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Abstract Many streams within the United States
are impaired due to nutrient enrichment, particu-
larly in agricultural settings. The present study ex-
amines the response of benthic algal communities
in agricultural and minimally disturbed sites from
across the western United States to a suite of en-
vironmental factors, including nutrients, collected
at multiple scales. The first objective was to iden-
tify the relative importance of nutrients, habitat
and watershed features, and macroinvertebrate
trophic structure to explain algal metrics derived
from deposition and erosion habitats. The second
objective was to determine if thresholds in total
nitrogen (TN) and total phosphorus (TP) related
to algal metrics could be identified and how these
thresholds varied across metrics and habitats. Nu-
trient concentrations within the agricultural areas
were elevated and greater than published thresh-
old values. All algal metrics examined responded
to nutrients as hypothesized. Although nutrients
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typically were the most important variables in
explaining the variation in each of the algal met-
rics, environmental factors operating at multiple
scales also were important. Calculated thresholds
for TN or TP based on the algal metrics generated
from samples collected from erosion and deposi-
tion habitats were not significantly different. Little
variability in threshold values for each metric for
TN and TP was observed. The consistency of the
threshold values measured across multiple metrics
and habitats suggest that the thresholds identified
in this study are ecologically relevant. Additional
work to characterize the relationship between al-
gal metrics, physical and chemical features, and
nuisance algal growth would be of benefit to the
development of nutrient thresholds and criteria.

Keywords Nutrients · Agriculture · Algal
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Introduction

Nutrient effects on aquatic communities have
widely been recognized as an issue of ecolog-
ical concern (Hynes 1970; Belore et al. 2002;
Gurbuz and Kivrak 2002; Heinz Center 2002;
US Environmental Protection Agency 2002). The
National Water Quality Inventory: 1998 Report to
Congress (US Environmental Protection Agency
2002) cites nutrients (nitrogen and phosphorus)
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as the third leading cause of water quality im-
pairment in the rivers, lakes, and estuaries of the
United States. Of the 23% of the total river and
stream miles assessed in that report, 30% were
impaired due to nutrient enrichment. Agriculture
was the leading anthropogenic factor contribut-
ing to 59% of the reported water quality prob-
lems in impaired rivers and streams. Recently,
the Wadeable Streams Assessment (US Environ-
mental Protection Agency 2006) determined that
nitrogen and phosphorus were the two most
prominent stressors of wadeable streams in the
United States.

Although controlling nutrient inputs often is an
effective management tool in agricultural water-
sheds, stream ecosystems respond to a complex
suite of interacting conditions of which nutrient
enrichment is but one. To advance the scientific
basis for establishing or refining numeric nutrient
regulatory standards, it is important to understand
how natural physical conditions, macroinverte-
brate trophic structure and anthropogenic distur-
bances interact with nutrients to influence stream
algae and algal indicators. Many factors can reg-
ulate primary producers in streams, i.e., nutrient
availability, hydrodynamics, grazing, turbidity, ri-
parian shading, and anthropogenic affects, such as
addition of toxic compounds, introduced species,
and watershed development (Dodds and Welch
2000; Newall and Walsh 2005).

Previous studies have focused on the varia-
tion in algal biomass and community structure
with varying nutrient concentrations (Dodds et al.
1997; Chételat et al. 1999; Soininen et al. 2004)
and the identification of other non-nutrient fac-
tors that may influence these relationship (Dodds
et al. 2002). Light, climate, geology, land use, sub-
strate size, and vegetation all have been identified
as factors that can control algal populations in
addition to nutrient conditions and related water
chemistry parameters. In some cases, algal bio-
mass and community structure are related more
to factors measured at larger scales such as land
use (Leland and Porter 2000; Snyder et al. 2002;
Taylor et al. 2004) or patterns in hydrology (Biggs
1996; Biggs and Smith 2002) than to nutrients
measured at local and ephemeral scales. Although
broad-scale factors have been related to algal bio-
mass and community structure, the hierarchical

arrangement of these factors has received less
attention (Stevenson 1997). It has been suggested
(Poff 1997) that large-scale factors are causal
agents that constrain the expression of small-scale
factors such as nutrient concentrations at a partic-
ular stream site. The broad suite of environmental
factors that influence algal biomass and species
composition makes the development of nutrient-
algal predictive models difficult. However, the
development of such models (e.g., nutrient-algal
regression models) can provide valuable infor-
mation necessary for water quality management
decisions and the development of nutrient criteria
(Dodds et al. 2002).

The present study focuses on the response of
benthic algal communities collected from agricul-
turally dominated to low-impact sites from across
the western United States to a suite of environ-
mental factors, including nutrients, collected at
multiple scales. The first objective was to iden-
tify the relative importance of nutrient concentra-
tions, specific watershed and reach environmental
factors, and macroinvertebrate trophic structure
in explaining algal metrics derived from two habi-
tat types. As part of this objective, the study exam-
ined the importance of nitrogen and phosphorus
levels in relationship to other watershed, instream,
and macroinvertebrate trophic measures. The sec-
ond objective was to examine if thresholds in total
nitrogen (TN) and total phosphorus (TP) related
to the measured algal metrics could be identified
and how these thresholds varied across algal met-
rics and habitat types.

Materials and methods

Study sites

The study examined the water chemistry, al-
gal and macroinvertebrate communities, and wa-
tershed and reach-scale habitat conditions from
73 sites throughout the western United States
sampled as part of the US Geological Survey’s
(USGS) National Water Quality Assessment Pro-
gram (NAWQA). Fifty-six sites were equally dis-
tributed between two agricultural regions in the
arid to semiarid areas of the western United States
where the natural hydrologic networks have been
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largely altered to allow the growth of crops in
areas with little natural precipitation. The agri-
cultural study regions discussed below are the
Central Columbia Plateau–Yakima River Basins
in central Washington and the Central Nebraska
Basins in central Nebraska (Fig. 1). To select sites
with a gradient of potential nutrient conditions in
Washington and Nebraska, nitrogen and phospho-
rus loading to all watersheds was modeled using
a combination of fertilizer sales, land use, animal
population, and atmospheric deposition (Ruddy
et al. 2006). Based on existing nutrient data and
modeled nutrient loading, sites were selected that
spanned a range of nutrient conditions.

