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ABSTRACT
We measured denitrification, immobilization, and respiration in

microcosms that simulated groundwater conditions in a riparian forest
in Rhode Island. Measured rates were compared with rates of
NOj" removal measured in a companion study using a groundwater
monitoring well network and 10-mo injection of NOf and a bromide
tracer to groundwater in the same riparian forest. Limiting factors
for denitrification were assessed, and microbial and root biomass and
potential net N mineralization and nitrification were compared in
aquifer material exposed to the 10 mo of NOf dosing and unexposed
control material. While there was significant variation in water table
levels, dissolved oxygen, dissolved organic C, and total C within the
aquifer in the riparian forest, there was little spatial variation in
denitrification or respiration rates. Rates were higher in summer than
in winter and were nearly always limited by a lack of organic C.
Limited evidence suggested that immobilization was not a significant
sink for NOj~. Measured groundwater denitrification rates were high
enough to eliminate 27% of an incoming NOj" concentration of 10 mg
N L~' over a riparian zone width of 60 m, with a travel time of 1600
d, and equaled 6.0 kg N ha"' yr~'. The measured denitrification rates
were much lower than rates of groundwater NO3~ removal directly
measured in the companion hydrologic study at the same time (120
kg N ha"' yr~'), suggesting that there is still considerable uncertainty
about the mechanisms of NOf removal from groundwater in riparian
forests.

RPARIAN ECOSYSTEMS have been found to be important
sinks for NOf moving in groundwater from upland

areas toward streams in many studies (Lowrance et al.,
1984; Peterjohn and Correll, 1984; Jacobs and Gilliam,
1985; Pinay and Decamps, 1988; Simmons etal., 1992;
Jordan etal., 1993; Hay cock and Pinay, 1993). However,
in several of these studies, the mechanism of NOf re-
moval within the riparian zone has not been clear. While
both plants and microbes can take up NOf from ground-
water, the ability of plants to scavenge NOf from below
the water table throughout the year, and the capacity of
microbes to be active in the commonly low C subsurface
environment are uncertain and poorly studied.

A problem that has emerged in riparian zone research
is that when denitrification and immobilization have been
directly measured in laboratory microcosms of shallow
aquifer material, the measured rates are frequently too
low to account for the amount of NOf removal observed
in companion field studies based on groundwater moni-
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toring well networks (Lowrance, 1992; Groffman et al.,
1992). Laboratory-based measurements of low ground-
water denitrification rates are especially puzzling in situa-
tions when high in situ NOf removal rates are observed
during the dormant season, when subsurface microbial
activity is the most likely mechanism of removal (Low-
rance, 1992; Haycock and Pinay, 1993). This puzzle
suggests that our understanding of subsurface microbial
activity, in general, and of subsurface denitrification, in
particular, is incomplete.

A major question in microbial ecology is the source
of energy to support groundwater microbial activity
(Korom, 1992; Starr and Gillham, 1993). High rates of
groundwater denitrification have been observed in several
studies (Trudell et al., 1986; Slater and Capone, 1987;
Smith and Duff, 1988; Francis et al., 1989; Obenhuber
and Lowrance, 1991); however, other studies have found
the potential for denitrification beneath the water table
to be low or nonexistent (Parkin and Meisinger, 1989;
Groffman et al., 1992; Bradley et al., 1992; Yeomans
et al., 1992; Starr and Gillham, 1993). Groundwater
microbial activity is usually limited by organic C avail-
ability since the total and dissolved organic C contents
of the solid and liquid phases of aquifers are low and
are generally poor quality substrates for microbial growth
(Lind and Eiland, 1989; Hiscock et al., 1991; Johnson
and Wood, 1992; McCarty and Bremner, 1992).

Rates of groundwater denitrification in riparian forests
are likely to vary substantially from upland to streamside
areas due to changes in soil C content, water table heights,
vegetation, and oxygen levels (Starr and Gillham, 1993).
In riparian areas, there can be marked changes in these
factors over small spatial scales (Warwick and Hill,
1988; Cooper, 1990; Nelson et al., 1995). At the upland
edge of a typical riparian forest, the water table is beneath
the biologically active zone (surface soil horizons), aero-
bic conditions are likely, and there is little C in the
subsurface to support denitrification. At the wetland edge
of a typical riparian zone, the water table is closer to
the soil surface, anaerobic conditions are common, and
the groundwater is likely within the biologically active
zone of the soil (Simmons et al., 1992). While denitrifi-
cation should be relatively low at the upland edge and
high in the wetlands, rates in those areas in between
(transition zones) are less easy to predict.

