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Abstract Stream metabolism was measured in 33 
streams across a gradient of nutrient concentra­
tions in four agricultural areas of the USA to 
determine the relative influence of nutrient con­
centrations and habitat on primary production 
(GPP) and respiration (CR-24). In conjunction 
with the stream metabolism estimates, water qual­
ity and algal biomass samples were collected, as 
was an assessment of habitat in the sampling 
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reach. When data for all study areas were 
combined, there were no statistically significant 
relations between gross primary production or 
community respiration and any of the indepen­
dent variables. However, significant regression 
models were developed for three study areas for 
GPP (r2 = 0.79–0.91) and CR-24 (r2 = 0.76–0.77). 
Various forms of nutrients (total phosphorus and 
area-weighted total nitrogen loading) were sig­
nificant for predicting GPP in two study areas, 
with habitat variables important in seven sig­
nificant models. Important physical variables in­
cluded light availability, precipitation, basin area, 
and in-stream habitat cover. Both benthic and 
seston chlorophyll were not found to be important 
explanatory variables in any of the models; how­
ever, benthic ash-free dry weight was important in 
two models for GPP. 

Keywords Primary production · Respiration · 
Nutrient enrichment · United States · Streams · 
Agricultural 

Introduction 

Agricultural activity dominates land use across 
about half of the total land area of the contermi­
nous USA (US Department of Agriculture 2002) 
and is the leading source of pollution in the as­
sessed streams of the Nation, contributing to up 
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to 48% of the reported water quality problems in 
impaired streams (US Environmental Protection 
Agency 2002a). Agricultural influences on stream 
quality have been widely documented, with nu­
trients, specifically nitrate, detected in concen­
trations generally higher in agricultural streams 
than streams in undeveloped (forest or rangeland) 
basins (Fuhrer et al. 1999; Rabalais et al. 2002; 
Mueller and Spahr 2006). 

Resulting nutrient enrichment in streams and 
rivers of agricultural areas causes a variety of 
ecological problems, including increased biomass 
of aquatic plants and algae. Such increases in 
plant and algal biomass not only alter habitat 
but, following senescence, also deplete the water 
of dissolved oxygen (DO). Therefore, studies of 
nutrient enrichment in streams have typically fo­
cused on the variations in plant and algal biomass 
and community structure with varying nutrient 
concentrations (Dodds et al. 1998; Chételat et al. 
1999; Biggs 2000; Royer et al. 2008) and factors 
that may influence these variations (Dodds et al. 
2002). Often, the statistical relations between nu­
trients and benthic algal biomass are poor because 
of the numerous other biological and physical 
factors that influence biomass (Biggs 1996). 

The photosynthetic rate or primary production, 
as determined by measuring diurnal changes in 
DO concentrations (Odum and Hoskin 1958), is 
useful for understanding the influence of nutri­
ent enrichment on ecological processes in streams 
and may even be beneficial in the develop­
ment and refinement of nutrient criteria (Dodds 
and Welch 2000; US Environmental Protection 
Agency 2000). Diurnal measures of DO and car­
bon dioxide (CO2) can be used to obtain estimates 
of gross primary production (GPP) and 24-hour 
community respiration (CR-24) (Bott et al. 1978) 
in stream reaches (Bott 1996) and to calculate the 
net ecosystem production (NEP). A whole-stream 
approach for measuring GPP includes the contri­
butions of patchily distributed algae, bryophytes, 
and vascular plants and allows for direct com­
parisons with other reach-scale measurements 
(Marzolf et al. 1994). 

Numerous studies utilizing changes in DO 
and/or CO2 to estimate primary production and 
stream metabolism have been conducted in a 

variety of environmental settings (Odum 1956; 
Hall 1972; Bott et al.  1978, 1985, 2006; Wiley 
et al. 1990; Marzolf et al. 1994; Young and Huryn 
1996; Mulholland et al. 1997; Biggs et al. 1999; 
Young and Huryn 1999; Hall and Tank 2003; 
McTammany et al. 2003; Houser and Mulholland 
2005). Similarly, a small number of studies have 
analyzed the effect of increasing nitrate concen­
trations on the efficiency of biotic uptake and 
denitrification of nitrate, as related to ecosystem 
photosynthesis and respiration (Peterson et al. 
2001; Duff  et al.  2008; Mulholland et al. 2008). 
Some studies of stream metabolism along a nu­
trient gradient have focused on longitudinal dif­
ferences in response within a single stream (e.g., 
Uehlinger and Brock 2005). 

The objective of this study was to examine 
the relative influence of nutrients (nitrogen and 
phosphorus) and habitat on stream metabolism 
in agricultural landscapes. Our findings will also 
be presented in light of the recent efforts on the 
development of regional nutrient criteria by the 
US Environmental Protection Agency (USEPA). 
This study was conducted as part of the US Geo­
logical Survey’s (USGS) National Water-Quality 
Assessment Program. 