The Washington study area is predominantly
arid with a climate that is subject to large seasonal
and diurnal variations. The study area includes
a large-scale, federally sponsored, irrigation sys-
tem that irrigates more than one million acres
of productive agricultural lands that receives 20–
38 cm of rain per year. Detailed descriptions of the
environmental setting of the Washington study
area are available in Rinella et al. (1992), Jones
and Wagner (1995), and Munn et al. (2002).

The Nebraska study area consists of the area
drained by the Platte River Basin between the
confluences of the North and South Platte Rivers
near North Platte, Nebraska to its confluence with

Fig. 1 Washington and
Nebraska agricultural and
low-impact sampling sites
in the central and western
United States
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the Missouri River south of Omaha, Nebraska
(Zelt and Jordan 1993). Annual precipitation in
the study area ranges from about 46 cm in the
west to 76 cm in the east (Frenzel et al. 1998).
Land use is predominately rangeland in the west
and cropland in the east, except where limited by
topography (Zelt and Jordan 1993). Platte River
stream flow is controlled by reservoir operations
on the North Platte River in Wyoming and Lake
McConaughy (since 1941) near the mouth of the
North Platte River. The South Platte River in
Nebraska is influenced primarily by irrigation re-
turn flows at low flows (Huntzinger and Ellis
1993).

The remaining 17 sites were located throughout
the western United States and were character-
ized by very low levels (<10%) of agriculture
and/or urbanization. These sites are part of the
low-impact group (Fig. 1). The low-impact sites
covered conditions detected across the western
United States, but all the sites were in relatively
dry climates similar to those in the agricultural
study areas and were critical to establishing a
gradient of potential nutrient conditions. Poten-
tial low-impact sites from the NAWQA database
were excluded from this dataset if any mining
activity or extensive anthropogenic activities were
known of within the watershed. No consideration
was given to nutrient loads or nutrient conditions
prior to their selection as low-impact sites.

All the sites in this study were in the Cen-
tral and Western Plains’ diatom-based geographic
region as determined by Potapova and Charles
(2007). To create the Central and Western Plains’
diatom region, Potapova and Charles (2007)
performed nonmetric multidimensional scaling
(NMS) on diatom data from 1,240 sites sam-
pled throughout the United States as part of the
NAWQA study. The goal of the NMS ordination
was to delineate geographic regions that natu-
rally have relatively homogeneous diatom assem-
blages and environmental settings (Potapova and
Charles 2007).

Study reach habitat characterization

A study reach of approximately 20 to 30 wetted
channel widths in length was established at each
site. Reach-scale data were collected along five

to 11 transects distributed proportionally within
the study reach. Habitat measures for each study
reach included an assessment of instream and
bank features such as water velocity, depth, width,
substrate size, substrate embeddedness, channel
bankfull width, bank vegetation cover, and esti-
mates of canopy closure (made using a spherical
densitometer). All width and depth measurements
were to the nearest tenth of a meter. Instanta-
neous stream discharge was measured following
standard USGS methods (Rantz 1982). Habitat
characterizations were performed during low-flow
conditions between 1993 and 2003. A detailed
description of the reach-scale habitat and ripar-
ian delineation methods is available in Fitzpatrick
et al. (1998) and Biggs and Kilroy (1994). Study
reach habitat variables that were collected or de-
rived and used in the data analysis are shown in
Table 1.

Water quality/chemistry

Water chemistry samples were collected twice at
all sites: once 30 days prior to the habitat char-
acterization and once during the habitat assess-
ments. Samples were collected using isokinetic
depth-integrated equal-width increment sampling
methods unless the stream was too shallow or
water velocity was insufficient, in which case, sam-
ples were collected as multivertical grab samples
(US Geological Survey 2006). Field water quality
properties were measured during each sampling
event and included water temperature, dissolved
oxygen, specific conductance, and pH using labo-
ratory meters that were calibrated daily prior to
use. Water chemistry analysis included nutrients
(TN and TP as well as dissolved species), alka-
linity, and dissolved organic carbon. Samples also
were collected for the determination of suspended
sediment. Once a chemical sample was appropri-
ately collected and processed, it was stored on ice
and shipped to the laboratory within 24 h where
they were maintained at 4◦C prior to analysis
(Patton and Gilroy 1998). All laboratory analy-
ses for chemical constituents were conducted at
the USGS National Water Quality Laboratory in
Denver, CO, using methods by Fishman (1993)
and Patton and Kryskalla (2003). Nutrient and
dissolved organic carbon samples were analyzed
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Table 1 Predictor variables by scale and variable type

Predictor variables Mean (Min., Max.)

Watershed characteristics
Mean annual basin runoff in 2002 (mm/year) 216.2 (1.5, 1163.1)
Base flow index in the basin (base flow divided by total flow, %; Wolock 2003) 54.9 (24.2, 81.1)
Min. soil permeability (in/h) 1.6 (0.3, 7.1)
Rainfall and runoff factor (“R factor” of universal soil loss equation) 91.7 (2.8, 286.7)
Percent clay 19.6 (4.3, 44.0)
Percent silt 45.3 (9.9, 72.8)
Percent sand 35.1 (4.1, 85.8)
Mean watershed elevation (m) 1052.8 (240.3, 3033.1)
Max. water capacity for soil layer horizon (in. of water/in. of soil depth) 0.2 (0.1, 0.2)
Land surface slope (%) 12.9 (1.3, 38.5)
Watershed area (km2) 758.7 (3.2, 6378.8)
Soil material < 0.074 mm (% by weight) 52.5 (14.1, 95.7)
Soil material < 2 mm (% by weight) 79.6 (31.2, 100)
Soil material < 5 mm (% by weight) 83.6 (37.9, 100)
Percent of basin with moderate infiltration rate soils (B) (STATSGO) 48.8 (0.5, 100)
Percent of basin with slow infiltration rate soils (C) (STATSGO) 17.4 (0, 74.1)
Percent of basin with very slow infiltration rate soils (D) (STATSGO) 20.7 (0, 76.4)

