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Denitrification associated with plants and sediments in an
agricultural stream
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Abstract.  Streams that drain agricultural watersheds in the midwestern US deliver large N loads
to downstream water bodies. Denitrification is a potential sink for N in streams, but its importance
in agricultural streams is unclear. Denitrification was examined in Big Ditch, a NO,-rich tributary to
the Sangamon River in east-central Illinois. Denitrification associated with benthic sediments and
floating mats of algae and macrophytes was measured from May to November 2002. Daily NO,-N
loads were calculated for the 2002 calendar year to provide a context for the denitrification rates. Four
other streams were sampled less intensively and the results indicated that Big Ditch was typical of
agricultural streams in the region. During the growing season, plant biomass in Big Ditch was oc-
casionally >200 g dry mass (DM)/m?, but biomass declined sharply following scouring spates in
June and August. Maximum rates of plant-associated and sediment denitrification were similar on a
DM basis (4.2 and 3.7 ug N,O [g DM] ! h!, respectively). However, denitrification rates in the
sediments were more than an order of magnitude greater than the rates associated with plant material
on an areal basis. Large floating mats of algae and macrophytes often covered much of Big Ditch,
but were not major sites for denitrification. Denitrification rates in the sediments generally were higher
than those reported from other streams, with a maximum value of 15.8 mg N m~2 h', but daily
NO;-N loads in Big Ditch often were >5 Mg N/d (Mg = 10° g). Denitrification rates were high at
times, but instream denitrification appeared not to substantially affect N losses from this agricultural

watershed.
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Elevated nutrient concentrations in agricultur-
al streams of the midwestern US are a major
water-quality problem. N loading to streams in
the agricultural midwest affects local habitats
and distant, downstream ecosystems (Alexan-
der et al. 2000, Rabalais et al. 2002). Locally, el-
evated nutrients cause eutrophication and raise
concerns regarding the quality of drinking wa-
ter. In addition, nutrients, such as NO;-N from
agricultural fertilizers, are carried from fields
into waterways leading to the Mississippi River
and the Gulf of Mexico. Increased N loading to
the Gulf of Mexico has caused harmful algal
blooms, eutrophication, and hypoxia (Rabalais
et al. 2002).
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Headwater streams are critical sites for N pro-
cessing, and these small streams may control N
export from watersheds (Alexander et al. 2000,
Peterson et al. 2001). However, studies of agri-
cultural streams in Ontario (Hill 1979) and Swe-
den (Jansson et al. 1994) found that instream de-
nitrification had only minor effects on N export.
David and Gentry (2000) constructed an N
mass-balance model for the state of Illinois and
estimated that instream denitrification in Illinois
could remove an average of 131,667 Mg N/y
(Mg = 10° g). This quantity indicated that in-
stream denitrification could be a large N sink.
However, the degree to which denitrification
controls N dynamics in streams is not clear and,
despite its potential importance, few direct mea-
surements have been made of denitrification in
the streams of Illinois or the agricultural mid-
west in general.

Benthic sediments are likely to be the most
important site for denitrification in streams, but
denitrification also is associated with other sub-
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strates, such as algal mats and macrophytes,
which tend to be abundant in nutrient-rich ag-
ricultural streams. Filamentous green algae,
such as Cladophora, can form mats several cen-
timeters thick, and anoxic zones in the mats
support denitrifying bacteria (e.g.,, Kemp and
Dodds 2002a). Vascular macrophytes also can
support epiphytic denitrification, even when O,
concentrations in the surrounding water are
high (Eriksson 2001).

Denitrification in the streambed of several ag-
ricultural streams in Illinois did not affect the
transport of NO,-N except during periods of
low discharge and low NO,-N concentration,
which occurred only in late summer and early
autumn (Royer et al. 2004). However, Royer et
al. (2004) did not examine denitrification in algal
mats. Previous studies have found that sedi-
ments supported significantly greater areal
rates of denitrification than did plants (Eriksson
and Weisner 1997, Kemp and Dodds 2002b), but
such comparisons have not been made in agri-
cultural streams in Illinois. Thus, our goal was
to compare denitrification in benthic sediments
with that occurring in floating mats of algae and
macrophytes in an agricultural stream in east-
central Illinois. Standing stock of plant biomass
was quantified throughout the growing season,
so that denitrification in both habitats could be
expressed as areal rates.