Methods 

Study areas 

This study was conducted in four areas (Fig. 1) 
that are dominated by agricultural land use, but 
that also represent a broad spectrum of environ­
mental settings (climate, geology, topography, and 
soils) and agricultural practices (crop and ani­
mal production and irrigation and drainage prac­
tices). These four study areas included the Central 
Columbia Plateau–Yakima River Basin (CCYK) 
and Central Nebraska Basins (CNBR), which 
were sampled in 2003, and the Delmarva Penin­
sula (DLMV) and White-Miami River Basins 
(WHMI), which were sampled in 2004. Eastern 
study areas (DLMV and WHMI) are humid, 
with agriculture relying primarily on natural rain­
fall (Table 1). In contrast, western study areas 
(CCYK and CNBR) are in more arid environ­
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Fig. 1 Location of the 
stream metabolism study 
areas for the US 
Geological Survey study 
of nutrient enrichment 
effects on aquatic 
ecosystems 

ments that rely on irrigation practices. Agricul- Site selection 
tural land use varies from 11% to 80% of the 
drainage basin area (Table 1). Additional infor- Sites were selected within each study area to 
mation on study areas and data can be accessed at maximize the gradient of nutrient conditions 
http://wa.water.usgs.gov/neet/. while minimizing other natural or anthropogenic 

Table 1 Summary of dominant study area features for the four study areas 

Central Columbia Central Nebraska Delmarva White-Miami 
Plateau–Yakima River Basins (CNBR) Peninsula River Basins 
Basin (CCYK) (DLMV) (WHMI) 

Number of sites 10 7 8 8 
Climate Arid plains and plateaus Semi-humid plains Humid plains Semi-humid plains 
Agricultural Wheat grains, alfalfa, Corn, soybeans Corn, alfalfa, Corn, soybeans 

commodities potatoes, vegetables soybeans, pasture 
USEPA level III Columbia Plateau Central Great Plains Southeastern Plains Central Corn 

ecoregions Belt Plains 
USEPA Xeric West Central Cultivated Eastern Coastal Plain Corn Belt and Northern 

nutrient ecoregions Great Plains Great Plains 
Dominant land Agriculture, 11 Agriculture, 61 Agriculture, 35 Agriculture, 80 

uses—median values Pasture/grassland, 16 Pasture/grassland, 35 Forest, 31 Pasture/grass, 16 
within basin (%) Forest, 69 Forest, 3 Wetland, 15 Forest, 4 

USEPA US Environmental Protection Agency 

http://wa.water.usgs.gov/neet/


Environ Monit Assess 

factors. In order to select sites, basin and reach 
coverages were derived from 30-m digital el­
evation model data obtained from the USGS 
Elevation Derivatives for National Applications 
project. Wadeable stream sites were selected 
within each study area using geodata, predicted 
nutrient loads (Ruddy et al. 2006), and measured 
nutrient concentrations, habitat, and stream size. 
This resulted in 33 streams being selected across 
the four agricultural study areas. 

Data collection 

Water quality Two sets of water quality sam­
ples were collected at each site. A nutrient 
sample was collected ca 30 days prior to the 
metabolism study with samples analyzed for am­
monia plus organic nitrogen, nitrate, nitrite, total 
nitrogen (TN), orthophosphate, and total phos­
phorus (TP) in milligrams per liter (Patton and 
Kryskalla 2003; Fishman 1993). The second sam­
ple was collected just prior to the metabolism 
measurements and was analyzed for nutrients plus 
dissolved organic carbon (Brenton and Arnett 
1993), suspended sediment, and nitrogen, organic 
carbon, inorganic carbon, and total carbon in 
suspended sediment (US Environmental Protec­
tion Agency 1997). Turbidity was collected using 
a Hach 2100P portable turbidimeter.1 All wa­
ter quality samples were analyzed by the USGS 
National Water-Quality Laboratory (NWQL; 
http://nwql.usgs.gov/pubs-all.shtml) at Lakewood, 
Colorado, with the exception of samples analyzed 
for suspended sediment concentrations, which 
were analyzed by the USGS Sediment Laboratory 
at Iowa City, Iowa. 

Chlorophyll Sestonic and benthic chlorophyll 
samples were collected in each study reach fol­
lowing the collection of metabolism data. Sestonic 
algal samples were subsampled from a composite 
of surface water samples collected at equal-width 

1Any use of trade, product, or firm names is for descriptive 
purposes only and does not imply endorsement by the US 
Government. 

intervals across the stream. A 50-mL aliquot of 
the surface water sample was filtered through a 
47-mm glass fiber filter (Moulton et al. 2002). The 
filtration step was repeated until a thin pigmented 
film was present on the filter. The sestonic al­
gae filters were prepared under subdued lighting 
conditions, folded, and wrapped in aluminum foil 
to minimize chlorophyll degradation due to light 
exposure. The filters were frozen in the field and 
shipped on dry ice to the NWQL for analyses of 
chlorophyll a (Chl a) and pheophytin (Moulton 
et al. 2002) using EPA method 445.0 (Arar and 
Collins 1997a, b). 

Composite benthic algal samples were collected 
from two targeted habitats in each study reach: a 
richest targeted habitat (RTH) and a fine-grained 
depositional targeted habitat (DTH). The RTH 
samples were collected from rocks in the CCYK 
and WHMI study areas and from woody snags in 
the CNBR and DLMV study areas. Within each 
stream, five individual RTH samples were col­
lected from the targeted habitat (rock or wood), 
using a surface or cylinder scrape methodology 
(Moulton et al. 2002), and composited. The ho­
mogenized mixture was filtered in 5-mL incre­
ments until a thin pigmented film was present on 
the filter (Moulton et al. 2002). The DTH samples 
were processed using a modification of methods 
by Stevenson and Stoermer (1981). Five surficial 
fine-grain samples were collected from the reach 
using an inverted Petri plate and composited. 
Elutriation was used to separate the algae from 
the fine-grained material by adding 100 mL of 
drinking water to the sample, capping the sample 
container tightly, and inverting the container 15 
times. The sample was permitted to sit for 5 s, 
and then the algae–water mixture was poured 
into a clean 1-L plastic container, taking care 
not to introduce sand into the clean container. 
This process was repeated two more times. The 
homogenized mixture was filtered in 5- to 10-mL 
increments until a thin pigmented film was present 
on the filter (Moulton et al. 2002). Similar to the 
sestonic chlorophyll samples, all RTH and DTH 
periphyton filters were prepared under subdued 
light, stored in the dark, frozen in the field, and 
shipped on dry ice to the NWQL for analyses of 
Chl a and ash-free dry weight (AFDW) (Moulton 
et al. 2002). 