Flow
Reach stream flow velocity (m/s) 0.3 (0, 1.1)
Instantaneous discharge (ft3/s) 67.7 (0, 481.0)

Study reach habitat
Wetted width (m) 15.8 (0.5, 93.4)
Bankfull width (m) 12.7 (2.0, 64.0)
Bank vegetative cover (%) 59.0 (13.0, 100)
Percent of substrate = silt (<0.063 mm) 47.8 (0, 100)
Percent of substrate < sand (<2 mm) 34.0 (0, 100)
Percent of substrate > gravel (>2 mm) 36.3 (0, 100)
Substrate embeddedness (%) 58.6 (6.2, 100)
Open canopy angle (◦) 100.4 (5.1, 175.7)
Wetted perimeter (m) 16.6 (0.6, 96.8)
Wetted cross-sectional shape ((wetted width/mean depth) 14.3 (2.0, 46.4)

exp(mean depth/max. depth))
Max. wetted cross-sectional area (m2) 19.7 (0.1, 203.0)

Basin and riparian land cover
Percent woody vegetation within 100-m buffer 36.5 (0, 85.2)
Percent grassland vegetation within 100-m buffer 17.2 (0, 84.5)
Percent cropland within 100-m buffers 14.9 (0, 95.0)
Percent basin comprised of all agriculture 40.9 (1.6, 99.2)
Percent basin comprised of residential forest 0.1 (0, 1.7)
Percent basin comprised of deciduous forest 12.5 (0, 82.2)
Percent basin comprised of evergreen forest 21.6 (0, 86.5)
Percent basin comprised of shrub 13.4 (0, 86.6)
Percent basin comprised of grasslands 19.8 (0, 93.2)
Percent basin comprised of pasture and hay 5.1 (0, 50.3)
Percent basin comprised of row crops/orchard 11.2 (0, 90.8)
Percent basin comprised of small grains 2.1 (0, 49.8)
Percent basin comprised of emergent wetlands 0.7 (0, 4.6)

Water quality/chemistry
TP (mg/L) 0.20 (0, 2.69)
TN (mg/L) 1.39 (0.05, 21.20)
Water temperature (◦C) 19.0 (1.5, 29.0)
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Table 1 (continued)

Predictor variables Mean (Min., Max.)

Specific conductance (μS/cm) 372.7 (29.0, 2310.0)
pH 8.1 (7.2, 8.9)
Dissolved oxygen (mg/L) 8.4 (5.2, 12.3)
Dissolved inorganic nitrogen (mg/L) 0.8 (0, 19.4)
Organic carbon (mg/L) 3.8 (0.6, 21.8)

Weather
Mean annual precipitation (cm) 74.3 (21.9, 146.5)

Invertebrate trophic measures
Abundance of climber, sprawler, burrower, or swimmer taxa
Total number of predator, omnivore, collector-gatherers, filtering-collectors, shredder, or scraper taxa
Total percent of predator, omnivore, collector-gatherers, filtering-collectors, shredder, or scraper taxa
Total number of predator, omnivore, collector-gatherers, filtering-collectors, shredder, or scraper individuals
Total percent of predator, omnivore, collector-gatherers, filtering-collectors, shredder, or scraper individuals

Mean and range values represent results for this study. A detailed discussion of methods used to collect and generate the
data is available in Fitzpatrick et al. (1998) and Johnson and Zelt (2005)
Min. minimum, Max. maximum, km2 square kilometers, mm/year millimeters per year, % percent, in/h inches per hour,
m meters, mm millimeters, m/s meters per second, ft3/s cubic feet per second, m2 square meters, mg/L milligrams per liter,
◦C degrees centigrade, μS/cm microsiemens per centimeter, cm centimeters

within 30 and 28 days, respectively. Table 1 in-
cludes the water quality variables that were col-
lected or derived and used in the data analysis.

Watershed and riparian characteristics

Geographical Information System-derived water-
shed land cover, soil characteristics, topographic
features, runoff estimates, and riparian land cover
were calculated for each watershed upstream
of the study site. Calculations were made us-
ing the National Hydrography Dataset (NHD
100K; US Geological Survey 2003a), the National
Land Cover Dataset (NLCD 2001; US Geological
Survey 2003b), and digitized orthophoto quarter
quadrangles to characterize riparian conditions as
described in Johnson and Zelt (2005). Riparian
land cover was calculated within 100-m buffers ad-
jacent to the study reaches. The specific watershed
and riparian characteristics metrics used in this
study are identified in Table 1.

Algae and macroinvertebrate sampling

Algal community composition was determined
for fine-grained depositional substrate (epipsam-
mic/epipeltic) and coarse-grained erosional sub-
strates (rock >64 mm or wood) within each of

the study reaches immediately prior to the habitat
characterization. Coarse substrates were sampled
throughout each study reach from five locations
and composited into one sample per site. Coarse
substrates were sampled by scrapping the bio-
logical material off rock or wood from a mea-
sured area. The material was transferred into a
container by washing the substrate with a known
volume of water. The samples were preserved
with 5% formalin for identification (Moulton et al.
2002). At five locations within each study reach,
depositional substrate was sampled by inverting a
47-mm diameter plastic Petri dish onto the sub-
strate, sliding a spatula under the dish, and rinsing
the material into a container and preserving it with
5% formalin for identification. At each location
where algae samples were collected, depth, veloc-
ity, and substrate characteristics were recorded.
Velocity measures were taken as close to the
stream bottom as possible. All algal community
samples were shipped to the Academy of Natural
Science in Philadelphia for algal identification,
density, and biovolume calculations (Charles et al.
2002). Algae data for all sites were collected dur-
ing stable low-flow periods, typically between July
and September. Algae and diatoms were iden-
tified to the lowest taxonomic level possible. Tax-
onomic resolution varied among sites and over
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time, so the data were modified before data analy-
sis to establish a consistent level of taxonomy
across all sites and time. After resolving taxo-
nomic resolution, only those taxa that accounted
for more than 0.5% of the density of taxa at two
or more sites were retained for further analysis to
reduce the influence rare taxa may have on the
analysis.

