). Two netters followed the electrofisher up-

stream along a transect such that as much of the wadeable

available habitat was sampled as was practical. Collected

fish were placed into aerated buckets containing river water

and monitored. For all streams and sites, fish were sorted in

the field, identified to species according to Nelson et al.

(2004), and their length and weight recorded before being

returned unharmed to stream.

Replicate macroinvertebrate community samples

(n = 5) were collected from riffle habitat in Codorus Creek

and the McKenzie and Willamette Rivers using a Hess

sampler (0.086 m2, 243-lm mesh size). Efforts were made

to sample in the same riffles during each sampling event,

but flow-related shifts in riffle location were unavoidable

during some years. Sampling locations within riffles were

randomly selected by blindly tossing a weighted marker

into the stream and setting the sampler immediately up-

stream of the marker. A sampling effort in which sediment

was disturbed to a depth of 10 cm for 2 min was consistent

across streams. Individual Hess samples were kept separate

and preserved with 10 % buffered neutral formalin. All

samples were collected within approximately 50 m2 at a

site, and samples from sites within each stream were

typically collected within a 2-day period. Because unstable

sand substrates dominate the Leaf River, Hester–Dendy

multiplate samplers (HD samplers) (Hester and Dendy

1962) were used to assess macroinvertebrate communities.

Although we did not expect variability between Hess and

HD samplers to be readily comparable (Barton and Met-

calfe-Smith 1992), data from HD samplers are useful for
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Fig. 3 Total monthly snow water equivalent for the McKenzie and

Willamette Rivers between 1996 and 2015 obtained from the US

Department of Agriculture Natural Resources Conservation Service

data (http://www3.wcc.nrcs.usda.gov)

Table 1 Characteristics of study streams and drainages

Characteristic Codorus Cr. Leaf R. McKenzie R. Willamette R.

Biological sampling sites (n) 6 5 5 6

Reach length (km) 45 50 28 48

Mean reach width ± SD (m) 18.4 ± 8.6 64.1 ± 23.4 64.0 ± 16.7 93.4 ± 20.1

Mean discharge (m3/s)a 2.6 87.4 117.0 304.0

Drainage area (km2) 712 2802 3367 29,728

Land use (%)b

Forest 27.0 64.0 87.4 76.5

Agriculture 66.6 22.3 2.4 12.8

Urban ? industrial 0.9 0.5 0.1 0.6

Water ? wetland 2.2 9.3 0.7 1.7

Pulp and paper mill discharge location (km) 39.7 68.7 23.0 237

Major tributaries location (km) Oil Cr (45) Tallahala Cr (76) Mohawk R. (21) Long Tom R (240)

Bogue Homo Cr (62)

a Discharge from 1998 to 2013 measured at USGS gauging stations 01574500, 02474560, 14162500/14165500, 14166000
b Wieczorek and LaMotte (2010)
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examining within-stream spatial and temporal variability.

Three HD samplers (total area 0.089 m2 per sampler) were

deployed per site and attached by tethers to a float and

anchoring block approximately 50 cm below the water

surface. Samplers were allowed to colonize for 5–6 weeks

prior to removal. Upon retrieval, algae were first removed

from the surface plate for periphyton analysis (description

below) before the entire HD sampler was preserved with

10 % neutral buffered formalin.

Periphyton was removed from natural cobble substrates

(n = 5) in riffles in Codorus Creek and the McKenzie and

Willamette Rivers using toothbrushes and scalpels (Biggs

and Kilroy 1996). In the Leaf River, algae were removed

from the top surface of HD samplers using blades and

toothbrushes. The algal slurry was washed into separate

graduated cylinders and the total volume recorded, ho-

mogenized, and a known volume filtered through a 47 mm

Gelman A/E glass fiber filter (Gelman Sciences, Ann

Arbor, MI, USA). Quality assurance of the field subsam-

pling method was ensured by filtering duplicate sub-sam-

ples from the same rock, with the relative percent

difference between field duplicates always \10 %. Filters

were wrapped in aluminum foil, kept on dry ice until re-

turned to the laboratory, and stored frozen until analysis for

chl a. Before 2006, substrate sample area of each rock was

estimated by measuring the maximum length and width of

each rock sampled to the nearest 1 mm using digital cali-

pers (Dudley et al. 2001). In 2006 and later, substrate

sampling area was determined by wrapping the sampled

area in aluminum foil and measuring the area of foil scans

using ImageJ (Rasband, W.S., ImageJ, U.S. National In-

stitutes of Health, Bethesda, Maryland, USA, http://imagej.

nih.gov/ij/, 1997–2014). The resulting area estimate

(length–width) is positively related to rock surface area

measurements derived from estimates using aluminum foil

methods (e.g., Aloi 1990).

