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Abstract: Understanding local groundwater hydrology and geochemistry is critical for eval-
uating the effectiveness of wetlands at mitigating agricultural impacts on surface waters. The 
effectiveness of depressional wetlands at mitigating nitrate (NO3) transport from fertilized 
row crops, through groundwater, to local streams was examined in the watershed of the upper 
Choptank River, a tributary of Chesapeake Bay on the Atlantic Coastal Plain. Hydrologic, 
geochemical, and water quality data were collected from January of 2008 through December 
of 2009 from surface waters and networks of piezometers installed in and around current or 
former depressional wetlands of three major types along a gradient of anthropogenic altera-
tion: (1) natural wetlands with native vegetation (i.e., forested); (2) prior-converted croplands, 
which are former wetlands located in cultivated fields; and (3) hydrologically restored wet-
lands, including one wetland restoration and one shallow water management area. These data 
were collected to estimate the orientation of groundwater flow paths and likely interactions 
of groundwater containing NO3 from agricultural sources with reducing conditions associ-
ated with wetlands of different types. Natural wetlands were found to have longer periods of 
soil saturation and reducing conditions conducive to denitrification compared to the other 
wetland types studied. Because natural wetlands are typically located in groundwater recharge 
areas along watershed divides, nitrogen (N) from nearby agriculture was not intercepted. 
However, these wetlands likely improve water quality in adjacent streams via dilution. Soil 
and geochemical conditions conducive to denitrification were also present in restored wet-
lands and prior-converted croplands, and substantial losses of agricultural NO3 were observed 
in groundwater flowing through these wetland sediments. However, delivery of NO3 from 
agricultural areas through groundwater to these wetlands resulting in opportunities for den-
itrification were limited, particularly where reducing conditions did not extend throughout 
the entire thickness of the surficial aquifer allowing NO3 to pass conservatively beneath a 
wetland along deeper groundwater flow paths. The complexity of N fate and transport asso-
ciated with depressional wetlands complicates the understanding of their importance to water 
quality in adjacent streams. Although depressional wetlands often contribute low NO3 water 
to local streams, their effectiveness as landscape sinks, for N from adjacent agriculture varies 
with natural conditions, such as the thickness of the aquifer and the extent of reducing con-
ditions. Measurement of such natural geologic, hydrologic, and geochemical conditions are 
therefore fundamental to understanding N mitigation in individual wetlands.

Key words: agriculture—Chesapeake Bay—denitrification—depressional wetlands—
groundwater—wetland conservation practices

Local hydrologic and geochemical con-
ditions control the movement of nitrate 
(NO3) through and around depressional 
wetlands and, therefore, the effective-

ness of those wetlands as landscape 
sinks for nitrogen (N) from nearby agri-
culture. Nitrogen occurs widely in the form 
of NO3 in groundwater which is an impor-

tant vector for agricultural N transport to 
many streams and tidal waters (Staver and 
Brinsfield 1996; Böhlke 2002; Phillips and 
Lindsey 2003; Nolan and Hitt 2006; Spruill 
and Bratton 2008). Ator and Denver (2012) 
estimated that 70% of the N load to surface 
water in the Chesapeake Bay watershed 
on the Delmarva Peninsula moves through 
groundwater. Reducing conditions and 
abundant organic matter typical of wetlands 
promote removal of NO3 through denitrifi-
cation and may thus improve groundwater 
quality (Howarth et al. 1996; Whigham and 
Jordan 2003). Denitrification occurs where 
groundwater containing NO3 passes through 
any sufficiently reducing environment 
(Puckett 2004) and has been observed in 
riparian and hyporheic sediments (Kennedy 
et al. 2009), and along upgradient groundwa-
ter flow paths (Tesoriero et al. 2000; Spruill 
et al 2005; Böhlke et al. 2007; Mehnert et al. 
2007; Denver et al. 2010), as well as in wet-
land sediments (Puckett 2004; Whigham and 
Jordan 2003).

The effectiveness of wetlands for miti-
gating agricultural NO3 depends primarily 
on local hydrology and the movement of 
water through the landscape, which controls 
how much NO3 actually passes through the 
zone of wetland influence (Puckett 2004; 
Tesoriero et al. 2009). Shallow groundwa-
ter flow systems around wetlands and other 
surface water bodies are commonly tran-
sient and complex and reflect influences 
of local geology, variable precipitation and 
recharge, and groundwater flow systems at 
local to regional scales (Winter 1983, 1999). 
Groundwater, for example, moves laterally 
just beneath the water table and through 
shallow riparian zone sediments only when 
restricted to a particularly thin unconfined 
aquifer; in thicker unconfined aquifers, NO3 
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is also delivered to streams along flow paths 
at depths beneath the influence of ripar-
ian forests or wetlands (Böhlke and Denver 
1995; Hill 1996; Puckett 2004; Ator et al. 
2005a). Where depressional wetlands collect 
rainfall and surface runoff, focused recharge 
may cause reversals in shallow groundwater 
flow, and wetlands may alternately provide 
recharge to or receive discharge from adja-
cent shallow groundwater within relatively 
short time periods (Winter 1983; Phillips 
and Shedlock 1993; Leibowitz and Nadeau 
2003). Wetlands on slopes or in discharge 
areas may receive groundwater from some 
distant upgradient, while those in groundwa-
ter recharge areas may only receive flow from 
very local areas (Winter 1983; 1999; Phillips 
et al. 1993).

Nitrogen transformations in wetlands 
vary spatially and temporally in response 
to variability in interacting hydrologic 
and geochemical characteristics that are 
often undocumented (Howarth et al. 1996, 
Whigham and Jordan 2003). For example, 
limited observations of nutrient concentra-
tions and redox potential or excess N gas 
just beneath the water table at the edge of 
a field or beneath a stream (Kennedy et al. 
2009) can be effective for estimating net 
local denitrification, but misleading regard-
ing the specific location or spatial extent of 
the denitrifying conditions (Puckett 2004). 
Furthermore, such measurements provide lit-
tle insight into the three-dimensional nature 
of groundwater flow necessary to understand 
NO3 movement and estimate NO3 losses in 
order to calculate ecosystem service benefits. 
Extrapolating observations of wetland effec-
tiveness from local studies to regional areas 
is particularly difficult (Howarth et al. 1996) 
and greatly benefits from a comprehensive 
understanding of NO3 fate and transport 
provided by direct hydrologic and geochem-
ical observations.

This paper compares and contrasts hydro-
logic and geochemical conditions and the 
resulting fate and transport of NO3, the 
major N species found in groundwater, in 
and around palustrine nonriparian depres-
sional wetlands (henceforth referred to as 
depressional wetlands) along an anthro-
pogenic alteration gradient within an 
agricultural landscape. Three major types of 
depressional wetlands were studied: (1) nat-
ural wetlands with native vegetation located 
in forested areas; (2) prior-converted crop-
lands, which are former wetlands located 

in cultivated areas; and (3) hydrologically 
restored wetlands, including one wetland 
restoration and one shallow water manage-
ment area. Although water quality has been 
investigated previously around numerous 
riparian wetlands, similar studies of depressional 
wetlands are less common (Whigham and 
Jordan 2003). Leibowitz and Nadeau (2003) 
noted a relative lack of water quality studies 
related to isolated wetlands, which are usu-
ally depressional, and emphasized the need 
for additional studies on the importance of 
isolated wetlands to regional water qual-
ity. We hypothesize that the effectiveness of 
depressional wetlands at mitigating NO3 var-
ies with local hydrologic conditions and site 
management. The importance of three-di-
mensional hydrology and collection of a 
broader suite of geochemical indicators than 
are commonly collected for the interpreta-
tion of NO3 loss in wetlands is discussed.