This study was performed in conjunction with a study
of in situ NOf removal from groundwater in a riparian

Abbreviations: MWD, moderately well drained; SPD, somewhat poorly
drained; PD, poorly drained; VPD, very poorly drained; DO, dissolved
oxygen; DOC, dissolved organic carbon.
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Fig. 1. Schematic plan view diagram of experimental site showing
locations of soil drainage classes and experimental stations.

forest (Nelson et al., 1995). In the companion study,
NOj- and a bromide (Br-) tracer were applied continu-
ously to groundwater at different locations in the upland-
wetland transition zone of a riparian forest. The goal of
the companion study was to quantify spatial and temporal
variation in groundwater NOr removal in the riparian
forest by analyzing NO~-/Br- ratios in groundwater moni-
toring wells downslope from where NOr and Br- were
applied. The goal of the study reported here was to
identify the processes responsible for the observed re-
moval, especially denitrification. Our specific objectives
were: (i) to characterize spatial and temporal variation
in denitrification and related variables (respiration, im-
mobilization, microbial biomass, potential net N mineral-
ization and nitrification, root biomass) within NOr-rich
shallow groundwater in a riparian forest; (ii) to determine
the factors limiting denitrification of NOr rich groundwa-
ter; and (iii) to assess the effects of subsurface NOr
additions on microbial and root biomass and potential
net N mineralization and nitrification.

METHODS

Site Description

The study site was located at the University of Rhode Island
Peckham Farm Soil and Water Conservation Field Laboratory

near Kingston, RI (41~30’ N, 71’30’ W). This area is located
within the Pawcatuck watershed and includes 500 m of stream
bordered by a forested riparian zone. The upland is composed
of agricultural fields and forest. Soils at the site comprise a
toposequence derived from glaciofluvial deposits of struc-
tureless, granitic, sands, and loamy sands with an average
slope of 3 %. The soils are classified as sandy, mixed mesic
Haplaquepts and include moderately well drained (MWD),
somewhat poorly drained (SPD), poorly drained (PD), 
very poorly drained (VPD) series (Fig. 1). The PD and 
soils meet hydric soil criteria. Mean water table depths over
the course of the study were 104 cm at the upland edge of
the SPD soil, 75 cm at the boundary between the SPD and
PD soils, and 50 cm at the wetland edge of the PD soil (Table
1). Vegetation at the site varies in response to water table
depth with the more upland soils dominated by white oak
(Quercus alba L.) and the wetland soils dominated by red
maple (Acer rubrum L.).

Groundwater Dosing and Monitoring

As described in Nelson et al. (1995), a groundwater dosing
and monitoring well network was established for the companion
hydrology study. Dosing wells (piezometers) were established
at two groundwater depths: at the top of the permanently
saturated zone (shallow) and 1.5 m below this depth (deep).
Only the lower portion of each dosing well was screened.
Three shallow dosing wells were placed at the MWD/SPD
interface, three shallow and three deep dosing wells at the
SPD/PD interface, and three shallow and three deep dosing
wells at the PD/VPD interface (Fig. 1). A network of monitor-
ing wells was established in a circular pattern at a distance of
0.6 m from each of the dosing wells. Nitrate and Br- were
continuously added to the dosing wells from February to De-
cember 1992. Rates of NO; removal were quantified by cou-
pling changes in NO~-/Br- ratios between the dosing wells and
the monitoring wells with estimates of groundwater flow. The
detection of Br- in the monitoring wells was used to determine
the location of the NOr plume produced by the dosing well.
Throughout the study, regular measurements of water table
heights, dissolved oxygen (DO), and temperature were made
in the wells at the site. Measurements of DO and temperature
in the groundwater were made using a YSI DO meter. Water
table heights were measured by the steel tape and chalk method
or with an electric tape.

Microcosm Studies

To create microcosms for measurement of denitrification,
respiration, and NO~ immobilization within the NO~ plume

Table 1. Water table height, groundwater dissolved oxygen and organk C levels, and aquifer solid phase total C and N content beneath
three soil drainage classes in a riparian forest in Rhode Island.

