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ABSTRACT
We studied two similar riparian sites in southern New England

and examined ground water nitrate (NO~--N) removal in the subsur-
face of mowed (i.e., herbaceous) vs. forested (i.e., woody) vegetation.
Each site consisted of poorly drained, fine to medium sands and
contained adjacent areas of mowed and forested vegetation. We dosed
mesocosms with bromide and lSN labeled NO~-N amended ground
water to simulate the shallow ground water NO~--N dynamics of
riparian buffer zones. Mesocosms were composed of undisturbed,
horizontal soil cores (40 cm long, 15 cm diam.) extracted from season-
ally saturated subsoil We observed substantial ground water NO~-N
removal and denitrification at all locations. Ground water NO~-N
removal rates were significantly correlated with carbon-enriched
patches of organic matter. This correlation supports previous work
that patches function as hotspots of microbial activity in the subsoil.
Within each site, we found no significant difference in ground water
NO~--N removal rates in the subsoil of forested and mowed areas
and we noted tree roots throughout the subsoil of the mowed areas.
We found that ground water NO~-N removal rates differed signifi-
cantly between similar sites. We caution against ascribing specific
ground water NO~--N removal rates to different riparian aboveground
vegetation types without recognizing the importance of site differ-
ences, e.g., water table dynamics, land use legacy and adjacent vegeta-
tion. Riparian zones composed of a mix of forested and mowed vegeta-
tion, common in agroforestry and suburban land uses, may remove
substantial amounts of ground water NO~--N.

N ITRATE (NO£) has been linked to the eutrophication
of coastal waters (Ryther and Dunstan, 1971;

Howarth et al., 1996; Jordan et al., 1997). Our ability
to manage the export of NO~--N from coastal water-
sheds is limited by a lack of understanding of the various
processes that retain or remove NO~--N in terrestrial
landscapes (Howarth et al., 1996; Jordan et al., 1997).
Scientific consensus exists that riparian zones, transition
areas between uplands and surface waters (Gregory et
al., 1991), can be significant sinks for ground water
NO~--N (Lowrance et al., 1984; Peterjohn and Correll,
1984; Hill, 1996; Gilliam et al., 1997; Jordan et al., 1997;
Lowrance, 1997). There is considerable uncertainty,
however, regarding the site characteristics that promote
substantial ground water NO~--N removal in riparian
zones and the influence of different types of riparian
vegetation cover on ground water NO~--N removal
(Korom, 1992; Gilliam, 1994; Hill, 1996; Gilliam et al.,
1997; Correll, 1997).

Substantial spatial variability in ground water
NO~--N removal often occurs within riparian zones. In
our previous work (Groffman et al., 1992; Simmons et
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al., 1992; Hanson et al., 1994; Nelson et al., 1995; Gold
et al., 1998; Jacinthe et al., 1998), we found that poorly
drained (PD) forested soils have a high capacity for
ground water NO;--N removal, much higher than adja-
cent moderately well drained (MWD) forested soils. 
observed that different drainage classes in sandy soils
have distinct water table dynamics; dormant season PD
water tables generally rise within 0.3 m of the surface,
whereas MWD water tables only come within 0.8 m of
the surface. In addition, Gold et al. (1998) and Jacinthe
et al. (1998) found that PD shallow aquifer material
contained patches of organic matter in the C horizon,
whereas MWD soils contained no patches in the C hori-
zon. These patches function as hotspots of microbial
activity (Gold et al., 1998; Jacinthe et al., 1998). Soils
with a greater proportion of patch material in the satu-
rated zone may serve as important sinks for ground
water NO~-N within the landscape.

Most recent riparian zone research has focused on
forested areas (Lowrance et al., 1984; Peterjohn and
Correll, 1984; Ambus and Lowrance, 1991; Lowrance,
1992; Simmons et al., 1992; Hanson et al., 1994; Nelson
et al., 1995; Groffman et al., 1996; Starr et al., 1996;
Gold et al., 1998; Jacinthe et al., 1998). Fewer studies
have examined differences in NO~--N removal between
forested and nonforested riparian zones. Some studies
(Osborne and Kovacic, 1993; Hubbard and Lowrance,
1997) found grassed riparian sites had lower NO;--N
removal rates than forested riparian sites, but other
studies (Haycock and Burt, 1993; Haycock and Pinay,
1993; Lowrance et al., 1995; Schnabel et al., 1996; Correll
et al., 1997) observed substantial removal in grassed
riparian sites. More studies are needed to determine the
relative importance of site characteristics vs. vegetation
cover on ground water NO~-N removal in riparian
subsoils.