http://nwql.usgs.gov/pubs-all.shtml
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Reach-scale physical habitat Physical habitat was 
assessed at the stream reach scale (ca 100–150 m), 
which was defined as a repetition of a geomorphic 
sequence (e.g., two riffles and two pools) or 20 
channel widths if repetitive units were not present 
within the reach (Fitzpatrick et al. 1998). A total 
of 11 equidistant transects oriented perpendicular 
to the longitudinal axis of the channel were es­
tablished throughout the reach, with wetted chan­
nel width (m) measured at each transect. Water 
depth (cm), water velocity (cm/s), and percent 
substrate type (bedrock, boulder, cobble, gravel, 
sand, and silt) were measured at five points across 
each transect. A densiometer was used at each 
transect to measure percent canopy cover at mid-
channel. Reach gradient was determined from 
water-surface elevations measured with a sur­
veyor’s level. Additional field measurements in­
cluded stream discharge (m3/s) and water temper­
ature (◦C). Canopy openness was measured using 
a solar pathfinder (see footnote 1) at midchannel 
in five of the 11 habitat transects and converted 
to solar energy in millijoules per square meter 
per day (Solar Pathfinder© 2002). The average 
percent cover of filamentous algae and submerged 
macrophytes was determined using a modification 
of the method by Biggs and Kilroy (2000). Cover­
age of macroalgae and macrophytes greater than 
3 cm in length was measured within a 0.09-m2 

quadrat at five points along each of the 11 tran­
sects, and the measurements averaged to generate 
a reach-level value. Estimates of percent riparian 
land cover for all study sites were determined at 
buffer widths of 25, 50, 100, 150, and 250 m at the 
reach and segment scale using methods outlined 
in Johnson and Zelt (2005). 

Site-specific estimates of precipitation and tem­
perature were determined by compiling monthly 
values for the National Oceanic and Atmospheric 
Administration (NOAA) weather stations nearest 
the stream sites during the year the metabolism 
study was conducted (National Oceanic and 
Atmospheric Administration 2008). Sampling-
period mean precipitation and temperature values 
were computed for each site using values for the 
month of, and the month prior to, the sampling 
effort. For example, if sampling at a site occurred 
during April and May 2003, the monthly precip­
itation and temperature values from the nearest 

NOAA weather station for April and May 2003 
were averaged to produce a sampling-period 
mean value. 

Basin-scale measures Basin-scale geographic 
measures were compiled using a geographic 
information system (GIS), for geology, nutrient 
loading, and various hydrologic parameters and 
released in the report by Brightbill and Munn 
(2008). All raster processing used 30-m spatial 
resolution, and all GIS analysis was completed 
using Arc Info Workstation, Environmental 
Systems Research Institute, Redlands, California. 

Drainage area was determined from digital 
maps at either 1:24,000 or 1:250,000-scale, depend­
ing on the size of the watershed. Land cover 
and geology were characterized by component 
percentage of the drainage basin. The source for 
land-cover information was an enhanced version 
(Nakagaki and Wolock 2005) of the USGS Na­
tional Land Cover Data 1992 (US Geological 
Survey 1999; Vogelmann et al. 2001). Satellite-
imagery-based land-cover data (30-m resolution) 
were used to compile watershed percentages by 
land classification as well as the percentages for ri­
parian zones buffered to approximately 90 m from 
the stream centerline. The national data sets of 
land cover (US Geological Survey 1999), bedrock 
geology (King and Beikman 1974a, b; Schruben 
et al. 1998), and surficial geology (Hunt 1979; 
Clawges and Price 1999) were all gridded at 30-m 
resolution then overlain with the basin boundaries 
to determine the area and percentage of each 
classification in each watershed. The 1:100,000­
scale National Hydrography Dataset Plus (NHD-
Plus) was used to derive values for stream den­
sity, stream order, and the percent of canals 
and ditches within the basin boundaries of each 
site. The NHDPlus integrates the NHD with the 
National Elevation Dataset and the Watershed 
Boundary Dataset for an enhanced NHD stream 
network with improved names, value-added at­
tributes (US Geological Survey and U. S. Envi­
ronmental Protection Agency 2003). Parts of the 
attributes for every stream are the Strahler order 
and a code indicating stream type (StreamRiver 
(natural), Canal, Ditch, and Pipeline). These val­
ues were used to calculate the percentage of each 
stream type within the drainage area. 
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Stream metabolism measurements Stream 
metabolism was done using the two-station 
open-water technique (Marzolf et al. 1994), with 
water temperature, DO concentration, pH, and 
specific conductance measured continuously for 
a period of at least 48 h using YSI� 600XLM 
sondes (see footnote 1) (YSI Incorporated 2002). 
The recording interval was no greater than 5 min 
and was always less than the travel time through 
the reach. Barometric pressure was measured at 
the time the sondes were deployed and recovered. 
Sonde calibration and data processing were done 
according to the methods of Wagner et al. (2006). 

Photosynthetically active radiation (PAR) was 
measured in micromoles continuously during 
the time water-quality sondes were deployed. 
A HOBO� PAR smart sensor attached to a 
HOBO� microstation (see footnote 1) (unpub­
lished manual, Onset Corporation) measured 
PAR once per minute and recorded an average 
reading every 15 min. The light meter was placed 
on the stream bank between the upstream and 
downstream sondes at a location representative of 
the general light/riparian conditions for the reach. 

