ABSTRACT
Dukes, Michael Dale, Effect of Riparian Buffers and Controlled Drainage on Shallow
Groundwater Quality in the North Carolina Middle Coastal Plain. (Under the direction of
Robert O. Evans)

Degradation of water quality in the streams and estuaries of North Carolinain
recent years has resulted in recommendations and regulations to reduce the introduction
of numerous types of contaminants to this system. Inthe Neuse River Basin, excessive
amounts of nitrogen have been identified as causing increased algal growth, and nitrogen
Islinked to toxic microorganisms such as Pfiesteria piscicida as well aslow dissolved
oxygen concentrations. There are numerous sources of nitrogen to the basin; however,
agricultural nonpoint sources have been identified as the largest contributor of nitrogen to
the basin. Asaresult, acombination of nutrient management, controlled drainage, and
riparian buffer best management practices have been mandated in the Neuse River Basin
to reduce the loss of agricultural nonpoint source pollution.

The effectiveness of riparian buffers and controlled drainage are not as well
known for the Middle Coastal Plain region asthey are in the Lower Coastal Plain. In
addition, most agricultural nonpoint source nitrogen losses to surface waters originate in
this region due to the well-drained soils on intensively farmed agricultural lands. These
lands are drained by irregularly spaced drainage ditches that have often been channelized
(i.e. deepened) to promote drainage. Also, the riparian vegetation has been removed
from these drainage ditches. Controlled drainageis not believed to be economical in this
region due to the multiple control structures that would be required to maintain a high
water table along the ditches in this gently sloping landscape, nor is ayield benefit

expected from this practice for the same reason. Implementation of riparian buffersin



this region has met strong resistance by the agricultural community due to the potential
loss of land. It isfor these reasons that research is required to determine the effectiveness
of these best management practices in thisregion.

This research project was implemented to study the effect of riparian buffer
vegetation type and width on shallow groundwater quality. The effect of controlled
drainage only, riparian buffers only, and a combination of both were studied as well.
Finally, the hydrologic portion of an experimental riparian buffer computer simulation
model was evaluated.

Five riparian buffer vegetation types were established as follows: cool season
grass (fescue), deep-rooted grass (switch grass), forest (pine trees), native vegetation, and
no buffer (no-till corn and rye rotation). These vegetation types were established at two
buffer widths perpendicular to the field ditches, 8 m (25 ft) and 15 m (50 ft). In addition,
a continuous natural vegetation buffer under free drainage and a continuous no buffer
treatment under controlled drainage was established.

Results indicated that for 50% of the time monitored at the middle well depth
(screen depth 1.5-2.1 m below the ground surface), the 15 m riparian buffer plots resulted
in astatistically lower NOs-N concentration at the ditch edge compared to the 8 m plots.
Width was not a statistically significant variable at the deep well depth. V egetation type
was not statistically significant variable at either well depth at any time. On plots where
flow was toward the ditch and dilutional effects taken into account, nitrate concentration
decreased 69 and 28% as groundwater flowed beneath the 8 m wide riparian buffer plots
toward the ditch; 84 and 43% in the 15 m plots, in the deep and mid depth wells,

respectively. Reasons vegetation differences were not observed may be attributed to soil



and hydrologic variability on the site, lack of vegetation establishment, and impact of
hurricanes in 1999.

Controlled drainage did not raise the water table near the ditch to a greater degree
than was observed on the free drainage treatment. Over seventeen storm events, the
riparian buffer (free drainage) treatment had an average groundwater table depth of 0.92
m, compared to 0.96 and 1.45 m for the combination and controlled drainage treatments,
respectively. Percent NOs-N concentration decrease for those treatments was 22 and
35%, 75 and 51%, and 77 and 69%, for the deep and mid depth wells, for each respective
treatment. Although apparently more nitrate was removed from the groundwater on the
controlled drainage treatments, this effect was not attributed to raising the water table.
Nitrate removal effectiveness was attributed to local soil and landscape properties.

Daily predicted water table depth from the riparian ecosystem management model
(REMM) was compared to observed depths over a simulation period of two years.
Average absolute errors ranging from 150 to 650 mm were found. Problems such as
model instability during large storm events and anomalies in evapotranspiration
calculations must be addressed before this model can be a useful planning tool for regions

such asthe Middle Coastal Plain of North Carolina.
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CHAPTER 1

Effect of Riparian Buffersand Controlled Drainage on Shallow Groundwater
Quality in the North Carolina Middle Coastal Plain

Introduction

Recently, attention has become more focused on degradation of surface water
quality in North Carolina. Many sources for the degradation in water quality exist, but
agricultural nonpoint source pollution isamajor contributor. Nonpoint sources account
for approximately three-quarters of nitrogen loading to the Neuse River (NCDWQ,
19964a), with the largest fraction being agricultural nonpoint sources (NCDWQ, 1996b).
Low dissolved oxygen concentrations as well as toxic microorganisms such as Pfiesteria
piscicida have caused fish kills. Due to this excessive pollution loading and associated
problems such as algae blooms and fish kills, certain areas such as the Neuse River have
been deemed nutrient sensitive by the North Carolina Division of Water Quality
(NCDWQ, 1996a). Nitrogen is known to exacerbate these problems because biological
growth in the estuarine waters of North Carolina are nitrogen limited (Paerl, 1988).

Unprecedented regul ations have been enacted to reduce annual nitrogen loading
30% to the Neuse River by 2003. Agriculture has several options to reduce nitrogen
loads: nutrient management, controlled drainage, and riparian buffers. At least two of
these Best Management Practices (BMPs) must be implemented. Nutrient management
will nearly always be used, and controlled drainage or riparian buffer BMPs are being
recommended as the second BMP. It isunclear exactly how these BMPs will be
implemented under the regulations; however, it is clear that they will be implemented in

some fashion.



Nutrient Management

Recommended nutrient management in North Carolina consists of ideas such as
applying waste to a crop at rates based on redlistic yield estimates and split inorganic
fertilizer applications to match crop needs (Lilly, 1991). Even when nutrient
management is utilized to the fullest extent, significant losses of nitrogen fertilizer occur.
For example, large amounts of nitrogen are commonly applied to corn, and it is estimated
that corn only utilizes 50 to 70% of the applied nitrogen with as little as 35% removed
from thefield if only the grainis harvested (Hallberg, 1986). If thisisthe case, then 65%
of the applied nitrogen fertilizer remains in the field after harvest. In well-aerated soils,
this nitrogen is quickly converted to nitrate (NOg) if it isnot aready in that form. Nitrate
is very water soluble, readily moving into shallow groundwater. Subsequently, this

nitrogen is unavailable to the crop.

Controlled Drainage

Controlled drainage has been extensively investigated in the Lower Coastal Plain
of North Carolina over the past 20 years. Gilliam et al. (1979) found that flashboard riser
water table control structures reduced nitrogen movement from agricultural fields. A
50% reduction in nitrogen leaving fields via drainage ditches was achieved on fields with
poorly drained soils. Nitrogen concentration was not actually reduced in drainage water
leaving moderately well-drained soils; however, total flow was reduced, reducing the
total nitrogen load lost from 25-40 to 1-7 kg/ha. The authors concluded that anaerobic

areas containing large amounts of dissolved carbon apparent in the poorly drained soils
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were responsible for denitrifying conditions. Controlled drainage has been documented
as reducing total nitrogen in drainage waters up to 45% on the Coastal Plain of North
Carolina (Evans et a., 1995). In certain cases, nitrate concentration has been reduced 10
to 20%. These cases were attributed to nitrogen removal from the system via
denitrification. It isthought that raising the water table allows the nitrate-enriched
groundwater to contact areas in the soil containing high levels of dissolved carbon from
plant roots. Also, soils constantly saturated will become oxygen depleted over time.
High levels of dissolved carbon and anaerobic conditions are two key factors necessary
for denitrification.

Controlled drainage is not widely recommended for landscapes that have slopes
greater than 0.2 to 0.3% for economic reasons (Gilliam et al., 1997a). Slopes exceeding
these values are common in the Middle and Upper Coastal Plain. Skaggs and Gilliam
(1981) utilized a water management model to simulate nitrate movement from
agricultural fields under avariety of drainage conditions. The model results indicated
that fields with improved surface drainage lost less nitrate than those with poorer surface
drainage. The authors noted that surface flows for the improved field were higher. They
also noted that subsurface drainage in the poor surface drained field contained higher
concentrations of nitrate. Overall, these results imply that subsurface losses of nitrate are
more significant than surface losses for this scenario. Thisis most likely because
nitrogen fertilizers are quickly transformed to nitrate in the aerobic upper soil layers,
allowing the nitrate to migrate down the profile. Deal et al. (1986) conducted a similar
study and controlled drainage was simulated to have reduced nitrogen losses compared to

conventional drainage conditions.



In addition to the water quality benefits associated with controlled drainage, crop
benefits have been observed in some cases aswell. Kalitaand Kanwar (1993) found that
0.6 and 0.9 m water table depths optimized corn yields, but these water table depths
resulted in slightly higher groundwater nitrate concentrations compared to shallower
water table depths (0.2 to 0.3 m). Their study illustrated that it is not always possible to
minimize loss of nitrate and maximize yields, sometimes comprise between these two

goalsis necessary.

Riparian Buffers

Interception of various agricultural chemicals by riparian buffers has been studied
in North Carolina and other regions. Jacobs and Gilliam (1985) found 10 to 55 kg/halyr
NOs-N was lost from agricultural fieldsin the Middle Coastal Plain via subsurface
drainage. The nitrogen lost from the watershed; however, was estimated as 5 kg/halyr.
Natural riparian buffers less than 16 m wide resulted in a nitrate concentration reduction
from 15 mg/l to 1 to 2 mg/l reportedly due to denitrification. Similar nitrate reductions
have been observed at natural riparian buffer research sitesin Tifton, Georgia (Lowrance
et a., 1984) and in the Rhode River Watershed, Maryland (Peterjohn and Correll, 1984).
The similarity between these sites is that they are all located in the Atlantic Coastal Plain
of the U.S., which is characterized by arestrictive layer that forces most shallow
groundwater to flow horizontally from agricultural fields towards streams or drainage
channels. There have been many studies since these first three that have further

documented the effectiveness of riparian buffers at groundwater nitrogen removal under



similar conditions (Pinay et al., 1993; Haycock and Pinay, 1993; Haycock and Burt,
1993; Cooke and Cooper, 1988; Osborne and Kovacic, 1993).

Three primary mechanisms are responsible for groundwater nitrate concentration
reduction in riparian buffer systems. plant uptake, denitrification, and dilution. Where
researchers have found reducing conditions, it is believed that denitrification is
responsible for the nitrate loss (Jacobs and Gilliam, 1985; Jordan et al., 1993; Peterjohn
and Correll, 1984; Schnabel et al., 1996). Lowrance (1992) found indirect evidence (i.e.
NO3-N and NOs-N/CI decrease) that denitrification was responsible for groundwater
nitrate removal in the Coastal Plain of Georgia. However, low denitrification potential
was observed in the saturated area of the soil profile. It was hypothesized by the author
that lack of carbon may have prevented an active population of denitrifiersin the
saturated zone. Denitrification potential was highest in the top 10 cm of soil in the
unsaturated zone. Thisfinding is contrary to popular belief but supports the idea of
localized denitrification in soil microsites (Gilliam et al., 1997b), or it could be attributed
to high spatial variability of denitrification. Groffman et al. (1996) reported that
measured denitrification rates in soil microcosms did not match calcul ated removal of
nitrate from groundwater based on observed concentrations (Nelson et al., 1995) and was
attributed to possible methodological error in denitrification measurements as well as
high variability in actual denitrification rates. Haycock and Burt (1993) observed
groundwater nitrate removal during winter months, concluding that denitrification was
the major removal pathway. Simmons et a. (1992) found that removal of groundwater
nitrate in atransition area upland of awetland was higher during periods of no plant

growth (dormant season). This higher relative removal of groundwater nitrate was
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correlated with high water table conditions. The authors hypothesized that the high water
tables allowed the nitrate in the groundwater to come into contact with organic matter in
the upper soil horizons. Contrasted to denitrification as a mechanism, Lowrance et al.
(1984) measured plant uptake of nitrogen as being the major sink of watershed nitrogen;
however, their nutrient budget did not balance. They hypothesized the imbalance was
due to the short time period of the study and added that decades may be necessary to
achieve abalance. In addition, Fail et al. (1986) found that riparian forest nitrogen
uptake was 2.5 times higher in ariparian forest adjacent to an animal operation compared
to riparian forests adjacent to grassed buffers. Uptake is not actually removal of nitrogen
from the system, merely immobilization until biomassis recycled into the available
nitrogen pool. Pinay et al. (1993) suggest that denitrification and uptake work together to
remove groundwater nitrate in riparian systems. They suggest that plants utilize the
nitrogen during the growing season, and denitrification occursin the winter when the
soils are saturated.

Most riparian buffer research has examined natural riparian buffers with either
forested or grass vegetation types. Thereis evidence in severa studies that denitrification
rates in grass buffers are higher compared to forest buffers (Hanson et al., 1994; Schnabel
et a., 1997; Lowrance et a., 1995). However, at least one study concluded that riparian
forests were more effective than grass buffers at denitrification (Verchot et a. 19974).
Research on planted buffers and vegetation other than grass and trees has not been
documented.

The hydrology of aparticular site is akey factor for ariparian buffer to function

asanitrogen sink. Thisfact is noted by several researchers (Gilliam, 1997b; Correll,

6



1997; Hill, 1996). Buffers effective at nitrate removal are characterized by shallow
horizontal groundwater flow paths. Riparian buffers may be ineffective at nitrate
removal from shallow groundwater in cases where groundwater flow paths are deep,
thereby causing flow to bypass the riparian vegetation root zone as noted in research on
the Delmarva Peninsula (Phillips et a., 1993). In addition, researchersin Pennsylvania
found that upwelling of deep groundwater may have diluted shallow groundwater,
making it appear that the buffer was removing nitrate (Altman and Parizek, 1995).
Research has also shown that groundwater in poorly drained soils moving deeper than 1
m was denitrified (Gilliam et al., 1979). Low Eh valuesin thisregion indicated that
denitrifying conditions existed. Controlled drainage techniques were used to force
groundwater flow to move deeper in the profile (Gilliam et al., 1979). Thus, the literature
shows the importance of fully defining the hydrology of riparian buffersto be ableto
quantify mechanisms within the buffers due to site specific conditions.

Most nitrogen transport through riparian buffersisin subsurface flow. Peterjohn
and Correll (1984) found 75% of N losses from ariparian forest down gradient of a
cropped field in subsurface flow. Verchot et al. (1997b) found that reductions in surface
runoff nitrogen loads exiting forested buffers were associated with reductions in runoff
volumes. Infiltration was found to be the most effective factor contributing to nitrogen
removal from runoff. Gambrell et al. (1975) found that nitrogen losses in surface runoff
due to inorganic fertilizer amounted to 3.8% of the total nitrogen applied to a moderately
well-drained soil and 1.3% the total nitrogen applied on a poorly drained soil. Most of
the nitrogen lost in surface runoff from both soils was attributed to soil organic matter

and occurred during intense rain events. Peterjohn and Correll (1984) found surface
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runoff accounted for 26% of the total nitrogen losses viariparian buffers;, however, other
researchers point out that surface nitrogen runoff is highly dependant on rainfall timing
and isusually in the form of organic nitrogen (Gilliam et a., 1997b).

In summary, controlled drainage has successfully reduced field scale nitrogen
losses in regions with high water tables drained by shallow ditches or tile drains.
Riparian buffers have been shown effective at removing groundwater nitrogen via uptake
or denitrification on landscapes having an impermeabl e layer, shallow water table, and
drained by shallow streams or ditches. Controlled drainage and riparian buffers have not
been evaluated on the sloping landscape and deeper water tables that exist in the Middle
Coastal Plain of North Carolina. In addition, it is not clear from the literature which
vegetation type and or which buffer width is optimal in terms of shallow groundwater

nitrate removal.

Justification

The research site is physically located in the Middle Coastal Plain Physiographic
region of the state. Thisareais characterized by agently rolling landscape and
channelized streams that drain agricultural fields. These streams were once natural
drainage ways that were deepened or channelized by man to promote drainage, resulting
in more land area available for agriculture. Many of these streams are characterized by
depths exceeding 2 m, with some nearly 3 m deep. Controlled drainage may be used on
this landscape; however, because ditch channel slopes often exceed 0.2 to 0.3%,
controlled drainage is not considered economical (Gilliam et a., 1997a). Riparian

buffers have not been evaluated on thislandscape. Thereis evidence to suggest that with
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deeper impermeable layers, groundwater may bypass the riparian buffer root zone
(Correll et al., 1994; Phillips et a., 1993), resulting in little effect on shallow

groundwater nitrate.

Site Description

The research site is located near the town of Goldsboro, North Carolinain the
Neuse River Basin. The siteislocated at a Research Station owned by the North
Carolina Department of Agriculture historically known as the Cherry Farm Unit. Inthe
past, the farm produced agricultural products common to the region including: corn,
soybeans, rye, wheat, dairy, beef, and pork. More recently, the farm has been converted
to aresearch station known as the Center for Environmental Farming Systems (CEFS)
and now produces awide variety of cropsin addition to the traditional agricultural
products such as cotton, peanuts, and sweet potatoes. In addition to traditional
agricultural cropping systems, organic, successional, and forest systems are being
investigated on the farm as well.

A research study consisting of several riparian buffer vegetation types and two
riparian buffer widths was initiated in the winter of 1997/1998. Six landscape replicates
each with five vegetation types, cool season grass (fescue), deep rooted grass (switch
grass), forest (pine trees), native vegetation, and no buffer (corn/rye rotation), were
established. Each replicate contained two width blocks, 8 m (25 ft) and 15 m (50 ft),
each containing five plots representing each of the five vegetation types. Vegetation
plots were assigned randomly within each width block. Figure 1 showsthe relative

positions and associated widths for the replicates (R1, R2S, R2N, R4W, R4E, and R5N).
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Other replicates established include a continuous riparian buffer under free drainage
(R3W), a continuous no buffer treatment under controlled drainage (R3E), and a mature
pine forest buffer (R5S). Figures 2-4 show details of each buffer replicate.

Water control structures were installed on several ditches to maintain controlled
drainage conditions or to facilitate flow measurement. Location of the structuresis
shown in Figure 1. Well nestswereinstalled at the buffer edge, the ditch edge, and in the
cropped fields adjacent to selected plots. A conceptual profile of the soil system beneath
the riparian buffer is shown in Figure 5 indicating the well nests at the buffer edge and
the ditch edge. Each well nest contained three wells at different depths. Deep wells were
2.1-3.5 m (7-11.5 ft) deep measured from the soil surface to the top of the 0.6 m (2 ft)
well screen (Figure 6). Mid depth wellsranged 1.5-2.1 m (5-7 ft) deep and shallow wells
were 0.6-1.0 m (2-3 ft) deep. A total of 524 wells were installed on the riparian replicates
indicated in Figure 1.

This research project and the results are presented in a chapter format. Each
chapter isintended to stand alone from the others. The first chapter presents the
justification for the research and describes the research site. Chapter two describes a
study comparing five riparian buffer vegetation types and two buffer widths.
Experimental design and results are presented. Chapter three presents a study comparing
controlled drainage, riparian buffers, and a combination of both. Results applicable to
groundwater quality and conclusions are discussed. In chapter four a computer modeling
project is presented. Testing of the hydrology portion of the Riparian Ecosystem
Management Model relevant to riparian buffersin the Middle Coastal Plain of North

Carolinais reported.
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CHAPTER 2

Effect of Riparian Buffer Width and Vegetation Type on Shallow Groundwater
Quality

Abstract

Agricultural nonpoint sources are a large contributor of nitrogen to many riversin
the Eastern United States, including the Neuse River in North Carolina. Recent
regulations in North Carolina have mandated that agricultural operations must use a
combination of riparian buffers, controlled drainage, and nutrient management to reduce
theloss of nitrogen to thisriver. The effect of riparian buffer vegetation type and width
on groundwater quality in the Middle Coastal Plain has not been well evaluated. This
study was conducted to compare the effect of riparian buffer vegetation type and width
on shallow groundwater quality in the Middle Coastal Plain of North Carolina. Five
riparian buffer vegetation types were established as follows: cool season grass (fescue),
deep-rooted grass (switch grass), forest (pine trees), native vegetation, and no buffer (no-
till corn and rye rotation). These vegetation types were established at two buffer widths
perpendicular to the field ditches, 8 m (25 ft) and 15 m (50 ft), for atotal of 10 plotson
each of six replicates. Each plot was 24 m (80 ft) long. A well nest was installed at the
field/buffer edge and the ditch edge in the middle of each riparian buffer plot.
Groundwater monitoring wells were installed at three well depths per well nest. Well
depths from the ground surface to the top of the 0.6 m (2 ft) well screen ranged 2.1-3.5m
(7-11.5ft), 1.5-2.1 m (5-7 ft), and 0.6-1.0 m (2-3 ft) for the deep wells, middle depth
wells, and shallow wells, respectively. Land use adjacent to the riparian buffer plots was

agricultural and included beef cattle pasture, dairy cattle pasture, and row crop
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agriculture. Wellswere sampled for 23 months beginning July 1997. In September 1999
three hurricanes resulted in 46% of the average annual rainfall in three weeks. Statistical
results indicated that prior to the hurricanes, at the middle well depth the 15 m riparian
buffer plots resulted in a statistically lower NOs-N concentration at the ditch edge
compared to the 8 m plots. Width was not a statistically significant variable at the deep
well depth. Effect of vegetation was not statistically significant at either well depth at
any time. Nitrate removal from the groundwater was higher and less variable in the deep
wells than the mid depth wells. For plots where flow was toward the ditch and dilutional
effects taken into account, nitrate concentration decreased 69 and 28% as groundwater
flowed beneath the 8 m wide riparian buffer plots toward the ditch; 84 and 43% in the 15
m plots, in the deep and mid depth wells, respectively. Results of this study indicate that
riparian buffer effectivenessis closely linked to the site hydrology. The 15 m buffers
were more effective than the 8 m buffers at groundwater nitrate removal, while
vegetation did not seem to play akey role. Reasons may be attributed to soil and
hydrologic variability on the site, lack of vegetation establishment, and impact of

hurricanesin 1999.
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INTRODUCTION

Riparian buffers are currently being recommended as a Best Management Practice
(BMP) to reduce the effects of agricultural nonpoint source pollution. Buffersare
extremely effective at reducing the amount of groundwater nitrate being lost from upland
locations in Coastal Plain regions of the United States. Studies have shown shallow
groundwater nitrate (NO3) removal viariparian buffers from 80 to 90% (Lowrance et al.,
1984; Peterjohn and Correll, 1984; Jacobs and Gilliam, 1985; Lowrance, 1992; Simmons
et a., 1992; Jordan et al., 1993). In addition, similar results have been reported in other
regions with similar groundwater flow conditions and riparian zones (Haycock and Pinay,
1993; Osborne and Kovacic, 1993; Cooke and Cooper, 1988; Pinay et al., 1993).
Conditions that are common to all of these locations are shallow (0.5-3 m) groundwater
flow paths toward streams due to an impermeable layer. These conditions are critical
because they ensure that upper soil horizons are saturated intermittently throughout the
year. This creates anaerobic conditions in the upper soil horizons. Anaerobic conditions
and soil zones containing carbon are necessary for biological denitrification to occur.
Overal, the literature indicates that denitrification is the major groundwater nitrogen
removal mechanism in riparian buffers. Some studies have found vegetative uptake to be
alarge nitrogen sink (Lowrance et al., 1984; Fail et al., 1986), but ultimately this nitrogen
isrecycled in the system unless harvesting of the vegetation occurs.

Recently, riparian buffers have been mandated in North Carolina as one
agricultural BMP along with controlled drainage and nutrient management aimed at
reducing the loading of nitrogen to the Neuse River 30% by 2003. Nitrogen has been

targeted as the biologically limiting nutrient in the estuarine region of the Neuse River
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(Paerl, 1988), because excess nitrogen results in inordinately high biological growth
rates. The regulations were developed as aresult of numerous water quality problemsin
the basin including: agal blooms, fish kills, and the presence of toxic microorganisms
such as Pfiesteria piscicida, al of which are exacerbated by the high growth rates caused
by excess nitrogen. Nonpoint sources account for the largest amount of nitrogen input
into the basin and agriculture is the largest single contributor to nonpoint source nitrogen
in the basin (NCDWQ, 1996a; NCDWQ, 1996b).

Nutrient management is encouraged for use under all agricultural productionin
the entire basin. Recommended nutrient management in North Carolina consists of ideas
such as applying waste to a crop at rates based on redlistic yield estimates and split
inorganic fertilizer applications to match crop needs (Lilly, 1991). Even when nutrient
management is utilized to the fullest extent, significant losses of nitrogen fertilizer occur.
For example, it is estimated that corn only utilizes 50 to 70% of the applied nitrogen with
aslittle as 35% removed from the field if only the grain is harvested (Hallberg, 1986).
Unutilized nitrogen is oxidized to nitrate in the well-drained soils common to the Middle
Coastal Plain. Nitriteisvery water soluble and will leach to the groundwater rapidly.
Controlled drainage has been documented as reducing field scale nitrogen losses as high
as 45% in the Lower Coastal Plain (Gilliam et al., 1979; Evans et a., 1995). Riparian
buffers are known to assimilate greater than 90% of the shallow groundwater nitratein
the same region (Jacobs and Gilliam, 1985).

Most nitrogen lost from agricultural practicesin North Carolina originatesin the
Middle Coastal Plain physiographic region ( Spruill et al., 1997; Gilliam et al., 1997).
Thisis dueto theirregularly spaced streams that have been channelized to promote
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drainage. Also, in many cases the riparian vegetation has been removed from these
streams. In addition, more soilsin the region are well drained compared to soilsin the
Lower Coastal Plain. These well drained soils tend to promote vertical movement of
water and soluble chemicals below the root zone and into the shallow groundwater. In
the Lower Coastal Plain agricultural chemicals have the potential to create nonpoint
source pollution problems; however, the potential is not as great because relatively little
nitrogen is lost to streams due to poor subsurface drainage and the flat landscape. The
poorly drained soils result in conditions conducive to denitrification and the flat
landscape leads to slow flow and long residence times. Combined, these conditions
maximize uptake and denitrification of nitrogen. The Piedmont region is not considered
alarge source of nitrogen to the basin because agriculture does not dominate the land use
asin the Lower and Middle Coastal Plain and riparian vegetation has not been cleared
from the small streams draining agricultural lands (Gilliam et al., 1997).

Since most agricultural nonpoint source nitrogen in the Neuse River originatesin
the Middle Coastal Plain and the effectiveness of riparian buffers and controlled drainage
as BMPsis not fully known for this region, aresearch project was initiated to evaluate
riparian buffer vegetation type and width. The effectiveness of riparian buffersin this
region is not known due to the relatively deep ditches that drain the many agricultural
fields. These ditches result in a deeper water table compared to the flat poorly drained
landscape where riparian buffers have been documented effective at shallow groundwater
nitrate removal. In addition, the Middle Coastal Plain consists of alandscape with slopes
ashigh as 5%. It isuncertain whether using controlled drainage practicesto raise the

water table will have an impact on the groundwater quality since the sloping landscape
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limits the effect of controlled drainage on the water table throughout the stream reach.
Concurrently, aresearch project to evaluate riparian buffers, controlled drainage, and a
combination of both was also conducted. That research will be described in the next

chapter.