Table 2 Number of collections

with respect to stream, endpoint,

and season

Stream Site Number of collections

Fish Invertebrates Chl a

Spring Fall Spring Fall Spring Fall

Codorus Creek 45 8 13 6 12 6 12

40a 7 12 6 12 6 12

38 7 13 6 12 6 12

30 7 13 6 12 6 11

15 7 11 6 11 6 11

1 7 10 5 11 5 11

Leaf River 78 9 13 5 9

72 9 13 5 9

67 8 12 7 9

51 9 13 5 9

46 9 12 5 9

McKenzie River 36 10 11 12 8 12 8

30 11 11 12 10 12 11

21 12 10 12 11

15b 10 11 12 10 12 11

10 10 11 12 9 11 10

Willamette River 257 11 10 10 10 10 11

251 9 10 10 10 10 11

238 9 11 10 10 10 11

235 9 10 10 10

232c 11 10 10 10 10 11

217 9 8 10 10 10 11

At each collection event, n = 5 replicate macroinvertebrate and chl a samples collected from Codorus

Creek and the McKenzie and Willamette Rivers, and n = 3 samples collected from the Leaf River
a Corresponding fish site = 41
b Corresponding fish site = 18
c Corresponding fish site = 219
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Laboratory and Data Analysis

Macroinvertebrates were removed from HD samplers in the

laboratory. Macroinvertebrate taxa from all streams were

identified to the lowest practical taxon (typically species) and

enumerated, with full counts conducted for all samples by

Benthic Aquatic Research Services (Lawrence, KS). Chi-

ronomidae individuals were identified to species using slide

mounts of mouth parts. Taxonomy personnel were consistent

over the course of the study, and the database reconciled with

taxonomic updates when they occurred. Voucher samples of

all taxa were retained for quality assurance and control

purposes. Ambiguous taxa (e.g., early instars) were infre-

quent and identified to the lowest taxon possible (typically

Genus) and adjusted for in metric calculations. Total chl a for

most periphyton samples was determined using a Spectronic

Genesys 8 Spectrophotometer (Thermo Scientific, Waltham,

MA, USA). In some cases, when chl a was below the spec-

trophotometer detection limits, concentrations were deter-

mined using a Turner TD-700 Fluorometer (Turner

BioSystems, Sunnyvale, CA, USA). Both analyses were

conducted according to standard methods (American Public

Health Association 2000). The chl a/m2 on each rock was

calculated by dividing the total sample chl a (mg) by the

sample area of the rock (m2).

We translated fish and macroinvertebrate species abun-

dance data into ecologically relevant community-based

metrics representing measures of stream structure and

function. Fish community data were standardized for

sampling effort based on sampling time. Fish abundance

and %intolerant taxa were calculated for each site and

collection date. Tolerance information was assigned ac-

cording to ecoregion and, where possible, stream-specific

autecological information obtained from multiple sources

(e.g., Simon 1991; Hall et al. 1996; see Flinders et al. 2009

for details). In the rare case in which a discrepancy on

species tolerance was encountered, the more sensitive

designation was assigned. For example, we followed Si-

mon (1991) and Hall et al. (1996) in classifying banded

killifish (Fundulus diaphanus) as intermediately tolerant,

although others consider this a tolerant species (Barbour

et al. 1999). Calculated macroinvertebrate metrics included

Taxa richness, %dominant taxon, and %Ephemeroptera,

Plecoptera, and Trichoptera abundance (% EPT). Hilsen-

hoff’s Biotic Index (HBI) (Hilsenhoff 1987) was also cal-

culated on the basis of autecological information from

multiple sources and, where possible, assigned region-

specific tolerance values (Hilsenhoff 1987, 1988; Idaho

Department of Health and Welfare 1993; Merritt and

Cummins 1996; Barbour et al. 1999; Maxted et al. 2000).

These metrics were selected because they are among those

most often measured as part of state bioassessment pro-

grams (USEPA 2002; ACWA 2012). For example,

invertebrate taxa richness is an endpoint in 42 of the 47

states in which macroinvertebrate structure and function

metrics are used for bioassessment, including those where

the study streams are located.

Replicate macroinvertebrate and periphyton samples

collected from each site during each sampling event were

examined in two ways. Endpoint values (i.e., macroinver-

tebrate metric value and chl a concentration) were deter-

mined for individual samples and within-site variation on

each sampling date evaluated based on the replicate means

and standard deviation (coefficient of variation, CV, cal-

culated as (standard deviation/mean) * 100 %). Although

CVs are commonly used as a measure of variability

(Sandin and Johnson 2000; Mazor et al. 2009), they are

sensitive to endpoint means (Sokal and Rohlf 1995). Be-

cause CVs are less broadly comparable across metrics,

locations, and time periods, we also performed a variance

components analysis for each stream to partition the vari-

ance associated with site, season, year, interaction terms,

and sample variance (residual or error term). Variance

component estimates are calculated using assumptions and

mathematics associated with ANOVA mean and sums of

squares. Thus, percent variability estimates are comparable

across metrics and sources of variation, and applicable to

other streams or time periods having similar patterns of

variability around a metric’s grand mean (Larsen et al.

2001). For macroinvertebrate metrics and chl a, for which

we had within-site replicates during each sampling event,

models included site, season, year, and interaction terms.

Because fish were sampled from a single transect during

each sampling event and thus, not replicated, variance es-

timates for fish metrics were calculated separately for the

main and interaction of space and time with models for site

and season and site and year. Variance attributed to inter-

and intra-annual variability regardless of site was also es-

timated for the main (season, year) and interaction (sea-

son * year) terms. Because not all sites were sampled in all

seasons and years, variance components were calculated

using restricted maximum likelihood (REML) which

eliminates the occurrence of negative variance component

values (Larsen et al. 2001).

