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Abstract. Reservoirs are intrinsically linked to the rivers that feed them, creating a river–reservoir

continuum in which water and sediment inputs are a function of the surrounding watershed land

use. We examined the spatial and temporal variability of sediment denitrification rates by sampling

longitudinally along an agriculturally influenced river–reservoir continuum monthly for 13 months.

Sediment denitrification rates ranged from 0 to 63 lg N2O g ash free dry mass of sediments

(AFDM)�1 h�1 or 0–2.7 lg N2O g dry mass of sediments (DM)�1 h�1 at reservoir sites, vs. 0–12 lg
N2O gAFDM�1 h�1 or 0–0.27 lg N2O gDM�1 h�1 at riverine sites. Temporally, highest denitri-

fication activity traveled through the reservoir from upper reservoir sites to the dam, following the

load of high nitrate (NO3
�-N) water associated with spring runoff. Annual mean sediment deni-

trification rates at different reservoir sites were consistently higher than at riverine sites, yet sig-

nificant relationships among theses sites differed when denitrification rates were expressed per gDM

vs. per gAFDM. There was a significant positive relationship between sediment denitrification rates

and NO3
�-N concentration up to a threshold of 0.88 mg NO3

�-N l�1, above which it appeared

NO3
�-N was no longer limiting. Denitrification assays were amended seasonally with NO3

�-N and

an organic carbon source (glucose) to determine nutrient limitation of sediment denitrification.

While organic carbon never limited sediment denitrification, all sites were significantly limited by

NO3
� -N during fall and winter when ambient NO3

�-N was low.

Abbreviations: AFDM – ash free dry mass; ANOVA – analysis of variance; APHA – American

Public Health Association; C – carbon; chl a – chlorophyll a; CV – coefficient of variation; DM –

dry mass; DOC – dissolved organic carbon; Figure – figure; g – gram; He – helium; h – hour; km –

kilometers; l – liter; LSMeans – least-squared means; LSV – Lake Shelbyville, Illinois; m – meter;

mg – milligram; ml – milliliter; mM – millimolar; N – nitrogen; N + C – nitrogen plus carbon; N2 –

di-nitrogen gas; N2O – nitrous oxide; NH4
+ – ammonium; NO3

� – nitrate; O2 – oxygen; SE –

standard error; TDN – total dissolved nitrogen; TN – total nitrogen; USEPA – United States

Environmental Protection Agency; USGS – United Stated Geologic Survey; lg – microgram

Introduction

Reservoirs represent a transition zone from lotic to lentic ecosystems and have
been described as ‘river–lake hybrids’ given that they encompass intermediate
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characteristics that define both lakes and rivers (Kimmel et al. 1990). Com-
pared to natural lakes, reservoirs tend to have shorter water residence times
and more complex hydrology due to the presence of one or more major water
inlets, instead of multiple diffuse water sources characteristic of most natural
lakes (Kennedy et al. 1985; Kennedy and Walker 1990). Reservoirs are
intrinsically linked to the rivers that feed them (Baxter 1977), creating a river–
reservoir continuum, in which water and sediment inputs are functions of the
surrounding watershed land use (Kelly 2001). Little research has focused on
the cycling and biogeochemical transformations of nitrogen (N) that occur
within reservoirs and more importantly, how these processes change longitu-
dinally within the river–reservoir continuum.

Anthropogenic activities, including fossil fuel burning, increased planting
of N-fixing crops, and fertilizer production and application (David and
Gentry 2000; Gentry et al. 2000) have nearly doubled the rate of N input to
the terrestrial N cycle (Vitousek et al. 1997) and at least tripled the nitrate
(NO3

�-N) load carried by the Mississippi River (Goolsby et al. 2001;
Rabalais et al. 2002). Fertilizer application, in combination with rapid water
removal through tile drainage of fields, and channelization of streams in the
agricultural Midwest, have lead to increased N loads carried by headwater
streams, with NO3

�-N concentrations often exceeding drinking water stan-
dards of 10 mg l�1 (David et al. 1997; Townsend et al. 2003). These increased
N loads are subsequently carried to the Mississippi River and contribute to a
number of human health problems (Townsend et al. 2003), eutrophication of
surface waters (Carpenter et al. 1998), and seasonal hypoxia in the Gulf of
Mexico (Goolsby et al. 2001; Rabalais et al. 2002). Identifying factors that
control N retention in upstream aquatic ecosystems is essential for deter-
mining the relative roles that wetlands, lakes, rivers, and reservoirs play in
reducing high N loads.

Multiple processes contribute to NO3
� retention within aquatic ecosystems

including biological assimilation, abiotic sedimentation, dissimilatory NO3
�

reduction and denitrification (Schlesinger 1997; Saunders and Kalff 2001).
Denitrification is the microbial reduction of NO3

� to N gases (dinitrogen, N2

and nitrous oxide, N2O) under anoxic conditions (Tiedje 1982). In aquatic
systems, denitrification occurs readily in the top 2–5 cm of sediment when there
is abundant NO3

�, organic carbon, and anoxic microsites (Seitzinger 1988).
Sediment denitrification is of particular interest in the context of N export
because it represents a permanent removal of N from the aquatic ecosystem
whereas other transformations (e.g. assimilatory uptake into biomass) yield
only temporary storage of N. Mass-balance studies in reservoirs suggest sedi-
ment denitrification could be an important retention mechanism (Toetz 1973;
Josette et al. 1999). Denitrification rates within river sediments can be limited
by NO3

�-N, organic carbon, temperature, and redox conditions (e.g., Garcia-
Ruiz et al. 1998a, b; Pattinson et al. 1998). The effect of denitrification on N
retention in riverine systems is determined by sediment–water interactions,
including water residence time, water depth, and hydrological connectivity
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between various aquatic habitats (e.g., Alexander et al. 2000; Saunders and
Kalff 2001; Richardson et al. 2004).

