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Non-point source pollution (NPSP) is a landscape scale phenomenon and its diffuse na- 
ture complicates mitigation efforts. One response to this has been the use of vegetative 
filter zones (VFZ) at the point of origin of the pollution (i.e. where water leaves agricul- 
tural fields, feedlots and barnyards) or, more commonly, at the point of entry of NPSP 
into surface waters (i.e. wetlands and riparian areas). The studies presented in this report 
examined surface and subsurface processes that accounted for nitrogen pollutant removal 
in a particular type of VFZ -- forested filter zones (FFZ). We studied FFZ on two small 
watersheds on the Oxford Tobacco Research Station in North-Central NC. 

In addition to measuring inputs and outputs fiom each FFZ, we characterized the N cycle 
in the surface 30 cm of the soil profile to determine the fate of different N species re- 
tained in the FFZ. N loading increased as water passed through FFZ1, but generally de- 
creased in FFZ2. The FFZ were ineffective during the winter and spring when water 
filled pore space exceeded 35% in FFZl and 25% in FFZ2, and infiltration was low. In- 
filtration was the key factor for retention of dissolved species and sedimentation was the 
key for particulate bound N. 

In subsurface runoff, we measured a marked decrease in NO3-N along the piezometric 
gradient, fiom 8 to 10 mg L-I at the field edges to near 0 mg L-I in the forest. C1 concen- 
trations remained between 8 to 10 mg L-I in areas of disappearance, suggesting that dilu- 
tion was not a major factor in NO,-N reductions. Tracer studies on a third site indicated 
that NO3-N attenuation in the grass field border was low compared to the forest. Nitrate 
loss in both areas was almost exclusively through denitrification. Plant uptake played no 
detectable part in NO,-N concentration reductions. 

A laboratory experiment indicated that short term exposure of these forest soils to nutri- 
ent laden agricultural runoff enhanced the denitrification capacity of these soils. It was 
not clear whether this was a response to increased NO3-N in the soil profile, wetter con- 
ditions caused by the runoff, or both. In soils with enhanced denitrification capacity C 
availability became the limiting factor, whereas the denitrifier population was the limit- 
ing factor in non-exposed soils. 

(Key Words: Non-Point Source Pollution Remediation, Buffer Zones, Filter Zones, Ni- 
trogen Cycling, Nitrogen Loss.) 
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The studies presented in this report examined surface and subsurface processes that ac- 
counted for nitrogen pollutant removal in forested filter zones (FFZ). We studied FFZ 
on two small watersheds on the Oxford Tobacco Research Station in North-Central NC. 

We studied surface soil processes by constructing nitrogen budgets for the surface 30 cm 
of two forested filter zones (FFZ). Subsurface processes were studied by measuring 
changes in groundwater chemistry along transects from the field edges to the forest edge 
and below the FFZ. Two additional experiments were conducted whereby nitrate and a 
conservative tracer, bromide, were introduced into the soil profile at different depths and 
attenuation was measured by intercepting the solute plume at different distances from the 
point of introduction. We also performed a laboratory incubation experiment to deter- 
mine the effect of 1 to 2 years' exposure of FFZ soils to nutrient laden runoff on the 
denitrifier microbial population at different depths in the soil profile. 

The two filter zone ecosystems presented contrasting hydrologies and contrasting effi- 
ciencies at removing nitrogen pollutants. The soils in FFZl were moderately well 
drained, but had a perched water table throughout the winter and into the early spring 
that resulted in seepage within the filter zone. When the perched water table was present 
and the surface soil was saturated, infiltration stopped. It was not uncommon for dis- 
charge at the lower end of the FFZ to exceed inflow at the upper end during this time. 
This period corresponded to the period of highest pollutant influx into the FFZ and also 
to the period of greatest nutrient efflux from the FFZ. This was the time of greatest need 
for nutrient removal from runoff to protect water quality. 

The soils in FFZ2 were well drained and, although a perched water table developed in 
the winter, it did not result in the saturation of the soil surface and seepage as was the 
case of FFZ 1. For all runoff events there was a net decrease in runoff volume between 
the upper and lower flumes on the site, indicating that infiltration of surface runoff 
occurred throughout the winter and spring. There was no net release of inorganic-N to 
the surrounding environment during the winter or spring runoff events, however, inputs 
were particularly low to this site. Since leaching losses from the surface 30 cm of soil 
were low during the periods of inorganic-N input and since denitrification was also very 
low, it appears that the nitrogen retained in the filter zone was taken up by the vegetation. 
Organic-N retention was highest in December on this site, but several runoff events in 
March flushed a small amount of organic-N out of the FFZ ecosystem. 

Denitrification was a relatively small portion of the nitrogen budget in the surface 30 cm 
of the FFZ 1. This result was somewhat surprising, as several authors have suggested that 
denitrification should be high in FFZ when the saturated zone was near the surface and in 
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contact with the zone of increased available carbon. This low denitrification rate may be 
explained by the low nitrification rates during the winter months and the lack of any 
subsurface nitrate inputs into the FFZ. 

Grass-vegetated field borders were effective at removing nitrate from subsurface runoff. 
Nitrate removal from subsurface drainage was almost complete in both FFZ, with the 
exception of FFZ2 at 2.5 m depth. Near the surface, this removal appeared to occur up- 
slope, near the field edge. At greater depths, these soils appeared more efficient closer to 
the forest edge that the field edge, suggesting that perhaps plant uptake from deep hori- 
zons could be an important mechanism. We conducted a set of dosing experiments 
where nitrate and a conservative tracer, bromide, were introduced into the soil profile. 
The results of these experiments showed that subsurface nitrate attenuation appears to 
have occurred primarily through denitrification. N losses via denitrification were higher 
in the forest than in the grass-vegetated field borders, suggesting that these sites would be 
more efficient filters. 

Dispersal of agricultural runoff enhanced denitrification potential of FFZ soils. In one 
instance this enhancement was observed to 1 m depth. This implies that the nature of the 
soil microbial population changed and that the population of denitrifylng organisms was 
greater due to this exposure. Two mechanisms may be responsible for this response: (i) 
nitrate levels may be higher in the soil profile as nutrient laden runoff infiltrates, creating 
the opportunity for growth of the denitrifjmg microorganism population during saturated 
conditions and (ii) infiltration of agricultural runoff creates wetter conditions that exert a 
selective pressure on the soil microbial community that favors facultative anaerobes. 

Enhanced denitrification capacity did not translate to enhanced denitrification under 
ambient carbon conditions where nitrate reduction in subsoils was higher in soil samples 
from areas that did not receive agricultural effluent, suggesting that changes in the 
availability of the organic carbon may also have occurred. 



With respect to removal of nitrogen from surface runoff, not all FFZ are created equal. 
For dissolved pollutants, such as nitrate and dissolved organic-N, infiltration capacity of 
the soil is the important factor governing the effectiveness of FFZ. For particulate or 
particulate-bound pollutants such as particulate organic-N or adsorbed ammonium, 
sedimentation is the primary removal mechanism and characteristics of the FFZ that 
promote sedimentation (e.g . surface rugosity , vegetation density) determine efficiency. 
Our results underline the importance of these mechanisms and show how failure to take 
these factors into account can lead to poor filter zone performance. FFZ that are de- 
signed for the removal of N species from surface runoff should not be located on sites 
where infiltration capacity is inadequate for the contributing field area. On sites with 
adequate infiltration removal of dissolved N species, particularly nitrate, fiom runoff is 
enhanced. Sites with inadequate infiltration may become net contributors to nitrate in 
runoff, due to increased contact of the runoff water with the soil. 

For nitrate in subsurface drainage, we observed significant reductions under grass- 
vegetated field borders. Results from our dosing experiment showed that riparian forests 
were more effective at nitrate removal. In many instances, space is a concern when 
prescribing NPSP control measures. Our results suggest that nitrate concentration reduc- 
tions can be obtained over shorter distances in riparian forest vegetation than in upland 
grass border soils. 

Further research is warranted to study the effects of water dispersal on the soil microbial 
community and on organic matter quality. Results fiom the research presented in this 
report suggest that there may be a change in the soil microbial community that favors 
denitrifiers and a change in the quality of the carbon in the soil profile that results in 
decreased carbon availability for denitrification. 

Given the current state of knowledge, a better understanding of the relative importance 
of plant uptake versus denitrification as the mechanism for nitrate removal, would be 
helpful in guiding recommendations for management of FFZ. Some authors have sug- 
gested periodic harvests to maintain the FFZ at an earlier successional stage to maximize 
nutrient uptake capacity. The benefits to nutrient uptake obtained from harvesting may 
be offset by reductions in infiltration on the site due to soil compaction during the har- 
vesting operation. Therefore, careful definition of objectives for the FFZ is required to 
determine the appropriate management interventions. Vegetation management decisions 
also must be weighed against the impacts of such actions on other riparian forest func- 
tions such as sediment trapping, filtration of other agricultural pollutants (e.g. phospho- 
rus) and wildlife habitat. 





The 1992 National Water Quality Inventory (EPA, 1994) showed that nationwide, pollution 
impairs the designated use of 44 % of assessed rivers and 57 % of the assessed lakes. For both 
lakes and rivers, nutrient pollution originating fiom agricultural sources was cited as a major 
cause of use impairment. These nutrient inputs can pose human health problems and accelerate 
cultural eutrophication, resulting in the cited impairment. In the southeast US, agricultural non- 
point source pollution affects more than 50 percent of the surface waters and contributes in 
excess of 1.2 million metric tons of N to these waters annually (Neary et al., 1989). 

Nutrient movement to surface waters from agricultural areas can take place through either 
surface or subsurface pathways. Segregation of runoff between surface and subsurface flow 
depends on soil physical properties, antecedent moisture content of the soil, the nature of the 
rainfall event and management practices. Surface runoff is an important transport mechanism 
for particulate organic-N and NH,-N adsorbed onto suspended particles. In addition, surface 
runoff and near-surface interflow are important transport mechanisms for soluble pollutants such 
as NO3-N and dissolved organic-N (Lowrance, et al., 1 984a, Smith et al., 1993). Bengston et al. 
(1  988) found significant NO3-N and NH,-N export from fields in surface runoff during intense 
rainfalls following fertilizer applications in the lower Mississippi Valley. Total inorganic-N 
exports ranged from 0.8 to 26.1 kg ha-' y r - I  on plots without subsurface drainage. Roberts 
(1 987) found similar results in a catchment in southern Great Britain, with exports of 15 to 6 1 kg 
N ha-' yr-* via both surface runoff and near surface interflow. A large proportion of this loss 
occurred following fertilizer application. Lowrance (1992) analyzed surface and subsurface 
transport of NO,-N, NH,-N and organic-N in the Georgia coastal plain and found that N ex- 
ported from a field in subsurface flow was approximately 97% NO,-N, with the rest being 
evenly divided between NH,-N and organic-N. Surface runoff N exports were 29% for NO3-N, 
1 1% for NH,-N and 60% for organic-N. Subsurface transport was the major pathway of N loss 
in this study, accounting for 146 kg ha-' over the four year study period compared to 1 1 kg ha-' 
lost via surface runoff over the same period. Schnabel, et al. ( 1993) found that subsurface 
discharge constituted 60 to 80% of total stream flow volume in a small watershed in northeastern 
Pennsylvania. Concentrations of NO,-N, SO, and C1 in the stream were principally controlled 
by subsurface hydrology. 

One means of reducing nutrient loading in surface waters from non-point source pollution is 
through the use of vegetated filter zones. Several researchers have examined the effectiveness of 
vegetated filter zones at removing nitrogenous compounds from surface runoff. Results for 
grass-vegetated filter zones are mixed (Magette el d., 1989; Daniels and Gilliam, 1989; 1996 : 
Dillaha et al. 1989) and suggest that these zones are effective for particulate and sediment- 
bound N (particulate organic-N and adsorbed NH,-N), but relatively ineffective for dissolved-N 
(dissolved organic-N and NO,-N). High flow volumes rapidly submerge the vegetation, render- 
ing these zones ineffective. Research by Peterjohn and Correll ( 1984) suggested that forested 
i i k r  zones ; FFZ) successfu!; y remove nitrogenous compounds from surface runoff. These 
authors found removals fiom surface runoff of 12 kg ha-' yr-l for organic-N, 1 kg ha-I yr-I for 
NH,-N and 2.7 kg ha-' yr-' for NO:-N. in a riparian FFZ in eastern Maryland, with load reduc- 



tions of 79% for NO3-N, 73% for NH,-N and 62% for organic-N occumng within the first 19 m 
from the edge of the field. Similarly, Knauer and Mander (1989) reported reductions of 61 % for 
NO,-N and 82 O/o for NH,-N in surface runoff in alder woodland filter strips in southeastern 
Germany. 

Much of the recent research on filter zones has examined output vs. input of different N species 
with the objectives of determining the effectiveness of vegetated filter zones in reducing non- 
point source pollution and developing design criteria for effective filter zones. Few studies have 
focused on the mechanisms of N removal from surface runoff. Understanding the relative 
importance of different N attenuation mechanisms and the ultimate fates of different N forms 
entering forested filter zones is important for evaluating the long-term effectiveness of these 
zones and developing management strategies to maximize their effectiveness. 

Nitrogen entering the FFZ ecosystem may follow a number of pathways that can either lead to 
conservation, through cycling between the organic and inorganic N pools, or loss fiom the 
system. Four fates are potentially important for N removal fiom surface water flowing through 
the FFZ: denitrification, leaching to the water table, microbial immobilization, and plant uptake. 
In the first fate, denitrification, N is removed fiom the FFZ ecosystem as it is lost to the atmo- 
sphere as nitrous oxide (N,O) A or di-nitrogen gas (NJ. In the case of leaching, once N is re- 
moved to deeper horizons, it may move laterally to surface waters, be dissipated through denitri- 
fication, remain as a contaminant, or be recycled in the ecosystem. In the cases of microbial 
immobilization (uptake of inorganic-N by microorganisms for growth and maintenance) and 
plant uptake, the result is N conservation within the filter zone ecosystem, giving rise to the 
potential for continued cycling through litterfall and microbial death followed by decomposition 
and remineralization. This continued cycling could result in later release of N through gaseous 
loss, leaching or release to surface waters in surface and subsurface flow out of the FFZ. 

Several authors have demonstrated the effectiveness of vegetated filter zones at removing NO,-N 
fiom subsurface flow. Jacobs and Gilliam (1985) found that NO,-N concentrations decreased 
from 7 to 8 mg L-I under row crops to less than 0.1 mg L-I near the stream edge under a riparian 
forest on the Middle Coastal Plain of North Carolina. The major portion of the NO,-N concen- 
tration reduction was attributed to denitrification. Lowrance (1 992b) found that NO3-N de- 
creased from 13.5 to 0.8 mg L-I as shallow ground water moved through a riparian forest. While 
denitrification may have accounted for some of this decrease, plant uptake was found to be the 
principal mechanism for NO,-N removal. Studies on sites with fluctuating water tables and 
where C is present in the saturated zone tend to fall between these two extremes. Denitrification 
was thought to be the predominant agent of NO,-N attenuation when water tables were high 
during the winter and plant uptake is thought to have predominated during the summer months. 
when water tables were low (Pinay, 1986; Simmons et dl., 1992; Groffman et al., 1992). De- 
spite this evidence, the mechanisms responsible for NO,-N removal in sub-soils remain a point 
of controversy, largely due to the fact that the different processes are difficult to measure and are 
often inferred indirectly. 



The long-term impacts of increased N loading on filter zone ecosystems and on soil microbial 
populations remains largely unknown. Groffman et al. (1 992) suggested that long-term nitrogen 
inputs may alter attenuation capacities of FFZ as plant and microbial N pools become saturated. 
This could result in decreased "filtering" capacities as forested filter zones (FFZ) age. Low- 
rance et al. (1984, 1985) suggested that one means of maintaining the effectiveness of VFZ and 
overcoming any eventual problem with nitrogen saturation in the vegetative pool would be to 
perform periodic harvests and vegetation removal to maintain the vegetation at an earlier succes- 
sional stage, where nitrogen uptake would be highest. Little consideration has been given possi- 
bilities of saturation in the microbial pool. One reason for this is that the microbial process most 
associated with N attenuation in FFZ is denitrification, which involves dissipation of nitrogen to 
the atmosphere as N,O and N,. Because N is not accumulating in this case, N saturation of the 
soil microbial pool seems unlikely. Nevertheless, whether the microbial process responsible for 
N removal is immobilization or denitrification, as a means of understanding the prospects for 
long-term effectiveness of FFZ, it is important to ask: What are the changes that occur in the soil 
microbial community in response to increased N loading? . 

The objectives of this research were to evaluate the effectiveness of two experimental FFZ in the 
Piedmont region of North Carolina, determine the fate of N leaving an agncultural area in both 
surface and subsurface runoff and determine the impact of short-term (1-2 years) increase in N 
loading on the soil denitrifier population. For the surface component of runoff, in addition to 
measuring inputs and outputs of different forms of N in two experimental FFZ, we characterized 
the N cycle in the surface 30 cm of the soil profile. The decision to limit the study of N cycling 
to the surface 30 cm was based on root and organic matter distribution in the soil profile. Root 
density was highest in this zone and organic matter content, which is strongly associated with 
microbial activity, decreased rapidly to less than 5 mg g-' just below this zone in each FFZ. Our 
specific objectives with respect to surface runoff were to measure on a monthly basis (i) input 
and output of NO$, NH,-N and organic-N through surface runoff during storm events; (ii) net 
mineralization/immobilization of NO,-N and NH,-N; (iii) plant uptake and leaching of NH4-N 
and NO,-N; and (iv) NO,-N loss via denitrification. 

With respect to the subsurface component of runoff, our objectives were twofold: First, to 
determine changes in shallow groundwater chemistry along a piezometric gradient from agncul- 
tural fields, across grass-vegetated field borders and through an adjacent forest in two small 
Piedmont watersheds. Second, to determine the relative importance of dilution, denitrification 
and plant uptake in subsurface nitrate attenuation in grass-vegetated field borders and forested 
filter zones (FFZ). The approach consisted of monitoring changes in groundwater chemistry 
through a series of wells installed on the two experimental watersheds. In addition, a third site 
was studied and subjected to high nitrate loading via the introduction of nitrate and a conserva- 
tive tracer, bromide, into the soil profile to better ascertain the mechanisms responsible for 
nitrate removal. 

