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Abstract It has been recognized that subsurface
lithology plays an important role in controlling
nutrient cycling and transport in riparian zones. In
Iowa and adjacent states, the majority of alluvium
preserved in small and moderate sized valleys con-
sists of Holocene-age organic-rich, and Wne-grained
loam. In this paper, we describe and evaluate spatial
and temporal patterns of lithology and groundwater
nutrient concentrations at a riparian well transect
across Walnut Creek at the Neal Smith National
Wildlife Refuge in Jasper County, Iowa. Land treat-
ment on one side of the stream reduced the grass
cover to bare ground and allowed assessment of the
eVects of land management on nutrient concentra-
tions. Results indicated that groundwater in Holo-
cene alluvium is very nutrient rich with background
concentrations of nitrogen, phosphorus and dis-
solved organic carbon that exceed many environ-
mentally sensitive criteria. Average concentrations
of ammonium exceeded 1 mg/l in several wells
under grass cover whereas nitrate concentrations

exceeded 20 mg/l in wells under bare ground. Phos-
phate concentrations ranged from 0.1 to 1.3 mg/l
and DOC concentrations exceeded 5 mg/l in many
wells. DenitriWcation, channel incision, land man-
agement and geologic age of alluvium were found to
contribute to variable nutrient loading patterns at the
site. Study results indicated that riparian zones of
incised streams downcutting through nutrient-rich
Holocene alluvium can potentially be a signiWcant
source of nutrient loadings to streams.

Keywords Alluvium · DenitriWcation · Incised 
channel · Nutrients · Riparian zone

Introduction

Recent attention has focused on the important role
that subsurface lithology and stratigraphy play in con-
trolling nutrient cycling and transport in riparian
zones (DeVito et al. 2000; Hill et al. 2004). Subsur-
face variations in soil texture, organic matter content,
denitriWcation potential, and other physical and chem-
ical properties aVect dynamics of dissolved organic
carbon cycling (Jacinthe et al. 2003), nitrate removal
(Hill et al. 2004; DeVito et al. 2000; Vidon and Hill
2004; Haycock and Burt 1993; Gold et al. 1998) and
phosphate concentrations (Carlyle and Hill 2001).
Because groundwater Xowpaths in valleys are often
complex with highly conductive sand and gravel
lenses interspersed with less permeable silts, clays
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and peats (Haycock and Burt 1993; Simpkins et al.
2002; Hill et al. 2004), groundwater residence times
are strongly aVected by the stratigraphy of riparian
zones (Cirmo and McDonell 1997). Buried organic-
rich layers have been identiWed as important carbon
sources supporting denitriWcation activity (Hill et al.
2000, 2004; Gold et al. 1998; Jacinthe et al. 1998).
Owing to the complexities of subsurface stratigraphy
in many riparian zones, Devito et al. (2000) and Hill
et al. (2004) recommended that more detailed studies
be conducted relating nutrient dynamics to subsurface
lithology.

In Iowa, the majority of alluvial Wll in valleys is
Holocene in age collectively called the DeForest For-
mation (Bettis 1990; Bettis et al. 1992). The forma-
tion is divided into four members based on lithologic
properties (texture, color, bedding structures and ped-
ogenic alterations) and landscape associations and
includes the Camp Creek, Roberts Creek, Gunder and
Corrington members (Bettis 1990; Bettis et al. 1992).
These members are mappable lithostratigraphic units
across Iowa and in adjacent states (Bettis 1990; Man-
del and Bettis 1992; Bettis and Autin 1997). The three
alluvial units found in small tributary valleys (Camp
Creek, Roberts Creek, Gunder members) were each
deposited during a restricted time range during the
Holocene, with the Gunder Member deposited
between 10,500 and about 5,000 B.P., the Roberts
Creek Member from 3,500 to about 500 B.P. and the
Camp Creek Member from about 400 B.P. to present
(Bettis et al. 1992). While texture of each member
varies as source materials change, the Wlls are domi-
nantly silty loamy and clayey, and buried organic
matter is often preserved. The Roberts Creek Member
consistently contains a higher content of organic
carbon than the Gunder Member (Bettis et al. 1992).

EVects of alluvium lithology on shallow ground-
water quality have been recognized in Iowa. Hallberg
et al. (1983) observed that groundwater from piezom-
eters completed within the Roberts Creek Member in
the Big Spring Basin (northeast Iowa) had signiW-
cantly lower nitrate concentrations than water sam-
pled from tiles and streams. In the western Iowa
Bluegrass Watershed, lowest nitrate concentrations in
shallow groundwater over a 4-year period occurred in
wells screened in Roberts Creek alluvium where
annual concentrations were all <0.2 mg/l (Seigley
et al. 1996). In contrast, annual nitrate concentrations
in Gunder Member alluvium and upland loess ranged

from 0.9 to 9.3 mg/l; and 21.6 to 26.4 mg/l, respec-
tively. Elsewhere in larger river valleys, low nitrate
concentrations observed in alluvial aquifers was
attributed to denitriWcation occurring in organic-rich
alluvium (Thompson 1984, 1986). Total dissolved
phosphorus, though less studied than nitrate, was
observed at concentrations as high as 1,030 ug/l in
DeForest Formation alluvium in western Iowa (Burk-
art et al. 2004). Thus groundwater concentrations of
N and P in alluvial Wlls can be quite high and diVer-
ences in nutrient processing among alluvial members
have been detected.

Despite the widespread occurrence of DeForest
Formation alluvium across the Upper Midwest, few if
any studies have examined nutrient dynamics in ripar-
ian groundwater at a site where subsurface lithology
and stratigraphy have been described in detail. Litho-
logic, hydrologic and water quality conditions
described herein document an alluvial system likely
representative of the midcontinent United States
where uplands are mantled by loess and till and the
valleys contain loess and till-derived alluvium.
Furthermore, in addition to ambient nutrient concen-
trations in groundwater reported in this study, a fortu-
nate set of circumstances has allowed evaluation of
the eVect that land cover has on riparian nutrient
dynamics near an incised stream. Hill et al. (2004)
remarked that the relation between riparian vegetation
and nitrate removal is often complex and results from
this study provide conWrmation.

The objectives of this study were to: (1) describe
the subsurface lithology and stratigraphy at the Walnut
Creek riparian transect within the lithostratigraphic
framework developed for the Upper Midwest; (2)
evaluate spatial and temporal patterns of nutrient con-
centrations observed in various stratigraphic units;
and (3) assess the role that Xoodplain hydrology and
land cover play in controlling nutrient concentrations
in riparian groundwater. We hypothesized that the
DeForest Formation alluvium is nutrient-rich and that
management of riparian systems underlain by this
alluvium should consider appropriate land use to
minimize loss of N and P to streams.

Site description

The 5,218-ha Walnut Creek watershed is located in
the Southern Iowa Drift Plain landscape region of
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Iowa, an area characterized by steeply rolling hills
and a well-developed drainage network (Prior 1991).
The study site is situated in the central portion of the
Walnut Creek watershed at the Neal Smith National
Wildlife Refuge (NSNWR) in Jasper County Iowa
(Fig. 1). Since 1995, large portions of the Walnut
Creek watershed have been restored from row crop
agriculture to native prairie and savanna at the
NSNWR by the United States Fish and Wildlife Ser-
vice. As of 2005, 1,224 ha have been planted in native
prairie representing 23.5% of the watershed (Schilling
and Spooner 2006). Most of the refuge is located in
the lower portion of the basin; land use typical of the
region is dominated by row crops (83% in upper Wal-
nut Creek watershed; Schilling and Spooner 2006).
Native prairie was planted in upland areas surround-
ing the study site between 1994 and 1996 whereas
Xoodplain land use has remained in cool season grass,
consistent with historical land use as pasture.

Walnut Creek Xowing through the study site is
incised to a depth (d) of 3 m into the Xoodplain. The
measured channel width (w) was 10 m at the study
reach and the width–depth ratio was 3.3. Stream sinu-
osity near the site was approximately 1.2, suggesting
that Walnut Creek was channelized through this area
in the past. Like many incised streams, discharge in
Walnut Creek tends to be very Xashy, responding

rapidly to precipitation events and snowmelt. Overall,
from 1996 to 2005, stream discharge at the down-
stream gaging station has ranged from a high of
13.9 m3/s to a low of 0.002 m3/s (Schilling et al.
2006a, b).