Soil drainage Relative Water table Dissolved Dissolved
class~f depth~t height§ oxygen§ organic C¶ Total C¶ Total N¶

m mg L-1 -- g kg -I --
SPD Shallow - 0.104 7.0a# 4.0b 0.72ab 0.09a
SPD/PD Shallow - 0.075 6.7a 2.9bc 0.6lab 0.09a

Deep 7.2a 2.3c 0.47b 0.09a
PD Shallow - 0.050 2.44: 6.5a 1.00a 0.10a

Deep 3.5b 5.5a 0.78ab 0.09a

SPD = samples taken from along the upland edge of a somewhat poorly drained soil; SPD/PD = samples taken along the boundary between somewhat
poorly and poorly drained soils; PD = samples taken from along the wetland edge of a poorly drained soil.
Shallow samples were taken from the top of the permanantly saturated zone. Deep samples were taken from 1.5 m below this depth.
Values are the mean of biweekly samples taken from groundwater monitoring wells between February and December 1992. Data from Nelson et al. (1995),
Values are the mean of three groundwater wells or solid phase samples taken at four sampling dates between March 1992 and February 1993.
Values followed by different superscripts within each c~umn are significantly different in a one-way analysis of variance with a Fisher’s least significant
difference test comparing different soils and depths ove~ all sampling dates.
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created by the dosing wells, samples of aquifer material were
collected at the screen depth of each of the dosing wells.
Samples were taken from immediately outside the ring of
monitoring wells around each dosing well, but within the
NO~ plume produced by the dosing wall (one sample per
dosing well = 15 samples total) in March, June, and September
1992 and in February 1993. Samples were obtained by hand
auguring down to the desired depth within a casing to prevent
contamination of samples by surface soil. All samples were
taken within the saturated zone of the aquifer. The shallow
sampling depth varied seasonally, depending on the height of
the water table.

The microcosms consisted of 50 g of aquifer material in
Erlenmeyer flasks amended with 45 mL of groundwater satu-
rated with acetylene (C2H2) gas and 5 mL of 1000 mg -1
NO;-N solution. The groundwater in the individual micro-
cosms was taken from the same well location and soil class
as the aquifer material.

To initiate the incubation, flasks were evacuated and flushed
three times with N2 gas. After the final evacuation, the head-
space was filled with N2-air mixtures and C2H2 to produce
DO levels similar to those in the field. The composition of
these mixtures was determined by calculating the headspace
air concentration that would produce ambient groundwater O2
concentrations in the microcosm water at ambient groundwater
temperatures. Oxygen concentrations in the microcosms were
generally within 2 to 3 mg L-1 of ambient concentrations in
the different treatments. The flasks were incubated at in-field
temperatures for 5 d (15 dosing piezometers × 5 d + 5 blanks
-- 80 flasks). Incubations were limited to 5 d because after
1 wk C2H2 can stimulate microbial activity by acting as a C
source (Terry and Duxbury, 1985). Flasks were not shaken
during the incubation.

Incubation temperatures were 5, 13, 15, and 5°C for the
March, June, and September 1992, and February 1993 incuba-
tions, respectively. There were no significant differences in
temperature with soil depth or drainage class in the field, so
all flasks were incubated at the same temperature.

Fifteen flasks were destructively sampled on each of the
5 d of the incubation. Before destruction, flasks were shaken
by hand for 30 s and gas samples were extracted from the
headspace for analysis of N20, CO2, and C2H2. A Tracor 540
gas chromatograph equipped with an electron capture detector
was used to measure N20, a Shimadzu GCSA gas chromato-
graph equipped with a thermal conductivity detector was used
to quantify CO2, and another Shimadzu GCSA with a flame
ionization detector was used to measure C2H2. Levels of C2H2

were monitored to check for utilization of C2H2 as a C source
by microbes. No decreases in C2H2 were observed.

Rates of denitrification and respiration were calculated from
changes in the concentrations of N20 and CO2 over the 5-d
incubation. High variation and low sampling frequency (daily)
made it impossible to determine if rates were stable over the
course of the incubation.

Following gas sampling, the overlying water in the flasks
was poured off for immediate analysis of DO using a YSI
DO meter. After DO analysis, the water was filtered and
concentrations of NH2, NOr, and dissolved organic carbon
(DOC) were measured using an Alpkem TFS autoanalyzer and
an Astro 2001 TOC Analyzer. Following filtration of the
overlying water, 50 mL of KC1 was added to the remaining
aquifer material and flasks were shaken for 30 min to extract
NH? and NOf from the pore spaces of the aquifer material.