Methods
Site description

Most of the study was conducted in Big Ditch,
a 3rd-order tributary to the Sangamon River in
east-central Illinois (Champaign County). Land
use in the watershed is >80% row-crop agri-
culture, mostly corn and soy beans, and much
of this land is heavily fertilized with N (David
and Gentry 2000). As is typical of agricultural
headwater streams, Big Ditch is extensively
channelized and incised, and floods rarely over-
top its banks. The stream receives agricultural
runoff through subsurface tile-drains, but over-
land flow into the stream is rare. Channelization
and tile-drains have created a hydrologically
flashy system with short water-retention times
(Rhoads and Herricks 1996). The riparian veg-
etation consists almost exclusively of grasses,
and the stream has an open canopy throughout
its length. The streambed consists of gravel and
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sand, with some accumulations of fine organic
sediment (Royer et al. 2004). The stream lacks
coarse allochthonous organic matter and inor-
ganic substrates larger than gravel.

Field procedures

Five equidistant transects were established
along a 50-m reach of Big Ditch at a site ~5 km
above the confluence with the Sangamon River
and 100 m upstream of a gauging station op-
erated by the Illinois State Water Survey. Big
Ditch was sampled 12 times between May and
November 2002. On each sampling date, a grab
sample for water chemistry was collected from
the center of the stream at the most upstream
transect. Temperature and dissolved O, (DO)
were measured with an Orion probe (Model
835A) at midmorning on each date. In addition
to the point measurements, continuous DO and
temperature measurements were taken from 9
July to 12 July 2002 using a Hydrolab Mini
Sonde.

Plant cover on the streambed was determined
on each sampling date. On each transect, a me-
ter tape was stretched across the stream. Wetted
width and the distance along the transect (cm)
covered by plant material were measured, and
plant cover was expressed as % wetted width.
At each transect, all plant material in a 314-cm?
area that was completely covered by algae and
macrophytes was collected, dried for 48 h at
60°C to determine the dry mass (DM), and ex-
pressed as DM/m?. This value was then scaled
by % cover at that transect to estimate total
plant biomass on an areal basis (g DM/m?). Po-
tamogeton and Cladophora were not separated for
estimates of plant cover and biomass because
they grew in close association and were often
intertwined. Plant cover and biomass for the
study reach were calculated as the mean of the
5 transects.

On each sampling date, plant material was
collected from an undisturbed area near the
center of the stream on each transect for deni-
trification assays. Plant samples were taken
from several individual plants or algal tufts,
and all material for each transect was combined
into a composite sample. A 28-cm? corer was
used to sample the upper 5 cm of benthic sed-
iment (~100 g) near or beneath where plant ma-
terial had been collected. These samples were
taken to the laboratory for use in the denitrifi-
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cation assays (described below). An additional
sediment sample was collected at each transect
for determination of standing stock of DM and
ash-free dry mass (AFDM) in the streambed.
AFDM was measured by drying the sediment
at 60°C, combusting the organics at 550°C, re-
wetting the sediment, drying at 60°C, and ob-
taining the final mass (difference between pre-
and postcombustion DM = AFDM). All samples
were transported to the laboratory in stream
water immediately after sampling.

The same methods were used to sample 4
other streams with similar land use and agri-
cultural impacts to provide a frame of reference
within which the Big Ditch results could be
evaluated. The sites were in Black Slough, an
unnamed tributary to the Kaskaskia River, and
the West Okaw River in east-central Illinois, and
Cobb Ditch in the Kankakee River watershed in
northwest Indiana. Black Slough was sampled
twice during the 2002 growing season, and the
other sites were sampled once.

Water chemistry

Water samples were filtered through a 0.45-
pm membrane, appropriately preserved (APHA
1995), and later analyzed for NO,-N and dis-
solved organic C (DOC). NO;-N concentrations
were determined using a Dionex DX-120 ion
chromatograph, at a detection limit (DL) of 0.01
mg NO,-N/L. DOC concentrations were deter-
mined on a Dohrmann—Xertex DC-80 analyzer
(DL = 0.5 mg/L). Unfiltered water samples
were used to determine pH and specific con-
ductance using a glass electrode and conductiv-
ity bridge, respectively.