We were interested in temporal patterns in endpoint

response and evaluated the presence of statistically sig-

nificant monotonic or polynomial trends in measured

bioassessment endpoints using least squares polynomial

regression (i.e., linear, quadratic, and cubic models). Be-

cause unbalanced seasonal sampling and gaps in yearly

collections may bias temporal trends (Legendre and Le-

gendre 1998), we evaluated the presence of temporal pat-

terns in bioassessment endpoints separately for spring and

fall, as well for the full dataset at each site.

Because the primary objective of this study was to

evaluate variability in typical stream assessment endpoints
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(and not the condition reflected by endpoint values) and to

compare variability across endpoints relative to river-wide

median condition, endpoints were standardized by dividing

the endpoint value at each site and sampling date by the

river-wide endpoint median. This effectively eliminated

scale while maintaining the distribution of the data to

highlight variability and more easily compare patterns

across different endpoints. It is important to point out that

in percentage-based metrics (e.g., %EPT abundance, HBI),

the data are constrained and variability reduced relative to

endpoints based on raw data (e.g., taxa richness, chl

a concentrations). Percentiles of the distributions of stan-

dardized endpoints were determined to characterize

stream-specific variability patterns in biotic endpoints at

four spatial and temporal scales: stream-wide patterns

across sites and seasons (i.e., all data for each stream),

season-specific patterns across sites, site-specific patterns

across seasons, and site-and season-specific patterns.

Temporal patterns and distribution of macroinvertebrate

endpoints and chl a patterns were quantified using values

from pooled site replicates collected from each site and

sampling event. All statistical analyses conducted using

SYSTAT 12.02 (Systat Software, Inc., San Jose California

USA) and R 2.10.0 (R Foundation for Statistical

Computing).

Results

Stream-wide biological characteristics differed with end-

point, but most were not markedly different across streams

(Table 3). Mean HBI and %dominant taxa were most

similar across streams with similarity generally extending

across other statistical measures (i.e., minimum values,

median, etc.). Stream-wide taxa richness was similar in

Codorus Creek and the McKenzie and Willamette Rivers

but lower in the Leaf River. Measures of %EPT abundance

and chl a showed the greatest difference across streams.

Table 3 Stream-wide summary statistics for measured biological endpoints

Stream Endpoint Statistic

n Mean SD CV (%) Minimum 25 %ile Medium 75 %ile Maximum

Codorus Creek Fish abundance 115 37.1 30.3 82 1.6 17.5 29.4 47.8 218.0

%Intolerant fish 115 30.4 20.1 66 0.0 15.0 29.7 42.2 92.6

Taxa richness 105 61.9 12.0 19 38.0 52.0 60.0 70.0 98.0

HBI 105 5.3 0.5 10 4.2 4.9 5.4 5.8 6.6

%EPT 105 19.5 15.0 77 0.5 6.0 17.1 33.5 61.3

%Dominant taxa 105 31.1 13.8 45 10.9 20.4 27.1 37.6 78.6

Chl a (mg/m2) 104 138.5 123.7 89 10.1 53.0 94.2 188.5 602.3

Leaf River Taxa richness 107 41.5 7.0 17 26.0 37.0 42.0 45.0 61.0

HBI 107 5.1 0.5 9 4.2 4.7 5.0 5.3 6.5

%EPT 107 57.0 17.2 30 16.4 45.2 60.3 70.2 86.1

%Dominant taxa 107 29.4 12.7 43 11.2 20.9 25.4 34.6 72.4

Chl a (mg/m2) 72 19.0 18.1 95 0.9 9.9 14.0 22.5 122.6

McKenzie River Fish abundance 85 118.4 57.8 49 16.8 75.0 107.6 143.3 281.5

%Intolerant fish 85 64.6 24.6 38 8.8 47.7 64.9 86.5 99.4

Taxa richness 107 76.6 12.3 16 41.0 6.0 76.0 87.0 103.0

HBI 107 4.6 0.8 17 2.7 4.1 4.6 5.3 6.3

%EPT 107 28.1 13.8 49 6.2 16.2 27.5 38.6 63.3

%Dominant taxa 107 25.5 9.6 38 9.0 17.9 23.8 32.1 52.4

Chl a (mg/m2) 110 39.3 30.7 78 6.6 16.2 28.6 52.0 157.9

Willamette River Fish abundance 98 158.2 86.1 54 0.3 96.4 142.7 201.3 405.4

%Intolerant fish 98 35.7 21.1 59 3.1 18.6 30.4 50.3 100.0

Taxa richness 119 63.9 12.4 19 31.0 56.0 63.0 74.0 89.0

HBI 119 5.4 0.7 12 3.7 5.0 5.5 6.0 6.9

%EPT 119 18.2 11.8 65 0.9 9.1 15.6 25.9 58.1

%Dominant taxa 119 32.6 14.6 45 13.2 20.3 29.5 43.2 74.8

Chl a (mg/m2) 125 139.7 89.1 64 13.4 80.3 118.2 172.5 463.3
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Overall, Codorus Creek and the Willamette River showed

the greatest similarity in metric patterns across most sum-

mary measures, although consistency in mean values did

not necessarily extend to other measures. For example,

although mean chl a in Codorus Creek (138.5 mg/m2) and

the Willamette River (139.7 mg/m2) was similar, vari-

ability and range of values differed.