To study the effects of N loading on the denitrifier microbial population, we conducted a labora- 
tory incubation experiment to determine the denitrification capacity of the soils to a depth of 1 
m. The specific objectives were to determine: ( i )  whether denitrification potential of FFZ soils 



had been altered by the exposure to nutrient-laden runoff; and (ii) whether actual denitification 
rates of these soils had been altered by this exposure. For the purposes of this experiment, deni- 
trification potential was defined as the capacity of the microbial population in a soil to accom- 
plish denitrification under conditions where neither C nor NO,-N were limiting. Denitrification 
rate was defined as the rate of NO,-N loss under ambient carbon levels. Our hypothesis was that 
both denitrification potential and denitrification rates would be enhanced by exposure to nutri- 
ent-laden runoff. 



Site Descriptiun 

This study was conducted on the Oxford Tobacco Research Station, located in Granville County, 
North Carolina. The station is located on the eastern edge of the Piedmont physiographic prov- 
ince (Figure 1). The geology of the area is mixed, consisting of aplitic granites, gneiss and 
phyllites with small areas of basic igneous rock intrusions (Aull et al., 1978). The topography is 
moderately dissected with small areas of alluvial deposits in the depressions. 

Experimental Watersheds 
Two small watersheds draining into Lake Devin were used in this study (Figure 1). Each water- 
shed consisted of several small fields from which surface runoff drained via grass-vegetated 
waterways through a grass field border and then into an adjacent forest. Watershed I (WI) 
occupied 1 S O  ha, with 11 % of this area being forested. The portion of the forest used for the 
filter zone comprised 0.12 ha. Soils in the fields on WI consisted of Vance sandy loam, 2-6 % 
slope (clayey, mixed, thermic Typic Hapludult) and Durham sandy loam, 2-6 % slope (fine 
loamy, siliceous, thermic Typic Hapludult). Soils in the forested area of the watershed were 

Figure I .  Map uf ' Experinten tal Watersiz eds and dosing plots. FYI was composed of Field 1 
and FFZI; WII was cunzposed c? j' Fidd 2 and FFZ2. Triangles un cxperinl en tal watersheds 
indicate location uf well nests. The dosing experiments were conducted on an adjacent site 
do wn-slope j i m t  Field 3. Location u j' tlt c rcsearclz site is in the in set. 



Helena loamy sand, 2-6 % slope (clayey, mixed, themic Aquic Hapludult). Watershed I1 (WII) 
occupied 1.47 ha, with 20 % of this area being forested. The portion of the forest used for the 
filter zone comprised 0.21 ha. Soils in the fields on WII consisted of Helena loamy sand, 2-6 % 
slope and Vance sandy loam, 6-10 % slope. Forest soils on this watershed were Vance sandy 
loam, 6- 10 % slope with some Durham sandy loam inclusions (Aull, et al., 1978). 

The FFZ on WI was 30.5 m long (from point of entry to point of exit of surface flow) and 54.9 
m wide. Average slope of the filter zone was 4 %. The FFZ on WII was 39.6 m long and 67.0 
m wide, with an average slope of 9 %. Cropping practices on the fields in each watershed 
consisted of an annual rotation of winter wheat (Triticum aestivum L.) and soybean (Glycine 
mar L.), with a tobacco (Nicotina tabactrm L.) crop being grown every three years. 

Each FFZ consisted of a fully stocked mature mixed pine-hardwood stand. Principal overstory 
species on each watershed were sweetgum (Liquidambar styracifua L.), loblolly pine, (Pinus 
taeda L.) and white oak (Quercus alba, L.). A dense understory of poison ivy (Toxicodendron 
radicans L.), green briar (Smilax rotundifolia L.) and Virginia creeper (Parthenocissus quinque- 
folia L.) occurred in FFZ 1. These species were present in FFZ2, but did not form as dense an 
understory as in FFZ 1. Average tree diameters were 38 and 45 cm in FFZ 1 and FFZ2, respec- 
tively, and basal area was 1 1.1 5 and 10.68 m2 ha-' (Franklin et al., 1992). 

Field Installations 

After water drained from the fields through the grass-vegetated waterways, it passed through a 
grass-vegetated field border and into a FFZ (Figure 1). The grass vegetated field border was 
approximately 17 m wide on WI and 7 m wide on WII. Two berms were constructed on either 
side of the natural topographic drainage to collect water as it entered the forested area and to 
channel it into a 61 cm H-flume for measurement. The H-flume contained an integral stilling 
well that allowed for stage measurement using float driven potentiometers monitored by a 
Campbell CR- 10 datalogger. Runoff samples were collected in the flume by a Sigma Model 800 
SL automatic water sampler. Samples were taken based on the change in stage in the flume as 
monitored by the data logger; one sample was taken for every 100 mrn change in stage. 

After passing through the flume, runoff was dispersed along the contour across the forested area 
in each watershed using a level spreader. The level spreader consisted of a concrete and wood 
distribution box centered on the natural drainage channel just below the H-flume at the entrance 
to the FFZ that diverted flow into two treated wooden troughs extending laterally from each side 
of the distribution box. The wooden troughs were placed along the contour to allow water to 
flow over the whole FFZ. Water flowed through the H-flume directly into the distribution box 
where it was either directed to the spreaders or allowed to continue in the natural drainage-way. 
After the water flowed through the FFZ, it was collected by plywood walls extending across the 
lower end of each filter zone to direct the flow into a second H-flume centered of the natural 
drainage channel. The walls extended approximately 30 cm below ground and were set into a 
concrete base. The H-flume was equipped similarly to the one at the entrance to the distribution 
box to allow for monitoring of stage and for automatic water sampling as described above. 



Two transects of wells were installed on each watershed. Wells were situated at the field edge, 
in the lower portion of the grass-vegetated field borders (grass border), at the grass border-forest 
interface (forest edge), and below the lower plywood walls (forest), on either side of the main 
drainage entering each FFZ (Figure 1). The wells were constructed of 5-cm (2-inch) PVC 
tubing with 10 cm of slotted well casing at the lower end. Each piezometer was capped at the 
bottom and fitted with a loose cap at the top to prevent rainfall and debris from entering. Three 
wells were situated at each position, one at 0.75 m, one at 1.5 m and the third at 2.5 m depth. 
The well casing was placed so that the slotted portion extended 5 cm below and above the 
prescribed depth. 

Nitrate Dosing Experiments 

Two experiments in which nitrate and a conservative tracer (Br) were introduced into the soil 
profile with the objective of determining nitrate removal mechanisms were carried out on a third 
site that was immediately adjacent to the two watersheds described above (Figure 1). This site 
consisted of several small fields under constant tobacco cultivation from which surface runoff 
drained via grass-vegetated waterways into an adjacent forest. The study area consisted of the 
grass-vegetated field border and a wooded riparian area down-slope from the fields. The soil in 
the grass-vegetated area at the field edge was Helena loamy sand, 2-6 % slope (Aquic hapludult, 
clayey, mixed thermic). The soil in the riparian forest was a Worsham sandy loam (Typic 
ochraquult, clayey, mixed, thermic) (Aull, et al., 1978). 

Surfbee Component of Runoff 

We studied N retention from surface runoff between June 1993 to May 1994, during the wheat- 
soybean phase of the agricultural rotation. Runoff events were alternately dispersed and allowed 
to remain concen-trated during the first half of this study (June to December 1993) to enable the 
characterization of the hydrology of the site (See Raj bandari, 1995). After this period, all events 
were dispersed. 

Infiltration, N Inputs and Outputs in Runoff 

Equipment installed in the field, described above, allowed measurement of the hydrograph and 
collection of water samples at the entrance and exit of each FFZ during each runoff event. A 
tipping-bucket rain gauge was also installed in the field on W1 to measure rainfall. We 
calculated infiltration from the difference between inputs (rainfall + runoff entering the FFZ) 
and outputs (runoff leaving the FFZ). We adjusted precipitation inputs for this calculation by 
assuming 20% canopy interception, which is an appropriate upper bound for this forest type (D. 
Hazel, 1994, personal communication). Therefore infiltration estimates are minimum estimates. 

In the laboratory, water samples were composited to represent one flow-proportional sample per 
flume per event, and analyzed for NO,-N, NH,-N and total Kjeldahl-N (TKN) on a Lachat 
QuikChem System IV Autoanalyzer (Lachat instruments, Milwaukee. WT) using the salicylate- 



hypochlorite method for NH,-N and a modified Griess-Ilosvay method for NO,-N (Hart et al., 
1994). Total event loadings for the different N species entering and exiting the FFZ were 
calculated from the mean event concentrations and total flow volume measured for the event. 
Organic-N was calculated as the difference between TKN and NH,-N. For a subset of events, 
discreet samples were used to calculate nutrient loadings to validate the composite procedure. 
The comparison showed good agreement between the two methods. Slopes * standard errors for 
NH,-N, NO,-N and TKN were 1.22 * 0.13, 1.02 * 0.01 and 0.73 * 0.07, respectively. The 12 
values for the regressions were 0.77 for NH,-N, 1 .OO for NO3-N and 0.79 for TKN. 

Automatic sampler malfunction resulted in the loss of samples in FFZ2 during three runoff 
events. During each of these events, samples were collected in one of the two flumes. Flow 
volumes and empirical relationships of nutrient concentration changes between the two flumes 
were used to estimate the nutrient loading at the flume with missing samples. For several small 
runoff events, flow in the flume at the exit of the FFZ was insufficient to permit sampling. In 
these cases we report only inputs to the FFZ and no outputs. 

N Cycling 

To evaluate possible fates of inorganic N entering the FFZ in runoff, we measured different 
components of the N cycle in each FFZ. A five compartment model formed the framework for 
our analysis of N cycling (Figure 2). We analyzed N inputs and outputs from the inorganic-N 
pool in the surface soil of the FFZ on a monthly basis. In addition to inputs to this pool from 
runoff, inputs of NO, and NH, due to mineralization were estimated. Outputs that were mea- 
sured included plant uptake, immobilization, denitrification, leaching and loss in runoff leaving 
the FFZ. Both mineralization and immobilization involved microbially mediated fluxes between 
the organic and inorganic-N pools in the soil, making these two processes difficult to separate 
and measure independently. Therefore the flux between these two pools was estimated as net 
mineralization/immobilization or net movement of N in one direction or the other between these 
pools. We limited our analysis for this study to the surface 30 cm of the soil profile, where root 
density was greatest and where a sharp decline in organic-C was encountered. For this analysis 
leaching to deeper soil constituted a fate, despite the fact that important transformations may still 
occur to sequester N in plant or microbial biomass or transfer N to the atmosphere via denitrifi- 
cation. 

Net minevalizution/immohilizution. plunt uptake and leaching 

Net mineralization/irnmobilization, plant uptake and leaching in the surface 30 cm of soil were 
measured using an in situ incubation technique (Raison et ul., 1987; Debosz and Vinther 1989: 
Adams et a/., 1989; Hart et dl., 1994). These incubations were conducted throughout the course 
of the study period, with 6 replications per filter zone per month. Soil cores of 30 cm in length 
were collected from the bulk soil at the start of each incubation period (Tl) at the site of each 
incubation. At the same time, within 30 cm of where the T1 sample had been collected, two 3.8 
cm (diameter). schedule 40 PVC pipes were inserted into the soil to a depth of 30 cm, one pipe 
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Figure 2. Simplified, 5 coompartmnt N cycle model used to evaluate possible fates of inor- 
ganic N entering FFZ in runo fJ 

was capped (C) and the other left open (0). The lower end of each pipe was sharpened to permit 
insertion with a minimum of compaction and each pipe was driven into the soil with a rubber 
mallet. These cores were incubated in place for one month and then removed for analysis. At 
that time, a second sample was also collected Erom the bulk soil within 30 cm of the location of 
the incubation tubes (T2). This sample served as the T1 sample for the following month. Each 
soil sample was divided in two parts for analysis, one part representing the surface 10 cm of the 
profile (roughly corresponding to the A horizon) and one representing the 10 to 30 cm layer 
(roughly corresponding to the E horizon). Within 24 hours of collection, a 10-g subsample was 
drawn from each sample for extraction of NO,-N and NH,-N. Each subsample was mixed with 
25 ml of 2 M KCI, shaken for 1 hour and then spun on a centrifuge to obtain a clear supernatant. 
The supernatant was decanted and analyzed for NO,-N and NH,-N on a Lachat QuikChem 
System IV Autoanalyzer. At the time of extraction. subsamples were withdrawn and dried for 
24 hours at 105' C to determine gravimetric water content. 

The insertion of the cores effectively blocked plant uptake by severing any roots that may have 
been present. In addition, covering one of the tubes blocked leaching since water could not enter 
to percolate. Net mineralization/immobilization was, therefore, calculated as the difference 
between inorganic-N in the covered tube and in the soil at the beginning of the incubation. 
Shilarly. net ammonification and net nitrification were calculated as the differences of NH,-N 
ant: YO,-N, respectively. between the C and T 1 samples. Plant uptake was determined by the 
diffsrsncs between the inorganic-N in the open tubs and in the soil at the end of the incubation, 
with the assumption that leaching losszs in both were equal and the oniy difference was due to 
uptake. The differences of NO+ and NH,-N between the covered tube and the open tube 



provided an estimate of the maximum rate of N leaching. This method overestimates actual 
leaching because, in the absence of uptake by plants, all of the inorganic N present at the begin- 
ning or produced over the course of the incubation is subject to leaching. Inputs via throughfall 
and stemflow were not directly accounted for in this incubation method, however, these inputs 
were indirectly accounted for in the leaching measurement. In some cases we expected to see 
negative leaching rates indicating higher inputs via throughfall and stemflow than losses via 
leaching. These calculations are summarized by the following equations: 

Net mineralization/immobilization = Inorganic-N in C - Inorganic-N in T1 
(Negative values indicated net immobilization) 

Plant uptake = Inorganic-N in 0 - Inorganic-N in T2 

Leaching = Inorganic-N in C - Inorganic-N in 0 

It is widely recognized that the insertion of tubes into the soil can alter N transformations due to 
decomposition of severed roots and differences in transformation rates due to effects on soil 
moisture (Adams et al., 1989; Raison et ul., 1987); however, Adams et al. showed that these 
artifacts can be minimized with short incubation periods of four weeks or less. 

Nitrate loss through denitrifcution 

Denitrification measurements were made monthly between January and May 1994, which 
corresponded to the period when the water table is nearest the surface. We used the static core 
incubation method (Ryden et al., 1987; Groffman and Tiedje, 1989). Six intact soil cores, 30 
cm in length, were collected from each FFZ using a punch auger containing perforated plastic 
sleeve inserts. Each core was then placed in a glass cylinder that was buried in the soil so that 
only a small portion protruded. Each cylinder was sealed with a rubber stopper fitted with a 
glass sampling tube, capped by a sleeve septum stopper. The headspace was amended to contain 
approximately 20 % acetone-free acetylene on a volume basis. The cores were allowed to 
equilibrate for a minimum of one hour, after which a 5-rnL sample of the headspace was 
withdrawn into a syringe for analysis of nitrous oxide content on a Perkin Elmer Autosystem 
gas chromato graph fitted with an electron capture detector. The headspace volume that was 
removed was replaced by air. A second sample was withdrawn exactly 24 hours after the first 
sample and analyzed for nitrous oxide. All analyses by gas chromatography were completed 
within 2.5 hours of sampling 

Groundwater chemistry 

We studied groundwater chemistry during the wet seasons (winter and spring) of 1993 and 1994. 
During the 1993 wet season, each well was sampled on a biweekly basis, from March to July, 
after which the water table dipped below the intake of most wells. Each well was pumped dry 



on the day prior to sampling and allowed to refill overnight to ensure that the sample taken 
represented ambient groundwater conditions. Samples were analyzed for nitrate, chloride and 
sulfate on a Dionex 201 0i ion chromatograph. Chloride emanating from the agricultural fields 
was used as a conservative tracer for determining nitrate attenuation via biological processes due 
to the fact that it moves through the soil at similar rates as nitrate. Each piezometer was sampled 
on a monthly basis during the 1994 wet season fiom January until the site dried out in May. In 
addition to measuring nitrate, chloride and sulfate as in the 1993 season, all samples were ana- 
lyzed for dissolved organic carbon (DOC) on a Shimadzu Model TOC - 5050 total carbon 
analyzer. 

Samples from March and April 1994 were analyzed for pH using an Orion 701 pH meter with a 
combination electrode. Samples collected fiom February to May were analyzed for dissolved 
N,O according to the method of Davidson and Firestone (1988). A 30 ml sub-sample was taken 
from each water sample, placed in a serum bottle and stoppered with a sleeve serum stopper. 
The sample was allowed to de-gas for a minimum of 18 hours and was then vigorously shaken 
on a reciprocating shaker for a minimum of 1 hour. A 5-ml gas sample was then withdrawn 
from the headspace of the bottle with a syringe and was analyzed for nitrous oxide on a Perkin 
Elmer Autosystem gas chromatograph. Gases were separated on two Porapak-Q columns at 
60°C using carrier gas of 95% argon and 5% methane. Nitrous oxide concentrations were 
determined by an electron capture detector. 

The redox potential (Eh) is a measurement of the availability of electrons and indicates the 
thermodynamic possibility of certain reduction reactions in the soil, such as denitrification. Eh 
of the saturated zone in the soil at 1.5 m depth was measured in May 1994 on WI using bright 
platinum electrodes and a standard calomel reference electrode (Gambrell, 1974). Holes were 
bored along the northern piezometer transect using a bucket auger. An electrode with three 
platinum leads soldered to silver coated copper wires was placed in each hole, so that the plati- 
num leads were buried in the soil, and allowed to equilibrate for 10 to 20 minutes. Eh was 
measured against a calomel reference electrode that was lowered into the water in the hole. To 
cori-cct the redox potential measured in the field and express the results in relation to the stan- 
dard hydrogen gas reference electrode, 250.9 mV was added to the reading obtained against the 
calomel reference electrode. No measurement was possible in WII due to the dry conditions in 
May. 