NO;-N load

Discharge was monitored continuously by the
Illinois State Water Survey immediately down-
stream of our study reach. Water samples for
NO,-N analysis were collected at the monitoring
station weekly from January through December
2002. During high discharge, samples were col-
lected more frequently with an ISCO 2900 sam-
pler. The concentration of NO,-N in the water
samples was determined as described above.
Between measurements, daily concentrations of
NO,-N were estimated by interpolation. The
NO;-N load in Big Ditch was determined by
multiplying mean daily discharge by the mea-
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sured or interpolated daily NO,-N concentra-
tion.

Denitrification rates

The acetylene block method (Tiedje et al.
1989, Knowles 1990) was used to measure de-
nitrification (Martin et al. 2001). Subsamples of
~25 cm?® of substrate (plant or sediment) from
each transect were placed in 150-mL media bot-
tles with a butyl septum in each lid. Plant sam-
ples were not rinsed to minimize disturbance to
epiphyte communities. Following substrate ad-
dition, each bottle was filled to 75 mL with un-
filtered stream water. Bottles containing plant
material were covered with aluminum foil to in-
hibit photosynthesis. Chloramphenicol (5 mM
concentration) was added to each bottle. This
antibiotic prohibited de novo synthesis of pro-
teins (Brock 1961), and it reduced bottle effects
to give more accurate estimates of in situ deni-
trification rates (Smith and Tiedje 1979). Bottles
were purged with He for 5 min to create a re-
ducing environment of <1 mg O,/L. Approxi-
mately 10% of the He in each bottle was re-
placed by adding 15 mL of pure C,H, using gas-
tight syringes (Martin et al. 2001). The bottles
were then shaken, vented, and incubated at
stream-water temperature. The headspace gas in
each bottle was sampled 4 times during a 2-h
period using gas-tight syringes. The sample vol-
ume was replaced with a mixture of 10% C,H,
and 90% He. Before headspace gas was sam-
pled, bottles were shaken to release N,O from
the sediments and then allowed to equilibrate
for 3 min.

The gas samples were analyzed on a Varian
3600 gas chromatograph with a ®Ni electron-
capture detector to quantify the concentration of
N,O. A serial dilution of high purity N,O (Scotty
II, Scott Specialty Gases, Plumsteadville, Penn-
sylvania) was used to create standards that were
analyzed prior to analyzing samples from the
denitrification assays. Denitrification rates were
determined by regressing N,O concentration in
the bottles against time and correcting for the
solubility of N,O (Tiedje 1982). Denitrification
rates were converted to areal rates by multiply-
ing the rate by the standing stock of plant DM
or sediment AFDM. Pearson product-moment
correlation coefficients (Zar 1999) were used to
examine relationships between NO,-N, DOC,
and denitrification rates in Big Ditch.
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TaBLE 1. Chemical and physical characteristics of Big Ditch during 2002. DOC = dissolved organic C.

NO,-N DOC Dissolved O, Discharge Temperature

Date (mg/L) (mg/L) (mg/L) (m3/s) (°C)

5 May 16.2 1.7 15.4 1.37 14.2
23 May 17.7 1.6 12.2 1.32 13.1
10 June 16.7 1.8 11.9 0.78 21.4
21 June 16.9 1.8 11.9 0.80 21.5
10 July 8.65 2.8 7.2 0.22 24.7
19 July 1.34 3.4 16.5 0.07 28.0
29 July 0.64 4.7 12.2 0.14 24.8
12 August 0.03 5.8 13.6 0.21 27.6
4 September 0.48 3.7 10.0 0.05 19.6
25 September 0.03 44 9.5 0.08 13.4
9 October 0.03 4.6 9.8 0.02 12.6
8 November 0.09 3.2 11.2 0.03 6.9

Results Plant biomass

Physical and chemical characteristics

Mean discharge was 0.44 m®/s, but discharge
was substantially higher during May and June
than during late summer and autumn (Table 1).
Width and depth of the stream averaged 7.4 m
and 0.12 m, respectively. Water temperature
ranged from ~7°C in November to 28°C in mid
July, and DO ranged from ~7 to 16.5 mg/L (Ta-
ble 1). Continuous DO measurements in Big
Ditch from 9 to 12 July 2002 showed a minimum
of ~3.8 mg/L (47% saturation) just prior to sun-
rise and a maximum of ~16.4 mg/L (>150%
saturation) during midafternoon (data not
shown). DOC ranged from 1.6 to 5.8 mg/L and
was consistently greater from mid July through
November than in May and June (Table 1). Spe-
cific conductance and pH averaged 582 pS/cm
and 8.25, respectively (data not shown).