The goal of our study was to examine the effects of
vegetation type on ground water NO;--N removal rates
in the seasonally saturated subsoil of PD riparian zones.
We used saturated mesocosms for our analyses. These
mesocosms were undisturbed soil cores of about 11 kg
of soil that were extracted horizontally from the subsoil.
These cores were obtained from adjacent forested (i.e.,
woody) and mowed (i.e., herbaceous) areas at two dif-
ferent riparian sites. The mesocosms were continuously
dosed with bromide (Br-) and ~SN labeled NO~--N
amended ground water. Because the ground water
NOA--N in these saturated mesocosms was not subjected
to plant uptake, only microbially mediated NO;--N re-
moval processes were examined. The specific objectives
of this study were: (i) to compare ground water NO£-N

Abbreviations: PD, poorly drained; MWD, moderately well drained;
DEA, denitrification enzyme activity; DO, dissolved oxygen.
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removal rates between forested and mowed PD riparian
subsoils; (ii) to explore variability in ground water
NO;--N removal rates between sites that were similar
in soil texture, drainage class, and morphology; and (iii)
to determine if this variability was related to the nature
and extent of patches of organic matter in the subsoil.

METHODS

Site Description and Field Sampling

Our study focused on two riparian sites, separated by about
25 km, that were similar in soil texture, drainage class, and
morphology. Sampling was restricted to the PD drainage class
at both sites. Each sampling site consisted of a hardwood,
forested area adjacent to a mowed, herbaceous area. The
surficial geology of both sites was composed of glaciofluvial
deposits, fine to medium sands, with an average slope of 3%.
The soils of both sites were classified as sandy, mixed, mesic
Typic Humaquepts. Each site had a septic system located at
least 25 m laterally (i.e., perpendicular to expected surface
water flow paths) from sampling pits. We observed no indica-
tion of septic system plumes in the ground water from any
mesocosms. The initial ground water from our undisturbed
mesocosms had C1- and NO~--N concentrations comparable
to background ground water levels found in forested locations
without septic systems in Rhode Island (Johnston and Dick-
erman, 1985; Lamb et al., 1990; Simmons et al., 1992).

Site A was a riparian site along a vernal pool that drains
to a first-order tributary of Silver Spring Lake, North Kings-
town, RI (41°32’N, 71°28’W). The Site A forested area was
dominated by red maple (Acer rubrum L.). The overstory
trees were about 35 to 45 yr old. The trunk diameter of the
overstory trees at 1.35 m height ranged from 8 to 27 cm. The
understory of the forested area did not contain any vegetation
similar to that found in the mowed area. The Site A mowed
area was dominated by sedges (Carex sp.) and clover (Trifo-
lium sp.). Several red maple trees and a few common sassafras
trees [Sassafras albidum (Nutt.) Nees] fringed the mowed area.
The Site A mowed area has been a residential backyard for
about 80 yr. No fertilizers or agrochemicals have been applied
to the mowed area. Mowing occurred at 2-wk intervals in the
growing season.

Site B was a riparian site along Tanyard Brook, a first-
order tributary of Watchaug Pond, Charlestown, RI (41°22’N,
71°42’W). The Site B forested area was dominated by speckled
alder [Alnus rugosa (Du Roi) Sprengel]. The overstory speck-
led alder trees were about 18 to 23 yr old (8-16 cm diam. at
1.35 m height). The forested understory did not contain any
vegetation similar to that found in the mowed area. The Site B
mowed area was dominated by a mix of emergent vegetation,
including sedges, bluegrass (Poa sp.), and brome grass (Bro-
mus imermis Leyss.). During the 1960s and 1970s, Site B was
used as a large garden with horse manure as the principal
form of fertilizer. When the garden was abandoned, a portion
of the site reverted back to forest and another portion was
managed by mowing. Mowing occurred every 2 mo in the
growing season.

We extracted horizontal, undisturbed soil cores (15 cm
diam., 40 cm long Schedule 35 PVC pipe) from the C horizon
of pits dug in the forested and mowed areas at each site. These
cores were used to construct mesocosms to simulate shallow
ground water NO~--N dynamics as described by Gold et al.
(1998) and Jacinthe et al. (1998). A total of 12 cores 
extracted from 12 separate pits. Six cores were extracted at
each site--three cores per forested area and three cores per
mowed area. Sampling depth was at least 35 cm below the

dormant season water table depth. Sampling occurred in July
and August of 1996 at the low annual water table. During
core extraction, the centers of the cores were set at 67.5 and
57.5 cm below the surface at Sites A and B, respectively. We
extracted Site B cores from a shallower depth than Site A
cores because the water table did not drop as low as we had
anticipated at Site B. To permit sampling at Site B, we pumped
water from the pits. Despite a 10-cm difference in core extrac-
tion depth between sites, all cores were taken from a portion
of the C horizon that was visually similar. At both sites, soil
texture at the sampling depth was fine to medium sands. Soil
pH was 4.6 to 6.1 at Site A and 6.4 to 7.1 at Site B.

We extracted the cores horizontally by pressing the cores
into the side of pits with a 7.3 Mg hydraulic jack. The outside
diameter of the PVC core was beveled to ease insertion and
to minimize soil compaction and disturbance during core ex-
traction. Cores were dug out and stored at 4°C until we began
ground water dosing.

All pits in forested areas were positioned within 1 m of
trees. At Site A, forested pits were about 14 m within the
forest and 20 m away from mowed pits. At Site B, forested
pits were about 1.5 m within the forest and 7 m away from
mowed pits. All pits in mowed areas were positioned at least
5 m from trees.