Variability among replicates collected at a single site

and sampling event for macroinvertebrate endpoints and

chl a concentration as determined by CVs was endpoint,

stream, and site specific (Fig. 4). At all sites and streams,

within-site variability was the lowest in HBI and taxa

richness. The median CV of HBI at each site was generally

\5 %, with maximum CV almost always \15 %, while

taxa richness had a median within-site CV typically be-

tween 7 and 12 %. Other macroinvertebrate endpoints

showed considerably higher variability within sites, but this

differed across streams and sites within streams. Within-

site variation in %EPT abundance was the greatest at

Codorus Creek sites (median CV = 35–50 %), and greater

than that of %dominant taxon in all streams except the Leaf

River. In all rivers, chl a concentration was the most

variable within a site with median CV values [25 % at

most sites during the study.

Dataset distribution patterns in biological metrics dif-

fered across endpoints, streams, and the spatial and tem-

poral filter applied to the dataset. Among the three streams

for which data were available, the range of fish abundance

was the greatest in Codorus Creek with values as high as

nearly 89 the river-wide median value, compared to less

than 39 the river-wide median in the McKenzie and Wil-

lamette Rivers (Fig. 5). Seasonal differences were the

greatest in the McKenzie River with a greater number of

fish collected in the fall than in the spring. Fish abundance

was the most spatially variable in Codorus Creek, with site-

specific seasonal differences inconsistent across sites. The

%intolerant fish taxa were least variable in the McKenzie

River, although all streams showed spatial and spatio-

temporal differences in variability.

Among the macroinvertebrate metrics examined, HBI

was the most consistent with most data falling between 0.8

and 1.29 the river-wide median values regardless of the

stream or spatial/temporal filter applied (Fig. 6). Excep-

tions were seen when a seasonal filter was applied to
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Codorus Creek data, with HBI consistently lower in the fall

than in the spring. There were greater seasonal differences

in taxa richness in Codorus Creek and the Leaf River than

in the McKenzie or Willamette rivers, although the range

of values was generally consistent across streams (Fig. 7).

Similarly, values for %dominant taxa were more variable

in Codorus Creek and the Leaf River than in the McKenzie

and Willamette Rivers (Fig. 8). Percent dominant taxa

were consistently lower in the fall in the Willamette River

and at some sites in Codorus Creek. Among macroinver-

tebrate metrics examined, patterns in %EPT abundance

were the least consistent across streams (Fig. 9). In

Codorus Creek, %EPT ranged from 0.03 to 3.89 the river-

wide median value and varied both spatially and
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Fig. 5 Variability patterns of standardized (i) fish abundance and (ii)

%intolerant fish taxa with respect to spatial and temporal dataset

filters collected from a Codorus Creek, b the McKenzie River, and

c the Willamette River from 1998 to 2012. Endpoints were

standardized by dividing the endpoint value at each site and sampling

date by the river-wide endpoint median. In assessments of seasonal

components, unhatched bars represent spring samples and hatched

bars represent fall samples. Numbers associated with the site and site-

season filters correspond to site numbers in Table 1
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temporally with consistently greater values occurring in the

fall. Patterns of %EPT in the Willamette River were

similarly variable, although spatial and temporal differ-

ences were less pronounced.

Periphyton biomass in terms of chl a concentration was

the most variable of the biological endpoints examined

(Fig. 10). In Codorus Creek, chl a concentrations were

lower and more consistent in the fall with this seasonal

pattern seen at most sites when both a spatial and temporal

filter was applied to the dataset. McKenzie and Willamette

River chl a patterns generally showed greater consistency

regardless of the spatial or temporal dataset filter, although

chl a in the Willamette River was typically lower and less

variable in the fall than in the spring. Excluding data above

the 90th percentile, chl a concentrations in the Leaf River

were relatively consistent regardless of the spatial and

temporal filters applied.

Variance components analysis showed that spatial and

temporal variability in macroinvertebrate metrics and chl

a concentrations was stream and endpoint specific

(Table 4). Variance attributed to spatial and seasonal

components alone was largely limited to Codorus Creek

where variance across sites accounted for 9.5–20.3 % of

variation in macroinvertebrate metrics and chl a, with

seasonal variation accounting for 16.9–21.4 % of the var-

iation for most endpoints. An exception was seen in

%dominant taxa which showed little seasonal variation

(\1 %). With the exception of taxa richness, variance at-

tributed to annual variation was high in the Leaf River

ranging from 21 to 43 %. In contrast, in the McKenzie and

Willamette Rivers, variation attributed to site, season, and

year was typically negligible or less than 10 %. In all

streams, and the McKenzie and Willamette Rivers, in

particular, the interaction of space and time accounted for

the greatest amount of variability in macroinvertebrate

metrics and chl a. That is, patterns in these endpoints

varied differently at a given site, season, and/or year than at

other sites and times. Variation associated with samples,

represented by the error term, was always the lowest in the

Leaf River and accounted for 19–44 % in the other

streams.