Peak NO;-N concentrations in Big Ditch
ranged from ~14 to ~18 mg NO,-N/L and oc-
curred from February through early July (Table
1, Fig. 1A). Concentrations decreased sharply
during July as agricultural drainage ceased and
generally remained <1 mg NO,-N/L through
the remainder of 2002 (Table 1, Fig. 1A). NO,-N
loads in Big Ditch ranged from <1 to >20 Mg
N/d (Fig. 1B). The highest daily NO,-N loads
occurred from February through June. The other
streams examined were generally similar to Big
Ditch in physical and chemical characteristics
(Table 2).

Based on visual estimates, plant samples col-
lected in May and June were ~50% Potamogeton
and 50% Cladophora but, as the season pro-
gressed, the composition shifted to predomi-
nantly Cladophora. Plant cover ranged from 27 to
86% of the stream area in Big Ditch (Fig. 2A);
the highest values occurred during periods of
low flow, July through December. Three distinct
peaks in plant biomass were observed: 212 g,
201 g, and 184 g DM/m? on 10 June, 12 August,
and 24 September 2002, respectively. The first 2
peaks occurred just prior to scouring spates that
reduced biomass substantially (Fig. 2B). Tem-
poral patterns in plant biomass were not deter-
mined at the other sites because the sites were
sampled only once; however, % cover was vi-
sually similar to that in Big Ditch.

Denitrification rates

On a biomass basis, plant-associated and sed-
iment denitrification rates were similar, with
maximum rates of 4.2 and 3.7 pg N,O (g DM) !
h~1, respectively, and an average rate of 1.2 pg
N,O (g DM)~! h! across both habitats (Fig. 3A,
B). Temporal patterns for plant-associated and
sediment denitrification rates were similar (Fig.
3A, B). In general, plant-associated and sedi-
ment denitrification rates at the other sites were
similar to those in Big Ditch (Fig. 3A, B). On an
areal basis, plant-associated denitrification rates
(Fig. 4A) were lower than sediment rates (Fig.
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FiG. 1. Stream-water NO,-N concentrations in Big Ditch from January to December 2002 (A), and daily NO,-

N loads in Big Ditch during the same period (B). Mg = 10° g.

TaBLE 2. Chemical and physical characteristics of additional agricultural streams in Illinois and Indiana

examined during 2002. DOC = dissolved organic C. — = no data.

Specific

NO,-N DOC conductance Dissolved O, Discharge Temperature
Site Date (mg/L) (mg/L) pH (nS/cm) (mg/L) (m3/s) °C)
Cobb Ditch 15 July 0.04 2.5 8.0 856 10.3 1.01 21.4
Kaskaskia tributary 17 July 5.87 2.7 8.5 528 14.0 0.02 28.2
Black Slough 8 August  1.36 2.2 8.1 640 11.1 0.06 22.2
West Okaw River 16 August  0.04 - - - 153 0.03 29.2
Black Slough 22 August  3.02 24 8.0 665 8.6 0.05 23.4
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FIG. 2. Mean (+1 SE, n = 5) % plant cover on the streambed of Big Ditch from May to November 2002 (A),
and mean (*£1 SE, n = 5) areal biomass of plant material and discharge in Big Ditch during the same period

(B). DM = dry mass.

4B) by at least an order of magnitude. The max-
imum plant-associated rate was 0.29 mg N m2
h-' (Fig. 4A), whereas the maximum sediment
rate was 15.8 mg N m~2 h~! (Fig. 4B).

Plant-associated denitrification in Big Ditch
was correlated with NO,-N concentration (r =
0.648, p < 0.05), but denitrification in the sedi-
ment was not (r = 0.216, p > 0.05). Both plant-
associated and sediment denitrification were in-
versely correlated with DOC (r = —0.600, p <
0.05 and—0.337, p < 0.05, respectively).