In 2001, hydrologic investigations were initiated at
the study site because it is the location of ongoing
eVorts by the NSNWR to restore a portion of the
Xoodplain from vegetation dominated by reed canary
grass (Phalaris arundinacea) to native Xoodplain
ecotypes. P arundinacea is an aggressive invasive
species found throughout temperate North America
that has been cultivated as forage grass because it is
adapted to wide extremes in soil moisture (Gala-
towitsch et al. 1999). During the restoration process
in 2002 and 2003, the west side of the riparian zone
and Xoodplain of Walnut Creek was periodically (1)
burned to weaken the reed canary grass and expose
new shoots for herbicide treatment; (2) mowed; and
(3) sprayed with herbicide (2% glyphosate) to eVec-
tively kill the treated Phalaris arundinacea. As a
result, much of the overlying vegetation on the west
side of the study transect was removed and bare soil
was largely present from mid-2002 to fall 2003. In
fall and winter 2003–2004, a native seed mix was
planted in the management area and native plants
were transplanted to the area. In 2004, the west

Fig. 1 Location map of 
study site
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portion of the site consisted of a mixture of sedge
meadow plants, such as tussock sedge (Carex stricta),
prairie cord grass (Spartina pectinata) and winged
loosestrife (Lythrum alatum) in addition to remnants
of reed canary grass.

Several hydrologic investigations have been con-
ducted at the study site in conjunction with the land
treatment activities. Before land treatment began,
background hydrologic and water quality conditions
were established at the site. A series of 35 shallow,
nested groundwater monitoring wells were installed
in a transect across the Walnut Creek Xoodplain. The
entire transect of wells spans a distance of 550 m
from upland landscape positions on both sides of the
Xoodplain (Fig. 2). Water level monitoring from 2002
reported in Schilling et al. (2004) described how
channel incision of Walnut Creek altered the natural
riparian hydrology at the site. Channel incision was
found to have lowered the water table from the stream
edge to a distance of approximately 30 m, thus creat-
ing a large unsaturated zone in the near-stream ripar-
ian zone compared to more distant Xoodplain zones.
Hydraulic head monitoring during a runoV event in
Walnut Creek indicated little potential for interaction
of surface water with aquifer materials in riparian
zone of the incised channel. Pre-treatment groundwater
concentrations were measured in transect wells in fall

2001 and spring 2002. In all well samples collected
during these two periods, nitrate concentrations in
groundwater were less than 0.5 mg/l on both sides of
Walnut Creek (other analytes relevant to this study
were not measured; data unpublished).

In spring 2003, concurrent with land treatment on
the west side of Walnut Creek, additional hydrologic
and water quality monitoring was initiated to investi-
gate groundwater surface water interaction near the
incised stream. Continuous water level monitoring
was conducted in six west-side wells (TW-4, W1C,
W1D, TW-3, W2B and W2D; Fig. 2). During a spring
high Xow event typical for the region, stream stage
rapidly increased in response to precipitation with
stream stage rising and falling nearly 2.5 m in less
than a day (Schilling et al. 2006a, b). A reversal of
Xow into the streambank occurred for 8-h, but the
hydraulic conductivity of the silty alluvium and the
limited time period of Xow reversal prevented signiW-
cant stream water penetration into the alluvium.
Analytical and numerical modeling suggested that
surface water traveled less than 1.6 m into the aquifer
during the high Xow event (Schilling et al. 2006a, b).
These results along with 2002 data (Schilling et al.
2004) conWrmed that surface water interactions with
the alluvium were eVectively isolated to a narrow
zone immediately adjacent to the channel.

Fig. 2 Cross-section across Walnut Creek Xoodplain
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Groundwater samples collected from the same six
wells showed elevated nitrate concentrations (up to
20 mg/l) in riparian groundwater near the incised
stream where the unsaturated zone was thickest.
Nitrate concentrations were then found to decrease
with distance away from the stream as the water table
became shallower and perennially wet conditions
were maintained (Schilling et al. 2006a, b). Peak
nitrate concentrations near the stream channel were
also observed to decrease to concentrations typical of
pre-event water over the 2-month period that fol-
lowed the runoV event. Numerical modeling was used
to conWrm that both dilution and denitriWcation pro-
cesses contributed to the nitrate reductions in the
riparian zone. While the Schilling et al. (2006b) study
concluded that denitriWcation is an important process
in the Xoodplain sediments of Walnut Creek, no
attempt was made to distinguish diVerences in nitro-
gen processing among the various alluvial units delin-
eated at the site. Further, the study was conducted on
the west side of Walnut Creek when the overlying
vegetation was largely bare. Questions remained
whether similar nitrate concentration patterns were
present on the vegetated east side of the channel.

This present study capitalized on the existing moni-
toring well network established at the site to expand on
the previous work by (1) characterizing spatial and
temporal variations in biogeochemical processing in
distinct Xoodplain stratigraphic units; and (2) charac-
terizing additional nutrient concentrations (N, P, and C)
on both sides of Walnut Creek—one side undisturbed
cool-season grassland, and the other side potentially
aVected by a legacy of aggressive land management.

Methods

Most shallow wells were installed at the site in 2001
and 2002. Those nearest the stream channel were
installed using a 152-mm hand auger whereas upland
wells on both sides of the Xoodplain (5, 6 and 7 well
clusters) were installed using a truck mounted
hydraulic probing unit. Soil descriptions were based
on logging of a continuous 76-mm diameter core
collected at the probing locations or soil cuttings
collected from the hand auger. Selected representative
soil samples were analyzed for particle-size (sand,
0.063–2 mm; coarse silt 0.063–0.02 mm; Wne silt,
0.02–0.002 mm and clay, <0.002 mm) using the

pipette method at the University of Iowa Department
of Geoscience.

At the hand-augered boreholes, three 25-mm PVC
standpipes were installed in the alluvium to depths of
1.0, 3.0 and 4.8 m below ground surface. At TW-3
and TW-4 locations, single wells were installed in the
borehole (Fig. 2). A 0.6 m long factory-slotted PVC
well screen (0.025-cm) was used for the 1, 2, 3 and 4
well clusters. The 0.6 m screen was less than the
thickness of the individual geologic units targeted for
investigation and allowed for collection of suYcient
water for analysis representative of the formation. At
the hydraulic probe locations, a 1.5 m long factory
slotted PVC well screen (0.025-cm) was installed. A
silica sand Wlter pack was poured around the screen,
bentonite chips were added to provide a seal and drill
cuttings were backWlled in the rest of the borehole. In
the channel of Walnut Creek, a well point was driven
to a depth of approximately 1 m into the streambed
for measurement of stream stage and vertical gradi-
ents across the streambed. Ground surface and top-of-
casing elevations at well locations and streambed pie-
zometer were surveyed to the nearest 0.25-mm and
referenced to a local United States Geological Survey
(USGS) benchmark. A GPS unit was used to establish
horizontal control to the nearest 0.3 m. Hydraulic
heads were measured in the wells to an accuracy of
0.25-mm using an electronic water level probe. Fall-
ing head tests in the wells were used to assess hydrau-
lic conductivity (K) in stratigraphic units. K was
lowest in upland glacial drift deposits (2.0 £ 10¡7 m/s)
and highest in the Camp Creek Member (5.6 £
10¡5 m/s). The average K of the Gunder Member was
greater than the Roberts Creek Member (4.9 com-
pared to 1.7 £ 10¡5 m/s) (Schilling et al. 2004).

Water levels in wells were measured on a weekly
to biweekly basis from May 2001 to November 2004.
In July 2003, two shallow wells (2 m) were installed
at a distance of 40 m from the creek edge on both
sides of Walnut Creek for purposes of recording con-
tinuous water level Xuctuations (Fig. 1). The water
levels in these two wells were automatically recorded
with an In-Situ transducer and datalogger at 30 min
intervals for a period of 122 days from July 21 to
November 20, 2003. The wells were monitored again
in 2004 at 60-min intervals for a period of 215 days
from May 1 to December 1, 2004. Accuracy of the
transducer was within 1 mm and checked by manual
measurements on a bimonthly basis. Stream stage
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during this monitoring period was measured at 15-
min intervals at a USGS stream gage located at the
mouth of the Walnut Creek watershed (Fig. 1). Pre-
cipitation was monitored at hourly intervals at a
weather station located at the Prairie Learning Center
of the NSNWR (Fig. 1).