Macroinvertebrate samples were collected
from coarse substrate at all sampling sites dur-
ing low-flow conditions. Coarse substrate was
composed of either gravel or cobble typical of
riffles or woody debris where sand substrates
dominated. A detailed discussion of macroinver-
tebrate sampling and identification protocol
and can be found in Moulton et al. (2000) and
Cuffney (2003). Macroinvertebrate behavioral
and trophic metrics were created for each site
(Table 1). These metrics included the abundance
of climber, sprawler, burrower, or swimmer taxa,
and the abundance, percent abundance, taxa
richness, and percent taxa richness of predators,
collector-gatherers, filtering-collectors, scrapers,
shredders, or omnivores. Macroinvertebrate be-
havioral and trophic designations were based on
Cuffney (2003).

Major groups of autecological algal attributes
or metrics were compared to water chemistry,
land use, hydrologic variables, and invertebrate
trophic groups. The algal metrics examined in-

cluded indicators of nitrogen metabolism, trophic
condition, organic enrichment, dissolved oxygen
concentrations, physical conditions, and nutrient
optima. The metrics used in this study and the pre-
dicted response to increasing nutrients are listed
in Table 2. Autecological characterization of al-
gae was based on Prescott (1962), Lowe (1974),
Lange-Bertalot (1979), Bahls (1993), van Dam
et al. (1994), Potapova and Charles (2007), and
Porter et al. (2008).

Data analysis

To examine the relationships between nutrients
and environmental factors collected at watershed
and reach scales and algal metrics derived from
algal samples collected from two habitat types
(fine and coarse substrate), a statistical technique
known as random forests (RF) regression was
used (Prasad et al. 2006; Cutler et al. 2007). RF
is a type of regression tree analysis that does not
rely on a priori assumptions about the relation-
ship between response and predictor variables and
allows for interactions and nonlinearities among
variables. RF produces numerous regression trees
from a bootstrapped sample of 70% of the obser-
vations for each node or branch in the regression
tree. The remaining 30% of the observations are
used to evaluate each branch. With this approach,
each observation is left out of approximately one

Table 2 Algal response metrics examined and predicted response to increasing nutrients

Algal metric Description Predicted response to
increasing nutrients

PS%a Polysaprobous diatoms (% abundance)a Increase
NH%a Nitrogen heterotrophic diatoms (% abundance)a Increase
MPT%a Most pollution-tolerant diatoms (% abundance)b Increase
MPS%a Most pollution-sensitive diatoms (% abundance)b Decrease
MPS%r Most pollution-sensitive diatoms (% taxa richness)b Decrease
MA%r Motile algae (% taxa richness)c Increase
MA%a Motile algae (% abundance)c Increase
pHr Alkaliphilus (>7 pH) diatoms (taxa richness)a Increase
TN%a High TN diatoms—Central/Western Plains, USA (% abundance)d Increase
TP%a High TP diatoms—Central/Western Plains, USA (% abundance)d Increase
Eur Eutrophic diatoms—meso-eutrophic to hyper-eutrophic (taxa richness)a Increase
avan Dam et al. (1994)
bBahls (1993)
cPorter et al. (2008)
dPotapova and Charles (2007)
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third of the tree, and the final prediction for each
observation is obtained by averaging the predic-
tions across all the trees where it was excluded.
RF methods have a number of benefits over other
regression tree methods. First, RF methods limit
overfitting, which enhances its predictive capabil-
ities. Second, the RF can model complex inter-
actions among predictor variables. For example,
when predictor variables are highly collinear but
good predictors of a response variable, traditional
stepwise and criterion-based variable selection
procedures will typically retain only one or two
of the collinear variables and discard the rest.
RF procedures distribute the importance of the
collinear predictor variables and guards against
eliminating predictor variables that may be eco-
logically important, but are correlated with other
predictors (Cutler et al. 2007). Finally, RF has a
robust approach to characterizing the importance
of predictor variables. The most important predic-
tors will have the largest decrease in model accu-
racy when they are removed from the model. The
RF method also identifies the percent variance
explained for each model. The RF procedure was
performed using the R statistical system (Liaw
and Wiener 2002; R Development Core Team
2006).

We used two regression techniques to examine
the significance of TN or TP thresholds for algal
metrics. Linear regression was used to determine
if TN and/or TP could predict algal metrics in an
expected manner (Table 2) and generate statistics
that could be compared with those generated by
the second technique known as piecewise regres-
sion (Ryan and Porth 2007). Piecewise regression
was used to determine if statistically significant
thresholds or abrupt changes in the relationship
between TN or TP and each of the algal metrics
collected from fine and coarse substrate could
be identified. Piecewise regression models are
“broken-stick” models where two lines are joined
at an unknown point called breakpoints. These
types of models are effective in modeling abrupt
breakpoints or thresholds (Toms and Lesperance
2003). An r2 value for each piecewise model was
produced and this value was compared with that
generated for each corresponding simple linear
regression model to determine if the piecewise
model provided any additional information. For

each threshold value, a 95% confidence interval
was calculated as:

tCI = t +/− 1.96 (SE)

where t is the threshold and SE is the standard
error.

Systat (2004) was used for the linear regression
analyses and the nonlinear regression function in
Sigma Plot (SPSS 2006) was used for the piecewise
regression analyses.

Results

Physical and chemical characteristics of streams

Seventy-three sites were evaluated as part of
this study, 28 in Washington and Nebraska and
17 low-impact sites. All sites were in the Cen-
tral and Western Plains’ diatom-based geographic
region as determined by Potapova and Charles
(2007). The 73 sites had a mean watershed area
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of 758.7 km2 (Table 1). Mean stream velocities
for the study reaches collected during habitat and
community sampling was 0.30 m/s and ranged
from unmeasureable to 1.1 m/s. The mean sub-
strate size was dominated by silts (<0.063 mm),
but sands (<2 mm) and gravels (>2 mm) were
also found. Across all sites, the mean and range of
open canopy measured in the center of the stream
channel at each transect (180◦ equals a completely
open canopy) was 100.4◦ and 5.1–175.7◦, respec-
tively (Table 1).