Discussion

NO,-N concentrations in Big Ditch ranged
from 0.03 to >17 mg NO,-N/L. This large range
is typical of tile-drained agricultural streams in
east-central Illinois, where NO,-N concentra-
tions change seasonally in relation to agricul-
tural drainage and discharge (David et al. 1997).
Daily NO,-N loads declined markedly during
late summer and autumn because both NO,-N
concentration and stream discharge were lower
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FIG. 3. Mean (*+1 SE, n = 5) biomass-based denitrification rates for plant material (A) and benthic sediments
(B). Error bars are present for all dates but may be encompassed by the symbol. DM = dry mass.

than earlier in the year (Fig. 1). This seasonal
pattern in NO,-N loads is typical of streams in
the N-fertilized watersheds of east-central Illi-
nois (David et al. 1997).

Benthic sediments supported denitrification
rates as high as 15 tol6 mg N m~2 h! in Big
Ditch. Howarth et al. (1996) reported denitrifi-
cation rates up to 60 mg N m~2 h!, but other
studies from a range of stream types typically
reported rates <5 mg N m 2 h™' (Seitzinger
1988, Thompson et al. 2000, Kemp and Dodds
2002b). Five of the 12 measurements in Big

Ditch were >6 mg N m~2 h! (Fig. 4B), indicat-
ing the site often supported high rates of sedi-
ment denitrification. Plant-associated and sedi-
ment denitrification rates in Big Ditch were sim-
ilar when expressed on the basis of biomass
(Fig. 3A, B). However, on an areal basis, sedi-
ment rates were often 1 to 2 orders of magni-
tude greater than denitrification in mats of Cla-
dophora and Potamogeton (Fig. 4A, B), suggesting
sediments represent the greater N sink in Big
Ditch. Moreover, photosynthesis can prevent
high rates of denitrification in periphyton dur-
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FIG. 4. Mean (* 1 SE, n = 5) areal denitrification rates for plant material (A) and benthic sediments (B).
Error bars are present for all dates but may be encompassed by the symbol.

ing daylight (Triska and Oremland 1981), re-
ducing the importance of plants as sites for de-
nitrification. Other comparisons of plant-asso-
ciated and sediment denitrification have shown
that sediments supported much greater areal
denitrification rates than plants (Eriksson and
Weisner 1997, Kemp and Dodds 2002b). Thus,
large mats of macrophytes and Cladophora are
visually impressive in many agricultural
streams, but they may play a relatively minor
role as sites for N removal by denitrification.
The denitrification rates in Big Ditch were
within the range of values measured at our oth-

er sites (Fig. 3), indicating that the range of spa-
tial and temporal variability in denitrification
rates in Big Ditch probably is typical of tile-
drained, agricultural streams. Variability in sed-
iment denitrification is often related to NO,-N
or DOC concentrations (e.g., Cooke and White
1987, Garcia-Ruiz et al. 1998). Denitrification in
the sediments of Big Ditch was not strongly re-
lated to NO;-N in the water column and was
inversely related to DOC, suggesting other fac-
tors were involved in controlling sediment de-
nitrification rates. NO,-N did appear to control
denitrification associated with mats of Cladopho-
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ra and Potamogeton, suggesting the factors con-
trolling denitrification might vary between hab-
itats within a stream reach.

Denitrification requires anaerobic conditions
and may be strongly influenced by diel patterns
in DO caused by photosynthesis (Eriksson
2001). Continuous measurements made in July
showed that DO concentrations became super-
saturated under full sunlight but declined to
<50% saturation at night. The effect of fluctu-
ating DO on denitrification rates in Big Ditch
was not addressed directly in our study, but it
is plausible that temporal patterns of denitrifi-
cation may be cyclic in the same manner as DO
in streams. Eutrophic streams often display
large diel changes in DO (e.g., Wiley et al. 1990),
so extrapolating denitrification rates over time
periods as short as 24 h may give misleading
results on the importance of denitrification as a
NO;-N sink. As with NO,-N, the effect of DO
on denitrification might vary between habitats,
such as algal mats and benthic sediments, with-
in a stream.