We examined denitrification in a shallow, well-mixed reservoir in central
Illinois that drains an agricultural watershed. Surface waters in the agricultural
areas of Illinois experience NO3

�-N concentrations that range annually from
below detection to greater than 15 mg NO3

�-N l�1 (David et al. 1997), and
denitrification can at times be nitrate limited (Royer et al. 2004). It is not
known how the temporal variation in NO3

�-N concentrations and the changes
in physical (increased depth, decreased dissolved oxygen) and chemical
parameters within the reservoir will affect the spatial and temporal variability
of sediment denitrification rates along the river–reservoir continuum.

The objectives of this study were to measure sediment denitrification rates
at different sites located longitudinally within a river–reservoir continuum
and to determine factors influencing sediment denitrification at these sites.
We predicted that: (1) sediment denitrification rates along a river–reservoir
continuum would vary spatially and temporally in relation to longitudinal
variation in factors limiting denitrification such as water column NO3

�-N,
organic matter availability, and oxygen concentration, (2) higher sediment
denitrification rates would be associated with reservoir sites compared to
riverine sites, and (3) sediments collected from different habitat types within
the reservoir (e.g. littoral vs. profundal) would have different denitrification
rates.

Methods

Study site

This study was conducted in Lake Shelbyville (39�24¢22¢¢ N, 88�47¢00¢¢ W), a
reservoir located on the Kaskaskia River, which is a tributary of the Missis-
sippi River in east-central Illinois (Figure 1). The Shelbyville Dam was con-
structed in 1970 for flood control and is located 19.3 km south of the West
Okaw River confluence with the Kaskaskia River resulting in a Y-shaped
reservoir. The Kaskaskia and West Okaw Rivers combined account for
approximately 80% of the water inflow to Lake Shelbyville (LSV). These rivers
are equipped with USGS gaging stations both upstream (Station numbers
591200 and 5591700) and at the LSV dam (Station 5592000), logging hourly
stage readings (USGS 2003). LSV has a drainage basin of 2730 km2 with land
use of predominately row-crop agriculture (>80% corn and soybeans; Illinois
Department of Agriculture 2003). The surface area of LSV is 44 km2 under
normal pool conditions and can expand up to 100 km2 under flood conditions.
The mean water depth was 4.7 m during our sampling period with greatest
depths (maximum = 13 m) located close to the dam and more shallow depths
(minimum = 0.1 m) located in upper reservoir sites. Water residence time in
the reservoir from 1981 to 2003 has ranged from 2.5 to 10 months with a mean
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of 4.3 months (M. B. David, personal communication). In general, this is a
shallow, well-mixed reservoir with long water residence time.

Field sampling regime

Seven sites within the LSV river–reservoir continuum were sampled for sedi-
ments and water chemistry monthly from March 2002 to March 2003. Five of
these sites were located within LSV and two were located upstream of the
reservoir in the free-flowing Kaskaskia and West Okaw Rivers (Figure 1).
Flooding occurred from May to July 2003. As a result, during August sam-
pling, both riverine sites were relocated approximately 4 km upstream to avoid

Figure 1. Locations of monthly sampling sites within the Lake Shelbyville, IL river–reservoir

continuum. Dots mark the five sites sampled within the reservoir and the two riverine sampling sites

in the West Okaw and Kaskaskia Rivers.
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reservoir water backflow as a result of high flows in the previous months. The
five reservoir sampling sites were partitioned throughout the length of the
reservoir to account for longitudinal variability typical of reservoir ecosystems
(Kennedy et al. 1985). To account for variability within LSV, three distinct
reservoir habitat types were encompassed within these sites including, (1)
shallow upper reservoir, (2) profundal or deep water, and (3) shoreline or
‘littoral’ habitats. Habitat types were selected to account for variability in
water depth, sediment quality, and submerged vegetation that could influence
denitrification rates. Two upper shallow reservoir sites were sampled, one in
the Kaskaskia reservoir branch and the other in the West Okaw reservoir
branch, representing the transitional habitat from river to reservoir ecosystem
described by Thorton et al. (1980). The other three reservoir sites were located
further into LSV and sampled at both profundal and littoral habitats. LSV
littoral habitat does not fit the classic definition of littoral habitat as described
by Wetzel (2002) because of the continual erosion of the shoreline; therefore,
we defined our littoral habitat as the area within 10–15 m of the shoreline
regardless of depth or the presence of macrophytes.

Field procedures

Reservoir sediments were collected with an Ekman dredge, which sampled to a
depth of �3–6 cm depending on sediment texture at the particular site. The
contents of three grabs were pooled, homogenized by gently stirring, and
approximately 1 l of the composite sediment slurry was returned to the labo-
ratory for denitrification assays. For the river sites, sediments were collected
using a small coring device and spatula down to a depth of �5 cm, pooled from
multiple locations within each site and placed into a 1 l bottle. We were not
able to collect river sediments for three months (May–July) due to high water.
Unfiltered stream or reservoir water was collected in an acid-washed 1 l bottle
for use during the denitrification assays. Water and sediment samples were
stored on ice packs for transport to the laboratory and were stored for <24 h
(�6 �C) until denitrification assays were initiated. Preliminary experiments to
determine sediment storage time confirmed that a 24 h storage period did not
influence denitrification measurements; sediment denitrification rates from
assays initiated immediately following collection were not significantly different
from rates using sediments stored for 24 h (data not shown, one-way ANOVA,
p = 0.35).

At each reservoir site, water for nutrient analyses was also collected within
one meter of the benthic sediment surface using a Van Dorn sampler. Water at
each river site was collected from the thalweg, except during flood conditions
(May–July) when we collected samples in the inundated floodplain. Water
samples were filtered (0.7 lm Whatman GF/F filters) in the field into
acid-washed 60 ml Nalgene� bottles for dissolved nutrient analyses, except
during winter months when samples were not filtered until we returned to the
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laboratory. A separate 60 ml unfiltered water sample was collected for total
nitrogen (TN) analysis. Water samples were placed on ice for transport to the
laboratory and remained frozen until analyses were performed.