Site Description

The research siteislocated at the Center for Environmental Farming Systemsin
Goldshboro, North Carolina. Thissiteisin the Middle Coastal Plain of North Carolina
and is characterized by a gently rolling landscape and irregularly spaced field ditches that
drain agricultural fields. Soils on the portion of the farm south of Stevens Mill Road
(Figure 1) are mapped as well-drained Wickham loamy sands or sandy loams (fine
loamy, mixed, thermic Typic Hapludults), characterized by a seasonal high water table of
1.5m (5ft). On both sides of the R2 ditch (Figure 1) the soil is mapped as predominantly
asomewhat poorly drained Nahunta very fine sandy loam (fine silty, siliceous, thermic
Aeric Paleaquults), characterized by a seasonal high water table of 0.5 m (1.5 ft)
(Barnhill et al., 1974). These soils are characterized by low organic matter contents;
therefore, riparian vegetation is thought to be necessary to promote denitrification. On
the north side of Stevens Mill Road near R5N, soils are mapped as predominately Weston
loamy sand (coarse-loamy, siliceous, thermic Typic Ochraquults) and a Leaf loam
(clayey, mixed, thermic Typic Albaquults) with some small areas of Dragston loamy sand
(coarse-loamy, siliceous, thermic Aquic Hapludults) and Johns sandy loam (fine-loamy,
siliceous, thermic Aquic Hapludults). These soils range from somewhat poorly drained

to poorly drained and are characterized by a seasonal high water table 0.5 m (1.5 ft)

24



below the surface up to the surface and slopes ranging from 0 to 2%. Near R4E, the soils
are mapped as a Johns sandy loam in and near the riparian buffers and a Lakeland sand
(siliceous, thermic coated Typic Quartzipsamments) in the pasture area. The Lakeland
sand is described as excessively drained with a seasonal high water table below 1.5 m (5
ft) and slopes ranging from 0 to 6%. On the other side of the field ditch, near R4W the
soils are mapped as a Wagram loamy sand (loamy, siliceous, thermic Arenic Paleudults)
nearest to the riparian areas and as a Johns sandy loam in the pasture area. The Wagram
loamy sand is described as well drained with a seasonal high water table below 1.5 m (5

ft) and slopes ranging from 0 to 6% (Barnhill et al., 1974).

MATERIALSAND METHODS

Experimental Design

Figure 1 showsthe overall project layout. Riparian buffer replicates consisted of
five different vegetation types within each of two buffer widths. Thisresulted in ten
individual plots per replicate. Individual plots were all 24 m (80 ft) long parallel to the
ditch. The two widths established were 8 and 15 m (25 and 50 ft, respectively).
V egetation type was assigned randomly to plots within each width block on each
replicate. Six replicates were established and labeled as R1, R2S, R2N, R4W, R4E, and
R5N. Figures 2 through 5 show the details of individual replicates.

Riparian buffer plots were established beginning in the winter of 1997 continuing
into the summer of 1998. V egetation types established consisted of the following: cool

season grass (fescue), deep-rooted grass (switch grass), forest (pine trees), native
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vegetation, and no buffer (no-till corn and rye rotation). Fescue plots contained some
native fescue at the beginning of the project; however, in the fall of 1998, these plots
were mowed, disc-harrowed, and seeded with a broadcast spreader. These plots continue
to be re-seeded each fall to ensure a good stand throughout the winter. The switch grass
plots were mowed and chemically cleared prior to planting in the summer of 1998. These
plots were difficult to get established due to drought conditions in the late spring and
summer of 1998. For thisreason, the plots were replanted the summer of 1999. Those
efforts were moderatel y successful; however, most switch grass plots were mowed and
replanted the summer of 2000 to enhance the existing stand. Bare root pine tree seedlings
were planted on a1.5 X 1.5 m (5 X 5ft) grid spacing in the early spring 1998. That
summer, the pine trees were fertilized with 10-10-10 at arate of 78 .4 kg N/ha (70 1b
N/ac). Inthefall 1999, several hurricanes resulted in severe flooding on the site, which
killed approximately 80% of the treesin the forested plots. The plots were replanted
early spring 2000 with seedlings consisting of pine trees and several varieties of
hardwoods including: water oak, cherry bark oak, green ash, sweetgum, and american
cedar. Native vegetation plots were chemically cleared in the spring of 1998 and natural
succession was allowed to occur. Currently, the vegetation in those plots is maintained at
approximately 1 m (3 ft) in height via a weed wipe type of chemical application where
any vegetation at the selected height or above is wiped with concentrated herbicide from
awick applicator. Finally, no buffer plots have been planted with no-till corn each year
followed by arye winter cover that is chemically killed and mowed prior to corn
planting. These plots were fertilized with starter fertilizer consisting of a 30% solution of

urea-ammonium nitrate (UAN) at arate of 56.2 kg N/ha (50 Ib N/ac) and one sidedress
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application of UAN at arate of 112 kg N/ha (100 Ib N/ac). Herbicides were applied as
necessary to minimize weed competition.

In the winter of 1998/1999 through the spring of 1999, the process of converting
the farm to aresearch farm began. In that process on the south side of Stevens Mill Road
(Figure 1), whole fields were subdivided into roughly 6 ha (5 ac) plots and multiple
cropping systems initiated in these plots. Specifically, the field adjacent to R2N was
divided into row crop agriculture and a successional system. Thefield adjacent to R2S
was divided into several plots containing two different corn cropping practices and
organic soybeans. Thefield adjacent to R1 remained in field corn asit had traditionally
been planted. Although these different systems imposed a variety of impacts on cropping
practices and fertilization practices, it was thought that any impact on the shallow
groundwater quality would take years. This assumption was based on the fact that row
crop agriculture had impacted the groundwater for several decades and aland use change
in the present would require years into the future for the impact to be seen on the shallow

groundwater.

Water Quality Monitoring

To assess the effectiveness of the riparian buffers at shallow groundwater nitrate
nitrogen assimilation, a network of groundwater monitoring wellswasinstalled. Wells
were installed in the middle of each 24 m (80 ft) vegetation plot to minimize the chance
that non-perpendicular groundwater flow paths would affect well nests across multiple
plots. To obtain independent samplesin the vertical direction, three wells were installed

at different depths at each location. A well nest consisted of these three wells. To
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determine buffer effectiveness, awell nest was installed at the buffer/field edge and one
was installed and the ditch edge. The ditch well nest was assumed to be down gradient of
the buffer/field well nest. Well nests were placed out in the cropped field approximately
23 m (75 ft) from the buffer edge in selected plots to compare water quality at that

location to the buffer/field edge.

Well Installation

Groundwater monitoring well installation began the winter of 1997/1998 with R1.
Then R2S, R2N, R3E, R3W, R4E, R4W, R5N, and R5S were installed in sequential
order ending approximately July 1998. All wells were constructed from 32 mm (1.25 in)
polyvinyl chloride (PVC) pipe. A cap was installed on the bottom end of all wells. The
bottom 0.6 m (2 ft) was perforated with 3 mm (1/8 in) holes in four rows with a hand
drill. A piece of filter fabric was secured around the perforated section of the wellsto
prevent sand size material from moving into thewell. On shallow wells, a15 cm (6in)
length of pipe was l€eft intact to form areservoir at the bottom of the perforated section.
Thiswas done to create a small storage reservoir for sample collection at times when the
water table was just above the perforated section of the well.

Wells were installed with the aid of amobile drill rig and a 100 mm (4 in)
diameter solid stem auger. Due to coarse flowing sand at the 1.2-1.8 m (4-6 ft) depth in
most areas on the research site and a high water table during installation, additional
means were necessary to install the wells. A high pressure jet of water was used to pump
down a solid casing consisting of a 100 mm (4 in) diameter PV C pipe to the top of the

perforated portion on the well. Next, the sand would normally fill in around the
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perforated section of the well; sand backfill was used if necessary. To prevent
preferential flow along the well annulus, bentonite pellets were backfilled on top of the
sand up to 15 to 30 cm (6 to 12 in) within the ground surface. Finally, a0.6 m (2 ft)
diameter concrete cap was installed around the base of the well standpipe to further
prevent flow vertically along the well and to enhance physical stability of thewell. A
standpipe 0.6 m (2 ft) in length was left on most wells except along the ditch on R1 and
R2S. Those wells were fabricated with a 0.9 m (3 ft) standpipe to reduce the possibility
of overtopping of the standpipe during extreme flood events.

Three depths of wellswere installed at each well nest. The deep well was
intended to represent the groundwater just above the aquitard. The middle depth well
was intended to represent the middle to upper portion of the surficial aguifer (depending
on soil moisture conditions). The shallow well was intended to represent the top of the
groundwater in the upper soil horizon just below the root zone. Depths depended on the
soil stratigraphy at the individual well nest location. Generally, the deep wells were
placed above the impermeable layer in the continuously saturated zone and the depth
ranged 2.1-3.5 m (7-11.5 ft) measured from the ground surface to the top of the well
screen; however, most were 2.4 m (8 ft) deep. The middle depth wells were placed in the
intermittently saturated zone as evidenced by such things as soil redoximorphic features
such as oxidized iron. The middle depth wellsranged 1.5-2.1 m (5-7 ft). The middle
depth wells on the up slope positions were normally dry in the summer months. Finally,
shallow wells were placed in the upper surface horizon and were expected to produce

samples only during extremely wet conditions. Depths ranged 0.6-1.0 m (2-3 ft).
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Shallow wells were commonly dry. Wells were surveyed to aloca benchmark on each
buffer replicate.
Continuous monitoring of the rainfall on the site was accomplished viathree

automatic recording tipping bucket rain gauges placed at various locations on the site.

Water Quality Sampling and Analysis

Water quality sampling of the 548 wells on the site began in July 1998 and
proceeded approximately monthly thereafter through June 2000. The first month of
sampling included extensive purging of the wells to remove debris from the wells.
Sampling was skipped when rainfall did not occur between months. Nearly two years of
monitoring resulted in seventeen groundwater monitoring well sampling events.

Sampling of the groundwater monitoring wells occurred after first recording the
depth to the groundwater in the wells. Two portable pumping units were fabricated using
three peristaltic pumps per unit attached to a car battery. The pumping unit and battery
were mounted to a small wagon that was then pulled by hand to each well nest. A
suction tube for each pump was inserted into each well and pumping commenced until
approximately two to three well volumes were pumped out of the well. At that point, a
sample was collected in acid washed high density polyethylene bottles. Samples were
stored on ice and immediately transported to the Soil Science Department Water Quality
Laboratory at North Carolina State University. Samples were stored at 4 °C until
anal yses were complete.

Samples were analyzed for NOs-N, NH4-N, PO,4, TKN, TP, Cl, pH, and dissolved

organic carbon content (DOC). Prior to analysis, all samples were filtered through 0.45
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um Gelman filters; sample aliquots were then run through a Lachat QuickChem 8000
slow injection autoanalyzer for NOz-N, NH,4-N, and PO,. Methods used by this
instrument followed the 4500 Standard Methods (APHA, 1992) as follows: an automated
cadmium reduction method , the automated phenate method, and automated ascorbic acid
reduction method procedures for NO,-N plus NOs-N, NH4-N, and POy, respectively.
TKN was measured according to methods based on Standard M ethods 4500 (APHA,
1992). Sampleswere first digested with persulfate and then the automated ascorbic acid
reduction method was used to measure TP (APHA, 1992). The TKN and TP analyses
were performed for the first three and the first two sets of groundwater samples,
respectively; however, TKN concentrations were normally less than 1.0 mg/l and trends
in the data were not obvious. Most samples resulted in TKN concentrations at or below
the detection limit of 0.1 mg/l. In addition, the TP concentrations were often less than
0.05 mg/I with most values being at or below the detection limit of 0.01 mg/l. For these
reasons and the fact that the TKN and TP analyses were very laborious and expensive,
the procedures were discontinued. Dissolved chloride was determined using a Haack-
Buchler Digital Chloridometer (Gilliam, 1971). DOC was measured based on a method
similar to Standard Methods 5310 combustion infrared method (APHA, 1992) on a

Shimidzu TOC-5050 total organic carbon analyzer.

Statistical Analysis
A statistical analysis was performed to determine differences in groundwater
quality due to vegetation type and buffer width. An upstream/downstream design was

used to analyze the data. In addition, to factor out upstream nitrate differences dueto
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different land use practices adjacent to buffer plots, an analysis of covariance
(ANCOVA) was used (Grabow et al., 1999). The covariate was the upstream
(buffer/field location) nitrate concentration. The dependant variable was the ditch
location nitrate concentration. Other independent variables were replicate, width, and
vegetation type. The analysis was run separately for the middle depth wells and the deep
wells for each sampling event (i.e. approximately monthly). Hence, the first month was
not included in the analysis due to the extensive purging of the wellsinvolved and the
fact that the wells had been recently washed down with foreign water. The first month
was not thought to be representative of the normal groundwater quality. The shallow
wells were not considered since very few samples were collected. PROC MIXED in
SAS was used to analyze the data because the design was not balanced due to randomly
missing values (SAS, 1985). PROC MIXED allowed estimation of |east square means
for al wells regardless of missing values.

Categories such as vegetation type, riparian buffer width, and well depth were
assigned to each groundwater monitoring well sample. The PROC MEANS procedurein
SAS (SAS, 1985) was used to calculate mean NOs-N values for the combination of

categories of choice.
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RESULTSAND DISCUSSION
Groundwater Flow Paths

One factor that must be addressed in riparian buffer studiesis the direction of
groundwater flow. Groundwater flow does not necessarily follow the surface
topography. However, without any other data, researchers often make this assumption, as
in this particular research project. To further define the groundwater flow direction, a
survey was conducted on all of the groundwater monitoring wells.

All groundwater monitoring wells were surveyed to an arbitrary datum on each
replicate. Therefore, elevation numbers may be compared within each replicate but not
across different replicates. During the project installation, buffer plots were located along
field ditches assuming groundwater flow was perpendicular to and toward the ditch. It
was found that the groundwater gradient was not toward the ditch on two of the six buffer
replicates. Figures 6 and 7 show the groundwater elevation data for the deep and middle
wellsin one transect on replicates R2S and R4E, respectively. Well numbers 1-30
represent wells at the ditch, 31-60 wells at the buffer edge, and 61-72 wells in the field.
The other four buffers had groundwater flow in the direction of the field ditch (Figures 8-
11). Generally, groundwater elevation in the mid depth wells was identical to the
elevation in the deep wells for a given landscape position (i.e. ditch, buffer edge, field).
Some deep wells varied from the mid depth wellsand in all six cases the water level was
lower in the deep wells. These wellswere likely screened in aclay layer, which
restricted recharge. An example of that difference can be seenin Figure 12. In the 40
buffer vegetation plots where groundwater flow was toward the ditch, 6 plots exhibited

this difference in the groundwater depth (R1 8 m no buffer, R1 15 m native vegetation,
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R4W 8 m trees, R4W 15 m switch grass, R4W 8 m switch grass, R4W 15 m trees). A
complete set of figures showing the groundwater elevation for all plots on replicates R1,
R2S, R2N, R4W, R4E, and R5N can be found in Appendix A.

Although the groundwater elevation data presented previously and in Appendix A
suggest that groundwater flow is perpendicular to the field ditches beneath the riparian
buffers, thisis not necessarily the case. In addition, groundwater flow direction may vary
as the depth of the water table varies. For example, Figure 13 shows the groundwater
elevation topography in the region of R1 with the contour lines depicting areas of equal
hydraulic head during relatively wet conditions (2/2/00) and relatively dry conditions
(6/29/99). Thisfigure indicates that the groundwater flows fairly perpendicular to the
ditch during wet conditions, but during dry conditions flow is nearly paralle to the ditch
in some well transects. The figures depicting groundwater elevation topography are
uncertain in regions near the edges away from the wells. Figure 14 is similar to the
previous figure for the R2N and R2S replicates. The groundwater flow beneath R2N and
R2S is approximately perpendicular to the ditch under both wet (2/2/00) and dry
(6/25/99) conditions except at the very western end of the buffers. Groundwater flows
away from the ditch beneath R2S. Figure 15 shows the groundwater topography for
buffers R4AW and R4E. The groundwater flow is not perpendicular to the ditch during
either wet (2/8/99) or dry (12/3/98) conditions; however, it does seem to be dightly more
perpendicular during wet conditions. The flow is clearly away from the ditch beneath
R4E. Finadly, Figure 16 presents the groundwater topography on R5N. During wet

(2/3/00) conditions, the flow is approximately perpendicular to the ditch; however, dry



(6/28/99) conditions result in alarge change in groundwater flow direction. Groundwater
flow paths from the middle to the western end of RSN are nearly paralld to the ditch.

In addition to the direction of groundwater flow paths, another important factor is
the possibility of mixing of different aquifers and subsequently a dilution effect. Burt et
al. (1999) found that most groundwater nitrate in floodplain soils bypassed the riparian
buffer zone via highly permeable sand formations. Altman and Parizek (1995) reported
upwelling in the riparian zone of a deep uncontaminated aquifer that resulted in nitrate
concentration reductions; however, they concluded the reduction in concentration was
duein part to dilution rather than only an effect of the riparian buffer. However, that
particular research site was not located in the Atlantic Coastal Plain region. A number of
researchers have documented a shallow clay aquiclude in the coastal plain region (Jacobs
and Gilliam, 1985; Lowrance et al., 1984, Lowrance, 1992; Peterjohn and Correll, 1984).
This clay layer forces groundwater to follow predominately horizontal flow paths and it
also greatly reduces upwelling from deeper aquifers. It ispossible; however, that there
are areas that the clay layer is discontinuous or is deeper; therefore, dilution may still be
possible in the coastal plain region. For this reason many researchers measure the
chloride concentration in the groundwater in addition to the nitrate concentration.

Chloride is a conservative ion because it is not taken up by plants to any great
degree and is not biologically or chemically transformed in the soil. The source of most
chloride in the groundwater on the research site is agricultural fertilizers. Due to the
intense use of agricultural chemicals over the past 50 years, thereisalarge sink of
chloride in the shallow aguifer beneath the agricultural fields and the riparian buffer

plots. The nitrate nitrogen to chloride (NO3-N/Cl) ratio is then compared both spatially
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and temporally. A decreasein the NOs-N concentration and the NO3z-N/Cl ratio indicates
that nitrate is removed through some means other than dilution and in the case of the
riparian buffers would be attributed to biological denitrification. A decreasein NOs-N
but not the NOs-N/Cl ratio would be indicative of dilution from an uncontaminated water
source. However, if dilution from awater source containing an appreciable amount of
chloride would lead to mixed results. The rational presented here only assumes dilution
from an uncontaminated water source which is likely a good assumption for deep
groundwater but not necessarily for shallow groundwater.

Figure 17 presents the NOs-N and Cl concentrations as well as NOs-N/Cl ratios
for the R1 8 m tree plot. NOs-N decreased at the deep well depth as the groundwater
moved from the buffer edge to the ditch edge. The September 1999 sampling date
resulted in alower than normal NO3z-N concentration in the mid depth well at the ditch
position. The next month resulted in a higher than normal NOs-N concentration in the
deep ditch well. The ClI concentration remained relatively constant over time and over
position (i.e. buffer edge versus ditch edge) in both the mid and deep wells. In one month
(October 1999), the chloride concentration in the mid depth well on the ditch edge
decreased dramatically.

Two possibilities exist for the change in the trend of NO3-N concentration during
around the time of the hurricanesin September 1999. The first possibility is that the
flooding diluted the groundwater, washed solutes through the system following the actual
flood event, or had an effect on the groundwater quality in some unknown way. The
other possibility is that the samples could have been mislabeled. In particular, the mid

and deep samples are collected at the same time and could be very easily mixed up or
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mislabeled. After the flood event, the personnel that were normally responsible for
sampling were assisted by a number of others. These new people were not as familiar
with the sampling procedure; therefore, the potential for human error was increased.
Figure 17 gives an indication of what actually happened. The NOs-N data suggest that
the mid and deep well samples were mislabeled in October 1999 since the deep well
concentration was more representative mid depth well and vice versa. In comparison,
both NOs-N and Cl concentrations dropped markedly in the 8 m mid depth well on the
buffer edge in September 1999 and may be attributed to dilution by water with alower
NOs-N and CI concentration. Thiswas most likely due to flood water from the
hurricanes. The decrease in the NO3-N/Cl ratio over position indicates that the NOs-N
decrease is not due to dilution from an uncontaminated source, rather some other process
such as biological denitrification or possibly dilution via a contaminated (i.e. relatively
high CI and low NO3-N concentrations) source. On this buffer plot, dilution from a
contaminated source could occur during low water table conditions (Figure 13) since this
plot is the southern most plot on R1 and it appears that groundwater flow paths are not
perpendicular to the ditch during these conditions. In Figure 17 it can be seen that the
NOs-N concentration in the middle depth wells decreased slightly, but that the NO3-N/Cl
ratio did not. Thisindicates that the small decreasein NOs-N concentration as the
groundwater moved from the buffer edge to the ditch edge may be due to dilution from
an uncontaminated source. In addition to the 8 m tree plot deep wells, the 8 m fescue plot
deep wells, 15 m switch grass mid and deep wells, 15 m native vegetation deep wells,
and 15 m tree deep wells exhibited the decrease in nitrate concentration and in NO3-N/Cl

ratio as the groundwater traveled from the buffer edge to the ditch edge. Appendix D
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contains NOs-N/Cl ratio charts for R1, R2N, R4W, and R5N. R2S and R4E were not
included since the groundwater flow direction is not primarily toward the riparian buffer
(Figures 14 and 15). Appendix C contains all the NO3z-N concentration data for replicates
R1, R2S, R2N, R3W, R3E, R4W, R4E, and R5N.

An example of decreasing NOs-N/Cl ratios and NO3z-N concentration in both the
mid and deep wellsfor R2N is presented in Figure 18. On R2N, plots that exhibited the
decrease in NO3-N concentration and NOs-N/CI ratio were the following: 15 m fescue
mid and deep wells, 15 m no buffer mid and deep wells, 15 m trees mid and deep wells,
15 m switch grass mid and deep wells, 15 m native vegetation mid and deep wells, 8 m
fescue mid wells, 8 m trees mid and deep wells, 8 m switch grass deep wells, and 8 m
native vegetation mid and deep wells. In summary, all 15 m plots showed the decrease in
NOs-N concentration and NOs-N/Cl ratio, while all but two of the 8 m plots exhibited the
sametrend. A trend exhibited on R2N that was not apparent on R1 was that the field
well NO5/Cl ratio was often lower than the buffer well NO3-N/Cl ratio, although the
decreasing buffer to ditch trend was observed. One reason for this observation might be
leaching of solutes between the field and buffer edge well nests. In addition, both NOs-N
and Cl concentrations were lower after the hurricane flooding in the mid depth wells at
the buffer and ditch locations and in the deep well at the buffer location. Because both
NOs-N and Cl concentrations are lower and remained lower after the hurricanes, dilution
is probably the cause; however, in the deep well on the ditch after the hurricane flooding,
the NO3s-N concentration remained low but the Cl concentration was unchanged. This

points to denitrification or dilution via contaminated groundwater.
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Figure 19 shows the NO3-N , CI concentrations, and NO3z-N/Cl ratios in the R4W
8 m fescue plot. On replicates R4W, R4E, and RSN NOs-N concentration data are
missing for September 1999. Heavy rains and flooding prevented the sampling of those
wells at that time. Both NO3z-N and NO3-N/Cl decrease in the deep wells (Figure 19);
however, there are only slight NO3z-N concentration differences between the buffer and
ditch mid depth wells, while NO3-N/Cl does not decrease. On R4W, plots that exhibited
the decrease in NOs-N/Cl ratio and NOs-N concentration included: 8 m no buffer mid
and deep wells, 8 m trees deep wells, 8 m fescue deep wells, 8 m switch grass mid and
deep wells, 15 m trees mid and deep wells, 15 m switch grass mid and deep wells, 15m
no buffer deep wells, and 15 m switch grass mid and deep wells. All but one 8 m and one
15 m vegetation plots on R4W exhibited a decrease in NOz-N/Cl ratio and NOz-N
concentration as the groundwater moved from the buffer edge to the ditch.

Finally, Figure 20 gives an example of the NOs-N, ClI concentrations, and NOs-
N/CI ratios on R5N. Mixed results can be seen in these figures, but during times when
NOs-N decreased between the buffer edge and the ditch edge, the NOs-N/Cl ratio
decreased aswell. Thisimpliesthat a process rather than dilution with uncontaminated
groundwater is the cause for the nitrate concentration decrease. R5N plots that exhibited
the NO3-N/Cl and NOs-N decrease included: 8 m fescue mid and deep wells, 8 m trees
mid and deep wells, native vegetation mid and deep wells, 15 m trees mid depth wells, 15
m fescue mid depth wells, 15 m switch grass mid and deep wells, 15 m native vegetation
mid depth wells, 15 m no buffer mid depth wells. Two 8 m and five 15 m plots had a

decrease in NO3-N/Cl ratio and NOs-N concentration. Generaly, on RSN spatial
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differencesin NO3-N/Cl ratios were more variable than on other replicates (Appendix D),
leading to the mixed results shown in Figures 17 and 18.

On all the replicate plots where flow was toward the field ditch (R1, R2N, R4W,
R5N), and nitrate concentration decreased markedly as groundwater moved toward the
ditch, NO3-Cl ratios decreased aswell. On other plots where NO3z-N/Cl ratios did not
change and the NO3-N concentration dropped only slightly, it is difficult to determine the
cause of NO3-N concentration decrease but is likely a combination of dilution and
biological processes such as denitrification. Trendsin NOz-N/Cl and NOs-N
concentration decreases under different vegetation types were not obvious. However,
wellsin 15 m plots showed a decrease of NO3-N/Cl ratio and a decrease in NOs-N
concentration more often than the wellsin 8 m plots over all replicates (26 versus 19).
This observation may be due to coincidence or both NO3-N/Cl and NO3-N decreased in a
few more deep well locations than in the mid depth wells (24 versus 21). Table 1 shows
amatrix of buffer plots that had both a decrease in NOs-N concentration and a decrease
in NOs-N/Cl ratio as groundwater traveled from the buffer to the ditch edge. Temporal
differences were obvious when the period prior to September 1999 was compared to the
period after that date. In September 1999 three hurricanes traveled over the research site

causing extensive flooding throughout the site.

Water Quality
Data presented here represent replicates R1, R2N, R4W, and R5N since
groundwater flow was approximately toward the field ditches beneath these buffers. In

fact, because groundwater flow was away from the field ditches on R2S and R4E, nitrate
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concentration was higher at the ditch edge compared to the buffer edge (Appendix B).
Ammonium and phosphate concentrations varied dslightly; however, most samples
produced concentrations near the detection limits of 0.1 mg/l NH4-N and 0.01 mg/l PO4-
P. Since NOs-N isthe nutrient of interest it will be discussed in this paper.

Figures 21 through 24 present the nitrate concentration and percent decrease for
each replicate as afunction of buffer width. Percent decrease was calculated by taking
the difference in nitrate concentration between the buffer wells and the ditch wells; then
dividing by the buffer well concentration and multiplying the result by 100. Table 2
summarizes the NOs-N concentration and percent decrease datafor al the replicates.
Generaly, NOs-N concentrations were higher in the mid depth wells compared to the
deep wells. The highest concentrations were observed on R4W, followed by R2N and
R1. The recent land use up gradient of R4W was beef cattle grazed pasture; however,
historically that area had been a spray field for swine lagoon effluent. R2N and R1 were
historically and continue to be farmed in row crop agriculture and fertilized with
commercial fertilizer. R5N had the lowest concentrations under an adjacent land use of
grazed dairy pasture. Nitrate nitrogen concentration in the mid depth wells was higher
than the deep wellsin all replicates at both widths except for the RSN 15 m case. Except
for the deep wells on R4W and R5N, there was alarger percent decrease in NOs-N on the
15 m buffers (53% average) compared to the 8 m buffers (31% average). On R4W, the
difference in percent decrease between the 8 and the 15 m buffers (69 versus 64% in
Figure 23) was slight; however, on R5N the difference was substantial (32 versus —14%

in Figure 24). Results may have been confounded due to factors such as changing
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groundwater flow patterns (Figures 13-16), soil variability within buffer replicates, and
up slope soil drainage differences between buffer replicates.