In all streams and for both fish abundance and %intol-

erant fish, sample variance typically ranged from 60 to

100 % and almost always accounted for the majority of
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Fig. 6 Variability patterns of standardized Hilsenhoff’s Biotic Index

(HBI) with respect to spatial and temporal dataset filters collected

from a Codorus Creek, b the Leaf River, c the McKenzie River, and

d the Willamette River from 1998 to 2012. Site condition calculation

is based on pooled replicate samples collected on each sampling date.

Endpoints were standardized by dividing the endpoint value at each

site and sampling date by the river-wide endpoint median. In

assessments of seasonal components, unhatched bars represent spring

samples, and hatched bars represent fall samples. Numbers associated

with the site and site-season filters correspond to site numbers in

Table 1
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variance in analyses to assess spatial and temporal variance

(in terms of season and year) and intra- and inter-annual

variance (Table 5). An exception was seen in %intolerant

taxa in the McKenzie River where the interaction of site

and year accounted for 43.3 % of variability. Seasonal

variation in both fish metrics was negligible in Codorus

Creek and the Willamette River but accounted for nearly

26 % of variation in McKenzie River fish abundance. Intra-

versus inter-annual variability was stream and metric de-

pendent, with sample variance accounting for almost all of

the variance in Codorus Creek fish metrics, and 60–87 % in

the McKenzie and Willamette Rivers.

Temporal patterns of fish and macroinvertebrate metrics,

and chl a assessed for each site using polynomial regression

were inconsistent and generally weak regardless of the

model (i.e., linear, quadratic, or cubic) or whether the model

assessed full or seasonal datasets. Fewer than 7 % of models

showed significant relationships between biotic patterns and

sampling date, with some significant relationships based on

datasets with low sample sizes. For example, a significant

cubic relationship between chl a concentration and time was

seen at Leaf River site 46 km in the spring, but this was based

on only five samples. Restricting our focus to endpoints and

sites where sampling frequency was balanced between

spring and fall in nearly all years (endpoints at most

McKenzie and Willamette River sites) still showed few

significant temporal relationships which were site and metric

specific. For example, at Willamette River site 217 km, there

was a significant negative linear relationship between

macroinvertebrate richness in the fall, but not with the

overall dataset, significant cubic relationships between

sampling date and HBI (full dataset) and %EPT abundance

(spring and full dataset), and no relationship between time

and %dominant taxa (Fig. 11).

Discussion

It has long been recognized that lotic systems are spatially

and temporally variable, and researchers have made con-

siderable strides to define (Li and Reynolds 1995; Cooper

et al. 1997) and explain patterns in biota (e.g., Cardinale

et al. 2002; Brown 2003). Despite this, efforts to quantify

spatial and seasonal variation of biological endpoints using
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Fig. 7 Variability patterns of standardized invertebrate taxa richness

with respect to spatial and temporal dataset filters collected from

a Codorus Creek, b the Leaf River, c the McKenzie River, and d the

Willamette River from 1998 to 2012. Site condition calculation is

based on pooled replicate samples collected on each sampling date.

Endpoints were standardized by dividing the endpoint value at each

site and sampling date by the river-wide endpoint median. In

assessments of seasonal components, unhatched bars represent spring

samples and hatched bars represent fall samples. Numbers associated

with the site and site-season filters correspond to site numbers in

Table 1
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long-term datasets are limited. An understanding of how

variable an endpoint is over time, and how this variability

may fluctuate spatially within- or across sites and with

seasonality, is valuable from a management perspective

because it captures rare or long-term events that better

enables naturally occurring responses to be separated from

those due to anthropogenic influences. This knowledge

then informs decision-making regarding remediation and

criteria development.

Using a 13-year dataset from four streams, we found that

there was considerable spatial and temporal variation in most

fish, macroinvertebrate, and periphyton endpoints evaluated,

and that this variation was endpoint and stream dependent.

We found high within-site variation across replicate

macroinvertebrate and chl a samples (CV = 16–136 %).

This is consistent with those of other researchers who, in

hierarchical scale studies, found that the greatest variation to

occur at the sample level (e.g., Li et al. 2001; Robson et al.

2005). Patterns of small-scale variability in macroinvertebrate

endpoints and periphyton biomass were consistent across

streams and sites within streams. However, HBI was more

consistent within a site (median CV = 1.7–7.6 %) compared

to other metrics (taxa richness, median CV = 7.3–17.3 %;

%dominant taxon, median CV = 10.7–24.2 %; %EPT

abundance, median CV = 5.6–49.6 %; and chl a, median

CV = 22.2–39.9 %). Similar site- and endpoint-specific

levels of variation over extended timeframes have been seen

in other studies, with coefficient of variation at a site ranging

from 21 to 302 % (Mazor et al. 2009). This highlights the need

to for sampling protocols that minimize within-site sampling

error, and some bioassessment program methods attempt to

account for this through the collection of replicate or multi-

habitat composite samples. For example, samples collected as

part of Florida’s Stream Condition Index (SCI) consist of a

composite of 20-D frame dip net sweeps of the most pro-

ductive habitats in a 100 m reach of stream (Florida Depart-

ment of Environmental Protection 2011), which is thought to

effectively capture site condition. Although it has been em-

phasized elsewhere (e.g., Gebler 2004), accurate bioassess-

ment necessitates sampling protocols designed to understand

and address variability to achieve true estimates of site

condition.