A complete N budget was not constructed for
Big Ditch, but our study indicated that denitri-
fication in floating mats of Cladophora and Pota-
mogeton contributed relatively little to total de-
nitrification. Moreover, NO,-N concentrations
and loads during the first part of 2002 suggest-
ed that total instream denitrification did not
substantially reduce NO,-N export from the Big
Ditch watershed, despite high rates of sediment
denitrification. Peterson et al. (2001) examined
relatively undisturbed headwater streams and
found that instream processes strongly influ-
enced N losses from watersheds. Royer et al.
(2004) examined several agricultural streams,
including Big Ditch, and found the transport of
NO;-N was unaffected by instream denitrifica-
tion, particularly during periods of high NO,-N
concentrations. Overall, our research indicates
that agricultural streams, such as Big Ditch, can
support high rates of denitrification at times, but
the effect of denitrification on NO;-N dynamics
is likely to be greater in streams less disturbed
by agricultural practices than those in our
study.

Acknowledgements

We thank Karen Starks, Kyle Hermann, Chris-
ty Davidson, and Julie Kittsburg for assistance
in the field and laboratory. The Illinois State Wa-

DENITRIFICATION IN AN AGRICULTURAL STREAM

675

ter Survey provided discharge data for Big
Ditch. Glynnis Collins and 2 anonymous refer-
ees provided critical reviews of earlier versions
of our manuscript. Funding was provided by
the Illinois Council on Food and Agricultural
Research (Water Quality SRI), the Illinois Water
Resources Center, and the USDA-CSREES 406
Water Quality Program.

Literature Cited

ALEXANDER, R. B., R. A. SmMITH, AND G. E. SCHWARZ.
2000. Effect of stream channel size on the delivery
of nitrogen to the Gulf of Mexico. Nature 403:758—
761.

APHA (AMERICAN PUBLIC HEALTH ASSOCIATION).
1995. Standard methods for the examination of
water and wastewater. 19 edition. American
Public Health Association, Washington, DC.

Brock, T. D. 1961. Chloramphenicol. Bacteriological
Review 25:32-48.

COOKE, J. G., AND R. E. WHITE. 1987. Spatial distri-
bution of denitrifying activity in a stream drain-
ing an agricultural catchment. Freshwater Biolo-
gy 18:509-519.

DaviDp, M. B, AND L. E. GENTRY. 2000. Anthropogenic
inputs of nitrogen and phosphorus and riverine
export for Illinois, USA. Journal of Environmental
Quality 29:494-508.

DaviD, M. B., L. E. GENTRY, D. A. Kovacic, AND K.
M. SmiITH. 1997. Nitrogen balance in and export
from an agricultural watershed. Journal of Envi-
ronmental Quality 26:1038-1048.

ERIKSSON, P. G. 2001. Interaction effects of flow veloc-
ity and oxygen metabolism on nitrification and
denitrification in biofilms on submersed macro-
phytes. Biogeochemistry 55:29-44.

ERikssoN, P. G, AND S. E. B. WEISNER. 1997. Nitrogen
removal in a wastewater reservoir: the importance
of denitrification by epiphytic biofilms on sub-
mersed vegetation. Journal of Environmental
Quality 26:905-910.

GARCIA-RUIZ, R., S. N. PATTINSON, AND B. A. WHIT-
TON. 1998. Denitrification in river sediments: re-
lationship between process rate and properties of
water and sediment. Freshwater Biology 39:467—
476.

HiLr, A. R. 1979. Denitrification in the nitrogen bud-
get of a river ecosystem. Nature 281:291-292.
HowartH, R. W,, G. BILLEN, D. SWANEY, A. TOWN-
SEND, N. JAWORSKI, K. LAJTHA, J. A. DOWNING, R.
ELMGREN, N. CARACO, T. JORDAN, E BERENDSE, J.
FrReNEY, V. KUDEYAROV, P. MURDOCH, AND Z.
ZHAO-LIANG. 1996. Regional nitrogen budgets
and riverine N & P fluxes for the drainages to the
North Atlantic Ocean: natural and human influ-

ences. Biogeochemistry 35:75-139.