Travel time within the study reach on the 
day the water-quality sondes were deployed was 
measured using Rhodamine dye slug injections 
(Kilpatrick and Wilson 1989). The travel time was 
used to establish the measurement interval (less 
than the travel time) for the YSI Sonde and for the 
stream metabolism calculations described below. 

Stream metabolism calculations 

Reaeration estimate An estimate of the reaer­
ation rate coefficient (K2) is required to esti­
mate stream metabolism, and although the direct 
measurement using a tracer gas (Kilpatrick et al. 
1989) is the preferred method for determining 
site-specific values of K2, the large number of 
sites in this study precluded application of the 
tracer-gas method. In the absence of tracer gas 
data, K2 values were estimated using available 
empirical relations. Thirty distinct empirical equa­
tions for the prediction of K2 were identified from 
the literature. Application of the equations was 
supplemented by use of a USGS database con­
taining information from K2 measurements made 
using the tracer-gas method at 493 individual sites, 

some with multiple measurements under varying 
flow conditions (Melching and Flores 1999). The 
equations and K2 database were used with the 
site-specific measurements of discharge, reach-
average stream velocity, depth, width, and stream 
slope to estimate K2, as follows: 

1.	 The USGS K2 database was searched to iden­
tify sites having hydraulic characteristics (pri­
marily slope, velocity, and depth) similar to 
the study site. 

2.	 K2 was estimated for the selected USGS data­
base sites (usually about two to four sites) 
using each of the 30 empirical relations. 

3.	 Predicted K2 values were compared to mea­
sured values in the database. The one to three 
empirical relations that were the best predic­
tors of the measured K2 values for the subset 
of USGS database sites were identified. 

4.	 The selected empirical equations were applied 
to the metabolism study sites to estimate K2; 
in the cases where more than one predictive 
equation was used, an average of the results 
was applied to the metabolism site. 

Metabolism calculations Metabolism is routinely 
calculated from in situ data, although there is no 
standard set of procedures. Consequently, as part 
of this study, we (1) standardized the calculations 
of stream metabolism and (2) developed an au­
tomated procedure for performing and archiving 
the calculations for a large number of sites. The 
Stream Metabolism Program was developed to 
automate and archive stream metabolism calcu­
lations; each calculation and assumption within 
the program has been documented by Bales and 
Nardi (2007) and is based completely on stan­
dard methods (Odum 1956; Marzolf et al. 1994; 
Mulholland et al. 2001). 

The Stream Metabolism Program imports in 
situ DO, water temperature, and PAR time series 
data and adjusts the readings such that time in­
tervals are consistent. Temperature and DO read­
ings are corrected for instrument fouling and drift 
based on pre- and postdeployment instrument 
calibrations (Wagner et al. 2006). DO saturation 
concentration is calculated at each time interval 
from DO concentration, water temperature, and 
barometric pressure data. Additional site-specific 
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data, such as depth, wetted area, stream slope, 
travel time, reaeration rate, and discharge were 
input through the program interface. 

The 24-h calculation period for the metabolic 
rates is automatically selected based on the PAR 
data, with the GPP calculation for the daylight 
period beginning and ending when PAR exceeds, 
then returns to, background levels. The 24-h com­
munity respiration estimate utilized for this study 
is based on a procedure described by Mulholland 
et al. (2001) in which the daytime respiration is 
determined by extrapolating between the net oxy­
gen exchange rate during the 1-h predawn and 
postdusk periods. While respiration is calculated 
as a negative number in the metabolism program, 
it is reported as a positive value in the paper for 
the sake of convenience and to report the data in 
a manner that is comparable with other studies 
(Hall 1972; Bott et al.  1985, 2006; Wiley et al. 
1990; McTammany et al. 2007; Mulholland et al. 
1997, 2001; Houser and Mulholland 2005). The net 
ecosystem production is the difference between 
the GPP and CR-24 values. Gross photosynthetic 
efficiency (GPPe), which is the ratio of GPP to 
PAR (Bott et al. 1985), was calculated to nor­
malize the amount of oxygen produced during 
photosynthesis for light availability, allowing for 
comparisons of data collected from sites across a 
broad geographical area under varying light con­
ditions. 

Statistical analysis 

The combination of measured and derived stream 
habitat and riparian data resulted in 110 envi­
ronmental variables, with some redundant and 
therefore correlated variables. The number of 
variables was reduced prior to regression analy­
sis using a combination of principal component 
analysis (PCA) (Clarke and Gorley 2006) and  
Spearman rank correlations (Lam 2001). The 
dataset was initially subdivided into four cate­
gories: geomorphic (e.g., slope), hydraulic (e.g., 
depth), substrate (e.g., percent fines), and cover 
(e.g., canopy). PCAs were performed on each of 
the four datasets, and individual variables with 
the highest loading on each of the first three PC 
axes were selected. This procedure resulted in a 
reduction of the number of environmental vari­

ables from 110 to 25. The remaining 25 environ­
mental variables (including canopy and riparian 
cover, solar radiation, stream width, depth, slope, 
velocity, and substrate) were combined with the 
nearly 100 measures of chemical concentrations 
(other than nitrogen and phosphorus), physical 
properties measurements (e.g., pH, specific con­
ductance, water temperature), and selected basin-
scale variables. 