Variability attributable to spatial and temporal (seasonal

differences within years, and across years) components was
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Fig. 8 Variability patterns of standardized %dominant taxa with

respect to spatial and temporal dataset filters collected from a Codorus

Creek, b the Leaf River, c the McKenzie River, and d the Willamette

River from 1998 to 2012. Site condition calculation is based on

pooled replicate samples collected on each sampling date. Endpoints

were standardized by dividing the endpoint value at each site and

sampling date by the river-wide endpoint median. In assessments of

seasonal components, unhatched bars represent spring samples, and

hatched bars represent fall samples. Numbers associated with the site

and site-season filters correspond to site numbers in Table 1
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also stream and endpoint specific. In Codorus Creek, most

macroinvertebrate metrics and chl a varied due to spatial

and seasonal differences that often accounted for *30 %

of variation in the overall dataset. In the larger rivers, these

endpoints were minimally influenced by independent spa-

tial and seasonal components and better characterized by

differences across years and the interaction of space and

time. Differences in variance partitioning patterns across

streams are likely due to several factors including stream-

and region-specific environmental conditions, stream size,

and sampling method. Biological communities are influ-

enced by environmental conditions at multiple spatial

scales (Mykrä et al. 2004) ranging from ecoregions

(Omernik 1995) to microhabitats (Hart and Finelli 1999;

Downes et al. 2000), with sometimes subtle shifts in en-

vironmental characteristics such as flow, substrate, tem-

perature, and other water quality variables (e.g.,

conductivity and dissolved oxygen) resulting in patchiness

within and across sites. In our study streams, spatial dif-

ferences in environmental characteristics are more pro-

nounced in Codorus Creek than in other streams. For

example, the temperature regime across sites differs due to

hypolimnetic flow from an upstream dam, and inputs of

warmer water from a tributary stream, non-contact indus-

trial cooling water, and effluent discharge, and there are

some differences in substrate and shading across sites. In

contrast, sites in the remaining three streams are much

more spatially consistent in terms of temperature and

physical habitat characteristics. Additionally, because these

streams are much larger than Codorus Creek, changes in

water quality and habitat conditions due to tributary, in-

dustrial, and non-point source inputs are tempered by the

higher volume of water in the channel.

Regional climate with a greater range of annual tem-

peratures, in conjunction with stream size, is also a likely

driver of higher seasonal variance in benthic invertebrates

and chl a in Codorus Creek than in other streams. Biotic

assemblages and associated measures (e.g., Taxa Richness)

can be influenced by seasonally related patterns in tem-

perature, flows, and life cycle stages (e.g., Johnson et al.

2012; Lunde et al. 2013). Although many bioassessment

programs account for this by limiting sampling to certain

times of the year, some programs have sampling windows

that extend across seasons which has the potential to in-

fluence the characterization of resident assemblages. For

example, macroinvertebrate samples collected by West
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Fig. 9 Variability patterns of standardized %EPT abundance with

respect to spatial and temporal dataset filters collected from a Codorus

Creek, b the Leaf River, c the McKenzie River, and d the Willamette

River from 1998 to 2012. Site condition calculation is based on

pooled replicate samples collected on each sampling date. Endpoints

were standardized by dividing the endpoint value at each site and

sampling date by the river-wide endpoint median. In assessments of

seasonal components, unhatched bars represent spring samples, and

hatched bars represent fall samples. Numbers associated with the site

and site-season filters correspond to site numbers in Table 1
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Virginia Department of Environmental Protection are ac-

ceptable for use in stream bioassessment if they are col-

lected between April 15 and October 15 (WV DEP 2009).

Results from our long-term dataset and a dataset of even

longer duration demonstrate that metric response can differ

markedly between seasons, and that the extent to which

seasonality affects these patterns differs with the metric

examined, stream, and even sites within a stream. Using a

20-year macroinvertebrate dataset, Mazor et al. (2009)

found that seasonal variation for some assessment mea-

sures was small (e.g., Coleoptera richness) but large for

others (e.g., EPT richness), which they suggested could be

related, in part, to seasonal shifts in biological interactions.

In our study, seasonal response patterns of macroinverte-

brate metrics and chl a were not consistent with stream or

metric, and variability attributed to seasonal patterns may

reduce the precision of some endpoints. While the response

of individual metrics can be muted when aggregated and

scored in a multi-metric index (Schoolmaster et al. 2012),

managers seeking to evaluate changes in site condition

over time or with respect to a reference/least impacted site

should have an understanding of and account for stream/

site- and metric-specific seasonal patterns to ensure man-

agement decisions are based on the best available data.