In 1996 and 1997, we took additional soil samples from the
C horizon of each pit. We sampled the soil matrix and dark-
stained patches of organic matter from three pits in each area.
Due to loss of landowner permission, we did not take soil
samples from the Site A mowed area in 1997. Because the
water table was lower in 1997, we used this opportunity to
obtain samples deeper within the C horizon. Our 1996 samples
were taken from 55 to 70 cm below the surface whereas 1997
samples were taken from 70 to 80 cm below the surface. In
addition, we artificially lowered the water table further in 1997
and extracted a set of soil samples from 90 to 100 cm to
examine the soil characteristics deeper in the soil profile. De-
spite the difference in sampling depth, soil texture was similar
throughout the C horizon. Samples were stored in plastic bags
at 4°C for analysis of percentage of moisture and percentage
of C. Soil samples in 1997 were analyzed for denitrification
enzyme activity (DEA).

We installed water table wells at each site and measured
water table depths at least every 4 wk from May 1996 to
October 1997. We took ground water samples from each well
three times during the course of a year for analysis of the
ambient ground water NO;--N concentration at each site.
Ground water dissolved oxygen (DO) concentrations were
measured periodically by inserting a DO probe into the water
table wells.

Mesocosm Setup

We placed our soil cores in a saturated mesocosm setup
that simulated the DO, temperature, and flow rate of the
shallow ground water in our riparian sites (Gold et al., 1998).
Each mesocosm was sealed, seated vertically, and hooked to
an Ismatic multichannel peristaltic pump (Cole Palmer, IL).
Ground water continuously passed from storage carboys,
through the peristaltic pump, into the bottom of mesocosms,
out the top of mesocosms, through a gas sampling chamber
(Jacinthe et al., 1998), and finally into a mason jar for water
collection (Fig. 1). The experiment was conducted in a con-
trolled environmental chamber at 11°C to simulate the shallow
ground water temperature of late autumn and early spring in
the study region (Nelson et al., 1995).

All mesocosms received the same inflow ground water.
Ground water was collected every 4 to 6 wk from a shallow
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Fig. 1. Schematic of mesocosm dosing setup with oxygen regulated
inflow ground water solution stored in a carboy and samplers for
water and gas outflows. The mesocosm, identified as soil in the
figure, is a core of subsoil material 15 cm diam. by 40 cm long.
Schematic from Gold et al. (1998).

well in the PD riparian area of a previous study (Gold et al.,
1998) at Peckham Farm, University of Rhode Island, Kingston,
RI, about 12 km from our sampling sites. Ground water was
stored at 11°C until it was used in the mesocosm dosing ex-
periment.

The DO concentration of the dosing ground water was set
at 2 mg L-1, to approximate levels observed in the ground
water of our study sites (Site A: 2.0-3.6 mg L-I; Site B: 0.6-2.1
mg L-1) and of the PD riparian area of a previous study
(Nelson et al., 1995). Bubbling high-purity mixtures of Oz-Ar
through the inflow solution established this DO concentration
(Jacinthe et al., 1998). We measured the DO within the storage
carboys every 2 to 3 d and adjusted it as needed. The majority
of the tubing in the mesocosm setup was stainless steel to
prevent diffusion of atmospheric O2 into the solution. A previ-
ous study (Jacinthe et al., 1998) using the same design deter-
mined the DO concentration in core outflow closely matched
the DO concentration in core inflow.

Mesocosm Dosing

Unamended deionized water was pumped through the
mesocosms for 7 d (Days -6 to 0) until the mesocosms were
saturated and outflow rates equaled inflow rates. For the next
9-d period (Days 1-9), we pumped ground water amended
with 5.2 mg L-1 Br- (KBr) through the mesocosms. This Br-
only dosing period was included to observe the background
NO~--N/Br- ratio within the mesocosms and to ensure that
rapid preferential flow was not occurring in any mesocosms.
For the next dosing period (Days 10-80), the mesocosms re-
ceived ground water amended with 5.2 mg L-1 Br- and 5.2
mg L-~ NO~--N (KNO3). We isotopically enriched the NO~-
-N (0.56 atom% ~SN) to permit the analysis of gases generated
from denitrification. The addition of Br- was continued to
ensure that the dosing concentration remained stable. Due to
a pump malfunction, flow through the mesocosms was sus-
pended for a few days (Days 54-60). During the final phase 
dosing (Days 81-116), unamended ground water was pumped
through the mesocosms to flush the amendments from the
mesocosms. We deemed flushing complete when outflow Br-
concentrations dropped to negligible levels. In total, the meso-
cosms were dosed with ground water for 116 d.

The ground water flow rate through the mesocosms was
set at 234 ml d-L The mesocosms had an estimated pore
volume of 2686 cm3 (porosity = 0.38) yielding an average pore
water velocity of 3.5 cm d-~ and an expected retention time

of 11.5 d. This velocity is comparable to field observations at
a similar site (Nelson et al., 1995).

We sampled the inflow and outflow ground water every 2
to 3 d. Samples were stored at 4°C. Gas samples were taken
by syringe from the silicone tubing sampler within the gas
sampling chamber every 2 to 3 d (Jacinthe and Dick, 1996;
Jacinthe et al., 1998).