Figures 25 and 26 show the NOs-N concentration means and percent decrease
over time across all vegetation types for the deep and middle well depths, respectively.

In the 8 m buffer plots, the average NO3-N concentration over time at the buffer edge for
the deep and middle wellswas 6.4 and 10.1 mg/I, respectively. At the ditch edge, that
average for the deep and middle wells was 3.2 and 8.8 mg/l, respectively. Inthe 15 m
buffer plots, the average NO3s-N concentration at the buffer edge for the deep and middle
wellswas 6.2 and 9.1 mg/l, respectively. At the ditch edge, the average was 2.0 and 5.6
mg/l in the deep and mid depth wells, respectively. Percent decrease in mid depth well
nitrate concentration across the 8 m and 15 m buffers was 12 and 38 %; in the deep wells,
50 and 67 %, respectively. Figure 27 graphically presents these numbers and the
associated trends, clearly showing the higher percent decrease in the 15 m plots versus
the 8 m plots and the higher NOs-N concentration in the mid depth wells compared to the
deep wells.

To determine differencesin NOs-N treatment effectiveness of different vegetation
types at the two different widths, charts were developed for each vegetation type at each
width (Figures 28-32). Although trendsin the NOs-N concentration or percent decrease
were not observed, some other observations were made related to flooding effects and
NOs-N removal. Generally, percent decrease in NOs-N concentration was higher in the
deep wells versus the mid depth wells across the buffer plots. Reasons for this
phenomenon may include longer flow paths and a higher residence time in the saturated

zone. Although, it is often thought that little carbon exists at the level of the deep wells, a
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companion study to this one (Kunickis, 2000) found small but measurable amounts of
organic carbon in the deep well samples. This carbon and long residence timesin the
deep zone may have contributed to increased denitrification rates. Also, it is apparent
from Figures 28-32 that in the 8 m buffer plots the effect of the hurricanes showsupin
September or October 1999, the approximate time of the flooding. In several of the 15m
plots (Figures 28, 30, 32), the effects seem to be delayed severa months. Thiswas
probably due to NOs-N being flushed through the cropped area up gradient of the riparian
buffers. In some cases, the NOs-N appeared to have been transported into the buffer with
little change in NOs-N concentration (Figure 31 15 m deep wells). However, in other
plots the buffer apparently had a higher than previously observed percent decrease in
NOs-N concentration across the buffer plots (Figure 29 15 m mid depth wells).

Effects of the flooding can be seen in the NOs-N concentrations and percent
decrease values after September 1999 (Figures 28-32). An obvious change in the percent
decrease values can be seen in nearly all vegetation types, buffer widths, and well depths.
In some buffer plots, such as the mid depth wells on the 15 m fescue plots (Figure 28),
the ditch NOs-N concentration decreased dramatically while the field edge NOs-N
concentration increased, resulting in a higher percent decrease. This could be explained
by adilution effect taking place through the buffer. Another explanation would be that
areas of the soil profile not normally saturated became saturated as a result of the
flooding, causing more denitrification to take place. In other buffer plots, such asthe mid
depth wellsin the 15 m no buffer plots (Figure 30), there was a decrease in the buffer
NOs-N concentration. This could be explained by dilution at that location or by

increased denitrification.
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The switch grass vegetation type (Figure 32) resulted in anomal ous results when
compared to the other vegetation types (Figures 28-31). The 8 m plotsin particular
resulted in higher NO3-N concentrations at the ditch edge versus the buffer edge. 1t was
thought that this discrepancy might be described by variation between the replicates.
Figures 33-35 present the groundwater NO3z-N concentrations for the 8 m switch grass
plots on replicates R2N, R4W, and R5N, respectively. R1 isnot presented because a well
nest was not installed on the ditch in the 8 m switch grass plot. It appears that the
anomalous results for the 8 m switch grass plot may be attributed to the R2N plot prior to
September 1999. After that date, some of theirregular results may be due to the flooding
events after the hurricanes. In addition, concentrations in the RSN deep wells were
consistently at the detection limit (0.1 mg N/I).

Figure 36 presents a summary of the NO3-N concentration differences for the five
vegetation types at each buffer width and well depth averaged over time. Trends
discussed previoudly are apparent in thisfigure. The deep wells have a higher percent
decrease when compared to the mid depth wells, and the 15 m buffers show a higher
percent decrease over most vegetation types compared to the 8 m buffer plots. A
consistent trend of nitrate removal from the groundwater in one vegetation plot compared
to the other vegetation plots was not obvious. Table 3 summarizes NOz-N concentration
and percent decrease data for each vegetation type averaged over time for replicates R1,
R2N, R4W, and R5N. Overall, tree vegetation plots showed the highest percent decrease
in NOs-N, ranging from 18 to 94% and averaging 49%. Fescue exhibited the next
highest removal of NOs-N across the buffer plots with percent decrease ranging from 12

to 74% and averaging 37%. Percent decrease in the natural vegetation plots ranged from
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18% to 66% with an average of 32% and in the no buffer plots from 0 to 73% with an

average of 35%. Finaly, the switch grass plots NOs-N percent decrease ranged from —28
to 80% and averaged 33%. It was surprising that the no buffer vegetation plots did not
have higher N@N concentrations as expected. This would lead to the conclusion that
other factors were more important than vegetation type with respect to shallow
groundwater N@N concentration.

In an attempt to account for some of the variability observed in the dataNNO
means and percent decrease were calculated not including those well transects that
showed evidence of dilution. That is to say that nitrate nitrogen means were calculated;
however, well transects that did not have a decreasing\MCI ratio as groundwater
flowed toward the ditch were not included in the calculations. Well transects included in
this analysis are those in the plots identified in Table 1. Table 4 is similar to Table 2,
accounting for dilution; likewise, Table 5 is similar to Table 3. The percestNNO
decrease was higher in all cases (Tables 4 and 5) when compared to the full data set
including transects with dilution (Tables 2 and 3). Again, percent decrease in the deep
wells was higher (69 and 84% for 8 and 15 m plots) than the mid depth wells (28 and
43%). Also, wider buffers resulted in a larger percent decrease #NNB&% versus 69%
and 43 versus 28% for the deep and mid wells, respectively).

Figures 37 through 40 show the BN concentration and percent removal for
each replicate as a function of width. In each figure, the two graphs (deep and mid depth
wells) represent all buffer plots in that replicate, while the other two graphs represent
only those buffer plots identified in Table 1 as having a decrease #NND) and NQ-N

concentration as the groundwater moved toward the ditch (i.e. no dilution). Numerical
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values for these charts are given in Table 4. It isobvious here that the negative percent
decrease on R5N (Figure 40) was due to confounding of the results from dilution. Also,
R2N is not solely responsible for increasing the overall average percent removal values,
since R1 (Figure 37) and R4W (Figure 39) showed percent removalsin closeto or
excess of 90%.

Table 5 shows the effects of riparian buffer vegetation on shallow groundwater
nitrate when dilution is taken into account. Fescue resulted in the highest percent nitrate
decrease with an average of 73% and ranging from 44 to 91% depending on buffer width
and well depth. No buffer plotsresulted in afairly high average percent removal of 66%
that ranged from 8 to 98%. Tree plots resulted in percent removal ranging from 28 to
95% and averaged 58%. Switch grass buffer plots percent removal averaged 54% and
ranged from 10 to 86%. Finally, native vegetation buffer plots had an average percent
removal of 45% which ranged from 35 to 67%. These results are in contrast to those
discussed previously where averages for vegetation types were as follows: fescue 37%,
no buffer 35%, trees 49%, switch grass 33%, and native vegetation 32%.

Nitrate concentration variability over time can be seen in Figures 25 and 26.
Changesin inputs (i.e. fertilization) and normal variation in precipitation can explain
some of thisvariability. However, many of the irregularities during and around the
September 1999 sampling event can be attributed to Hurricanes Dennis, Floyd, and Irene
that occurred in that month (Figure 43) Rain gauges on the site recorded 584 mm (23 in)
of rainfall. The historical mean rainfall on the siteis 1261 mm (50 in); therefore, 46% of
the annual rainfall occurred within one month. This excessive amount of rainfall caused

localized flooding because the precipitation rate exceeded the infiltration capacity of the
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soil. Also, all of the precipitation in the basin above the research site that did not
infiltrate drained viathe Neuse River (Figure 1). This caused theriver to riseto record
levels, further flooding the research site. Effects of the flooding can be seen in both the
NOs-N concentrations and percent decrease (Figures 25 and 26). The 15 m average
buffer NOs-N concentration seemed to return to pre-hurricane levels over atime period
of several months after September 1999, while the 8 m buffer plot concentration was

affected very little or returned to pre-hurricane conditions quickly after September 1999.

Effects of Hurricanes

Asindicated previoudly, the hurricanes of September 1999 had a noticeable effect
on groundwater quality in the riparian buffers. First, the groundwater level increased
dramatically on all of the wells at the research site (Figures 6-12, Appendix A). In
addition, NO3z-N concentration and NO3z-N/Cl ratio also changed dramatically at the time
of and up to several months after the hurricanes (Figures 13-20, 25-26, 28-35,
Appendices B and C). It was thought that the NOs-N trends prior to the hurricanes were
different than after the hurricanes. To test that hypothesis, mean nitrate concentrations
were calculated under categories presented previoudy (i.e. width and vegetation). In
addition, only plots that had NOs-N concentration and NO3-N/Cl ratio decreases as
groundwater flowed toward the ditch (Table 1) were used to further reduce variability
dueto dilution effects.

Table 6 shows the results of mean NO3z-N and percent decrease calculations. The
mean nitrate concentration percent decrease as the groundwater flowed from the buffer

edge to the ditch edge was 69 and 28% for the 8 m deep and mid depth wells,
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respectively, while it was 85 and 43% for the 15 m deep and mid depth wells,
respectively. Prior to September 1999 (pre-hurricane), these mean percent decreases
were 70 and 32% for 8 m deep and mid depth wells, respectively. The percent decreases
for the 15 m plots during the same time period were 90 and 55% for the deep and mid
depth wells, respectively. In contrast, for the months after September 1999 (post-
hurricane), the average NO3-N percent decrease was 70 and 20% for 8 m the deep and
mid depth wells, respectively; 80 and 23% for the 15 m deep and mid depth wells,
respectively.

Thetrends in deep well NO3s-N concentration did not change greatly as a result of
the hurricanes in September 1999. Percent decrease changed 10% or less. The mid depth
wells; however, had adrop in percent NOs-N decrease after the hurricane events ranging
from 12 to 22%. A t-test between percent decrease in NOs-N concentration means before
and after the hurricanes resulted in a significant difference for the 8 m mid depth wells (a
=0.05, p = 0.0464) and for the 15 m mid depth wells (a = 0.10, p = 0.06); however, the
deep wells were not significantly different at either width. Therefore, it was concluded
that the hurricanes caused percent NOs-N concentration decrease as measured across the
buffer plot well transects to become smaller. This occurred through a combination of
concentration change at the ditch and buffer edge. A concentration decrease or increase
may be attributed to dilution, increased denitrification, or flushing of NOs-N through the
soil profile. In reality, acombination of all these effects was probably responsible. The

deep wells were not significantly affected by the hurricanes.
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Statistical Analysis

Table 7 shows the probability summary of the statistical analysis. Probabilities
less than 0.05 would indicate that a particular factor (i.e. width or vegetation type) had a
significant impact on the ditch position NO3z-N concentration for a given month.
Generally, there was atrend in the statistical results for the ditch NOs-N concentration to
be statistically lower in the middle depth wells for the 15 m buffers compared to the 8 m
buffers prior to the hurricanes of September 1999. Two sampling events (October 1998
and February 1999) resulted in very significantly lower (a = 0.05) ditch NO3-N
concentrations for the 15 m versus the 8 m buffers, while five sampling eventsled to
significant (a = 0.10) differences. Deep well NO3z-N concentration at the ditch edgein
the 15 m buffers was not statistically different from the 8 m buffers for any sampling
event. Also, vegetation type did not result in statistically significant differencesin NOs-
N concentration in either the middle depth wells or the deep wells at the ditch edge.
Although significant differencesin ditch NOs-N concentration due to width effects
diminished after September 1999, significant differences were observed again in June
2000.

Although some statistically significant differences were found for riparian buffer
width, those differences were isolated to the mid depth wells for 50% of the months that
water quality sampling occurred. The results were confounded due to extensive
precipitation and flooding as a result of several hurricanesin September 1999. In
addition, it is thought that additional statistically significant results were not found to due

the natural variability in the systems being studied. In a companion study closely related
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to this research (Kunickis, 2000), it was found that soil classification to be more
influential then buffer width on nitrate removal by the buffers.

Statistical analyses were attempted after separating out the riparian buffer plots
that exhibited a decrease in both NO3-N and NOs-N/Cl ratio comparing the buffer well
nest and the ditch well nest. Unfortunately, due to the exclusion of numerous
experimental plots, not enough data were left to compare the width effect. The effect of
vegetation was compared for the mid and deep wells and the results were similar to the
analysisof al data(Table5). Significant effects due to vegetation were found in only
one month of 17.

There may be several reasons why vegetation plots were not statistically different
with respect to their effects on shallow groundwater nitrate. First, the study was initiated
in 1998; therefore, data presented here ended at the beginning of the third growing
season. Two full growing seasons may not have been enough time for several of the
vegetation types to be mature enough to impact the shallow groundwater quality. In
some plots, the first growing season was disturbed because well drilling was being
completed during the beginning of the growing season. M anagement was an ongoing
challengein this project and management of the buffer plots could have been better. In
particular, the switch grass plots were difficult to establish and had to be re-planted every
year. Also, as discussed previoudy, the hurricanes in September 1999 clearly impacted
the shallow groundwater quality and in terms of statistical differences, five or six months
were confounded due to the effects of the flooding. In addition, dilution played arole
since it was observed that the NOs-N concentration decreased but the NOs-N/Cl ratio did

not on some plots. However, even after taking dilution into account, vegetation was not a
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significant effect. Finally, natural variability of the soil characteristics on this site were
quite profound and may have also had arole in some of the differences observed,
however, the soil characteristics were only documented on alimited portion of the study
site. Infact, since the groundwater quality beneath the no buffer vegetation plots did not
show the impacts of fertilization, it was concluded that factors such as soil characteristics
and or landscape position were more influential on shallow groundwater nitrate

concentration than was the land use directly adjacent to the field ditch.

CONCLUSIONS

Water quality at two well depths, mid (1.5-2.1 m) and deep (2.1-3.5 m), was
sampled for nearly two years on experimental riparian buffer plots. Six replicates were
monitored, each having five different vegetation types on two buffer widths. Vegetation
types established included: fescue, native vegetation, no buffer, trees, and switch grass.
Buffer widths established were 8 m (25 ft) and 15 m (50 ft) perpendicular to the field
ditches.

Of the six replicates established, the groundwater gradient beneath two replicates
was away from the ditch; therefore, data from those replicates were not included in the
water quality analysis. Inthe other four replicates, astatistical analysis indicated that the
ditch nitrate concentration was lower in the 15 m buffer mid depth wells on the ditch
edge compared to the 8 m buffer for 50% of the months monitored indicating that the 15
m plots significantly reduced the NOz-N concentration more than the 8 m plots. After

factoring out dilutional effects, the average concentration for the 15 m ditch deep wells
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was 1.1 mg/l compared to 2.4 mg/l NOs-N for the 8 m ditch wellsand 7.1 mg/l versus 7.3
for the 15 m and 8 m mid depth wells, respectively. Percent NOs-N decrease for the 8 m
buffer plots was 28 and 69% in the mid and deep wells, respectively. Percent decrease
for the 15 m plots was 43 and 84% in the mid and deep wells, respectively. Although
limited statistical significance was found, the percent concentration decrease in the wider
(15 m) buffers was higher compared to the 8 m buffers. It was thought that variability
due to natural heterogeneity and or non-perpendicular flow paths masked any statistically
significant differences due to width. Vegetation effects did not result in statistically
significant differences and no single vegetation type resulted in the highest percent NOs-
N decrease at both widths and well depths.

Dueto the large disparities in the data after the hurricanes that occurred in
September 1999, NO3-N data were separated into pre and post hurricane time periods. In
addition, only those plots that showed evidence of NO3z-N decrease due to a mechanism
other than dilution by water containing low concentrations of NOs-N and Cl were
included. Thisanalysis showed asignificant difference in buffer effectivenessin the mid
depth wells before the flooding event due to the hurricanes, compared to the time period
after the flooding event. Percent NOs-N decrease in the mid depth wells dropped
between 12 and 22% after the flooding. Deep well NOs-N concentrations were not
significantly different after the hurricanes, but dropped between 8 and 10%. Itis
reasonabl e to expect that the higher percent removals observed prior to the flooding
would have continued had the hurricanes not occurred. Therefore, width would have
continued to be a significant effect, 15 m buffers more effective than 8 m, on mid well
depth NO3-N.
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The 15 m plots resulted in a higher percent decrease of NO3z-N concentration
compared to the 8 m plots. Also, ahigher percent decrease in NO3z-N was observed in the
deep wells compared to the mid depth wellsin most cases. Obvious patterns of water
quality impacts due to a particular vegetation type were not observed. This was not
surprising due to the difficulties encountered with vegetation management when a
drought at the beginning of study restricted growth and severe flooding due to hurricanes
killed much of the buffer vegetation. In addition it is expected that the trees will take

several years before they are mature enough to impact the groundwater quality.
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Tablel. Shaded blocksindicate buffer plotswith a decreasein NO3-N
concentration and NO3-N/Cl ratio as groundwater flowed from the
buffer to edgeto the ditch.

8m 15m

Replicate|Vegetation |Deep Wells [Mid Wells |Deep Wells [Mid Wells

Trees
Fescue

R1 No Buffer
Native Veg
Switch Grass

Trees
Fescue
R2N No Buffer

Fescue
R4AW No Buffer

Native Veg
Switch Grass _

Trees

Fescue !g
R5N No Buffer _
Native Veg !!
Switch Grass
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Table2. Summary of NO3-N concentration and per cent decr ease aver aged over
time and vegetation typefor riparian buffer replicates where flow was
toward theditch.

Deep Wélls Percent Mid Wells Percent

Width |Replicate| Buffer Ditch Decrease| Buffer  Ditch Decrease
R1 3.7 1.7 53 6.2 5.8 7
R2N 6.1 52 14 9.8 8.1 17
8m R4W 131 4.0 69 175 17.0 3
R5N 3.0 2.0 32 6.8 4.4 35
Average| 6.4 3.2 50 10.1 8.8 12
R1 6.2 2.7 57 8.0 6.2 22
R2N 7.1 04 95 12.0 5.0 59
15m R4AW 10.3 3.7 64 12.7 10.5 17
R5N 12 14 -14 3.8 0.9 76
Average| 6.2 20 67 9.1 5.6 38

Table3. Summary of NO3-N concentration and percent decrease for five
vegetation types aver age over time and replicates where flow was toward

the ditch.
Deep Wells Percent Mid Wells Percent

Width  Vegetation Buffer  Ditch Decrease Buffer  Ditch Decrease
Fescue 8.3 2.2 74 10.8 9.5 12
Native Veg 8.8 7.1 19 10.3 8.4 18
am No Buffer 3.3 1.8 46 8.1 8.1 0
Trees 8.5 2.4 72 10.6 8.7 18
Switch Grass 2.1 2.7 -28 10.5 10.6 -1
Average 6.3 3.3 48 10.1 9.0 11
Fescue 5.1 4.2 18 8.2 4.4 46
Native Veg 5.8 2.0 66 8.7 52 40
15m No Buffer 6.0 1.6 73 8.7 5.3 39
Trees 6.7 0.4 9 11.0 7.4 33
Switch Grass 7.3 15 80 8.7 5.7 34
Average 6.2 2.0 68 0.1 5.6 38
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Table 4.

Summary of NOs-N concentration and per cent decr ease averaged over

time and vegetation typefor riparian buffer replicates where flow was
toward and NO3-N/CI decreased toward the ditch.

Deep Wélls Percent Mid Wells Percent

Width |Replicate| Buffer Ditch Decrease| Buffer ~ Ditch Decrease
R1 5.6 0.8 86 - -
R2N 9.0 6.7 26 9.6 6.8 29
8m R4AW 115 0.1 99 15.3 14.2 7
R5N 35 15 56 7.0 32 54
Average| 7.8 2.4 69 10.1 7.3 28
R1 6.4 0.8 88 6.7 4.4 35
R2N 7.1 0.4 95 12.0 5.0 59
15m RAW 11.5 24 79 15.0 11.7 22
R5N 4.6 10 7 -- -- --
Average 7.3 11 84 125 7.1 43

Not calculated due to missing data.

Table5. Summary of NO3-N concentration and percent decrease for five
vegetation types aver age over time and replicates where flow was toward
and NO3-N/ClI decreased toward the ditch.

Deep Wells Percent Mid Wells Percent

Width  Vegetation  Buffer  Ditch Decrease Buffer  Ditch Decrease
Fescue 9.6 3.0 69 7.2 4.0 44
Native Veg 5.4 35 35 7.8 44 44
am No Buffer 7.0 0.1 98 14.0 12.9 8
Trees 85 2.4 72 8.7 5.3 38
Switch Grass 0.8 0.1 86 16.4 14.8 10
Average 7.8 2.4 69 10.1 7.3 28
Fescue 7.9 0.7 91 10.6 15 86
Native Veg 6.3 2.1 67 11.3 7.4 35
15m No Buffer 6.8 0.3 96 15.3 5.8 62
Trees 8.1 0.4 95 14.4 10.4 28
Switch Grass 7.3 15 80 115 7.0 40
Average 7.3 1.1 84 12.5 7.1 43
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Table6. NOgz-N concentration and percent decreasefor plotswhere NOs-N
concentration and the NO3-N/Cl ratio decreased as groundwater flowed
toward theditch.

Deep Wells Percent Mid Wells Percent

Width |Time Buffer Ditch Decrease| Buffer Ditch Decrease
All 7.8 24 69 10.1 7.3 28
8m |Pre-hurricane 8.8 19 78 10.9 7.4 32
Post-hurricane 6.4 19 70 8.9 7.1 20
All 7.3 11 84 125 71 43
15m |Pre-hurricane 6.8 0.7 90 141 6.4 55
Post-hurricane 7.9 16 80 10.3 7.9 23

Table7. Statistical probability summary with ditch NO3-N concentration asthe
dependant variable. Hypothesiswasthat ditch mean NO3s-N was
different between vegetation typesand width.

Mid Depth Wells Deep Wells |
Width Vegetation Width Vegetation
Month Pr>F Pr>F Pr>F Pr>F

Sep-98  0.1248 0.3658 0.3687  0.0608**
Oct-98 0.0428**  0.5331 0.349%  0.3027
Dec-98 0.0785*  0.4415 0.3696 @ 0.1689
Jan-99  0.066* 0.8333 0.1259 0.4191
Feb-99 0.0289**  0.4581 0.3814  0.7965
Mar-99 0.0708*  0.7368 0.2367  0.4856
May-99 0.0588*  0.1713 0.1404  0.1289
Jul-99 | 0.2654 0.8674 0.3192 0.7374
Aug-99 0.0981*  0.3509 0.1611  0.5762
Sep-99  0.4377 0.5114 0.8519 0.2817
Oct-99  0.2276 0.7683 0.6123  0.7119
Nov-99 0.9363 0.8711 0.6045  0.2741
Jan-00  0.4699 05171 04135  0.2483
Feb-00 0.4319 0.3084 0.4854  0.1530
Apr-00 0.1176 0.8408 0.7604  0.2206
Jun-00 0.0846*  0.7817 0.4611 0.1750

S| gnificant at the 90% confidence level.
Significant at the 95% confidence level.
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Figurel. Riparian buffer research site near Goldsboro, North Carolina.
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Figure 17. Example of NOs-N concentrations, Cl concentrations, and NO3-N/ClI
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Figure 18. Example of NOs-N concentrations, Cl concentrations, and NO3-N/Cl
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Figure 19. Example of NOs-N concentrations, Cl concentrations, and NO3-N/Cl
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Figure 21. Effect of width on NO3z-N concentrations and percent decrease in mid
and deep wellson R1.
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Figure 22. Effect of width on NO3-N concentrations and percent decrease in mid
and deep wellson R2N.
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Figure 23. Effect of width on NOs-N concentrations and per cent decreasein mid
and deep wellson R4W.
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Figure 24. Effect of width on NO3z-N concentrations and percent decreasein mid
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84



Mean Nitrate Concs.

8 m Deep Wells

luadlad

00-ung
00-1dy
00-994
00-uer
66-\ON
66-190
66-dos
66-bnv
66-InC
66-Ae
66-1elN
66-094
66-uer
86-92Q
86-100
86-das

% decrease ‘

\ mmm buffer == ditch

Mean Nitrate Concs.

15 m Deep Wells

luadlad

% decrease ‘

\ mmm buffer == ditch

85

and replicates.

Figure 25. NO3-N deep well means and per cent decr ease acr oss all vegetation types
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Figure 27. Effect of width on NO3z-N concentrations and percent decrease in mid
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Figure 32. Switch Grass plot NO3-N concentration and NOs-N per cent decr ease

averaged over R1, R2N, R4W, and R5N.
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Figure33. R2N 8 m Switch Grass plot NO3-N concentrations.
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Figure34. R4W 8 m Switch Grass plot NO3-N concentrations.
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Figure35. R5N 8 m Switch Grass plot NO3-N concentrations.
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Figure 36. Effect of vegetation type on NO3-N concentration and percent decrease
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Figure 37. Comparison between NO3-N concentration and per cent removal across
all buffer plotsand plotswithout dilution on R1.
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Figure 38. Comparison between NO3-N concentration and percent removal across

all buffer plotsand plotswithout dilution on R2N.
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Figure 39. Comparison between NO3-N concentration and per cent removal across
all buffer plotsand plotswithout dilution on R4W.
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Figure40. Comparison between NO3-N concentration and per cent removal across

all buffer plotsand plotswithout dilution on R5N.
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Figure4l. Comparison between NO3-N concentration and per cent removal acr oss
all buffer plotsand plotswithout dilution.
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Chapter 3

Effect of Riparian Buffersand Controlled Drainage on Shallow Groundwater
Quality

Abstract

The effect of controlled drainage and riparian buffers as best management
practices (BMPs) to reduce the loss of agricultural nonpoint source nitrogen from the
Middle Coastal Plain of North Carolina has not been well documented. Controlled
drainage and riparian buffers have been mandated as BMPs in the Neuse River Basin of
North Carolinain an effort to reduce agricultural nonpoint source nitrogen losses. A two-
year study was conducted to determine the effectiveness of controlled drainage, riparian
buffers, and a combination of both in the Middle Coastal Plain of North Carolina. It was
thought that raising the water table near the ditch might enhance NO3-N removal.
Controlled drainage did not raise the water table near the ditch to a greater degree than
was observed on the free drainage treatment. Over seventeen storm events, the riparian
buffer (free drainage) treatment had an average groundwater table depth of 0.92 m,
compared to 0.96 and 1.45 m for the combination and controlled drainage treatments,
respectively. Percent NOs-N concentration decrease between the field wells and ditch
edge wells for those treatments was 22 and 35%, 75 and 51%, and 77 and 69%, for the
deep and mid depth wells, for each respective treatment. The distance from the ground
surface to the top of the well screen was 2.1-3.5 m (7-11.5 ft) for the deep wellsand 1.5-
2.1 m (5-7 ft) for the mid depth wells. Regression analyses of nitrate concentration in
wells located on the ditch as a function of ditch water level resulted in only 3 of 72

regression equations where nitrate concentration decrease in the mid depth wells was
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correlated with higher water tables. Although apparently more nitrate was removed from
the groundwater on the controlled drainage treatments, the controlled drainage treatment
water table was not raised closer the ground surface compared to the free drainage
treatment. Nitrate removal effectiveness was attributed to local soil and landscape
properties. Differencesin local soil properties between the combination riparian buffer
and controlled drainage treatment and controlled drainage only were not obvious;
however, the impermeable layer on the free drainage treatment was closer to the surface

compared to the other treatments.
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INTRODUCTION

Riparian buffers are currently being recommended as a Best Management Practice
(BMP) to reduce the effects of agricultural nonpoint source pollution. Buffersare
extremely effective at reducing the amount of groundwater nitrate being lost from upland
locations in Coastal Plain regions of the United States. Studies have documented shallow
groundwater nitrate (NO3") removal via riparian buffers ranging from 80 to 90%
(Lowrance et a., 1984; Peterjohn and Correll, 1984; Jacobs and Gilliam, 1985;
Lowrance, 1992; Simmons et al., 1992; Jordan et al., 1993). In addition, similar results
have been reported in other regions with similar groundwater flow conditions and
riparian zones (Haycock and Pinay, 1993; Osborne and Kovacic, 1993; Pinay et a.,
1993). Conditions that are common to all of these locations are shallow (0.5-2 m)
groundwater flow paths toward streams due to an impermeable layer. These conditions
are critical because they ensure that upper soil horizons are saturated intermittently
throughout the year. This creates anaerobic conditionsin the upper soil horizons.
Anaerobic conditions and soil zones containing carbon are necessary for biological
denitrification to occur. Overall, the literature indicates that denitrification is the major
groundwater nitrogen removal mechanism in riparian buffers. Some studies have found
vegetative uptake to be alarge nitrogen sink (Lowrance et a., 1984; Fail et al., 1986), but
this nitrogen is recycled in the system unless harvesting of the vegetation occurs.