A known volume of epilimnetic water was filtered onto a GF/F filter for
chlorophyll a (chl a) analysis. The filter was placed in a scintillation vial
wrapped in foil and placed on ice until return to the laboratory, and kept
frozen until analysis. Temperature and dissolved oxygen profiles of the reser-
voir water column were recorded using a Temperature/Dissolved Oxygen
Meter 55 (YSI�, Yellow Springs, OH). To approximate the temperature and
dissolved oxygen at the sediment–water interface, we allowed the probe to rest
on the sediment surface and equilibrate.

Laboratory denitrification assays

Sediment denitrification rates were estimated using a modified chlorampheni-
col-amended acetylene inhibition technique as originally described by Tiedje
(1982). The acetylene inhibition technique blocks the reduction of NO3

� to N2

at the N2O step so only N2O accumulates in the headspace of assay bottles.
Approximately 25 ml of homogenized sediment slurry from each site was
dispensed into four replicate 125 ml media bottles. Although sediments were
disrupted to make a slurry, LSV sediments were naturally unconsolidated and
regularly subjected to disturbance through wind turbulence and bottom-
dwelling organisms. A chloramphenicol solution prepared with the unfiltered
water from each site was added to the media bottles to obtain a final con-
centration of approximately 6 mM. Chloramphenicol was added to suppress
de novo enzyme synthesis and yield measurements approximating in situ
denitrification rates (Yoshinari and Knowles 1976; Smith and Tiedje 1979;
Murray and Knowles 1999). The total volume in the bottles was brought to
75 ml with unfiltered site water. Media bottles were sealed with caps containing
butyl septa, and the headspace was purged with ultra high purity He for 5 min,
swirling periodically to ensure distribution. Following the He purge, 15 ml of
acetylene gas was added to three of the assay bottles to obtain a 10% acetylene
mixture in the headspace. The fourth assay bottle, the control, did not receive
acetylene to quantify N2O accumulation in the absence of acetylene. The
bottles were shaken to distribute the acetylene into the sediment slurry.

Based on our results and those of other studies (e.g., Rudolph et al. 1991;
Bernot et al. 2003; Royer et al. 2004; Schaller et al. 2004), the
chloramphenicol-amended acetylene inhibition technique is an accurate and
cost-effective technique for estimating denitrification when replication and
spatial scale would prohibit in situ methodology or coring methods (Bernot
et al. 2003). We recognize that the acetylene inhibition technique can, in
some situations, significantly underestimate denitrification rates (Seitzinger
et al. 1993), particularly when used in sediment cores with low available
NO3

�-N, with high rates of coupled nitrification-denitrification (Rudolph
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et al. 1991; Seitzinger et al. 1993). The present study was conducted in an
agricultural reservoir that receives high inputs of NO3

�-N from the wa-
tershed, and we believe nitrification to be a relatively minor source of
NO3

�-N for denitrification, relative to fertilizer contributions, in LSV.
Additionally, the short duration of the assay incubations likely minimized
potential errors caused by simultaneous nitrification inhibition (Bernot et al.
2003). If the experimentally induced anoxia combined with normally high in
situ NO3

�-N concentrations resulted in an increase in bacterial enzyme
production, this would result in an exponential increase in N2O concen-
trations over time; however, in the presence of chloramphenicol, new
microbial enzyme production was inhibited, and N2O production was linear.

Sediment denitrification assays were incubated at two temperatures: the
mean in situ temperature at the sediment–water interface (ambient) and room
temperature (22 �C). When the mean ambient temperature was ±4 �C of room
temperature, only the room temperature incubation was conducted. Five 5-ml
gas samples were drawn from the bottle headspace with a gas tight syringe
approximately every hour over a 5-h period and each gas sample was trans-
ferred to a 3 ml vacutainer� (Becton-Dickinson). The sample volume was
replaced with a 10% acetylene–He mixture to maintain constant pressure
throughout the assay. Vacutainer� septa were sealed with a silicon bead and
stored at room temperature until gas samples were analyzed for N2O on a
Hewlett Packard 5890 Series II Gas Chromatograph equipped with a Supelco�
80/100 HAYESEPQ 9¢ 1/8¢¢ column and an electron capture detector. Column
and detector temperatures were 70 and 325 �C, respectively.

Nutrient-amended denitrification assays

A separate set of denitrification assays were amended with nutrients (NO3
�-N

and glucose) in April (spring), July (summer), October (fall) and January
(winter) to determine if there was seasonal nutrient limitation of denitrification
within the river–reservoir continuum. We amended the sediment denitrification
assays with either 6 mg NO3

�-N l�1 (N treatment), or 30 mg C l�1 as glucose
(C treatment), or both NO3

�-N and C (N + C treatment). The N treatment
and C treatment were conducted during all seasons; N + C treatment was
conducted only in the fall and winter when ambient NO3

�-N concentrations
were low and there was a higher potential for co-limitation. All amended
denitrification assays were conducted in the same fashion as the monthly
denitrification assays and incubated at room temperature.

Nutrient and chlorophyll a analyses

Filtered water samples were analyzed for NO3
�-N, ammonium (NH4

+-N),
total dissolved nitrogen (TDN), and dissolved organic carbon (DOC). A
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separate unfiltered water sample was analyzed for TN. Nitrate concentrations
were quantified using a DIONEX DX600 ion chromatograph (USEPA 1993).
Ammonium concentrations were determined using the phenylhypochlorite
technique (Solorzano 1969) and analyzed with a 10-cm cell on a Shimadzu UV
1601 spectrophotometer. TDN and TN were quantified using a modified ver-
sion of the persulfate method 4500-Norg (APHA 1995) and measured colori-

metrically using a Lachat QuickChem�8000. Dissolved organic carbon was
measured on acidified water samples using the total organic carbon method
5310 B (APHA 1995) and measured on a Shimadzu TOC-5000A. Chlorophyll
a was extracted from the frozen filter with 90% ethanol, warmed in a 78 �C
water bath, and allowed to stand over night at �6 �C (Sartory and Grobbelaar
1984). Extracts were analyzed at room temperature with the modified fluoro-
metric technique on a Turner10-AU fluorometer (USEPA 1997).