By design, the watershed agricultural land
cover ranged from 1.6% to 99.2%. The mean
agricultural land cover was 40.9% (Table 1).
Crops within 100-m wide buffers adjacent to each
study stream ranged from 0% to 95% with a
mean of 14.9%. The abundance of woody veg-
etation within the 100-m buffers had a mean of
36.5%. Although not presented in Table 1, all sites
contained <10% urban land cover within their
watersheds.

TN ranged from 0.05 mg/L at one of the low-
impact sites to a high of 21.21 mg/L at an agricul-
tural site in Nebraska and had a mean of 1.39 mg/L
(Table 1). While the study was designed to cap-
ture a gradient of nutrient conditions within each
agriculturally dominated area, nutrient conditions
at most agricultural sites were above a threshold
value of 0.5 mg/L for TN published by Dodds
et al. (2002) and Stevenson et al. (2006). For
the Washington and Nebraska sites sampled, 76%
and 100%, respectively, were above the published
TN threshold (Fig. 2a). For the low-impact sites,
22% were above the TN threshold (Fig. 2a). TP
ranged from less than detection limits to 2.69 mg/L
and had a mean of 0.20 mg/L (Table 1). Con-
centrations at all the Nebraska sites were greater
than the Dodds et al. (2002) and Stevenson et al.
(2006) published TP threshold of 0.03 mg/L. For
the Washington sites, 83% were greater than the
published TP threshold. For the low-impact sites,
33% were greater than the TP threshold (Fig. 2b).

Algae taxa distribution across sites

At all of the sampling sites for coarse and fine
substrate samples, diatoms made up the largest
taxonomic group, followed by blue–green, green,
red, and yellow–green algae taxa (Table 3).

For both coarse and fine substrate samples, the
percentage of taxa identified as diatoms was
higher when TP and TN were elevated (Table
3). All of the commonly measured diatom taxa
found at ≥80% of the sites were primarily ben-
thic except for Cyclotella meneghiniana, which is
generally planktonic. C. meneghiniana accounted
for a relatively small percentage of the di-
atom taxa found at a site, but accounted for a
higher percentage of the taxa when TP and TN
were elevated (Table 3). Those diatom taxa that
accounted for elevated percentages of observed
taxa included Achnanthidium minutissimum, Coc-
coneis placentula, Encyonema sp., Gomphonema
sp., Navicula sp., Nitzschia sp., and Planothidium
sp. (Table 3). All these taxa are incapable of
fixing nitrogen and all but Encyonema sp. are
nonmotile. The average percent composition of
diatom taxa was similar between coarse and fine
substrate samples (Table 3). However, a number
of taxa exhibited higher or lower percent compo-
sition under elevated or reduced nutrient levels.
For example, samples collected from low-nutrient
sites had higher percentages of A. minutissimum
and Encyonema sp. compared to the high-nutrient
samples (Table 3). Samples collected from the
high-nutrient sites had higher percentages of C.

Table 4 Linear regression results of models relating algal
metrics and TN or TP for samples collected from fine- or
coarse-grained substrates

Algal metric TP (mg/L) TN (mg/L)

Fine Coarse Fine Coarse
grain grain grain grain
r2 r2 r2 r2

PS%a 0.45 0.29 0.40 0.16
NH%a 0.29 0.34 0.32 0.37
MPT%a 0.31 0.46 0.30 0.40
MPS%a 0.49 0.51 0.47 0.40
MPS%r 0.51 0.59 0.50 0.51
MA%r 0.32 0.33 0.32 0.33
MA%a 0.13 0.18 0.22 0.20
pHr 0.08 0.19 0.10 0.20
TN%a 0.18 0.24 0.23 0.28
TP%a 0.18 0.26 0.24 0.30
Eur 0.17 0.22 0.18 0.24

Significant parameter estimates and F statistics for each
model was at the 0.05 level. The slope estimates for each
model were consistent with the predicted responses iden-
tified in Table 2
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meneghiniana, Navicula sp., and Nitzschia sp.
when compared to the low-nutrient sites (Table
3). Other studies have shown similar responses to
low and high nutrients for these taxa (Bahls 1993;
Potapova and Charles 2007).

Relationships between algae metrics and physical
and chemical variables

All 11 autecological algal attributes or metrics
identified in Table 2 met the predicted responses
to increasing nutrients. Although the 11 algal met-
rics produced statistically significant regression
models, the explained variability in the algal met-
rics ranged from 0.08 for the abundance of fine
sediment alkaliphilus diatoms to TP to 0.59 for
the percentage of taxa richness of coarse sediment
pollution-sensitive diatoms to TP (Table 4).

The RF predictive models also explained a
wide range of variability in the 11 algal met-
rics examined for samples collected from coarse

and fine substrates (Tables 5 and 6, respectively).
Models generated for algae collected from coarse
sediment generated seven models that explained
>60% of the variance in the metrics examined
(Table 5). The RF models predicting the percent
abundance of high nitrogen and phosphorus di-
atoms explained 87.970% and 89.74% of the vari-
ance, respectively (Table 5). Fifty percent or more
of the taxa used to generate the high nitrogen and
high phosphorus diatom metrics were the same for
all sites examined. For five of the seven models
with the highest percent variance explained, the
mean TP concentration was the most important
predictor variable. For the two models in which
TP concentration was not identified as the most
important predictor of the algal metrics, water-
shed soil characteristics were the most important.
Although TP was often the most important pre-
dictor variable for the RF models generated for
algal metrics from coarse substrate, the three to
five most important predictor variables for each

Table 7 TN and TP threshold values by algal metric for fine and coarse grain sediments

Sample substrate and algal metric TP (mg/L) TN (mg/L)

Threshold 95% confidence Adj. r2 Threshold 95% confidence Adj. r2

interval interval

Fine grain sample
Most pollution-tolerant diatoms 0.28 0.11–0.45 0.40 0.86 0.39–1.33 0.31