Materials and Methods
Study Area. The Choptank River drains the 
central Delmarva Peninsula in Maryland 
and Delaware and has the largest nontidal 
watershed that flows from the peninsula to 
the Chesapeake Bay (figure 1). The water-
shed is rural, and land use is dominated by 
agriculture (60%; production of corn [Zea 
mays L.], soybean [Glycine max L.], and small 
grain crops), with smaller amounts of for-
est (33%) and urban/suburban areas (7%) 
(McCarty et al. 2008; Fisher et al. 2010). 
Poultry production is common; more than 
one million broiler chickens were produced 
in the watershed in 1997 (Sprague et al. 
2000). Agricultural applications (primarily 
fertilizer and manure) are estimated to rep-
resent more than 70% of N sources in the 
watershed; relatively minor N sources in the 
watershed include septic systems and isolated 
urban areas (Sprague et al. 2000).

Much of the upper Choptank Watershed 
is generally flat and poorly drained, with low 
water table gradients (Shedlock et al 1999). 
Tracts of forested wetlands are interspersed 
with agricultural fields. Depressional wet-
lands are relatively abundant and are often 
characterized as Delmarva Bays (figure 2), 
which are believed to have formed from 
freezing and thawing related to the cold cli-
mate during the last glacial period (Newell 
and Dejong 2011; Owens and Minard 
1979). Soils range from very poorly drained 
mucks with high organic matter content 
in depressions to well-drained sandy loams 

beneath farm fields. Most of the depres-
sional wetlands were historically isolated 
from surface-water drainage. However, 
artificial ditches originally installed to 
improve drainage for cultivation or mos-
quito abatement now connect many of the 
watershed’s depressional wetlands to surface 
waters (Lang et al. 2012). Cropland occupies 
most areas where soil could be adequately 
drained, and prior-converted croplands are 
common in fields. Prior-converted crop-
lands are defined by the USDA Natural 
Resource Conservation Service (NRCS) 
as wetlands that were manipulated (drained 
or otherwise physically altered to remove 
excess water from the land with wetland 
hydrology for less than two weeks out of 
the growing season) and cropped prior to 
December 23, 1985 (Kirchner et al. 1992). 
Attempts to drain much of the area that is 
currently forested, however, were unsuccess-
ful, although ditches remain in many forested 
areas. Ditches are very common features 
in Coastal Plain agricultural watersheds. 
During periods of low evapotranspiration, 
usually in the winter, these ditches carry 
water from wetlands to local streams.

Hydrologic conditions in the Choptank 
Watershed are generally typical of the central 
Delmarva Peninsula (Shedlock et al. 1999) 
and parts of the wider mid-Atlantic Coastal 
Plain (Ator et al. 2005b). The area is blanketed 
by an unconfined surficial aquifer that formed 
from sediments deposited from the outwash 
of continental glaciers to the north (Owens 
and Minard 1979). The aquifer is relatively 
thin, often less than 10 m (33 ft) thick within 
the study area. Groundwater generally follows 
relatively short flowpaths from local uplands 
to discharge areas in nearby streams. On the 
Delmarva Peninsula, the residence time of 
groundwater in the surficial aquifer seldom 
exceeds a few decades (Dunkle et al. 1993; 
Böhlke and Denver 1995).

Abundant wetlands and other poten-
tial NO3 sinks affect water quality in the 
Choptank River. For example, a large subwa-
tershed (292 km2 [113 mi2]) of the Choptank 
River that includes this study area contains 
numerous wetlands and abundant poorly 
drained soils exports only 14% of applied N, 
which is significantly less than the percent 
of N exported from well-drained portions of 
the Choptank Watershed (Fisher et al. 1998; 
Sprague et al. 2000; Brakebill and Preston 
2004). Previous estimates of the proportion 
of N delivered to the river as groundwater 
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NO3 vary from 43% to 64% (Bachman et al. 
1998; Sprague et al. 2000).

Selection of Wetland Study Sites. Natural, 
prior-converted, and restored wetlands 
within the upper Choptank Watershed were 
selected for study to provide insight on nat-
ural hydrologic and geochemical variability 
affecting NO3 fate and transport under each 
management scenario (figure 3). The study 
sites were replicated in the natural and prior-
converted cropland sites, and two different 
types of wetland conservation practices were 
studied as restored sites. Hydrology at the 
natural, prior-converted cropland, and one 
of the restored sites was influenced by bisect-
ing or adjacent ditches. Individual sites were 
selected for study on the basis of local condi-
tions and land-owner cooperation. Specific 
locations were omitted from this paper out 
of respect for land-owner privacy in accor-
dance with USDA policies.

Geologic Investigations. Shallow subsur-
face investigations were conducted at each 
site to evaluate the geologic setting. A con-
tinuous core to the first major confining unit, 
generally within 6 to 10 m (20 to 33 ft) of 
the land surface, was collected from at least 
one location at each site and used to esti-
mate the local thickness, permeability, and 
general redox state (based on sediment color) 
of the surficial unconfined aquifer. Transects 
were established based on topography along 
a presumed hydraulic gradient from adjacent 
uplands into each wetland, and soil samples 
were collected by hand auger to shallow 
(i.e., a few meters or less) depths at several 
locations along each transect. Soil sampling 
was conducted during a particularly dry 
period from September of 2007 through 
November of 2007, which improved access 
to wetland sites.

Description of Natural Wetland Study 
Sites. These sites are forested and were 
located in upland landscapes near water-
shed divides that serve as recharge areas for 
the surficial aquifer in areas where historical 
drainage efforts were unsuccessful (figures 
3 and 4). Soil characteristics ranged from 
very poorly drained organic mucks beneath 
depressions to poor and moderately well 
drained sandy loams on the surrounding flats 
(USDA NRCS 2006a). Clay and silt layers 
from 0.5 m (1.6 ft) to more than 2 m (6.6 
ft) in thickness were common beneath the 
depressions and were noted in local cores. 
The surficial aquifer was about 10 m (33 ft) 
thick beneath natural site 1 (NAT1) and 6 m 

Figure 1
Location of the upper Choptank Watershed and general location of the study area.