Controlled drainage is another BMP that has been used successfully to reduce the
loss of nonpoint source nitrogen to drainage waters. Controlled drainage has been
documented as decreasing the amount of nitrogen lost from fields as much as 45% (Drury

et al., 1996; Evanset a., 1995; Dedl et al., 1986; Gilliam et a., 1979). Thisdecreasein
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the amount of nitrogen loss is attributed mostly to a decrease in flow leaving agricultural
lands as aresult of controlled drainage; however, in certain cases concentration
reductions of 10 to 20% have been observed (Evans et a., 1995). Some of the nitrogen is
taken up in crops; however, most of the nitrogen is thought to be denitrified under
reducing conditionsin the soil (Gilliam et al., 1979). The necessary conditions for
biological denitrification are anaerobic regions in the soil and available organic carbon.
Controlled drainage increases the anaerobic regions in the soil by raising the water table
and increasing the amount of soil that is saturated when compared to free drainage
conditions. Controlled drainage is extremely effective on the flat landscape common to
the Coastal Plain region of the United States, because one control structure can affect
several hundred hectares. Asone aspect of water table management it may also increase
crop yields (Kalitaand Kanwar, 1993; Evans et al., 1991). Controlled drainage is not
thought to be an ideal BMP in sloping landscapes due to the high cost associated with
multiple control structures required to maintain a high water table throughout a given
stream reach (Gilliam et al., 1997a). Researchers studying controlled drainage in North
Carolinafound that controlled drainage did not maintain a high water table for long
periods of time on soils with sandy horizons; however, they did find that individual storm
peaks were reduced by controlled drainage and total outflow was reduced on an annual
basis (Gilliam et a., 1978; Evans et a., 1989).

Recently in North Carolina riparian buffers and controlled drainage have been
mandated as BM Ps along with nutrient management aimed at reducing the loading of
nitrogen to the Neuse River 30% by 2003. Since nitrogen isthe biologically limiting

nutrient in the estuarine region of the Neuse River (Paerl, 1988), excess nitrogen results
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in inordinately high biological growth rates. Regulations were developed as a result of
numerous water quality problemsin the basin including: algal blooms, fish kills, and the
presence of toxic microorganisms such as Pfiesteria piscicida, all of which are
exacerbated by the high growth rates caused by excess nitrogen. Nonpoint sources
account for the largest amount of nitrogen input into the basin and agriculture is the
largest single contributor to nonpoint source nitrogen in the basin (NCDWQ, 1996a;
NCDWQ, 1996b).

Nutrient management is encouraged for use under all agricultural productionin
the entire basin. Recommended nutrient management in North Carolina consists of ideas
such as applying waste to a crop at rates based on redlistic yield estimates and split
inorganic fertilizer applications to match crop needs (Lilly, 1991). Even when nutrient
management is utilized to the fullest extent, significant losses of nitrogen fertilizer occur.
For example, it is estimated that corn only utilizes 50 to 70% of the applied nitrogen with
aslittle as 35% removed from the field if only the grain is harvested (Hallberg, 1986).
Unutilized nitrogen is oxidized to nitrate in the well-drained soils common to the Middle
Coastal Plain. Nitrateisvery water soluble and will leach to the groundwater rapidly.

Most nitrogen lost from agricultural practicesin the Neuse River Basin is believed
to originate in the Middle Coastal Plain physiographic region ( Spruill et al., 1997;
Gilliam et a., 1997a). Thisisdueto theirregularly spaced streams that have been
channelized to promote drainage. Riparian vegetation has been removed from most of
these streams, compounding the problem. In addition, more soilsin the region are well-
drained compared to soilsin the Lower Coastal Plain. These well-drained soilstend to

promote vertical movement of water and soluble chemicals below the root zone and into
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the shallow groundwater. In the Lower Coastal Plain agricultural chemicals have the
potential to create nonpoint source pollution problems; however, the potential is not as
great because relatively little nitrogen is lost to streams due to the poorly drained soils
and the flat landscape. The poorly drained soils result in conditions conducive to
denitrification and the flat landscape leads to slow flow and long residence times.
Combined, these conditions maximize uptake and denitrification of nitrogen. The
Piedmont region is not considered a large source of agricultural nonpoint source nitrogen
to the basin because agriculture does not dominate the land use as in the Lower and
Middle Coastal Plain. Also, in the Piedmont, riparian vegetation isin place along many
of the small ditches and streams that drain agricultura lands; therefore, establishment of
riparian vegetation would not be necessary.

Since most agricultural nonpoint source nitrogen in the Neuse River originatesin
the Middle Coastal Plain and the effectiveness of riparian buffers and controlled drainage
as BMPsis not fully known for this region, aresearch project was initiated to evaluate

the effect of riparian buffers and controlled drainage on shallow groundwater quality.

Site Description

The research siteislocated at the Center for Environmental Farming Systemsin
Goldshboro, North Carolina. Thissiteisin the Middle Coastal Plain of North Carolina
and is characterized by a gently rolling landscape and irregularly spaced field ditches that
drain agricultura fields. Slopesranging from 0 to 5% on the fields are common.
Soils on the portion of the farm south of Stevens Mill Road (Figure 1) are mapped as

well-drained Wickham loamy sands or sandy loams (fine loamy, mixed, thermic Typic
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Hapludults), characterized by a seasonal high water table of 1.5 m. On the both sides of
the R2 ditch (Figure 1) the soil is mapped as predominantly a somewhat poorly drained
Nahunta very fine sandy loam (fine silty, siliceous, thermic Aeric Paleaquults),
characterized by a seasonal high water table of 0.5 m. In addition, both sides of the R3
ditch are mapped as a Wickham loamy sand (Barnhill et a., 1974). The scale at which
these soils were mapped was such that large inclusions are present (Kunickis, 2000);
therefore, local soil conditions may vary widely from the soil maps. These soils are
characterized by low organic matter contents; therefore, riparian vegetation is believed to
be necessary to promote denitrification. Due to the gently rolling landscape and the
deeper streams draining this site, neither controlled drainage nor riparian buffers are
known to be the ideal BMP for thisregion. This study evaluated the effect of controlled

drainage, riparian buffers, and a combination of both on shallow groundwater quality.

MATERIALSAND METHODS

Experimental Design

Several concurrent studies occurred at this location during the time of this
research project. Figure 1 shows the overall project layout. This paper will focus on the
portion of the study site that dealt with riparian buffers and controlled drainage (Figures 2
and 3). Riparian buffer replicate 2 south (R2S) and R2N both consist of five different
vegetation types within each of two buffer widths (Figure 2). Thisresulted in ten

individual plots per replicate. Individual plots were all 24 m (80 ft) long parallel to the
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ditch. The two widths established were 8 and 15 m (25 and 50 ft). Vegetation plots were
assigned randomly within each width block. R2S and R2N were under controlled
drainage, creating a combined treatment. Replicates R3W and R3E are continuous
vegetation plots (Figure 3). R3W is a native vegetation riparian buffer treatment
approximately 9 m (30 ft) wide each side of the ditch. R3E isa controlled drainage
treatment with aonly avery small vegetated area 1 to 2 m (3 to 5 ft) wide next to the
ditch as recommended by the North Carolina Cooperative Extension Service (Evans et
al., 1991).

Riparian buffer plots on R2S and R2N were established beginning in the winter of
1997 continuing into the summer of 1998. V egetation types established consisted of the
following: cool season grass (fescue), deep-rooted grass (switch grass), forest (pine
trees), native vegetation, and no buffer (no-till corn and rye rotation). Fescue plots
contained some native fescue at the beginning of the project; however, in the fall of 1998,
these plots were mowed, disc-harrowed, and seeded with a broadcast spreader. These
plots continue to be re-seeded each fall to ensure a good stand throughout the winter.
The switch grass plots were mowed and chemically cleared prior to planting in the
summer of 1998. These plots were difficult to get established due to drought conditions
in 1998. For thisreason, the plots were replanted the summer of 1999. Those efforts
were moderately successful; however, most switch grass plots were mowed and replanted
the summer of 2000 to enhance the existing stand. Bare root pine tree seedlings were
planted onal1l.5 X 1.5m (5 X 5 ft) grid spacing in the early spring 1998. That summer,
the pine trees were fertilized with 10-10-10 at arate of 78 .4 kg N/ha (70 Ib N/ac). In

September 1999, several hurricanes resulted in severe flooding on the site, which killed
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approximately 80% of the treesin the forested plots. The plots were replanted early
spring 2000 with bare root seedlings consisting of pine trees and several varieties of
hardwoods including: water oak, cherry bark oak, green ash, sweetgum, and American
Cedar. Native vegetation plots were chemically cleared in the spring of 1998 and natural
succession was allowed to occur. Currently, the vegetation in those plots is maintained at
approximately 1 m (3 ft) in height via a weed wipe type of chemical application where
any vegetation at the selected height or above is wiped with concentrated herbicide from
awick applicator. Finally, no buffer plots have been planted with no-till corn each year
followed by arye winter cover that is chemically killed and mowed prior to corn
planting. These plots are fertilized with starter fertilizer consisting of a 30% solution of
urea-ammonium nitrate (UAN) at arate of 56 kg N/ha (50 Ib N/ac) and one sidedress
application of UAN at arate of 112 kg N/ha (100 Ib N/ac). Herbicides are applied as
necessary to minimize weed competition.

In the winter of 1998/1999 through the spring of 1999, the process of converting
the farm to aresearch farm began. In that process on the south side of Stevens Mill Road
(Figure 1), whole fields were subdivided into roughly 2 ha (5 ac) plots and multiple
cropping systems initiated in these plots. Specifically, the field adjacent to R2N was
divided into row crop agriculture and a successiona system. Thefield adjacent to R2S
was divided into several plots containing two different corn cropping practices and
organic soybeans. The field on both sides of R3E, was allowed to become a natural
successional system. The field on the north side of R3W was planted with several
varieties of hardwood trees, while the south side remained in row crop agriculture.

Although these different systems imposed a variety of impacts on cropping practices and
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fertilization practices, it was thought that any impact on the shallow groundwater quality
would take many years. This assumption was based on the fact that row crop agriculture
had impacted the groundwater for several decades and land use change in the present
would require many years into the future for the impact to be seen on the shallow

groundwater.

Water Quality Monitoring

To assess the effectiveness of the riparian buffers at shallow groundwater nitrate
nitrogen assimilation, a network of groundwater monitoring wellswasinstalled. On R2S
and R2N, wellswere installed in the middle of each 24 m (80 ft) vegetation plot to
minimize the chance that groundwater flow paths would cross multiple plots. On R3W
and R3E, well nests were installed approximately 55 m (180 ft) apart along both sides of
the ditch for each replicate. Each well nest included three wells at different depths. Well
nests on R2S and R2N were installed a the buffer/field edge and at the ditch edge (Figure
2). The ditch well nest was assumed to be down gradient of the buffer/field well nest.
Well nests were placed out in the cropped field approximately 23 m (75 ft) from the
buffer edge in selected plots to compare water quality at that location to the buffer/field
edge. There are atotal of 48 well nests on replicates R2S and R2N. Well nests on R3W
and R3E were installed on the ditch edge and approximately 23 m (75 ft) in the cropped
field. R3W and R3E have atotal of 32 well nests. A field and ditch well nest pair were

identified by transect numbers as shown in Figure 3.
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Well Installation

Groundwater monitoring well installation began the winter of 1997/1998 with R1
(Figure1). R2S, R2N, R3E, R3W, R4E, R4W, R5N, and R5S wereinstalled in
sequential order ending approximately July 1998. All wells were constructed from 32
mm (1.25 in) diameter polyvinyl chloride (PVC) pipe. A cap was installed on the bottom
end of all wells. The bottom 0.6 m (2 ft) was perforated with 5 mm (3/16 in) holesin
four rows with ahand drill. A piece of filter fabric was secured around the perforated
section of the wells to prevent coarse material from moving into the well. On shallow
wells, a15 cm (6 in) length of pipe was |eft intact to form areservoir at the bottom of the
perforated section. This reservoir was created to facilitate groundwater sample storage
adequate for a sample to be collected at times when the water table was just above the
lower portion of the screen.

Wells were installed with the aid of amobile drill rig and a 100 mm (4 in) solid
stem auger. Dueto coarse flowing sand at the 1.2-1.8 m depth (4-6 ft) at most areas on
the research site, additional means were necessary to install the wells. A high pressure jet
of water was used to pump down a solid casing consisting of a 100 mm (4 in) diameter
PV C pipe to the top of the perforated portion on the well. Next, the sand would normally
fill in around the perforated section of the well, but sand backfill was used if necessary.
To prevent preferential flow down the bore hole, bentonite pellet backfill was poured on
top of the sand up to 15 to 30 cm (6 to 12 in) within the ground surface. Finaly, a0.6 m
(2 ft) diameter concrete cap was installed around the base of the well standpipe to further
prevent flow vertically along the well and to enhance physical stability of thewell. A

standpipe 0.6 m (2 ft) in length was left on most wells except along the ditch on R1 and
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R2S. Those wells were fabricated with a 0.9 m (3 ft) standpipe to reduce the possibility
of overtopping of the standpipe during flood events.

Three depths of wellswere installed at each well nest. The deep well was
intended to represent the groundwater close to the aquitard. The middle depth well was
intended to represent the middle to upper portion of the surficial aquifer (depending on
soil moisture conditions). The shallow well was intended to represent the groundwater in
the upper soil horizon if present. Depths depended on the soil stratigraphy at the
individual well nest location. Generally, the deep wells were placed above the
impermeable layer in the continuously saturated zone and the depth ranged 2.1-3.5 m (7-
11.5 ft) measured from the ground surface to the top of the well screen. The middie
depth wells were placed in the intermittently saturated zone as evidenced by such things
as soil redoximorphic features such as oxidized iron. The middle depth wells ranged 1.5-
2.1 m (5-7 ft) deep. The middle depth wells on the up slope positions were normally dry
in the summer months. Finally, shallow wells were placed in the upper surface horizon
and were expected to produce samples only during extremely wet conditions. Depths
ranged 0.6-1.0 m (2-3 ft) deep. Shallow wells were commonly dry. Wellson R2S, R2N,

R3W, and R3E were surveyed to alocal benchmark.

Water Quality Sampling and Analysis

Water quality sampling of the 548 wells on the entire study site began in July
1998 and proceeded approximately monthly thereafter through June 2000. The first
month of sampling included extensive purging of the wells to remove debris from the

wells. Sampling events were skipped when substantial (i.e. 127 mm, 0.5in) rainfall did
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not occur between months. Nearly two years of monitoring resulted in seventeen
groundwater monitoring well sampling events.

Sampling of the groundwater monitoring wells occurred after first recording the
depth to the water table in the wells. A Slope Indicator Company water level indicator
instrument was used to measure the depth with an accuracy of 3 mm (0.01 ft). Two
portable pumping units were fabricated each having three peristaltic pumps. Each
pumping unit and a car battery were mounted to a small wagon that was then pulled by
hand to each well nest. A suction tube from each pump was inserted into each well and
pumping commenced until approximately two to three well volumes were pumped out of
thewell. At that point, a sample was collected in acid washed high density polyethylene
bottles. Samples were stored on ice and immediately transported to the Soil Science
Department Water Quality Laboratory at North Carolina State University. Samples were
stored at 4 °C until analyses were complete.

Samples were analyzed for NOs-N, NH4-N, PO4-P, TKN, TP, Cl, pH, and
dissolved organic carbon content (DOC). Prior to analysis, all samples were filtered
through 0.45 pm Gelman filters; sample aliquots were then run through a Lachat
Quickchem 8000 slow injection autoanalyzer for NOz-N, NH4-N, and PO, analyses.
Methods used by this instrument followed the 4500 Standard Methods (APHA, 1992) as
follows: the automated cadmium reduction method , the automated phenate method, and
automated ascorbic acid reduction method procedures for NO,-N plus NOs-N, NH4-N,
and POy, respectively. TKN was measured according to methods based on Standard
Methods 4500 (APHA, 1992). Samples were first digested with persulfate and then the

automated ascorbic acid reduction method was used to measure TP (APHA, 1992 The
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TKN and TP anayses were performed for the first three and the first two sets of
groundwater samples, respectively; however, TKN concentrations were normally less
than 1.0 mg/l and trends in the data were not obvious. Most samples resulted in TKN
concentrations at or below the detection limit of 0.1 mg/l. In addition, the TP
concentrations were often less than 0.05 mg/I with most values being at or below the
detection limit of 0.01 mg/l. For these reasons the procedures were discontinued.
Dissolved chloride was determined using a Haack-Buchler Digital Chloridometer
(Gilliam, 1971). DOC was measured based on a method similar to Standard Methods
5310 combustion infrared method (APHA, 1992) on a Shimidzu TOC-5050 total organic

carbon analyzer.

Hydrologic Monitoring

In addition to routine measurement of water table depth in the groundwater
monitoring wells at the time of sampling, this measurement was also conducted weekly in
wellson R2S, R2N, R3W, and R3E. Also, 32 continuous groundwater level recorders
were installed in transects on R2S, R2N, R3W, and R3E (Figures 2 and 3).

First, wellswere installed so that pressure transducers could be inserted to record
water table changes. These wells were made out of 76 mm (3 in) diameter cellular core
schedule 40 PVC pipe. The bottom was not capped and 5 mm (3/16 in) holes were
drilled along the sides of the pipe within 30 cm (1 ft) of the ground surface. Installation
of these wells was accomplished in the same manner as the water quality monitoring
wells except that a solid casing was not used to pump down the wells. The well itself

acted as the casing when pumping them down. Once the wells were installed, sand was
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back filled to the top of the perforated section of the well and then bentonite pellets were
back filled to the ground surface to prevent preferential flow of surface water down the
outside of the well into the groundwater aquifer.

A weather-proof enclosure was mounted to the top of the well to provide a secure
location to mount monitoring equipment. This enclosure was mounted to all the 76 mm
diameter wells on R3W and R3E (Figure 3). However, to reduce the number of data
loggers required, boxes were not mounted on wells located on the buffer/field edge of
R2S and R2N (Figure 2). Instead, a communications cable was run to the nearest data
logger. A datalogger (Blue Earth Research(] Micro 485 micro-controller) was then
mounted to the inside of the box and was powered by a 7 amp-hour 12 volt battery. A
differential pressure transducer (Motorola model MPX5050DP) was sealed in epoxy
within asmall cylinder made from 38 mm (1.50 in) diameter PVC pipe. A
communications cable extended from the sealed pressure transducer unit to the top of the
well. The pressure port on the transducer extended a short distance out of the side of the
PV C cylinder, while the atmospheric port extended to the top of the well. Because the
pressure transducer required dry air as a reference pressure on the atmospheric port, a
tube of commercia desiccant was fitted to the atmospheric port at the top of the well.
Every few months, the desiccant tube was replaced with a new one, and the old desiccant
tube was dried in an oven. Batteries were also switched out every few monthsto provide
a continuous record.

A program written in the machine BASIC language was developed for the data
logger that recorded readings from transducers every hour. In addition, the program

converted the raw voltage output from the pressure transducer to a depth to the water
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table viaa calibration equation for that particular transducer. Dataloggers were
downloaded via a palmtop computer at one to two month intervals. Every two weeks, a
manual measurement to the water table was recorded to facilitate correction of any errors
in the data and to supplement the continuous data in the event that a particular recorder

quit working.

Water Control Structures

In the spring of 1998, the first water table control structure wasinstalled (WCSL).
Location of all control structures relative to the buffers can be seen in Figures 2-3. The
other two control structures (WCS2 and WCS3) were installed shortly thereafter. The
control structures were manufactured from 46 cm (18 in) diameter corrugated aluminum
pipe. Theriser on the structures was made by cutting a piece of pipe in half and standing
it on end. Then another piece of whole pipe was welded to the bottom. The piece of pipe
welded to the bottom of the riser then functioned as atypical drainage culvert. Theriser
portion of the structure was fitted with a piece of aluminum channel on either side of the
opening such that short boards could be slid down into the channel. The boards were
notched to provide awatertight seal. By adding or removing boards, the water table
could be adjusted higher or lower. In addition, all of the structures were fitted with an
adjustable height 60 degree sharp-crested V-notch weirs to estimate flow. WCS1 and
WCS3 had the weir invert placed approximately 30-46 cm (12-18 in) below the land
surface near the control structure to implement control drainage conditions. The weir
invert on WCS2 was placed at the elevation of the bottom of the stream channel to

maintain free drainage conditions.
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Stilling wells were installed near the weirs on al water table control structures.
These stilling wells were fabricated out of 100 mm (4 in) diameter schedule 40 PV C pipe
by drilling arow of holes approximately 5 mm (3/16 in) diameter in aline aong the pipe
toapoint 0.6 to 0.9 m (2 to 3 ft) from the end of the pipe. The stilling well was then
driven into the stream bottom close enough to the headwall on the water control structure
such that the top of the well was accessible. A weather-proof box similar to the kind on
the groundwater recorders was mounted to the top of the stilling well. 1n addition to the
stilling well, asmaller pipe of 32 mm (1.25 in) diameter was driven into the stream bed
near the stilling well. This pipe was necessary to allow motion of a counterweight.

Continuous stream level recording was accomplished viaafloat in the stilling
well that was attached to a pulley and a 10 turn 10 000 ohm potentiometer so that a
changein the stream level, corresponded to a change in voltage output from the
potentiometer. The raw voltage was then converted to a distance relative to the weir
invert viaamachine BASIC program and recorded. Data was recorded hourly by a
micro-controller (Blue Earth Researchl] Micro 485 micro-controller), except when large
changesin stage occurred rapidly, such as during a storm event. During storm events,
data was recorded if there was a change in the water level greater than or equal to 31 mm
(2.22 in) within asix minute interval. Dataloggers were downloaded at the same time
the groundwater level recorders were downloaded. At the time of downloading, a manual
stage measurement relative to the weir invert was made to provide a check against the
datalogger. These recorders were installed December 1998; however, due to equipment
shortages, data collection on all water control structures did not begin until February

1999.
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Finally, continuous rain gauges were installed at two locations on the research
site. Theserain gauges were Davis tipping bucket type rain gauges with HOBO" event
loggers to record data at aresolution of 0.25 mm (0.01 in) per bucket tip. Two gauges
distributed across the site provided a measure of redundancy should one rain gauge cease
to function. The rain gauges were downloaded viaa HOBO" shuttle at the sametime as
the groundwater recorders or more frequently if high rainfall amounts occurred. Datain

the shuttle were uploaded to a personal computer in the office.

Data Analysis

Nitrate removal has been correlated with high water tablesin riparian buffers
(Simmons et al., 1992) and high groundwater table conditions were thought to enhance
nitrate removal in another study (Haycock and Pinay, 1993). Also it has been
documented that the highest potential for denitrification isin the top of the soil
(Lowrance, 1992). In an attempt to establish a relationship between water table depth
and near stream groundwater NOs-N concentration alinear regression analysis was
performed. Water table depth was the independent variable, and NOs-N was the
dependent variable. PROC REG in SAS (SAS, 1985) was used to perform the analysis.
Ditch location NO3-N concentrations for the middle depth wells were paired with water
table data for each sampling event and linear regressions were run for all ditch wells over
each treatment.

Categories such as vegetation type, riparian buffer width, and well depth were

assigned to each groundwater monitoring well sample. The PROC MEANS procedurein
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SAS (SAS, 1985) was used to calculate mean NOs-N values for the combination of
categories of choice.

The amount of continuous recorder groundwater data were reduced viaa six hour
forward moving average. To reduce the amount of redundant data, hourly groundwater
records were averaged forward in time by six hours, creating four groundwater depth data
points for each day. The data was checked prior to this procedure to be sure that large
changes in the groundwater level were not occurring in six hour or smaller time periods.
In addition, any required corrections to the downloaded data were performed at the time
of averaging. Groundwater levels tended to change fairly slowly (maximum of 15-20
mm/week); therefore, the six hour moving average was thought appropriate to reduce the

overall amount of data

RESULTSAND DISCUSSION

Influence of Drainage Control on Stream Water L evel

Figures 4 through 6 show the stream water level referenced to each respective
weir invert for WCS1, WCS2, and WCS3, respectively. From these figures, it isclear
that in the controlled drainage treatments, WCS1 and WCS3 (Figures 4 and 6), that there
were few times over the 19 month period of record that there was flow over the weir on
either controlled drainage treatment. Specifically, flow was recorded atotal of 49 days
over WCS1 and 45 days over WCS3 during the 19 months of monitoring. Flow was
observed on WCS2 (Figure 5) 415 days, since it was a free drainage treatment. Forty five

days, thirty eight, and nineteen days of data were lost on WCS1, WCS2, and WCS3,
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respectively due to flooding. Flooding was a result of excessive precipitation (584 mm,
23 in) during hurricanes Dennis, Floyd, and Irene in September 1999 (Figure 7). The
amount of precipitation in September was 46% of the historical mean precipitation.

The bottom of the field ditches at the water control structure was measured as
approximately 100, 20, and 140 cm (39, 8, and 55 in) below the weir invert on WCS1,

WCS2, and WCSS3, respectively. By observation, awater level relative to the weir invert

of at least —80, 0, and —100 cm (=31, 0, and -39 in) or higher resulted in water held in
the ditch upstream of the water control structure. A water level below these thresholds
was indicative of water ponding around the water control structure only. This was an
intentional by product of the structure installation. A small depression just upstream of
the control structure was dug out to maintain a pool of water such that the stilling well
remained wet during periods when the ditch channel was dry. These levels on WCS1 and
WCS3 are defined as holding water in the ditch in a controlled drainage scenario (Figures
4 and 6).