(% abundance)
Alkaliphilus (>7 pH) diatoms 0.05 0.02–0.07 0.30 a a a

(taxa richness)
Most pollution-sensitive diatoms 0.09 0.03–0.15 0.49 a a a

(% abundance)
High TN diatoms (% abundance) 0.06 0.04–0.07 0.61 0.77 0.53–1.01 0.44
High TP diatoms (% abundance) 0.06 0.04–0.07 0.71 0.80 0.59–1.01 0.50
Motile algae (% abundance) 0.06 0.02–0.10 0.27 0.99 0–2.65 0.26
Nitrogen heterotrophic diatoms 0.10 0.03–0.17 0.43 1.50 0.76–2.23 0.39

(% abundance)
Motile algae (% taxa richness) 0.09 0.02–0.15 0.48 1.49 0.77–2.20 0.39

Coarse grain sample
Alkaliphilus (>7 pH) diatoms 0.03 0.02–0.04 0.35 1.25 0.88–1.63 0.30

(taxa richness)
High TN diatoms (% abundance) 0.07 0.05–0.10 0.71 1.45 0.94–1.97 0.46
High TP diatoms (% abundance) 0.08 0.06–0.09 0.85 1.30 0.93–1.66 0.52
Nitrogen heterotrophic diatoms 0.13 0.08–0.17 0.53 0.59 0.33–0.84 0.40

(% abundance)
Motile algae (% abundance) 0.20 0.06–0.33 0.31 a a a

Motile algae (% taxa richness) 0.07 0.03–0.10 0.59 1.79 1.08–2.51 0.49

Threshold values, confidence intervals and adjusted r2 values were determined by piecewise regressions. For each model, all
parameter estimates and F statistics are significant at the 0.05 level
ar2 values <0.2 or less than corresponding linear regressions
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RF model represented multiple scales. TN never
was identified as the most important variable for
any of the coarse substrate RF models.

RF models relating the 11 algal metrics col-
lected from fine substrate samples and the 73
physical and chemical predictor variables were
similar to those of the coarse substrate samples
(Table 6). The fine substrate RF models produced
five models that explained >60% of algal metric
variance. Like the coarse substrate analysis, pre-
dictive models relating the percent abundance of
high nitrogen and phosphorus diatoms explained
the highest variance at 80.80% and 87.44%, re-
spectively (Table 6). Of the 11 fine sediment
algal metric models, TP was identified in eight
models as the most important predictor variable
(Table 6). Like the RF models for the coarse sedi-
ment, TN was not identified as the most important
variable in any of fine sediment algal metric mod-
els. Excluding TP and TN, the most explanatory
predictor variables were rarely similar between
coarse and fine sediments.

Substrate-specific nutrient thresholds

Piecewise regression was used to identify nitro-
gen or phosphorus breakpoints or thresholds for
each algal metric associated with fine or coarse
substrates. In addition to significant parameter
estimates, successful piecewise regression mod-
els were identified as those models with r2 val-
ues >0.2 (for presentation purposes) and greater
than calculated values for the corresponding
linear regressions presented in Table 4 (Toms
and Lesperance 2003). For both fine and coarse
substrates, piecewise regression models were
more successful than regression models for TN
(Table 7). For fine substrate, eight of the 11 al-
gal metrics produced statistically significant TP
models, whereas only six TN fine sediment mod-
els were determined to be significant. For coarse
substrate, more significant TP models (six) were
determined than TN models (five; Table 7). All
the significant coarse substrate algal metric mod-
els for either TP or TN also were significant for
fine substrate samples. However, fine substrate al-
gal metric models produced additional significant
models for the percent abundance of the most
pollution-tolerant diatoms (TN and TP) and the

percent abundance of the most pollution-sensitive
diatom (TP). For all the piecewise regressions, low
levels of either TP or TN produced a large range
of potential algal metric scores. The metric values
became less variable after the nutrient threshold
value was reached (Fig. 3).

The statistically identified threshold values for
TP ranged from 0.05 to 0.28 mg/L for fine sub-
strate samples and 0.03 to 0.20 mg/L for coarse
substrate samples. For TN, thresholds ranged
from 0.77 to 1.50 mg/L for fine sediment samples
and 0.59 to 1.79 mg/L for coarse substrate samples
(Table 7). A t test comparing fine and coarse
substrate-generated thresholds determined no sig-
nificant difference for either TN or TP (Fig. 4).
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Fig. 3 Two examples of piecewise regression plots of
total mean phosphorus concentrations against a percent
abundance of high TP diatoms from coarse substrate and
b percent abundance of most pollution-sensitive diatoms
from fine substrate. The shaded area represents the 95%
confidence interval for the phosphorus threshold based on
piecewise regression results. Forty-two additional piece-
wise regression plots were examined (11 TN/fine sub-
strate, 11 TN/coarse substrate, 10 TP/fine substrate, and 10
TP/coarse substrate)
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Fig. 4 Mean and 95%
confidence intervals of
a TN and b TP thresholds
by substrate type based
on piecewise regressions
for multiple algal metrics
(data used to produce this
figure are shown in
Table 7)
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Discussion

Physical, chemical, and taxonomic variation
across study sites

As expected, nutrient concentrations, within the
agricultural areas, were elevated and generally
greater than published threshold values for nitro-
gen and phosphorus (Dodds et al. 2002; Stevenson
et al. 2006). One goal of the study design was to
locate sites along a nutrient gradient to examine
algal metric responses along such a gradient. How-
ever, because of the extensive use of fertilizers and
the spreading of animal waste in agricultural areas
like the ones in this study, locating low-nutrient
sites in agricultural settings for the refinement
of nutrient criteria may be difficult. The low-
impact sites, a collection of NAWQA sampling
sites within the same diatom-based ecoregion as
defined by Potapova and Charles (2007), filled
in the nutrient gradient and generally had low
nutrient levels, but a number of these sites had
elevated levels of phosphorus similar to the agri-
cultural sites of Washington and Nebraska. As
noted in the “Materials and methods” section, the
low-impact sites were identified by the limited
amount (<10%) of agriculture or suburban/urban
land cover within the watershed of the study site.
Although some amount of anthropogenic activ-

ity undoubtedly occurs within these low-impact
sites, no effort was made to characterize the prox-
imity of these sources to the sampling sites. A
small percentage of anthropogenic activity adja-
cent to or just upstream of our low-impact sam-
pling sites could have increased nutrient levels.
Nevertheless, the low-impact sites provided a gra-
dient of nutrient concentrations that overlapped
with some of the agricultural sites. As noted by
Potapova and Charles (2007), a broad nutrient
gradient will enhance the value of diatoms in the
identification of thresholds.