New York

Pennsylvania

West  
Virginia

Maryland

Delaware

Virginia

N

0 125 250 500 km

0 5 10 20 km
Legend

States

Legend
Rivers

Study site

Choptank Watershed

Figure 2
(a) A photograph taken on December 24, 2007, shows that the land surface of the upper 
Choptank has numerous nonriparian depressions that function as wetlands. (b) Elevation data 
collected on March 27, 2007, using light detection and ranging (LiDAR), shows the extent of the 
depressions in this area. Examples of depressional wetlands are outlined with dashed lines.
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Figure 3
Aerial photographs of study sites and general location of piezometer transects at the natural (a) NAT1 and (b) NAT2 sites, prior-converted cropland 
(c) PCC1 and (d) PCC2 sites, and restored (e) RES1 and (f) RES2 study sites. Dashed lines indicate location of depressional wetlands, circular symbols 
indicate locations of shallow piezometers, and triangular symbols represent locations of deeper groundwater samples collected using a Geoprobe. 
All photographs were taken on December 24, 2007, as described by Lang and McCarty (2009).
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(20 ft) thick beneath natural site 2 (NAT2). 
Most of the aquifer sediments in cores were 
gray in color, indicating primarily anoxic 
conditions. Sediment color was mottled 
orange and gray with bands of iron staining 
near the surface in and near depressions, sug-
gesting variable redox conditions associated 
with frequent wetting and drying as water 
levels changed.

Description of Prior-Converted Cropland 
Study Sites. These sites are cultivated along 
with adjacent upland areas for row crop 
(primarily corn and/or soybean) production 
(figures 3 and 5). Soils and sediments near 
the prior-converted cropland sites reflect 
variable geologic, hydrologic, and geochem-
ical conditions. Beneath cultivated uplands, 
soils were generally well-drained sandy 
loams, and shallow sediments were primar-
ily sand and gravel with few fine textured 
layers and little organic matter. Sediment 
color was predominantly tan to orange or 
red, indicative of predominantly oxic soil 
and aquifer conditions. Soils beneath the 
wetland depressions, conversely, were gen-
erally poorly drained with abundant organic 
matter at the surface, but sandier and more 
permeable than those beneath the restored 

and natural wetlands. The fine textured 
sediments near the land surface in the 
prior-converted croplands were generally 
underlain by interbedded sand, gravel, silt, 
and clay that coarsened with depth. Coarse 
gravel commonly occurred at the base of the 
surficial aquifer above the underlying clay of 
the confining unit. At prior-converted crop-
land site 1 (PCC1), the surficial aquifer was 
7 to 10 m (23 to 33 ft) thick, and tan and 
orange coarse sand and gravel at the base of 
the aquifer suggest that oxic groundwater 
occurs beneath overlying anoxic wetland 
sediments (figure 5a). The surficial aquifer at 
prior-converted cropland site 2 (PCC2) was 
similar in thickness (about 8 m [26 ft]), but 
had gray sediments to the base of the surficial 
aquifer suggesting consistently anoxic condi-
tions (figure 5b).

Artificial drainage supports cultivation at 
both prior-converted cropland sites (figures 
3c and 3d). A water control structure was 
used to retain water in the ditch draining 
PCC1 and surrounding aquifer sediments. 
The ditch at PCC1 presumably received 
water only from the surrounding cropland. 
Conversely, the main ditch draining PCC2 
receives water originating from upland and 

prior-converted cropland portions of an 
agricultural field to the north and a forested 
wetland complex to the south. These adja-
cent land cover types were separated by a 
free-flowing ditch which likely replaced a 
former stream channel.

Description of Restored Wetlands Study 
Sites. These sites include previous prior-
converted sites that were returned to wetland 
hydrology through one of two USDA man-
agement practices to meet varying landowner 
preferences (figures 3 and 6). One of the 
restored sites (RES1) represents a USDA 
wetland restoration where both hydrologic 
and vegetative conditions were modified to 
closely resemble a natural wetland and garner 
a wide range or ecosystem service benefits 
(USDA NRCS 2010). The other restored 
site (RES2) was constructed according to the 
USDA NRCS Shallow Water Development 
and Management protocol for aesthetic pur-
poses and to attract wildlife (USDA NRCS 
2006b). The land surface depression at RES2 
includes both the restored shallow water 
management area and an adjacent natural for-
ested wetland (figure 3f). Soils and hydrology 
at the restored sites reflect previous drainage 
for agricultural use, as well as restoration to 
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Figure 4
Cross sections of natural sites (a) NAT1 and (b) NAT2 showing the general configuration of the surficial aquifer and high and low water levels during 2008.
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Figure 5
Cross sections of prior-converted cropland sites (a) PCC1 and (b) PCC2 showing the general configuration of the surficial aquifer and high and low 
water levels during 2008.
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more closely approximate the more natural 
sites. Soils include well-drained sandy loams 
on uplands within agricultural fields, similar 
to prior-converted cropland sites, and very 
poorly drained organic mucks beneath the 
depressional wetlands, similar to natural sites 
(USDA NRCS 2006a). Surficial clay and/or 
silt layers from 0.5 m (1.6 ft) to more than 
2 m (6.6 ft) in thickness present beneath the 
restored wetlands prolong ponding of surface 
water. To encourage inundation at RES2, the 
permeability of surficial sediments was further 
restricted by compaction during restoration.

Hydrologic and Geochemical Data 
Collection and Analysis. Hydrologic, geo-
chemical, and water quality data were 
collected in and around each wetland study 
site. Data often lacking in previous wet-
land studies were collected, including deep 
cores of aquifer sediments, vertical as well 
as horizontal water-level gradients, and 
concentrations of major inorganic ions 
(including calcium [Ca], magnesium [Mg], 
sodium [Na], potassium [K], biocarbonate 
[HCO3], sulfate [SO4], and chloride [Cl]) 
in groundwater and surface waters. These 
data were used to improve understanding 

of the configuration of groundwater move-
ment through the shallow aquifer system and 
to characterize groundwater chemistry to 
enhance understanding of the potential for 
interception and removal of NO3.

Water-level data and water samples for 
nutrient and gas analyses were collected 
monthly at all sites in 2008. Figures and 
tables are primarily based on results from 
2008 when all sites were sampled monthly to 
enable direct comparisons between the sites. 
Data collection continued at the prior-con-
verted cropland and restored sites through 
2009 at monthly or quarterly intervals, but 
was discontinued at the natural sites after 
2008 because it was determined that agricul-
tural chemicals were not intercepted at these 
sites. With the exception of some of the data 
from the two prior-converted cropland sites 
and some deep groundwater samples, the 
2009 data are not included.

Data were collected to evaluate the local 
hydrology and potential for NO3 inter-
ception at each wetland study site. Shallow 
piezometers were installed in auger holes 
at selected soil sampling locations to sup-
port groundwater-level observations and 

groundwater sampling. Piezometers were 
constructed using 5 cm (2 in) PVC pipe with 
a 0.2 to 0.3 m (0.7 to 1 ft) screened inter-
val at the base; depths ranged from 0.5 to 4 
m (1.6 to 13 ft) beneath the ground surface. 
Piezometer installation during a particularly 
dry period from September of 2007 through 
November of 2007 maximized piezometer 
depth. Staff gauges were installed in wetland 
ponds and ditches to facilitate surface-wa-
ter-level monitoring at five of the six sites. 
Piezometers and surface-water staff gauges at 
each site were surveyed to a common local 
datum determined from light detection and 
ranging (LiDAR) elevation mapping (Lang 
and McCarty 2009) to support compari-
sons of water levels to determine local water 
table gradients. Because the hand-augered 
piezometers were shallow relative to the 
thickness of the surficial aquifer, groundwa-
ter samples represented recent recharge to 
the water table in the vicinity of the piezom-
eters and, therefore, geochemical processes 
affecting NO3 transport and transformation 
of groundwater moving through the wetlands 
and uplands at each site. Samples from these 
piezometer transects do not necessarily rep-

Figure 6
Cross sections of restored sites (a) RES1 and (b) RES2 showing the general configuration of the surficial aquifer and high and low water levels during 2008.
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resent transport of chemicals along a single 
groundwater flow path. Water samples were 
collected from deeper parts of the surficial 
aquifer at selected prior-converted cropland 
and restored wetland sites in March of 2009 
using a Geoprobe, which uses pressure and 
percussion to advance a temporary well-point 
into the aquifer, to evaluate water chemistry at 
depths beneath the installed piezometers.