We also included a single blank in the experimental design
to determine if NO~--N removal occurred within the ground
water dosing system exclusive of the soil. This blank, a 3-L
acid-washed glass bottle with a retention time of 12.8 d, was
connected to the mesocosm setup and sampling apparatus, on
Day 17 of ground water dosing, in the same sequence as
individual soil cores.

Characterization of Mesocosms

Once ground water dosing of mesocosms was complete
(Day 116), we disassembled and dissected the mesocosms.
We hand-separated visible roots and dark-stained patches of
organic matter from the matrix material in each mesocosm.
For each mesocosm, we obtained the mass of the composite
patch material and the biomass of the composite roots. We
also determined the mass of the matrix material. We used the
percentage of C in patch and matrix samples from the 1996
field pits to estimate patch C and matrix C (g C kg-~ soil).
No attempt was made to separate live roots from dead roots
or to determine the extent of root decomposition in the mes-
ocosms.

Nitrate Mass Balance Calculations

We used a mass balance approach to evaluate net ground
water NO~--N removal rates; we took the difference between
the cumulative input and output masses of waterborne
NO3--N from the dosing period for each mesocosm. We will
refer to net ground water NO~--N removal as ground water
NO~--N removal. The mesocosms contained negligible
NO~--N at the inception of ground water dosing. All added
NO~--N was flushed from mesocosms by the conclusion of
the experiment.

For each mesocosm, we obtained the daily NO~--N concen-
trations of the inflow and outflow on sampling dates and
used linear interpolation to estimate daily concentrations on
nonsampling dates for the entire ground water dosing period.
Daily mass of inflow and outflow NO~--N (mg -~) was deter-
mined for each mesocosm by multiplying the inflow and out-
flow NO~--N concentrations (mg -1) by t he constant daily
flow rate (234 mL d-a). The total mass of NO~--N (mg) 
entered and exited each mesocosm during 116 d of ground
water dosing was then determined as the sum of daily inflow
and outflow masses, respectively. Ground water NO~--N re-
moval rates per mesocosm are expressed as daily mean re-
moval per kg of soil 0xg kg-a d-1) [total mass removed during
116 d/(dry mass of core × 116 d of ground water dosing)].

Denitrification Gas Evaluation

To calculate the production of 15N20-N and 15N2 gas pro-
duced from mesocosms, we used equations and constants pro-
vided by Mosier and Klemedtsson (1994) and Tiedje (1982).
Daily ~SNzO-N and ~5N2 gas production rates are expressed as
I~g kg-1 d-~ [total mass of gas generated/(dry mass of core 
gas sampling chamber retention time)]. We took the mean of
these daily rates to represent the 15NEO-N and ~5N2 production
rates per mesocosm. We summed the 15NzO-N and 15N2 pro-
duction rates to obtain denitrification gas production rates.
Due to laboratory error, we determined mean daily denitrifica-
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tion gas production rates from 13 gas samples per mesocosm,
all from the later half of the dosing experiment.

Ammonium Mass Balance Calculations

Mass balance calculations for NH~+-N were determined us-
ing methods similar to those of NO;--N. We did not use linear
interpolation to estimate daily NHg+-N concentrations because
fewer samples were analyzed for NH~+-N. Rather, we took
the average NH4+-N concentration from analyzed samples
within 10-d intervals. We took the mean of these interval data,
from Days 20 to 116, to determine the NH4+-N generation
rate (l~g kg-t d-t) per mesocosm. Because amended NO;--N
was not noted in the mesocosm outflow before Day 20, we
assumed that any outflow NH~+-N before Day 20 resulted
from the flushing of NH4+-N that was present in the cores at
the beginning of the experiment.

Analytical Methods

Dissolved oxygen within the ground water storage carboys
was measured with a 1.2 cm diam. probe (Cole Palmer, IL).
Ambient ground water DO from our sites was measured with
a YSI DO/temperature model 55 meter. Water samples were
analyzed for NO~--N, Br-, and C1- (detection limit: 0.2 mg
L-~) on a Dionex 2000 ion chromatograph (Dionex, Sun-
nyville, CA) and for NH4+-N (detection limit: 0.1 mg -l) on
an Alpkem 300 Rapid Flow Analyzer (Alpkem Corp., 1986).
Mesocosm inflow ground water samples were also prepared
by potassium persulfate digestion and analyzed for dissolved
organic N on the Rapid Flow Analyzer. Concentration and
isotopic composition of N2 and N20 gas was determined on a
dual inlet isotope ratio mass spectrometer (Dep. of Agronomy,
Kansas State University) as described by Mosier and Schi-
mel (1993).

Soil pit samples were analyzed for percentage of C on a
Carlo-Erba CN analyzer. Soil pH was determined using an
Orion Research Ionanalyzer model 407A on a 2:1 water/soil
solution (USEPA, 1979). Soil texture was determined by dry
sieve analysis (Troeh and Thompson, 1993). The dry mass 
matrix soil and patch material was obtained by drying the
samples at 104°C for 24 h. Root biomass was obtained after
drying roots at 60°C for 24 h. Soil pit samples were analyzed
for DEA in a 1:1 soil/medium (KNO3, glucose-C, and chloram-
phenicol) anaerobic slurry in the presence of acetylene (Smith
and Tiedje, 1979). These DEA samples were prepared and
sampled as described by Jacinthe et al. (1998).