Amendment Studies

To determine the factors limiting denitrification, aquifer
samples from each sampling station and date were incubated
at 25°C in stoppered flasks under four different conditions:
(i) aerobic (atmospheric), (ii) anaerobic, (iii) aerobic with 
mg kg-~ glucose, and (iv) anaerobic with 1000 mg -1 glucose.
All treatments were amended with 100 mg kg-~ NO~-N and
C2H2 (10 kPa). Samples were made anaerobic where necessary
by repeated evacuation and flushing with N2 gas. Samples were
incubated for 3 d and gas samples were taken daily from the
headspace to quantify N20 production as described above.

Other Analyses

Aquifer total C and N content, microbial biomass C and N
content, root biomass, and potential net N mineralization and
nitrification were measured in the same aquifer samples used
to construct the microcosms and in control samples taken at
each dosing station outside the NO~- plume. The control samples
were taken within 1 m and at the same depth as the dosed
samples, allowing for evaluation of the effects of dosing on
subsurface ecosystem properties. The dosing stations produced
well defined, relatively stable NO~ plumes; therefore, it was
possible to choose locations for control sampling based on
Br-~ analysis of samples from the monitoring well networks
at each dosing station.

Total C and N were measured with a Carlo Erba 1500
C-N-S analyzer. Microbial biomass C and N content were
measured using the chloroform fumigation-incubation method
(Jenkinson and Powlson, 1976). An unfumigated control was
not subtracted from the fumigated samples (Voroney and Paul,
1984). A kc value of 0.41 was used to convert theflush of C
produced in the fumigated and inoculated samples to values
for microbial biomass C (Jenkinson and Powlson, 1976). 
kn value was used to compute microbial biomass N, and the
values presented are just the flush of N produced in the fumi-
gated and reinoculated samples.

Potential net N mineralization and nitrification were quanti-
fied from the accumulation of NH~ plus NO~ and NO~- alone
during a 10-d aerobic incubation at 25°C. Readily mineraliz-
able C was quantified from the accumulation of CO2 during
these same 10-d incubations. Ammonium, NO~, and CO2 were
measured as described above.

Root biomass was measured using a hydropneumatic root
washer (Smucker et al., 1982) for the March sampling and
by an original flotation method for the other three samplings.
In the flotation method, soil samples were placed in a container
and flushed with water. After agitation, roots were removed
from the water, dried, and weighed.

Statistical Analysis

Each of the five soft-depth combinations was classified as
a separate treatment and comparisons were made by analysis
of variance using treatment, date, and treatment × date as
main effects. Separate analyses were done for each date when
the treatment × date interaction was significant. Fisher’s pro-
tected least significant difference test was used a posteriori to
determine specific treatment and date differences. Samples
taken from within the NO~- plume (dosed) were compared
with control samples by analysis of variance with dosing treat-
ment, soil/depth treatment, and date as main effects (with
interactions). Separate analyses were run for each soil/depth
treatment and date when interactions were significant. Data
were log-transformed before analysis where appropriate.
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Table 2. Denitrification rates in microcostm of aquifer mlid phase material from beneath three soil drainage classes in a riparian forest
in Rhode Island at four sample dates between March 1992 and February 1993. Values are the mean (standard error) of three replicate
microcosms.

Denitrificatian rate
Soil drainage Relative
classY" depth~t March b§ June a September a February b

pg N kg-I d-1

SPD Shallow 0.00 (0.00)a¶ 1.79 (1.16)a 4.16 (1.84)a 0.00 (0.00)a
SPD/PD Shallow 0.00 (0.00)a 1.68 (1.10)a 1.54 (0.40)a 0.04 (0.04)a

Deep 0.00 (0.00)a 1.35 (0.88)a 0.26 (0.26)a 0.07 (0.07)a
PD Shallow 0.05 (0.04)a 3.50 (2.06)a 0.40 (0.26)a 0.70 (0.70)a

Deep 0.23 (0.19)a 0.91 (0.91)a 4.10 (3.84)a 0.00 (0.00)a

SPD = samples taken from along the upland edge of a somewhat poorly drained soft; SPD/PD = samples taken along the boundary between somewhat
poorly and poorly drained soils; PD = samples taken from along the wetland edge of a poorly drained soil.
Shallow samples were taken from the top of the permanantly saturated zone. Deep samples were taken from 1.5 m below this depth.
Dates followed by different superscripts are significantly different in a one-way analysis of variance with a Hsher’s least significant difference t~,st comparing
activity over all softs and depths.
Values followed by different superscripts within each colunm are signiticantly different in a one-way analysis of variance with a Fisher’s least significant
difference test comparing activity among different soils and depths at each date.