Water samples were collected from site monitoring
wells, the streambed piezometer and Walnut Creek on
four occasions in 2004 (May 25, June 22, September
17 and November 17) corresponding to early to mid
growing season, late growing season and after senes-
cence of reed canary grass. Water samples from wells
were collected using a peristaltic pump and analyzed
in the Weld for temperature, speciWc conductance, pH,
dissolved oxygen and reduction–oxidation (redox)
potential using a Hydrolab H20 water quality meter.
Accuracy of the measurements was §0.10°C for tem-
perature, §0.2 pH units for pH, §0.1% for SC,
§0.2 mg/l for DO and §20 mv for ORP.

Water samples for laboratory analysis were Weld
Wltered through a 0.45 micron glass-Wber Wlter. Dis-
solved organic carbon was measured via Pt-catalyzed,
high temperature oxidation (TOC-V Total Organic
Carbon Analyzer, Shimadzu ScientiWc Instruments,
Inc., for total non-purgeable organic content from
acidiWed water samples, APHA 1995) at Grinnell
College. Water samples were analyzed for ammo-
nium (NH4

+-N;  phenol-hypochlorite spectrophoto-
metric analysis, Solorzano 1969), nitrate (cadmium
reduction, APHA 1995) and soluble reactive phos-
phorus (SRP; modiWed molybdenum blue ascorbic
acid method, APHA 1995) by Xow injection analysis
(QuickChem 8000, Lachat Instruments).

Analysis of variance was used to examine diVer-
ences in geochemical parameters among wells. Pairwise
comparisons were made using the Holm–Sidak test. In
cases of unequal variance, Kruskal–Wallis One-Way
Analysis of Variance on Ranks, followed by Dunn’s
Test for pairwise comparisons, was used. Pearson cor-
relation analysis was used to examine relationships
among geochemical parameters across sample wells.

Results

Lithology

The alluvial stratigraphy found in the Walnut Creek
riparian  corridor is similar to other third- and

fourth-order valleys in the Southern Iowa Drift Plain.
Three alluvial units comprise members of the DeFor-
est Formation at the Walnut Creek riparian site
(Camp Creek, Roberts Creek and Gunder members),
a fourth alluvial unit was considered older than the
oldest member of the DeForest Formation (termed
“pre-Gunder”; Bettis et al. 1992), and two units
occupy hillslope locations (Wisconsin loess and pre-
Illinoian till).

The Camp Creek Member is the youngest unit at
the site and consists of post-settlement alluvium man-
tling the entire Xoodplain (Fig. 2). The unit is stratiWed
and very dark grayish brown to yellowish brown
(10YR3/2-5/4) silt loam. The unit was thickest near
the current stream channel (1.2 m) and thinned toward
the Xoodplain margins. Surface soils are Entisols
(A–C proWles). The Roberts Creek Member consists of
very dark gray to dark gray (2.5YR3/0, 10YR3/1-4/1)
silty clay loam with a relatively thick A–C soil proWle
(Mollisol) developed into its upper part corresponding
to the pre-settlement soil surface. The Roberts Creek
Member was thickest in the central portion of the
Xoodplain (about 2 m) and laterally pinched out near
the Xoodplain boundary. The Gunder Member was
brown to yellowish brown to grayish brown (10YR5/3
to 2.5YR5/2) silt loam with common strong brown to
yellow brown mottles (7.5YR5/8 to 5YR5/8). Abun-
dant organic-rich muck, wood, and preserved plant
material were common in the Gunder Member, partic-
ularly concentrated in a zone 4–4.5 m below ground
surface (Fig. 2). The thickness of the Gunder Member
exceeded 4 m in the central portion of the Xoodplain
but was less than 2 m along the valley walls. An
undiVerentiated, Late Wisconsin to Early Holocene
age, silt loam underlies the Gunder Member at depth
in the Xoodplain. The unit was dark gray (10YR4/4),
reduced, unmottled and unleached, and contained
small white carbonate concretions and few to occa-
sionally prominent organic-rich zones. The silt loam
was occasionally interbedded with sandy loam and
small gravel. The unit appeared in some locations to
be reworked loess, and in other locations appeared
part of an alluvial point bar complex.

The alluvial units were all silt and clay dominated
with Wne and coarse silt comprising 60–81% of the
matrix (Table 1). Total carbon and nitrogen were
highest in the Camp Creek member and decreased
with depth through the Roberts Creek and Gunder
members (Table 1).
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In the uplands (W6 and E7 well locations),
undiVerentiated Wisconsin loess overlies weathered
pre-Illinoian till (Fig. 2). Soil development that
occurred on the pre-loess landscape, which was sub-
sequently buried by Wisconsin loesses, is referred to
as the Sangamon Soil. The Sangamon Soil is yellow-
ish-red (5YR5/6) medium subangular blocky, with
some sand and pebbles, and commonly contains iron
and manganese accumulations along roots and joints.
Oxidized pre-Illinoian till was dark yellowish brown
(10YR4/6) with common grayish brown mottles
(10YR5/2), variably leached of carbonates, and con-
tained abundant joints and roots coated with Fe and
Mn. Pre-Illinoian till was coarser than the alluvial Wlls
(61% sand and coarse silt) and contained little total
carbon (0.6%) and nitrogen (0.06%) (Table 1).

Hydrology

A total of 726 mm of precipitation occurred from
April to December 2004 (Fig. 3) with the months of
May, July and August contributing 178, 136 and
166 mm, respectively. A rainy period in mid-May
delivered 110 mm of precipitation within a 1-week
period and caused a noticeable water table rise at the
site (Fig. 3). Major rainfall periods also occurred on
July10–11 (39.6 mm), July 22 (26.4 mm), August 3–4
(79.5 mm) and August 25–28 (100.9 mm), with less
intense rainfall during the fall period (October–
December) adding an additional 95.5 mm of precipi-
tation. Maximum surface water discharge occurred on
May 26 and July 12 when streamXow peaked at 6.4
and 3.9 m3/s, respectively. These events resulted in
less than a 1 m rise in stream stage with no overbank
Xooding. Overall average discharge for the April to
November study period was 0.4 m3/s.

Water table elevations Xuctuated in 2004 with
highest levels occurring in mid-May following a
series of rainfall events. The water table was at or
near the land surface during this period with standing
water occasionally observed between sites 2 and 3 on

both sides of the transect. Through the summer and
early fall, lateral Xow to Walnut Creek and evapo-
transpiration lowered the water table in the Xoodplain
by as much as 1 m (Fig. 3). With the exception of the
near-stream wells (W1 and E1 wells, TW-3 and TW-
4), the water table depth remained at or above the
Roberts Creek Member and Xuctuated through the
Camp Creek Member. Near incised Walnut Creek,
the water table depth increased and the water table
primarily Xuctuated in response to Walnut Creek
stage. Greatest water table Xuctuations were observed
in upland well E7D, where the depth to the water
table ranged from approximately <1 m in May to
more than 5 m in November 2004. The water table

Table 1 Summary of texture and carbon–nitrogen content in various geologic units

Lithologic unit n Sand (%) Coarse silt (%) Fine silt (%) Clay (%) Carbon (%) Nitrogen (%) C–N ratio

Camp Creek 6 3.2 § 2.3 36.2 § 6.8 36.8 § 11.1 24.1 § 10.7 1.70 § 0.83 0.17 § 0.06 9.74 § 2.29

Roberts Creek 8 4.7 § 3.1 31.75 § 10.1 48.8 § 21.3 14.7 § 12.5 1.30 § 0.93 0.10 § 0.07 12.98 § 4.09

Gunder and pre-Gunder 11 12.3 § 13.5 35.51 § 13.6 25.1 § 10.8 26.9 § 11.7 0.49 § 0.31 0.06 § 0.02 6.10 § 2.61

Pre-Illinoian till 3 41.8 § 3.0 20.3 § 5.2 20.5 § 9.4 17.4 § 10.5 0.61 § 0.41 0.06 § 0.02 10.36 § 6.79

Fig. 3 Hydrograph of hydraulic heads measured at various
wells
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declined suYciently deep in November to prevent
groundwater sample collection from this well. Over-
all, water level Xuctuations encountered in 2004 were
similar to those observed in 2001 prior to land treat-
ment (Schilling et al. 2004).