Although controlled drainage was imposed on two field ditches, water was not
observed in the ditches for long periods of time, except for the time period during and
after the hurricanes. Based on the thresholds for controlled drainage conditions presented
above, WCS1 (Figure 4) maintained a water level of at least =80 cm (—31 in) or higher
relative to the weir invert for 60% of the time monitored (315 of 522 days). Flow
occurred during 16% of the time that the water level was high enough to maintain
controlled drainage (49 of 315 days). WCS3 (Figure 6) had a water level of =100 cm (—
39 in) or higher 40% of the time that this location was monitored (218 of 546 days).

Flow occurred 21% of the time that water was held in the ditch by the water control
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structure. When the water level rise and drainage due to the hurricanes are taken out,
then water was held in the ditches 34 and 18% of the time monitored for WCS1 and
WCSS3, respectively. In addition, when the time period of the hurricanes was factored
out, the amount of time that flow occurred was 4 and 8%, respectively. In this study,
controlled drainage did not seem to maintain high water table conditions for long periods
of time. Thisissimilar to results observed at |ocations in North Carolina having sandy
subsoils (Gilliam et a., 1978; Evans et al., 1989). Methods were needed to quantify
stream and groundwater water level response to controlled drainage and no control.

Controlled drainage conditions as defined previously by the ditch water levels are
recognized as arbitrary and are at such a depth that the near stream water table is not
affected over periods of time longer than afew days. It was thought that controlled
drainage may have impacted the hydrology after storm events similar to controlled
drainage research results on the Lower Coastal Plain (Evanset al., 1989). Therefore,
individual storms were studied to gain a better understanding of the way that controlled
drainage affected the stream and groundwater level. A total of seventeen stormswere
studied. In general, storms with precipitation of 12 mm (0.5 in) or greater were selected.
The summary statistics for these storms are presented in Table 1. Figures 8 through 24
present the individual storm hydrographs at each control structure. In addition, a
continuous groundwater level recorder hydrograph closest to the each structureis
presented as well.

Generaly, Figures 8 through 24 show sharper peaks in the free drainage treatment
(WCS2) compared to controlled drainage treatments (WCS1 and WCS3). Also, not

surprisingly the individual storm effects on the free drainage treatment stream water level
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did not last as long as on the treatments with controlled drainage. Interestingly; however,
the groundwater recorder (GWR2) closest to WCS2 recorded water table conditions
higher than initial pre-storm conditions longer in ten of seventeen storms than on both
controlled drainage treatments (GWR15 and GWR11). Also, the groundwater level at
GWR2 increased to a greater degree in twelve of seventeen storms than either GWR15 or
GWR11. Table 1 summarizes these results.

Table 2 summarizes the average stream stage relative to the weir for each water
control structure and depth to the groundwater table for each storm. Stream stage and
groundwater depths are also presented as elevations relative to alocal survey benchmark.
For eleven of seventeen storms, the depth to the groundwater table was less on the free
drainage riparian buffer treatment (GWR2 average depth = 0.92 m) compared to the
controlled drainage treatments (GWR15 average depth = 0.96 m, GWR11 average depth
=1.45m).

In summary, there was more time when outflow occurred across the weir on the
free drainage treatment compared to the controlled drainage structures. Also, after
rainfall events the water table increased to a higher degree on the free drainage treatment
than either controlled drainage treatment and these conditions persisted longer on the free
drainage treatment. Depth to the groundwater table was shallower on the free drainage
treatment compared to the controlled drainage treatments. It must be concluded that soil
conditions such as a shallower impermeabl e layer along the free drainage ditch caused
the groundwater table on this treatment to mimic a controlled drainage treatment.
Detailed soil surveysfor thisreplicate (R3W) are not available, but during well

installation it was noted that the impermeable layer was much shallower than other areas
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(i.e. 2 m compared to 4-6 m on other replicates). Also, based on observation the
contributing area of groundwater flow to the free drainage ditch versus the areas
contributing to the controlled drainage ditches was thought to be up to two times larger
simply due to the location of the free drainage treatment. In addition, high permeability
or subsoils on the controlled drainage treatments were thought to have alowed
groundwater to seep laterally out of the ditches.

For example, if an area around the control structure 15 m (50 ft) long and 1 m (3
ft) thick is assumed to be composed of coarse sand (Ksat = 200 cm/hr, see next chapter),
then based on Darcy’s Equation it would take nearly 67 days for 621700 ff) of
water to drain completely out of the ditch with a hydraulic gradient of 0.013 m/m). The
volume of water in the ditch was estimated assuming 1 m (3 ft) of water in the ditch, side
slopes 2:1, a bottom width of 1 m (3 ft), and a length of 200 m (656 ft). These estimates
were made from field data for the ditch dimensions. In reality, the hydraulic gradient
would change depending on the ditch water level and evapotranspiration could be a
significant factor depending on the weather conditions. The 67 day length of time is
longer than most time periods that water was observed to be held back by the controlled
drainage ditches. If a similar type analysis is conducted using the length of the ditch and
a 0.3 m (1 ft) thickness as the seepage area, the length of time for the ditch volume to
drain out would be 15 days. This is more representative of observed conditions on the
controlled drainage ditches. The relatively quick drainage of water out of the ditches
where controlled drainage was imposed would account for the minimal effects on the

stream and groundwater level in these ditches.
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Groundwater Flow Paths

Groundwater flow does not necessarily follow the surface topography. However,
without groundwater data, this assumption is often made, as in the beginning of this
particular research project. To further define the groundwater flow direction, a survey
was conducted on all of the groundwater monitoring wells, the continuous groundwater
recorders, and stream water level recorders so that water level elevations could be
compared.

Examples of groundwater elevation on these replicates are shown in Figures 25
through 30 and Appendix E contains the weekly gradient data for all well transectsin this
study. The groundwater gradient was away from the ditch on all ten plots on R2S.
Figure 25 shows an example of a plot on R2S where flow is away from the ditch. The
hydraulic gradient on R2N was toward the ditch on al plots (Figure 26). Figure 27
shows the hydraulic gradient on R3W as being toward the ditch and Figure 28 shows a
transect just across the ditch where the gradient is away from the ditch. Figures 29 and
30 show examples of gradients that were nearly flat but dlightly toward and away from
the R3E ditch, respectively. Essentially, groundwater flows toward the R3W ditch from
the north side and away from the ditch on the south side except closest to the water
control structure (WCS2). Groundwater flows toward the R3E ditch along the well
transect closest to the water control structure (WCS3) on the south side and along the two
well transects farthest away from the ditch on the north side.

The direction of groundwater flow inferred from hydraulic head data was the
same in the continuous groundwater level recorders as the groundwater monitoring wells.

Figures 31 through 38 present the continuous groundwater recorder transects. Maps
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depicting the groundwater topography under wet and dry conditions for R2S, R2N, R3W,
and R3E are shown in Figures 39 through 41. In these figures, flow is perpendicular to
the constant headlines and in the direction of the hatch marks.

Generally, groundwater elevation in the mid depth wells was nearly the same to
the elevation in the deep wellsfor a given well nest. Some deep wells had awater table
deeper (i.e. greater than 40 cm) than the middle depth wells and it was thought that in
those particular deep wells, was installed into a clay layer which caused a slow recharge
into the deep well. This occurred on R2S and R3W where the clay layer was observed to
be shallower. Out of 72 well nests, this phenomenon was observed in three (Figures 42
through 44).

In addition to the direction of groundwater flow paths beneath riparian buffers,
another important factor is the possibility of mixing of different aquifers and
subsequently a dilution effect. Burt et al. (1999) found that most groundwater nitrate in
the floodplain soils on the River Thame bypassed the riparian buffer zone via highly
permeable sand formations. Altman and Parizek (1995) reported upwelling in the
riparian zone of a deep uncontaminated aquifer that resulted in nitrate concentration
reductions; however, they concluded the reduction in concentration was due in part to
dilution rather than only an effect of the riparian buffer. However, that particular
research site was not located in the Atlantic Coastal Plain region. A number of
researchers have documented a shallow clay aquiclude in the coastal plain region (Jacobs
and Gilliam, 1985; Lowrance et al., 1984, Lowrance, 1992; Peterjohn and Correll, 1984).
Thisimpermeable layer is thought to force most groundwater to follow shallow

horizontal flow paths and prevent upwelling from deeper aquifers. But as Burt et al.
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(1999) point out, dilution may still be possible in the coastal plain region. Dilution may
occur as aresult of discontinuous areas in the impermeable formation or by mixing due to
complex flow pathways. For this reason many researchers measure the concentration of a
conservative tracer such as chloride in the groundwater in addition to the nitrate
concentration.

Chloride is a conservative ion because it is not taken up by plants to a great
degree and is not biologically or chemically transformed in the soil. The source of most
chloride in the groundwater on the research site is agricultural fertilizers. Dueto the
intense use of agricultural chemicals over the past 50 years, there is thought to be fairly
large sink of chloride in the shallow aquifers beneath the agricultural fields and the
riparian buffer plots. The nitrate nitrogen to chloride (NOs-N/Cl) ratio may then be
compared both spatially and temporally. A decrease in the NOs-N concentration and the
NOs-N/CI ratio would indicate that nitrate is disappearing relative to chloride through
some means other than dilution and in the case of the riparian buffers would be attributed
to biological denitrification. A decreasein NOs-N but not the NOs-N/Cl ratio would be
indicative of dilution from awater source lower in NOs-N. Thisis an indirect indicator
of dilution since dilution by groundwater with a varying concentration of chloride could
occur.

Appendix D contains figures depicting the NOs-N/Cl ratios for all well transects
on R2N, R3W, and R3E (Figures 2 and 3). R2S was not considered since groundwater
flow was away from the buffer. NOz-N/Cl datawas highly variable for some well
transects and not as variable on others; however, general trends could be observed prior

to effects of the hurricanesin September 1999. After the hurricanes, trends were
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different in many plots for several months. NOs-N/Cl ratio on R2N decreased from the
buffer edge to the ditch edge (Figure 45) in all 15 m plots and two 8 m plots. In the other
three 8 m plots, NO3-N/Cl did not decrease as groundwater traveled toward the ditch
(Figure 46).

On R3W, adecrease in NO3-N/Cl ratio was observed in middle depth wells where
the groundwater flow was toward the ditch (Figure 47); however, there was an increase in
the NO3-N/Cl ratio in the deep wells. On that same buffer replicate, where groundwater
flow was away from the ditch, the NO3-N/Cl ratio remained relatively constant (Figure
48). Transect 5 on R3W exhibited a decrease in NO3z-N/Cl ratio during the wet months
when the hydraulic gradient toward the ditch was more pronounced (Figure 49).

On R3E, trends in the NO3-N/Cl data were even less obvious than on R3W. Only
three well transects had a hydraulic gradient toward the ditch. NOs-N/Cl ratios for these
transects are shown in Figures 50 through 52. The deep wells on transect 1 (Figure 50)
showed few spatial trends, but for several sampling events the NO3-N/Cl ratio in the mid
depth wells showed a decrease as groundwater moved toward the ditch prior to the
hurricanes. Thistrend was not consistently clear due to missing data as aresult of dry
wells. The deep and mid wells on transect 2 (Figure 51) showed a decrease in NOs-N/Cl
ratio which would indicate NOs-N loss due to denitrification since the NOs-N
concentration decreased aswell. Finally, well transect 8 deep and mid depth wells
(Figure 52) exhibited NO3-N/Cl ratios increasing in the direction of groundwater flow.
The direction of flow at the deep well depth istoward the ditch, while away from the

ditch at the mid depth wells.
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Water Quality

Ammonium and phosphate concentrations varied slightly; however, most samples
produced concentrations near the detection limits of 0.1 mg/l NH4-N and 0.01 mg/l PO4-
P. Since NOs-N isthe nutrient of interest it will be discussed in this paper. Nitrate
nitrogen concentration data for all well transects are presented in Appendix B. The first
month of sampling is not included in these figures or in the data analysis since the wells
had just been installed, and were disturbed due to extensive purging. In general, where
flow was found to be toward the ditch (Figures 39 through 41), the nitrate nitrogen
concentration decreased from the buffer edge (R2N) or the field position (R3W and R3E)
compared to the ditch well nest. Figure 53 shows an example of thistrend prior to the
hurricanes (September 1999). In addition, in many cases where flow was toward the
ditch, the NO3s-N concentration and the NO3-N/Cl ratio decreased (Figure 53). This
scenario is indicative of denitrification of nitrate when Cl concentration remained the
same over position. After the flooding in September 1999, the NOs-N and Cl
concentrations decreased dramatically and remained low. This could be due to solutes
being leached through the profile by the flood waters. In addition, the 8 m wide plots on
R2N are down gradient of a section of the farm that fertilizer practices were halted. It
can be seen in Figure 51 that in some cases nitrate concentration decreased in the middie
depth wells but not in the deep wells. In fact, in Figure 54 NOs-N concentration was
higher in the deep well at the ditch position compared to the field. One possibility for
this phenomenon may be that the field deep well may have been installed in a clay layer
that likely has reducing conditions. Another trend in the nitrate data that was observed

was that when the flow was away from the ditch, in many cases the NOs-N concentration
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increased moving away from the ditch (Figure 55). Thiswas mostly likely an effect of
nitrate leaching down from the upper soil horizons.

Severa conditions were identified to categorize the water quality data. First
means were developed over all timefor all well transects on each replicate considered
here. Also, the replicates were categorized into the various riparian buffer and drainage
treatments as described previously. Next, means were calculated for the time period prior
to the hurricane (September 1998 through August 1999) and separate means were
calculated for the post hurricane time period (September 1999 through June 2000) for
each treatment category. Although NO3z-N concentration in many well transects seemed
to rebound rather quickly from the effects of the hurricanes and flooding (Figure 55),
other well transects did not (Figure 52). The 8 m wide transects on R2N that did not
rebound after the hurricanes may be affected by the land use change up gradient of the
buffer plots. Asdiscussed previoudly, the land use in this area was changed to a natural
successional treatment in another research project. Interms of water quality, conditions
in June 2000 seemed to begin to approach those conditions prior to the hurricane, but this
one sampling date was still lumped into the post-hurricane category since results varied
depending on the individual well transect. The nitrate nitrogen means over all replicates
are presented in Table 3, separated by replicate. Percent decrease in nitrate nitrogen
concentration was calculated by subtracting the ditch nitrate concentration from the
buffer or field concentration, dividing by the buffer or field concentration, and
multiplying the result by 100. Over all well transects, the average percent decrease in
NOs-N concentration was 8% prior to the hurricanes and 6% after in the deep wells; 48

and 16% in the mid depth wells.
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It was obvious that factors such as groundwater flow away from the ditch were
resulting in negative percent decreases (i.e. NO3-N concentration higher at the ditch edge
compared to the field or buffer location), skewing the average percent decrease.
Therefore, well transects where flow was toward the ditch were identified (Figures 29
and 30) and the NO3s-N means calculated. These data were thought to more accurately
represent the effect of the riparian zone next the ditch on the groundwater quality. The
results are summarized for each treatment typein Table 4.

On the controlled drainage treatment a NOs-N decrease of 52% before the
hurricanes and 64% after, at the deep well depth was observed. In the mid depth wells
there was a 79% before the hurricanes and 51% after. On the riparian buffer treatment a
-44%, 15% nitrate concentration decrease before and after the hurricanes, respectively in
the deep wells was observed. In the mid depth wells, a 45% removal before and a 21%
decrease after the hurricanes was observed. The treatment with both riparian buffers and
controlled drainage resulted nitrate concentration decreases of 60 and 55% before and
after the hurricanes, respectively in the deep wells. Concentration decreases of 47 and
16% were observed in the middle depth wells before and after the hurricanes,
respectively. Percent NEN decrease averaged over all treatments was 23 and 44% in
the deep wells before and after the hurricanes, respectively and in the mid depth wells, 62
and 36%.

In all treatments, the hurricanes in September 1999 resulted in a reduction in the
percent decrease of N®I as groundwater moved toward the buffer at the middle well
depth. Several reasons for this occurrence are possible. Nitrate may have been flushed

out of the system in large quantities when the flood water began to recede; however, most
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of the water quality figures do not support this conclusion (Figures 53, 55-57, Appendix
B) since NO3s-N concentration did not remain low after the hurricane flooding. Dilution
may have contributed to decreases observed in the NOs-N concentration. At the deep
well depth in the controlled drainage and the riparian buffer treatments, the percent
decrease in NO3-N concentration actually increased (i.e. more nitrate removed) and in the
combination treatment, this number dropped dlightly. Reasons for the trends observed in
the deep wells were not apparent.

Finally, in an attempt to account for more of the variability observed in the water
quality data, means were calculated for well transects where flow was toward the ditch
and where dilution was not a factor based on the NOs-N/Cl ratios. These datawere
thought to be representative of cases where nothing but the various drainage conditions,
riparian buffer treatments, and localized soil conditions affected the water quality. Well
transects in thisanalysiswere asfollows: all 15 m plots on R2N, 8 m trees and native
vegetation plots on R2N, R3W mid depth wells on transects 1-5 and deep wells on
transect 5, R3E transect 1, 2, and 8 mid depth wells, and R3E transect 2 deep wells.
NOs-N means by treatment type are summarized in Table 5. The NOs-N decrease was
75% on the controlled drainage treatment before the hurricanes and 80% after, at the deep
well depth. In the mid depth wells it resulted in 79% before the hurricanes and 48%
after. Theriparian buffer treatment resulted in a 9% and 31% nitrate concentration
decrease before and after the hurricanes, respectively in the deep wells. In the mid depth
wells, buffers resulted in a 45% decrease before and a 21% after the hurricanes. The
combination treatment with both riparian buffers and controlled drainage resulted nitrate

concentration decreases of 78 and 71% before and after the hurricanes, respectively in the
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deep wells. Concentration decreases of 60 and 28% were observed in the middle depth
wells before and after the hurricanes, respectively. Over all treatments, percent decrease
in the deep wells was 60 and 55% before and after the hurricanes, respectively; 60 and
29% in the mid depth wells.

Similar to the analysis where dilution was not taken into consideration, percent
decrease in nitrate concentrations after the hurricanes was greater in the deep wells for
the controlled drainage and the riparian buffer treatment, but not in the combination
treatment. At the middle well depth, percent decrease of NO3-N was lower after the
hurricanes compared to the time period before. In general, accounting for dilution based
on decreases in NO3-N/Cl ratio resulted in higher percent decrease numbers. Also,
percent decrease in NOs-N concentration for any given treatment was lower after
compared to before the hurricanes.

Generadly on R3E, although groundwater flow may have been away from the
ditch along most of the well transects, NO3-N concentration was very low as measured at
the ditch location (Appendix B). Thiswas thought to be due to reduced conditions along
the ditch bank where there was an abundant carbon source. Although the water table may
have fallen during dry periods, anaerobic conditions may have persisted in localized
microsites in the soil. Some researchers suggest that these microsites are very important
in the overall nitrate removal capacity of riparian buffers (Gilliam et al., 1997b). The
result was apparent decreases greater than the riparian buffer and combination treatments.
It isimportant to note that these results are based on only three of eight well transects on
R3E since they had flow toward the ditch. Averages over all time for well transects

where the hydraulic gradient is toward the ditch and NO3-N/Cl ratio decreases toward the
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ditch areasfollows: 77 and 69% NO3-N concentration decrease in the deep and mid
wells on the controlled drainage treatment, while 22 and 35% was observed on the
riparian buffer treatment, and 75 and 51% on the combination treatment. Although the
largest decrease in nitrate concentration as measured between the field wells and the ditch
edge wells was found on the controlled drainage treatment, this treatment had a lower
average water table depth than the free drainage treatment. Therefore, the larger decrease
in NOs-N concentration is most likely due to chance rather than any effect of the

controlled drainage treatment.

Influence of Drainage Control on Groundwater Quality

A linear regression analysis was conducted to quantify the relationship between
NOs-N concentration along the treatment ditches and water table depth. Since temporal
trends were categorized into before and after hurricane conditions, due to observed water
quality trends in each well transect (Appendix B), aregression analysis was conducted
for these two time periods. NO3-N was set as the dependent variable and depth to the
water table as the independent variable. The analysis was conducted for mid depth wells
on the ditch edge for each well transect. The analysis was not conducted for the deep
wells because the water table normally fluctuated around 1.8 m deep or less at the ditch
position. This fluctuation would include the average well screen depth of 1.5-2.1 min
the mid depth wells. The deep well screens were normally installed at a depth of 3.0-3.7
m and any fluctuation at the 1.8 m depth would probably have no effect at the deeper

depth.
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A total of 72 linear regressions were run using PROC REG in SAS (SAS, 1985).
Regression equations and the corresponding statistics were generated. Regression
equations were not estimated for several well transects due to missing data or constant
nitrate concentrations at the detection limit. Statistics are summarized in Table 6 and 7
for samples collected prior to the hurricanes before (September 1999) and after the
hurricanes, respectively.

There are three well transectsin Table 6 that had a significant (a=0.1 or 0.05)
relationship between water table depth and NO3z-N concentration. These three well
transects are as follows: R2S 8 m fescue, R3E well transect 1, and well transect 7. The
slope in each of these regression equationsis positive as expected. That is, as the water
table depth decreases (i.e. closer to the surface), the NOs-N concentration decreases as
well. Thisis expected since higher water tables are thought to promote conditions
conducive to denitrification. Conversely, deeper (i.e. increasing) water table depth would
result in less denitrification (i.e. increasing NOs-N concentration).

Table 7 presents regression results for mid depth well data collected after
hurricane flooding (September 1999-June 2000). Eleven well transects that had
significant relationships between water table depth and NO3-N. All significant regression
equation slopes were negative. Extensive flooding occurred during and following the
hurricanes of September 1999. Negative slopes indicate that as the water table depth
decreased (i.e. water table near the surface) that the NOs-N concentration increased.

The linear regression analysis of NOs-N and water table depth data indicated that
prior to the flooding event there was a significant positive relationship between NOs-N

and water table depth in 3 of 72 well transects in the mid depth wells. This indicates that
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as water table depth increased, NO3s-N increased or conversely that when water table
depth decreased, NO3-N decreased. Thisrelationship iswhat would be expected if in fact
the saturation of the upper soil horizons promoted anaerobic conditionsin carbon rich
zones that would then enhance denitrification. However, only 3 out of 72 significant
relationships suggest that the water table depth did not have alarge impact on the ditch
well water quality. This agrees with the stream and groundwater level analysis that
indicates that implementing controlled drainage did not result in raising the stream or
groundwater level for extended periods of time. Thisisnot to say that denitrification
deep within the profile (not affected by water table depth) was not occurring. After the
hurricane flooding, more mid depth well transects resulted in significant relationships
between nitrate and water table depth, but they were inverse relationships. Only one well
transect, R3E transect 7, resulted in a significant rel ationship between water table depth
and NO3-N before and after the flooding. The slope of that relationship was positive
before the flooding and negative after.

In addition to the linear regression analysis, plots were created showing water
table depth and NO3-N concentration over time for replicates R2S, R2N, R3W, and R3E
(Appendix F). Examples for these replicates are shown in Figures 57 through 60. Trends
between water table depth and NOs-N within each time period (pre and post hurricane)
were not obvious. However, in many cases the water table rise accompanying the
hurricane events resulted in lower values of NO3-N concentration afterwards (Figures 57,
58, and Appendix F). Thisoccurred in 27 well transects out of 36 transects. Those
transects were as follows. R2S 8 m switch grass and all 15 m plots, al plotson R2N, all

well transects except transect 6 on R3W, and transects 1, 2, 4, and 8 on R3E.
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In summary, regression relationships between water table depth and near stream
water quality failed to support the hypothesis that a high water table resultsin lower NOs-
N. However, implementation of controlled drainage did not result in high water table
conditions for extended periods of time. Thus, implementation of controlled drainage on
soils and landscapes with relatively deep water tables and high permeability subsoils did

not affect water table depth.

CONCLUSIONS

Installing a controlled drainage structure and maintaining controlled drainage
conditions throughout the year did not result in water held in the drainage ditches for
extended periods of time. In fact, the free drainage (i.e. riparian buffer only) treatment
had a groundwater table that was closer to the surface all of the time compared to the
controlled drainage treatments. The groundwater level recorder on the ditch edge closest
to the free drainage riparian buffer treatment outlet had an average water table depth for
seventeen storm events of 0.92 m. In contrast, recorders closest to the two controlled
drainage ditches had an average depth to the water table of 0.96 and 1.45 m. Thefree
drainage treatment hydrograph did have sharper peaks during storms compared to the
controlled drainage hydrographs. There was often flow over the free drainage weir, but
in the controlled drainage treatments, the ditches dried up fairly quickly. Strictly by
chance, the free drainage treatment was installed along a ditch with a shallower

impermeable layer compared to the impermeable layer on the controlled drainage
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treatments (i.e. 2 m versus 3-4 m deep). Therefore, in this study, soil conditions and
landscape position had the greatest influence on the depth to the water table and not
drainage treatment.

It was determined that although NO3s-N decreases were observed across many
well transects that the mechanism was not always denitrification. In fact, well transects
were installed based on the assumption of groundwater flow toward the field ditches, but
the hydraulic head data presented here confirms that flow was not always toward the
ditches as assumed. In addition, based on NOs-N/Cl ratio data, a number of well
transects appeared to be subject to adilution effect. This could lead to mixed resultsin
similar studiesif only afew wells are installed.

A lower percent decreasesin NOs-N was observed on the free drainage treatment
although up slope concentrations were similar to the other treatments in most cases.
Once well transects that did not have flow toward the ditch and had evidence of dilution
(i.e. decrease in both NOs-N and NO3-N/Cl ratio) were taken out of the analysis, deep
well nitrate concentrations at the buffer/field and ditch location were as follows: 8.4 and
1.9mgN/l, 8.0 and 6.2 mg N/I, and 7.3 and 1.8 mg N/I for controlled drainage, buffer
only (free drainage), and combination, respectively. The respective percentage NOs-N
decrease for each treatment was 77, 22, and 75% over al time. The same concentrations
for the mid depth wells were as follows. 6.6 and 2.0 mg N/I, 10.5 and 6.9 mg N/I, and
11.3 and 5.5 mg N/I, which resulted in respective percent decreases of 69, 35 and 51%.
Generally, percentage NO3z-N decrease was higher after the hurricanes in the deep wells

and lower in the mid depth wells.
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There was alack of positive significant relationships between water table depth
and NO3-N concentration at the ditch edge along each treatment. It was found that
raising the water table did not result in lower NOs-N concentration except in three well
transects for the time period prior to the hurricanes. In addition, graphical plots of NOs-
N concentration and water table depth failed to show any obvious relationship between
those two variables. The only relationship that could be discerned from those graphs was
that in 27 out of 36 well transects the NOs-N concentration was lower after the hurricanes
than before. Thisisnot to say that there was not denitrification occurring at depth within
the profile. In fact nitrate concentration did decrease in mid and deep wells, but the
limited time period that the water table was el evated due to controlled drainage did not
correlate with lower NOs-N concentrations.

The percentage decrease in NO3z-N concentration was higher at both well depths
on the controlled drainage treatment. The combination treatment had the next highest
percent decrease, and the free drainage riparian buffer treatment had the lowest.
However, the water table near the ditch on the free drainage treatment was closer to the
ground surface than on the other two treatments most of the time. Therefore,
implementation of controlled drainage did not lead to conditions where the water table
was higher than free drainage conditions. Thiswas due to localized soil conditions such
as a shallower impermeabl e layer on the free drainage treatment. Although the actual
implementation of controlled drainage did not alter the hydrology such that water table
near the ditch was higher in the controlled drainage treatments compared to the free

drainage treatment, the controlled drainage treatments had the highest percent NOs-N
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concentration decrease. This could have been due to local soil conditions, possible
unaccounted for dilution, or denitrification in soil microsites.