676

JANSSON, M., L. LEONARDSON, AND J. FEJES. 1994. De-
nitrification and nitrogen retention in a farmland
stream in southern Sweden. Ambio 23:326-331.

Kemp, M. J., AND W. K. Dopps. 2002a. The influence
of ammonium, nitrate, and dissolved oxygen con-
centrations on uptake, nitrification, and denitrifi-
cation rates associated with prairie stream sub-
strata. Limnology and Oceanography 47:1380-
1393.

Kemp, M. ], aAND W. K. Dopps. 2002b. Comparisons
of nitrification and denitrification in prairie and
agriculturally influenced streams. Ecological Ap-
plications 12:998-1009.

KNOWLES, R. 1990. Acetylene inhibition technique: de-
velopment, advantages, and potential problems.
Pages 151-166 in N. P. Revsbech and ]. Sorensen
(editors). Denitrification in soil and sediment. Ple-
num Press, New York.

MARTIN, L. A., P. J. MULHOLLAND, ]. R. WEBSTER, AND
H. M. VALETT. 2001. Denitrification potential in
sediments of headwater streams in the southern
Appalachian Mountains, USA. Journal of the
North American Benthological Society 20:505-
519.

PETERSON, B. J., W. M. WOLLHEIM, P. ]. MULHOLLAND,
J. R. WEBSTER, J. L. MEYER, J. L. TANK, E. MARTI,
W. B. BOWDEN, H. M. VALETT, A. E. HERSHEY, W.
H. McDoweLL, W. K. Dopbps, S. K. HAMILTON, S.
GREGORY, AND D. D. MORRALL. 2001. Control of
nitrogen export from watersheds by headwater
streams. Science 292:86-90.

RaBarAls, N. N, R. E. TURNER, AND W. ]J. WISEMAN.
2002. Gulf of Mexico hypoxia, a.k.a. “the dead
zone”. Annual Review of Ecology and Systemat-
ics 33:235-263.

Ruoaps, B. L., AND E. E. HERRICKS. 1996. Naturali-
zation of headwater streams in Illinois: challenges
and possibilities. Pages 331-367 in A. Brookes
and E D. Shields (editors). River channel resto-

J. L. SCHALLER ET AL.

[Volume 23

ration: guiding principal for sustainable projects.
John Wiley and Sons, New York.

ROYER, T. V., J. L. TANK, AND M. B. DAVID. 2004. Trans-
port and fate of nitrate in headwater agricultural
streams in Illinois. Journal of Environmental
Quality 33:1296-1304.

SEITZINGER, S. P. 1988. Denitrification in freshwater
and coastal marine ecosystems: ecological and
geochemical significance. Limnology and Ocean-
ography 33:702-724.

SMITH, M. S., AND J. M. TIEDJE. 1979. Phases of deni-
trification following oxygen depletion in soil. Soil
Biology and Biochemistry 11:261-267.

THOMPSON, S. P, M. E PIEHLER, AND H. W. PAERL.
2000. Denitrification in an estuarine headwater
creek within an agricultural watershed. Journal of
Environmental Quality 29:1914-1923.

TIEDJE, ]. M. 1982. Denitrification. Pages 1011-1026 in
A. L. Page (editor). Methods of soil analysis, part
2. American Society of Agronomy, Madison, Wis-
consin.

TIEDJE, J. M., S. SIMKINS, AND P. M. GROFFMAN. 1989.
Perspectives on measurement of denitrification in
the field including recommended protocols for
acetylene based methods. Pages 217-240 in M.
Clarholm and L. Bergstrom (editors). Ecology of
arable land. Kluwer Academic Publishers, Dor-
drecht, The Netherlands.

TriskA, E J., AND R. S. OREMLAND. 1981. Denitrifica-
tion associated with periphyton communities.
Applied and Environmental Microbiology 42:
745-748.

WILEY, M. ]., L. L. OsBORNE, AND R. W. LARIMORE.
1990. Longitudinal structure of an agricultural
prairie river system and its relationship to current
stream ecosystem theory. Canadian Journal of
Fisheries and Aquatic Sciences 47:373-384.

ZAR, J. H. 1999. Biostatistical analysis. 4" edition.
Prentice Hall, Upper Saddle River, New Jersey.

Received: 31 July 2003
Accepted: 16 August 2004