Groundwater Xows from higher landscape posi-
tions towards Walnut Creek under hydraulic gradients
that were steepest near the upland/Xoodplain contact
and in the near-stream riparian zone. Average vertical
gradients were steeply downward at the valley mar-
gins (>0.1 at W5, E5 and E6) and upward near Wal-
nut Creek (approximately 0.03 at E1C/E1D and W1C/
W1D). An upward hydraulic gradient measured at the
streambed piezometer (0.1) indicated that Walnut
Creek is a discharge zone for local groundwater Xow
(Fig. 3). Between the valley margins and Walnut
Creek, groundwater Xow was largely horizontal under
Xat hydraulic gradients (<0.01).

Continuous water level measurements indicated
relative consistency in water table depth on the east
and west sides of Walnut Creek in 2004 (Fig. 4). The
water table depth was shallow in the central portion of
the Xoodplain, ranging from near the ground surface
to a depth less than 1.5 m. A wet period in mid-May
resulted in water table rise to near the land surface on
both sides of the creek, with several other rainfall
events through August 2004 causing similar water
table responses (Fig. 4). The water table on the west
side was often lower than the east side during dry
periods but overall, water table Xuctuations in 2004
showed no statistical diVerence (p > 0.1).

In contrast to 2004 water table behavior, water
table Xuctuations in summer and fall 2003 showed
substantial variation between the east and west sides
of Walnut Creek (Fig. 4). Land treatment conducted
in 2003 to eradicate reed canary grass on west side of
the Walnut Creek Xoodplain resulted in the area
largely consisting of bare ground. In contrast, the
untreated east side was covered with reed canary
grass. Over the course of continuous monitoring, the
water level in the east side well was lower and had
much less response to rainfall events than the bare
ground west-side well. Similar diVerences in water
table depth were noted in 2002. Over a 120-day
period in 2002, hydraulic heads were as much as
1.2 m lower on the untreated east side compared to
the treated west side (Schilling et al. 2004). Hence,
considering that lateral Xow and groundwater condi-
tions were similar prior to land cover change, land
cover had a signiWcant eVect on water table depth in
2002 and 2003. DiVerences in water table behavior
were attributed to diVerences in antecedent soil mois-
ture conditions under grass and bare ground as evapo-
transpiration (ET) demands by the grass resulted in a
soil moisture deWcit that increased the capacity of the
soil to retain inWltrating precipitation (Zhang and
Schilling 2006).

Water quality

Water quality conditions and concentrations of nutri-
ents measured in individual wells (Table 2) and clas-
siWed by geologic unit (Table 3) indicate substantial
variability in groundwater chemistry at the Walnut
Creek Xoodplain. Geologic units were divided into
alluvial units, upland locations, and surface water and
piezometer samples. A separate classiWcation was
developed for near-stream wells located on the west
side of Walnut Creek (TW-4, W1B, C, D, TW-3) to
capture the eVects of land cover diVerences on nutri-
ent concentrations, particularly nitrate (Table 3).

Groundwater temperatures were generally highest
in shallow wells (Camp Creek Member), surface
water and in the streambed piezometer and lowest in
deeper pre-Gunder and upland wells (Table 3). Water
pH was within a relatively narrow range in all wells,
ranging from 5.9 in near stream Roberts Creek
well TW-4 to 6.8 in upland well E7D (Table 2). Sur-
face water pH in Walnut Creek was signiWcantly
higher (x = 7.1) than groundwater samples. SpeciWc

Fig. 4 Hydrograph of hourly water table depths measured in
west well (dark line) and east well (light gray line) in 2003 and
2004. In 2003, riparian land cover was bare soil on west side of
Walnut Creek and dense grass cover on the east side. In 2004,
land cover consisted of grasses and sedges on both sides of Wal-
nut Creek riparian zone. Arrows shown in 2004 plot indicate day
of groundwater sampling
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conductance values showed variability in groundwa-
ter, with some values exceeding 700 umhos/cm and
others less than 300 umhos/cm. Overall, upland
groundwater with longer groundwater residence times
had signiWcantly higher SC than alluvial groundwater
recently recharged with low SC rainfall, with Walnut
Creek surface water more intermediate (516 umhos/
cm). Groundwater discharging to Walnut Creek
through the stream bottom was much lower in speciWc
conductance than Walnut Creek itself, suggesting that
Walnut Creek integrates groundwater contributions
from both upland and alluvium sources.

Dissolved oxygen (DO) was highest in surface
water (7.7 mg/l) and in upland well E7D (4.3 mg/l)
compared to alluvial groundwater that had DO con-
centrations less than 3 mg/l (Table 2). Concentrations
less than 2 mg/l were common in alluvial groundwa-
ter, with lowest average concentrations found in
deeper pre-Gunder alluvium (1.59 mg/l; Table 2). DO
levels generally decreased with depth from shallow
Camp Creek Member to pre-Gunder alluvium. Higher
groundwater DO concentrations were detected in
near-stream wells on the west side of Walnut Creek
despite these wells being screened in Roberts Creek
Member alluvium. Average DO levels were about
1 mg/l higher in the Roberts Creek Member on the
west side of Walnut Creek compared to more distal
west side locations and similar locations on the east
side (Table 3). Similar to DO, redox decreased with
depth through the alluvium, with signiWcantly lower
average redox values in Roberts Creek, Gunder and
pre-Gunder alluvium (p < 0.05).

Ammonium concentrations in groundwater were
highly variable (Tables 2 and  3) and thus compari-
sons among geologic units were not statistically sig-
niWcant. However, exceptionally high concentrations
were measured in several wells, with the highest sin-
gle concentration of 22.6 mg/l found in E2D (Gunder)
in September 2004. Average ammonium concentra-
tions were nearly 2 mg/l in Roberts Creek and Gunder
member alluvium (Table 3). Average concentrations
were lower in pre-Gunder alluvium, but samples with
high values were occasionally noted in E3D (up to
3.2 mg/l). A common range of ammonium concentra-
tions in alluvium was between 0.05 and 0.2 mg/l.
Average ammonium concentrations in west side near-
stream wells was less than this range, averaging
0.29 mg/l and often not detectable above 0.001 mg/l.
Walnut Creek surface water had detectable levels ofT
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ammonium during all four sampling events (0.02–
0.146 mg/l) but were lower than values measured in
the streambed piezometer (0.110 mg/l; Table 3).

Nitrate concentrations showed the most variability
of all nutrient concentrations monitored during this
study, ranging from less than 0.1 to a high of 36.9 mg/
l detected in W1C in May 2004 (Fig. 5). Highest con-
centrations were found in shallow west side wells
located near Walnut Creek (TW-4, W1C) where aver-
age concentrations exceeded 20 mg/l during 2004
(Table 2). A single nitrate sample from W1B in May
2004 also showed nitrate concentration greater than
20 mg/l, whereas average concentrations were greater
than 1 mg/l in TW-3, W2C and the streambed pie-
zometer. Walnut Creek averaged 10.4 mg/l during the
study period. Nitrate concentrations in near-stream
west-side wells and in Walnut Creek were signiW-
cantly higher than concentrations measured in alluvial
groundwater. In contrast, nitrate concentrations mea-
sured in east side alluvium were generally less than
0.5 mg/l and many wells showed non-detectable con-
centrations less than 0.1 mg/l (Table 2). Similarly, in
west side wells located more distal to Walnut Creek
concentrations were also less than 0.4 mg/l.

Nitrate concentration remained elevated in TW-4
and W1C from May to September before substantially
declining in November (Fig. 5). Assuming a linear
rate over the 61-day period between September and
November sampling events, nitrate concentrations

decreased approximately 0.43 and 0.32 mg/l/day in
wells W1C and TW-4, respectively. In contrast to the
magnitude and Xuctuation of nitrate concentration in
near-stream west side wells, low concentrations were
maintained in east side well E1C during the same
period (average of 0.75 mg/l) (Fig. 5).