In fish metrics, variation among samples (error/residual

variance) accounted for the majority of variation at most

streams compared to that driven by site, season, year, or

their interaction terms. Although temporal patterns in fish

assemblage structure have been examined (e.g., Bêche

et al. 2009; Resh et al. 2013), the precision of fish metrics

at difference spatial and temporal scales has not been as

well studied as macroinvertebrate-based metrics. Fish

bioassessment endpoints may be biased due to fish mo-

bility. When conditions become unsuitable due to water

quality or insufficient resources, fish will disperse to other

more favorable locations (Schlosser 1990) which may

result in fish assemblages that are poorly linked to site

condition. Indeed, in examining the relationship between

fish bioassessment metrics and environmental condition,

Hitt and Angermeier (2008) demonstrated that fish in

headwater tributaries with limited dispersal opportunities

were more strongly linked with environmental measures

than fish in main stem tributaries. This supports the

findings of Fayram et al. (2005) who showed that IBIs of
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Fig. 10 Variability patterns of standardized chl a with respect to

spatial and temporal dataset filters collected from a Codorus Creek,

b the Leaf River, c the McKenzie River, and d the Willamette River

from 1998 to 2012. Site condition calculation is based on pooled

replicate samples collected on each sampling date. Endpoints were

standardized by dividing the endpoint value at each site and sampling

date by the river-wide endpoint median. In assessments of seasonal

components, unhatched bars represent spring samples, and hatched

bars represent fall samples. Numbers associated with the site and site-

season filters correspond to site numbers in Table 1

Environmental Management (2015) 56:447–466 461

123



headwater stream fish assemblages were more variable

than those in larger drainages. Additionally, capture effi-

ciency can vary greatly due to abiotic conditions such as

stream flow, depth, and water clarity even among expe-

rienced collectors (Peterson and Paukert 2009). In our

streams, fish metric variability was the greatest in

Codorus Creek, although this was largely driven by

patterns at a single site during the fall. This stream has

not only the smallest drainage area (*710 vs.

2800–30,000 km2) but also a greater diversity of fish

(n = 52 taxa vs. 24 and 28 taxa collected from the

McKenzie and Willamette Rivers using backpack elec-

trofishing), which may account for some stream differ-

ences in variability patterns of fish.

Table 4 REML variance

components estimates of main

and interactions of sites,

seasons, years for

macroinvertebrate metrics and

periphyton chl a measured in

the four study streams

Endpoint Source Stream

Codorus Leaf McKenzie Willamette

Taxa richness Site 20.3 17.5 0.0 1.8

Season 21.0 9.2 0.0 0.0

Year 0.0 4.0 0.0 0.4

Site * season 0.0 1.8 4.9 0.7

Site * year 0.0 3.5 15.4 0.0

Season * year 6.4 12.6 11.5 37.0

Site * season * year 21.4 23.2 24.2 24.3

Error 30.9 28.3 44.1 35.7

HBI Site 16.6 1.8 0.0 8.5

Season 19.8 7.2 0.0 0.0

Year 2.4 41.4 0.0 1.1

Site * season 3.4 3.0 13.6 0.1

Site * year 2.8 0.2 2.1 2.0

Season * year 8.6 3.9 10.8 31.7

Site * season * year 20.1 31.1 49.9 37.0

Error 26.3 11.4 23.5 19.7

%EPT Site 12.7 0.0 0.0 1.6

Season 16.9 0.0 6.4 0.0

Year 0.0 37.8 0.0 17.7

Site * season 1.0 8.0 11.1 0.0

Site * year 4.0 6.9 1.3 0.0

Season * year 19.3 8.8 13.5 17.7

Site * season * year 21.5 25.3 43.9 39.1

Error 24.6 13.2 23.8 23.7

%dominant taxa Site 9.5 0.0 0.0 0.0

Season 0.3 0.0 0.0 25.7

Year 0.0 21.0 8.3 0.0

Site * season 8.9 0.3 2.5 1.8

Site * year 4.3 1.6 16.1 0.0

Season * year 13.8 2.7 0.0 20.1

Site * season * year 30.4 55.5 29.3 23.9

Error 32.7 19.0 43.9 28.4

Chl a (mg/m2) Site 9.8 0.0 6.9 4.2

Season 21.4 0.0 0.0 0.0

Year 0.0 42.9 0.0 7.3

Site * season 7.6 0.0 0.7 2.3

Site * year 10.2 30.3 0.0 3.1

Season * year 4.5 1.5 32.7 41.6

Site * Season * year 15.9 12.1 33.5 17.5

Error 30.6 13.2 26.1 24.0
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Variability of biota can increase in response to natural

and anthropogenic stressors, and researchers have empha-

sized the value of examining variability (e.g., range, co-

efficient of variability) as a dependent variable to evaluate

stressor response (Palmer et al. 1997). The data evaluated

in this study were collected as part of an effort to evaluate

the physical, chemical, and biological response to pulp and

paper mill effluent and other watershed stressors. As such,

Codorus Creek, and the Leaf, McKenzie, and Willamette

Rivers have effluent discharges located at sites 39.7, 68.7,

23.0, and 237 km, respectively. Apparent effluent-related

shifts in metric response (relative to upstream sites) or

variability were seen only in the McKenzie River and

limited to the fall. Values and variability of fall macroin-

vertebrate taxa richness and %EPT abundance decreased

downstream of the discharge, while the values and vari-

ability of %dominant taxa and HBI increased. Effluent

responses in other endpoints and streams were either absent

or masked by naturally occurring or other sources of

variability. Fall changes in McKenzie River macroinver-

tebrates may result from greater effluent concentration due

to low stream flows, or individual or additive response to

other seasonally related changes in water quality such as

temperature and dissolved oxygen. It is important to reit-

erate that large and statistically significant differences in

individual endpoints may be less important in the context

of management decision tools (i.e., IBI’s and regulatory

thresholds) because aggregating individual bioassessment

endpoints into a multi-metric index can temper the re-

sponse of individual metrics (Schoolmaster et al. 2012;