It isimportant to note that in this study although the free drainage treatment had a
higher water table than either of the controlled drainage treatments, controlled drainage
may still be aviable option for raising water tablesin Middle Coastal Plain. The flood
plain sediments (i.e. coarse sandy subsoils) in the area of the study site led to quick
seepage of water from the controlled drainage ditches. Thiswould not be expected to
happen in upland regions on the Middle Coastal Plain. Also, even though raising the
water table was not correlated with lower NOs-N concentrations, flow of stream water
was completely prevented from reaching the main drainage ditch much of the time period
during this study. Thisforced the water to flow deeper within the profile where NO3-N

concentration decreases were found.
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Tablel.

drainage (WCS1 and WCS3) and free drainage (WCS2) treatments.

Individual storm data and effects on stream and groundwater stage and time of influence in controlled

Storm  Total Precip Time of Influence Max Change in Stage
Date  Precip Duration | WCS1 WCS2 WCS3 GWR15 GWR2 GWRI11 | WCSI WCS2 WCS3 GWR15 GWR2 GWRI1
(mm) (hr) (hr) (cm)
3/14/99 12 12 75 56 125 <1 54 33 1.3 17 6.5 <1 3 3
4/27/99 66 45 |NoData 259 253 NoData 256 115 |NoData 21 27 NoDaa 11 2
6/15/99 155 30 375° 375 375 375" 375" 375" 118 130 167 38 125 62
6/30/99 39 4 280" 107 334 280" 137 228 76 42 34 17 33 13
7/10/99 90 47 336 336 336 336" 336" 336" 61 58 83 18 29 28
7/24/99 48 8 239 486" 169 161 240 118 45 50 21 7 21 6
8/14/99 64 8 73" 80" 366 378 381" 342 81 84 88 18 49 18
1/10/00 26 76 239" 40 239 90 o4 173 60 9 28 7 27 13
1/23/00 54 57 167" 167 167 167" 167" 167" 93 35 111 53 44 62
1/30/00 26 10 58 167" 60 167" 167" 167" 35 6 44 34 31 30
3/11/00 21 4 115 46 47 22 86 26 24 3 11 28 18 3
3/20/00 19 16 81 65 143 70 85 109 11 3 17 3 12 5
4/8/00 17 3 151" 78 102 54 101 25 16 3 15 8 11 7
5/27/00 26 38 1947 160~ 0 104 160" 65 45 14 0 37 17 13
6/3/00 55 64 381 127 203 285 302 117 75 39 27 93 32 15
6/19/00 23 12 57" 66 35 57" 66 57" 41 21 5 23 26 4
7/12/00 22 35 132 118 NoData 103 162 114 33 9 NoDaa 3 23 3

"Equipment failure during these periods.

“Timetill next precipitation event. Water level did not drop to pre-storm level.




Table2. Individual storm effects on stream and groundwater stage and elevation on controlled drainage (WCS1 and
WCS3) and free drainage (WCS2) treatments.

Storm Stream Stage Stream Elevation Groundwater Depth Groundwater Elevation
Date WCS1 WCS2 WCS3 WCSL WCS2 WCS3 GWR15 GWR2 GWR11 GWRI15 GWR2 GWR11

(m) (m) (m) (m)

14}

3/14/99  -0.95 0.00 -1.22 27.19 27.55 27.69 1.19 1.10 1.56 28.32 28.46 28.43
4/27/99 NoData  -0.04 -122 NoData 2751 27.69 1.08 1.15 1.79 28.42 28.40 28.19
6/15/99  -0.35 0.11 -0.61 27.79 27.66 28.30 1.03 0.91 1.46 28.47 28.64 28.53
6/30/99  -0.30 0.43 -0.76 27.84 27.98 28.15 1.00 0.92 1.47 28.50 28.63 28.51
7/10/99  -0.42 0.11 -0.67 27.72 27.66 28.23 1.01 0.89 141 28.50 28.66 28.58
7/24/99  -0.39 0.17 -0.75 27.75 27.72 28.15 1.00 0.88 1.44 28.50 28.67 28.54
8/14/99  -0.27 0.23 -0.57 27.87 27.78 28.34 1.02 0.85 1.48 28.48 28.70 28.50
1/10/00  -0.36 0.11 -0.67 27.79 27.66 28.24 1.07 0.85 1.34 28.43 28.71 28.65
1/23/00 021 0.37 0.18 28.36 27.92 29.09 0.64 0.71 0.90 28.87 28.84 29.08
1/30/00  0.20 0.10 0.20 28.34 27.65 29.11 0.63 0.70 0.78 28.88 28.86 29.20
3/11/00 -0.46 0.03 -0.90 27.69 27.58 28.01 0.78 0.89 1.32 28.73 28.66 28.67
3/20/00 -0.30 0.03 -0.80 27.84 27.58 28.11 1.05 0.94 1.33 28.46 28.61 28.66
4/8/00  -0.82 0.01 -1.21 27.32 27.56 27.70 1.07 1.01 1.44 28.43 28.54 28.54
5/27/00  -0.60 0.00 -0.14 27.55 27.55 28.77 0.94 1.06 1.66 28.56 28.49 28.32

6/3/00  -0.26 0.28 -1.10 27.88 27.83 27.81 0.40 0.89 1.67 29.10 28.66 28.32
6/19/00  -0.60 0.12 -1.31 27.54 27.67 27.60 1.10 0.96 1.82 28.40 28.60 28.17
7/12/00  -0.48 0.10 -1.27 27.66 27.65 27.64 1.25 0.92 1.84 28.26 28.64 28.14
Average -0.38 0.13 -0.75 27.76 27.68 28.16 0.96 0.92 1.45 28.55 28.63 28.53

"Missing data due to equipment failure.
" Stage relative to each weir invert.
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Table3. NO3-N concentration means and percent decrease for all well transects.
All Time Percent Pre Hurricane Percent Post Hurricane  Percent
Well Depth| Replicate | Buffer Ditch Decrease| Buffer Ditch Decrease| Buffer Ditch Decrease
R2S 2.7 35 -32 3.0 4.2 -42 2.3 2.6 -14
R2N 6.6 2.8 58 7.5 3.0 60 54 24 55
Deep R3E 4.4 2.3 48 4.7 2.1 55 4.1 25 38
R3W 3.7 6.4 -70 3.0 6.2 -103 4.6 6.7 -46
Average 4.3 3.9 7 4.3 4.0 8 4.2 39 6
R2S 3.7 4.7 -27 4.3 5.7 -32 3.0 35 -16
R2N 109 6.5 40 14.9 7.9 47 5.7 4.8 16
Mid R3E 6.5 1.9 71 8.8 15 83 4.5 24 47
R3W 8.9 6.7 25 104 6.6 36 7.1 6.9 2
Average 7.6 4.7 37 9.6 4.9 48 5.3 4.5 16
Table4. NO3-N concentration means and percent decrease by treatment for well transectswhere
groundwater flow wastoward theditch.
All Time Percent Pre Hurricane Percent Post Hurricane Percent
Well Depth | Treatment | Buffer Ditch Decrease| Buffer Ditch Decrease| Buiffer Ditch Decrease
Control 6.7 1.9 72 4.7 2.2 52 4.1 15 64
Deep Buffer 59 6.5 -8 4.2 6.1 -44 8.1 6.9 15
Both 6.6 2.8 58 7.5 3.0 60 54 2.4 55
Average 6.4 3.7 42 55 3.8 31 59 3.6 38
Control 6.4 1.9 70 8.9 1.9 79 4.1 2.0 51
Mid Buffer 105 6.9 35 11.0 6.1 45 9.9 7.9 21
Both 109 6.5 40 14.9 79 47 5.7 4.8 16
Average 8.5 4.4 48 10.0 4.0 60 7.0 4.9 30
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Table5. NOgs-N concentration means and percent decr ease by treatment for well transects wher e groundwater
flow was toward the ditch and both NOz-N and NO3-N/CI decreased.

All Time Percent Pre Hurricane Percent Post Hurricane Percent
Well Depth | Treatment | Buffer ~ Ditch Decrease| Buffer Ditch Decrease| Buffer Ditch Decrease

Control 8.4 19 77 9.7 24 75 6.8 1.3 80

Deep Buffer 8.0 6.2 22 5.7 5.2 9 10.9 75 31
Both 7.3 18 75 8.7 19 78 5.6 17 71

Average 7.9 3.3 58 8.0 3.2 60 7.8 3.5 55

Control 6.6 2.0 69 8.9 19 79 4.4 2.3 48

Mid Buffer 10.5 6.9 35 11.0 6.1 45 9.9 7.9 21
Both 11.3 55 51 15.1 6.1 60 6.6 4.7 28

Average 9.5 4.8 51 11.7 4.7 60 6.9 5.0 29




Table6.

Linear regression resultsfor middle depth wells prior to hurricane
flooding (September 1998-August 1999).

Replicate Transect Equation R?® |FVaue| Prob>F
15 m Fescue NO3-N = 0.059162*MIDWTD+0.312813 | 0.0002| 0.001 | 0.9743
15m Nat Veg NO3-N = 5.65275*MIDWTD+0.864584 | 0.0325| 0.235 0.6426
15 m No Buffer NO3-N = 6.522279*MIDWTD-1.716072 | 0.1575| 1.308 | 0.2903
15m Trees NO3-N = 3.079879* MIDWTD+1.246526 | 0.0421| 0.308 0.5963
RON 15 m Switch Grass| NO3-N =-0.3044*MIDWTD+6.450228 | 0.0002| 0.002 | 0.9683
8 m Fescue NO3-N =-2.474197*MIDWTD+15.183120 | 0.0145| 0.103 | 0.7573
8 mNat Veg NO3-N = 3.661988*MIDWTD+2.79322 | 0.0637| 0.476 | 0.5125
8 mNo Buffer | NO3-N =-7.095185*MIDWTD+7.2260027 | 0.1211| 0.964 | 0.3589
8 m Trees NO3-N =0.725177*MIDWTD+8.826651 | 0.0021| 0.015 | 0.9067
8 m Switch Grass | NO3-N =-7.350956*MIDWTD+22.034762 | 0.0327 | 0.237 | 0.6413
15 m Fescue NO3-N =4.483122*MIDWTD+5.798705 | 0.0279| 0.201 | 0.6673
15mNat Veg NO3-N =-2.35085*MIDWTD+13.467145 | 0.0121| 0.086 | 0.7778
15 m No Buffer | NO3-N =-5.000296* MIDWTD+14.385255 | 0.0482 | 0.355 | 0.5701
15m Trees NO3-N =8.85641*MIDWTD-2.576741 | 0.1843| 1.582 | 0.2488
R2S 15 m Switch Grass | NO3-N =-1.445269* MIDWTD+10.268765 | 0.0046 | 0.032 | 0.8628
8 m Fescue NO3-N =3.22676* MIDWTD-1.761939 0.4175| 5.017 | 0.0601*
8 mNat Veg Not Estimated
8 m No Buffer NO3-N =1.655782*MIDWTD-0.81119 | 0.1498 | 1.233 0.3035
8 mTrees NO3-N =0.226734*MIDWTD+0.212972 | 0.0063 | 0.044 0.839
8 m Switch Grass | NO3-N =4.09971*MIDWTD+4.303231 | 0.0123| 0.087 | 0.7768
Transect 1 NO3-N =11.036381*MIDWTD-8.547958 | 0.4186| 5.04 | 0.0596*
Transect 2 NO3-N =0.061421*MIDWTD+0.049678 | 0.0727| 0.548 | 0.4831
Transect 3 NO3-N =0.333547*MIDWTD-0.333274 | 0.2457 | 2.28 0.1748
R3E Transect 4 NO3-N =-2.420768*MIDWTD+4.283313 | 0.3134 | 3.196 0.117
Transect 5 NO3-N =7.589744*MIDWTD-7.380092 | 0.3097| 3.141 0.1196
Transect 6 NO3-N =1.682012*MIDWTD-1.799106 | 0.3374| 3.565 0.101
Transect 7 NO3-N =4.094423*MIDWTD-5.098683 | 0.4996 | 6.989 | 0.0332**
Transect 8 NO3-N =-0.241201*MIDWTD+0.495689 | 0.2169| 1.662 | 0.2449
Transect 1 NO3-N =1.258642* MIDWTD+4.623443 | 0.0143| 0.102 0.759
Transect 2 NO3-N =2.046862* MIDWTD+5.378418 | 0.0348| 0.253 | 0.6306
Transect 3 NO3-N =-12.798794*MIDWTD+26.54058 | 0.2041 | 1.796 | 0.2221
R3W Transect 4 NO3-N =-0.48199*MIDWTD+6.709069 | 0.0013| 0.009 0.928
Transect 5 NO3-N =5.601317*MIDWTD-1.65755 | 0.0874| 0.67 0.4399
Transect 6 NO3-N =-0.201516*MIDWTD+7.064953 | 0.0002| 0.001 | 0.9744
Transect 7 NO3-N =5.684285*MIDWTD+0.107541 | 0.1097 | 0.862 0.384
Transect 8 NO3-N =3.341258*MIDWTD+0.284821 | 0.138 | 0.961 | 0.3649

*Significant at the 90% level
**Significant at the 95% level
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Table?7.

Linear regression resultsfor middle depth wells after hurricane flooding
(September 1999-June2000).

Replicate Transect Equation R® FVaue Prob>F
15 m Fescue NO3-N=-8.46948*MIDWTD+9.762232 | 0.8093 | 21.221 | 0.0058**
15m Nat Veg NO3-N=-1.733182*MIDWTD+5.230641 | 0.2084 | 1.316 | 0.3032
15 m No Buffer | NO3-N=-7.919677*MIDWTD+12.96847 | 0.6604 | 7.777 | 0.0494**
15mTrees NO3-N=-7.692425*MIDWTD+13.005591 | 0.7586 | 15.715 | 0.0107**
RON 15 m Switch Grass | NO3-N=-7.349187*MIDWTD+10.621042 | 0.548 | 6.062 | 0.0571*
8 m Fescue NO3-N=-0.693683*MIDWTD+5.113597 | 0.0293 | 0.151 | 0.7139
8 mNat Veg NO3-N=-1.083987*MIDWTD+4.406035 | 0.7666 | 13.14 | 0.0223**
8 m No Buffer NO3-N=0.126911*MIDWTD+5.753437 | 0.0004 | 0.002 0.966
8 m Trees NO3-N=-0.913739*MIDWTD+6.124161 | 0.0563 | 0.298 | 0.6084
8 m Switch Grass | NO3-N=-1.471842*MIDWTD+5.683223 | 0.0696 | 0.374 | 0.5675
15 m Fescue NO3-N=-1.958047*MIDWTD+7.144151 | 0.1106 | 0.497 | 0.5195
15mNat Veg NO3-N=-1.708803*MIDWTD+5.743738 | 0.1328 | 0.766 | 0.4215
15 m No Buffer NO3-N=-2.49872*MIDWTD+7.10839 | 0.0886| 0.486 | 0.5167
15m Trees NO3-N=-1.97679*MIDWTD+5.919182 | 0.8603 | 30.794 | 0.0026**
R2S 15 m Switch Grass | NO3-N=-5.549741*MIDWTD+7.734466 | 0.4956 | 4.913 | 0.0775*
8 m Fescue NO3-N=-0.136393*MIDWTD+0.338541 | 0.0328| 0.169 | 0.6977
8 mNat Veg NO3-N=-5.805584*MIDWTD+3.132758 | 0.5002 | 5.004 | 0.0755*
8 m No Buffer NO3-N=0.944186*MIDWTD+0.327904 | 0.3028 | 2.172 | 0.2006
8 m Trees NO3-N=0.328156*MIDWTD+0.164447 | 0.1184| 0.671 | 0.4498
8 m Switch Grass | NO3-N=-6.125413*MIDWTD+8.161976 | 0.4203| 3.626 | 0.1153
Transect 1 NO3-N=-0.70199*MIDWTD+8.241072 | 0.0103| 0.052 | 0.8282
Transect 2 NO3-N=-1.262997*MIDWTD+2.584552 | 0.3702 | 2.939 | 0.1471
Transect 3 NO3-N=0.115724*MIDWTD+0.087056 | 0.0649| 0.347 | 0.5814
R3E Transect 4 NO3-N=-0.040657*MIDWTD+0.281273 | 0.0101| 0.051 | 0.8299
Transect 5 NO3-N=-4.126745*MIDWTD+9.942853 | 0.1902 | 1.175 | 0.3279
Transect 6 NO3-N=-1.05886*MIDWTD+3.500636 | 0.0558 | 0.296 0.61
Transect 7 NO3-N=-0.319153*MIDWTD+0.485414 | 0.5762 | 6.799 | 0.0478**
Transect 8 Not Estimated
Transect 1 NO3-N=-2.950642*MIDWTD+7.57575 | 0.6967 | 11.485 | 0.0195**
Transect 2 NO3-N=-1.656936*MIDWTD+6.867554 | 0.3401 | 2.577 | 0.1693
Transect 3 NO3-N=-3.795625* MIDWTD+12.297689 | 0.6336 | 8.646 | 0.0322**
R3W Transect 4 NO3-N=-2.267122*MIDWTD+8.529891 | 0.4034 | 3.381 | 0.1253
Transect 5 NO3-N=-3.104687*MIDWTD+11.395302 | 0.0463 | 0.243 | 0.6432
Transect 6 NO3-N=-0.880188*MIDWTD+7.894225 | 0.0383 | 0.199 | 0.6741
Transect 7 NO3-N=-0.325063*MIDWTD+6.546462 | 0.0057 | 0.029 | 0.8724
Transect 8 NO3-N=1.024787*MIDWTD+4.544517 |0.1951 | 0.97 0.3805

*Significant at the 90% level
**Significant at the 95% level
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Figure 10. Stream stage at water control structuresand groundwater depth near

structures after storm of 6/15/99.
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Figure1l. Stream stage at water control structuresand groundwater depth near
structures after storm of 6/30/99.
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Figure12. Stream stage at water control structuresand groundwater depth near
structures after storm of 7/10/99.
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Figure 13. Stream stage at water control structuresand groundwater depth near
structures after storm of 7/24/99.
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Figure 14. Stream stage at water control structuresand groundwater depth near
structures after storm of 8/14/99.

164



Weir Invert = 28.14 m

Ground Elev=29.50 m

28.8 28.8
28.6 + + 28.6 g
E 284 + 1284 ¢
c 282 + 1282 %
o >
Z 28.0 + 1280 @
> o
[} —
m e
©
5 3
2 c
Z 5
. 00
26.8 -——— T 26.8
O OO0 000000000000 00000 OO OO0 O
AN MO IO O~ 0O O AN MTENHDOMNOOO O AN M
Controlled = A A A A A AN NN AN
Drainage & Time Since Beginning of Event (hr)
Riparian
Buffer | = WCSL e GWRIS  Weirlnert|
Weir Invert = 27.55 m Ground Elev=28.82 m
28.8 28.8
28.6 + % + 28.6 g
E 2847 284 ¢
c 28.2 + T 282 2
o >
= 28.0 + 1280 @
3 27.8 | {278 "
S 27.4 + 1 27.4 §
&5 2712 + 27.2 3
27.0 + +27.0 5
26.8 -——— T 26.8
O OO0 0O 00 00000000000 000 OO OO0 o
SN M O O~ 000D O0O A NMITEN OO O N M
Free ™ A A A NN NN
Drainage & Time Since Beginning of Event (hr)
Riparian
Buffer | = WCS2 e GWR2  Weir Inwert|

Weir Invert = 28.91 m

Ground Elev=29.31 m

28.8 28.8
28.6 V—w %66 €
E 284+ T 284 ¢
c 28.2 Nﬁ 222
Qo >
= 28.0 % 280 o
© 27.8 + {278 Y
o [
c 276+ 1276 =
S 27.4 + {274 %
—_ c
5212t +27.2 5
27.0 - 1270 5
26.8 -— 7T 26.8

O OO0 000000000000 00000 OO OO0 O

AN MO IO O~ 0O O AN MSTENHDOMNOOO O AN M

D B B B B I I I R B N A o\ I o NI o\

Controlled Time Since Beginning of Event (hr)
Drainage
= WCS3 e GWRLl  Weir lnwert|

Figure 15. Stream stage at water control structuresand groundwater depth near
structures after storm of 1/10/00.
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Figure 16. Stream stage at water control structuresand groundwater depth near
structures after storm of 1/23/00.
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Figure17. Stream stage at water control structuresand groundwater depth near
structures after storm of 1/30/00.
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Figure 18. Stream stage at water control structuresand groundwater depth near
structures after storm of 3/11/00.
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Figure19. Stream stage at water control structuresand groundwater depth near
structures after storm of 3/20/00.
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Figure 20. Stream stage at water control structuresand groundwater depth near
structures after storm of 4/8/00.
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Figure21. Stream stage at water control structuresand groundwater depth near
structures after storm of 5/27/00.
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Figure 22. Stream stage at water control structuresand groundwater depth near
structures after storm of 6/3/00.
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Figure 23. Stream stage at water control structuresand groundwater depth near
structures after storm of 6/19/00.
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Figure 24. Stream stage at water control structuresand groundwater depth near
structures after storm of 7/12/00.
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Figure 25. Hydraulic head data showing an example of gradient away from the
ditch on R2S.



Switch Grass, 15 m Deep Wells

29.5

29.0

.

<«

4

vy

'y

¥a =0

“‘A

L < v <
oo I~ I N
N N N A

(w) uonens|g

26.5

oo-unp
00-dy
00-094
66-220
66-100
66-bny
66-unc
66-1dy
66-094
86-220
86-100
86-Onvy

86-unt

72

——27 —m—57

Switch Grass, 15 m Mid Depth Wells

29.5

29.0

L < wn
® B I~
N N N

(w) uonena|3

Q
~
N

26.5

oo-unp
00-dy
00-094
66-220
66-100
66-6nv
66-unc
66-1dy
66-094
86-22Q
86-100
86-Onvy

86-unt

71

—e—26 —m—56

Figure 26. Hydraulic head data showing an example of gradient toward the ditch

on R2N.
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Figure 27. Hydraulic head data showing an example of gradient toward the ditch
on R3W.
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Figure 28. Hydraulic head data showing an example of gradient away from the
ditch on R3W.
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Figure 29. Hydraulic head data showing an example of gradient nearly flat but
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Figure 30. Hydraulic head data showing an example of gradient nearly flat but

away from the ditch on R3E.

180



Elevation (m)

30.0

29.5

29.0

28.5

28.0

27.5 P

27.0
Nov-98 Jan-99 Mar-99 May-99 Jul-99 Sep-99 Nov-99 Jan-00 Mar-00 May-00 Jul-00

[—GWRL —GWR2  GWR3 —ditch bottom|

Figure31. Groundwater elevation of continuous groundwater recorder well

transect GWR1-3.
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Figure32. Groundwater elevation of continuous groundwater recorder well

transect GWR4-6.
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Figure 33. Groundwater elevation of continuous groundwater recorder well

transect GWR7-9.
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Figure 34. Groundwater elevation of continuous groundwater recorder well

transect GWR10-12.
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Figure 35. Groundwater elevation of continuous groundwater recorder well
transect GWR13-17.
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Figure 36. Groundwater elevation of continuous groundwater recorder well
transect GWR18-22.
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Figure 37. Groundwater elevation of continuous groundwater recorder well
transect GWR23-27.
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Figure 38. Groundwater elevation of continuous groundwater recorder well
transect GWR28-32.
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Figure 39. Groundwater elevation topography on replicates R2N and R2S during
wet (Feb 2000) and dry conditions (July 1999).
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Figure40. Groundwater elevation topography on replicates R3W and R3E during
wet conditions (Feb 2000).
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Figure4l. Groundwater elevation topography on replicates R3W and R3E during
dry conditions (July 1999).
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Figure42. Example of a deep well installed into a clay layer on R2S 8 m Native

Vegetation plot.
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Figure43. Example of a deep well installed into a clay layer on R3W transect 6.
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Figure44. Example of a deep well installed into a clay layer on R3W transect 8.
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Figure 45. Example of NO3-N/Cl ratio decreasing toward the ditch on R2N while

NO3-N decreases and Cl concentration remainsrelatively constant.
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Figure 46. Example of NO3-N/ClI ratio remaining relatively constant in position (i.e.

buffer to theditch) on R2N.
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Figure47. NO3-N/Cl ratio on arepresentative well transect on R3W where NO3-

N/CI ratio decreased with flow toward the ditch in the mid depth wells
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and increased with flow toward the ditch in the deep wells.
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Figure49. NO3-N/Cl ratio on R3W transect 5 decr
flow istoward theditch.
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Figure 50. NO3-N/ClI ratio on R3E well transect 1 wherethe hydraul
very small but toward the ditch.
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Chapter 4

Evaluation of Riparian Ecosystems M anagement Model Hydrology Component in
the Middle Coastal Plain of North Carolina

Abstract

Recent regul ations are requiring implementation of riparian buffers along
agricultural drainage ditches. A computer model simulating riparian buffer hydrology
and nutrient cycling would be a valuable tool to aid in implementation of riparian buffers.
To utilize the Riparian Ecosystems Management Model (REMM) as atool for riparian
buffer evaluation in the Middle Coastal Plain of North Carolina, first the hydrology
component of the model must be tested. Two years of field data were utilized to evaluate
the hydrology component of REMM. Daily predicted water table depth was compared to
calculated water table depths across the buffer. Soils and hydrologic data were available
to set up simulations of 8 m and 15 m wide riparian buffer plots. Average absolute errors
ranging from 150 to 1700 mm were observed for the various riparian buffer zones, with
errors ranging 150-650 mm for the best smulations. Problems such as model instability
during large storm events and anomalies in evapotranspiration cal culations must be
addressed before this model can be a useful planning tool for regions such asthe Middle

Coastal Plain of North Carolina
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INTRODUCTION

Riparian buffers are currently being recommended as a Best Management Practice
(BMP) to reduce the effects of agricultural nonpoint source pollution. Buffersare
effective at reducing the amount of groundwater nitrate being lost from upland locations
in Coastal Plain regions of the United States. Studies have shown shallow groundwater
nitrate (NO3") removal viariparian buffers from 80 to 90% (Lowrance et al., 1984;
Peterjohn and Correll, 1984; Jacobs and Gilliam, 1985; Lowrance, 1992; Simmons et al.,
1992; Jordan et al., 1993). In addition, similar results have been reported in other regions
with similar groundwater flow conditions and riparian zones (Haycock and Pinay, 1993;
Osborne and Kovacic, 1993; Cooke and Cooper, 1988; Pinay et a., 1993). Conditions
that are common to all of these locations are shallow (0.5-3 m) groundwater flow paths
toward streams due to an impermeable layer. These conditions are critical because they
ensure that upper soil horizons are saturated intermittently throughout the year. This
creates anaerobic conditions in the upper soil horizons. Anaerobic conditions and soil
zones containing carbon are necessary for biological denitrification to occur. Overall, the
literature indicates that denitrification is the major groundwater nitrogen removal
mechanism in riparian buffers. Some studies have found vegetative uptake to be alarge
nitrogen sink (Lowrance et al., 1984; Fail et a., 1986), but ultimately this nitrogen is
recycled in the system unless harvesting of the vegetation occurs.

Recently riparian buffers have been mandated in North Carolina as one
agricultural BMP along with controlled drainage and nutrient management aimed at
reducing the loading of nitrogen to the Neuse River 30% by 2003. Nitrogen has been

targeted as the biologically limiting nutrient in the estuarine region of the Neuse River
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(Paerl, 1988), excess nitrogen resultsin inordinately high biological growth rates. The
regul ations were developed as a result of numerous water quality problemsin the basin
including: alga blooms, fish kills, and the presence of toxic microorganisms such as
Pfiesteria piscicida, al of which are exacerbated by the high growth rates caused by
excess nitrogen. Nonpoint sources account for the largest amount of nitrogen input into
the basin and agriculture is the largest single contributor to nonpoint source nitrogen in
the basin (NCDWQ, 1996a; NCDWQ, 1996b).