Water levels were measured, and water 
quality samples (including analyses of NO3 
and excess nitrogen [N2] gas) were collected 
to support interpretation of groundwa-
ter hydrology, associated nitrogen fate, and 
transport in and around each wetland. On 
the day prior to sampling, water levels were 
measured in each piezometer using an elec-
tric tape, and the piezometers were pumped 
dry and allowed to recover. Although some 
groundwater samples (excluding those for 
dissolved gases) were collected in April of 
2008, March of 2009, and April of 2009 
using a peristaltic pump, most samples were 
collected using a Teflon bailer equipped with 
one-way valves at both ends to minimize 
partial vacuum and atmospheric exposure 
of the freshly recharged groundwater. After 
filling the bailer with water from the bottom 
of the piezometer, a stopcock was added to 
the bottom of the bailer for distribution of 
groundwater from the bailer to sample tubes 
for dissolved gas analyses. The sample was 
transferred into ground glass stoppered tubes 
or tubes with rubber septa from the bottom 
of the tube and allowing approximately one 
volume of overflow to reduce air contact and 
eliminate bubbles. Replicate samples were 
collected from each piezometer and the 
tubes were stored on ice until analysis the 
next day. Following collection of dissolved 
gas samples, the bailer was used to collect 
an additional sample for chemical analysis 
of NO3 and determination of conductivity. 
The bailer was rinsed with distilled water 
between samples to minimize cross contam-
ination. Surface-water samples for analysis of 
NO3 and conductivity were collected using 
single grab samples from ditches and wetland 
ponds when water was present. All water 
samples were placed on ice in coolers and 
returned to the laboratory for analyses.

Groundwater and stream samples were 
analyzed for selected major inorganic ions, 
NO3 and dissolved gases (N2, oxygen [O2], 
and argon [Ar]). Samples were analyzed for 
dissolved gases, specific conductance, and 
NO3, using methods described in Fisher et 

al. (2010). Conductivity corrected to 25°C 
(77°F) was measured in these samples in 
the laboratory using a Yokogawa conduc-
tivity meter (model SC82). Water samples 
for NO3 analysis were passed through 0.45 
μm (1.8 x 10–5 in) glass fiber filters and 
analyzed colorimetrically at the USDA 
Agricultural Research Service (ARS) facil-
ity in Beltsville, Maryland, using methods 
described by McCarty et al. (2008) and 
Sutton et al. (2010). Samples collected dur-
ing April of 2008, March of 2009, and April 
of 2009 were also analyzed for inorganic 
ions and NO3 using inductively coupled 
plasma analysis for cations, ion chromatog-
raphy for chloride and sulfate, and cadmium 
reduction-diazotization for NO3 at the US 
Geological Survey (USGS) National Water 
Quality Laboratory in Denver, Colorado, as 
described in Fishman (1993).

Dissolved gases in groundwater were mea-
sured at the University of Maryland Horn 
Point Laboratory using a Balzers model 
QMG420 quadrapole mass spectrometer 
with a membrane inlet (MIMS) following a 
protocol developed by Kana et al. (1994, 1998, 
2002) The ground-glass stoppered ground-
water samples were temperature-equilibrated 
in a water bath approximating the observed 
groundwater temperature, along with deion-
ized water standards equilibrated with air. A 
set of standards was analyzed at the begin-
ning and end of each batch of three to 
six samples and atmospheric pressure was 
recorded to 0.01 mm (0.001 cm) mercury  
(Hg) each time standards were run. A small 
peristaltic pump pulled standards and samples 
through the membrane inlet, which permit-
ted the diffusion of gases into the vacuum 
surrounding the membrane, and the sample 
gases were swept into the mass spectrometer 
detectors. Both samples and standards were 
run in quadruplicate, and the three (usually 
the last three) with the most stable N2/Ar 
were subsequently analyzed.

The raw data from the MIMS were ana-
lyzed in a spreadsheet template to compute 
groundwater recharge temperature, excess 
N2, and percentage saturation O2. The Ar and 
N2 data were initially corrected for dioxygenyl 
(O2) scavenging (Kana et al. 1998), and then 
the drift-adjusted. Air calibration factor (μV 
μM–1) was determined for each sample using 
air standards run at the beginning and end 
of each sample batch. Concentrations of Ar, 
N2, and O2 in the samples (μM) were com-
puted using sample signals (μV) and the air 

calibration factors. Drift in the instrument 
calibration factors was time-corrected for 
each sample by linear extrapolation of the 
standards during the sample batch.

Argon concentrations were used as 
an inert, physical tracer of gas exchange 
between rain and the atmosphere prior 
to and during infiltration of rainwater to 
groundwater. An inverted solubility curve 
was used to estimate the effective recharge 
temperature from the measured Ar con-
centrations, and the recharge temperature 
was then used to estimate the background 
dissolved N2, O2, carbon dioxide (CO2), 
nitrous oxide (N2O), and methane (CH4) 
in equilibrium with atmospheric gases. The 
background dissolved gases were compared 
with the observed N2 and O2 measured in 
the MIMS. Excess N2-N and percentage sat-
uration O2 were computed as:

excess N2–N = 2 × (observed N2 – equilib-
rium N2) (1)

percentage saturation O2 = 100 × (observed 
O2 ÷ equilibrium O2). (2)

Excess N2 was expressed per unit N for 
comparison with NO3 as N (NO3-N).

Excess N2-N represents the amount of 
inorganic N (from denitrification) that has 
been converted to N2 gas in the ground-
water. In contrast to supersaturated N2 in 
groundwater, O2 is usually undersaturated 
in groundwater and varies from near-zero to 
90% saturation.

Dissolved gas measurements were used 
to estimate loss of NO3-N through denitri-
fication in groundwater using the methods 
described in Fisher et al. (2010) as follows. 
Effective groundwater recharge temperatures 
based on observed Ar concentrations were 
used to estimate background dissolved N2-N 
in equilibrium with the atmosphere prior to 
infiltration to groundwater. Observed N2-N 
in groundwater in excess of estimated atmo-
spheric N2-N was assumed to be attributable 
to denitrification, and the sum of estimated 
excess N2-N and observed NO3-N concen-
trations represents an estimate of initial or 
reconstructed NO3-N concentrations prior 
to any loss through denitrification. Estimates 
of excess N2-N may be biased high, by dis-
solution of air bubbles trapped in soil during 
seasonal changes in groundwater levels or 
infiltration (Ingram et al. 2007). Other factors 
that can affect estimates of excess N2-N gas 
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in groundwater include determination of the 
equilibrium recharge temperature (Böhlke 
2002) and degassing in shallow sediments 
through CH4 or N2 ebullition, especially 
when the water table is at or near the land 
surface (Blicher-Mathiesen et al. 1998).