RESULTS

Denitrification and respiration showed much less spa-
tial variation than other site properties. While there was
significant variation in water table levels, DO, DOC,
and total C with depth and soil drainage class (Table
1), there was little or no significant spatial variation in
denitrification (Table 2) or respiration rates (Table 
Rates were higher (p < 0.05) in summer (June, Septem-
ber) than in winter (March, February). There were 
correlations between either denitrification or respiration
and DO, DOC, total C, or total N (data not presented).

Dentrification activity was limited by C availability
in nearly all cases. In the amendment studies, in four
of five soil-depth treatments, denitrification did not occur
unless C was added (Fig. 2). In the PD-shallow treat-
ment, denitrification was stimulated (p < 0.05) by the
anaerobic treatment, suggesting that C was available to
support denitrification in this lreatment.

Although we theoretically could quantify immobiliza-
tion rates by measuring changes in NOr over the course

Table 3. Carbon dioxide production rates in microcosms of aquifer
solid phase material from beneath three soil drainage classes
in a riparian forest in Rhode Island at three sample dates
between March 1992 and February 1993. Values are the mean
(standard error) of three replicate microcosms.

Soil
drainage Relative
classt depth~

Carbon dioxide production rate

March a§ June a February b

mg C kg-1 d-~

SPD Shallow 0.00 (0.00)b¶ 0.11 (0.11)a 0.00 (0.00)a
SPD/PD Shallow 0.07 (0.07)b 0.31 (0.24)a 0.02 (0.02)a

Deep 0.12 (0.02)b 0.44 (0.27)a 0.00 (0.00)a
PD Shallow 0.21 (0.09)ab 0.27 (0.10)a 0.04 (0.04)a

Deep 0.39 (O.12)a 0.00 (O.O0)a 0.01 (O.O0)a

SPD = samples taken from along the upland edge of a somewhat poorly
drained soft; SPD/PD = samples taken along the boundary between
somewhat poorly and poorly drained softs; PD = samples taken from
along the wetland edge of a poorly drained soft.
Shallow samples were taken from the top of the permanantly saturated
zone. Deep samples were taken from 1.5 m below this depth.
Dates followed by different superscripts are significantly different in a
one-way analysis of variance with a Fisher’s least significant difference
test comparing activity over all softs and depths.
Values followed by different superscripts within each column are signifi-
cantly different in a one-way analysis of variance with a Fisher’s least
significant difference test comparing activity among different soils and
depths at each date.

of our microcosm incubations, because the NOr concen-
trations in our microcosms were high (100 mg N L-l),
our ability to detect immobilization was limited to rates
greater than 20 lxg N kg-1 d-I. Therefore, while we did
not measure any significant decreases in NOr during
the microcosm incubations, this is not strong evidence
for a lack of immobilization. Stronger evidence for a
lack of immobilization comes from a lack of any increase
in microbial biomass N in the dosed relative to the control
samples, even after 10 mo of continuous dosing (Table
4). Microbial biomass and readily mineralizable C were
also not affected by dosing (Table 5). Root biomass was
negatively affected (p < 0.10) by dosing (Table 

DISCUSSION

Groundwater denitrification rates must be evaluated
relative to fluxes of NOr, oxygen, and C in the aquifer.
While the rates measured here appear to be quite low
relative to surface soil denitrification rates measured in
other studies (Groffman, 1994), they may be high enough
to represent a significant sink for NOy in this riparian
forest because groundwater flow rates are slow, even in
sandy material (Robertson et al., 1991).