Denitrification at the Field Edge 

Denitrification measurements were made using the static core incubation method (Ryden et al., 
1987: Groffman and Tiedje. 1989) on cores collected from the field edge between depths of 1.5 
and 2.0 m in May 1994. Five intact soil cores. 25 cm in length and 3.2 cm in diameter, were 
collected usins a punch auger containing plastic sleeve inserts. Three cores were collected from 
a ilepth of 1.5 m and two cores from 2.0 m. Each core was capped and returned to the labora- 
tory where it was stored overnight in darkness at J'C. The following day, the plastic sleeve 



surrounding each core was perforated using a hot soldering iron, to allow for gas exchange, and 
the core was placed in a glass cylinder. The cylinder was then sealed with a rubber stopper that 
had been fitted with a glass sampling tube which was capped by a sleeve septum stopper to allow 
for sampling of the head-space gas. The head-space was evacuated and flushed with pure nitro- 
gen four times and then was equilibrated to atmospheric pressure to create an anaerobic environ- 
ment for the incubation. The head-space was then amended to contain approximately 20 % 
acetone-free acetylene on a volume basis. The cores were placed in an incubator at l3'C and 
allowed to equilibrate for 4 hours, after which a 5-ml sample of the head-space gas was with- 
drawn into a syringe for analysis of nitrous oxide content via gas chromatography. The head- 
space volume that was removed was replaced by air. A second sample was withdrawn for 
analysis at 24 hours to determine nitrous oxide evolution due to denitrification. 

Dosing Experiments 

Grass-vegetatedfield border 

Two dosing trenches, each 12-m in length, were dug to a depth of 1.5-m in the border area at the 
field edge, on either side of the main drainage channel (Figure 3). Each trench received 20 kg 
NO,-N in dry form as fertilizer grade sodium nitrate and 12 kg Br in dry form as sodium 
bromide. Dry forms of these chemicals were used to produce a sustained solute plume 
throughout the wet season. Bromide was used as a conservative tracer to follow water 
movement through the soil because it moves freely with soil water, as does nitrate, but is not 
subject to denitrification. The trenches were refilled after dosing; the area was then graded and 
seeded to fescue and wheat. 

One month prior to dosing, a 1-m deep trench was dug along the edge of the wooded area down- 
slope from the grass border. The purpose of this was to cut any tree roots extending into the 
zone and refilled immediately. In this way any nitrate losses observed would be attributed to 
denitrification since plant uptake from the forest was cut off and roots from the young grass 
plants would not penetrate to the dosing depth. 

Subsurface water was sampled in a series of wells located down-slope from the dosing trench. 
To enhance the probability of intercepting the solute plume, wells were installed to sample from 
two depths, 1 SO-1.75 m and 1.75-2.00 m. Wells were located at 1, 4 and 8 m from the dosing 
trench, with two at each depth and at each distance. Due to space limitations, one set of wells 
was located at only 7 m distance from one of the dosing trenches rather than at 8 m. Installation 
of one of the deep wells at 1 m on Plot B was blocked by a hard layer encountered at 1.75 m 
depth. A third transect of wells was installed immediately adjacent to each area to determine 
backgound nitrate levels at each distance from the field edge. Each dosing trench and the 
sampling area below the trench will be called Plots A and B. 

Each well was sampled monthly, beginning one month after dosing. As in the previous sampling 
scheme, each piezometer was pumped dry on the day prior to sampling and allowed to refill with 



fresh groundwater to ensure that the sample taken represented ambient groundwater conditions. 
All water samples were analyzed for nitrate-N, DOC and dissolved nitrous oxide as described 
above. Bromide was also analyzed using a Dionex 2010i ion chromatograph. 

Eh measurements were made during the month of May using bright platinum electrodes and a 
calomel reference electrode as described above. Measurements were made at 1.5 m depth, 
midway between each set of wells along the topographic gradient. This design yielded four 
redox potential measurements per plot, two at 2.5 m and two at 6 m from the dosing trenches. 

Riparian Forest 

An experiment similar to the one described above was conducted in the forested zone where two 
dosing trenches, each 12 m in length were dug on either side of the main drainage channel to a 
depth of 0.5 m (Figure 4). As in the previous experiment, each trench received 20 kg NO,-N in 
dry form as fertilizer grade sodium nitrate and 12 kg Br in dry f o m  as sodium bromide. Sub- 
surface water was sampled through a series of wells similar to those described above. Wells were 
installed to sample from two depths, 0.50-0.75 m and 0.75-1.00 m and were located at 2, 6 and 
12 m from the trench. A third transect of wells was installed immediately adjacent to each area 
to determine background nitrate levels at each position in the forest. These areas will be called 
Plots C and D. Samples were collected monthly and analyzed for nitrate, bromide, DOC and 
dissolved nitrous oxide as described above. DOC measurements were used to verify the similar- 
ity of subplots with respect to carbon status. 
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Figure 3. Diagram y #' the grass- vegetated jield edge dosing experint en t. Filled circles indicate 
cun tro 1 wells an J open circles in &ate wells placed to intercept the solute plume. Note in each 
pair of' wells, one has openings at 1.50 to 1.75 m depth and the secund has openings at 1.75 to 
2.00 *?I. 
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Figure 4. Diagram ofthe riparian forest dosing experiment. Filled circles indicate control 
wells and open circles indicate wells placed to intercept the solute plume. Note in each pair of 
wells, one has openings at 0.50 to 0.75 m depth and the second has openings at 0.75 to 1.00 m. 

Determination of nitrate losses due to denitrification and plant uptake was accomplished by 
dividing the area below each dosing trench into two subplots and suppressing plant uptake in one 
of these subplots (Figure 3). A deep trench (4 m) was dug with a Ditchwitch trencher around 
the subplot where plant uptake was suppressed and all roots entering the plot laterally were cut. 
Polystyrene panels were placed in the trenches that ran perpendicular to the slope to prevent 
lateral root regrowth, and the trenches were backfilled. No panels were placed in the trench that 
ran parallel to the slope at the lower end of the plot so as not to impede groundwater flow. 

The plots were located so that there were no large trees on the subplot where plant uptake was to 
be suppressed. Any saplings that occurred in the uptake suppression subplot were cut and 
poisoned by application of Triclopyr (3, 5, 6 trichloro - 2 pyridinxloxy-acetic acid) to the 
stumps. Uptake by herbaceous plants in this zone was suppressed with periodic hand weeding 
and a one-time herbicide treatment using triclopyr to eliminate the green briar. Herbicide was 
directly applied to the briar stems and every effort was made not to apply the herbicide to the 
soil. The subplots will be designated as trenched, for the plot where uptake was suppressed, and 
non-trenched for the plot where uptake was not suppressed. 

Nitrate attenuation was determined using the ratio of nitrate to bromide. Ratios that were less 
than the application ratio of 1.67 indicated attenuation of nitrate by either denitrification or plant 
uptake. Attenuation by denitrification was indicated by reductions of the nitrate to bromide ratio 
in the trenched plots. Attenuation by plant uptake was indicated by reductions in the ratio on the 
non-trenched plot that were greater than those observed on the trenched plot. 



Eh measurements were made during the month of May using bright platinum electrodes and a 
calomel reference electrode as described above. Measurements were made at 0.5 m depth 
midway between each set of wells along the topographic gradient. This design resulted in two 
Eh measurements per plot, one at 4 m and one at 9 m distance from the dosing trenches. 

Denitrifcation Rates 

In the field border plots, four in-tact soil cores, 25 cm in length and 3.2 cm in diameter, were 
collected from the saturated zone at 1.5- 1.75 m depth, and at 2.5 m and 6 m distance from each 
dosing trench in May 1994. At the same time 8 cores were collected fiom the saturated zone in 
each forested plot, at 0.5 - 0.75 and 0.75 - 1.0 m depth and at 4 and 9 m distance from each 
dosing trench. Each core was capped and returned to the laboratory where it was stored 
overnight in darkness at 4" C and incubated in anaerobic conditions at 13" C as described above. 

Denitrifier Microbial Population 

Sample collection and laboratory procedures 

Soil samples were collected from 6 positions, on the same side of the natural drainage channel, 
within each FFZ on the experimental watersheds over a three week interval. Ten samples were 
collected from successive 10 cm layers at each position to a depth of 1 m with a bucket auger. 
Similarly, soil samples were collected fiom successive layers to a depth of 1 m at 6 positions 
immediately adjacent to the filter zone over a second three week interval. While we observed 
nitrate attenuation in subsoils to depths greater than 2 m (see results section below) we limited 
soil collection to 1 m depth because other researchers have shown that denitrification capacity is 
often not detectable in subsoil material (Groffman et al 1992; Lowrance, 1992). 

Soils from WI were collected fiom mid July to late August and from WII between mid 
Sepember and late October. We sampled during the summer and fall because we felt that soil 
samples from this period would give a response that was more representative of inherent site 
conditions and less representative of local variations in redox status, as might be the case when 
the water table was close to the surface during the winter or spring. 

In the laboratory, each soil sample was thoroughly mixed and two 50.0 g sub-samples of field- 
moist soil from each sample were placed in 250 ml Erlenmeyer flasks. One ml of 0.2 M KNO; 
solution was added to each flask to provide approximately 55 pg NO,-N g-' soil. One-half gram 
of glucose w7as added to one of the flasks for each sample (G  + N treatment), while the second 
flask received no carbon amendment (I% treatment). Distilled, deionized water was degassed by 
bubbling helium through it for 2. minutes. Each beaker was then flooded with 50 ml of the 
dsgassed water to make the slurry. covered with Parafilm and incubated at room temperature 
i approx. 22' CI. in the dark for 5 days. 



At the time of initiation of the incubation, moisture content of each sample was determined 
gravimetrically by drying a sub-sample of the soil at 105" C for 24 hours. At the same time, a 
third 50 g sub-sample was drawn from each soil sample, placed in an Erlenmeyer flask and 
extracted for NO3-N and NH,-N with 100 ml 2M KC1 to determine initial amounts of these 
nutrients in the soil. Each flask was shaken on either a wrist-action shaker or a reciprocating 
shaker for one hour and the extraction solution was filtered through Whatman No. 42 filter 
paper. At the end of the incubation, we extracted NO3-N and NH4-N by adding 50 ml of 4M 
KC1 to each slurry so that the final concentration of KC1 in the flask was 2M. These solutions 
were also shaken for 1 hour and filtered, as described above. 

Organic matter content of each sample was determined using the Walkley-Black wet oxidation 
procedure (Kalra and Maynard, 1991). Nitrate-N and NH4-N determinations were made on the 
extracts by colorimetry with the Lachat QuikChem System IV Autoanalyzer, using the methods 
described above. 

Statistical Analysis of Experimental Data 

The ratio of NO,-N to soil varied between flasks due to slight (<5%) differences in soil moisture 
content between samples and due to differences in the NO,-N solution between incubation times. We 
therefore standardized all of our results and made comparisons between percent reductions in NO,- 
N concentrations. Concentrations were expressed as pg-N g-dry-soil-I. 

Percent data are not normally distributed (Zar, 1974). We made several attempts at transformations 
to correct for non-normality, however distributions remained clearly bimodal. We therefore 
employed a nonparametric analog of the t-test to test for significant differences between soils taken 
fiom inside and outside the FFZ. We used the Wilcoxon Rank-Sum test (equivalent to the Mann- 
Whitney U test). All tests were done using the NPARlWAY procedure offered by SAS (SAS 
Institute, 1979). 



Surface Component of'Runofl 

Hydrology 

The study year was punctuated with two periods of drought, one at the beginning, from early 
June to late November, and the second at the end, from early April to late May (Table 1). Dur- 
ing the first dry period, only 3 rainfall events generated runoff. In April and May 1994, no 
runoff events were recorded. In all, a total of 16 rainfall events produced significant amounts of 
precipitation to generate runoff from the fields during the study year, most of these occurred 
between December 1993 and March 1994 (Table 2). 

Despite similar field areas in each experimental watershed, runoff volumes were consistently 
higher on WI for a given event (Table 2). This, combined with the size difference between FFZ, 
resulted in greater runoff depths in FFZl (Table 1). Runoff depths were highest in March of the 
study year, with over 60 and 70% of the annual total received during this month by FFZl and 
FFZ2, respectively. In both FFZ, during this month, runoff depth increased between the en- 
trances and exits (Tables 1 and 2). Throughout the rest of the study, runoff depth decreased 
consistently in FFZ2. In FFZ 1, runoff depths decreased only during the dry months; during the 
wet months, depths generally increased. Infiltration and seepage were the major factors that 
accounted for the seasonal variation in runoff depth changes. 

Infiltration was high for both FFZ during the dry months (June-Sept. and April-May), exceeding 
50% of total inputs (rainfall + runoff) and 100% of runoff inputs (Table 1). Following an initial 
wet-up period in October, infiltration declined sharply in FFZl during the winter and early 
spring months. Seepage of water out of the soil in March resulted in a net contribution of 
interflow to surface runoff leaving FFZ 1. Infiltration in FFZ2 exceeded 75% of total inputs 
during the dry months and remained high during the wet winter and early spring months, ex- 
ceeding 50% of total monthly inputs. No net seepage occurred on this site during March, how- 
ever, infiltration rates were exceptionally low during this month. Seasonal variations in infiltra- 
tion were controlled by variations in soil moisture content. 

Soil moisture content followed the seasonal rainfall patterns and vegetation phenology (Figure 
5).  Moisture content was low during the summer months due to both the drought and removal of 
water by the vegetation. Following leaf fall and the resumption of the rains in October, soil 
moisture increased and remained high through the winter and early spring months until leaf out 
and the dry spring weather caused a precipitous decline. 

Surface Runoff Inputs and Outputs 

The primary flux of N into both sitzs was in the form of organic-N, with roughly 50% of the 
inputs occuning during the month of March (Table 3). A small pulse of inorganic4 was cb- 





Table 2. Normalized runoff volumes (e) and N concentrations in runojf entering and leaving 
each FFZ, by runoff event. 

Day Q (m3 ha-l) NO,-N (mg L-I) NH,-N (mg L-l) TKN (mg L-I) 
julian - year in out in out in out in out 

FFZl 
0.8 1 
0.15 
0.03 
0.01 
0.03 
0.07 
0.16 
0.09 
0.17 
0.13 
0.12 
0.15 
0.37 

1 -- 
0.15 
0.18 

FFZ2 
0. 7U2 
0.13 
0.02 
0.02 

-- 
0.06 
0.14 
0.07 
0.11 
0.09 
0.10 

-- 
0.45 

-- 
0.27 

- - 

! -- signifies insufficient runoff depth in the tlulne to allow sample collection. 
Due to mechanical error no san~ples were collected for 3 events despite sufficient runoff in the flumes. Values 
in italics represent estimated concentrations (see text for estimation methods). 



served in November, corresponding to the period of winter wheat planting; and a second, larger 
pulse was observed in the spring following crop fertilization. This represented losses from the 
fields of around 0.5 and 0.7 kg ha-' yrl for the inorganic-N forms and 4 and 6 kg ha-' yrl for 
organic-N for WI and WII, respectively. There was a considerable difference in the magnitude 
of these fluxes between the two sites due to both differences in loss by each field and differences 
in FFZ size. This resulted in the smaller FFZ 1 receiving 1 to 3 times the nutrient loads of FFZ2 
per unit area of FFZ. 

Nitrate-N concentrations in surface runoff increased in both FFZ (Table 4). There was a sea- 
sonal trend, with reductions or no change in concentrations during the dry months and increases 
in concentrations during the wet months. While this is the general trend, there is a notable 
exception in FFZ2 in March where NO3-N concentrations decreased. Concentrations of NH,-N 
in runoff decreased in both FFZ for most runoff events. There was no obvious seasonal pattern 
to explain events where concentrations increased. TKN concentrations increased in both FFZ, 
but to a lesser extent in FFZ 1. In FFZ2, TKN increases were measured in most runoff events. 
No seasonal trend was apparent in FFZ 1 to explain increases or decreases in concentrations. 

N retention is a function of changes in both runoff volume and solute concentration as the water 
passes through the FFZ. During the wet season both NO,-N concentrations and runoff volume 
increased in FFZI . As would be expected, this site was a net source of NO,-N during this 
period. During the dry season, both concentrations and runoff volumes decreased and NO3-N 
was retained by this site. With higher infiltration and a consistent decrease in runoff volume in 
FFZ2, there was a net retention of NO3-N throughout the year. March presents a special case for 
this FFZ. With low infiltration and an increase in runoff volume through the FFZ, one would 
expect a net NO3-N release. However, as noted above, NO,-N concentrations decreased in this 
FFZ during the month. In addition, during three of the runoff events, stage in the flume at the 
exit of the FFZ never attained a sufficient depth to permit water sampling. Therefore, we report 
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Figure 5. Soil water content cxpsessed as percent water.fiNed pore space (WFPS) for both 
experimental FFZ. 





Table 4. Absolute runoff volumes (e) and N loads in runoff entering and leaving each FFZ, by 
runoff event N loads were calculated from mean event concentrations (see Table 2) and total 
runoff voluntes 

julian - year in out in out in out in out 

23 8- 1993 
303-1993 
33 1-1 993 
339-1993 
349- 1993 
3 54- 1993 
3-1994 
12-1994 
28-1994 
54-1994 
60- 1994 
69- 1994 
86- 1994 
86- 1994 
87- 1994 
90-1994 

Total 

238-1993 
303-1993 
33 1-1993 
339-1993 
349- 1993 
3 54- 1993 

3-1994 
12-1994 
28-1994 
54- 1994 
60- 1994 
69- 1993 
86- 1994 
86- 1994 
87- 1994 
90- 1994 

Totul 
- - -- 

I -- signifies insufficient runoff depth in the flume to allow sample collection. 
Due to mechanical error no samples were collected for 3 events despite sufficient runoff in the flumes. Values 
in italics represent estimated concentrations (see text for estimation methods). 



inputs for these events, but not outputs. It is interesting to note that NO,-N is a soluble N spe- 
cies and retention patterns in both FFZ correlate with infiltration. 

Ammonium-N was retained by both FFZ in most months of the study. In March, FFZl was a 
net source of NH,-N and inputs equalled outputs in FFZ2. Ammonium-N is less soluble than 
NO,-N and is more closely associated with particulate transport in surface runoff. Sedimenta- 
tion is the predominant mechanism for removal of NH,-N in runoff. Therefore, dispersal of 
water across the FFZ and surface rugosity may be more important factors controlling sediment 
deposition in this system. It is not surprising that there is not as strong an association between 
retention and infiltration as there was for NO,-N. 

FFZ 1 was a net source of organic-N, while FFZ2 was a slight sink over the study year. Reten- 
tion patterns were similar to NO,-N, with high retention in FFZl during the dry months and 
outputs exceeding inputs during the wet months. Outputs exceeded inputs in FFZ2 only during 
March. Organic-N has both dissolved and particulate phases. While we made no determination 
of the relative proportion of the two phases in the runoff, these results suggest that the dissolved 
phase is more important and that infiltration is the important factor for organic-N retention. 