Rank transform ANOVA and Tukey tests 
(α = 0.05) (Helsel and Hirsch 1992) were 
used to compare the distribution of con-
tinuous variables (chemical concentrations) 
in groundwater and surface water among 
samples from uplands and different wetland 
settings. Where data are referred to as “agri-
cultural uplands,” they include water samples 
from piezometers located in upland areas 
beneath the agricultural fields of the prior-
converted cropland and restored sites.

Results and Discussion
Natural Wetlands. Water levels at the natu-
ral sites, NAT1 and NAT2, reached seasonal 
and study-period highs in March of 2008 to 
April of 2008, and standing water was present 
in the depressions through late spring (figure 
4). The underlying fine-textured sediments in 
the depressions absorbed and retained water 
that collected in the wetlands from local run-
off and direct precipitation onto the surface of 
the wetland for longer time periods than the 
surrounding upland sediments. This resulted 
in the formation of a groundwater mound 
beneath NAT1. Groundwater levels during 
2008 were consistently higher beneath the 
wetland depression (as apparent in piezome-
ters NAT1-B and NAT1-C) than beneath the 
adjacent upland (piezometer NAT1-A) (fig-
ure 7a). In contrast, the water table gradient 
was nearly flat at NAT2 and at both natural 
sites during the summer, suggesting minimal 
lateral groundwater flow (figure 4). The land 
surface elevation of the wetland depressions 
at the natural sites and their respective water 
levels were generally higher than those at the 
prior-converted croplands or restored wet-
lands and their adjacent agricultural uplands 
(figures 7 and 8a).

The natural wetland sites were located 
near topographic divides in groundwater 
recharge areas and did not intercept surface 
water or groundwater carrying N from agri-
cultural areas. Compared to groundwater 
beneath agricultural uplands and prior-con-
verted croplands, groundwater beneath and 
adjacent to the natural wetlands had signifi-
cantly lower specific conductance (figure 
8b) and lower concentrations of major inor-
ganic ions (figure 9).  Surface water in ponds 

and groundwater beneath forested upland 
areas at these sites had the lowest concen-
trations of ions (the most dilute water), and 
groundwater beneath inundated portions 
of natural wetland sites had higher concen-
trations of ions (figures 4 and 9a; table 1). 
Upland groundwater adjacent to the natural 
wetland depressions typically had character-
istics of unconfined groundwater that has 
not been affected by the addition of anthro-
pogenic chemicals (referred to as “natural” 
water quality) on the Delmarva Peninsula, 
which has been defined as having specific 
conductance less than 60 μS cm–1 and Cl 
and NO concentrations less than 7 mg Cl 
L–1 (7 ppm Cl) and 0.4 mg NO3-N L–1 (0.4 
ppm NO3-N) respectively (Denver 1986; 
Hamilton el al. 1993). Higher concentra-
tions of major ions in groundwater beneath 
the wetland depressions likely reflect evapo-
ration of ponded water prior to infiltration; 
concentrations of SO4 (from mineralization 
of organic matter) and iron (Fe) (indica-
tive of anoxic conditions) were also higher 
in groundwater beneath natural wetland 
depressions than beneath adjacent uplands 
(table 1 and figure 9a). Water chemistry asso-
ciated with the natural wetlands reflected 
precipitation modified by mineralization 
of organic matter and mineral dissolution, 
and sometimes, evaporation (Denver 1986). 
Because of this, they provided a baseline for 
interpreting water chemistry affected by the 
addition of agricultural chemicals in prior-
converted croplands and restored wetlands.

Nitrate concentrations in groundwater 
from the natural sites were generally less 
than 0.1 mg NO3-N L–1 (0.01 ppm NO3-
N), although concentrations of excess N2-N 
gas were commonly higher than those of 
NO3 (table 1; figures 8d and 8e). The highest 
concentration of NO3 measured in ground-
water at the these sites was less than 0.4 mg 
NO3-N L–1 (0.4 ppm NO3-N); however, the 
median concentration of excess N2 gas was 
greater than 1 mg N2-N L–1 (1 ppm N2-N )
(table 1 and figure 8e). Nitrogen compounds 
in groundwater beneath the natural depres-
sion in these wetlands were likely derived 
from soil organic matter and precipitation. 
Groundwater beneath and adjacent to natural 
wetlands was commonly reducing, with low 
dissolved O2 concentrations (table 1 and fig-
ure 8c). Drying of wetland sediments, such as 
that which occurred in the summer of 2008, 
however, would promote oxic conditions, 
as suggested by mottling in shallow wetland 

sediments. Any NO3 formed through min-
eralization of organic matter during such 
periods would be reduced to N2 during wet 
periods when soils resaturate.

Prior-Converted Croplands. The water 
table beneath the study sites, PCC1 and 
PCC2, was relatively high, sometimes reach-
ing the land surface (e.g., spring of 2008), 
and ditches contained water (similar to natu-
ral wetland sites); however, groundwater did 
not inundate and form ponds in the wetlands 
(figure 10). Groundwater levels were below 
the base of the depressions and ditches from 
July of 2008 through December of 2008, 
and many shallow piezometers at the sites 
were dry at that time. Groundwater levels 
increased over the winter, after which the 
water table rose above the depth of the pie-
zometers throughout the remainder of the 
study period (figures 7b and 10). The water 
table gradient typically followed topography 
from uplands toward the prior-converted 
croplands and ditches (figures 5 and 10). 
However, the hydrologic gradient at PCC1 
reversed from August of 2008 through April 
of 2009 (figure 10a). During this reversal, the 
elevation of surface-water in the wetlands 
and saturated wetland sediments was higher 
than in the adjacent uplands, and groundwa-
ter flow was away from the wetland toward 
the agricultural upland, which is contrary to 
assumptions about flow based on topogra-
phy (figure 5a). Transient fluctuations in the 
water table gradient at PCC1 may have been 
due to management of water levels with the 
water control structure located in the farm 
ditch downgradient of the wetland, and/or 
the effect of a large regional drainage ditch 
located several hundred meters to the west 
(figure 3c). At PCC2, conversely, the water 
table gradient was consistently from the 
uplands toward the ditch as suggested by 
local topography (figures 5b and 10b).

The prior-converted croplands received 
direct application of nutrients through syn-
thetic fertilizer and manure, N fixation of 
soybean crops, and precipitation and runoff 
from surrounding uplands. Oxic ground-
water was common beneath upland fields 
surrounding the depressions (figures 8c and 
10; table 1). Water chemistry reflected agri-
cultural influences similar to those observed 
elsewhere on the Delmarva Peninsula 
(Denver 1989; Debrewer et al. 2008) and the 
wider Coastal Plain (Ator 2008), includ-
ing elevated concentrations of Ca, Mg, 
NO3, and Cl, presumably from agricultural 
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Figure 7
Hydrographs (a) NAT1, (b) PCC1, and (c) RES2 show representative groundwater and surface-wa-
ter levels relative to mean sea level at one site of each type level during 2008. (d) shows the 
monthly rainfall totals from a nearby local gauge in the Choptank Watershed.
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applications of lime, fertilizer, manure, and 
potash (figure 9b). Nitrate concentrations 
generally exceeded 10 mg NO3-N L–1 (10 
ppm NO3-N) beneath agricultural uplands, 
and the addition of ions from agricultural 
sources resulted in the specific conductance 
of groundwater being elevated relative 
to the dilute baseline conditions seen in 
upland forested areas (figures 8b and 9; 
table 1). Higher concentrations of Cl (from 
atmospheric sources) and SO4 (from atmo-
spheric sources and produced through the 
degradation of organic matter) in ground-
water beneath the prior-converted cropland 
instead of the uplands indicate that evapora-
tion of water retained in wetland sediments 
affects the concentrations of these ions in 
groundwater (figure 9b).