It has been suggested that benthic algae as-
semblages are similar over very broad geographic
areas (Leland 1995; Leland et al. 2001). In the cur-
rent study, a number of taxa were detected across
all sites. These taxa included C. placentula, Gom-
phonema sp., Navicula sp., Nitzschia sp., Plan-
othidium sp., and Synedra ulna. Of these taxa, a
number were characterized as nutrient indifferent
or had variable responses based on the clas-
sification approaches identified in the “Materials
and methods” section. For example, S. ulna and
C. placentula have been identified as representa-
tive of high nutrients by some (Bahls 1993; van
Dam et al. 1994) and low nutrients or indifferent
by others (Soininen and Niemela 2002; Potapova
and Charles 2007). The high representation of
these taxa and the variable trophic designations
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for these taxa highlights the potential limitation
of using only select diatom taxa metrics derived
from different methodologies as an indicator of a
stream nutrient status. Given this limitation, this
study examined the response of multiple algal taxa
compiled in multiple algal metrics to determine
if similar responses to changes in physical and
chemical variables could be identified.

Although a number of commonly observed di-
atom taxa were characterized as being indifferent
to nutrient concentrations, others were identified
as being highly correlated with nutrients. For
example, the diatom C. meneghiniana has been
identified as representative of elevated nutrient
levels by a number of studies (Lange-Bertalot
1979; Bahls 1993; van Dam et al. 1994; Potapova
and Charles 2007). In this study, the percent com-
position of C. meneghiniana on fine and coarse
sediment samples was always higher for sam-
ples collected at sites with elevated nutrients
when compared to samples with low nutrient
concentrations (Table 3). Conversely, the percent
composition of the diatom A. minutissimum, an
indicator of low nutrients, was higher at sites
with low nutrient concentrations for both fine and
coarse substrate samples (Table 3).

The percent composition of taxonomic groups
and select taxa varied more with nutrient concen-
trations than it did with substrate type (Table 3).
These results indicate that sampling either coarse
grain substrate in erosional habitats or fine grain
substrate in depositional habitats to characterize
benthic algal communities may provide similar
information. Potapova and Charles (2005) also
determined that taxa representation was similar
across erosional and depositional sites.

Relationships between algae metrics
and environmental variables

This study examined the statistical relationship
between nutrients, reach to watershed characteris-
tics, and macroinvertebrate trophic characteristics
to a suite of algal metrics that often are used in
biomonitoring assessments (Stevenson and Bahls
1999; Fore and Grafe 2002; Porter et al. 2008).
The metrics examined in this study all responded
to changes in nutrients in a statistically significant
and expected manner across the wide physical and

geographic range of sites (Tables 2 and 4). For
this study, RF regression was used to evaluate the
importance of the predictor variables presented
in Table 1 in explaining the variation of each
of the algal metrics calculated for algal samples
collected from fine and coarse sediments. In ad-
dition to TP and TN concentrations, predictor
variables measured at multiple scales were found
to be important predictors of the algal metrics
examined. For example, measures of study reach
substrate type and embeddedness and study basin
soil and runoff characteristics were found to be
important predictors of a number of algal met-
rics for samples collected from both coarse and
fine sediments. Our results, like others (Leland
1995; Pan et al. 1999; Potapova and Charles 2003;
Soininen et al. 2004; Porter et al. 2008), sug-
gest that multiple environmental factors operating
at multiple scales are responsible for structuring
benthic algae communities. These environmental
factors included nutrients, measures of watershed
and instream physical conditions, weather, and
macroinvertebrate trophic measures.

Prasad et al. (2006) and Cutler et al. (2007)
suggested that RF analyses could often produce
very robust statistical relationships. A number of
relationships generated for this study explained
high percentages of the variability in several of
the algal metrics. For example, the RF regressions
with the percent abundance of the high nitro-
gen and phosphorus diatom metrics as the de-
pendent variables explained between 80.80% and
89.74% of the variance. These metrics were devel-
oped specifically for the study area (Potapova and
Charles 2007). The strong relationship between
these two metrics and the physical and chemical
explanatory variables examined in this study sup-
port the findings of Potapova and Charles (2007),
which suggest that metrics developed within a
particular area will better reflect the physical and
chemical conditions in that study area than in
unrelated areas. A surprising finding of the RF
model simulation results was the consistently low
statistical importance of TN in explaining the vari-
ation in the algal metrics, particularly the high
nitrogen diatom metric. Porter et al. (2008) also
observed poor correlations between similar algae
metrics and TN. They suggested that the intensive
but periodic use of nitrogen fertilizers might be
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responsible for the low correlations. Greater spa-
tial and temporal information on the use of ni-
trogen fertilizers and instream TN concentrations
might improve the relationships between TN and
the algal metrics examined. The strong relation-
ship between the high nitrogen diatom metric and
TP likely is due to the degree of overlap between
taxa characterized as high phosphorus and high
nitrogen taxa.