In summary, FFZ2 was the more efficient trap for the different N species passing through in 
runoff. Runoff inputs of different forms of N equalled or exceeded outputs in all months except 
February and March in FFZ 1, which proved to be the critical time for preventing inorganic-N 
From reaching surface waters. For annual totals, loading reduction of 5% was achieved for NH,- 
N, while both NO,-N and organic-N loads increased by 38 and 19%, respectively. In FFZ2, 
inorganic-N inputs equalled or exceeded outputs during all months (Table 3). This was also the 
case for organic-N except for March, when outputs slightly exceeded inputs. Annual total 
reductions of 10, 25 and 2% were achieved for NO,-N, NH,-N and organic-N, respectively. 

N Cycling 

Inorganic-N pools showed only slight seasonal variation, with slightly lower values during fall 
and winter months (Figure 6). On both sites, NH,-N represented the largest inorganic-N stock. 
Nitrate pools were generally less that 1 kg ha-' in FFZl during fall and winter, but increased 
during late spring and summer when soil moisture content was lower. Nitrate pools in FFZ2 
remained small throughout the study year. 

To evaluate possible fates of inorganic N entering the FFZ in runoff, we measured different 
components of the N cycle in each FFZ. A five compartment model formed the framework for 
our analysis of N cycling (Figure 71 and we measured fluxes between the different compart- 
ments. For the sake of comparison. in the following discussion all fluxes will be reported on the 
basis of per hectare of filter zone. 

Net mineralization or immobilization was measured by the differences in inorganic-N in the 
covered and open PVC tubes. Nsgative values indicated net immobilization for the month. 
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Figure 7. Summary of the annual N budget 
for each FFZ; arrow thickness is propor- 
tional to the magnitude of the flux AN fluxes 
are expressed in parentheses as kg ha1 FFZ. 

while positive values indicated net mineralization. In FFZ 1, net mineralization rates were high 
in late summer and early fall and then again in early spring (Table 5). Net NH,-N immobiliza- 
tion was observed during several months in summer and early fall. Net arnrnonification rates 
were fairly constant during the winter and increased to a maximum in April, before decreasing in 
late spring. Net nitrification followed a similar seasonal pattem, with low net mineralization or 
net immobilization throughout the winter and high rates in late spring and through the summer. 

A similar seasonal pattern for net mineralization was observed in FFZ2 (Table 5). Net nitrifica- 
tion rates were generally low throughout the winter with higher rates occumng between April 
and September. Net ammonification followed a seasonal pattem with high rates in mid to late 
summer and again in mid spring. Lower rates were observed in late spring and throughout the 
fall and winter. 

Uptake and leaching generally followed mineralization patterns, with high fluxes in late summer 
to early fall and then again in early spring. The relative importance of NO,-N vs. NH,-N uptake 
varied in FFZ 1 over the seasons, with high NO,-N uptake during the summer and early fall and 
high MI,-N uptake in winter and early spring. In FFZZ, NH,-N was the primary form of N 
taken up by the vegetation throughout the study year. Nitrate-N uptake correlated closely with 





nitrification in FFZ 1, but to a lesser extent in FFZ2. Pearson correlation coefficients were 0.91 8 
(probability > Irl= 0.0001) for FFZ 1 and 0.7 19 (probability > Irl= 0.084) for FFZ2. Similarly, 
NH,-N uptake correlated closely with amrnonification in FFZ 1, but not in FFZ2. Pearson 
correlation coefficients were 0.690 (probability > Irj = 0.013) and 0.446 (probability > Irl = 

0.146) for FFZ 1 and FFZ2, respectively. 

Leaching of NO,-N in FFZl was highest in the fall and late spring, and almost nonexistent in the 
summer and winter months (Table 5). Ammonium leaching on this site was variable, with high 
levels occurring in August and May, moderate levels in February and March and low levels of 
leaching during the rest of the study period. Nitrate movement in FFZ2 was low throughout 
most of the year, with one peak in September. Ammonium movement was considerably greater 
on this site and showed a seasonal pattern that corresponded with rainfall. Fluxes were high in 
late summer and early fall and again in the spring. Nitrate leaching correlated closely with 
nitrification in both FFZ. Pearson correlation coefficients were 0.789 (probability > Irl= 0.0023) 
for FFZl and 0.895 (probability > Irl = 0.0001) for FFZ2. Conversely, NH, leaching did not 
correlate with ammonification in either FFZ. Pearson correlation coefficients were 0.25 1 (prob- 
ability > \ r l= 0.432) and 0.445 (probability > /rj = 0.147) for FFZl and FFZ2, respectively. 

Denitrification constituted a relatively minor portion of the nitrogen budget for the months 
measured. Denitrification rates were higher in FFZ 1, possibly due to the wetter conditions that 
prevailed on that site through the spring. In general, NO,-N pools were low on both sites during 
the spring, suggesting that this process may have been NO,-N limited. 

In summary, transfers between N pools within the soil and between the soil and the vegetation at 
our sites were large relative to inputs and outputs of N in runoff (Figure 7). It was not possible to 
calculate error terms for annual flux estimates. Because these estimates are sums of sequential 
incubations, variances of monthly rates would not be additive unless all covariance terms could 
be assumed to be zero. We did not feel that this assumption was reasonable. 

Subsurface Runojf Component 

Groundwater chemistry 

Analysis of the major anions in the groundwater (Figure 8) indicated a marked decrease in 
nitrate-N concentrations along the topographic gradient. Nitrate removal from the groundwater 
was almost total within the grass-vegetated area on WI, at all depths. Nitrate reductions in WII 
were dramatic as well, however, removal was not nearly as complete as on WI. The tendency 
for chloride concentrations to increase along the topographic gradient indicated that processes 
other than dilution were responsible for the nitrate attenuation observed. Sulfate also showed a 
general trend for reductions in concentrations along the gradient on both sites. While these 
measurements were not specifically designed to determine the mechanism of sulfate reduction 
because sulfate and chloride do not move similarly in soils (Bohn et al.. 1985), hydrogen sulfide 
odors in water samples indicated that some sulfate reduction had occurred. 
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Nitrous oxide concentrations in the groundwater at 0.75 m depth were higher at the field edge 
and constant, but lower along the rest of the topographic gradient (Duncan's multiple range test, 
a= 0.05), indicating that either degassing or further reduction to N, occurred as the water moved 
down-slope (Figure 0. Trends in the data wers similar on WII, bit there were no significant 
differences between positions (Duncan's multiple range test, a = 0.05) On both sites, at the 
intermediate depth, N.0  concentrations increased markedly at the lower end of the grassed area, 
and were significantlG higher than at other positions ( a  = 0.051, but declined in the forested 
zone. This pattern was not repeated at the 2.5 m depth. On WI, N,O concentrations decreased 
in the grassed area, but increased us the water enrsred the forest. concentrations at the field 
edge wers significantly greater i cc = 0.05) than in at the positions below the berm and below the 
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Figure 9. Additional groundwater nzeasurements: nitrous oxide (pg L-I), dissolved organic 
carbon (nzg L-I) and pH for WI and WII. 

FFZ, but there were no significant differences between the field edge and the position above the 
berm. There were no significant differences between positions on WII at 2.5 m depth. The 
constant presence of NO,-N in the groundwater at this depth of the forested portion of the 
watershed probably accounted for the continued high levels of N,O - observed down-slope which 
resulted fiom low levels of denitrification. 

Dissolved organic carbon (DOC) represents a potential energy source for denitrification and is 
therefore important for interpreting the NO.-N concentration results. DOC in the groundwater 
increased along the topographic gradient and reached maxima for each depth at the forest edge 
where NO,-N loss was highest (Figure 9). With the exception of 2.5 m depth on WII, DOC 
concentrations were significantly higher (Duncan's multiple range test, a = 0.05) at the forest 



edge than in the grass border for both watersheds. Differences were generally not significant 
between the field edge and the grass border. DOC levels in the forest below the FFZ were 
significantly lower (a = 0.05) than at the upper end on WI at the shallow and intermediate 
depths. Concentrations at 2.5 m depth were significantly higher (a = 0.05) in the forest, below 
the FFZ. 

The pH of the groundwater increased in the zone of greatest disappearance of nitrate on each site 
(Figure 9). In the case of WI this occurred between the field edge and the grass border above the 
FFZ. On WII the greatest decreases in nitrate concentrations at the shallow and intermediate 
depths occurred the grass border and the forest edge. This was the zone of the greatest pH 
increase on this site. Nitrate attenuation at the 2.5 m depth on WII was similar in the grass 
border and at the forest edge. At this depth, pH increased between the field edge and the grass 
borders, then decreased slightly at the forest edge. While there are many factors in the soil that 
control the pH of groundwater, several authors have suggested that processes associated with 
NO3-N removal from groundwater may be associated with pH increases (Peterjohn and Correll, 
1086; Jordan et al., 1993). Uptake of the negatively charged NO,- ion by plant roots is accompa- 
nied by the release of OH- ions to maintain charge balance within the root which may contribute 
to the increase in pH of soil water. Also, denitrification consumes H+ ions, hence, it has been 
swggested that this process may contribute to an increase in pH (Peterjohn and Correll, 1984; 
Joi-dan et ul., 1993). 

The literature reports the range of redox potentials at which NO, reduction begins between 500 
and 200 mV (Gambrel1 et al., 1974; Patrick and Jugsujinda, 1992; Bohn et al., 1985; Sposito, 
1989). Oxygen disappears from the soil at Eh values between 400 and 600 mV (Bohn et al., 
1985; Patrick and Jugsujinda, 1992). Eh levels are somewhat pH dependent, and therefore 
require correction for comparison of the redox status between different soils. Bohn (1 97 1) 
suggested using -59 mV/pH unit as an adjustment factor to account for this variability. Patrick 
and Jugsujinda (1992) conducted an experiment at pH 7.0 with careful control of Eh and saw 
NO3-N disappearance begin at 350 mV. Sub-soils in the experimental watersheds ranged from 
about pH 5.8 to 6.0. Therefore, we could expect NO3-N disappearance to begin at around 410 to 
430 mV in our sub-soils. We should note that NO,-N reduction may begin gradually at moder- 
ate Eh values rather than at a critical threshold. Thus, NO,-N reduction at higher potentials may 
22 possible. 

We measured soil Eh in the saturated zone in May 1994 (Figure 10). Unfortunately, due to early 
drying of the soil compared to the previous year, we were unable to make measurements on WII 
and we were unable to make a measurement at the field edge on WI. Nevertheless, the incom- 
plcte data set for WI sheds some light on the redox status of the soils at the grass-forest interface 
and in the FFZ. At all positions measured, the redox potential of the soil in the saturated zone 
was adequate to support denitrification and indicated that the soil was anaerobic. Denitrification 
rates are reported in Table 6. Denitrification rates were a full order of mapitude higher at 1 S O  
to 1.75 m depth than at the 1.75 to 2.00 m depth on both sites. 
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Figure 10. Redox potentials in the saturated 
zone of WI, measured at 1.5 m depth on May 
19,1994. Note that no measurement was 
made at the field edge at this time because the 
water table was below 1.5 m. 

Sulfate reduction begins at around 100 mv at 
pH 7 in soils (Bohn, 197 1). Using Bohn's 
generalization of -59 mv/pH unit, we could 
therefore expect to begin to see SO, reduction 
at between 147 and 159 mv in these subsoils. 
The redox potentials that we measured at the 
forest edge were certainly low enough to 
permit SO, reduction, however, potentials 
further up-slope and further down-slope were 
not favorable for reduction. We should note 
that redox potentials are highly variable over 
very small spatial scales., so the low measure- 
ment at the forest edge may be associated with 
a small, highly reducing zone. The measured 
redox potentials in the grass border and the 
forest, coupled with the fact that there was not 

a clear trend along the topographic gradient, similar to nitrate, suggest that the state of these soils 
were not reducing enough to appreciably decrease SO, concentrations. 

Subsurface Nitrate Attenuation in Grass-Vegetated Field Borders 

In the field border dosing experiment, the only processes that could account for NO,-N attenua- 
tion were denitrification, dilution and microbial immobilization, by experimental design. The 
grass-vegetated field border was planted to fescue and wheat in November, one month prior to 
the application of NO,-N and Br, so there was little possibility for root penetration to the dosing 
depth. Four pits were dug on each plot in May 1994, to a depth of 1 m, and confirmed that grass 
root penetration was limited to the surface 30 cm of soil. In addition, soil sampling to a depth of 
1.75 m showed no evidence of deep root presence. To prevent uptake by the adjacent forest, a 
trench was dug along the forest edge to cut all tree roots extending into the grass area. 

The solute plume was intercepted by all wells down-slope of the dosing trench on Plot B within 

Table 6. Deninifcation rates at the field 
edges on WI an J WII. The unit are kg ha- 
25-cm-' &* which is a volume ofsoil,  one 
hectare in area and 25 cnt thick 
-- 

Depth WI WII 
------ kg h a '  d-1 ------- 

1.50 - 1.75 m 0.0 15 0.0 10 
0.040 0.010 
0.01 1 0.004 

one month of the chemical application (Figures 
1 1 and 12). The situation for Plot A differed 
in that several wells close to the trench never 
intercepted the plume, while all of the wells at 
8 m distance intercepted the plume within 2 
months of the application. Of the four wells 
located 1 m from the trench, only one inter- 
cepted the plume and the openings on that well 
were at the 1.75 to 2.0 m depth. This suggests 
that the flow 
this plot was 
zontal. 

pattern for the NO,-N and Br in 
initially vertical and then hori- 



Lateral subsurface water movement followed preferential flow paths. Evidence of this flow 
pattern was observed in both plots by considering the differences in Br concentrations between 
wells at similar distances from the dosing trenches. Certain wells intercepted the solute plume 
during the whole course of the study, others only intercepted it during a portion of the time, 
while some never intercepted it. 

* 

There was a fairly strong association in the movement of NO,-N and Br as indicated by similar 
temporal patterns. Nitrate removal was to be indicated by NO,-N:Br ratios below the application 
ratio of 1.67. In all but one case, the NO,-N:Br ratio was elevated above the application ratio 
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Figure 12. Nitrate-N and bromide concentrations in deep wells (depth of sampling 0.50 to 
0.75 in) for Plot A and B at 1, 4 and 8n1 from the dosing trench. Note the difference in scales 
of the Y axes between plots. 

(Figure 13). Several possibilities exist to explain this observation. While the concentration data 
suggests that the movement of the ions was similar, NO,-N may have moved faster through the 
soil than Br. Higher background NO,-N concentrations at the sampling wells relative to the 
control wells may also have contributed to the higher observed ratios. A third possibility is an 
internal NO,-N source. In any case, the results suggest that neither microbial immobilization nor 
denitrification were sufficient to reduce the NO+ concentrations in the groundwater. 
DOC levels in both plots were comparable to those observed at the field edges on W1 and WII, 
ranging between 1.4 and 2.3 mg L-' (Table 7 ) .  Low DOC levels suggest that C availability may 
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Figure 13. Average nitrate : bromide ratios in wells intercepting the solute plume at distances 
from the dosing trench of I ,  4 and 8 m jbr Plots A and B. Dashed line shows the dosing ratio 
qf 1.67. 

have limited microbial growth and denitrification. However, elevated nitrous oxide levels in 
both plots indicated some denitrification activity (Table 8). 

Soil redox potentials at the dosing depth indicated suboxic conditions in the saturated zone, but 
were slightly above the upper limit to permit dznitrification (Table 9). As would be expected, 
denitrification rates measured in both plots were comparable to those. measured at the field edges 
on WI and WII iTablz 10). 



Table 7. Mean DOC concentrations (mg L-I) and standard errors (in parentheses) by 
distance and transect for Plots A and B. 

Plot 
A B A B 

Plot 

Shallow Wells 
2 m  1.78 1.54 2.54 2.70 

(0.14) (0.12) (0.27) (0.25) 

Deep Wells 
1 .56 1.42 -- 2.56 

(0.06) (0.06) (0.30) 

Table 8. Average concentrations of nitrous oxide in groundwater ( ~ l g  L-I) by distance 
and transect for Plots A and B. 

Plot 
B A 

Distance Transect 
from trench 1 2 1 2 

Shallow Wells D e e ~  Wells 



Table 9. Redox potentials (millivolts) and 
standard errors (in parentheses) fur Plots A 
and B, measured at 2.5 and 6.0 m distance 
from the dosing trench at 1.5 m depth. 

Table 1 0. Denitrifcation rates (kg ha-25- 
cm-* dz) for plots A and B, measured at 2.5 
and 6.0 rn distance from the dosing trench at 
1.50 to 1.75 m depth. 

Distance Plot 
from trench A B 

Distance Plot 
from trench A B 

Taken together, these measurements suggest that the grass-vegetated field borders are inefficient 
at removing NO3-N from the ground water leaving the fields. Dissolved N,O in the groundwater 
suggested that some denitrification occurred, but the lack of an appreciable decrease in the NO3- 
N:Br ratio suggests that microbial immobilization and denitrification in grass-vegetated field 
borders were inadequate to reduce NO3-N levels in the solute plume. 

Subsurface Nitrate Attenuation in the Riparian Forest 

In the riparian forest dosing experiment, the solute plume was intercepted by most of the wells 
down-slope from both trenches within 1 month of chemical application (Figures 14 and 15). 
The remaining wells intercepted the solute plume by the second month. Nitrate concentrations 
did not follow a topographic gradient as was observed on WI and WII; instead higher NO3-N 
concentrations were often observed at greater distances from the dosing trench than at more 
proximate positions (Figure 16). Preferential flow was expected in these forest plots because 
subsurface flow often follows root channels. 

High Br concentrations in the control wells on plot C indicated contamination by the solute 
plume. Concentrations were particularly high in January, ranging from 2 to 9 mg L-'. Concen- 
trations decreased over time, but evidence of contamination persisted. No other source of Br 
was present on the site and no Br was detected in control wells on plots A, B or D. Therefore, 
adjustment for background NO,-N levels on this plot were made using the control wells on plot 
D. 