Redox conditions, as indicated by 
dissolved O2, NO3, and excess N2 concen-
trations, varied spatially and temporally with 
wetting and drying cycles in groundwater 
within prior-converted croplands (figure 
10). At both sites, excess N2 concentrations 
decreased beginning in the late summer 
when water levels were low and wetland sed-
iments were not saturated to the land surface. 
At PCC1, dissolved O2 increased in ground-
water beneath the wetland during this period. 
Concentrations of dissolved O2 remained 
high and concentrations of excess N2 were 
low in groundwater beneath the agricultural 
uplands at both sites. Reconstructed NO3 
concentrations (which represent the sum 
of NO3-N and excess N2-N) that are lower 
than the concentration of NO3 beneath 
upland fields suggest that denitrification does 
not fully account for the differences in NO3 
concentrations in groundwater beneath the 
historic wetlands and adjacent agricultural 
uplands at these sites (figure 8f). These dif-
ferences may instead be related to addition of 
water from dilute, low NO3 runoff that col-
lects in wetland depressions, or to degassing 
of N2 produced through denitrification in 
shallow wetland sediments. Data are not suf-
ficient to determine which process is mainly 
responsible for differences in concentrations 
of reconstructed NO3 compared to NO3 in 
groundwater beneath the uplands.

The influence of PCC1 on the quality 
of groundwater from adjacent agricultural 
uplands is limited. Water chemistry in the 
drainage ditch at PCC1 reflected agricul-
tural sources and denitrification, although 
observed groundwater redox conditions 
were variable, and NO3 was not completely 
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Figure 8
Summary boxplots showing the range in (a) water levels, (b) specific conductance, and concentrations of (c) dissolved oxygen (O

2
), (d) nitrate (NO

3
), 

(e) excess nitrogen (N), and (f) reconstructed NO
3
 for piezometers and surface water at upper Choptank wetland study sites. Agricultural uplands 

(AUP) includes data from upland piezometers in PCC and RES sites. Prior-converted cropland (PCC) includes data from piezometers in PCC wetlands.  
Restored wetlands (RES) include data from piezometers in RES wetlands. Natural wetlands (NAT) include data from piezometers in NAT wetlands  
and Surface water samples (SUR) are from all sites.

Note: a, b, c, d, e, beneath boxplots, indicate results of ANOVA and multiple comparison tests. Groups with same letter are not significantly different.
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Figure 9
Characteristics of the major-ion chemistry of water from different hydrologic settings associated with (a) natural, (b) prior-converted cropland, and (c) 
restored wetland sites. Each diagram represents the major-ion chemistry of a specific water sample. As the concentration of a particular ion increases, 
the diagram extends farther from the center axis. Smaller diagrams are associated with dilute water that represents relatively natural conditions in 
groundwater (such as in the forested wetland sample in NAT1) or water that is predominantly from rainfall (as in most surface water). Larger diagrams 
represent water with higher concentrations of ions commonly found in water that has additional ions from agricultural sources or evaporation.
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lost to denitrification (figures 9b and 10; 
table 1). Regardless of the effectiveness of 
PCC1 wetland sediments at NO3 removal, 
however, our results indicate that hydro-
logic conditions were such that the PCC1 
wetland received groundwater flow from a 
relatively limited area. During the dry period 
in the fall of 2008, groundwater underlying 
much of the depression at PCC1 flowed west 
toward a major regional drainage ditch rather 
than toward PCC1 (figure 5a). Furthermore, 
groundwater beneath the depression was 
oxic during that period with abundant NO3, 
suggesting that the vertical influence of den-
itrifying conditions on groundwater quality 
was limited at this site (figure 10a). Deeper 
water samples collected with a Geoprobe 
indicated that oxic groundwater containing 
NO3 was present at depth and may carry 
NO3 conservatively (without loss) beneath 
the wetland to downstream receiving waters 

(piezometers PCC1-G1 and PCC1-G2 on 
figure 5a and table 1). 

Hydrologic and geochemical conditions at 
PCC2 supported relatively effective removal 
of agricultural NO3 in groundwater. Unlike 
PCC1, the groundwater flow gradient at 
PCC2 was consistent from the agricul-
tural upland toward the ditch, and anoxic 
conditions were observed throughout the 
thickness of the aquifer (figures 5b and 10b; 
table 1). Groundwater chemistry at shallow 
and deeper depths beneath the wetland con-
sequently reflected agricultural influences 
and denitrification (figure 10b and table 1). 
Groundwater levels in the forested wetlands 
across the ditch from the PCC2 cropland 
were generally higher than in the PCC2 
wetland. It is likely that this fact significantly 
slowed the rate of groundwater through 
PCC2 and influenced the presence of reduc-
ing conditions throughout the thickness of 

the surficial aquifer near and beneath the 
ditch. Even though groundwater flow from 
agricultural uplands adjacent to PCC2 was 
also from the upland toward the ditch, the 
chemistry of water in the ditch resembled 
that of the ponded water in natural wetlands 
(figure 9a), and not of denitrified ground-
water from agricultural areas (figure 9b). 
The PCC2 wetland is apparently effective 
at reducing the overall flux of N that passes 
through wetland sediments to receiving sur-
face waters (i.e., the ditch), but likely had 
relatively little effect on N concentrations 
leaving the site in surface water compared to 
the effect of flow from the much larger for-
ested wetland complex adjacent to the ditch.

Restored Wetlands. Standing water was 
present in both restored wetland sites (RES1 
and RES2) over much of the study period. 
The water table gradient was generally from 
the agricultural upland toward the adjacent 
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Table 1
Summary of concentrations of selected chemical constituents in groundwater and surface water collected monthly during 2008 from the natural, 
prior-converted cropland, and restored depressional wetland study sites. Median measurements are provided, followed by minimum and maxium 
values in parentheses. Specific piezometer and surface-water site locations shown in figures 4, 5, and 6.