Our study was designed to quantify the ability of the
riparian zone to denitrify a load of NO~--enriched ground-
water (i.e., all our samples came from within an experi-
mentally induced plume of NOr-rich groundwater, and
were incubated with high NOr concentrations). To evalu-
ate the potential importance of our measured denitrifica-
tion rates, consider a unit of the riparian zone aquifer
consisting of a rectangle 0.5 m deep by 0.037 m long
by 1 m wide. Groundwater movement in this aquifer
averages 0.037 m d-1 (Nelson et al., 1995). The volume
of soil contained in this rectangle that will hold water
for 1 d is therefore 0.0185 m-3. Assuming a bulk density
of 1.6 x 103 kg m-3, the mass of soil in the rectangular
cube is 29.6 kg. The pore space within this cube is
0.0074 m3 [porosity = 1 - (bulk density/particle density)
(2.65)]. If the groundwater NO3- concentration was 
mg N L-l , loading of NOf-N into the cube would be
0.073 g d-1 (assuming the pore space is saturated). 
can estimate % removal of this 10 mg L-1 NO~--N
solution using the microcosm rates of denitrification and
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the lengths of the soil drainage classes within the riparian
zone at our site. For this analysis, we used the mean of
the denitrification rates in Table 1 (1.03 ~tg N kg-~ d-l)

and soil drainage class widths of 10, 10, and 40 m for
the MWD/SPD, SPD/PD, and PD/VPD soil classes.
These widths produce travel times of 270, 270, and
1081 d from the MWD/SPD, SPD/PD, and PD/VPD
soil classes, respectively (travel time = width + 0.037
m d-~). Using the mean actual rate and these actual soil
class lengths, denitrification would remove 27% of an
incoming 10 mg L-~ NOf-N solution over a 1600-d
travel time through the riparian zone.

While the spatial and temporal variation of our mea-
sured denitrification rates was not large relative to surface
soil studies (where rates often vary over two or three
orders of magnitude), it is quite significant in a groundwa-
ter context. For example, our highest measured actual
denitrification rate (4.0 lxg N kg-I d-1) would remove
0.118 x 10-3 g of NOf-N d-~ from the cube of aquifer
described above. If we had a riparian zone 20 m in
length, the expected travel time would be 540 d and the
soil would therefore denitrify 0.064 g NOf-N or 84%
of an initial 10 mg L-I NOf-N loading.

We can also express our groundwater denitrification
rates on a kg ha-~ of riparian zone basis. Assuming an
active depth of 1 m and using the average of all summer
(June, September) rates (1.96 gg N -I d- ~) fo r 18 2
d, and the average of all winter (March, February) rates
(0.109 gg N kg-~ d-~) for 183 d, groundwater NO~-
removal by denitrification equals 6.0 kg N ha-~ yr-L
Our maximum denitrification rate (4.0 lxg N kg-~ d-I)

would represent 23.4 kg N ha-I yr-1 of groundwater
NOr removal. Lowrance et al. (1995) summarized ex-
isting data on groundwater NOr removal in riparian
forests and found a range of 20 to 39 kg N ha-~ yr-L
Their analysis included removal by all mechanisms, not
just denitrification, and included mostly riparian forests
dominated by wetland soils, which generally have higher
NOr removal rates than the upland-wetland transition
zone soils in this study (Simmons etal., 1992).

The groundwater denitrification rates we measured are
similar to those measured in other studies that have taken
care to use realistic levels of 02 and C. Lowrance (1992)
and Beare et al. (1994) measured unamended (no
NOr or C additions) denitrification rates of less than
5 gg N kg-~ d-1 in groundwater in a riparian forest in
Georgia. Most groundwater denitrification measure-
ments have been made under anaerobic conditions, often
with added C, and are thus much higher than the rates
measured in this study. In situ studies using either C2H2
block or geochemical.methods have found that groundwa-
ter denitrification rates are very sensitive to O2 and are
strongly limited by available C (G-ambrell etal., 1975;
Starr and Gillham, 1993; Spalding and Parrott, 1994).
Our study is in agreement with the many previous studies
(see citations in the introduction) that have found that
subsurface denitrification of exogenous NO~- is limited
by available C.

Although the groundwater denitrification rates that we
measured could represent a significant sink for NOr in
this riparian zone, they were much lower than the rates
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Table 4. Microbial biomass nitrogen flush and potential net N mineralization and nitrification in nitrate-dosed and control aquifer solid
phase material from beneath three soil drainage classes in a riparian forest in Rhode Island. Values are the mean (standard error)
of three replicate samples taken from each soft/depth combination at four sampling dates between March 1992 and February 1993
(n = 12).