Uptake of Br by the vegetation would have been suggested by lower concentrations on the sub- 
plots where uptake was active, relative to the sub-plots where uptake was suppressed. Bromide 



concentrations were not different between sub-plots for plot C (a = 0.05) over the whole course 
of the study and during the growing season, suggesting no significant uptake of Br by the veg- 
etation (Table 11). On plot D, both NO,-N and Br concentrations on the active uptake sub-plot 
were significantly higher (a = 0.05) than the sub-plot with suppressed uptake. The great dispar- 
ity of concentrations of both ions between the sub-plots precludes drawing inferences similar to 
those made on plot C concerning Br uptake. While the data do not directly suggest Br uptake by 
the vegetation, we should note that uptake during the growing season may be masked as the 
vegetation removes water from the soil, thereby increasing Br concentrations in the soil solution. 
This could offset any decreases in Br concentrations due to plant uptake. 
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Figure 14. Nitrate : bromide ratios in shallow wells at distances front the dosing trench of'2, 
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Our data suggest, albeit with somewhat less certitude during the growing season, that Br uptake 
by the vegetation was not a significant factor on the sub-plots where uptake was active. There- 
fore, attenuation of NO,-N via microbial immobilization, denitrification and plant uptake would 
be indicated by decreases in the NO,-N:Br ratio. Sub-plots with higher NO,-N:Br ratios indi- 
cated less relative NO,-N attenuation than sub-plots with low ratios. 

Nitrate attenuation was similar or higher on the sub-plots where plant uptake had been sup- 
pressed indicating the plant uptake was not an important factor in NO,-N reductions (Table 11). 
This situation did not change even after leaf out of the trees in April. Student's t test was used to 
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compare the NO,-N:Br ratios between sub- 
plots over the full course of the study. The 
analysis indicated that attenuation was signifi- 
cantly higher (a = 0.05) on the sub-plot with 
suppressed uptake on Plot C (Table 11). No 
significant differences between sub-plots were 
apparent in Plot D. Thus, plant uptake was 
apparently not responsible for NO,-N attenua- 
tion in either of the plots. A second statistical 
analysis was computed using a subset of the 
ratio data fiom the months of April to June to 
determine if any differences could be detected 
during the growing season. The results rein- 
forced the conclusions of the previous analysis 
(Table 11). 

Mu Jun 

Figure 16. Nitrate-N concentrations along a 
well trunsect in Plot C. Note that concentra- 
tions are higher at 6 and 12 m from the 
dosing trench than at 2 m distance through- 
out the experiment, indicating preferential 
fro w. 

One possibility that would explain increased 
attenuation on sub-plots with suppressed uptake could be higher organic substrate fiom decaying 
roots that were cut during the trenching process. Both plots had some severed roots as a result of 
cutting the central trench, but the uptake suppressed plot had a higher proportion (100%) of 
severed roots. We measured DOC in each subplot to try to determine if root severing increased 
C availability (Table 12). Statistical analysis (student's t test) of DOC within each plot by depth 
and by month showed no difference between sub-plots over the course of the study. DOC levels 
at a particular depth on a sub-plot were variable in any given month; the coefficient of variation 
averaged 49%, but values exceeding 80% were not uncommon. Because of this high variability, 
the low sampling frequency (n = 3 per sub-plot per month at each depth) may have been insuffi- 
cient to detect any real differences in DOC between sub-plots. Therefore, while there is no 
obvious increase in DOC on the sub-plots with suppressed uptake, the possibility of an effect of 
increased organic substrate to fuel the denitrification process on these sub-plots cannot be com- 
pletely ruled out. If root decay did increase denitrification on the uptake suppressed plots, the 
effects of plant uptake would be masked in this experiment. 

Another means of trying to assess whether root cutting had a stimulatory effect on denitrification 
consisted of analyzing dissolved N,O concentrations in the saturated zone (Table 13). Dissolved 
N,O levels were elevated on both plots. Values in the control wells averaged 18 and 3 pg N,O- 
N-L-' for plots C and D, respectively. Mean monthly N,O concentrations generally appeared 
higher on sub-plots with active uptake. However, statistical analysis (student's t test) of dis- 
solved N,O within each plot by depth and by month showed no significant difference (a  = 0.05) 
between sub-plots over the course of the study. Similarly to DOC, N,O levels at a particular 
depth on a sub-plot were variable in any given month; the coefficieni of variation averaged 
103%. Once again, because of this high variability, the low sampling frequency (n = 3 per sub- 
plot per month at each depth) may have been insufficient to detect any real differences in denitri- 
fication activity as would be indicated by differences in dissolved N,O between sub-plots. 



Table 1 I .  Mean concentrations for NO,-N and Br and mean ion concentration ratios for the 
riparian forest dosing experiment over the fuN course of the experiment (January - June) and 
during thegrowing season (April - June). Because ofpreferentialjlow on theseplots, values 
were aggregated without respect to distance from dosing trench. Values are mean (SE). 

Sub plot n NO,-N (mg L-I) Br (mg L-l) Ratio 

Plot C January to June 
Trenched 26 97.5a1 (29.0) 62.3a (17.3) 1.35a (0.05) 
Non-Trenched 27 97.0a (24.0) 60.2a (15.3) 1.72b (0.05) 

Control 18 1.5 (0.4) 3.0 (0.4) 

Plot C April to June 
Trenched 8 22.la (5.4) 17.la (3.6) 1.21a (0.15) 
Non-Trenched 9 28.9a (7.7) 22.0a (5.7) 1.27a (0.07) 

Control 9 1.0 (0.4) 1.6 (0.4) 

Plot D January to June 
Trenched 33 47.7a (13.2) 32.4a (6.6) 1.30a (0.15) 
Non-Trenched 29 347.2b (106.4) 201.3b (57.6) 1.22a (0.24) 

Control 18 0.2 (0.1) 0.1 (0.0) 

Plot D April to June 
Trenched 15 23.7a (5.8) 22.3a (4.1) 1.22a (0.52) 
Non-Trenched 11 397.3b (16 1.7) 2 10.2b (77.3) 1.38a (0.23) 

Control 9 0.2 (0.1) 0.3 (0.1) 

' Values withln the same plot and within the same time interval followed by the same letter were not different at the a = 0.05 
level. 

Redox potentials at points mid-way between the sampling wells indicated that soil conditions at 
0.5 m depth were adequately anaerobic for denitrification (Table 14). Measured Eh values were 
slightly above the upper limits for denitrification on plot C between the first two sets of wells 
and within the range at the more distant point. While the spatial pattern was reversed on plot D, 
the results indicated that the saturated zone on this plot was sufficiently anaerobic to permit 
denitrification. as well. 

Results from the anaerobic denitrification incubation did not show a clear pattern between sub- 
plots (Table 15 ). Statistical analysis (student's t test) of the rate within each plot by depth 
showed no diffsrence between sub-plots. The coefficient of variation averaged 82% for the two 
plots. Once again, because of this high variability, the low sampling frequency (n = 2 per sub- 
plot at each depth) may have been insufficient to detect any real differences in denitrification 
rates between sub-plots. 



Table 12. Mean dissolved organic carbon concentrations (mg L-9 and standard errors 
(in parentheses) by distance and subplot for Plots C and D. 

Plot 
C D C D 

Sub-plot 
Tr ' Non Tr Non Tr Non Tr Non 

* Tr = Trenched plots, Non = Non-trenched plots 

Shallow Wells 
2 m  14.25 12.17 6.46 9.85 

(4.59) (0.82) (1.59) (2.22) 

Table 13. Mean nitrous oxide concentrations (j.& L-I) by distance and plot for Plots C 
and D. Standard errors given in parentheses below mean values. 

Deep Wells 
7.77 10.94 6.06 14.72 

(1.23) (1 .go) (2.45) (2.41) 

Plot 
C D C 

Plot 
Tr' Non Tr Non Tr Non Tr Non 

I 

'I'r - Trenched plots, Nun = Non-trenched plots 

Shallow Wells 
2 m  53.7 103.5 2281.5 962.1 

(36.5) (18.0) (736.5) (821.8) 

Deep Wells 
116.2 239.5 1012.9 13130.2 
(20.2) (16.1) (554.8) (7182.4) 



Taken together, these measurements suggest 
that the primary mechanism for NO,-N re- 
moval from the groundwater in these forested 
plots was denitrification, both over the full 
course of the experiment and during the 
growing season. Microbial uptake may have 
played an important role as well, but we have 
no way of separating this process from denitri- 
fication with ratio data. No evidence was 
found to support the hypothesis that plant 
uptake of nitrate deep in the soil profile con- 
tributed to reductions in nitrate concentrations. 
This was not all together unexpected, as the 
preferred N source of forests is NH,-N 
(Davey, personal communication, 1993; 
Nadelhoffer et al., 1983; Pastor et al., 1984). 
No evidence was found for confounding 

Table 14. Redox potentials (millivolts) and 
standard errors (in parentheses) for Plots C 
and D, measured at 4 m and 9 rn distance 
from the dosing trench at 0.5 m depth. 

Distance Plot 
from trench Plot C D 

4 m  Tr' 534 (37) 162 (57) 
Non 494 (43) 341 (61) 

9 m  Tr 241 (25) 499 (67) 
Non 143(114) 491(70) 

' Tr = Trenched plots Non = Non-trenched plots 

effects such as significant uptake by plants of the tracer or for disproportionate denitrification 
between subplots due to stimulation of denitrification by root severing. 

Finally, in comparison to the results obtained on the grass-vegetated field border plot, both 
NO,-N attenuation and denitrification were high in the forest plots. Soil conditions were more 
reduced and denitrification rates were generally 1 to 2 orders of magnitude higher (a = 0.05) in 
the forest plots (Table 15) than in the grass-vegetated plots (Table 10). The forest plots were 
much more efficient at reducing NO,-N concentrations in the goundwater. 

Table 15. Denitrifcation rates (kg ha-25-em-' (I1) at 4 m and 9 m distance from 
the dosing trench, and at two depths for each plot in Plots C and D. 

Plot 
C D 

Distance Depth 
from trench Plot 0.5 - 0.75 0.75 - 1.0 0.5 - 0.75 0.75 - 1.0 

4 m  Trl 0.009 0.133 0.189 1.004 
Non 0.114 0.036 0.084 0.40 1 

9 m  Tr 0.002 0.044 0.480 0.375 
Non 0.02 0 0.232 0.200 0.029 

' Tr = Trenched plots Non = Non-trenched plots 



Denih.ifier Microbial Population 

In the denitrification potential experiments, ammonium-N concentrations in the slumes in- 
creased slightly over the course of the incubation for soils from most depths, with the exception 
of soils taken from outside the FFZ on Site 2, indicating that mineralization continued during the 
incubations (Table 16). For the majority of the incubation flasks this difference was not signifi- 
cant (a = 0.05). The lack of an increase in NH,-N concentrations, comparable to the magnitude 
of the decrease in NO,-N indicated that dissimilatory reduction of NO,-N to NH,-N was not the 
major pathway for reductions of NO,-N concentration, but that denitrification was. 

Reductions in NO,-N concentrations in both the glucose plus NO3-N (G + N) and the NO3-N 
only (N) incubations were greatest in the soil samples originating from the surface horizons 
(Figures 16 and 1 7). With the exception of the 90 - 1 00 cm depth inside FFZ 1, all positions in 

Table 16. Mean ammonium concentrations (mg-N g-soil9 for incubations amended with 
glucose and nitrate (G + N) and with nitrate only (N) at the beginning of the experiment 
and after incubation for 5 days for soils from WI and WII. Values within each watershed, 
at each depth, followed by the same letter are not signifwantly different from each other at 
the a = 0.05 level, using Duncan's multiple range test. For each mean, n = 6. 

Depth WI 
After 5 days 

(cm) Initial G + N  N 

After 5 days 
Initial G + N  N 

Inside FFZ 

5.22a 
2.79b 
1.02a 
1.55a 
2.00b 
2.23a 
1 .lOab 
1.75a 
1.36a 
2.54a 

Outside FFZ 

4.64b 
1.253 
1.10a 
0.983 
1.633 
0.973 
1.153 
0.8'73 
0.76a 
0.733 



the soil profile showed significantly greater NO,-N reductions with the G + N treatment compared 
to the N treatment ( a  = 0.05). This indicated that denitrification was limited by carbon availability 
even in the surface soils inside the FFZ. Control soils showed C availability limitations only in the 
surface 30 cm and no significant stimulation of denitrification activity was observed below this depth 
(p = 0.05). This suggested that denitrification in these soils was limited by the lack of denitrifiers 
in the microbial population rather than NO3-N or C availability below 30 cm outside FFZ 1 (p = 0.05). 
In FFZ2, greater NO,-N reductions were observed in the G + N treatment only in the surface 40 cm 
for soils taken from inside the FFZ and in the surface 20 cm for soils taken from outside the FFZ (p 
= 0.05). Therefore is appears that soils exposed to agricultural effluent had a greater denitrification 
potential than soils that were not exposed. In FFZ 1, which received effluent for 2 years prior to this 
measurement, enhancement was apparent over the entire first meter of the soil profile. In FFZ2, 
which had been exposed to effluent for only 1 year, this enhancement was apparent in the first 40 
cm of the profile. Whether the difference in depth to which denitrification capacity enhancement 
was observed was due to time of exposure to agricultural effluent or simply due to soil differences 
was not discernible from this experiment. 

For the G + N treatment, NO3-N reduction was generally higher in soils collected from inside FFZ 1 
compared to soils collected from areas immediately adjacent to the FFZ that did not receive effluent 
(Figure 17). Significantly greater reduction ( a  = 0.05) was observed between 10 and 60 cm, and 
between 80 and 90 cm. This indicates higher denitrification potential for soils at these depths inside 
FFZ 1 compared to soils at similar depths outside the FFZ. This difference was less apparent in FFZ2, 
where higher denitrification potential (a = 0.05) inside the FFZ was limited to the upper 10 cm of 
the soil profile. Differences between 20 and 30 cm for this FFZ were significant at the a = 0.10 level. 
This suggested that differences existed in the soil microbial population between soils inside and 
outside the FFZ, with the former having a larger population of denitrifiers. This result, combined 
with the result from the comparison between the G + N and N treatments provided strong evidence 
that the denitrifier population was higher in soils receiving agricultural effluent compared to adjacent 
soils that did not receive effluent. Results also suggested that C was a limiting factor for 
denitrification throughout the profile in these Piedmont soils. 
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Figure 17. A ~ ~ q e p e r c * e n t  nitrate loss by depth fur G + N incubations. 
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Figure 18. Average percent nitrate loss by depth for N only incubations. 

Nitrate reduction in incubations without an added carbon source showed little difference in 
denitrification rates between soils taken from inside and outside each FFZ (Figure 18). Significant 
differences were found only in the surface 10 cm of FFZ 1 ( a  = 0.05). There was no difference ( a  
= 0.05) in total organic carbon content of the surface horizon for this site between soils from inside 
and outside FFZ 1 (Figure 19) that would explain the difference in NO,-N concentration reductions. 
The lack of a difference in NO3-N reduction at intermediate depths in the soil profile of FFZl 
indicated that despite the greater microbial potential for NO3-N reduction at these depths, the lack 
of an adequate supply of carbon limited denitrification. In FFZ2, despite the greater microbial 
capacity for denitrification in the surface horizons, NO3-N reduction was not significantly greater 
at these depths (a = 0.05). Throughout the rest of the profile NO3-N reduction was similar between 
soil samples from inside and outside the FFZ. 

Total organic carbon levels were similar (a = 0.05) inside and outside of FFZ2 throughout the profile 
(Figure 18). These results indicated that despite higher denitrification potentials in these soils, 
denitrification rates were not enhanced. Lack of enhancement of denitrification rates in soils from 
all depths studied was due to C limitation. 
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Figure 19. Average percent urganic carbun by depth in the profles uf each FFZ. 
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Surface Soil Processes 

Despite our efforts to ensure dispersed flow over the FFZ, these Piedmont sites were ineffective at 
removing N fiom surface runoff. Modest reductions were achieved during small and medium runoff 
events. However, large events tended to overpower the retention capacity and, in most cases, flushed 
N from the system. The four largest runoff events generated 72% of the total annual runoff in FFZ 1 
and 68% of the annual total for FFZ2. In FFZ 1, these events accounted for 70% of the NO,-N input, 
62% of the NH4-N input and 64% of the TKN input (Table 3). With only one exception, loading for 
all N species increased or remained the same between the inlet and outlet of the FFZ. In FFZ2, these 
events accounted for 70% of the NO3-N, 63% of the NH4-N and 6 1 % of the TKN inputs. Reductions 
in N loads occurred more frequently in this FFZ and were associated with reductions in runoff volume 
between the entrance and exit of the FFZ. This points to the importance of infiltration in achieving 
N reductions in surface runoff. 

Most of the research concerning N attenuation in FFZ has been focused on attenuation of NO,-N in 
subsurface flow. However, Pete john and Correll (1984) determined that a riparian forest on the 
Rhode River watershed in eastern Maryland retained 1 kg ha-' yr-I of NH4-N, 11 kg ha-l yrl of 
particulate organic-N and 3 kg ha-' yr-I of NO3-N fiom surface runoff. These retentions represented 
significant portions of the total N loads in runoff leaving the fields. The nature of the nutrient inputs 
to the FFZ in surface runoff reported by these authors were similar to those found here, with organic- 
N accounting for the bulk of the nitrogen compounds. Inorganic-N outputs from the agricultural 
fields in surface runoff were considerably greater than those on this site, however, the loadings for 
our FFZ were comparable due to the difference in the ratio of field to forest between each study. In 
the Rhode River study this ratio was approximately 2:1, whereas in this study the ratio was 
approximately 10: 1 for WI and 5: 1 for WII. The FFZ studied by Pete john and Cone11 (1 984) appears 
to have been much more effective at removing nitrogenous pollutants fiom surface water than the 
two Piedmont sites presented here. 