Statistical Analyses
The Mann-Whitney rank sum U test (Ott, 1993) was per-

formed to determine significant differences in ground water
NO;--N removal rates, denitrification gas production rates,

NH4+-N generation rates, patch C, and root biomass between
forested and mowed areas within each site. If no significant
differences were observed within sites, we pooled data from
forested and mowed areas of each site to determine significant
differences between the two riparian sites using the Mann-
Whitney rank sum U test. We used Spearman’s rank order
correlation (Ott, 1993) to test for monotonic relationships
among the following: ground water NO;~-N removal rates,
denitrification gas production rates, patch C, and root biomass.
All statistical analyses were performed on Statistica for Win-
dows (StatSoft, Tulsa, OK). Differences and correlations were
considered statistically significant at the p < 0.05 level.

RESULTS

Site Characteristics

Similar patterns of soil morphology and hydrology
existed at both sites. The depth to the C horizon was
greater at Site A than Site B (Table 1). From analysis
of soil morphology and soil samples collected at our
sites, we noted that the C horizon above 90 cm was
visually similar and contained small amounts of roots
and dark-stained patches of organic matter. The occa-
sional presence of roots and illuvial patches in what we
defined as the C horizon indicate characteristics associ-
ated with B horizons. The upper portion of our C hori-
zons could also be classified as transitional horizons,
i.e., CB horizons (Stolt et al., 1991; Stolt and Baker,
1994; Vepraskas et al., 1996). Around 90 cm, this CB
horizon ended and we noted a complete absence of
roots and patch material.

Both sites had low ambient ground water NO~--N
concentrations, ranging from 0.1 to 0.6 mg L-~. The
water table followed similar seasonal patterns at both
sites (Table 1); the water table rose into the A horizon
in the dormant season and fell into the lower B or C
horizon in the growing season. At both sites, the water
table dropped lower in the growing season of 1997 than
in the growing season of 1996 (Table 1). The water table
at Site A fluctuated more than the water table at Site B.

Flow Characteristics and Blank Treatment

Based on the breakthrough curve of Br-, no substan-
tial bypass flow or macropore flow was noted in any
mesocosms (Li and Ghodrati, 1994). Bromide concen-
trations were negligible in the outflow of all mesocosms
during the first week of Br- introduction. Bromide con-
centrations gradually rose and stabilized during Days
10 to 30 at the inflow concentration (5.2 mg -~) (Fig.

Table 1. Selected soil profile and water table characteristics of sampling sites.

1996 Growing’~ season 1996 Dormant season 1997 Growing season

Depth to C Mean water Max. water Mean water Min. water Mean water Max. water
Site~ horizon§ table depth table depth table depth table depth table depth table depth

cm below surface
Site A 60.6a¶ (4.7) 73a 104 4a 1 l15a 150
Site B 48.9b (2.7) 29b 45 23a 19 59a 75

Growing season defined as May through October; dormant season defined as November through April.
Water table data for site A were based on one well located in the forested area. Water table data for Site B were based on one water table well placed
at the interface between the forested and mowed areas.
Values are mean (standard error) soil depths from six pits per site.
Values followed by different scripts within each column are significantly different in a Mann-Whitney rank sum U test (p < 0.05).
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Fig. 2. Example of outflow ground water NO£-N and Br- concentra-
tions during the 116-d ground water dosing period of a mesocosm
taken from a seasonally saturated riparian subsoil. Nitrate-N and
Br- amendments to inflow ground water were 5.2 mg L-=. This
example was taken from a Site A mowed mesocosm.

2). Bromide behaved conservatively in our study. The
cumulative mass of Br- pumped into the mesocosms
equaled the cumulative mass of Br- in the outflow.

Ground water NO~-N removal and denitrification
gas production were negligible in the blank treatment.

Nitrate Dynamics

As expected, the rise in outflow NO~--N concentra-
tion lagged behind the rise in outflow Br- concentration
in all mesocosms because NO~--N amendments com-
menced 9 d after Br- amendments (Fig. 2). We noted
no NO~--N in mesocosm outflow for approximately the
first 21 d of ground water dosing suggesting there was
no net internal generation of NO~--N during storage.
Although NO~-N was added at the same concentration
to all mesocosms, outflow NO~--N concentration rose
to varying levels in different mesocosms reflecting dif-
ferent ground water NO~--N removal.

Whereas outflow Br- concentration stabilized within
30 d of its introduction, outflow NO£-N concentration
continued to gradually rise in each mesocosm up to 70 d
after its introduction. Because ground water NO~--N
removal rates are expected to be inversely related to
outflow NO£-N concentrations following the start-up
period, this gradual rise in NO~--N concentration sug-
gests that ground water NO~--N removal rates declined
throughout the course of the study. Due to pump failure
(Days 54 to 60), we observed a rapid decline in outflow
NO~--N concentration in several mesocosms indicating
an increase in removal due to the longer retention time
of ground water within the mesocosms. Outflow NO~--N
concentration quickly rebounded once the pump was
restarted. Once ground water amendments ended (Day
80), NO£-N concentrations gradually declined to negli-
gible levels in all mesocosms.