Microbial biomass N Mineralization Nitrification
Soil drainage Relative
classY" depthS: Control Dosed Control Dosed Control Dosed

-- mg kg-1 __ mg N kg- I d-~
SPD Shallow 2.7 (0.2)a§ 2.7 (0.3)a -1.2 (0.5)a -0.7 (1.0)a -0.3 (0.1)a 0.3 (0.4)a
SPD/PD Shallow 2.9 (0.4)a 3.2 (0.5)a 0.0 (0.8)a -1.1 (0.9)a -0.2 (0.1)a 0.2 (0.4)a

Deep 2.6 (0.3)a 2.6 (0.4)a -0.2 (0.1)a -0.9 (0.7)a -0.2 (0.1)a 0.0 (0.1)a
PD Shallow 3.1 (0.4)a 2.7 (0.4)a 0.3 (0.6)a -1.I (0.7)a -0.1 (0.1)a -0.8 (0.5)a

Deep 3.3 (0.7)a 2.7 (0.3)a -0.1 (0.7)a -0.4 (0.7)a 0.0 (0.0)a 0.2 (0.4)a

SPD = samples taken from along the upland edge of a somewhat poorly drained soil; SPD/PD = samples taken along the boundary between somewhat
poorly and poorly drained soils; PD = samples taken from along the wetland edge of a poorly drained soft.
Shallow samples were taken from the top of the permanantly saturated zone. Deep samples were taken from 1.5 m below this depth.
Values followed by different superscripts within each column are significantly different in a one-way analysis of variance with a Fisher’s least significant
difference test comparing different soils and depths over all sampling dates. There were no significant differences between control and dosed treatments.

of NO~- removal directly measured in the companion
hydrologic study at the same time the denitrification rates
were measured. Nelson et al. (1995) measured average
NO~- removal rates in the different soil-depth combina-
tions ranging from 16 to 46 lxg N kg-l d-1 (120 kg
N ha-~ yr-~ over the whole riparian zone), while our
maximum denitrification rates were 4.0 ttg N kg-l d-l
and our estimate of annual denitrification was 6 kg N
ha-1 yr-~. Moreover, Nelson et al. (1995) measured
significant NO~- removal during winter when our mea-
sured rates were negligible.

Plant uptake may have been responsible for some of
the difference between our measured denitrification rates
and the NO~- removal rates measured in our companion
hydrologic study, because roots were present in all treat-
ments. However, Nelson et al. (1995) observed signifi-
cant NO3- removal (19 I~g N kg-l d-1) in March before
tree leaf out, and maximum removal rates were measured
in November (53.2 lxg N kg-m d-l), after leaf fall. It is
important to note, however, that root growth can occur
in deciduous tress when aboveground vegetation is dor-
mant, and NO~- uptake may occur during this growth.
Groundwater temperatures were certainly high enough
during March and November (5-10°C) to allow for root
growth and activity.

Our data suggest that microbial immobilization was
likely not responsible for the difference between our
measured denitrification rates and the NO~- removal rates

measured by Nelson et al. (1995). We did not observe
NO~- consumption during our microcosm incubations,
and we did not observe an increase in microbial biomass
C nor N content in the dosed relative to the control
samples, even after 10 mo of continuous NO~- additions.
These results are not unexpected because microbial bio-
mass usually does not increase unless C supply is in-
creased (Paul and Clark, 1989). Dosing appeared 
result in a reduction in root biomass in groundwater,
which would decrease C supply to groundwater microbial
biomass. Our immobilization studies are not conclusive,
however, because we could only detect relatively high
(>20 ~tg N kg-1 d-~) rates of immobilization with our
microcosms. Moreover, N taken up by microbial biomass
may have moved into extracellular material and/or soil
organic matter pools and therefore would not be detect-
able in our microbial biomass assay.

We suggest three phenomena may be responsible for
the discrepancy between measurements of NO~- removal
made with in situ monitoring well networks and labora-
tory-based groundwater denitrification measurements ob-
served in this and other studies (Groffman et al., 1992;
Lowrance, 1992). First, we suggest that patchiness in
the distribution of organic C in the subsurface may create
hotspots of microbial activity and denitrification that
account for a high percentage of NO~- removal from
groundwater in riparian zones. A problem in comparing
NO~- removal rates measured in monitoring well net-

Table 5. Microbial biomass and readily mineralizable C levels and root biomass in nitrate-dosed and control aquifer solid phase material
from beneath three soil drainage classes in a riparian forest in Rhode Island. Values are the mean (standard error) of three replicate
samples taken from each soft/depth combination at four sampling dates between March 1992 and February 1993 (n = 12).