	 	 	 Specific	 Dissolved
  Number of conductance (µS oxygen Nitrate as N Excess nitrogen
Site number samples cm–1 at 25ºC) (mg L–1) (mg L–1) as N (mg L–1)

Natural site 1

 NAT1-A 12 58 (53,443) 0.6 (0.2,3.5) 0 (0,0.48) 1.5 (0.22,2.4)

 NAT1-B 12 501 (312,608) 0.3 (0.1,0.7) 0.13 (0.04,0.25) 1.1 (0.75,1.4)

 NAT1-C 12 266 (148,354) 1.3 (0.1, 3.2) 0.05 (0,0.11) 1.2 (0.32,2.1)

 NAT1-D 12 239 (214,316) 0.2 (0.1,0.8) 0.07 (0.01,0.15) 1.3 (0.95,1.7)

 NAT1-Pond 12 77 (46,344) — 0.04 (0,0.07) —

Natural site 2

 NAT2-A 12 54 (49,68) 5.4 (2.5,7.6) 0.12 (0.03,0.34) 0.76 (0.29,1.2)

 NAT2-B 12 60 (48,84) 0.3 (0.1, 2.4) 0.04 (0,0.06) 1.1 (0.22,2.1)

 NAT2-C 12 99 (81,129) 1 (0.2,3.5) 0.03 (0,0.17) 1.2 (0.22,2.1)

 NAT2-D 10 122 ( 104, 138) 0.21 (0.1, 0.9) 0.03 (0,0.15) 1.3 (0.82,2.2)

 NAT2-Pond 7 92 (47,155) — 0.04 (0.04,0.06) —

Prior-converted cropland site 1

 PCC1-A 12 251 (229, 315) 5.5 (4.5,7.8) 15.3 (13.1, 15.8) 0.71 (0.16, 0.96)

 PCC1-G1 1 300 8.9 22.6 —

 PCC1-B 9 406 (149, 535) 2.6 (0.5,3.4) 9.8 (6.7, 11.7) 3.0 (1.8, 4.4)

 PCC1-C 12 187 (175, 253) 2.4 (0.8,6.3) 2.9 (1.5, 5.3) 2.8 (0.77, 3.3)

 PCC1-D 12 273 (220,343) 1.2 (0.5,3.0) 1.7 (0.07, 9.8) 3.7 (2.2, 4.9)

 PCC1-G2 1 239 7 15.5 —

 PCC1-Ditch 12 217 (149,423) — 0.47 (0,5.4) —

Prior-converted cropland site 2

 PCC2-A 11 290 (263, 337) 7.3 (6.0, 11.0) 12.7 (11.5, 16.5) 0.19 (0, 0.54)

 PCC2-B 12 275 (235, 361) 0.1 (0.1, 0.30) 0.06 (0, 0.41) 3.5 (1.6, 5.4)

 PCC2-C 9 327 (243,339) 0.3 (0.1 1.6) 0.29 (0, 0.97) 4.3 (1.4, 5.4)

 PCC2-G1 1 202 1.4 <0.04 —

 PCC2-Ditch 5 67 (43, 146) — 0.01 (0, 0.07) —

Restored site 1

 RES1-A 12 226 (201, 314) 0.7 (0, 1.2) 0.04 (0, 0.10) 6.7 (4.4, 7.8)

 RES1-B 12 273 (220, 343) 1.8 (0.2, 5.1) 0.29 (0, 1.4) 3.5 (1.8, 3.6)

 RES1-C 12 251 (229, 315) 0.1 (0.1, 0.5) 0.05 (0, 1.6) 3.0 (1.4, 4.6)

 RES1-D 10 101 (78, 352) 0.4 (0.1, 4.8) 0.05 (0, 3.6) 0.72 (0.18, 1.0)

 RES1-E 12 70 (52, 98) 0.3 (0.1, 3.3) 0.02 (0, 0.68) 1.6 (0.36, 2.8)

 RES1-F 12 93 (44, 323) 0.6 (0.3, 1.6) 0.13 (0, 0.58) 1.9 (1.5, 3.0)

 RES1-Ditch 7 94 (68, 132) — 0.02 (0, 0.41) —

Restored site 2

 RES2-A 12 253 (238, 325) 8.0 (6.2, 10.3) 13.0 (10.7, 13.9) 0.55 (0.04, 0.92)

 RES2-B 12 98 (93, 131) 1.9 (0.53, 4.2) 0.74 (0.42, 2.7) 3.0 (1.2, 4.3)

 RES2-C 12 81 (76, 107) 1.1 (0.27, 3.3) 0.29 (0.05, 0.71) 4.6 (2.5 5.1) 

 RES2-G1 1 185 6.1 10.3 ─  

 RES2-D 12 84 (81, 116) 0.75 (0.20, 1.8) 0.04 (0, 0.23) 4.4 (2.7, 6.3) 

 RES2-Pond 11 74 (41, 373) — 0 (0, 0.07) —
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ditch at RES1 during much of the study 
period, with the hydraulic gradient appar-
ently affected by the adjacent ditch down 
gradient of, but disconnected from, the wet-
land (figures 3e and 6a). When the water table 
was highest in the spring, the water table was 
mounded beneath the wetland. At RES2, 
although the hydraulic gradient was toward 
the wetland conservation practice from the 
upland agricultural field, groundwater levels 
were highest throughout most of 2008 on 
the forested side of the depression, which 
is a natural depressional wetland (figures 3f, 
7c, and 6b). Waters absorbed in the organic 
matter and fine-textured sediments beneath 
the restored and natural wetlands maintain 
higher water levels and release water more 
slowly to adjacent surface-water bodies than 
waters absorbed in the coarser-textured sed-
iments beneath prior-converted croplands. 
Water levels were commonly the highest 
beneath the wetlands at both restored sites.

Geochemical conditions suggest varying 
effects of RES1 and RES2 on agricultural 
NO3 in groundwater, as at the prior-con-
verted cropland sites. Concentrations of 
dissolved oxygen in groundwater were lower 
than those in the prior-converted cropland 
sites and suggest that denitrification was 
more complete in restored wetlands than 
in prior-converted croplands (figure 8c). As 
in the prior-converted cropland sites, total 
reconstructed NO3 concentrations suggest 
wetland denitrification does not completely 
account for the decrease in NO3 concentra-
tions found between the agricultural uplands 
and the restored wetlands (figures 8d, 8e, 
and 8f). Because of the presence of a buffer 
between the wetlands and upgradient agri-
culture, water chemistry at RES2 was likely 
affected by chemicals from precipitation that 
recharges the water table through the buffer, 
degradation of organic matter in sediments of 
the buffer and the wetland, and interception 
of water from upgradient agriculture (figure 
9c). Redox conditions in shallow groundwa-
ter beneath the wetlands were variable, but 
groundwater was most commonly anoxic 
(figures 8c and table 1). However, shallow 
groundwater at RES2 was oxic beneath the 
agricultural upland and at a depth beneath 
the wetland, as at PCC1 (figures 6b and pie-
zometer RES2-G1 on table 1).

Concentrations of NO3 in groundwater 
were consistently low at RES1, but evi-
dence of denitrification of agricultural NO3 
was found in water from the most upgra-

Figure 10
Water table elevations and concentrations of nitrate (NO

3
–N), dissolved oxygen (O

2
), and excess 

N
2
-N gas in groundwater from upland and wetland piezometers at (a) PCC1 and (b) PCC2.
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dient piezometer (RES1-A) located at the 
interface between the upland and buffer, in 
particular, and, to a lesser extent, the adja-

cent downgradient wetland piezometers 
(figure 6a and table 1). Denitrification was 
also indicated by concentrations of excess 
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N2 gas that is greater in groundwater from 
these piezometers than is normally seen in 
a forested setting with low N inputs (figure 
6a and table 1).  Water chemistry from the 
piezometers located in the wetland near the 
ditch, and in the ditch bottom, more closely 
resembled water chemistry commonly seen 
in forested areas that are often considered 
to represent natural conditions, and did not 
appear to intercept significant water from an 
agricultural source (figure 6a and table 1). 
A similar pattern of higher concentrations 
of Cl and SO4 in groundwater beneath the 
restored wetland, as seen beneath the natu-
ral wetlands, might indicate evaporation has 
concentrated these chemicals in water (figure 
9c). Water samples from the upland piezom-
eter at this site are also reduced and exhibit 
similar water chemistry.