In 2003, similar nitrate concentration patterns were
detected in three east side wells (TW-4; W1C, TW-3;
Fig. 5). In May 2003, concentrations in the three
wells peaked at 20, 16 and 14 mg/l, respectively, and
then declined to pre-study levels (1.2, 3.8 and 1.2 mg/
l) by July 1, 2003 (Schilling et al. 2006b). A similar
rate of nitrate concentration decrease was observed in
2003 ranging from approximately 0.2 to 0.4 mg/l/day
over a 55-day period from late May to July. However,
between July 1, 2003 and the Wrst sampling event for
this study (May 25, 2004) nitrate concentrations in the
three west side wells were observed to have
rebounded to levels that compared to or exceeded
2003 levels. The nitrate rebound occurred despite the
return of overlying vegetation on the west side of
Walnut Creek and the return of similar water table
Xuctuations (Fig. 4).

Soluble reactive phosphorus (SRP) concentrations
in alluvium ranged from less than 0.1 mg/l in upland
wells to as high as 1.42 mg/l in riparian wells,
although most concentrations were less than 0.3 mg/l
(Table 2). Less systematic variation in SRP concen-
trations was noted, as several wells installed in Roberts

Fig. 5 Upper graph: Nitrate 
concentrations in Walnut 
Creek surface water in 2003 
and 2004. Total monthly 
precipitation also shown. 
Lower graph: Nitrate con-
centration patterns mea-
sured in near-stream west 
side wells (TW-4, W1C, 
TW-3), east side well (E1C) 
and Walnut piezometer (PZ) 
in 2003 (west-side wells 
only; data from Schilling 
et al. (2006a, b study) and 
2004
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Creek, Gunder and pre-Gunder alluvium occasionally
exhibited SRP concentrations greater than 0.4 mg/l.
Overall, average SRP levels in alluvial units ranged
from 0.16 to 0.29 mg/l and were signiWcantly higher
than concentrations measured in upland wells
(0.04 mg/l) (p < 0.05; Table 3).

Average dissolved organic carbon (DOC) concentra-
tions across all wells ranged from 0.95 mg/l in upland
well E7D to 15.8 mg/l in Gunder Member well E2D
(Table 2). Like ammonium, DOC concentrations were
highly variable making statistical comparisons diYcult.
Average DOC levels also exceeded 10 mg/l in two
Roberts Creek Member wells (E2C and W2B) and sev-
eral Camp Creek wells. Overall, average DOC concen-
trations were observed to decrease with depth, with
highest concentrations detected in Camp Creek wells
(11.37 mg/l), followed by average concentrations in
Roberts Creek Member wells (8.74 mg/l) and Gunder
Member wells (5.56 mg/l). SigniWcantly lower DOC
values were measured in the oldest alluvium (2.35 mg/l
in pre-Gunder) and in upland loess and till (1.57 mg/l)
compared to younger Holocene alluvium (p < 0.05;
Table 3). Walnut Creek DOC levels averaged 2.86 mg/l.

Relationships among water quality variables

Correlation was used to identify signiWcant relations
among nutrient concentrations and geochemical
parameters (Table 4). Ammonium was found to be

signiWcantly positively correlated with speciWc con-
ductance and DOC and negatively correlated with DO
and redox (Table 4). Correlations involving nitrate
concentrations were generally inverse to ammonium,
being positively correlated with DO and redox and
negatively correlated with pH. SRP was only weakly
correlated with DOC (p = 0.058) and not signiWcantly
correlated with other geochemical parameters. DOC
was positively correlated with speciWc conductance,
ammonium and SRP (Table 4).

Discussion

Study results indicate that alluvium at Walnut Creek
is very nutrient rich, contributing high concentrations
of N, SRP and DOC to alluvial groundwater. Average
concentrations of ammonium exceeded 1 mg/l in sev-
eral wells and peaked at 17.5 mg/l in well W2D,
whereas nitrate concentrations, generally low in east
side areas, exceeded 20 mg/l in several west side
wells. Hence, nitrogen, whether in the form of ammo-
nium or nitrate, was prevalent at elevated concentra-
tions throughout the alluvial groundwater system.
SRP concentrations were similarly high in several
riparian wells ranging up to 1.3 mg/l, with most wells
showing groundwater SRP concentrations between 0.1
and 0.3 mg/l. Concentrations of SRP were generally
higher than those reported for other unconsolidated

Table 4 Pearson correla-
tion coeYcients and  
p-values determined using 
all well samples (n = 99)

Temp pH SC DO Redox NH4 NO3–N SRP

pH 0.241

0.017

SC ¡0.202 0.079

0.046 0.440

DO ¡0.100 ¡0.171 ¡0.190

0.325 0.091 0.060

Redox ¡0.122 ¡0.516 ¡0.329 0.546

0.230 0.000 0.001 0.000

NH4 ¡0.094 0.046 0.753 ¡0.222 ¡0.327

0.358 0.652 0.000 0.028 0.001

NO3–N 0.035 ¡0.473 ¡0.062 0.309 0.557 ¡0.099

0.729 0.000 0.542 0.002 0.000 0.330

SRP 0.008 ¡0.023 ¡0.011 ¡0.117 ¡0.123 ¡0.015 ¡0.126

0.940 0.819 0.915 0.250 0.228 0.886 0.217

DOC 0.225 ¡0.069 0.384 ¡0.010 ¡0.078 0.598 ¡0.086 0.192

0.026 0.499 0.000 0.919 0.447 0.000 0.401 0.058

SC, speciWc conductance; 
DO, dissolved oxygen; 
Redox, reduction–oxidation 
potential
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aquifers and aquitards in Iowa (Burkart et al. 2004).
Although nutrient standards for streams are subject to
debate, one criterion recommends that total N and P
standards be set at 0.9 and 0.04 mg/l, respectively
(Dodds and Welch 2000). It can be seen that back-
ground concentrations of N and P from Holocene
alluvium exceed this recommended limit.

With the exception of the near-stream riparian
zone aVected by channel incision (discussed later) the
water table in the Walnut Creek Xoodplain was typi-
cally very shallow and usually less than 1.5 m deep
(Fig. 4). Water tables less than 1 m deep keep nitro-
gen-rich groundwater in close contact with surface
soils rich in organic carbon and in close proximity to
plant roots and microbes (Gold et al. 2001). More-
over, high water tables in Wne-grained, organic-rich
alluvium encourage denitriWcation by providing the
requisite organic carbon supply, anaerobic soil condi-
tions and nitrogen supply (e.g., Lowrance 1992; Starr
and Gillham 1993; Burt et al. 1999; Cey et al. 1999;
Clement et al. 2002, 2003). These conditions favor-
able for denitriWcation were met in the Walnut Creek
Xoodplain. Anaerobic soil conditions were identiWed
by soil hydromorphic features (mottles, iron and
manganese concretions) and low concentrations of
dissolved oxygen and low redox conditions in
groundwater. DO and redox values in alluvial ground-
water were signiWcantly correlated with reduced
ammonium and inversely correlated with nitrate con-
centrations (Table 4). Co-occurrence of ammonium
and nitrate in some wells and DO concentrations
above 1 mg/l imply that dentriWcation may be occur-
ring primarily in small microenvironments where DO
has been depleted and reducing conditions are main-
tained (Jacinthe et al. 1998). Others have observed
denitriWcation occurring in settings with DO concen-
trations less than 2 mg/l (Gillham 1991; Cey et al.
1999). Redox conditions less than 200 mv observed
in alluvial groundwater at Walnut Creek further favor
nitrate removal via denitriWcation (Anderson 2004).

It was evident that organic carbon was present
throughout the alluvial sequence at Walnut Creek,
whether as Wne-grained disseminated carbon or as
organic-rich wood layers. DOC concentrations in
groundwater were greater than 5 mg/l in Gunder,
Roberts Creek and Camp Creek member alluvium
and many concentrations exceeded 10 mg/l. These
concentrations are generally higher than those
reported for groundwater Xowing through peat (Hill

et al. 2000). While denitriWcation of groundwater
nitrate by microbial activity may be limited by the
availability of organic carbon in some riparian zones
(Bradley et al. 1992; Jacinthe et al. 2003), in the case
of Walnut Creek alluvium, there would appear to be a
large reserve of DOC to support microbial denitriWca-
tion.