Sediment characterization

From each assay bottle, subsamples of sediment were analyzed to quantify dry
mass (DM), ash-free dry mass (AFDM), carbon content (%C) and nitrogen
content (%N) as indicators of sediment quality. An aliquot of sediment slurry
was added to a pre-ashed, pre-weighed tin, simultaneously as each denitrifi-
cation assay bottle was filled. The sediments were then dried at 60 �C, weighed,
ashed for at least 2 h at 550 �C, rewet, dried, and reweighed. An additional
sub-sample from each site was dried, homogenized with a coffee grinder and/or
mortar and pestle and analyzed for C and N on a Costech elemental com-
bustion system.

Because there were inherent differences in sediment quality and texture,
denitrification rates calculated from laboratory assays were expressed and
analyzed both as lg N2O gAFDM�1 h�1 and as lg N2O gDM�1 h�1. In
general, sediment denitrification rates are reported here as lg N2O gAF-
DM�1 h�1 unless results were significantly different when expressed as lg N2O
gDM�1 h�1 and then results are reported both ways.

Statistical analyses

Sediment denitrification rates were grouped by season to identify temporal
trends (March–May = spring, June–August = summer, September–Novem-
ber = fall, and December–February = winter). Sediment denitrification rates
from ambient temperature incubations were used for seasonal analyses. Room
temperature incubations were used in analyses in which we wanted to eliminate
seasonal effects on denitrification rates. In general, room temperature incuba-
tions resulted in higher denitrification rates than the ambient temperature assays.

We tested for habitat effects on mean annual denitrification rates using
one-way analysis of variance (ANOVA). A post-hoc least-squares means test
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(LSMeans) followed significant ANOVA result to determine differences among
habitat types with a = 0.05. A repeated measures ANOVA was performed
using SAS 8.02 on sediment denitrification rates with ecosystem type (reservoir
vs. river) and season as the fixed effects (SAS Institute 1991). If a significant
reach * time interaction was found, a least-squares means test was used to
obtain the effects of habitat and season. A Bonferroni test was used to obtain
adjusted p-values and control cumulative Type I error. Non-normally dis-
tributed data were square root-transformed to meet the assumptions of para-
metric statistics.

Prior to conducting analyses on nutrient amendment results, the data were
pooled based on the pre-treatment ambient NO3

�-N concentration, with
spring and summer as high NO3

� months and fall and winter as low NO3
�

months. A two-factor ANOVA was used to determine whether denitrification
was significantly affected by the N and C treatments (Tank and Dodds 2003).
Single nutrient limitation was indicated when just one treatment (N or C)
elicited a positive response (two-way ANOVA, p<0.05) and the interaction
term in the ANOVA was not significant. Denitrification was determined to be
co-limited by N and C if an even greater response resulted when adding N and
C together than when either was added alone.

We tested for seasonal differences in response to the nutrient amendments by
sites with a one-way ANOVA performed on the ratio of the treatment (N, C or
N + C treatment) to the control (denitrification at ambient nutrient concen-
trations; p<0.005). If the ratio was undefined because the denitrification rate in
the absence of nutrient amendment was equal to zero, a rate less than the
lowest observed rate (0.001 lg N2O gAFDM�1 hr�1) was assigned to obtain a
numerical value.

Simple linear regression and stepwise multiple regression analyses were used
to examine relationships between sediment denitrification and measured
independent variables (water column NO3

� concentration, DOC, dissolved
oxygen, temperature and sediment nitrogen and organic content). We also
calculated the annual coefficient of variation (CV) for sediment denitrification
rates and independent variables and evaluated the relationship between the two
with regression analysis. Because independent variables span such a broad
range of values temporally, and the response of denitrification along this range
can vary greatly, a two-dimensional Kolmogorov–Smirnov test was used to
determine the threshold at which a nonrandom pattern between denitrification
and the independent variable dissipates (Garvey et al. 1998).

Results

Variation in physiochemical parameters within the river–reservoir continuum

Sites differed in depth and sediment characteristics, yet were similar in
parameters influenced by season (i.e., temperature and dissolved oxygen).
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Profundal sites were significantly deeper than littoral and shallow upper res-
ervoir sites (Table 1). Water temperature and dissolved oxygen at the sedi-
ment–water interface were not significantly different between sites with
exceptions in spring when profundal sites had significantly lower dissolved O2

(expressed as % O2 saturation) and in winter when riverine water temperatures
were significantly lower (Table 1). The sediment–water interface temperature
was the highest during summer months at all sites, coinciding with the lowest
dissolved O2 concentrations.

The reservoir water column was not thermally stratified for most of the year,
except periodically during summer. The difference between the mean temper-
atures of epilimnion and sediment–water interface in summer was highly
influenced by wind-induced water column mixing and ranged from 10 �C on a
calm day in July to 0.6 �C on a windy day in August. Dissolved O2 in the
reservoir exhibited a clinograde for most of the year. The difference in dis-
solved O2 ranged from 11% saturation in February to 139% saturation in
September and, like temperature, was influenced by wind, given the relatively
shallow depths of LSV.

Sediment organic matter at profundal sites was significantly higher than
littoral and riverine sites in spring and fall, but not during summer and winter
months (Table 1). Sediment organic matter was not significantly different be-
tween the profundal and shallow upper reservoir sites. Nitrogen content of
sediments was greatest at the profundal and shallow upper reservoir sites. In
general, sediment characteristics at profundal and shallow upper reservoir sites
were similar to each other and different from littoral and river sites.