Contrary to our expectations, there was no significant
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Site A Site A Site B Site B Gas Production

Forested Mowed Forested Mowed
Fig. 3. Net ground water NO~-N removal rates and denitrification

gas production rates from forested and mowed mesocosms of sub-
soil taken from two different riparian sites. Sites are designated as
A or B. Values are the mean (SE) from three replicate mesocosms.
Removal rates are expressed as the daily mean during the 116-d
experiment. Gas production rates are the daily mean during the
last 56 d of the experiment.

difference in ground water NO~--N removal rates be-
tween forested and mowed areas within each site (Fig.
3). Rather, we found significant differences between
sites. Site B (mean: 40.6 Ixg kg-a d-~; CV: 0.3) generated
significantly higher and less variable ground water
NO;--N removal rates than Site A (mean: 6.8 Ixg kg-1

d-~; CV: 1.4). Within both vegetated areas of Site A,
there was at least one mesocosm with relatively high
ground water NO£-N removal rates (i.e., >16 Ixg kg-I

d-1) and one mesocosm with negligible removal rates.

Denitrification Gas Production

Mean daily denitrification gas production rates ap-
proximated mean daily ground water NO~--N removal
rates (Fig. 3). Nearly all gas generated was in the form
of Nz. In the 10 mesocosms with ground water NO~-N
removal rates >3.5 ~g kg-~ d-~, mean daily denitrifica-
tion gas generation rates were significantly correlated
with ground water NO~--N removal rates (r~ = 0.87).
Only one mesocosm (a Site B mowed mesocosm) with
a high ground water NO~-N removal rate produced
negligible denitrification gases.

Trends in denitrification gas production data were
similar to trends observed for ground water NO~-N
removal rates. There was no significant difference in
mean daily denitrification gas production rates between
forested and mowed mesocosms within each site. How-
ever, Site B had significantly higher denitrification gas
production rates (mean: 32.9 ~g N kg-~ d-l; SE: 7.1)
than Site A (mean: 8.7 ~zg N kg-~ d-~; SE: 3.0).

Ammonium Dynamics

The NH~--N concentration in the mesocosm outflow
was consistently greater than that in the inflow. The
dissolved organic N and NH~--N concentrations of the
inflow ground water remained less than the detection
limit (0.1 mg -~) t hroughout the study. We observed
NH4~-N in outflow ground water even before NO~--N
amendments commenced.
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Fig. 4. Mean NH~-N generation rates from Site A and Site B subsoil

mesocosms. Generation rates were based on 10-d interval data,
from Days 21 to 116 of ground water dosing. Values are the mean
(SE) from six replicate mesocosms.

Only one mesocosm, a Site B mowed mesocosm, had
negligible NH~-N concentrations throughout the exper-
iment. This mesocosm also had negligible denitrification
gas production, yet the NO;-N removal rate was rela-
tively high. Although we did not undertake any specific
measurements of immobilization, our N data suggest
immobilization as a potential source of NO~--N removal
in this particular mesocosm. Upon dissection of the mes-
ocosm, we found no characteristics that distinguished
this mesocosm from the others.

Ammonium-N generation rates were not significantly
correlated with NO~-N removal rates or denitrification
gas production rates. There was no significant difference
in NH~-N generation rates (Fig. 4) within or between
sites (Site A mean: 5.6 ~g kg-~ d-~, SE: 1.1; Site B mean:
5.1 I~g kg-~ d-1, SE: 1.2). Because we observed different
trends in NO;-N removal rates and NH~--N generation
rates, NH,~-N generation may be linked to a different
set of processes than ground water NO;-N removal.

Mesocosln Characteristics

We found dark-stained patches of organic matter in
all mesocosms (Table 2). The visual characteristics 
individual dark-stained patches of organic matter did
not vary between mesocosms. Some patches of organic
matter resembled root channels where the root had
completely decomposed. Occasionally, we found fine
roots within patches. Most frequently, patches were
amorphous features in the soil, typically ranging from
1 to 5 cm in diameter. In the Site B forested mesocosms,
we found another type of organically enriched media--
portions of a buried A horizon. We determined the mass
and percentage of C in this layer and added these data
to the mass and percentage of C in the patch material
of these Site B forested mesocosms. The higher patch
C in the Site B forested area compared with the Site B
mowed area (Table 2) resulted from the inclusion 
this layer in our computations. Even though this layer
occurred only in the forested area, ground water

Table 2. Characteristics of patches of elevated organic matter
found within mesocosms taken from the seasonally saturated
subsoil of two riparian sites. Values are mean (standard error)
of three replicate mesocosms per area.