DenitriWcation in Walnut Creek alluvium is proba-
bly occurring to the greatest degree in Roberts Creek
Member alluvium. A Xuctuating water table through
the Camp Creek Member alluvium probably limits
denitriWcation activity in this unit despite abundant
organic carbon. Furthermore, the Camp Creek Mem-
ber is relatively coarse-grained with higher saturated
K and when measured, showed elevated DO and
redox conditions. On the other hand, the Roberts
Creek Member maintained saturated conditions
throughout the year. The unit consisted of primarily
silt and had the lowest K measured in any alluvial
units ensuring long residence times for groundwater.
The organic carbon content of Roberts Creek allu-
vium was also quite high (C:N ratio of 13) and DOC
concentrations exceeded 8.7 mg/l. Less organic car-
bon content and higher K in Gunder and pre-Gunder
Member alluvium suggests that these older alluvial
units oVer less denitriWcation potential than the Rob-
ert Creek Member. Results from this study provide
evidence for substantial denitriWcation in Roberts
Creek Member alluvium consistent with other Iowa
studies (Hallberg et al. 1983; Seigley et al. 1996).

Monitoring of near-stream west side wells in both
2003 and 2004 provides Weld evidence supporting
denitriWcation as a contributing factor in decreasing
nitrate concentrations in riparian groundwater. During
both years, groundwater nitrate concentrations were
observed to rapidly decrease in TW-4, W1C and TW-
3 wells (Fig. 5) despite the fact that the land cover in
2003 was bare ground and vegetated grass in 2004.
The rate of nitrate decrease was similar for both mea-
surement periods (approximately 0.4 mg/l/day).
While nitrate decay occurred primarily during May–
June in 2003, and during September–October in 2004,
both measurement periods showed nitrate concentra-
tions declining over 15 mg/l in about 60 days. Schil-
ling et al. (2006b) used a numerical model to evaluate
whether dilution or denitriWcation was responsible for
the nitrate decrease in 2003 and concluded that both
factors contributed equally to the observed decrease.
Nitrate decay in the transport model was best
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simulated with a denitriWcation rate of 0.02 1/day.
Given the similarity in observed nitrate decrease
between 2003 and 2004, the modeled denitriWcation
rate appears appropriate for describing the alluvial
sediments of Walnut Creek.

High organic carbon content of Holocene alluvium
may also be responsible for elevated groundwater P
concentrations. Carlyle and Hill (2001) suggested that
organic P mineralization may inXuence P concentra-
tions in organic-rich riparian zones. Devito and Dillon
(1993) similarly reported that anaerobic mineraliza-
tion and diVusive Xux from deeper peats could be an
important source of SRP to surface waters. High con-
centrations of SRP in riparian zone groundwater may
also result from mobilization of phosphorus as iron
and manganese oxides are reduced under anoxic con-
ditions. At Walnut Creek, highest average SRP con-
centrations were observed in Camp Creek, Roberts
Creek and Gunder Member alluvium that also contain
highest DOC concentrations. The lowest average
DOC was measured in upland wells (1.57 mg/l)
where the lowest average SRP concentration was also
observed (0.035 mg/l). Although SRP and DOC were
only weakly correlated in analyses across all wells
(Table 4), average SRP and DOC concentrations were
signiWcantly related across geologic units (Fig. 6).

It is clear from the sampling data that while the
Holocene alluvial groundwater can be considered
nutrient rich, concentrations varied considerably
across the site, both spatially from east side to west
side, and with depth. Factors that contributed to this
variability include the geologic age and depositional
history of the alluvial members, the eVect of channel

incision of Walnut Creek into its Xoodplain, and the
role of vegetation cover and hydrology.

EVect of geologic age of alluvium

Greater organic carbon and nitrogen content in more
recent Holocene alluvium (Camp Creek and Roberts
Creek) compared to older Holocene and pre-Holo-
cene units suggests a link between nutrient source
material and the geologic history of alluvium deposi-
tion. Pre-Gunder and Gunder units were deposited
during a time of high suspended sediment loads of silt
derived from erosion of loess deposited following the
last glacial maximum (Bettis and Autin 1997). Local
vegetation during this period was predominantly
deciduous forest (Baker et al. 1992) and abundant
wood and organic fragments were deposited in Gun-
der Member alluvium during Xoodplain aggradation.
At Walnut Creek and elsewhere, Gunder Member
alluvium is coarser textured than pre-Gunder allu-
vium and shows a typical Wning upward sequence
(Bettis and Autin 1997; Bettis 1992). During a period
of reduced long-term precipitation in the late middle
Holocene (ca. 5,500 yr B.P.) water tables were lower
and Gunder Member deposits were oxidized to a
much greater degree than later Roberts Creek Mem-
ber deposits (Bettis et al. 1992; Baker et al. 1992,
1996). The presence of mottling and iron staining in
the Gunder Member and the absence of plant macro-
fossils in the upper oxidized zone indicates substan-
tial post-deposition weathering during a prolonged
lower water table period. Labile C and N in the Gun-
der matrix may have been leached during this period,
although larger, less labile, wood and organic frag-
ments remained in the lower reduced zone. Later
cooler and wetter conditions in the late Holocene
(Denniston et al. 1999) maintained high water tables
in Xoodplains that preserved labile C and N in the
Roberts Creek Member. Changing climatic changes
during the middle to late Holocene also marked a shift
from a forested landscape to one dominated by tall
grass prairie (Bettis 1992). Deposition of recent Camp
Creek Member alluvium from overbank deposition
and upland soil erosion during the last 150 years
delivered abundant C and N to the Xoodplain. Studies
suggest that most of the Camp Creek Member was
deposited between about 1890 and 1930 as the stream
channel adjusted to runoV and sediment load changes
brought on by agricultural land use change (Baker

Fig. 6 Relation of average SRP to DOC concentrations in
groundwater collected from various geologic units. Data from
near-stream west side wells were not included
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et al. 1992; Bettis et al. 1992). In sum, variations in
nutrient concentrations measured in Holocene allu-
vium may be due, in part, to lithologic diVerences
manifested during original sediment deposition and
subsequent weathering histories.

EVect of channel incision on groundwater nutrient 
concentrations

At the study transect, Walnut Creek is incised into its
Xoodplain approximately 3 m from historical channel
straightening and upstream land use change. Riparian
water tables were severely lowered in the vicinity of
the channel compared to more distal Xoodplain areas,
which is consistent with results from Schilling et al.
(2004). In transect wells, groundwater in well nests
E1 and W1, TW-4 and TW-3 appeared to be most
aVected by channel incision. Elevated DO concentra-
tions were observed in wells nearest the stream chan-
nel (E1B, C, W1B, C) where DO concentrations
ranged from 2.59 to 6.46 mg/l (Table 2). Compared to
“C” wells at E2 and W2 located 40 m into the Xood-
plain, DO concentrations in near-stream “C” wells
had levels more than 1 mg/l higher. Redox conditions
were also higher in near-stream wells on the west side
of Walnut Creek ranging from 333 to 408 mv at W1B
and C.

Deeper water tables near incised Walnut Creek
result in a more aerobic soil proWle conducive for
mineralization of soil N, similar to conditions
observed by GroVman et al. (2002). On both sides of
Walnut Creek, elevated nitrate concentrations were
detected in groundwater from shallow wells located
nearest the stream channel. On the east side, a single
sample from well E1B in May showed the highest
concentration of nitrate found in any east side wells
(4.89 mg/l). However, this well was dry during subse-
quent sampling events, so while nitrate concentrations
on the east side appear highest near the stream,
insuYcient data exist to conclusively document this
eVect under grass cover. On the west side of Walnut
Creek where land treatment was conducted, nitrate
concentrations in riparian wells were substantially
higher, exceeding 30 mg/l in some wells. However, in
the case of west side wells, it is diYcult to separate
the eVects of channel incision from the eVects of land
treatment since both factors would contribute to ele-
vated nitrate losses to shallow groundwater. Despite
gaps in the data, results are consistent with hypothe-

sized eVects and other research (GroVman et al. 2002)
showing that near-stream riparian groundwater on
both untreated and treated sides of incised Walnut
Creek had higher DO and nitrate concentrations than
more distal Xoodplain areas. However, more work is
needed to conclusively document this eVect, espe-
cially under typical vegetated land cover conditions
like those observed on the east side of Walnut Creek.

Channel incision and its eVect of lowering near-
stream water table levels appeared to have less eVect
on groundwater phosphate and DOC dynamics. Con-
centrations of SRP and DOC did not vary systemati-
cally with distance away from the stream channel.