Spatial variability in sediment denitrification rates and NO3
�-N within the river–

reservoir continuum by season: results from incubations at ambient temperatures

Sediment denitrification rates ranged from 0 to 63 lg N2O gAFDM�1 h�1 or
0–2.7 lg N2O gDM�1 h�1 for reservoir sites and 0–12 lg N2O gAFDM�1 h�1

or 0–0.27 lg N2O gDM�1 h�1 for riverine sites. We used the distance from the
dam to quantify the position of each site within the reservoir relative to the
other sites, and then evaluated the spatial variation in sediment denitrification
rates and NO3

�-N concentrations along the river–reservoir continuum. The
distance from the dam also provides a relative measure of water residence time
among the sites, although the actual residence time would vary seasonally as
reservoir volume changed. It was not possible to calculate the residence time
for individual sites within the reservoir.

In general, sediment denitrification rates within the reservoir, with respect to
distance from the dam, changed with season (Figure 2a–d). All sites within the
reservoir exhibited similar rates of sediment denitrification in spring regardless
of distance from the dam (Figure 2a). During summer, sediment denitrification
increased as one moved closer to the dam with the highest mean sediment
denitrification rate (±1 SE) occurring approximately 27 km from the dam
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(41.3±4.8 lg N2O gAFDM�1 h�1; Figure 2b). Sediment denitrification within
the reservoir was generally lower during fall, yet remained relatively high at the
lower end of the reservoir when compared to upper reservoir sites (Figure 2c).
Sediment denitrification rates were lowest during winter with the highest mean
sediment denitrification rate (±1 SE) occurring at the dam site (6.6±2.1 lg
N2O gAFDM�1 h�1; Figure 2d). Although there were differences in denitrifi-
cation rates between specific sites within the river–reservoir continuum on
different sampling dates, in general, the mean reservoir sediment denitrification
rate by season was significantly higher than the mean river sediment denitri-
fication rate during spring and summer, and not significant different during fall
and winter (repeated measures ANOVA, p = 0.019, p<0.001, p = 0.07 and
p = 0.31, respectively).

Nitrate concentrations in the river–reservoir continuum were highest in
spring, decreased in summer and fall, and began to increase in riverine sites in
winter (Figure 2e–h). Spring and summer months had high NO3

�-N, with
concentrations well above the calculated threshold NO3

�-N concentration of
0.88 mg N l�1 (two-dimensional Kolmogorov–Smirnov test, D = 0.150,
p = 0.0002), shown as a horizontal dotted line in Figure 2e–h. During fall,
NO3

�-N concentrations at riverine and shallow upper reservoir sites dropped
below the threshold value (Figure 2g). Sites with the highest sediment deni-
trification rates in the fall corresponded with NO3

�-N concentrations at or
above the threshold value. Nitrate concentrations at sites further into the
reservoir dropped below the threshold value in the winter when riverine con-
centrations increased (Figure 2h).

Sediment denitrification rates associated with different habitat types

We compared sediment denitrification rates of the four different habitat types
sampled within the LSV river–reservoir continuum (riverine, shallow upper
reservoir, profundal and littoral) using the mean annual sediment denitrifica-
tion rates of assays incubated at room temperature. Profundal and littoral
reservoir sites had significantly higher mean denitrification rate (20.7 and
19.6 lg N2O gAFDM�1 h�1 or 0.60 and 0.39 lg N2O gDM�1 h�1, respec-
tively) compared to riverine sediments (3.95 lg N2O gAFDM�1 h�1 or 0.06 lg
N2O gDM�1 h�1) regardless of how rates were expressed (Figure 3). Sediment
denitrification was not significantly different between littoral and profundal

Figure 2. Mean seasonal sediment denitrification rates (±1 SE) of assays incubated at ambient

temperature (a–d) and NO3
�-N concentration (e–h) within the Lake Shelbyville river–reservoir

network plotted against the approximate travel distance from the dam (dam = 0). Spring =

March–May, summer = June–August, fall = September–November and winter = December–

February. Means include values of both the littoral and profundal habitat for sites where both

habitats were sampled. River denitrification was sampled only once in the summer and therefore,

no error bars are present on data points.

b
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sites despite differences in water depth and sediment characteristics at those
sites (Table 1). In contrast, mean sediment denitrification from shallow upper
reservoir habitat was not significantly different from riverine habitat when
expressed per gAFDM and significantly higher when expressed per gDM.
Additionally, mean sediment denitrification rate from littoral habitat was
significantly higher than mean sediment denitrification rate of riverine habitat
when expressed as per gAFDM and not significantly different when expressed
as per gDM (Figure 3). These contrasts are likely due to the high sediment
organic matter and low DM at shallow upper reservoir sites and low organic
matter and high DM at littoral sites relative to other sites. In general, sediment
denitrification rates of reservoir sites were consistently higher than riverine
sites.

Figure 3. Mean annual sediment denitrification rates (±1 SE) of different habitat types within the

LSV river–reservoir continuum expressed as (a) lg N2O gAFDM�1 h�1, and (b) lg N2O

gDM�1 h�1 . Different letters indicate significant differences between means (one-way ANOVA on

annual means followed by LSMeans p<0.05).
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Predictors of reservoir sediment denitrification

Physiochemical parameters at the sediment–water interface
We examined the relationships between sediment denitrification and DOC,
dissolved oxygen (%), temperature, and NO3

�-N within the river–reservoir
continuum. There was a significant inverse relationship between sediment
denitrification and DOC concentration, but the model had little explanatory
power (data not shown, r2 = 0.06, p = 0.01). Sediment denitrification rates
from ambient temperature incubations were positively related to temperature
(r2 = 0.14, p<0.001; Figure 4a), and negatively related to dissolved oxygen
(r2 = 0.11, p = 0.0006; Figure 4b). There was greater variation in sediment
denitrification rates at high temperatures and low dissolved oxygen concen-
trations, compared to the variation in denitrification at low temperatures and
high dissolved oxygen concentrations.