Soft drainage Relative
Readily mineralizable C

classY" depth~ Control Dosed Control Dosed Control Dosed

Microbial biomass C Root biomass

mg kg- t
SPD Shallow 62 (12)a§ 84 (21)a 20 (8)a 13 (5)a 127 (74)bc 93 (33)bc
SPD/PD Shallow 62 (10)a 57 (9)a 11 (4)a 11 (2)a 277 (74)a 125 (30)ab

Deep 64 (10)a 59 (16)a 9 (3)a 11 (3)a 50 (ll)c 58 (12)bc
PD Shallow 60 (10)a 78 (10)a 8 (2)a 12 (3)a 205 (43)ab 170 (31)a

Deep 62 (14)a 56 (8)a $ (1)a 10 (3)a 47 (15)c 34 (10)c

SPD = samples taken from along the upland edge of a somewhat poorly drained soil; SPD/PD = samples taken along the boundary between somewhat
poorly and poorly drained soils; PD = samples taken from along the wetland edge of a poorly drained soft.
Shallow samples were taken from the top of the permanantly saturated zone. Deep samples were taken from 1.5 m below this depth.
Values followed by different superscripts within each column are significantly different in a one-way analysis of variance with a Fisher’s least significant
difference test comparing different soils and depths over all sampling dates. There were no significant differences between control and dosed treatments,
except for root biomass, which was significantly higher (p < 0.10) in control than in dosed treatments in a one-way analysis of variance comparing
treatments over all soils, depths, and sampling dates.
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works with denitrification rates measured in laboratory
microcosms is differences in scale. In our study, the
monitoring well networks measured NOf removal rates
over a mass of soil of 20 to 30 kg, whereas the micro-
cosms were constructed from 50 g of material removed
from one point within each of the well fields. One possible
explanation for the discrepancy between the field and
laboratory results is that there were patches of high
denitrification activity within the well fields that were not
hit when samples were taken for microcosm construction
(i.e., there is spatial variation that our sampling did not
characterize). Small patches or hotspots of high activity
are thought to account for a very high percentage of the
denitrification activity in surface soils (Parkin, 1987;
Christensen et al., 1990). These hotspots are centered
around patches of labile organic matter that support high
rates of microbial activity. We suggest that hotspots may
be important to denitrification in subsurface riparian
ecosystems, just as they are in surface soils (Fujikawa
and Hendry, 1991). Given the long travel path and ex-
tremely long retention time of groundwater, a small
volume of hotspots (e.g., 5%) could have a large impact
on a parcel of water passing through a riparian zone.

A second phenomenon that may account for the lack
of measured denitrification in groundwater is the impor-
tance of non-C-based energy sources. Although most
denitrification research has focused on heterotrophic or-
ganisms capable of carrying out this process, a variety of
chemoautotrophic organisms are capable of denitrifying
while using reduced S and Fe compounds or CH4 as
energy sources (Pedersen et al., 1991; Postma et al.,
1991; Korom, 1992; Parkin and Simpkins, 1993). While
these compounds are abundant in many subsurface envi-
ronments, their role in driving denitrification may have
been overlooked due to methodological problems. Most
denitrification studies have employed the C2H2 inhibition
method to measure denitrification. However, C2H2 is
also a potent inhibitor of most chemoautotrophic energy-
yielding reactions including CH4, S, and NH/ oxidation
(Payne, 1984; Juliette et al., 1993). It is quite possible
that these reactions are responsible for observed NOs"
disappearance in the field but are not present in laboratory
incubations with C2H2. Preliminary analysis of CH4, S,
and NH/ levels in groundwater at our site suggest that
these are not important substrates for subsurface denitri-
fication at our site, but we are conducting more detailed
studies to verify this.

A final phenomenon that may contribute to microbial
removal of NOf from groundwater is abiotic fixation
via chemical and physical condensation reactions be-
tween old organic matter, e.g., humus and inorganic N
(Haider et al., 1975; Davidson et al., 1991; Johnson,
1992). Controlled studies with "NOf can be done to
test for this mechanism.
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