Mean (mass/mass)
of patch material Mean Mean root

Area per mesocosm patch C biomass~"

% g C kg-t g m-~

Site A forested 4.8a~: (5.3) 0.5ac (0.5) ll.6a (8.7)
Site A mowed 0.6a (0.3) 0.1a (0.0) 33.3a (27.3)
Site B forested 14.3b (4.9) 6.9b (0.7) 48.7a (22.2)
Site B mowed 15.3b (12.2) 1.9c (1.6) 14.7a (7.6)

-~Root biomass based on the 15 cm thickness of mesocosms.
$ Values followed by different scripts within each column are significantly

different in a Mann-Whitney rank sum U test (p < 0.05).

NO~--N removal and denitrification gas production
were similar between the forested and mowed areas of
Site B.

There was no significant difference in the percent
(mass/mass) of patch material between forested and
mowed areas within each site (Table 2). However, the
percent of patch material in Site B mesocosms (mean:
13.8%; SE: 5.2) was significantly greater than in Site 
mesocosms (mean: 2.7%; SE: 2.4).

Patch material ranged from 0.6 to 3.5% C, whereas
matrix material ranged from 0.2 to 0.6% C. At Site A,
there was no significant difference in patch C between
forested and mowed areas (mean: 0.3 g C kg-1 soil; SE:
0.2) (Table 2). The Site B forested area had significantly
higher patch C (mean: 6.9 g C kg-~ soil; SE: 0.7) than
the Site B mowed area (mean: 1.9 g C kg-1 soil; SE:
1.6). Patch C was significantly correlated with ground
water NO~--N removal rates (r, = 0.82) and denitrifica-
tion gas production rates (r, = 0.77). Ground water
NO~--N removal rates and denitrification gas produc-
tion rates were not significantly correlated with ma-
trix C.

We found roots in all mesocosms (Table 2). There
was no significant difference in root biomass within or
between sites. Root biomass was not significantly corre-
lated with patch C, ground water NO~--N removal rates,
or denitrification gas production rates.

Denitrification Potential

Denitrification enzyme activity was assayed on C ho-
rizon material and patch material from both sites. Irre-
spective of vegetation cover or site, DEA was low in
the soil matrix, averaging 1.4 I~g N20-N kg-~ d-~ (range:
0.0-3.1 I~g NzO-N kg-~ d-~). Overall, mean DEA in
patches was 11.8 t~g N20-N kg-~ d-~ (range: 0.0-61.0
txg N20-N kg-~ d-~).

DISCUSSION

Several aspects of our study merit further attention.
First, we observed no significant difference in ground
water NO~--N removal rates within the subsoil of for-
ested and mowed riparian areas. Second, we found sig-
nificant differences in ground water NO~--N removal
rates between two riparian sites with similar soil texture,
drainage class, and morphology. These results have sev-
eral implications for the assessment and management
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of riparian buffer zones for ground water NO;--N
removal.

The lack of vegetation effect may be related the simi-
larities in the subsoil root composition and biomass
throughout each sampling site. Our mowed areas were
not representative of large contiguous mowed areas.
Although the aboveground vegetation was strikingly
different between forested and mowed areas, Vogt et al.
(1995) point out that the composition and distribution 
roots may not directly reflect the aboveground vegeta-
tion. Agroforesters have found tree roots extending
many meters laterally into adjacent crop or pasture
lands (Gregory, 1996). Tree roots were noted in all
sampling pits in the mowed areas, even though pits were
at least 5 m from the nearest tree. Thus, the be-
lowground biomass of mowed, herbaceous buffers adja-
cent to or intermixed with trees may represent a com-
posite of roots and function similarly to forested buffer
zones. We point out that during our measurement pe-
riod, our study design precluded interaction between
subsoil and near-surface plant, soil, and litter processes.
Thus, we cannot assess the full spectrum of vegetation
effects on subsoil N processes.

We caution against ascribing specific ground water
NO~--N removal rates to different aboveground riparian
vegetation types without recognizing the importance of
other site differences, e.g., water table dynamics, land
use legacy, and adjacent vegetation. Differences in wa-
ter table dynamics may have contributed to the differ-
ences in ground water NO3--N removal rates between
our sites. During midsummer, the period of deepest
water table depths, the water table was about 50 cm
deeper at Site A than at Site B. If this pattern routinely
occurs, decomposition of organic matter in the upper
C horizon of Site B may proceed at slower rates than
in the upper C horizon of Site A (Donahue et al., 1983).
Reduced decomposition rates would account for the
higher levels of patch C observed in the subsoil of Site
B relative to Site A. The higher levels of organic C,
coupled with anaerobic conditions expected in saturated
conditions, could explain the higher rates of ground
water NO~--N removal and denitrification observed at
Site B (Parkin and Meisinger, 1989; Obenhuber and
Lowrance, 1991; Groffman et al., 1992; Bradley et al.,
1992; McCarty and Bremner, 1992; Yeomans et al., 1992;
Starr and Gillham, 1993; Groffman et al., 1996; Start et
al., 1996; Sotomayor and Rice, 1996; Verchot et al.,
1997).

Land use legacy may have played a role in the differ-
ence in ground water NO;--N removal rates between
sites. Site B was cultivated and received horse manure
applications for about 20 yr until the late 1970s. Manure
applications have been shown to increase the amount
of organic matter in surface soils (Jenkinson et al., 1994;
Darwish et al., 1995). In addition, cultivation processes
may translocate C deeper into the soil profile (Soto-
mayor and Rice, 1996). Thus, previous land use practices
may have contributed to the higher levels of subsoil C
and denitrification at Site B relative to Site A. Our
study supports the need to explore how land use legacy
influences subsoil N processes.