Spearman correlations (rho) were used to 
identify relations between metabolism variables 
and nearly 125 independent measures. Physi­
cal, water-chemistry, and basin-scale variables 
that had a Spearman correlation coefficient (rho) 
greater than 0.5 with any metabolism variables 
were included in the regression models. Prior to 
stepwise regression analyses, all data were log-
transformed, taking the natural log of all values, 
except data reported as a proportion or percent­
age, which were square-root transformed. For the 
purpose of statistical analyses, nutrient values less 
than the detection limit were set at one half the 
method detection level. The values for both nu­
trient sampling events at a site were averaged 
to generate a single set of values for subsequent 
analysis and summarized by study area. 

Results 

Nutrients and chlorophyll 

TN concentrations ranged from 0.19 mg/L 
(CCYK) to 8.98 mg/L (CNBR) for streams in 
this study (Table 2). WHMI and CNBR had 
the highest median concentrations of TN (4.01 
and 4.03 mg/L, respectively) followed by DLMV 
(2.56 mg/L) and CCYK (1.28 mg/L) (Table 2, 
Fig. 2). TP concentrations ranged from 0.01 mg/L 
(DLMV) to 1.71 mg/L (CNBR) for the study 
streams (Table 2). CNBR had a significantly 
higher median TP concentration (0.72 mg/L) 
than CCYK (0.12 mg/L), WHMI (0.11 mg/L), or 
DLMV (0.08 mg/L) (Table 2, Fig. 2). 

RTH Chl a ranged from 2.6 to 615 mg/m2 with 
the highest value and the largest range observed 
at the DLMV sites (23 to 615 mg/m2) (Table 2). 
Chlorophyll a in depositional areas (DTH Chl a) 

were lower than RTH Chl a values in all study 
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Fig. 2 Box plots showing a distribution of total nitrogen by 
study area, b distribution of total phosphorus by study area 

areas except the CNBR, where the median RTH 
Chl a value was 20 mg/m2, and the median DTH 
Chl a was 24 mg/m2 . The measurement of av­
erage benthic Chl a (average of the RTH Chl 
a and DTH Chl a measurements) ranged from 
3.4 to 311 mg/m2 with the highest value again in 
the DLMV study area (Table 2). Sestonic Chl a 
concentrations ranged from 0.28 to 42 μg/L, with 
the highest concentration and the largest range 

in concentrations in the CNBR study area (1.5 to 
42 μg/L) (Table 2). 

Reach- and basin-scale measures 

Basin size of streams sampled in the study ar­
eas ranged from 7.2 to 786 km2 (Table 3). The 
variability in basin size largely reflects geographic 
location and climate of the study areas. In the 
arid to semi-arid study areas in the western USA 
(CCYK and CNBR), the drainage basin size was 
generally larger than in the humid east (DLMV 
and WHMI), yet there was little difference in me­
dian channel width and stream depth between the 
western and eastern streams (Table 3). Median 
stream velocity was greatest in CCYK, as may 
be expected given that stream gradient also was 
larger than in the other study areas (Table 3). 

The largest differences in median values among 
the study areas were in percent canopy cover, 
habitat cover (Table 3), and land use (Table 1). 
Canopy cover, a component of riparian habitat, is 
an important factor in influencing stream systems 
and varied greatly across the study areas. Western 
study sites (CCYK and CNBR) generally had 
more open canopies with median canopy cover of 
22% and 43%, respectively, whereas the median 
canopy covers were 56% and 71% for the DLMV 
and WHMI study areas, respectively (Table 3). 
Conversely, the percentage of instream habitat 
cover (such as woody debris or overhanging vege­
tation) was more extensive in the western study 
areas than in the east. Although all study areas 
were located in areas influenced by agricultural 
land use, there were some distinct differences in 
percentage of land used for agriculture among the 
study areas. The extent of agricultural lands within 
the basins (cropland and pasture) varied from a 
median 27% in the CCYK to a median 96% in 
both the CNBR and WHMI (Table 1). 

Metabolism 

Overall, GPP ranged from zero to 8.4 g O2 m−2 

day−1, with the highest values in the CNBR and 
DLMV study areas (8.4 and 8.0 g O2 m−2 day−1 , 
respectively) (Table 2, Fig. 3). Median values of 
GPP were similar among study areas, other than 
DLMV, for which the median GPP was one half 
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Fig. 3 Plots showing the 
range in gross primary 
production, 24-h 
community respiration, 
and net ecosystem 
production within the 
Central Columbia 
Plateau–Yakima River 
Basin (CCYK), Central 
Nebraska Basins 
(CNBR), Delmarva 
Peninsula (DLMV), and 
White-Miami River 
Basins (WHMI) study 
areas 

the median or less of the other study areas. Rates 
of CR-24 ranged from 0.03 g O2 m−2 day−1 to 
36 g O2 m−2 day−1 (Table 2, Fig. 3), with the 
highest value for CR-24 found in the CCYK 
study area. NEP estimates were negative, and P/R 
(GPP:CR-24) ratios were less than one for 27 of 
the 33 sites indicating heterotrophic conditions 
(Fig. 3). The P/R ratios were less than or equal to 
0.25, indicating strongly heterotrophic conditions, 
at more than one third of the sites at the time of 
sampling. 