Zuellig et al. 2012; Mazor et al. 2014).

Clear and consistent temporal patterns in fish and

macroinvertebrate metrics and chl awere not seen, with most

endpoints showing different temporal patterns at different

sites. This is not altogether surprising as the study was de-

signed to capture seasonal variability and year-to-year

variability associated with variable climate conditions (e.g.,

drought and high precipitation/flow years), with drivers of

these patterns expected to be region specific. For example,

drought conditions that affected much of the southeastern

U.S. in the early years of the study (1997–2002) (NOAA

2002; Wang et al. 2010) that contributed to reduced flows,

and short-term but significant water quality changes occur-

ring in the days following Hurricane Katrina (Schaefer et al.

2006) only had the potential to influence biota patterns in the

Leaf River. Many researchers assessing long-term biota

patterns have shown high temporal- and site-specific vari-

ability. In most cases, long-term variability was associated

with climate patterns (e.g., Bêche and Resh 2007a, b) and

anthropogenic influences (Pyron et al. 2006), although bio-

logical factors such as species invasions (e.g., Hill and Lodge

1999) and disease (e.g., Kohler and Hoiland 2001) can also

influence temporal variability. High temporal variability can

pose challenges for precisely assessing streams. Many

bioassessment programs evaluate site condition based on

samples collected during a single site visit (Carter and Resh

2001), which may (Pyron et al. 2008) or may not be (Gebler

2004) sufficiently robust for precise bioassessment. How-

ever, conclusions based on short-term datasets may be very

different from those based on longer term studies (Dodds

et al. 2012). As such, resource managers should determine

the environmental risk associated with making decisions and

predictions based on limited temporal datasets and develop

approaches for evaluating management outcomes and in-

creasing dataset confidence through continued monitoring.

The results from this study and those cited within

highlight the challenges and uncertainties facing lotic

system managers. First and foremost, natural variability is

Table 5 REML variance components estimates of the main and interactions of site and season, site and year, and season and year for fish

metrics in Codorus Creek, and the McKenzie and Willamette Rivers

Model Source Codorus McKenzie Willamette

Abundance %intolerant Abundance %intolerant Abundance %intolerant

Site, Season Site 25.2 10.0 13.2 22.2 2.3 21.0

Season 0.0 0.0 25.9 3.3 5.6 0.0

Site * season 1.2 0.0 0.0 0.0 0.0 0.0

Error 73.6 89.9 60.9 74.4 92.1 79.0

Site, Year Site 25.7 9.5 14.6 17.8 4.3 20.4

Year 4.5 0.0 11.5 18.8 21.2 7.2

Site * year 0.0 13.7 0.0 43.3 10.1 5.3

Error 69.8 76.8 73.9 20.2 64.5 67.1

Season, Year Season 0.0 0.0 29.5 0.6 9.6 0.0

Year 0.0 0.0 11.2 14.6 20.4 0.0

Season * year 5.3 0.0 0.3 0.0 4.9 13.4

Error 94.7 100.0 59.0 84.8 65.1 86.6

Environmental Management (2015) 56:447–466 463

123



inherent in stream systems, and sample sizes and frequency

must be sufficient to best estimate true site condition with a

reasonable degree of confidence. Understanding season-

ality and scheduling sampling accordingly may aid in re-

ducing variability and improve the ability to detect change

(Leung and Dudgeon 2011). Because variability is end-

point specific, the development of regulatory criteria must

consider variability and the influences of natural and an-

thropogenic factors in the selection of regulatory endpoints.

Sufficient understanding of variability in selected regula-

tory endpoints is essential for setting criteria to ensure that

stressor response is detectable and not masked by natural

variability alone. The high degree of site-specific vari-

ability observed within individual surface waters suggests

that the development and implementation of watershed- or

region-wide management criteria and benchmarks should

be approached carefully so that their value to managers and

stakeholders is maximized. Further, high variability may

lead to more errors in management decisions, and regula-

tors should be aware of and cautious toward under- or over-

protection of streams (Gebler 2004). Finally, because

assessment of condition of a stream reach can differ sub-

stantially from that of larger aggregations (i.e., sub-catch-

ments), development of site-specific criteria may offer

more accurate and precise ecosystem protection than re-

gionally developed criteria. Although costly, taken to-

gether, these precautions offer greater confidence that

assessed condition is sufficiently accurate and subsequent

management decisions are based on information that re-

flects an appropriate level of confidence.
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