There was a weak relationship between sediment denitrification rates and
NO3

�-N concentration (linear regression, r2 = 0.04, p = 0.03) when exam-
ined across the entire range of NO3

�-N values that occurred during the study
(Figure 5a). However, a two-dimensional Kolomogorov–Smirnov test indi-
cated a stronger relationship existed between these variables when NO3

�-N
concentration was less than 0.88 mg NO3

�-N l�1 (r2 = 0.14, p = 0.03; Figure
5b). Above this NO3

�-N threshold, factors such as temperature, carbon
availability, scouring, and oxygen concentration may have controlled sediment
denitrification rates. For example, in the spring (open circles, Figure 5) NO3

�-
N concentrations were high and unlikely limited denitrification. At that time
discharge was also high and may have influenced carbon sources or redox
conditions, which in turn could have limited denitrification. Finally, temper-
ature was low throughout the river–reservoir continuum and could also have

Figure 4. Sediment denitrification rates from assays incubated at ambient water column tem-

perature plotted against (a) site temperature, and (b) dissolved oxygen (%) at the sediment–water

interface.
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limited microbial activity. The coefficient of variation of sediment denitrifica-
tion was positively related to the coefficient of variation for NO3

�-N concen-
tration within the river–reservoir continuum (r2 = 0.65, p = 0.005), and
variation in NO3

�-N concentration and sediment denitrification exhibited an
approximate 1:1 relationship. Riverine and upper shallow reservoir sites had
the highest annual variation in NO3

�-N concentrations and sediment denitri-
fication rates (Figure 6). In contrast, the profundal and littoral sites were less
variable in both NO3

�-N concentrations and sediment denitrification rates and
influenced the lower end of the trendline (Figure 6).

Because seasonal changes in nutrient concentrations may have influenced
potential nutrient limitation of sediment denitrification rates, we conducted
nutrient amendment assays seasonally. We evaluated the treatment response to
added nutrients after log transforming the ratio of the treatment sediment

Figure 5. Sediment denitrification rates of sites within the river–reservoir continuum plotted

against NO3
�-N concentration for the (a) entire data set with the calculated threshold value from a

two-dimensional Kolomogorov–Smirnov test marked by the vertical dashed line, and (b) only the

rates (±1 SE) associated with NO3
�-N concentration below the threshold value.
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denitrification rate to the control; a positive value indicated an increase in
denitrification in response to the amendment and a negative value indicated a
decrease in denitrification in response to the amendment. For nutrient
amendments conducted when ambient NO3

�-N concentrations were low (fall
and winter), the N treatment had a significant positive affect on sediment
denitrification rates at all sites (two-way ANOVA, p<0.005), whereas the C
treatment did not have a significant effect (Figure 7a). The N treatment alone
and N + C treatment were not significantly different, yet rates of both were
significantly higher than C treatment alone. For nutrient amendments con-
ducted during spring and summer when NO3

�-N concentrations were high,
there were few significant responses to the N or C treatments (Figure 7b); the N
treatment had a small but significant negative effect on sediment denitrification
at the profundal sites and the C treatment had a significant negative effect on
denitrification at the river sites (two-way ANOVA for both p<0.005).

When comparing responses to nutrient amendments by habitat type, no
significant differences were observed among sites (one way ANOVA, p>0.05),
except at riverine sites in spring and summer when there was a significant
negative response to the C amendment (Figure 7b). In general, profundal and
littoral sites responded similarly to all nutrient amendments and the shallow
upper reservoir sites had the greatest positive response to all amendments
during seasons exhibiting low NO3

�-N concentrations (Figure 7a).

Sediment characteristics
There was no relationship between sediment denitrification and sediment
characteristics of organic matter and N content when denitrification was
expressed per gAFDM (data not shown, p = 0.50 and 0.93, respectively). In
contrast, denitrification rates expressed per g DM were positively related to
sediment organic matter and nitrogen content (both as %; Figure 8). Sediment

Figure 6. Relationship between annual variation in sediment denitrification (lg N2O gAF-

DM�1 h�1) and NO3
�-N concentration within the LSV river–reservoir continuum.
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organic matter and nitrogen content explained approximately equal amounts
of the variation in sediment denitrification rates (r2 = 0.18 and 0.15, respec-
tively), likely because they were positively related to each other (r2 = 0.78,
p<0.001). Sediments from profundal and shallow upper reservoir sites had
organic matter, nitrogen content, and carbon content spanning the entire range
of values measured. In contrast, the majority of the littoral and riverine sites
had low organic matter and nitrogen content relative to the range of values
measured, yet still had a large range in carbon content.

Using multiple stepwise regression, 39% of the variation in sediment deni-
trification rates from ambient temperature assays was explained by ambient

Figure 7. Mean sediment denitrification response to NO3
�-N amendment (N), carbon amend-

ment (C), and N + C treatments by habitat type for seasons (a) with low NO3
�-N (fall and winter

[NO3
�-N] = 0.15–2.86 mg l�1), and seasons (b) with high NO3

�-N (spring and summer; [NO3
�-

N]=3.49–13.07 mg l�1). Nutrient amended denitrification rates are expressed relative to un-

amended, ambient denitrification rates (A). Spring, summer, fall, and winter were sampled April,

July, October and January respectively. A positive bar indicates an increase in denitrification with

nutrient amendment; a negative bar indicates an inhibitory effect on denitrification. Different letters

indicate significant differences in response by habitat type (one-way ANOVA on log (treat-

ment:ambient) data, p<0.05) and a significant treatment effect is marked by an * (results of a

two-way ANOVA ran on log transformed data, p<0.005).
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temperature, water depth, sediment nitrogen content, and dissolved O2

(r2 = 0.39, p<0.0001). In contrast, ambient temperature, water depth, chl a,
and sediment organic content were significant predictors of sediment denitri-
fication rates from room temperature assays (multiple stepwise regression,
r2 = 0.26, p<0.0001). Results of all regression analyses are summarized in
Table 2.