Statistical analysis 

There were no statistically significant relations 
between GPP or CR-24 and any of the indepen­
dent variables when data for all study areas were 
combined; however, significant regression mod­
els were developed for GPP, GPPe, and CR-24 
(Table 4) for individual study areas. In regards 
to GPP, significant regression models were de­

veloped for CNBR, DLMV, and WHMI with r2 

values ranging from 0.79 for WHMI to 0.91 for the 
CNBR (Table 4). GPP in the CNBR were nega­
tively influenced by suspended sediment and av­
erage velocity measurements (Table 4), although 
upon reviewing the Spearman correlation matrix, 
the two explanatory variables are weakly corre­
lated with a correlation coefficient of rho = 0.51. 
Similarly, the analytical results indicated negative 
relations between GPP and drainage basin area 
within the WHMI (r2 =0.79, p= 0.003), which 
may reflect overall intensity of agricultural activi­
ties in these study areas and between GPP and the 
percent of canopy closure in the DLMV (r2 =0.83, 
p=0.005). 

GPPe, which is GPP corrected to solar radia­
tion, were related to some measures of nutrients, 
algae, and habitat (Table 4). Percent instream 
cover was negatively related to GPPe in the 
CCYK (r2 = 0.42, p=0.005), indicating the effect 
of instream shading on primary production. GPPe 
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Table 4 Regression results for stream metabolism sites within each study area 

Study area Response variable Intercept Predictive variable Number of r2 p-value 
samples 

All GPP NA None 33 NA NA 
CR-24 NA None 33 NA NA 
GPPe NA None 33 NA NA 

CCYK GPP NA None 10 NA NA 
CR-24 −2.91 1.21 (RTH AFDW)a 10 0.76 0.007 

+ 0.26 (percent canal/ditches)b 

GPPe 3.29 −0.37 (percent instream 10 0.42 0.043 
habitat cover)b 

CNBR GPP −1.26 −0.29 (suspended sediment)a 7 0.91 0.008 
+ (−1.70) (average velocity)a 

CR-24 0.072 1.76 (wetted cross-sectional area)a 7 0.80 0.007 
GPPe 0.15 −0.415 (orthophosphate)a 7 0.85 0.003 

DLMV GPP 2.24 −0.36 (percent canopy closure)b 8 0.83 0.005 
CR-24 36.97 −16.61 (NOAA mean monthly 8 0.77 0.022 

precipitation)a 

GPPe 2.17 −0.57 (RTH AFDW)a 8 0.62 0.020 
WHMI GPP 15.33 −3.66 (drainage area)a 8 0.79 0.003 

CR-24 NA None 8 NA NA 
GPPe 12.38 −2.02 (total phosphorus)a 8 0.77 0.02 

+ (−1.69) (nitrogen load per 
square kilometer)a 

aAll data have been transformed by taking the natural log of the original value 
bAll data have been transformed by taking the square root of the original value 

in the DLMV was most strongly related to 
RTH AFDW (r2 =0.62, p=0.02). In the CNBR 
and WHMI, nutrients (orthophosphate for the 
CNBR) (Table 4, r2 =0.85, p=0.003) and  TP  and  
area-weighted nitrogen loading (the estimated 
load of nitrogen to the basin from fertilizer, ma­
nure, and atmospheric deposition) for the WHMI 
(r2 = .77, p= 0.02) explained a significant amount 
of the variance in GPPe; however, the relations 
between GPPe and nutrients in these areas were 
negative. 

Three study areas (CCYK, CNBR, and 
DLMV) yielded models that explained a 
significant amount of the variance in estimates 
of CR-24 (Table 4). The percentage of ditches 
and canals in each stream basin, in combination 
with RTH AFDW, explained 76% of the variance 
in CCYK CR-24 (p=0.007) (Table  4). The 
wetted cross-sectional area (wetted width times 
depth) was related to estimates of CR-24 in the 
CNBR (Table 4). The NOAA mean monthly 
precipitation was the best predictor for CR-24 
in the DLMV study area (r2 = 0.77) (Table  4). 

Other variables that were included in Spearman 
rank correlations and selected regression analyses 
and not found to be related to GPP, CR-24, 
or GPPe measurements include: stream gradient, 
channel substrate, percent macrophyte cover; 
measurements of dissolved as well as particulate 
carbon; particulate nitrogen; total and daily 
average PAR; phosphorus loading to the basin; 
and various measures of land use (for agriculture, 
pasture, forest, residential, grassland, and wet­
land) within the riparian zone, as well as within 
the stream basins. 

Discussion 

Nutrient and algal measures as related to stream 
metabolism in agricultural areas 

The primary objective of this study was to ex­
amine the relative influence of nutrients (ni­
trogen and phosphorus) and habitat on stream 
metabolism in four agricultural areas. GPP rates 
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in this study (0 to 8.4 g O2 m−2 day−1) were 
comparable to rates measured in other streams 
having varying levels of basin disturbance (Hall 
1972; Bott et al.  1985; Young and Huryn 1996; 
Mulholland et al. 2001; Uehlinger and Brock 
2005) and below some of the values reported 
for similar prairie/agriculture land use (<0.1 to 
>50 g O2 m−2 day−1, Wiley et al. 1990). CR-24 
rates generally were greater than those measured 
in investigations by Hall (1972), Hall and Tank 
(2003), and Mulholland et al. (2001), which ranged 
from  0.4 to 13 g O2 m−2 day−1 but were compara­
ble to, and in some cases lower than, rates report­
ed in the literature for similarly disturbed systems 
(Wiley et al. 1990; Houser and Mulholland 2005). 
The mean respiration rate for all of our sites was 

−27.4 g O2 m day−1, and the median value was 
4.4 g O2 m−2 day−1, both of which also are well 
within the range of previously reported values. 

There were no strong relations between GPP, 
GPPe, or CR-24 and any of the independent 
variables for the combined data set. Two rela­
tions existed between algal biomass and stream 
metabolism for individual study areas (CR-24 
and RTH AFDW for CCYK and GPPe and 
RTH AFDW for DLMV). Relations between 
metabolism measures and nutrient concentrations 
for individual study areas were limited. We found 
that correcting GPP values for available light 
resulted in negative statistical relations between 
GPPe and orthophosphate in the CNBR and be­
tween GPPe and TP and area-weighted nitrogen 
loading in the WHMI. 