EVect of vegetation cover on groundwater nutrient 
concentrations

The history of land treatment had by far the largest
eVect on groundwater nutrient concentrations at the
site, particularly with respect to nitrate. Because the
present study is, in some ways, a continuation of
monitoring that has occurred at the site, it is important
to follow the history of the site to fully capture the
eVects of land cover on groundwater nitrate concen-
trations.

Prior to land treatment, groundwater nitrate con-
centrations on both sides of Walnut Creek were less
than 0.5 mg/l. Following land treatment in 2002 and
2003 on the west side of the Xoodplain, nitrate con-
centrations in near-stream west side wells increased
to levels above 20 mg/l in May 2003 and then
decreased substantially by July 2003 at the conclusion
of monitoring (Fig. 5). In 2004, nitrate concentrations
measured in near-stream west-side wells appeared to
rebound to previous high concentrations despite the
fact that vegetation returned to the riparian zone and
the water tables Xuctuated similarly on both sides of
the creek (Fig. 4). Thus, during the time between July
2003 and May 2004, substantial nitrate losses to ripar-
ian groundwater evidently occurred again. Although
the timing of when additional nitrate losses occurred
is unknown, the data suggest that the nitrate concen-
trations in near-stream wells retained legacy eVects
from past land management activities.

Continuous groundwater level monitoring that
commenced at the site from July to December in 2003
(Fig. 4) in between the chemical monitoring periods
provides some insights regarding how land cover
diVerences aVected groundwater recharge through the
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Xoodplain soils and possible contributed to greater
nitrate losses on unvegetated west side soils. Greater
groundwater recharge occurred on the bare, west side
of Walnut Creek compared to the vegetated ground
cover conditions on the east side (Zhang and Schilling
2006). It was hypothesized that the grass cover on the
east side reduced soil moisture through ET and
resulted in greater capture of inWltrating rainfall by
the unsaturated soil proWle and less recharge to the
water table. From July to mid-October in 2003, more
than 100 mm of additional groundwater recharge
occurred through the bare west-side soils compared to
the vegetated east-side soils (Zhang and Schilling
2006). Following a groundwater recharge event in
mid-October 2003, the water table depth on both sides
of Walnut Creek was approximately the same through
the dormant winter season.

Although vegetation returned to the west side in
2004 with newly planted wet meadow perennials
and remnant reed canary grass, the Xoodplain soils
were disturbed during fall and winter planting and
the density of vegetation was considerably less than
the well-established reed canary grass on the east
side. Without a well-established vegetative cover on
the west side in spring 2004, it is hypothesized that
high rates of soil nitrogen mineralization occurred
again in organic rich west-side soils that included
highly labile C and N from decaying roots and
organic detritus from earlier land treatment. The
accumulation of nitrate was then Xushed to the
water table with recharging precipitation prior to
sampling on May 25, 2004. More than 160 mm of
precipitation occurred in May 2004 when sampling
occurred (Fig. 5). Nitrate concentrations remained
elevated in the west-side wells through much of
2004 and began to substantially decrease only in the
fall following a summer growing season of cover
vegetation. While emerging vegetation cover on the
west-side was evidently suYcient for producing
normal groundwater level Xuctuations (compared to
the east side), it was not suYcient for removal of
excess nitrate mineralized from Xoodplain soils and
organic detritus.

In this discussion, it is important to note that high
groundwater nitrate concentrations measured in 2004
were mainly observed in near-stream wells where
subsurface hydrology was strongly aVected by chan-
nel incision. High rates of soil nitrogen mineralization
were concentrated in the thick unsaturated zone near

the incised stream channel. Beyond the range of
inXuence of channel incision on water table depths,
nitrate concentrations in shallow groundwater remained
at or below the level of detection on the west side of
Walnut Creek despite the land treatment activities
(wells W2A, 2B, W3A). Thus, distinguishing the
eVects of land treatment from the eVect of channel
incision on riparian groundwater nitrate concentra-
tions remains problematic when both factors contrib-
uted to the observed patterns. However, data from
near-stream east side wells clearly indicated that a
riparian vegetation cover of cool-season grass greatly
reduced losses of nitrate from the unsaturated zone of
incised Walnut Creek.

It is unknown whether vegetative assimilation of
soil N was responsible for maintaining low nitrate
concentrations on the east side of Walnut Creek, or
whether the vegetation cover simply reduced ground-
water recharge and leaching of soil N. Near Walnut
Creek at the E1 well nest, reed canary grass with a
rooting depth less than 0.2 m would not intercept the
water table. In this case, assimilation of soil nitrogen
by the cool season grass may be occurring from the
unsaturated zone and capillary fringe rather than
directly from the water table. Capillary rise in silt may
extend 2 m (Gillham 1984) and place groundwater
within the root zone of the cool season grass. How-
ever, identiWcation of speciWc denitriWcation or plant
uptake processes responsible for groundwater nitrate
loss may require isotopic investigation (Clement et al.
2003).

Conclusions

Groundwater nutrient concentrations evaluated in this
study of the Walnut Creek Xoodplain are likely repre-
sentative of groundwater conditions in Holocene and
pre-Holocene alluvium found throughout the loess-
mantled glaciated Midwest. Unlike many studies
where elevated nutrient concentrations in groundwa-
ter have resulted from agricultural inputs (e.g., fertil-
izer, livestock manure, etc.), concentrations measured
during this study represent typical background condi-
tions since the land has been owned by the Neal
Smith National Wildlife Refuge since 1991. The
Xoodplain remained fallow since that time, whereas
the east upland was planted in prairie in 1996.
Furthermore, aerial photographs of the riparian zone
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dating to the 1940s indicates that historical land use
on both sides of the Xoodplain was primarily pasture
suggesting that farmers have consistently maintained
tolerant reed canary grass in the seasonally wet
Xoodplain.

Results indicated that groundwater in Holocene
alluvium is very nutrient rich with background con-
centrations of N, SRP and DOC that exceed many
environmentally sensitive criteria. Average concen-
trations of ammonium exceeded 1 mg/l in several
wells whereas nitrate concentrations exceeded 20 mg/
l in wells under bare ground. Phosphate concentra-
tions ranged from 0.1 to 1.3 mg/l and DOC concentra-
tions exceeded 5 mg/l in many wells. Overall, nutrient
concentrations tended to be highest in more recently
deposited alluvium compared to older Holocene
deposits. Several lines of evidence suggested that
conditions are conducive for denitriWcation of
groundwater Xowing through the alluvium, with
greatest potential for denitriWcation hypothesized for
the Roberts Creek Member consistent with other Iowa
studies (Hallberg et al. 1983; Seigley et al. 1996).

Removing the vegetation cover on the west side of
the Xoodplain, in combination with eVects of channel
incision, served to drastically change nutrient concen-
tration patterns in several near-stream wells, particu-
larly with respect to nitrogen. While this combination
of land treatment and channel degradation may
appear unique at Wrst glance, incised stream channels
are common features in the Midwest and their Xood-
plains are often cropped to the channel edge. Hence,
row-cropped Xoodplains of incised channels are bare
for long periods of time, analogous to the west-side
conditions monitored in this study. Study results indi-
cate that riparian zones of incised streams downcut-
ting through nutrient-rich Holocene alluvium can
potentially be a signiWcant source of nutrient losses to
streams.

Our results argue for planting perennial riparian
buVers near incised streams to provide vegetation
cover for the unsaturated zone near the channel. The
type of perennial vegetation may not be as important
as the buVer itself, since reduced nutrient losses to
riparian groundwater were still apparent even when
the roots of shallow-rooted cool season grass (reed
canary grass) did not extend to the water table. Peren-
nial vegetation cover will capture more inWltrating
water and reduce the accumulation of nutrients in the
vadose zone available for leaching.