Site B also had another distinguishing characteristic

that may have affected subsoil N processes, a buried A
horizon found only in the forested area. However,
NO;--N removal and denitrification gas production did
not differ significantly between the forested and mowed
areas of Site B despite the presence of the buried A
horizon in the forested area. This suggests that the C
within the buried A horizon was recalcitrant C. Given
the extensive development of the soil profile above this
layer, the depositional event that formed the buried A
horizon took place hundreds to thousands of years ago
(Stolt, 1998, personal communication). The presence 
this alluvial layer is indicative of geomorphic activities
that often characterize riparian zone subsoils. Although
the buried A horizon did not appear to be a source of
labile C at our site, layers of alluvial deposits may be
important sources of C at riparian sites with more recent
alluvial deposits.

We cannot rule out the possibility that the site differ-
ences in NO~--N removal resulted from different tree
species between sites. The Site B forested area was
dominated by speckled alder, which is capable of fixing
N from the atmosphere, while Site A was dominated
by red maple, which cannot fix N. Under alder, organic
N can accumulate in forest soils (Tarrant and Miller,
1963; Bormann and DeBell, 1981; Bormann et al., 1994)
and increase the potential for nitrification and the leach-
ing of NO~- into the subsoil (Bormann et al., 1994).
Hanson et al. (1994) found that denitrification increased
in surface soils where subsurface NO;- levels were ele-
vated. However, the ambient ground water NO~--N con-
centration under the alders was low and comparable to
our other site.

Even though less ground water NO;--N was removed
at Site A than at Site B, these ground water NO~--N
removal rates were still substantial for PD riparian zone
subsoils. Based on our mesocosm results, at a landscape
scale, the ground water NO~--N removal capacity of the
biologically active zone of the subsoil would be 29 kg
ha-1 yr-1 for Site A and 171 kg ha-1 yr-1 for Site B. We
based these estimates on the estimated thickness (0.7
m) of the biologically active ground water zone ex-
tending from 0.2 m, the depth to which the water table
rises in the dormant season, to 0.9 m, the depth below
which we observed no traces of roots or patches of
organic matter. Nitrate-N removal rates obtained in our
present study are within the range of ground water
NO~--N removal rates in PD riparian subsoils found at
similar sites (Nelson et al., 1995; Gold et al., 1998).

Denitrification was the primary mechanism for
ground water NO~--N removal in our study. Our study
supports previous work (Gold et al., 1998; Jacinthe et
al., 1998), demonstrating that patches of organic matter
function as hotspots of microbial activity in the subsoil.
Both ground water NO~--N removal and denitrification
gas production rates were significantly correlated with
patch C. Denitrification enzyme activity was greater in
patch than matrix material. The total mass of patch C
per unit of subsoil may be a useful indicator of NO;--N
removal potential in subsoils. Denitrification enzyme
activity in patch material was highly variable, suggesting
the patch material was not uniform. This variability may
explain the high coefficient of variation in ground water
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NO-f-N removal rates at Site A. We suggest that further
studies are necessary to evaluate the quality of different
types of patches.

Based on the visual pattern of outflow NO3~~-N con-
centration, ground water NO3~-N removal rates ap-
peared to decline during the course of our study. This
decline suggests that the hotspots of microbial activity
had a limited longevity as Christensen et al. (1990b)
found. It is important to recognize that the ground water
NO-f-N removal rates we measured were isolated from
actively growing plants, which contribute C to the sub-
soil via root exudation and turnover (Grineva, 1961;
Head, 1973; Christensen et al., 1990a). Early in the
study, ground water NOf-N removal rates may have
been artificially high, due to stimulation of denitrifica-
tion by decomposition of freshly killed roots or their
recently deposited exudates. Later in the study, ground
water NO3~-N removal rates may have been artificially
low due to a lack of fresh C input from live root pro-
cesses.

Further research is needed to examine the association
between roots, patches, and ground water NO3~-N re-
moval. We need to determine if root-associated patches
function differently than patches without roots. It would
also be beneficial to determine whether different plant
species develop distinct rooting patterns and root-asso-
ciated patches in seasonally saturated subsoils and if
root-associated patches of different plant species vary
in their capacity to function as microbial hotspots. Addi-
tional soil investigations are warranted to determine if
transitional CB horizons are common in riparian ecosys-
tems and are useful indicators of the depth of riparian
zone water quality abatement function.

Riparian zones composed of a mix of forested and
mowed vegetation, common in agroforestry and subur-
ban land uses, may remove substantial amounts of
ground water NO^-N. Our results are consistent with
previous studies that have shown that the ground water
NO3~-N removal function of riparian zones can be quite
robust—occurring within short distances under a wide
range of plant and climatic conditions. Reconciling this
function with the other less robust functions, e.g., sedi-
ment trapping and stream habitat maintenance (Welsch,
1991), is an ongoing challenge in riparian buffer zone
management and assessment efforts.
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