Although it was expected that production in­
creases with increasing nutrient levels, GPPe in 
CNBR and WHMI were negatively related to 
phosphorus levels, and in the CNBR, GPP was 
negatively related to suspended sediment. These 
negative relations may be explained by the strong 
correlation between phosphorus and suspended 
sediment concentrations, potentially reducing the 
amount of light available for primary production. 

Ash-free dry weight was related to selected 
metabolism measures, while none of the chloro­
phyll values (benthic or sestonic) were related. 
AFDW measures include all organic matter, live 
or dead, and often are a measure of detritus rather 
than algal biomass. As such, the positive relation 
between RTH AFDW and CR-24 in the CCYK 

may indicate that a large part of the biomass 
measured is from sources other than algae, e.g., 
detrital material. Similarly, the negative relation 
between AFDW, as measured from woody snags, 
and GPPe in the DLMV study area indicates that 
the biomass measured is from sources other than 
oxygen-producing algae. 

Selected environmental variables related to 
stream metabolism in agricultural systems 

Past research has shown that physical factors, 
such as light availability, temperature, and chan­
nel/habitat characteristics (Bott et al. 1985, 2006; 
Wiley et al. 1990; Ortiz-Zayas et al. 2005; 
Uehlinger and Brock 2005), can significantly influ­
ence production and respiration. 

Light availability Despite the availability of sev­
eral measures of canopy coverage (percentage 
closed canopy, solar pathfinder measurements, es­
timates of riparian landuse/land cover for multiple 
buffer widths), the only measure of riparian cover 
that was associated with primary production in 
our study was the percent canopy closure in the 
DLMV streams, for which GPP decreased with 
an increase in canopy closure. A t test comparing 
GPP for all sites in open canopy (<50% canopy) 
and closed canopy (>50%) streams indicated that 
GPP was significantly higher (p < 0.05) in open 
streams (GPP = 3.0) than closed streams (GPP = 
1.4). GPP did not exceed 2.0 g O2 m−2 day−1 

when the canopy closure was >50% in the DLMV 
streams. Although the DLMV results support 
findings from other work in which riparian 
canopy cover was a predictor of stream ecosystem 
processes (e.g., GPP and CR-24) in some forested 
streams systems (Bunn et al. 1999; Mosisch et al. 
2001), the measures of canopy cover and riparian 
vegetation were not related to production in our 
other study areas. It was expected that with the 
low percentage of canopy cover, many of the sites 
in CNBR and CCYK would be dominated by 
autotrophic processes. However, none of the sites 
in CNBR and just two of the sites in CCYK were 
GPP-dominated. In addition, the median percent 
of riparian woody vegetation for the WHMI sites 
was 85%, which is similar to the 96% median 
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value for CNBR, and median canopy openness 
for the WHMI sites (4 mJ/m2/day) was nearly half 
that for the DLMV sites (7 mJ/m2/day). Neverthe­
less, there was no relation between light availabil­
ity and metabolism metrics for this study area. 

The negative relations of phosphorus and sus­
pended sediment to production in the CNBR and 
WHMI may indicate that light is still a control­
ling factor, but light limitation is occurring in-
stream rather than limitation because of canopy 
shading. Median turbidity (102 NTU) and sus­
pended sediment (134 mg/L) values in the CNBR 
were significantly higher than in the other areas 
of the study, and previous studies (Wiley et al. 
1990; Young and Huryn 1996) documented that 
turbidity or light attenuation (measured as depth 
times turbidity) were similarly negatively corre­
lated with rates of GPP. While mean summertime 
turbidity values in Wiley et al. (1990), ranging 
from 2.43 to 100.8 NTU, were higher than those 
described in Young and Huryn (1996), the val­
ues were comparable to those measured in this 
study (combined dataset range of 1.0 to 244 NTU, 
CNBR range of 1.9 to 244 NTU) and were found, 
in combination with shading, to explain most of 
the variation in production. Other studies have 
described similar results with limited production 
rates in agriculturally influenced streams despite 
high nutrient concentrations and reduced shading 
from riparian cover (McTammany et al. 2007). 

Channel or habitat characteristics The size of 
streams in this study as determined by the me­
dian values for average wetted width and depth 
at the time of sampling was relatively consistent 
among sites (Table 3). Despite the selection of 
relatively small streams (median wetted width 
of 5.6 m and median depth of 0.28 m) for this 
study, all but five sites were dominated by het­
erotrophic processes. Wiley et al. (1990), however, 
found that the headwaters of streams with a more 
open canopy structure (as are typically present in 
agricultural systems, particularly in the arid west) 
tend to be dominated by autotrophic processes, 
although Bott et al. (1985) suggested that stream 
size alone cannot be used to classify metabolic 
status. While an overall longitudinal trend from 
heterotrophy to autotrophy occurred at all sites 
studied by Bott et al. (1985), the transition from 

annual heterotrophic to autotrophic status oc­
curred at different downstream stations and was 
influenced by site-specific factors in addition to 
stream size. 