Measures of invertebrate trophic groups were
included as predictors of the algal metrics in the
RF analysis. Studies have shown that macroin-
vertebrate herbivores can alter algal biomass and
community composition (Steinman et al. 1987;
Feminella and Hawkins 1995). However, in this
study, trophic groups were a significant predic-
tor in only one of the RF models. While not
presented in Tables 5 and 6 due to space lim-
itations, statistical relationships between inver-
tebrate trophic groups and the examined algal
metrics were found, but they were less significant
than the predictors presented in these tables.
While previous studies have found a strong link-
age between macroinvertebrate herbivores and
algal community structure and density, it has been
suggested that generalizations regarding herbi-
vore effects on algae can be tenuous because
grazed assemblages can show higher or lower di-
versity than ungrazed communities (Holomuzki
et al. 2006, 2010). Others have shown highly
variable grazer effects depending upon spatial
heterogeneity in substrate type, nutrient concen-
trations, and hydrodynamic conditions (Cardinale
and Palmer 2002; Peters et al. 2007). It is possible
that variable hydrologic and nutrient conditions
which were not measured as part of this study
could be responsible for the lack of strong rela-
tionships between the invertebrate trophic groups
and the algal metrics. In addition, the algal met-
rics selected for this study were selected for their
hypothesized relationships with nutrients and as
a result may not be significantly influenced by
invertebrate trophic groups.

Two algal metrics not included in this study
were chlorophyll and ash-free dry weight
(AFDW). Previous studies that have tried to
relate chlorophyll or AFDW with TN or TP
have often determined poor relationships (Munn
et al. 1989; Kjeldsen 1994; Dodds et al. 2002;

Porter et al. 2008; but see Biggs and Close 1989;
Lohman et al. 1992). Although these two metrics
often are examined as part of biomonitoring
efforts focusing on nutrient enrichment, a number
of studies have determined that these biomass
estimates may be more related to hydrologic
stability, water clarity, light availability, and
the abundance of grazers rather than nutrients
(Rosemond et al. 1993; Poff and Ward 1995;
Riseng et al. 2004; Biggs et al. 2005). Algal bio-
mass and nutrient relationships may be positive
when existing algal biomass is low and negative
when biomass is high (Newbold et al. 1982;
Mulholland 1996). The dynamic nature of the
relationship between chlorophyll and AFDW
and nutrient data may make their use in the
development of nutrient criteria difficult.

Nutrient thresholds

The identification of ecologically relevant re-
sponse thresholds are of great importance to re-
source managers. Groffman et al. (2006) defined
ecological thresholds as “the point at which there
is an abrupt change in an ecosystem quality, prop-
erty or phenomenon.” Scientists and managers
are interested in identifying those drivers respon-
sible for the observed abrupt changes. Evidence
of ecological threshold responses has been ob-
served in systems like Florida Bay (Gunderson
and Holling 2002) where an abrupt change in
water clarity, primary production, and nutrient
cycling were tentatively linked to shifts in nutri-
ent inputs and hydrologic changes. The presences
of some published thresholds, namely, the urban
impervious land cover threshold, however, have
been questioned (Morely and Karr 2002). In the
case of the urban impervious threshold, Allan
(2004) suggested that the response of streams to
urbanization is too complex for a single threshold
to exist because impervious surfaces are associ-
ated with numerous other stressors. Although the
authors of this study suggest that the relationship
between nutrients and algae is more direct than
that of the impervious surface example given by
Allan (2004), the RF modeling results of this study
did observe a complex relationship between algae,
nutrients, and watershed features. The results of
this study identified a consistent set of nutrient
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threshold values based on numerous algal metrics.
The TP threshold values identified in this study
(0.03–0.28 mg/L) using algal metrics were simi-
lar, but greater than the threshold identified by
Dodds et al. (2002) and Stevenson et al. (2006)
using chlorophyll a (0.03 mg/L). The TN thresh-
olds identified in this study (0.59–1.79 mg/L) were
generally higher than the threshold of 0.5 mg/L
identified by Dodds et al. (2002) and Stevenson
et al. (2006). Although the threshold responses
identified in this study used algal metrics rather
than chlorophyll or AFDW as the dependent
variable, the consistency of the threshold values
measured across multiple algal metrics suggest to
the authors that the thresholds identified in this
study seem to be ecologically relevant. While the
threshold values were relatively consistent, the
range in the observed values may suggest subtle
response difference in some of the algal metrics to
nutrient concentrations influenced by additional
physical, chemical, or biological variables. In ad-
dition, the wide range of algal metric responses
measured at low nutrient levels (Fig. 3) and the
results of the RF analyses suggest that factors
other than nutrients are also affecting algae. A
second important finding from this study was the
insignificant difference between nutrient thresh-
old values based on algae collected from coarse
or fine substrates. These results suggest that man-
agers interested in developing criteria based on
algae community data may have to select only one
habitat type to sample rather than multiple types.

This study determined that all the algal met-
rics examined responded to the measured nutri-
ent concentrations in a predictable manner. The
statistical importance of nitrogen, phosphorus, or
environmental variables in explaining the varia-
tion in the algal metrics, however, was highly vari-
able. Phosphorus often was the most statistically
important variable to explain the algal metrics and
nitrogen typically was one of the least important.
As noted earlier, instream nitrogen concentra-
tions based on a limited sampling frequency in
agricultural streams with periodic nitrogen fertil-
izer application are often poorly correlated with
diatom metrics (Porter et al. 2008). Two met-
rics, high nitrogen and phosphorus diatom metrics
developed by Potapova and Charles (2007), had
the highest percent variance explained by nutrient

and environmental variables. Although phospho-
rus was the most important predictor for both of
these metrics, the high degree of overlap in the
taxa used to derive the metrics suggest that these
metrics and potentially the other metrics respond
similarly to elevated nitrogen or phosphorus.

This study also determined a relatively consis-
tent threshold response of a suite of algal met-
rics to TN and TP. In addition, these threshold
responses were statistically similar for samples
collected from coarse and fine substrate. The re-
lationship between these metrics and nuisance
growth of filamentous green algae or eutrophic
blooms will require additional studies. Neverthe-
less, the consistent threshold values measured for
multiple algal metrics suggests that these thresh-
old values are biologically and management rele-
vant. Although nutrients were typically the most
important factors explaining the variation in algal
metric variability, physical and chemical features
measured at multiple scales also were important.
These additional physical and chemical features
and their influence on the impact of nutrients on
algal communities will need to be used to refine
nutrient thresholds in the future.
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