Water chemistry at RES2 indicates that 
the inundated wetland area has minimal 
impact on NO3 from upgradient agriculture 
(figure 6a andtable 1). Although groundwater 
beneath the wetland (piezometer RES2-C) 
and the buffer (piezometer RES2-B) con-
tains N mostly in the form of excess N2, it 
does not resemble denitrified groundwater 
from agricultural areas such as in the upgra-
dient piezometer, RES2-A (table 1). Rather, 
groundwater beneath the buffer and wet-
land (figure 9c; piezometers RES2-B and 
RES2-C) has lower specific conductance 
with higher Na and Cl concentrations than 
in water effected by agricultural chemicals, 
such as in the agricultural uplands at that site 
(piezometer RES2-A). Groundwater at depth 
beneath the wetland was oxic with abundant 
NO3, similar to that beneath upgradient agri-
culture (table 1, piezometer RES2-G1). This 
suggests that groundwater beneath the buffer 
and wetland likely recharged in the buffer 
rather than in upgradient agriculture. It also 
indicates that groundwater from upgradient 
agriculture likely carries NO3 beneath the 
wetland to downgradient discharge areas, as 
at PCC1 (figure 6b).

Implications for Study of Depressional 
Wetlands. Variability in N fate and trans-
port around depressional wetlands in the 
upper Choptank illustrates the complexity 
of controlling geologic, hydrologic, and geo-
chemical conditions in such settings and also 
demonstrates the critical need for improved 
understanding of these conditions when quan-
tifying the effectiveness of depressional wetlands 
for N mitigation. Limited measurement of 
redox conditions and N species alone are 

insufficient to determine the full potential for 
or extent of interception and removal of NO3 
from agricultural sources. Because groundwa-
ter is the primary vector for N movement in 
these systems, observations adequate for assess-
ing multi-dimensional physical hydrology (e.g., 
groundwater head gradients throughout the 
thickness of the aquifer) are of primary impor-
tance. Limited water-level measurement at the 
water table along a presumed transect are rarely 
sufficient, considering groundwater rarely 
flows laterally just beneath the water table and 
decreasing heads along such a transect do not 
necessarily indicate that piezometers are sam-
pling a common flow path. For example, water 
table mounding, common beneath upland 
depressional wetlands in the upper Choptank 
Watershed, significantly limits the interception 
of NO3 from adjacent agriculture and con-
founds estimation of groundwater flow based 
on surface topography. Also, where the surficial 
aquifer is sufficiently thick, groundwater may 
carry NO3 beneath wetland reducing con-
ditions to downgradient discharge areas, as at 
PCC1 and RES2.

Measurements of broader geochemical 
indicators, such as major inorganic ions, 
in addition to N species can be useful for 
evaluating groundwater flow and the poten-
tial interception of water from agricultural 
sources. Concentrations of conservative 
ions not subject to redox conditions (e.g., 
Cl) along with measurement of specific 
conductance, for example, can be used to 
demonstrate whether groundwater with 
low NO3 concentrations represents reduced 
groundwater from agriculture, as at PCC2 
and RES1, or merely water that recharged 
through a forested or other nonagricultural 
area, as at RES2.

A few generalizations can be made regard-
ing improvement of the effectiveness of 
wetland conservation practices and general 
wetland management for improving the 
mitigation of agricultural NO3. For exam-
ple, the creation of a confining soil layer to 
encourage inundation, either through the 
application of fine-textured soils (i.e., clay) 
and/or the compaction of existing soil, often 
reduces the vertical extent of anoxic soils and 
may reduce the interaction of the wetland 
with NO3 in underlying groundwater (e.g., 
RES2). Although depressional wetlands with 
natural vegetation that are upgradient from 
croplands may not directly reduce agricultural 
NO3 within the wetland itself, they may do 
so indirectly by supporting the maintenance 

of anoxic sediments beneath adjacent ditches 
that also intercept agricultural chemicals in 
groundwater (e.g., PCC2). Therefore, the 
location of ditches between natural wetlands 
and agricultural fields may be an important 
tool for the reduction of agricultural NO3. 
In addition, drainage from these wetlands is 
an important source of water in local streams 
and may decrease surface-water concentra-
tions of NO3 and other agricultural pollutants 
through mixing and dilution.

Summary and Conclusions 
The effectiveness of depressional wetlands 
at mitigating agricultural NO3 in the upper 
Choptank Watershed is dependent primar-
ily on hydrologic conditions that determine 
groundwater flowpaths and their interaction 
with geochemical conditions conducive to 
denitrification. Nitrate concentrations gen-
erally decreased along the anthropogenic 
alteration gradient from prior-converted 
cropland to restored to natural wetlands. This 
difference was not only due to a simple increase 
in denitrification of water with similar original 
NO3 concentrations from agricultural sources, 
but also to differences in the amounts of NO3 
originally present in groundwater.

The forested natural wetlands studied have 
a high potential for denitrification but inter-
cepted little or no agricultural N because of 
their location along water table divides in 
groundwater recharge areas. Natural wetlands 
may thus serve to improve regional water 
quality merely by acting as a source of low 
NO3 water to downstream surface waters, not 
by filtering nutrients from upland areas.

Unlike the natural wetlands, prior-con-
verted croplands received direct input of N 
through agricultural practices. Local hydro-
logic condition affected the extent that these 
wetlands intercepted and reduced NO3 in 
groundwater. Interception of agricultural 
NO3 was restricted at one site where the zone 
of reducing conditions associated with the his-
toric wetland did not extend to the base of the 
surficial aquifer. In this case, NO3 present in 
deeper groundwater beneath the wetland was 
not reduced. Reducing conditions extended 
though the entire thickness of the surficial aqui-
fer beneath another prior-converted cropland 
site and supported more complete mitigation 
of NO3 from upgradient agriculture.

Restored wetlands in the upper Choptank 
Watershed generally maintained reduc-
ing conditions necessary for denitrification 
for longer periods than prior-converted 
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croplands. As with prior-converted crop-
lands, however, the overall effectiveness of 
restored wetlands varies with differences in 
their interception of NO3 from agriculture. 
Groundwater from upland agriculture was 
intercepted and effectively denitrified at 
the site that had been restored to represent 
natural wetland hydrologic and vegetative 
conditions. At the site restored using the 
shallow water management and development 
protocol, however, little or no agricultural 
NO3 was intercepted, and NO3 present in 
groundwater likely passed conservatively 
beneath the wetland to down gradient 
receiving waters.

Finally, because local topographic gra-
dients in flat landscapes commonly do not 
predict groundwater flow pathways, an 
effort should be made to restore wetlands 
in locations that are low relative to broad-
er-scale topographic gradients and are more 
likely to intercept upgradient groundwater 
containing NO3.
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