Nutrient management is encouraged for use under all agricultural productionin
the entire basin. Recommended nutrient management in North Carolina consists of ideas
such as applying waste to a crop at rates based on redlistic yield estimates and split
inorganic fertilizer applications to match crop needs (Lilly, 1991). Even when nutrient
management is utilized to the fullest extent, significant losses of nitrogen fertilizer occur.
For example, it is estimated that corn only utilizes 50 to 70% of the applied nitrogen with
aslittle as 35% removed from the field if only the grain is harvested (Hallberg, 1986).
Unutilized nitrogen is converted to nitrate in the well-drained soils common to the
Middle Coastal Plain. Nitrate is water soluble and will leach to the groundwater rapidly.
Controlled drainage has been documented as reducing field scale nitrogen losses as much
as 45% in the Lower Coastal Plain (Gilliam et al., 1979; Evans et a., 1995). Riparian
buffers are known to assimilate greater than 90% of the shallow groundwater nitratein
the same region (Jacobs and Gilliam, 1985).

Most nitrogen lost from agricultural practicesin the North Carolina originatesin
the Middle Coastal Plain physiographic region (Spruill et al., 1997; Gilliam et a., 1997).

Thisisdueto irregularly spaced streams that have been channelized to increase drainage
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and conveyance of excess water. In many cases the riparian vegetation has been removed
from these streams. In general alarge proportion of the soilsin the region are well
drained on gently sloping landscapes, making them highly suitable for agricultural
cropland. These well drained soils tend to promote vertical movement of water and
soluble chemicals below the root zone and into the shallow groundwater.

Computer models are useful for simulating agricultural BMPs and their effect on
water quality. Computer models allow researchers to simulate agricultural practices and
or the hydrology of agricultural systems. Numerous simulations can be run in a matter of
minutes or hours. Collecting a comparable amount of field data would require many
years. However, computer models must be checked and verified against field data to
insure that they are relatively accurate.

Numerous models have been developed and utilized to simulate agricultural
BMPs and the effect on nonpoint source pollution. Groundwater |oading effects of
agricultural management systems (GLEAMYS) is one model that was developed to
simulate BM Ps such as conservation tillage or nutrient management and the effect on
nonpoint source pollution leaving agricultural fields (Knisel, 1993). DRAINMOD was
developed to simulate the hydrology of parallel drainage systems on high water table
soils (Skaggs, 1978). The model has been used to simulate the hydrology of water table
management (Skaggs, 1982) and to evaluate nitrogen losses from water management
systems (Breve et a., 1997a; Breve et a., 1997b). The model WATRCOM was
developed to ssimulate the hydrology of irregular drainage networks (Parsons et al., 1991).

Currently, the Riparian Ecosystem Management Model (REMM) is being devel oped to
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simulate hydrology and nutrient dynamicsin riparian buffer systems (Lowrance et al.,

1998).

REMM Development and Testing

Overdl, REMM isintended to simulate surface and subsurface riparian buffer
hydrology, sediment transport, litter and sediment interactions, vegetation growth, soil
carbon, nitrogen, and phosphorus dynamics (Altier et a., 1999). For thismodel to
accurately simulate transport and fate of nutrients in the shallow groundwater, the
subsurface hydrology component must be evaluated. REMM simulates three distinct
riparian buffer zones, each having three soil layers (Figures 1 and 2).

The model is currently under development and has been tested against datafrom
the Coastal Plain of Georgia. Hydrological inputs to the three zone model include
precipitation, and upland (i.e. field) surface and subsurface contributions (Figures 2 and
3). Outputs from the three zone system include: surface runoff, subsurface flow, deep
seepage, and evapotranspiration. Subsurface hydrology is simulated by awater balance
and Darcy’s Equation on a daily time step. Internal hydrological processes include:
infiltration, vertical movement, subsurface flow, and upward flux of the water table
(Altier et al., 1999). In the model, vertical processes in each zone are simulated starting
with zone three. Horizontal flow is simulated; followed by precipitation. The process is
repeated for zone two and one in sequence. Inamdar et al. (1998) reported annual
average absolute water table depth errors between observed and predicted values over a
four year simulation of 101, 336, and 431 mm for zones 1, 2, and 3, respectively. The

authors reported that REMM predicted the water table fairly well in the drier years
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compared to wet years and noted that the model was not calibrated. Further evaluation of
REMM hydrology component was not available in the literature.

The effectiveness of riparian buffers and controlled drainage as BMPsis not well
documented for the Middle Coastal Plain region. Thus, this research was initiated to
evaluate the effectiveness of riparian buffers and controlled drainage at reducing shallow
groundwater nitrate. The effectiveness of riparian buffersin this region is not known due
to therelatively deep ditches that drain the many agricultural fields. These ditches result
in a deeper water table compared to the flat poorly drained landscape where riparian
buffers have been documented effective in removing nitrate from shallow groundwater.
In addition, the Middle Coastal Plain consists of alandscape with slopes sometimes
approaching 5%. It is uncertain whether using controlled drainage practices to raise the
water table will have an impact on the groundwater quality since the sloping landscape
limits the effect of controlled drainage on the water table throughout the stream reach. A
riparian buffer model such as REMM would aid in the evaluation of different buffer
vegetation types and widths and the associated water quality implications. This chapter
describes the evaluation of the subsurface hydrology component of the model REMM in

the Middle Coastal Plain of North Carolina.

Site Description

The research siteislocated at the Center for Environmental Farming Systemsin
Goldsboro, North Carolina. Thissiteisin the Middle Coastal Plain of North Carolina
and is characterized by a gently rolling landscape and irregularly spaced field ditches that

drain agricultural fields. Soils on the portion of the farm south of Stevens Mill Road
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(Figure 4) are mapped as well-drained Wickham loamy sands or sandy loams (fine
loamy, mixed, thermic Typic Hapludults), characterized by a seasonal high water table of
1.5m (5ft). On both sides of the R2 ditch (Figure 4) the soil is mapped as predominantly
Nahunta, a somewhat poorly drained very fine sandy loam (fine silty, siliceous, thermic
Aeric Paleaquults), and characterized by a seasonal high water table of 0.5 m (1.5 ft)
(Barnhill et al., 1974). These soils are characterized by low organic matter contents;

therefore, riparian vegetation is thought to be necessary to promote denitrification.

MATERIALSAND METHODS

Experimental Design

Figure 4 shows the overall project layout. Riparian buffer replicates consisted of
five different vegetation types within each of two buffer widths. Thisresulted in ten
individual plots per replicate. Individual plots were all 24 m (80 ft) long parallel to the
ditch. The two widths established were 8 and 15 m (25 and 50 ft). Vegetation type was
assigned randomly to plots within each width block on each replicate. Six replicates
were established and labeled as R1, R2S, R2N, R4W, R4E, and R5N. Two buffers
consisting of continuous riparian buffer vegetation (R3W) and a continuous no buffer
vegetation (R3E) were also established. These replicates are discussed in the previous
two chapters. Replicate R2N was intensely instrumented to monitor the hydrology and is
the focus of this study.

Riparian buffer plots were established beginning in the winter of 1997 continuing

into the summer of 1998. Vegetation types established consisted of the following: cool
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season grass (fescue), deep-rooted grass (switch grass), forest (pine trees), native
vegetation, and no buffer (no-till corn and rye rotation). Fescue plots contained some
native fescue at the beginning of the project; however, in the fall of 1998, these plots
were mowed, disk-harrowed, and seeded with a broadcast spreader. These plots continue
to be re-seeded each fall to ensure a good stand throughout the winter. The switch grass
plots were mowed and chemically cleared prior to planting in the summer of 1998. These
plots were difficult to get established due to drought conditions in the late spring and
summer of 1998. For thisreason, the plots were replanted the summer of 1999. Those
efforts were moderatel y successful; however, most switch grass plots were mowed and
replanted the summer of 2000 to enhance the existing stand. Bare root pine tree seedlings
were planted on a1.5 X 1.5 m (5 X 5ft) grid spacing in the early spring 1998. That
summer, the pine trees were fertilized with 10-10-10 at arate of 78 .4 kg N/ha (70 1b
N/ac). Inthefall 1999, several hurricanes resulted in severe flooding on the site, which
killed approximately 80% of the treesin the forested plots. The plots were replanted
early spring 2000 with seedlings consisting of pine trees and several varieties of
hardwoods including: water oak, cherry bark oak, green ash, sweet gum, and American
cedar. Native vegetation plots were chemically cleared in the spring of 1998 and natural
succession was allowed to occur. Currently, the vegetation in those plots is maintained at
approximately 1 m (3 ft) in height via a weed wipe type of chemical application where
any vegetation at the selected height or above is wiped with concentrated herbicide from
awick applicator. Finally, no buffer plots were planted with no-till corn each year
followed by arye winter cover that is chemically killed and mowed prior to corn

planting. These plots were fertilized with starter fertilizer consisting of a 30% solution of
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urea-ammonium nitrate (UAN) at arate of 56.2 kg N/ha (50 Ib N/ac) and one sidedress
application of UAN at arate of 112 kg N/ha (100 Ib N/ac). Herbicides were applied as
necessary to minimize weed competition.

In the winter of 1998/1999 through the spring of 1999, the process of converting
the farm to aresearch farm began. In that process on the south side of Stevens Mill Road
(Figure 4), whole fields were subdivided into roughly 6 ha (5 ac) plots and multiple
cropping systems initiated in these plots. Specifically, the field adjacent to R2N was
divided into row crop agriculture and a successiona system. Although these different
systems imposed a variety of impacts on cropping practices and fertilization practices, it
was thought that due to the intense fertilization as a result of row crop agriculture any
impact on the groundwater would take an amount of time beyond the length of this study.
Little change in water quality as aresult of land use changes was observed (see Chapters

2 and 3)

Groundwater Monitoring Wells

To assess the effectiveness of the riparian buffers to assimilate shallow
groundwater nitrate nitrogen, a network of groundwater monitoring wells was installed.
Wellswereinstalled in the middle of each 24 m (80 ft) vegetation plot to ensure
groundwater flow from the field passed through the target buffer and was collected in the
appropriate well nest. To obtain independent samplesin the vertical direction, three
wellswere installed at different depths at each location. A well nest consisted of these
three wells. To determine buffer effectiveness, awell nest was installed at the

buffer/field edge and one was installed at the ditch edge. The ditch well nest was
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assumed to be down gradient of the buffer/field well nest. Well nests were placed in the
cropped field approximately 23 m (75 ft) from the buffer edge in selected plots to

compare water quality at that location to the buffer/field edge.

Well Installation

Groundwater monitoring well installation began the winter of 1997/1998. All
wells were constructed from 32 mm (1.25 in) diameter polyvinyl chloride (PVC) pipe. A
cap was installed on the bottom end of all wells. The bottom 0.6 m (2 ft) was perforated
with 5 mm (3/16 in) holesin four rows with ahand drill. A piece of filter fabric was
secured around the perforated section of the wells to prevent sand size material from
moving into the well. On shallow wells, a 15 cm (6 in) length of pipe was not perforated
to form areservoir at the bottom of the perforated section. This reservoir was created to
facilitate groundwater sample collection by providing a storage volume in the shallow
wells.

Wells were installed with the aid of a mobile drill rig and a 100 mm (4 in)
diameter solid stem auger. Due to coarse flowing sand at the 1.2-1.8 m (4-6 ft) depth in
most areas on the research site and a high water table during installation, a high pressure
jet of water was used to pump down a solid casing consisting of a 100 mm (4 in) diameter
PV C pipe to the top of the perforated portion on the well. The sand would normally fill
in around the perforated section of the well; sand backfill was used if necessary. To
prevent preferential flow along the well annulus, bentonite pellet backfill was poured on
top of the sand up to 15 to 30 cm (6 to 12 in) within the ground surface. Finaly, a0.6 m

(2 ft) diameter concrete cap was installed around the base of the well standpipe to further

216



prevent flow vertically along the well and to enhance physical stability of thewell. A
standpipe 0.6 m (2 ft) in length was left on most wells.

Three depths of wellswere installed at each well nest. The deep well was
intended to represent the groundwater just above the aquitard. The middle depth well
was intended to represent the middle to upper portion of the surficial aguifer (depending
on soil moisture conditions). The shallow well was intended to represent the top of the
groundwater in the upper soil horizon just below the root zone. Depths depended on the
soil stratigraphy at the individual well nest location. Generally, the deep wells were
placed above the impermeable layer in the continuously saturated zone and the depth
ranged 2.1-3.5 m (7-11.5 ft) measured from the ground surface to the top of the well
screen; however, most were 2.4m (8 ft) deep. The middle depth wells were placed in the
intermittently saturated zone as evidenced by such things as soil redoximorphic features.
The middle depth wellsranged 1.5-2.1 m (5-7 ft). The middle depth wells on the up
slope positions were normally dry in the summer months. Finally, shallow wells were
placed in the upper surface horizon and were expected to produce samples only during
extremely wet conditions. Depths ranged 0.6-1.0 m (2-3 ft). Shallow wells were

commonly dry. Wellswere surveyed to alocal benchmark on each buffer replicate.

Hydrologic Monitoring

Water table depth was measured manually just prior to sampling on all
groundwater monitoring wells, which occurred approximately monthly. In addition,
depth to the water table was measured weekly on all R2N groundwater monitoring wells.

A Slope Indicator Company water level indicator instrument was used to measure the

217



depth with an accuracy of 3 mm (0.01 ft). Also, 12 continuous groundwater level
recorders were installed along four transects on R2N (Figure 5).

Continuous recording wells were installed so that pressure transducers could be
inserted to record water table changes. These wells were made out of 76 mm (3 in)
diameter cellular core schedule 40 PV C pipe. The bottom was not capped and 5 mm
(3/16 in) holes were drilled along the sides of the pipe within 30 cm (1 ft) of the ground
surface. Installation of the wells was accomplished in the same manner as the water
quality monitoring wells except that a solid casing was not used to pump down the wells.
The well itself acted as the casing when pumping them down. Once the wells were
installed, sand was back filled to the top of the perforated section of the well and then
bentonite pellets were back filled to the ground surface to prevent preferential flow of
surface water down the outside of the well and into the groundwater aquifer.

A weather-proof enclosure was mounted to the top of the well to provide a secure
location to mount monitoring equipment. To reduce the number of dataloggers required,
a communications cable was run from the wells located on the buffer/field edge of R2N
(Figure 5) to the nearest datalogger. A datalogger (Blue Earth Research[d Micro 485
micro-controller) was then mounted to the inside of the box and was powered by a small
12 volt battery. A differential pressure transducer (Motorola model MPX5050DP) was
sealed in epoxy within asmall cylinder made from 38 mm (1.50 in) diameter PV C pipe.
A communications cable extended from the seal ed pressure transducer unit to the top of
thewell. The pressure port on the transducer extended a short distance out of the side of
the PV C cylinder, while the atmospheric port extended to the top of the well. Because

the pressure transducer required dry air as a reference pressure on the atmospheric port, a
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tube of commercia desiccant was fitted to the atmospheric port at the top of the well.
Every few months, the desiccant tube was replaced with a new one, and the old desiccant
tube was dried in an oven.

A program written in the machine BASIC language was developed for the data
logger that recorded readings from transducers every hour. In addition, the program
converted the raw voltage output from the pressure transducer to a depth to the water
table viaa calibration equation for that particular transducer. Dataloggers were
downloaded via a palmtop computer between one and two month intervals. At thetime
of download and every two weeks, a manual measurement to the water table was
recorded to facilitate correction of any errorsin the data and to supplement the
continuous data in the event that a particular recorder failed to function properly.

Continuous rain gauges were installed at two locations on the research site. These
rain gauges were Davis tipping bucket type rain gauges with HOBO" event loggers to
record data at aresolution of 0.25 mm (0.01 in) per bucket tip. Multiple gauges
distributed throughout the site provided a measure of redundancy should one rain gauge
cease to function. The rain gauges were downloaded viaa HOBO" shuittle at the same
time as the groundwater recorders or more frequently if high rainfall amounts occurred.

Datain the shuttle were uploaded to a personal computer in the office.

In-Situ Hydraulic Conductivity
Ten wellswereinstalled (Figure 5) to provide a means of performing teststo
determine the saturated hydraulic conductivity. Wells consisted of 76.2 cm (3 in)

diameter schedule 40 PV C well screen with a0.4 mm (0.016 in) slot sizein the
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perforated section. Wells were installed with a hollow stem auger on a maobile drill rig.
Pumping sand out of the well annulus was not necessary. The screened section of the
well was 3 m (10 ft) long and began just below the ground surface on wellsinstalled at
the buffer field edge (Figure 5) and 1.5 m (5 ft) long on wellsinstalled on the ditch edge.
All wells were approximately 3.7 m (12 ft) long with a 0.6 m (2 ft) standpipe above the
ground surface. The slug test as described by Bouwer and Rice (1976) and updated by
Bouwer (1989) was used to determine an estimate of saturated hydraulic conductivity in
these wells. During the test, measurement of groundwater head was made with a pressure

transducer (Global Water model WL-14) connected to a palmtop computer.

Soil Properties

Six soil pitsin three transects were dug along R2N to allow collection of intact 76
mm (3 in) diameter soil cores. Cores were collected from three depthsin the soil. Three
soil layers were chosen according to the soil descriptions made by Kunickis, 2000 and to
coincide with the three soil layersin REMM. Although REMM allows three layers, two
may be simulated by specifying the same parameters for two of the layers. Similarly, one
real zone may be simulated by splitting that zone into three zones of equal width.
Duplicate cores were collected at each soil layer in each pit.

The cores were immediately transported to the Biological and Agricultural
Engineering Department; they were placed in a pan of water so that they would become
saturated. The cores were allowed to wet up for at least 48 hours. After the cores were
saturated, they were placed on an apparatus to determine the hydraulic conductivity via

the constant head method described by Klute (1965a). Once they were set up on the
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constant head apparatus, the cores were allowed to equilibrate for at least 12 hours and
then measurements of the volume of water drained over time were taken. Four
measurements were taken at approximately 12 hour intervals.

A pressure plate apparatus as described by Klute (1965b) was used to determine
the shape of the soil moisture release curve once the hydraulic conductivity test was
conducted. Coreswere allowed to wet up for at least 24 hours after the constant head test
to ensure saturation. They were then set up on the pressure plate apparatus.

M easurements of volume of water drained were obtained at pressures of 0, 5, 10, 30, 60,
100, 200, 400, and 600 cm H,O. Many cores experienced air leakage problems at
pressures of 400 cm or higher. If the test was satisfactory up to 400 cm of pressure, the
process was considered successful, otherwise the test was run again. Immediately after
the pressure plate test, the cores were weighed and placed in an oven at 105 °C for 48
hours to determine the dry weight of the sample. From these measurements, the shape of
the soil water characteristic curve was developed, bulk density was calculated, and the
porosity was calculated.

The bubbling pressure (h,) and the pore size distribution index (A) for each soil
layer was required for input to REMM. These parameters were calculated based on the
soil water characteristic curve as described by Bouwer and Jackson (1974).

Since soil core data and in-situ hydraulic conductivity data were collected
intermittently along R2N, it was decided to parameterize two riparian buffer ssmulations.
One riparian buffer smulation for each of the widths (i.e. 8 m and 15 m) established on
R2N. Asaresult, soil core data and in-situ hydraulic conductivity data were pooled and

averaged for each buffer width. This was done because the discrete samples collected
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and obtained via the hydraulic conductivity testing were thought to be more
representative of the region within a specific width along R2N rather than a specific

buffer plot.

Model Testing

The Riparian Ecosystem Management Model is currently being developed to
simulate athree zone riparian buffer system. The three zone riparian buffer systemisa
recommended system by the United States Department of Agriculture Forest Service
(Welsch, 1991). The first zone, adjacent to the stream or water body, consists of a
permanent tree buffer. This zoneisintended to provide bank stabilization and other
ecological benefitsto the adjacent stream. Zone two begins at the border of zone one and
consists of managed forest. The main function of this zone isto intercept surface runoff
and pollutants in subsurface flow. Finaly, zone three abuts upland land use such as
agriculture and consists of herbaceous vegetation or a grassfilter strip primarily aimed at
slowing surface runoff prior to entering zone two. According to forest service
recommendations, the total buffer width ideally would range from 30 to 70 m (100 to 230
ft). However, the width may be less depending on space limitations.

The research site was not set up with athree zone buffer system, rather asingle
zone riparian buffer since one of the research goals was to evaluate the water quality
impact of particular vegetation types. Each plot on the research site essentially consists
of asingle riparian buffer zone of one vegetation type. Three zones must be specified in
the model; however, all zones may be parameterized similarly to simulate a continuous

buffer type. For example, the actual 15 m wide buffer was simulated as three 5 m wide
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zones and the 8 m wide buffer was simulated as three 2.7 m zones. In addition, REMM
is being developed for application on forested riparian areas. Although the model does
not allow parameterization of different vegetation types as set up on this research site,
perennial herbacious vegetation may be specified in the model. Herbacious vegetation
was specified as the vegetation typein all simulations to represent the vegetation at the
field site. Thistype of vegetation was selected since it was one of the few vegetation
optionsin REMM. Most vegetation options consist of deciduous and coniferoustreesin
various stages of growth and canopy cover.

REMM hydrologic outputs include: depth to the water table, surface runoff,
subsurface water exiting the buffer, evapotranspiration, and deep seepage. The research
site was not instrumented to measure surface runoff because in most areas on the site,
vegetation cover, relatively flat slopes, and well drained soils do not result in excessive
runoff. The site was instrumented to measure depth to the water table; therefore, this
parameter was used as a comparison with the model. The model predicts depth to the
water table in the middle of each buffer zone on adaily basis. Groundwater recorders
and wells are located at the buffer/field boundary and the ditch edge. To obtain a water
table depth for the three buffer zones simulated, the water table depth between the buffer
and ditch locations was assumed to be approximately flat. The water table depth at the
mid point of the distance between the wells was taken as the water table in the middle of
zonetwo. The water table depth at the mid point between the mid point of zone two and
the buffer wells was the water table depth for zone three. Likewise, in the opposite

direction of zone two was the mid point of zone 1.
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Deep seepage is specified by the user for each zone and was assumed to be 2
mm/day across all smulations. The actual amount of deep seepage was not known;
however, 2 mm/day is equal to 0.008 cr/hr which is four to five orders of magnitude
lower than the in-situ measured hydraulic conductivities so that most groundwater is
forced to flow through the higher permeable zones. Evapotranspiration is a combination
of evaporation and transpiration from plants. This evapotranspiration component is
estimated via the Penman Monteith equation (Altier, 1999). Surface runoff from the field
areainto zone 3 must be specified by the user. Initially, the GLEAMS model (Knisdl,
1993) was used to simulate a no-till corn winter rye field crop system adjacent to the R2N
riparian buffer plots to obtain an estimate of surface runoff contributed to the riparian
buffer plots. Simulations were conducted beginning on August 1, 1998 and ending July
31, 2000 since field and weather datawere available for thistime period. GLEAMS
simulated atotal of 455 mm of runoff contributed to zone three from the field over the
entire ssimulation period. This runoff was contributed by 12 runoff events with two
events accounting for 87% (395 mm) of the runoff. Subsurface flow originating up
gradient of the riparian buffers must be input by the user. Subsurface flow was estimated
based on hydraulic gradient data from the field to the buffer edge for the8 mand 15 m

buffer locations and hydraulic conductivity data using Darcy’s Equation as follows:

g=-Ki [1]
where: g = specific discharge (&tr/cnf)

K = saturated hydraulic conductivity (cm/hr)

i = hydraulic gradient (m/m)
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To calculate the volumetric flow rate through a given soil profile, the following equation

was used:

Q=0A [2]
where: Q = volumetric flow rate (cm*/hr)

A = saturated cross-sectional area of soil profile, (cm?)

The cross-sectional area of the profile depended on the water table depth on any given
day. Finaly, to convert volumetric flow rate into a depth of water, the volumetric flow
rate was divided by the estimated area of field subsurface runoff. This areawas
estimated by multiplying the flow length by the buffer width of 24 m. The flow length
was estimated by plotting topographic maps of the R3 and R2 buffers (Figure 4) during
high (Figure 6) and low (Figure 7) water table conditions. Then flow lengths at the high
and low conditions were averaged for each buffer width. The 8 m buffer flow length was
taken as 123 m, while the 15 m buffer flow length was taken as 166 m. Asaresult, the
subsurface flow areato the 15 m and the 8 m buffers was estimated as 0.4 and 0.3 ha,
respectively.

Rainfall datafor use in both GLEAMS and REMM were available from rain
gauges located on site for the time period of interest. Mean monthly solar radiation,
maximum temperature, minimum temperature, and dew point values for January 1998
through July 2000 were obtained from the State Climate Office of North Carolina at

North Carolina State University. The maximum and minimum temperature and dew
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point values were recorded by a weather station in Goldsboro, North Carolina near the
research site. The solar radiation values were recorded in Raleigh, North Carolina. Daily
wind speed, maximum temperature, minimum temperature, and dew point values for
Goldsboro, North Carolina were a so obtained from the State Climate Office. Similar to
the monthly mean solar radiation values, the daily values were from Raleigh, North
Carolina

Since two sets of simulations were to be run, the soils data and the in-situ
hydraulic conductivity data were compiled for the 15 m and the 8 m buffer zones on
R2N. These data were averaged to form two data sets, one for each width. In addition,
soil descriptions by Kunickis (2000) were located near the continuous groundwater
recorders and were used to aid in model parameter estimation such as particle size
composition. Model output water table depth was compared to observed water table

depth via the following equation:

AAE = J([pwtd — owtd)/nd [3]
where: AAE = average absolute error (mm)

pwtd = model predicted water table depth (mm)

owtd = observed water table depth (mm)

nd = number of days
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RESULTSAND DISCUSSION

Hydraulic Conductivity

Table 1 gives the hydraulic conductivity values calculated from the results of the
laboratory hydraulic conductivity tests. Hydraulic conductivity values varied greatly
depending on soil pit location and depth of the sample. Values ranged from 3 to 194
cm/hr and averaged 109 cm/hr in the upper layer over all soil pit locations. Values from
the middle layer ranged from 2 to 847 cm/hr and averaged 210 cr/hr, while values from
the deepest layer ranged from 0.08 to 991 cm/hr and averaged 393 crm/hr.

Table 2 presents hydraulic conductivity values calculated from data obtained in
the field viathe Bouwer and Rice slug test (Bouwer and Rice, 1974; Bouwer, 1989).
Vaues ranged from 12 to 306 cm/hr and averaged 103 cr/hr. When these hydraulic
conductivity tests were conducted, the groundwater was relatively deep and in all
locations except two, the groundwater was bel ow the bottom of the third layer as
specified in Table 1. However, at the depth of the third soil layer, the soils were fairly
uniform and consisted of sands or coarse sands (Kunickis, 2000). In the two cases, where
the water table was not initially below the third layer, it was only afew centimeters
higher. Asaresult, al of the field hydraulic conductivity values were representative of
the bottom soil layer for parameterization in REMM. According to Altier et al. (1999),
pumping well hydraulic conductivity values are most appropriate for REMM; therefore, it
was thought since the in-situ hydraulic conductivity values collected in this study were
most representative of field conditions incorporating natural soil heterogeneity, these
values should be used in the model. Since field hydraulic conductivity values for the

upper two soil horizons were not available and it was observed that laboratory hydraulic
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conductivity values were nearly always higher than the in-situ values (Tables 1-2), the
laboratory values were adjusted by the field values for each location at the deep layer.
The magnitude of difference between the laboratory hydraulic conductivity values and
the field values was calculated by dividing the laboratory value from the third layer by
the field hydraulic conductivity values for a given location. For example, using the
averages presented above, the laboratory hydraulic conductivity is 4.7 times higher than
thefield value (393/84). To obtain adjusted hydraulic conductivity values for the upper
two layers, the laboratory hydraulic conductivity was divided by 4.7.