Mallin et al. ( 199 1 ) showed that increased NO,-N levels in the Neuse River estuary in eastern North 
Carolina due to inputs from agricultural runoff during the spring were positively correlated to 
phytoplankton productivity and dinoflagellate blooms. It is common for more than 50% of annual 
nutrient losses from N.C. agricultural fields to occur during this period (Gambrel1 et al., 1974). On 
our sites, runoff events during this period flushed both inorganic-N and organic-N fiom the FFZ 
resulting in a net increase in nutrient loading of water passing through the FFZ. In the case of NO,- 
N this represented an increase of approximately 1.8 kg ha-' of FFZ, for the four-month period between 
December and March. Ammonium-N was retained during thesemonths, with the exception ofMarch 
where approximately 0.5 kg ha-' was released. During this period, inorganic-N pools were somewhat 
higher than they had been in the fall and, although mineralization rates were low to moderate at this 
time, plant uptake and leaching were low as well. This resulted in the susceptibility of the inorganic- 
N pool to flushing during runoff events. Flushing of organic-N accounted for the net loss of 12 kg 
ha-' in March alone. During the rest of the year. FFZl was moderately effective at retaining both 



inorganic-N and organic-N, which is consistent with previous research on this site (Franklin et nl., 
1992). The relative lack of runoff events due to drought during the first portion of the study prohibits 
any conclusions concerning the relative importance of any one process in accounting for the ultimate 
fate of the retained nitrogen. However, both leaching and plant uptake were high at the time of these 
influxes, suggesting that at least a portion of the N was retained by the forest ecosystem, while the 
rest was lost to deeper horizons where it could be retained in microbial biomass, taken up by the 
vegetation or lost to the atmosphere via denitrification. 

The soils in FFZ2 were well drained and, although a perched water table developed in the winter, 
it did not result in saturation of the soil surface and seepage, as was the case in FFZ1. For all runoff 
events, there was anet decrease in runoff volume between the entrance and exit of the FFZ, indicating 
that infiltration of surface runoff occurred throughout the winter and spring. There was no net release 
of inorganic-N to the surrounding environment during the winter or spring runoff events. Since 
leaching losses from the surface 30 cm of soil were low during the periods of inorganic-N input and 
since denitrification was also very low, it appears that the N retained in the filter zone was taken up 
by the vegetation. Organic-N retention was highest in December on this site, however, 1.6 kg ha-l 
was lost during the heavy rains in March. 

Denitrification was a relatively small portion of the N budget in the surface 30 cm of the FFZ 1. This 
result was somewhat surprising, as several authors have suggested that denitrification should be high 
in FFZ when the saturated zone was near the surface and in contact with the zone of increased 
available carbon (Groffinan et al., 1992; Simmons et al., 1992; Lowrance, 1992b). This low 
denitrification rate may be explained by low nitrification rates during the winter months and the lack 
of any subsurface NO,-N inputs into the FFZ (see subsurface section). 

These results have practical implications for the design of FFZ. As Phillips (1989a,b) has shown, 
not all FFZ are created equal and infiltration capacity of the soil is an important factor governing the 
effectiveness of FFZ. It appears that FFZ that are designed for the removal of N pollutants fiom 
surface runoff should not be located on sites where seepage is present during the winter and spring, 
because this prohibits infiltration and removal of dissolved N, particularly NO,-N, from runoff. In 
addition, these sites may become net contributors to NO,-N to runoff. Despite spreading, and perhaps 
because of increased contact between the soil and water due to spreading, these sites contributed N 
to runoff. 

Other authors have suggested periodic harvests to maintain the FFZ at an earlier successional stage 
to maximize nutrient uptake capacity (Lowrance etal., 1985). One wouldneed to be careful to ensure 
that the benefits to nutrient uptake obtained from harvesting not be offset by reductions in infiltration 
on the site due to soil compaction during the harvesting operation. Therefore, careful definition of 
objectives for the FFZ is required to determine appropriate management interventions. Given the 
current state of knowledge, a better understanding of the relative importance of plant uptake versus 
denitrification as the mechanism for NO,-N removal, would be helpful in evaluating this manage- 
ment practice. Nevertheless, if removal of N pollutants from subsurface flow via plant uptake is the 
principal objective, harvesting as suggested by Lowrance et ul. ( 1985) may be appropriate. However. 



if removal of pollutants from surface runoff is the management objective, harvesting may be 
detrimental. 

Subsurface Processes 

Over the past decade or so there has been frequent discussion in the scientific literature concerning 
the relative importance of denitrification versus plant uptake in NO,-N removal from groundwater 
leaving agricultural fields. Jacobs and Gilliam (1985) concluded that denitrification was largely 
responsible for NO3-N removal in two riparian forests on the North Carolina coastal plain. This 
conclusion was based on measurements of redox potential and NO3-N:Cl ratios. Lowrance (1992b) 
concluded that plant uptake was primarily responsible for NO3-N reductions in a riparian forest on 
the coastal plain of Georgia. His conclusion was based on the results of a denitrification enzyme 
activity (DEA) assay, which showed that the denitrification potential was restricted to the surface 
layers of the soil profile. In contrast, Groffman et al. (1992) and Simmons et al. (1992) found 
evidence for both processes and concluded that denitrification was responsible for NO3-N attenuation 
in the winter and early spring, when the water table was near the surface and in contact with the 
carbon-rich portion of the soil profile. These authors concluded that plant uptake was the dominant 
groundwater NO,-N sink during the growing season when the water table elevation declined. 
Denitrification in deeper layers was ruled out by the low DEA at the seasonal high water table 
elevation and very low or undetectable DEA in the permanently saturated zone. 

There are several problems associated with both the denitrification hypothesis and the plant uptake 
hypothesis in FFZ (Gilliam, 1994). The case against denitrification, particularly deep in the soil 
profile, is that most measurements of denitrification enzyme activity show that subsoils are almost 
completely devoid of denitrification potential (e.g. Lowrance, 1992b; Groffman et al., 1992). It 
should be noted, however, that none of the studies cited above involved direct measurements of 
denitrification. The case against plant uptake is that the majority of NO3-N movement out of 
ab+cultural fields and into adjacent FFZ occurs during the winter and spring months when water 
tables are high and plant uptake is low (e.g. Lowrance, 1992b). Nitrate attenuation during this period 
has been detected deep in soil profiles in regions where DEA has been shown to be absent. When 
this has occurred, authors have generally concluded that plant uptake was responsible by default. 
The trends in groundwater chemistry in this study are similar to trends noted elsewhere. Several 
authors have reported decreases in NO3-N in groundwater along piezometric gradients in forest lands 
adjacent to ag-icultural fields and steady or increasing C1 concentrations (Pete john and Correll, 
1984: Lowrance et al., 1984b: Jacobs and Gilliam, 1985; Haycock and Pinay, 1993). 

In our two experimental watersheds, significant NO,-N attenuation was observed before the 
moundwater even reached the forest. The question that remains is: can the denitrification rates 
CI 

measured in the grass-vegetated field border account for the changes in NO3-N concentrations 
observed on these sites? As a hypothetical calculation, consider the following: 

- The average concentration of NO$ in the groundwater at the edge of the field, in the 
northern well, in WT was 1 1.8 mg L- ' ,  at 1.5 m depth. This average concentration decreased 
to 0.7 mg L-' at the lower end of the grass border. The bulk density of the soil at this depth 



was 1.67 g ~ m - ~ ,  and the porosity was 3 5.8%. Thus, when the soil was saturated, there were 
approximately 894 m3 of water per ha-25-cm (that is, a volume of soil 100 m on each side 
and 25 cm thick) at this depth. Therefore, there were approximately 10.5 kg NO3-N ha-25- 
cm-I at the field edge and 0.6 kg NO3-N ha-25-cm-I in the grass border. Total removal 
therefore amounted to 9.9 kg NO3-N ha-25-cm-'. 

- The average concentration of NO3-N in the groundwater at the edge of the field, in the 
northern well in WII was 10.3 mg L-I and decreased to 9.7 mg L-I in the grass border. The 
bulk density of the soil at this depth was 1 S O  g ~ m - ~ ,  and the porosity was 42.3%. Therefore, 
saturated soil contained approximately 1057 m3 of water per ha-25-cm. Thus, there were 
approximately 10.9 kg NO3-N ha-25-cm-' at the field edge and 10.2 kg NO3-N ha-25-em-' 
in the grass border. Total removal therefore amounted to 0.7 kg of NO,-N ha-25-cm-l. 

- Using the maximum denitrification rate measured on WI, 0.040 kg ha-25-cm-I d-l, 248 days 
would have been required to accomplish the observed NO3-N reduction. For WII, the 
maximum denitrification rate was 0.010 kg ha-25-cm-' d", so a total of 66 days would have 
been required to obtain the observed NO3-N reduction. 

Hydrological modeling of subsurface flow was beyond the scope of this study, however, the rapidity 
of detection of the solute plume in the chemical loading experiment and the rapidity of drying out 
of the site suggest shorter travel times across the grass-vegetated field borders. Therefore, it appears 
that denitrification rates measured at the field edge wouldnot account for the NO3-N losses observed. 
Since the dosing experiments failed to show a significant vegetation N sink, we can hypothesize that 
the denitrification rates further down the slope were greater than those observed at the field edge. 
This hypothesis is supported by the N20 data, at least at the intermediate depth, which corresponds 
to the depth at which denitrification measurements were made. At the shallow depth on both 
watersheds (WI and WII), high N20 levels at the field edge suggest that most of the NO3-N loss may 
have occurred close to the field edge. At the 2.5 m depth on WI, N,O was highest at the field edge, 
declined in the grass field border suggesting loss near the field edge. The sharp increase at the forest 
edge is somewhat puzzling and suggests that the water intercepted by the well at this position may 
not be the same as that intercepted in the grass border. One possibility is that the water intercepted 
at 2.5 m depth at the forest edge is the same as or similar to that intercepted at 1.5 m in the grass border. 
Nitrate-N attenuation at 2.5 m depth in WII was not nearly as complete as in the overlying soil, which 
probably accounts for the persistence of N,O along the topographic gradient at this depth. 

In summary, N,O data for both watersheds suggest that NO,-N disappearance at the shallow depth 
occurred closerto the field edge. Deeper in the saturated zone, NO3-N disappearance occurred closer 
to the forest edge. It is not clear from our data whether this pattern is related to C availability, water 
table depth or both. The dosing experiments reinforce the fact that denitrification is the principal 
mechanism for NO,-N removal from groundwater on these Piedmont sites. Results fiom these 
experiments suggest that riparian forests are more efficient at removing NO,-N fiom groundwater 
than grass-vegetated field borders, but we cannot determine the extent to which water table depth, 
soil drainage or organic C accounted for these differences. Although upland grass-vegetated sites 



bordering agricultural fields were less effective at removing NO3-N from subsurface runoff than 
riparian forest sites, considerable reductions in NO3-N concentrations were observed in one field 
border that was 17 m wide. Similar reductions would be expected over a shorter distance in a FFZ. 

Denitrifer Microbial Population 

In previous results we have shown that these FFZ are effective sinks for NO3-N in surface runoff, 
particularly when infiltration was high. Plant uptake and leaching to deeper soil horizons were the 
principal fates of NO3-N in the agricultural effluent. Once the NO,-N reached the saturated zone, 
denitrification was the principal removal process. The results of these laboratory experiments 
suggested that the denitrification capacity of the FFZ increased with continued exposure to NO3-N 
laden runoff, at least during the first two years. This implies that the nature of the soil microbial 
population changed and that the population of denitrifying organisms was greater due to this 
exposure. Two mechanisms may be responsible for this response: i) nitrate levels may be higher in 
the soil profile as nutrient laden runoff infiltrates creating a greater opportunity for growth of the 
denitrifying microorganism population during saturated conditions; or ii) infiltration of agricultural 
runoff creates wetter conditions in the soil which exerts a selective pressure on the microbial 
population that favors facultative anaerobic microorganisms. 

From these results it is therefore reasonable to conclude that the FFZ should be capable of dissipating 
NO3-N more rapidly. Contrary to what we would expect following this first result, we saw no increase 
in denitrification rates in soils from inside the FFZ, compared to controls, in the N incubations. We 
concluded that this result was due to C limitation. One possibility is that due to short incubation times, 
our methods were not sensitive enough to detect changes in denitrification rates under ambient C 
1 eve1 s. 

As we noted earlier, Groffman et al. (1992) suggested the possibility of saturating the microbial 
populations of FFZ soils which could decrease the attenuation capacities of these zones. Our study 
suggested that, in the case of NO,-N, for these Piedmont sites, this was not a concern in the short- 
term. On the contrary, exposure to N loading enhanced the filtering capacity of these soils. 





These studies bring several new points to light and reinforce several conclusions of other researchers. 
The salient conclusions of this research are: 

1. These Piedmont sites were relatively ineffective at removing N pollutants from surface runoff and 
in one case resulted in increased loading to surface runoff. The major factor for the failure of these 
FFZ was the fact that the majority of N pollutants arrived in these zones during a few large runoff 
events during the wet season when infiltration was low. We should caution that the study year was 
unusual because of drought conditions during the summer and spring studied. We can speculate that 
had rainfall been more "normal" we may have had more runoff events when infiltration was high and 
our conclusions based on net annual retention may have been different. 

2. The principal mechanisms responsible for removal of N pollutants in surface runoff were 
infiltration for dissolved N pollutants and sedimentation for particulate pollutants. Once N entered 
the FFZ ecosystem it was either sequestered in the vegetation or lost to deeper soil horizons through 
leaching. 

3. Significant subsurface NO,-N reductions were observed in the saturated zones of upland grass 
vegetated field borders. Denitrification appeared to remove the majority of the NO,-N at the shallow 
depth (0.75 m) near the field edge, but deeper in the soil profile removal occurred closer to the forest 
edge 

4. In forest soils, denitrification is also the primary fate for subsurface NO3-N; plant uptake made 
no detectable contribution to reductions in NO3-N concentrations. 

5. Exposure of forest soils on these Piedmont sites to nutrient laden runoff led to increased 
denitrification capacity in the soil profile. In one instance this increase was observed to a depth of 
1 m. In soils with increased denitrification capacity, C availability limited denitrification. 
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Net Ammonification (kg ha-' ) 

Position 

1 2 3 4 5 6 MEAN S.E. 
June 0.92 2.11 -4.70 -12.46 0.09 -3.74 -2.96 2.19 
July -3.84 -0.92 -2.16 4.29 1.59 -1.86 -0.48 1.20 
August 15.79 15.88 31.76 0.84 7.90 -4.92 11.21 5.30 
September -6.60 0.82 -- -3.69 7.09 -4.1 1 -1.30 2.41 
October 1.98 4.83 18.47 -1.96 3.49 2.63 4.91 2.87 
November -1.20 -0.33 10.72 0.77 5.63 5.98 3.59 1.89 
December -9.06 6.82 2.29 2.76 5.86 10.45 3.18 2.73 
January 5.43 5.26 3.28 -1.84 1.65 -0.33 2.24 1.21 
February 20.49 3.66 7.06 4.03 3.64 1.11 6.67 2.87 
March 16.81 14.59 12.68 7.55 13.14 2.96 11.29 2.08 
April 4.29 26.21 15.29 6.24 39.68 22.58 19.05 5.43 
May 6.64 29.07 4.33 -0.40 2.56 1.41 7.27 4.47 

SUM 51.64 107.99 99.02 6.12 92.32 32.15 64.88 16.81 

Net Nitrification (kg ha-') 
Position 

1 2 3 4 5 6 MEAN S.E. 
June 6.98 13.75 2.50 11.65 3.94 5.32 7.36 1.82 
July 
August 
September 
October 
November 
December 
January 
February 
March 
April 
May 

SUM 108.61 153.19 42.87 67.68 42.466 109.37 87.37 17.94 



Leaching - Ammonium-N (kg ha-') 

Position 

1 2 3 4 5 6 MEAN S.E. 
June 2.23 2.64 -0.04 3.84 0.49 0.03 1.53 0.65 
July -1.57 0.49 0.81 6.43 -4.89 -32.66 -5.23 5.69 
August 10.07 16.45 33.01 5.69 1.52 -0.38 11.06 5.04 
September -0.08 0.09 -- -- -7.05 -2.28 -2.33 1.66 
October 1.89 3.98 20.75 -31.62 1.54 4.27 0.13 7.00 
November 4.36 0.95 4.37 1.42 -7.41 -0.84 0.47 1.78 
December -4.70 -2.45 -15.69 1.15 -21.20 9.00 -5.65 4.53 
January 4.07 -7.07 -1.05 -1.93 -3.44 1.86 -1.26 1.60 
February 16.48 2.76 10.62 -2.01 -0.75 -7.45 3.28 3.59 
March -1.81 -9.84 6.47 10.81 0.45 1.72 1.30 2.90 
April -3.34 11.17 -57.17 1.80 24.37 4.89 -3.05 11.50 
May 9.28 32.60 4.16 2.26 -12.88 -2.31 5.52 6.22 

SUM 36.89 51.75 6.23 -2.17 -29.24 -24.14 6.55 13.24 

Leaching - Nitrate-N- (kg ha-') 

position 

1 2 3 4 5 6 MEAN S.E. 
June 
July 
August 
September 
October 
November 
December 
January 
February 
March 
April 

May 

SUM 



Uptake - Ammonium-N (kg ha-') 

June 
July 
August 
September 
October 
November 
December 
January 
February 
March 
April 
May 

SUM 

Position 

1 7 
L 3 4 5 6 MEAN S.E. 