Discussion

Longitudinal variation in sediment denitrification along the river–reservoir
continuum

Peak sediment denitrification rates moved from upper reservoir sites through
the reservoir closer to the dam, following the spring load of high NO3

� at the
river inlets and seasonal increases in temperature and decreases in dissolved
oxygen at the sediment–water interface (Table 1 and Figure 2a–d). High
sediment denitrification rates measured within LSV in the summer were more
similar to rates measured in created wetlands and small ponds (Fleischer
et al. 1994; Xue et al. 1999), compared to rates reported for eutrophic lakes
and rivers (Ahlgren et al. 1994; Garcia-Ruiz et al. 1998a,b; McMahon and
Dennehy1999). Summer was also when we observed the greatest difference
between reservoir and riverine sediment denitrification rates. But our mea-
surements of riverine sediment denitrification in the summer may be an
underestimate of the actual rates because we only sampled riverine sediments
in August when the NO3

� concentrations were decreasing and we may have
missed periods of high sediment denitrification at riverine sites during June

Figure 8. Sediment denitrification rates (lg N2O gDM�1 h�1) plotted against (a) sediment

organic matter, and (b) sediment nitrogen content.
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and July flooding. However, high water velocities and sediment disturbance
could counteract high NO3

� and keep river denitrification rates low.
During the fall, sediment denitrification within the reservoir generally

decreased due to a combination of both lower NO3
� concentrations and higher

dissolved oxygen throughout the river–reservoir continuum (Table 1 and
Figure 2c). The general trend in NO3

�-N concentrations throughout the
continuum up until fall was a gradient of NO3

�-N concentrations, with highest
NO3

�-N associated with riverine sites and lowest NO3
�-N at the dam. The

NO3
�-N gradient inverted in the fall with lowest NO3

�-N at riverine sites and
highest NO3

�-N at the dam, causing peak sediment denitrification rates within
the river–reservoir continuum to shift closer to the dam where NO3

�-N
concentrations remained high (Figure 2c, g).

Seasonal trends in sediment denitrification due to changes in temperature
have been documented in estuaries, with highest denitrification rates during
the summer months and lowest denitrification rates in winter (Jørgensen
1989). Similar seasonal trends were observed in LSV. Our data suggest low
sediment denitrification rates throughout the LSV river–reservoir continuum
in winter were primarily the result of low temperatures, and secondarily the
result of low NO3

� concentrations. Nitrate concentrations increased above
the NO3

�-N threshold at the Kaskaskia riverine and shallow upper reservoir
sites in winter, yet sediment denitrification rates remained low Figure 2d, h).
This suggests even if river inlets delivered high NO3

�-N water to the reservoir
in the winter, sediment denitrification will remain low as long as temperatures
are low.

Although we found trends in sediment denitrification associated with both
temperature and NO3

� concentration in the LSV river–reservoir continuum,
these variables explained only a small portion of the variability in sediment
denitrification (Figures 4a and 5a) compared to previous work in other
aquatic ecosystems (Jørgensen 1989; Garcia-Ruiz et al. 1998a, b). In LSV,
the lack of explanatory power by NO3

�-N and temperature may be partly
explained by the temporal and spatial discontinuity between NO3

�-N and
temperature oscillations throughout the river–reservoir continuum. For
example, during spring when NO3

�-N was high throughout the continuum,
temperatures were low; during fall when temperatures were still relatively
high, NO3

�-N concentrations in the riverine and upper reservoir sites were
low. Additionally, water column NO3

�-N, which has been found to be the
primary limiting substrate for sediment denitrification (Kaspar 1985; Holmes
et al.1996; Mitchell and Baldwin 1999; Martin et al. 2001) was above the
NO3

�-N threshold value in LSV for the majority of the year. Our data
suggested denitrifying bacteria are continually active under high NO3

�-N
conditions and can capitalize on other seasonal conditions that make
denitrification more favorable (e.g. temperature). Therefore, multiple vari-
ables in combination, including NO3

�-N concentration, dissolved oxygen,
temperature, sediment organic matter and nitrogen content, and in some
cases water depth and chl a (Table 1), influenced denitrification activity with
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each variable explaining a small portion of the total variability in sediment
denitrification rates within the LSV river–reservoir continuum.

LSV NO3
�-N threshold

Multiple studies have reported NO3
�-N limitation of denitrification (Holmes

et al. 1996; Mitchell and Baldwin 1999; Martin et al. 2001); however, none
of these studies reported a threshold below which NO3

�-N became a
limiting factor for the denitrification process. The NO3

�-N threshold of
sediment denitrification within the LSV river–reservoir continuum was cal-
culated to be 0.88 mg l�1, and was higher than NO3

�-N thresholds deter-
mined for headwater agricultural streams in Illinois (approx. 0.6 mg l�1,
T.V. Royer unpublished data) and Michigan (approx. 0.4 mg l�1, Inwood
et al. in press). Because the NO3

�-N threshold for sediment denitrification
within LSV was higher than the two stream studies, it suggests that in LSV
sediment demand for NO3

�-N associated with denitrification is high. Res-
ervoir sediments are typically of higher organic content than stream sedi-
ments due to less frequent scouring and contributions from senescing
phytoplankton, likely providing a readily available labile carbon source.
Additionally, LSV was frequently stratified in the deeper regions with anoxic
conditions within the first centimeter below the sediment–water interface
(data not shown).