It is obvious from both the laboratory and the field hydraulic conductivity values
that soil pits three and four as well as hydraulic conductivity wells K5 and K6 (similar
soils as soil pits 3-4) have hydraulic conductivity values much higher than many of the
other test locations. The common factor between soil pits three and four, K5, and K6 is
location along the buffer replicate. They lie near the middle of R2N in an area that has
been documented as having much sandier soils throughout the profile compared to the

rest of the buffer replicate (Kunickis, 2000).

Mode Inputs

Soil water characteristic data for each layer and each soil pit are presented in
Table 3. In addition pore size distribution index, bubbling pressure bulk density, and
porosity are shown in Table 4.

Detailed records of depth to the impermeable layer at all well locations along
R2N were not available; therefore, it was assumed, based on observations during well

installation, that the impermeable layer was approximately 3.7 m (12 ft) deep at the well
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nest at the ditch edge. The impermeable layer was assumed to be horizontal along the
distance between the field well nest to the ditch edge well nest (30-38 m, 100-125 ft).
The depth to the impermeabl e was then calculated by adding the difference in ground
elevation based on the slope of the ground surface between the ditch position and
buffer/field edge, as well asthe field well nest.

Model input parameters describing the 8 and 15 m wide buffer zones are
presented in Tables 5 and 6, respectively. The parameters were specified the same for al
zones. Data were compiled from the tables presented previously, from soil descriptions
by Kunickis (2000), and from the REMM documentation (Altier et a., 1999). The slope
of the riparian buffer zones was specified as 5.2 and 5.5% for the 8 and 15 m buffers,
respectively. Asdiscussed previoudly, the 15 m wide buffer was parameterized into three
5 m wide zones and the 8 m wide buffer was parameterized into three 2.7 m wide zones.

Parameters common to all smulations included the following: latitude = 35.7
degrees, stream depth = 1 m (3 ft), estimate of field subsurface and surface drainage area,

and potential deep seepage of 2 mm/day.

Groundwater Flow into the Riparian Buffers

Estimates of groundwater flow contributions from upland areas into the riparian
buffers were obtained from hydraulic head data and Darcy’s Equation. First, hydraulic
gradients were calculated by taking the difference of groundwater recorder elevation data
in the field and at the buffer edge. However, it was found that the difference in
groundwater elevation between the field and buffer edge recorders was on the order of 1

to 2 cm in many cases. The accuracy of the groundwater recordet$ was therefore,
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additional accuracy was required. In addition to the continuous groundwater recorder
data, weekly measurements on the groundwater depth in the recording wells was made to
check the recorders. The instrument used to make this measurement has an accuracy of
+3 mm. Since daily data were required for input to the model, groundwater elevation
was interpol ated between the weekly values and the daily hydraulic gradients were
calculated.

The hydraulic gradient from the field to upland buffer edge of the 8 m buffer
(Figure 4) and daily precipitation is shown in Figure 8. The average hydraulic gradient
across this areawas 0.008%; however, the gradient was negative (i.e. flow away from the
buffer toward the field) immediately following many storm events (Figure 8). Itis
hypothesized that the negative gradient resulted from surface runoff filling the ditch and
the elevated ditch water level caused the gradient to reverse. Calculation of the gradient
when flow was only toward the riparian buffer plots resulted in a hydraulic gradient of
0.02%. The daily hydraulic gradient from the field to the upland buffer edge wells was
used to calculate subsurface flow from the field entering the 8 m buffer since the soil data
was collected in the region of these recorders. The hydraulic gradient acrossthe 8 m
buffer is shown in Figure 9 and the average was calculated as 0.3%. The hydraulic
gradient from the field to the upland buffer edge of the 15 m buffer (Figure 4) and daily
precipitation is presented in Figure 10. The average hydraulic gradient calculated as
0.06%. Only two times during the monitoring period was the hydraulic gradient negative
across these recorders (i.e. flow away from the buffer toward the field). Thefirst time
was June 15, 1999 when an intense storm resulted in 120 mm of precipitation in one day

and the hurricanes of September 1999 resulted in 584 mm of rainfall in atwo and a half
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week time period. Figure 11 givesthe daily hydraulic gradient across the 15 m buffer,
which had an average value of 0.2%. The groundwater hydraulic gradients up slope of
the 8 and 15 m buffers are 100 to 1000 times smaller than the field slope, while the
hydraulic gradient across the buffer plotsis 10 times smaller than the field slope. This
indicates that 1and surface is not a good predictor of the hydraulic gradient.

The calculated gradients across the buffer plots were similar in magnitude to the
gradients ranging from 0.2 to 0.9% reported by Bosch et al. (1996) across afield and
riparian areain the Georgia Coastal Plain. Field subsurface flow into the riparian buffer
system was cal culated according to Equations 1-3. Figures 12 and 13 show the
calculated flow into the 8 and 15 m wide riparian buffers, respectively based on the
hydraulic gradients calculated previously and the hydraulic conductivity datain Table 2.
Average flow into the riparian buffer was cal culated as 0.01 and 0.28 mm/day for the 8
and 15 m wide buffers, respectively. Negative values of flow indicate that the flow was
away from the buffer rather than toward. As mentioned previoudly, this occurred when
relatively large storm events caused surface runoff to collect in the ditch , reversing the
hydraulic gradient temporarily. The average flow into the 15 m wide buffer was
calculated to be approximately ten times higher than the flow into the 8 m buffer. This
may have been aresult of the 8 m buffers being located further away from the main
drainage canal (Figure 4), which led to hydraulic gradients that were smaller in the more

upland position.
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Model Simulations

It isimportant to note that the purpose of this study was to evaluate the hydrologic
portion of the REMM model in the Middle Coastal Plain of North Carolinawith the
model inputs that were available. Therefore, even though many inputs had to be
estimated such as surface runoff viathe GLEAMS model and depth to the impermeable
layer across the profile, it is not uncommon in modeling to make estimations based on
certain assumptions.

Simulations were conducted with the calculated subsurface input from the field
area as described in the previous section. Since surface runoff on the site was thought be
minimal except during large storm events, initial simulations were conducted without the
predicted surface runoff from the GLEAMS model.

Simulations were performed for the time period August 1, 1998 through July 31,
2000, although continuous water table depth data was not available until December 1998.
Thus, the time period prior to December 1998 was used to allow the model to overcome
initialization problems. Figure 14 shows the model predicted water table depth and the
observed water table depth in each riparian buffer zone across the 15 m buffer. Initially,
thefit of the model was fairly good in zones 2 and 3, while the predicted water table
depth in zone 1 tended to berelatively flat and very responsiveto rainfall events. This
led to numerous spikes in the predicted zone 1 water table after days with rainfall events.

One of these spikes occurred on March 23, 1999. The hydrologic outputs from
REMM were 0.6 mm of subsurface flow into zone 3, 1.7 mm of evapotranspiration (ET)
from the same zone, deep seepage was 2 mm in all zones, and precipitation did not occur

that day or the days around that particular day. The model calculated subsurface flow
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leaving zone 3 and entering zone 2 as 0.21 mm. ET from zones 2 and 1 was cal culated to

be zero. Zero subsurface flow left zone 2 to zone 1. Finally, the subsurface flow from

zone 1 was calculated to be 2.4 mm. It is unknown why the ET would be lower in zones

1 and 2 compared to zone 3, especially since the actual ET should be higher when the

water tableis closer to the surface as was the case in zones 1 and 2 compared to zone 3.

Also, it is not known why the predicted subsurface flow from zone 1 is so much higher

than the other zones. Subsurface flow from zone 1 is calculated based on Darcy’s
Equation (Equation 1) and a hydraulic gradient that is the lesser of either the surface
slope of zone 1 or the gradient between the water table depth in zone 1 and the ditch
surface water elevation. These observations were common to each time the water table
spiked upwards in zone 1.

Figure 14 also shows the water table dropping immediately down to the
impermeable layer on September 18, 1999, several days after Hurricane Floyd. Again the
water balance outputs from REMM were reviewed. ET from zone 3 was 6.7 mm,
subsurface flow from the field was 2.3 mm, and subsurface flow leaving zone 3 and
entering zone 2 was simulated to be 130 mm. ET in zone 2 was 0.6 mm and subsurface
flow and seepage into zone 1 was 115 mm. Subsurface flow and seepage out of zone 1
was 105 mm and ET was 0.3 mm. It is unknown why the subsurface flow was simulated
to be 130 mm out of zone 3 and other water anomalous water balance calculations are a
result of this one calculation. Observed water table data was not available during that
time period due to the extensive flooding on the research site; however, from Figure 14 it
is obvious that the water table was simulated to have slowly moved up from the

impermeable layer. It was thought that perhaps the hurricane precipitation caused some

233



type of numerical error in the model; therefore, the next simulation was run to avoid the
time period of the hurricane.

The next ssimulation of the 15 m riparian buffer hydrology was conducted in two
stages, August 1, 1998 through August 31, 1999 and again from November 1, 1999
through July 31, 2000. This avoided the time period that the hurricanes occurred in
September 1999 and the flooding afterwards. The predicted and observed water tables
from that simulation are presented in Figure 15.

The predicted water table depth in zones 2 and 3 was much better with the time
period of the hurricanes removed. However, the predicted water table tended to remain
flatter over time compared to the observed water table. Rainfall events did not seem to
result in the predicted water table increasing to the degree that was observed. Average
absolute errorsin this simulation for zones 1, 2, and 3 were calculated to be 170, 150, and
160 mm (Table 7), respectively. The predicted water table in zone 1 again was simulated
to spike upward in an unpredictable manner over time and seemed to occur after rainfall
events.

Finally, surface runoff from the field that was predicted by the GLEAMS model
was added to the last set of ssmulations. The results are shown in Figure 16. Comparison
between the actual water table depth and the predicted water table depth did not seem to
beimproved. Infact, the model seemed to become unstable at the time of large rainfall
events as was seen previoudly. In thisset of ssimulations, the predicted water table in
zones 2 and 3 dropped to the impermeable layer around June 15, 1999. On that particular

day, avery intense thunderstorm resulted in 120 mm of rainfall in less than one hour.
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Besides this apparent instability in the model, the results of this simulation do not seem to
be much different from the previous (Figure 15).

In summary, simulations of the 15 m wide riparian buffer ussng REMM resulted
in predicted water table values in each riparian buffer zone that had fairly low average
absolute errors (Table 7) when compared to errors ranging from 101 to 431 mm reported
by Inamdar et al. (1998). However, the shape of the water table tended to be much flatter
than the observed water table over time. Also, the water table in zone 1 was predicted to
have numerous days when the water table spiked upward and seemed to be correlated
with previous days rainfall events.

The next set of simulations consisted of the 8 m wide buffer. The first simulation
was without any field surface runoff contribution entering zone 3 and considered all time
including the time of the hurricanesin September 1999. Figure 17 presents the predicted
and observed water table depth across the 8 m riparian buffer. The trend of the water
table over timein zone 3 seemed to be predicted fairly well. That is, when the actual
water table rose as aresult of rainfall, the predicted water table rose aswell. However, it
appears that the predicted water table in zone 3 receded more rapidly than the actual
water table. Thisresulted in apredicted water table that was deeper than the actual water
table over most of the simulation period and an average absolute error of 1060 mm. In
contrast, the predicted water table trend over time and magnitude in zones 1 and 2
compared favorably with the actual water table with average absolute errors of 140 mm
for each (Table 7).

It was thought that adding the field surface runoff contribution might result in a

better prediction of the water table depth in zone 3. Figure 18 shows the results of adding
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the GLEAMS field surface runoff contribution as an additional input to zone 3. Results
were greatly improved for the predicted versus the observed water table depth in zone 3
prior to the hurricanes. However, when Hurricane Floyd resulted in 271 mm of rainfall
on September 15™ and 16™, 1999 the predicted water table dropped to the impermeable
layer similar to the results of the 15 m wide buffer simulations during the same time
period. Average absolute error between the predicted and observed water table depth was
calculated as 260, 240, and 420 mm prior to the hurricanes for zones 1, 2, and 3,
respectively. After the hurricanes, the respective average absolute error was 250, 280,
and 2670 mm. Over the entire simulation period, the average absolute error for zones 1,
2, and 3 was 250, 260, and 1700 mm (Table 7), respectively.

The water balance outputs from REMM indicated that on September 16, 1999 of
the simulation, 1664 mm of water moved to zone 2 from zone 3 via subsurface flow. As
aresult, 1539 mm of water moved to zone 1 via subsurface flow and finally 1466 mm left
zone 1. It isunknown why this occurred; however, it is clear that due to the excessive
precipitation during the hurricanes, the model became unstable and essentially simulated
a complete dewatering of zone 3. Since there was a problem with the model simulation
during the time period of the hurricanes and the 15 m simulations were improved by
removing the hurricane flooding period from the analysis, it was decided to split the
simulation into two pieces as was done in the 15 m buffer simulation.

The 8 m riparian buffer ssimulation was split into two time periods and run with
the estimated field surface runoff contribution to zone 3. The time periods were August
1, 1998 through August 31, 1999 and November 1, 1999 through July 31, 2000. Figure

19 show the results of this simulation. Results were greatly improved by eliminating the
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time period of the hurricane flooding. Zones 1 and 2 predicted water table depth matched
the observed water table depth very well prior to June 15, 1999. Zone 3 water table depth
was predicted to be increasingly deeper with time and diverging from the observed water
table depth until June 15, 1999. Asdiscussed previoudly, an intense thunderstorm
occurred on that day. The surface runoff predicted by GLEAMS from the field infiltrated
and caused the water table to rise quickly on that day which essentially caused the
predicted water table to match the observed water table in zone 3 fairly well; however,
the water table in zones 1 and 2 was predicted high above the observed water table.
Average absolute errors prior to September 1999 were calcul ated as 260, 240, and 420
mm for zones 1, 2, and 3, respectively. The second time period in this set of simulations
resulted in a good agreement between the zone 1 and 2 predicted and observed water
table depths with average absolute errors of 200 and 230 mm, respectively. The
predicted water table in zone 3 dropped lower than the observed water table at an
increasing rate over time. The average absolute error for this zone during this time period
of the simulation was 850 mm (Table 7).

In the simulations of the 8 m wide riparian buffer, zone 3 water table depth was
predicted the least accurately with an overall average absolute error of 650 mm. Inamdar
et a. (1998) noted that zone 3 was the least accurately predicted water in their analysis as
well. It isnot known why the predicted zone 3 water table does not match the observed
water table as well as the other zones, but one reason may be an inaccurate estimate of
field surface runoff or subsurface flow. In this study, surface runoff was estimated with
the GLEAMS model. Another approach that may yield more accurate results would be

the direct measurement of the surface runoff, since this seemed to have an impact on the
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results of the 8 m wide riparian buffer simulations. Over the entire simulation period,
zones 1 and 2 average absol ute error between the predicted and observed water table

depths were 230 mm for each (Table 7).

CONCLUSIONS

The REMM computer simulation model was used simulate the hydrology of two
three zone riparian buffer systems. These riparian buffer systems were parameterized to
match as closely as possible areal single zone riparian buffer system. Simulations were
run for a 15 m wide and a 8 m wide riparian buffer. Soils data were collected from each
of these locations. Model predicted daily water table depth in the middle of each zone
was compared to estimated water table depths based on groundwater recorders and
monitoring wells at the buffer edge and the ditch edge.

Average absolute error between observed and predicted water table depth ranged
from 140 to 1700 mm and the simulations that resulted in the smallest error ranged from
150 to 650 mm. Simulation of the 8 m wide riparian buffer resulted in the best fit of the
trend in the water table over timein all three riparian buffer zones. Simulation of the 15
m wide riparian buffer resulted in a predicted water table depth that was often close to
observed water table; however, the predicted water table tended to be relatively flat. In
both sets of simulations, the predicted water table in zone 3 had the largest error when
compared to the observed water table.

The model was not calibrated. However, numerous inputs were estimated. For

example, surface flow from the field into the riparian buffer was simulated with the
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GLEAMS model. Thiswas an estimate that could be improved by actually measuring

surface flow into the buffers or by utilizing another computer model. In addition,

subsurface flow into the riparian buffers was estimated using hydraulic gradient data and

Darcy’s Equation. A more accurate estimate could have been achieved by measuring the
travel time of a groundwater tracer.

The model was developed to simulate a three zone riparian buffer system. The
field study consisted of one buffer zone; therefore, the one zone was parameterized as
three equal width zones with a total width equal to the actual buffer width. Model
prediction of the water table depth may be improved by modifying the model to simulate
one zone. Manipulation of the output would certainly be simplified if this were done. It
was found that the model did not calculate ET the same in all zones. This should be
investigated before extensive work with the model continues. Also, the model showed
instability when an inordinately large rainfall event occurred. This instability resulted in
the water table being simulated as dropping several meters in one day when actually the
site was flooded.

Average absolute errors between the predicted and observed water table depth
ranging from 150 to 650 mm was found for simulations incorporating field surface runoff
input to the buffer and discounting the time period of hurricane flooding. The magnitude
of these errors agreed with work reported by Inamdar et al. (1998) considering
application of the model to the Middle Coastal Plain of North Carolina represents
conditions quite different than those in the Coastal Plain of Georgia. This level of error is
not adequate for a model that uses the hydrology components to make predictions of

nitrogen fate in the riparian buffers since the nitrogen cycle is a complex process that is
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highly dependent on soil characteristics. The soil characteristics may vary widely from
one layer to the next. With errors ranging from 150 to 650 mm, the model may simulate
the water table in one layer when it may actually be in another. REMM has the potential
in this region of North Carolinato assist in modeling nonpoint source pollutants through
riparian buffers; however, the instability problems during large rainfall events and
differencesin ET estimates across riparian buffer zones must be addressed before the

model can be a useful tool.
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Tablel. Laboratory 76 cm diameter core saturated hydraulic conductivity

values.
Ks
Soil Pit  Depth’  Average Std. Dev.
(cm) (cm/hr)  (cm/hr)
46 2.9 2.1
SP1 71 165 59
152 791 503
38 91 73
SP2 117 167 165
152 0.08 0.1
46 194 63
SP3 91 847 198
152 991 588
46 147 55
SP4 91 2.1 25
152 342 592
51 104 10
SP5 137 21 30
152 148 52
89 115 2
SP6 137 57 N/A™
152 87 N/A

"Depth is the bottom of the soil layer.
Replicates not collected.

Table2. Field saturated hydraulic conductivity via the slug test method.

Weater table Hydraulic
Location  depth  Conductivity
(cm) (cm/hr)
K1 217 63
K2 144 61
K3 N/A™ N/A
K4 147 82
K5 235 306
K6 161 272
K7 198 44
K8 164 12
K9 188 50
K10 159 33

"M easurement not obtained.
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Table 3.

Soil water characteristic data for soil pits (SP).

Layer Os O at specified head (cm)
Location | depth -4 -6 -9 -14 -34 -64 -104 -204 -404 -604
(cm) (cm/cm)
46 03796 03776 03776 03764 03688 0.3533 03391 0.3234 03106 0.3046 0.3025
SP1 71 0.3502 0.3455 0.3455 03443 03427 02272 01444 01321 01266 01251 0.1215
152 | 0.3533 0.3402 0.3402 03163 0.2508 0.1498 0.1329 0.1229 01229 01229 0.1229
38 0.3013 0.2826 0.2826 0.2644 0.2582 0.2348 02046 0.1959 0.1959 0.1959  0.1959
SP2 117 | 04530 04445 04445 04314 04283 04199 04122 04083 04044 04025 0.4002
152 | 04542 04542 04542 04542 04542 04427 04226 04176 04075 04032 0.3945
46 03322 03251 03251 03247 03094 02422 01408 0.1079 0.0959 0.0913 0.0913
SP3 91 0.3384 03039 03039 02377 01830 0.0902 0.0765 0.0744 0.0658 0.0658  0.0658
152 | 0.39%67 0.3675 03675 03217 02561 0.1279 01075 01042 0.1031 0.1017  0.0995
46 0.3147 03004 03004 02792 0.2612 0.2143 01624 0.1329 01149 0.1103 0.1074
SP4 91 0.2454 0.2411 02410 02410 0.2317 0.2147 02056 0.1957 0.1797 01739  0.1690
152 | 03707 0.3707 0.3707 03707 03707 0.3666 03534 03430 0.3332 03310 0.3280
51 03762 03705 03700 03683 0.3577 0.2913 0.1886 0.1630 0.1507 0.1491 0.1476
SP5 137 | 0.2466  0.2413  0.2413 0.2413 0.2413 0.2124 01802 0.1656 0.1523 0.1447 0.1424
152 | 03762 0.3705 03700 0.3683 0.3577 0.2913 0.1886 0.1630 0.1507 0.1491 0.1476
89 03922 03831 03811 03738 0.3534 0.2942 02229 0.1888 0.1669 0.1581  0.1555
SP6 137 | 03977 03718 03718 03574 0.3488 03286 0.3027 0.2912 0.2855 0.2826  0.2826
152 | 02774 0.2705 0.2601 0.2551 0.2378 0.2026 0.1673 0.1551 0.1483 0.1436  0.1429




Table4. Poresizedistribution index (A) and bubbling pressure, bulk density, and
porosity for each soil pit.

Location Depth A hyp Bulk Porosity
Density
(cm) (cm) (g/em®) (cm¥cm’)
46 0.0932 9.8 1.64 0.38
SP1 71 0.5857 114 1.54 0.42

152 0.4854 4.5 1.60 0.40

38 0.2080 6.9 1.50 0.44

SP2 117 0.0317 2.3 151 0.43
152 0.0966 31.7 1.53 0.42

46 0.7965 18.8 1.65 0.38

SP3 91 0.5131 11 1.62 0.39
152 0.9761 10.9 1.55 0.42

46 0.3569 1.5 1.74 0.34

SP4 91 0.1109 8.0 1.74 0.34
152 0.0735 24.1 1.72 0.35

51 0.1855 11 1.67 0.37

SP5 137 0.1660 7.7 1.87 0.29
152 0.5043 14.0 1.67 0.37

89 0.4745 145 1.60 0.40

SP6 137 0.7155 4.8 141 0.47
152 0.1129 2.8 1.83 0.31
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Tableb.

Model input parametersfor the ssimulated 8 m buffer.

Layer Bulk Wilting Field
depth A h, density point capacity  Porosity Ks Sand Silt Clay
(cm) (cm) (g/em®)  (cm¥em®) (cm¥cm®) (cm¥cm®) (cmihr) (%) (%) (%)
70 0330 7.8 163 0.08 0.15 0.38 33 60 25 15
137 0.441 6.2 1.64 0.09 0.14 0.38 12 35 30 35
366 0309 84 175 0.03 0.16 0.34 35 0 5 5
"Bottom depth for zone 1, zone 2 = 0.386 m, zone 3 = 0.405 m
Table6. Modd input parametersfor the ssmulated 15 m buffer.
Layer Bulk Wilting Fied
depth A hy  density point capacity  Porosity Ks Sand Silt Clay
(cm) (cm) (g/em®) (cm¥cm®) (cm¥em®) (ecm¥em®) (cvhr) (%) (%) (%)
44 0.364 108 1.63 0.06 0.20 0.38 32 53 30 17
93 0310 57 160 0.04 0.11 0.40 87 58 23 19
366 0408 17.8 1.60 0.03 0.07 0.40 157 90 5 5

"Bottom depth for zone 1, zone 2 = 0.405 m, zone 3 = 0.450 m




Table7. Averageabsolute error between observed water table depth and REMM
predicted water table depth in each buffer zone for each smulation.

Buffer . N Average absolute error
width Simulation condition (mm)
Zone3 Zone2 Zonel
No field surface runoff, over all time 300 290 240
15m No field surface runoff, split simulation 160 150 170
Field surface runoff, split ssimulation 690 370 380
Field surface runoff, over all time 1700 260 250
8m  No field surface runoff, split simulation 1060 140 140
Field surface runoff, split simulation 650 230 230
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Figurel. Threezonehypothetical riparian buffer system simulated by REMM

(after Lowranceet al., 1998).
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Figure8. Hydraulic gradient across groundwater recorders 23 and 24 (field to the
buffer edge, 8 m buffer) shown with precipitation data.
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Figure9. Hydraulic gradient across groundwater recorders 18 and 19 (field to the
buffer edge, 15 m buffer) shown with precipitation data.
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Figure 10. Hydraulic gradient across groundwater recorders 24 and 25 (buffer edge
to the ditch edge, 8 m buffer) shown with precipitation data.
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Figure 15. Predicted water table depth compared to observed values acr ossthe 15
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Figure 17. Predicted water table depth compared to observed values acrossthe8 m
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wideriparian buffer with field surface runoff from 8/1/98 through
7/31/00.

Figure 18. Predicted water table depth compared to observed values acrossthe8 m
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from 8/1/98 through 8/31/99 and from 11/1/99 thr ough 7/31/00 to avoid

wideriparian buffer with field surface runoff. Two stage simulation
errorsinduced by hurricanes.

Figure 19. Predicted water table depth compared to observed values acrossthe8 m



APPENDIX A

Monthly Groundwater Elevation Figuresfor Replicates R1, R2S, R2N, R4W, R4E,
and R5N
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Figure A5. R1 Native Vegetation plots groundwater elevation data.
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Figure A8.

R2S Fescue plots groundwater elevation data.
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Figure A9.

R2S Switch Grass plots groundwater elevation data.
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Figure A10. R2S Native Vegetation plots groundwater elevation data.
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Figure Al1l. R2N No Buffer plots groundwater elevation data.
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Figure A12. R2N Tree plotsgroundwater elevation data.
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Figure A13. R2N Fescue plots groundwater elevation data.
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Figure A14. R2N Switch Grass plots groundwater elevation data.
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Figure A15. R2N Native Vegetation plots groundwater elevation data.
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Figure A16. R4W No Buffer plots groundwater elevation data.
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R4W Tree plots groundwater elevation data.
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R4W Fescue plots groundwater elevation data.
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Figure A19. R4W Switch Grass plots groundwater elevation data.
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Figure A20. R4W Native Vegetation plots groundwater elevation data.
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Figure A21. R4E No Buffer plotsgroundwater elevation data.
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Figure A22. R4E Treeplotsgroundwater elevation data.
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Figure A23. R4E Fescue plots groundwater elevation data.

288



00-Inc 00-Inc
00-Ae 00-Ae
00-1eIN 00-1e N
00-uer ® 00-uer
2 66-\ON M 66-\ON
2 S
2 66-dos m m. 66-dos m
m 66-IC + g 66-InC +
4 66-ken | S E 66-ken |
&, 5 Ce} B
8 so-en | ¢ g s6-en | ¢
S 66-uer o 66-uer
N e
M 86-\ON m 86-\ON
g6-das 86-des
86-InC 86-InC
) © >
&
(w) uoneas|g (w) uoneas|g
00-InC 00-Inc
00-Aen 00-Ae N
00-1eIN 00-1e N
00-uer " 00-uer
2 66-AON |3 | £ 660N |3
2 25 !
o 66-das 2 66-des
2 o
a) 66-1NC m z 66-Inc m
[S =
b 66-Ae + E 66-Ae +
é o ° 5
5 66-1eN | S m 66-BN | &
= = ) +
S 66-uer | ¢ 66-uer
@ — | &
86-AON w 86-\ON
86-das 86-dos
86-InC

86-INC

(w) uonenas|g

Figure A24. R4E Switch Grass plots groundwater elevation data.
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Figure A25. R4E Native Vegetation plots groundwater elevation data.
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