-1.29 -4.55 -2.38 4.49 -4.94 -2.69 1.68 

Uptake - Nitrate-N (kg ha-') 

Position 

1 2 3 4 5 6 MEAN S.E. 
June 
July 
August 
September 
October 
November 
December 
January 
February 
March 
April 
May 

SUM 



Total Net Mineralization (kg ha-') 

Position 

1 2 3 4 5 6 MEAN S.E. 
June 7.91 15.86 -2.19 -0.81 4.03 1.58 4.40 2.72 
July 7.98 16.70 0.56 8.54 13.47 14.35 10.27 2.38 
August 31.40 33.26 36.82 10.76 11.39 10.76 22.40 5.16 
September 24.73 28.42 -- 7.66 14.47 10.44 17.14 4.04 
October 10.89 29.76 32.50 2.36 4.05 28.12 17.94 5.60 
November 14.45 7.29 15.28 5.79 6.79 9.05 9.78 1.67 
December -3.92 11.73 4.38 3.46 5.72 11.72 5.51 2.39 
January 4.18 4.86 3.12 -3.19 1.56 -0.59 1.66 1.26 
February 20.36 3.02 7.75 3.70 3.57 1.08 6.58 2.89 
March 16.70 14.08 12.63 7.51 13.14 2.83 11.15 2.07 
April 4.60 28.40 19.18 6.35 39.68 24.25 20.41 5.48 

May 21.00 67.79 11.86 21.67 16.93 27.93 27.86 8.28 

SUM 

Total Leaching (kg ha-') 

Position 

1 2 3 4 5 6 MEAN S.E. 
June -1.38 13.02 3.26 10.76 -1.71 7.28 5.21 2.52 
July 2.61 4.68 -4.18 4.37 2.90 -48.23 -6.31 8.49 
August 3.54 23.69 31.57 12.47 -0.53 -7.33 10.57 6.08 
Septembe 15.34 2.15 -- -- -7.14 -2.94 1.85 4.88 
October 7.86 17.41 34.48 -32.81 -0.25 23.21 8.32 9.58 
November 19.92 8.34 1.68 3.90 -6.37 1.36 4.80 3.60 
December 0.95 2.25 -14.75 0.80 -21.21 9.14 -3.80 4.73 
January 4.28 -7.06 -1.12 -2.24 -3.50 1.84 -1.30 1.63 
February 16.46 3.12 11.46 -2.01 -0.75 -7.33 3.49 3.64 
March -1.81 -9.84 6.47 10.81 0.45 1.72 1.30 2.90 
April -3.67 12.81 -67.87 1.25 23.55 6.47 4.58 13.24 

May 16.00 49.09 8.95 12.50 -6.70 1.71 13.59 7.33 



-- 

Total Uptake (kg ha-') 
Position 

1 2 3 4 5 6 MEAN S.E. 
June 4.30 3.93 -3.92 3.22 11.24 -3.54 2.54 2.31 
July 7.48 10.86 4.02 -0.19 9.49 59.80 15.24 9.06 
August 23.94 9.37 5.81 -0.01 10.08 18.95 11.36 3.57 
September 17.21 27.25 23.64 0.00 24.53 15.96 18.10 4.04 
October -2.15 12.76 -0.81 40.87 5.40 6.90 10.50 6.47 
November -9.89 -0.14 13.33 2.43 13.23 8.63 4.60 3.67 
December 3.25 9.30 17.73 -1.20 23.78 -0.27 8.76 4.15 
January 0.77 9.92 -0.87 1.14 3.76 0.40 2.52 1.60 
February 3.70 2.08 0.10 3.00 4.99 7.79 3.61 1 .07 
March 19.14 24.58 6.58 0.87 14.51 2.87 11.43 3.87 
April 5.62 8.95 84.54 1.32 10.51 12.59 20.59 12.89 
May 4.44 24.74 5.05 10.27 16.77 29.69 15.16 4.27 

SUM 77.81 143.60 155.21 61.73 148.29 159.78 124.40 17.55 

Monthly Pool - Ammonium-N (kg ha-') 

Position 

1 2 3 4 5 6 MEAN S.E. 
June 
July 
August 
September 
October 
November 
December 
January 
February 
March 
April 
May 
June 



Monthly Pool - Nitrate-N (kg ha-') 

Position 

1 2 3 4 5 6 MEAN S.E. 
June 1.37 2.05 1.43 0.98 0.61 3.41 1.64 0.44 
July 0.22 0.20 0.00 0.10 0.00 0.08 0.10 0.04 
August 2.38 1.26 0.14 2.41 0.19 0.37 1.12 0.43 
Septembe 1.88 2.75 0.18 1.50 0.38 1.14 1.30 0.39 
October 0.55 1.30 0.08 0.92 0.13 0.63 0.60 0.21 
November 1.29 0.65 0.28 0.25 0.07 0.13 0.45 0.19 
December 0.64 0.35 0.07 0.10 0.14 0.15 0.24 0.09 
January 1.61 0.70 0.25 1.55 0.09 0.30 0.75 0.27 
February 0.19 1.39 0.25 0.33 0.07 0.15 0.40 0.20 
March 0.11 0.52 0.04 0.04 0.00 0.12 0.14 0.08 
April 0.1 1 0.18 0.07 0.00 0.00 0.00 0.06 0.03 
May 0.52 1.37 0.79 0.49 0.86 0.67 0.78 0.13 
June 0.56 0.33 0.16 3.37 2.23 0.07 1.12 0.56 



Net Ammonification (kg ha-') 

Position 

1 2 3 4 5 6 MEAN S.E. 
June -1.22 7.14 6.57 5.67 0.26 8.21 4.44 1.60 
July 0.36 6.31 0.81 -- 7.02 69.25 16.75 13.20 
August 7.28 7.56 -1.53 21.08 18.52 30.96 13.98 4.78 
September -0.72 12.39 3.61 3.82 14.32 -0.85 5.43 2.65 
October 0.65 17.57 -0.41 11.02 12.36 -0.80 6.73 3.23 
November 3.60 1.50 9.63 -1.62 0.74 2.27 2.69 1.56 
December 1.14 5.61 4.45 -0.15 20.56 7.94 6.59 3.04 
J a n ~  0.61 -2.19 -0.26 10.18 3.04 4.48 2.64 1.79 
February 3.12 1.56 5.44 1.23 3.74 6.11 3.54 0.81 
March -0.04 5.13 2.36 -2.66 0.49 4.40 1.61 1.20 
April 6.78 3.06 2.24 9.18 9.87 57.12 14.71 8.58 
May 1.64 1.46 0.83 10.50 5.37 9.68 4.91 1.77 

SUM 23.20 67.09 33.73 85.86 96.28 198.79 81.22 25.85 

Net Nitrification (kg ha-I) 

Position 

1 2 3 4 5 6 MEAN S.E. 
June 0.91 6.43 -0.05 2.10 9.90 -10.94 1.39 2.90 
July 0.77 6.21 1.01 -- 8.00 0.08 3.21 1.62 
August 4.66 4.87 0.33 0.49 2.88 0.22 2.24 0.89 
September 55.94 8.01 1.12 1.20 7.25 0.44 12.33 8.83 
October 1.22 2.26 0.08 0.05 2.02 -0.02 0.94 0.43 
November 0.27 0.22 0.04 0.08 0.50 0.12 0.20 0.07 
December 0.19 0.99 0.26 0.35 12.47 0.24 2.42 2.01 
January 0.04 -0.10 -0.23 0.09 0.32 -0.02 0.02 0.08 
February 0.53 -0.04 0.03 0.07 2.46 -0.01 0.50 0.40 
March 0.42 0.27 -0.06 -0.51 1.40 -0.03 0.25 0.26 
April 1.84 0.34 0.24 0.61 13.73 0.00 2.79 2.20 
May 1.52 1.16 0.46 0.26 10.72 0.08 2.37 1.69 

SUM 68.29 30.61 3.23 8.65 71.64 -9.85 28.12 14.28 



Leaching Ammonium-N (kg ha-') 

Position 

1 2 3 4 5 6 MEAN S.E. 
June -0.33 -6.80 -1.84 -15.79 -- -1.61 -5.28 2.85 
July 0.03 11.04 -8.00 -1.36 6.34 48.60 9.44 8.28 
August 2.12 6.24 -5.27 44.93 17.00 20.51 14.25 7.26 
September -0.79 9.86 -5.64 5.02 11.35 -13.94 0.98 3.97 
October 2.14 16.97 -1.44 11.97 8.05 -0.90 6.13 3.04 
November 3.69 -1.39 7.37 1.69 0.13 2.62 2.35 1.24 
December -0.22 5.68 3.94 -1.76 17.23 8.14 5.50 2.78 
January 2.22 -0.40 0.73 13.20 5.34 2.00 3.85 2.03 
February -0.61 -0.58 -0.53 -10.22 0.89 0.56 -1.75 1.7 1 
March -5.38 4.63 1.73 -2.02 0.05 -8.26 -1.54 1.93 
April 3.56 -3.20 -11.74 9.52 11.09 43.65 8.81 7.78 
May 4.24 -0.27 3.05 12.52 3.74 0.54 3.97 1.86 

SUM 10.65 41.77 -17.65 136.57 81.20 101.90 47.59 18.38 

-- 

Leaching - Nitrate-N (kg ha-l) 

Position 

1 2 3 4 5 6 MEAN S.E. 
June -1.10 3.87 -0.12 2.84 -4.48 -0.61 0.07 1.22 
July -1.88 4.30 0.07 -1.16 -0.13 -0.09 0.18 0.88 
August 1.89 3.92 -0.52 0.44 -0.83 -1.36 0.59 0.81 
S ept enlb er 55.44 3.84 0.56 0.77 -0.18 -0.92 9.92 9.13 
October 0.70 1.65 -0.01 -0.01 1.67 0.00 0.65 0.34 
November -0.09 0.17 0.02 0.01 -0.33 0.12 -0.02 0.07 
December 0.03 0.90 -0.21 0.15 12.01 0.16 2.17 1.97 
January -0.04 0.03 0.00 0.03 0.13 0.03 0.03 0.02 
February 0.39 -0.12 -0.37 -0.26 1.62 -0.09 0.20 0.30 
March -0.09 0.30 0.00 0.06 -0.74 -0.07 -0.11 0.14 
April -3.96 -0.88 0.04 0.28 10.33 -0.16 0.94 1.98 

May -3.40 1.17 0.44 0.26 4.32 -1.41 0.23 1.06 

SUM 47.88 19.15 -0.10 3.19 23.40 -4.40 14.85 7.98 



Uptake - Ammonium-N (kg ha-') 

Position 

1 2 3 4 5 6 MEAN S.E. 
June -1.70 10.09 6.58 -- -- 8.78 5.94 2.65 
July 0.38 -0.19 9.80 -2.15 2.21 18.18 4.71 3.18 
August 6.08 0.98 4.21 2.93 2.51 11.78 4.75 1.57 
September -1.06 2.24 9.86 2.86 2.57 13.99 5.08 2.30 
October 0.03 1.60 1.39 0.67 4.69 3.23 1.93 0.70 
November 0.65 3.10 2.71 1 .05 1.41 0.15 1.51 0.48 
December -0.31 -1.07 -1.17 0.72 1.29 -0.74 -0.21 0.41 
January 0.39 -0.38 1.01 -0.32 0.32 2.86 0.65 0.49 
February -0.28 1.12 3.35 6.32 0.63 4.36 2.58 1.03 
March 8.56 1.20 0.67 -0.78 -0.69 14.28 3.87 2.52 
April 0.83 5.92 14.12 4.42 -1.54 8.83 5.43 2.30 
May -0.34 -0.19 0.50 4.10 4.35 12.27 3.45 1.96 

SUM 13.25 24.40 53.03 19.82 17.75 97.96 37.70 13.37 

Uptake - Nitrate-N (kg ha-') 

Position 

1 2 3 4 5 6 MEAN S.E. 
June 
July 
August 
September 
October 
November 
December 
January 
February 
March 
April 
May 

SUM 



-- - -- -- 

Total Net Mineralization (kg ha-') 

Position 

1 2 3 4 5 6 MEAN S.E. 
June 
July 
August 
September 
October 
November 
December 
January 
February 
March 
April 
May 

SUM 

Total Leaching (kg ha-') 
Position 

1 2 3 4 5 6 MEAN S.E.E. 
June -1.43 -2.93 -1.96 -12.96 -- -2.22 -4.30 2.18 
July 
August 
September 
October 
November 
December 
January 
February 
March 
April 
May 

suh4 



Total Plant Uptake (kg ha-') 

Position 

1 2 3 4 5 6 MEAN S.E. 
June 
July 
August 
September 
October 
November 
December 
January 
February 
March 
April 
May 

SUM 

Monthly Pool - Ammonium-N (kg ha-') 

Position 

1 2 3 4 5 6 MEAN S.E. 
June 2.76 3.04 2.91 1.30 6.23 7.86 4.01 1.01 
July 3.56 6.89 4.73 6.28 2.23 4.74 0.86 
August 3.51 2.35 3.75 7.49 4.75 4.70 4.43 0.71 
September 2.59 2.70 3.27 3.22 3.77 3.37 3.15 0.18 
October 3.72 2.99 2.66 1.67 4.17 2.47 2.95 0.37 
November 2.21 2.00 2.30 4.77 3.79 1.80 2.81 0.49 
December 1.46 1.79 1.85 1.30 2.99 1.31 1.78 0.26 
January 3.12 2.78 3.53 1.18 5.02 1.85 2.92 0.55 
February 1.12 1.38 1.54 1.24 2.40 1.47 1.53 0.19 
March 5.14 2.40 4.16 3.49 4.63 2.67 3.75 0.45 
April 1.92 1.69 4.12 2.41 5.76 1.05 2.83 0.72 

May 4 . 2  2.03 3.99 1.68 6.08 5.69 3.96 0.74 
June 2.06 3.95 1.26 1.29 3.36 2.57 2.41 0.45 



Monthly Pool - Nitrate-N (kg ha-') 

Position 

1 2 3 4 5 6 MEAN S.E. 
June 0.17 0.10 0.05 0.04 0.03 0.33 0.12 0.05 
July 0.00 0.00 0.00 -- 0.00 0.07 0.01 0.01 
August 0.02 0.17 0.01 0.00 0.18 0.00 0.06 0.04 
September 0.06 0.05 0.00 0.05 0.11 0.00 0.04 0.02 
October 0.06 0.00 0.00 0.02 0.15 0.08 0.05 0.02 
November 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
December 0.04 0.02 0.00 0.00 0.06 0.03 0.03 0.01 
January 0.07 0.15 0.29 0.03 0.08 0.06 0.11 0.04 
February 0.07 0.14 0.01 0.09 0.21 0.01 0.09 0.03 
March 0.03 0.09 0.06 0.51 0.25 0.03 0.16 0.08 
April 0.07 0.05 0.00 0.07 0.32 0.00 0.08 0.05 
May 0.20 0.11 0.10 0.12 0.26 0.02 0.13 0.03 
June 0.07 0.03 0.00 0.03 0.11 0.00 0.04 0.02 



 APPEND^ C: NITRATE-N, CHLORIDE, SULFATE, NITROUS OXIDE, DOC CONCEN- 
TRATIONS, AND PH IN GROUNDWATER PIEZOMETERS ON WI AND WII 

Nitrate-N (mg I-') WI 

Transect 
North South 

Depth 
0.75 m 1.50 m 2.50 m 0.75 m 1.50 m 2.50 m 

311 0193 
3/17/93 
3/24/93 
3/3 1/93 
4/ 1 6/93 
4/29/93 
5/13/93 
5/26/93 
6/8/93 
6/22/93 
7/8/93 
7/21/93 
1/13/94 
2/7/94 
3/8/94 
4/13/94 
51 1 0194 
Mean 
S.E. 

311 0193 
31 17/93 
3/24/93 
313 1/93 
41 1 6/93 
4/29/93 
51 13193 
5/26/93 
6/8/93 
6122193 
7/8/93 
712 1/93 
1113i94 
2,'7/94 
3/8/94 
4/13/94 
51: 10,94 
Mean 
S.E. 

Field Edge 
11.74 
1 1.09 
9.40 

1 1.43 
12.54 
11.32 
6.39 
-- 
-- 
-- 
4.30 
2.919 

1 1.97 
12.39 
11.78 
11.60 
11.86 
9.56 
0.9 1 

Above Berm 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
-- 
- - 

0.00 
0.00 
0.00 
0.00 
0.09 
0.01 
0.0 1 

*Missing values indicate no water in the piezorneter at sampling time. 
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Nitrate-N (mg 1-I) WI 

Transect 
North South 

Depth 
0.75 m 1.5 m 2.50 m 0.75 m 1.50 m 2.50 m 

311 0193 
3/17/93 
3/24/93 
313 1/93 
4/ 1 6/93 
4/29/93 

' 5/13/93 
5/26/93 
6/8/93 
6/22/93 
7/8/93 
712 1 /93 
1/13/94 
2/7/94 
3/8/94 
41 13194 
5/ 1 OD4 
Mean 
S.E. 

31 10193 
31 1 7193 
3 124193 
313 1/93 
41 1 6/93 
4/29/93 
5/13/93 
5/26/93 
6/8/93 
6/22/93 
7/8/93 
712 1/93 
1/13/94 
2/7/94 
3/8/94 
41 13/94 
5/ 1 0194 
Mean 
S.E. 

Below Berm 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
-- 
0.00 
8.42 
1 .O7 
0.37 
0.08 
0.00 
0.62 
0.52 

Below FFZ 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.09 
0.00 
0.00 
0.00 
0.00 
-- 
0.05 
0.08 
0.00 
0.00 
0.01 
0.01 

*Missing values indicate no water in the piezometer at sampling time. 



- - 

Nitrate-N (mg I-') WII 
- -- - -  - 

Transect 
North South 

Depth 
0.75 m 1.50 m 2.50 m 0.75 m 1.50 m 2.50 m 

Fielkd Edge 
17.2 1 
17.99 
1130 
16.01 
16.59 
14.6 1 
16.15 
-- 
-- 
-- 
13.44 
10.90 
7.74 

13.82 
-- 

Above Berm 
3.78 
6.56 
6.62 

13.95 
16.05 
15.30 
7.16 
-- 
-- 
-- 
-- 
-- 
7.49 
a.93 

13.74 
15.03 
-- 

*Missing values indicate no water in the piezometer at sampling time. 



Nitrate-N (mg 1-I) WII 
Transect 

North South 
Depth 

0.75 m 1.50 m 2.50 m 0.75 m 1.50 m 2.50 m 

Below Berm 
3.09 
3.25 
3.22 
3.97 
6.14 
9.72 
0.00 
-- 
-- 
-- 
0.00 
0.00 
3.06 
4.68 
6.46 
7.46 
-- 

Below FFZ 
0.56 
0.58 
0.46 
0.5 1 
0.52 
0.62 
0.3 1 
0.32 
0.00 
0.30 
0.09 
0.00 
0.34 
0.17 
0.29 
0.25 
0.33 

*Missing values indicate no water in the piezometer at sampling time. 



Chloride (mg 1-l) WI 
Transect 

North South 
Depth 

0.75 m 1.50 m 2.50 m 0.75 m 1.50 m 2.50 m 

Field Edge 
13.68 10.24 
9.4 1 -- 

45.93 -- 
9.34 -- 

10.11 -- 
9.44 -- 
6.11 -- 

Above Berm 
33.22 
3 1.14 
20.49 
18.56 
2 1.93 
22.50 
16.52 
17.80 
14.50 
18.66 

*Missing values indicate no water in the pirzometer at sampling time. 



Chloride (mg I-') WI 

Transect 
North South 

Depth 
0.75 m 1.50 m 2.50 m 0.75 m 1.50 m 2.50 m 

311 0193 
3/17/93 
3 124193 
313 1/93 
4/ 1 6/93 
4/29/93 
5/13/93 
5/26/93 
6/8/93 
6/22/93 
7/8/93 
712 1/93 
1/13/94 
2/7/94 
3/8/94 
41 13 194 
51 1 0194 
Mean 
S.E. 