The percentage of canals and ditches in the 
system was positively correlated with respira­
tion rates in the CCYK study area. Canals and 
ditches were present in nine of the ten CCYK 
study basins, whereas canals and ditching were 
not present in the DLMV and were present in 
only four of the seven CNBR basins and two 
of eight WHMI study basins. The percentage 
canals/ditches in CCYK also was correlated to 
discharge (rho = 0.86) and point velocity measure­
ments (rho = 0.70), indicating an increase in flow 
with increased ditching and channel modification, 
likely because of irrigation return flows. Previous 
work has suggested that streams with velocity per­
turbations and unstable sediment were dominated 
by respiration (Young and Huryn 1996; Uehlinger 
and Naegeli 1998; Biggs et al. 1999), which is con­
sistent with CCYK results. The models indicated 
that the wetted cross-sectional area in streams in 
CNBR explained most of the variability in CR-24 
values in that area, with increased CR-24 values in 
streams with a larger cross-sectional wetted area. 

Nutrients and biomass in agricultural areas 

Although there was a broad range in TN (0.19– 
8.98 mg/L) and TP (0.01–1.71 mg/L) concentra­
tions at our sites, most concentrations measured 
exceeded the US Environmental Protection 
Agency (2002b) recommended nutrient criteria 
for the respective ecoregions (Table 5). For these 
four study areas, TN exceeded the proposed re­
gional criteria at 88% (DLMV), 90% (CCYK), 
and 100% (CNBR and WHMI) of sites assessed 
in this study, whereas TP exceeded the proposed 
regional criteria at 75% of the sites in the DLMV 
and WHMI and 100% of the sites in the CCYK 
and CNBR. Therefore, based upon the proposed 
EPA criteria, concentrations of both TN and TP 
indicate that these four study areas have been 
substantially enriched by agricultural activities. 
While there are no recommended benthic algal 
biomass criteria at this time, Welch et al. (1998) 
reported that benthic algal Chl a values above 
100 mg/m2 are considered potentially excessive. 

http:0.01�1.71
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Table 5 The US Environmental Protection Agency’s recommended criteria for nutrients and algal biomass for aggregated 
nutrient ecoregions included in this study 

Measure (units) Study unit and aggregated nutrient ecoregion (ecoregion number) 

Central Columbia Central Nebraska Delmarva White-Miami River 
Plateau–Yakima Basins: South Peninsula: Basins: Corn belt 
River Basin: central cultivated Eastern coastal and northern 
Xeric west (III) Great Plains (V) plains (XIV) Great Plains (VI) 

Total nitrogen (mg/L) 0.38 0.88 0.71 2.18 
Total phosphorus (mg/La) 0.021 0.067 0.031 0.076 
Chlorophyll a (μg/L based on 1.78 3.00 3.75b 2.70 

fluorometric measurement 
Turbidity (FTU) 2.34c 7.83 3.04 6.36 

Source: US Environmental Protection Agency, 2002b 
FTU, formazin turbidity unit; NTU, nephelometric turbidity unit 
aConverted from micrograms per liter for consistency with text 
bSpectrophometric measurement 
cNTU, turbidity unit of measurement 

Average benthic Chl a in our study ranged from 
3.4 to 311 mg/m2, with six of the 31 sites having 
values greater than 100 mg/m2 . 

Similarly, measurements of sestonic Chl a were 
not indicative of an enriched trophic condition im­
plied by the nutrient concentrations, as 73% of the 
streams would be classified as oligotrophic with 
sestonic Chl a concentrations less than 10 μg/L 
(Dodds et al. 2006). 

These results suggest that chlorophyll con­
centrations may not always be good indicators 
of nutrient enrichment in agricultural streams. 
Rather, algal biomass appears to be controlled by 
basin conditions and/or physical alteration to the 
stream, as discussed below. Our findings are con­
sistent with other studies in agricultural systems 
that suggest factors, such as drainage alterations, 
other than solely increased nutrient concentra­
tions influence algal biomass (Wiley et al. 1990; 
Royer et al. 2004). 

Management implications: nutrient transport to 
downstream receiving water 

Few of the streams in our study were autotrophic, 
and most had low potential for nutrient uptake 
through primary production. This finding is con­
sistent with the suggestion of Peterson et al. (2001) 
that, as nitrogen inputs to streams increase, the 
capacity of streams to effectively retain and trans­
form nitrogen inputs will be overwhelmed, and 

effects of nitrate loading will be seen farther 
downstream. Additional research at a subset of 
our streams also supports this finding, in that den­
itrification rates in surface water were less than 
5% of surface water nitrate loading rates and 
were unable to significantly reduce downstream 
transport of nitrate (Duff et al. 2008). Hence, once 
within the stream channel, nitrate was effectively 
transported long distances due to high concentra­
tions, physical stream alterations, and limited bed 
contact (Duff et al. 2008). 

Our results indicate that agricultural streams 
present some unique challenges for assessing nu­
trient impacts. Because streams that occur in 
agricultural lands commonly have substantially 
elevated nutrient concentrations, it is difficult 
to find streams with low to moderate nutrient 
concentrations required for developing predictive 
models. Most of our study sites had nitrogen and 
phosphorus concentrations well in excess of crite­
ria values proposed by USEPA (US Environmen­
tal Protection Agency 2002b). Despite the high 
levels of nitrogen and phosphorus, indicative of 
organically enriched streams, the measurements 
of Chl a concentrations and in-stream production 
and respiration are not correspondingly diagnos­
tic of highly productive, eutrophic waters. The 
results demonstrate that, in these agricultural ar­
eas, which ranged from the arid west to humid 
east, stream metabolism processes are influenced 
to a greater extent by physical properties of the 
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stream or surrounding habitat despite elevated 
concentrations of nutrients. The study results fur­
ther suggest that biomass measures likely are not 
good indicators of stream nutrient enrichment in 
agricultural settings but still provide a general 
indication of production levels. 
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