The relationships between DOC, sediment organic content and sediment
denitrification

Contrary to results from previous studies on the influence of DOC on
denitrification (Stanford et al. 1975; Smith and Tiedje 1979; Hedin et al.
1998), variation in water column DOC did not influence sediment denitrifi-
cation rates within LSV in the predicted fashion. This was further supported
by the lack of positive response to the majority of C amended sediment
denitrification assays (Figure 7). Potentially, a surplus of organic carbon was
available to denitrifying bacteria, bulk DOC measurements do not reflect the
available component, or DOC from the water column was not the primary
electron donor for denitrification in LSV sediments. An alternative source of
organic carbon for sediment denitrification is organic carbon associated with
the sediments themselves (Garcia-Ruiz et al. 1998a, b). The positive rela-
tionship between sediment denitrification (expressed per g DM) in LSV and
sediment organic matter (Figure 8a), suggests microbes within LSV sediments
may utilize organic carbon from the sediments rather than the DOC from the
water column.
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Comparing profundal and littoral sediment denitrification

In this study we found that sediment denitrification rates within LSV did not
differ between littoral and profundal sites (Figure 3), unlike previously pub-
lished results from studies conducted in natural lakes (Kaspar 1985; Ahlgren
et al. 1994). This difference, or lack of one, may be because profundal and
littoral sites in LSV were not as physiochemically different compared to natural
lakes (Kasper 1985) due to highly eroded and shifting shorelines. The greatest
difference in NO3

� concentrations between a LSV site sampled at both pro-
fundal and littoral habitats was measured in July (profundal and littoral = 5.5
and 4.4 mg N l�1, respectively); however both were well above limiting NO3

�-
N concentrations. Additionally, Ahlgren et al. (1994) suggested the difference
in denitrification rates at profundal and littoral sites was due to a lower redox
potential at the profundal sites that potentially induced competition with other
chemical processes such as sulfate reduction and dissimilatory NO3

� reduction.
Although profundal sites had significantly lower dissolved O2 in spring and
fall, dissolved O2 concentrations were generally similar and unlikely to create
such competition differences in LSV (Table 1).

Nitrate limitation of sediment denitrification within the river–reservoir continuum

Nitrate limitation of sediment denitrification coincided with seasonal precipi-
tation patterns and crop growth. Little NO3

�-N entered the LSV river–reser-
voir continuum when precipitation was low and crop biomass was high during
late summer and early fall, resulting in lower sediment denitrification rates first
in the riverine and later in upper reservoir sites. The shallow upper reservoir
habitats had the highest degree of limitation as evidenced by the greatest po-
sitive response to the N amendment (Figure 7a). This suggests denitrifiers
located in the shallow upper reservoir sites potentially store enzymes necessary
for denitrification during periods of low NO3

�-N concentrations, which en-
ables a greater increase in rates when NO3

�-N concentrations are non-limiting.
The negative response to the N and C amendments across all sites observed

in spring and summer was unexpected. Potentially, adding NO3
�-N to already

high concentrations (end concentrations ranged from 15.7 to 19.1 mg NO3
�-N

l�1 in the spring and 9.5–13.8 mg NO3
� -N l�1 in the summer) resulted in

concentrations that may inhibit denitrification activity directly or indirectly by
stimulating competition with other anaerobic reductions such as dissimilatory
nitrate reduction (DNR; Stanford et al. 1975). We did not measure DNR and
did not find any previously published studies where both sediment denitrifi-
cation and DNR were measured simultaneously in freshwater ecosystems;
however, DNR has been found to occur simultaneously with denitrification in
estuarine sediments (Koike and Hattori 1978; Jørgensen 1989). DNR was also
suggested by Ahlgren et al. (1994) to be in competition with denitrification for
NO3

�-N, resulting in decreased denitrification rates. Increased competition for
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NO3
�-N via DNR may also explain lower sediment denitrification rates with

the C amendment, as glucose has been found to stimulate DNR in soils
(Standford et al. 1975). Additional research quantifying DNR simultaneously
with denitrification at different NO3

�-N and C concentrations for sediments
from different freshwater ecosystems is needed to clarify the relative role of
NO3

�-N and C in controlling these biogeochemical transformations.

Where is the highest sediment denitrification potential within the river–reservoir
continuum?

Regression analyses suggest that shallow upper reservoir sites will have the
highest sediment denitrification potential along the river–reservoir continuum
due to the high organic matter and nitrogen content of sediments and high
NO3

�-N concentrations in the water column. Sediment quality at shallow
upper reservoir sites is the result of a chain of events that occur when water
velocity declines, which increases the deposition of fine sediments that are
generally high in organic matter and have high oxygen demand (Cole and
Hannan 1990). Subsequent light penetration as a result of increased water
clarity results in high primary production (Baxter 1977; Thorton et al. 1980),
which further increases organic matter and nitrogen content of sediments, and
oxygen demand through senescence of algae. Despite the potential for high
sediment denitrification, shallow upper reservoir sites were the least buffered of
the reservoir sites. Annual variation in NO3

�-N concentration was generally
higher (Figure 6) and dissolved oxygen concentrations spanned the largest
range of values (Table 1). This variability resulted in more variable sediment
denitrification rates when compared to reservoir sites closer to the dam (Figure
6). Sediment denitrification rates peaked in the shallow upper reservoir only
when the conditions were favorable (i.e., high NO3

�-N, low dissolved oxygen,
and high temperature), and remained relatively low for a large portion of the
year depending on the conditions of the inlet rivers.

In summary, longitudinal differences in sediment denitrification measured
within the LSV river–reservoir continuum were related to differences in sedi-
ment quality and physical parameters associated with different habitat types
along the continuum. Attempts to model watershed N retention (e.g., Seitz-
inger et al. 2002) may be greatly underestimating the significance of reservoirs
in total N retention because the models neglect differences in sediment deni-
trification capacity along river–reservoir continua. Higher sediment denitrifi-
cation rates along the LSV river–reservoir continuum are inevitably important
to the overall N retention by LSV. If other reservoirs located in agricultural
landscapes have equally high denitrification rates, these reservoirs combined
may have a significant effect on decreasing export of NO3

�-N to downstream
aquatic ecosystems. Overall, downstream eutrophication of surface waters
(Carpenter et al. 1998) and hypoxia in the Gulf of Mexico (Rabalais et al. 2002)
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may be more extensive without denitrification associated with upstream res-
ervoirs.
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