3/10/93 
3/17/93 
3/24/93 
313 1/93 
41 1 6/93 
4/29/93 
5/13/93 
5/26/93 
6/8/93 
6/22/93 
7/8/93 
712 1/93 
1/13/94 
2/7/94 
3/8/94 
4 i  13194 
5/ 1 Oi94 
Mean 

Below Bern 
26.94 
17.96 
13.42 
16.59 
9.57 

19.23 
20.04 
19.91 
17.73 
19.44 
8.99 
-- 
8.61 
9.98 

1 1.29 
12.05 
10.77 
15.16 
1.33 

Below FFZ 
32.47 
33.52 
35.20 
42.54 

3.27 
25.86 
20.05 
21.58 
18.78 
-- 
18.11 
-- 
- - 

18.84 
15.06 
22.92 
17.6 1 
23.27 

S.E. 0.35 16.11 2.66 0.85 0.9 1 11.82 

*Missing vaiues indicate no water in the piezometer at sampling time. 



Chloride (mg 1-I) WII 
- - - -- -- 

  ran sect 
North South 

Depth 
0.75 m 1.50 m 2.50 m 0.75 m 1.50 m 2.50 m 

311 0193 
3/17/93 
3/24/93 
313 1/93 
41 1 6/93 
4/29/93 
51 13/93 
5/26/93 
6/8/93 
6/22/93 
7/8/93 
712 1/93 
1/13/94 
2/7/94 
3/8/94 
4/13/94 
51' 10194 
Mean 
S.E. 

3/ 10193 
31 17/93 
3/24/93 
313 1/93 
4/l 6/93 
4/29/93 
511 3/93 
5/26/93 
6/8/93 
6/22/93 
7/8/93 
712 1 193 
1/13/94 
2/7/94 
3 18/94 
41 1 3 194 
51 10194 
iMean 
S.E. 

Field Edge 
24.9 1 
14.89 
1 1.72 
11.76 
13.80 
10.22 
11.96 
-- 
-- 
-- 
-- 
-- 
9 A2 
7.59 
4.81 
7.72 
-- 
11.71 
1.60 

Above Berm 
29.99 
21.41 
13.89 
17.05 
15.97 
13.84 
9.76 
-- 
-- 
-- 
-- 
-- 
14.74 
15.85 
14.80 
13 .&I 
-- 

16.45 
1.60 

*blissin2 values indicate no water in the piezometer at sampling time. 



Chloride (mg 1-l) WII 

Transect 
North South 

31 10193 
3/17/93 
3/24/93 
313 1/93 
41 1 6/93 
4/29/93 
5/13/93 
5/26/93 
6/8/93 
6/22/93 
7/8/93 
712 1/93 
1/13/94 
2/7/94 
3/8/94 
41 13/94 
51 1 0194 
Mean 
S.E. 

31 10193 
3/17/93 
3/24/93 
313 1/93 
41 1 6/93 
4/29/93 
51 13/93 
5/26/93 
6/8/93 
6/22/93 
7/8/93 
712 1/93 
1/13/94 
2/7/94 
3/8/94 
41 13194 
51 1 0/94 
Mean 
S.E. 

Below Berm 
14.25 
13.54 
11.16 
13.56 
13.39 
13.54 
1.94 
-- 
-- 
-- 
0.66 
-- 
10.84 
10.8 1 
10.56 
10.63 
-- 

10.41 
1.29 

Below FFZ 
14.59 
13.04 
12.13 
12.48 
12.28 
1 1.87 
10.75 
13.08 
12.70 
12.90 
12.20 
10.61 
12.48 
10.08 
9.47 
9.03 

10.26 
11.78 
0.36 

*Missing values indicate no ~ ta te r  in the piezometer at sampling time. 



Sulfate (mg I-') WI 

Transect 
North Soutll 

Depth 
0.75 m 1.50 m 2.50 m 0.75 m 1.50 m 2.50 m 

31 10193 
31 17/93 
3/24/93 
313 1/93 
4/ 1 6/93 
4/29/93 
51 13/93 
5/26/93 
6/8/93 
6/22/93 
7/8/93 
712 1/93 
1/13/94 
2/7/94 
3/8/94 
41 13/94 
5/ 1 0194 
Mean 
S.E. 

31 10193 
31 17/93 
3/24/93 
313 1/93 
41 1 6/93 
4/29/93 
51 13/93 
5/26/93 
6/8/93 
6/22/93 
7/8/93 
7/2 1/93 
11 13/94 
2/7/94 
3/8/94 
4 13/94 
5/ 10/94 
Mean 
S.E. 

Field Edge 
6.40 
5.53 
5.57 
5.36 
5.74 
5.38 
4.25 
-- 
-- 
5.52 
6.32 
4.123 
6.67 
6.77 
7.47 
7.32 
7.95 
6.00 
0.30 

Above Berm 
4.9 1 
2.89 
3 .O3 
1.85 
1.59 
1.73 
1.34 
2.52 
3.36 
4.53 
-- 
-- 
8.72 
8.43 
5.64 
4.68 
7.48 
4.18 
0.64 

*Missing values indicate no water in the piezometer at sampling time. 



Sulfate (mg 1-I) WII - Below Berm 

Transect 
North South 

Depth 
0.75 m 1.50 m 2.50 m 0.75 m 1.50 m 2.50 m 

3/ lO/93 
3/17/93 
3/24/93 
313 1/93 
4/ 1 6/93 
4/29/93 
5/13/93 
5/26/93 
6/8/93 
6/22/93 
7/8/93 
712 1/93 
1/13/94 
2/7/94 
3/8/94 
4/13/94 
51 1 0194 
Mean 
S.E. 

31 lO/93 
3/ 17/93 
3/24/93 
313 1/93 
41 1 6/93 
4/29/93 
5/13/93 
5/26/93 
6/8/93 
6/22/93 
7/8/93 
712 1/93 
1/13/94 
2/7/94 
3/8/94 
411 3194 
5/ 101'93 
Mean 
S.E. 

Below Berm 
29.09 
22.96 
16.46 
18.48 
8.36 

18.92 
22.38 
16.63 
2 1.45 
21.73 
-- 
7.63 
9.73 
7.34 
8.96 
8.25 

23.73 
15.15 

1.74 

Below FFZ 
0.67 
0.58 
0.00 
0.53 
0.42 
0.37 
0.00 
0 . 4  
0.00 
0.00 
0.28 
0.4 1 

4.93 
2.34 
3.63 
2.6 1 
1.07 
0.37 

*Missing values indicate no water in the piezometer at sampling time. 
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- 

Sulfate (mg I-') WII 
Traxisect 

North South 
Depth 

0.75 m 1 .50 m 2.50 m 0.75 m 1.50 m 2.50 m 

31 10193 
3/ 17/93 
3/24/93 
313 1/93 
4/ 1 6/93 
4/29/93 
5/ 13/93 
5/26/93 
6/8/93 
6/22/93 
7/8/93 
712 1/93 
1 / 1 3/94 
2/7/94 
3/8/94 
41 13/94 
5/ 1 O/% 
Mean 
S.E. 

3/10/93 
31 1 7/93 
3/24/93 
313 1/93 
41 16/93 
4/29/93 
51 13/93 
5/26/93 
6/8/93 
6/22/93 
7/8/93 
712 1/93 
1/13/94 
2/7/94 
3/8/94 
$1 13/94 
51 lo193 
Mean 
S.E. 

Field Edge 
9.26 
6.49 
5.35 
7.10 
7.09 
6.78 
-- 
-- 
-- 
-- 
-- 
-- 
1 1.59 
13.42 
14.70 
13.57 
-- 
9.38 
1.01 

Above Berm 
22.07 
18.37 
11.21 
10.18 
7.03 
6.47 
5.24 
-- 
-- 
-- 
-- 
-- 

16.38 
17.52 
1 1.89 
9.02 
- - 
12.3 1 
1.66 

*iMissing values indicate no water in the piezolneter at sampling time. 



Sulfate (mg 1-l) WII 

Transect 
North South 

Depth 
0.75 m 1.50 m 2.50 m 0.75 m 1.50 m 2.50 m 

31 10193 
3/17/93 
3/24/93 
313 1/93 
41 1 6/93 
4/29/93 
5/13/93 
5/26/93 
6/8/93 
6/22/93 
7/8/93 
712 1/93 
1/13/94 
2/7/94 
3/8/94 
411 3/94 
5/ 1 0194 
Mean 
S.E. 

31 10193 
3/17/93 
3/24/93 
313 1/93 
4/ 1 6/93 
4/29/93 
511 3193 
5/26/93 
6/8/93 
6/22/93 
7/8/93 
7/2 1 /93 
1/13/94 
2/7/94 
3/8/94 
41 13i94 
5/ 1 0194 
Mean 
S.E. 

Below Berm 
5.30 
5.13 
4.23 
4.76 
3.91 
3.1 1 

2 8.49 
4.3 1 
-- 
1.65 
0.66 
0.84 
4.74 
4.3 1 
5 .O4 
4.89 
-- 
3.87 
0.48 

Below FFZ 
1.48 
1.38 
1.33 
1.41 
1.30 
0.86 
0.93 
1.22 
3.54 
1.1 1 
1.03 
1.26 
5.01 
4.0 1 
3.30 
3.86 
3.57 
2.16 
0.33 

*Missing values indicate no water in the piezometer at sampling time. 



Nitrous Oxide (pg 1-*) WI 
Transect 

North South 
Depth 

0.75 m 1.50 m 2.50 m 0.75 m 1.50 m 2.50 m 

2/7/94 
3/8/94 
41 13194 
51 1 0194 
Mean 
S.E. 

2/7/94 
3/8/94 
41 13194 
51 10194 
Mean 
S.E. 

2/7/94 
3/8/94 
41 13/94 
51 1 0194 
Mean 
S.E. 

2/7/94 
3/8/94 
41 13194 
51 1 0194 
Mean 
S.E. 

Field Edge 
30.73 
21.01 
17.82 
22.39 
22.99 
2.75 

Above Berm 
3.62 
0.38 
0.39 
2.93 
1.83 
0.85 

Below Berm 
79.7 1 
17.34 
10.95 
1.14 

27.29 
17.79 

Below FFZ 

2.76 
0.65 
0.22 
1.2 1 
0.78 

*Missin values indicate no water in the piezometer at sampling time. 



Nitrous Oxide (kg 1-l) WII 
Transect 

Noah South 
Depth 

0.75 m 1.50 m 2.50 m 0.75 m 1.5 Om 2.50 m 

2/7/94 
3/8/94 
41 1 3/94 
51 10194 
Mean 
S.E. 

2/7/94 
3/8/94 
41 1 3/94 
51 10194 
Mean 
S.E. 

2/7/94 
3 /8/94 
41 1 3/94 
51 lOI94 
Mean 
S.E. 

2/7/94 
3/8/94 
41 13194 
51 10194 
Mean 
S.E. 

Field Edge 
-- 
5.18 
7.42 
-- 
6.30 
1.12 

Above Berm 
43.8 1 
35.69 
38.98 
-- 

39.49 
2.36 

Bleow Berm 
64.45 
58.38 

1.70 
-- 

41.51 
19.98 

Below FFZ 
13.75 
18.43 
10.86 
23.15 
16.55 
2.70 

*Missing values indicate no water in the piezometer at sampling time. 



Dissolved Organic Carbon (mg I-') WI 
Trans ect 

North South 
Depth 

0.75 m 1.50 m 2.50 m 0.75 m 1.50 m 2.50 m 

1/13/94 
2/7/94 
3/8/94 
41 13/94 
5/ lO/W 
Mean 
S.E. 

1/13/94 
2/7/94 
3/8/94 
41 1 3/94 
51 1 0194 
Mean 
S.E. 

1/13/94 
2/7/94 
3/8/94 
41 1 3/94 
51 10194 
Mean 
S.E. 

1/13/94 
2/7/94 
3/8/94 
4/ 13/94 
5/  1 OD3 
Mean 
S.E. 

Field Edge 
0.16 
1 .O5 
1.90 
1.49 
1.88 
1.30 
0.32 

Above Berm 
0.05 
3.95 
2.10 
1.99 
1.23 
1.86 
0.68 

Below Berm 
2.46 
0.73 
3.12 
2.11 
2.67 
2.22 
0.4 1 

Below FFZ 
-- 
5.46 
4.2 1 
9.4 1 

15.00 
8.52 
3.43 

*Missing values indicate no water in the piezometer at sampling time. 



Dissolved Organic Carbon (mg 1-I )  WII 
Trans ect 

North South 
Depth 

0.75 m 1.50 m 2.50 m 0.75 m 1.50 m 2.50 m 

1/13/94 
2/7/94 
3/8/94 
4/ 1 3/94 
51 lO/W 
Mean 
S.E. 

11 13194 
2/7/94 
3/8/94 
41 13/94 
51 lO/94 
Mean 
S.E. 

1/13/94 
2/7/94 
3/8/94 
4/ 13/94 
5/ lo/% 
Mean 
S.E. 

l! 13/94 
2/7/94 
3/8/94 
4:' 1 3/94 
51 10194 
Mean 
S.E. 

Field Edge 
1.28 
1.53 
1.35 
1.39 
-- 
1.39 
0.05 

Above Berm 
2.49 
1.97 
1.77 
2.10 
-- 
2.08 
0.15 

Below Berm 
1.79 
1.43 
1.9 1 
1.57 
-- 
1.68 
0.1 1 

Below FFZ 
1.51 
1.56 
1.69 
1.49 
-- 
1.56 
0.05 

- - 

*Missing values indicate no water in the piezometer at sampling time. 



Trans ect 
North South 

Depth 
0.75 m 1.50 m 2.50 m 0.75 m 1.50 m 2.50 m 

Field Edge 
6.03 
5.65 

Above Berm 
7.87 
7.54 

Below Berm 
6.80 
5.59 

Below FFZ 
6.75 
5.96 

- - 

*Missing values indicate no water in the piezometer at sampling time. 



pH WII 
Transect 

North South 
Depth 

0.75 m 1.50 m 2.50 m 0.75 m 1.50 m 2.50 m 

Field Edge 
7.20 

Above Berm 
6.06 
5.33 

Below Berm 
6.48 
5.13 

Below FFZ 
6.47 
6.28 

*Missing values indicate no water in the piezometer at sampling time. 



A PPENDX D: NITRATE-N, BROMIDE, DOC AND NITROUS OXIDE 

Nitrate-N (mg I-') 
Shallow wells Deep wells 

Plot A B A B 
Transect 

1 2 1 2 1 2 1 2 

*Missing values indicate no water in the piezometer at sampling time. 



Background Nitrate-N (mg I-') 
Shallow wells Deep wells 

Plot A B 
Distance from trench 

1 4 8 1 4 8 



Bromide (mg I-') 
Shallow wells Deep wells 

Plot A B A B 
Transect 

1 2 1 2 1 2 1 2 

-- - - 

*%lissing values indicate no water in the piezometer at sampling time. 



Background Bromide (mg I-') 
Shallow wells Deep wells 

Plot A B 
Distance fiom trench 

1 4 8 1 4 8 



Nitrous Oxide ('g I-') 
Shallow wells Deep wells 

Plot A B A B 
Transect 

1 2 1 2 1 2 1 2 

1 m 
February 12.9 12.4 201.3 129.7 15.5 16.5 -- 28.9 
March 14.0 10.8 46.2 106.7 17.4 17.6 -- 32.1 
April 15.6 10.7 54.7 324.3 23.5 16.4 -- 30.4 
May 16.4 11.7 62.5 156.5 25.7 15.5 -- 41.6 
June 34.0 12.3 33.4 304.8 44.3 32.7 - - 61.3 

February 
March 
April 
May 
June 

February 
March 
Apri 1 
May 
! une 

*Missing values indicate no water in the piezometer at sampling time. 



Dissolved Organic Carbon (mg 1-I) 
Shallow wells Deep wells 

Plot A B A B 
Transect 

1 2 1 2 1 2 1 2 

*Missing values indicate no water in the piezometer at sampling time. 



APPENDE E: NITRATE-N, BROMIDE, DOC AND NITROUS OXIDE 
CONCENTRATIONS, IN GROUNDWTER PIEZOMETERI~ ON PLOTS C AND D 

Nitrate-N (mg 1-' ) 
Shallow wells Deep wells 

Plot C D C D 
Transect 

Tr Non Tr Non Tr Non Tr Non 

*Missing values indicate no water in the piezometer at sampling time. 



Background Nitrate-N (rng I-') 
Plot 

C D 

Distance from trench 

Date 2 6 12 2 6 12 



Bromide (mg 1-l) 

Shallow wells Deep wells 

Transect 
Tr Non Tr Non Tr Non Tr Non 

"Missing values indicate no water in the piezometer at sampling time. 



Background Bromide (mg I-') 
Plot 

C D 
Distance from trench 

Date 2 6 12 2 6 12 

*Missing values indicate no water in the piezometer at sampling time. 



Nitrous Oxide (pg I-') 
Shallow wells Deep wells 

Plot C D C D 
Transect 

Tr Non Tr Non Tr Non Tr Non 

February 
March 
April 
May 
June 

February 
March 
April 
May  
June 

"Missing values indicate no water in the piezometer at sampling time. 



Dissolved Organic Carbon (mg I-') 
Shallow wells Deep wells 

Plot C D C D 
Transect 

Tr Non Tr Non Tr Non Tr Non 

January 
February 
March 
April 
May 
June 

January 
February 
March 
April 
May 
June 

January 
February 
March 
April 
May 
June 

"Missing values indicate no water in the piezometer at sampling time. 



A PPEXD~X F: NITM TE AND A l t f i ~ ~ o ~ ~ ~ r i t ~  CONCE~YTM TIONS AND ORGANIC MATTER 
VALUES FOR SOIL SAMPLES ASSOCIATED WITH FFZl 

Nitrate and ammonium concentrations (mg L") and percent organic carbon values for 
samples taken from outside FFZ 1. 

NO,-N NH,-N 

Profile Depth Initial C+N N Initial C+N N %OM 



Nitrate and ammonium concentrations (m L-l) and percent organic carbon values for samples 
taken from outside FFZ 1 (continued'). 

NO,-N NH,-N 

Profile Depth Initial C+N N Initial C+N N %OM 