References

Andersen HE (2004) Hydrology and nitrogen balance of a season-
ally inundated Danish Xoodplain wetland. Hydrol Process
18:415–434

APHA (1995) Standard methods for the examination of water
and wastewater, 19th edn. American Public Health Associ-
ation, Washington, DC

Baker RG, Maher LJ, Chumbley CA, Van Zant KL (1992)
Patterns of Holocene environmental change in the
Midwest. Q Res 37:379–389

Baker RG, Bettis EA III, Schwert DP, Horton DG, Chumbley
CA, Gonzalez LA, Reagan MK (1996) Holocene paleoen-
vironments of northeast Iowa. Ecol Monogr 66:203–234

Bettis EA III (1990) Holocene alluvial stratigraphy and selected
aspects of the Quaternary history of western Iowa: guide-
book for the 37th Weld conference of the Midwest Friends
of the Pleistocene. Iowa Department of Natural Resources,
Geological Survey Bureau, Iowa City

Bettis EA III, Autin WJ (1997) Complex response of a mid-con-
tinent North America drainage system to late Wisconsinan
sedimentation. J Sed Res 67:740–748

Bettis EA III, Baker RG, Green WR, Whelan MK, Benn DW
(1992) Late Wisonsinan and Holocene alluvial stratigra-
phy, paleoecology, and archeological geology of east-
central Iowa. Iowa Department of Natural Resources,
Geological Survey Bureau, Iowa City

Bradley PM, Fernandez M Jr, Chappelle FH (1992) Carbon lim-
itation of denitriWcation rates in an anaerobic groundwater
system. Environ Sci Technol 26:2377–2381

Burkart MR, Simpkins WW, Morrow AJ, Gannon JM (2004)
Occurrence of total dissolved phosphorus in unconsoli-
dated aquifers and aquitards in Iowa. J Am Water Res
Assoc 40:827–834

Burt TP, Matchett LS, Goulding KWT, Webster CP, Haycock
NE (1999) DenitriWcation in riparian buVer zones: the role
of Xoodplain sediments. Hydrol Process 13:1451–1463

Carlyle GC, Hill AR (2001) Groundwater phosphate dynamics
in a river riparian zone: eVects of hydrologic Xowpaths,
lithology and redox chemistry. J Hydrol 247:151–168

Cey EE, Rudolph DL, Aravena R, Parkin G (1999) Role of the
riparian zone in controlling the distribution and fate of
agricultural nitrogen near a small stream in southern Ontar-
io. J Cont Hydrol 37:45–67

Cirmo CP, McDonell JJ (1997) Linking the hydrologic and
biogeochemical controls of nitrogen transport in near-
stream zones of temperate-forested catchments: a review. J
Hydrol 199:88–120

Clement J, Pinay G, Marmonier P (2002) Seasonal dynamics of
denitriWcation along tophydrosequences in three diVerent
riparian wetlands. J Environ Qual 31:1025–1037

Clement JC, Aquilina L, Bour O, Plaine K, Burt TP, Pinay
G (2003) Hydrological Xowpaths and nitrate removal rates
within a riparian Xoodplain along a fourth-order stream in
Brittany (France). Hydrol Process 17:1177–1195

Denniston RF, Gonzalez LA, Asmerom Y, Baker RG, Reagan
MK, Bettis EA III (1999) Evidence for increased cool
season moisture during the Middle Holocene. Geology
27:815–818

Devito KJ, Dillon PJ (1993) The inXuence of hydrologic
conditions and peat anoxia on the phosphorus and
123



216 Biogeochemistry (2008) 87:199–216
nitrogen dynamics of a conifer swamp. Water Resour Res
29:2675–2685

DeVito KJ, Fitzgerald D, Hill AR, Aravena R (2000) Nitrate
dynamics in relation to lithology and hydrologic Xow path
in a river riparian zone. J Environ Qual 29:1075–1084

Dodds WK, Welch EB (2000) Establishing nutrient criteria in
streams. J North Am Benthol Soc 19:186–196

Galatowitsch SM, Anderson NO, Ascher PD (1999) Invasive-
ness in wetland plants in temperate North America.
Wetlands 19:733–755

Gillham RW (1984) The capillary fringe and its eVect on water
table response. J Hydrol 67:307–324

Gillham RW (1991) Nitrate contamination of ground water in
southern Ontario and the evidence for denitriWcation. In:
Bogardi I, Kuzelka RD (eds) Nitrate contamination.
Springer-Verlag, Berlin, pp 181–198

Gold AJ, Jacinthe PA, GroVman PM, Wright WR, PuVer RH
(1998) Patchiness in groundwater nitrate removal in a
riparian forest. J Environ Qual 27:146–155

Gold AJ, GroVman PM, Addy K, Kellogg DQ, Stolt M, Rosen-
blatt AE (2001) Landscape attributes as control on ground
water nitrate removal capacity of riparian zones. J Am
Water Res Assoc 37:1457–1464

GroVman PM, Boulware NJ, Aipperer WC, Pouyat RV, Band
LE, Colosimo MF (2002) Soil nitrogen cycle processes in
urban riparian zones. Environ Sci Technol 36:4547–4552

Hallberg GR, Hoyer BE, Bettis EA III, Libra RD (1983)
Hydrogeology, water quality, and land management in the
Big Spring basin, Clayton County, Iowa. Iowa Geological
Survey Report 84-4, Iowa City

Haycock NE, Burt TP (1993) Role of Xoodplain sediments in
reducing the nitrate concentration of subsurface run-oV. A
case study in the Cotswolds UK. Hydrol Process 7:287–
295

Hill AR, DeVito KJ, Campagnolo S, Sanmugadas K (2000)
Subsurface denitriWcation in a forest riparian zone: interac-
tions between hydrology and supplies of nitrate and organ-
ic carbon. Biogeochemistry 51:193–223

Hill AR, Vidon PGF, Langa(t) J (2004) DenitriWcation potential
in relation to lithology in Wve headwater riparian zones. J
Environ Qual 33:911–919

Jacinthe PA, GroVman PM, Gold AJ, Mosier A (1998) Patchi-
ness in microbial nitrogen transformations in groundwater
in a riparian forest. J Environ Qual 27:156–164

Jacinthe PA, GroVman PM, Gold AJ (2003) Dissolved organic
carbon dynamics in a riparian aquifer: eVects of hydrology
and nitrate enrichment. J Environ Qual 32:1365–1374

Lowrance R (1992) Groundwater nitrate and denitriWcation in a
coastal plain riparian forest. J Environ Qual 21:401–405

Mandel RD, Bettis EA III (1992) Recognition of the DeFroest
Formation in the east-central plains: implications for
archaeological research. Geol Soc. Am. North-Central
Section Meeting, Abstracts with Program v. 24

Prior JC (1991) Landforms of Iowa. University of Iowa Press,
Iowa City

Schilling KE, Spooner J (2006) EVects of watershed scale land
use change on stream nitrate concentrations. J Environ
Qual 35:2132–2145

Schilling KE, Zhang YK, Drobney P (2004) Water table Xuctu-
ations near an incised stream Walnut Creek Iowa. J Hydrol
286:236–248

Schilling KE, Hubbard T, Luzier J, Spooner J (2006a) Walnut
Creek watershed restoration and water quality monitoring
project: Wnal report. Iowa Geological Survey Technical
Information Series 49, 124 p

Schilling KE, Li Z, Zhang YK (2006b) Groundwater-surface
water interaction in the riparian zone of an incised stream,
Walnut Creek, Iowa. J Hydrol 327:140–150

Seigley LS, Hallberg GR, Miller GA (1996) Water quality from
the Bluegrass watershed, Audubon County, Iowa 1987–
1992. Iowa Geological Survey Technical Information
Series 35, Iowa City

Simpkins WW, Wineland TR, Andress RJ, Johnston DA, Caron
GC, Isenhart TM, Schultz RC (2002) Hydrogeological
constraints on riparian buVers for reduction of diVuse pol-
lution: examples from the Bear Creek Watershed in Iowa,
USA. Water Sci Tech 45:61–68

Solorzano L (1969) Determination of ammonium in natural
waters by the phenolhypochlorite method. Limnol Ocea-
nogr 14:799–801

Starr RC, Gillham RW (1993) DenitriWcation and organic car-
bon availability in two aquifers. Groundwater 31:934–947

Thompson CA (1984) Hydrogeology and water quality of the
upper Des Moines River alluvial aquifer. Iowa Geological
Survey Open File Report 84-5, Iowa City

Thompson CA (1986) Water resources of the Ocheyedan-little
Sioux alluvial aquifer. Iowa Geological Survey Open File
Report 86-3, Iowa City

Vidon PGF, Hill AR (2004) Landscape controls on the hydrol-
ogy of stream riparian zones. J Hydrol 292:210–228

Zhang Y-K, Schilling KE (2006) EVects of land cover on evapo-
transpiration, soil moisture and groundwater table and
recharge: Weld observations and assessment. J Hydrol
319:328–338
123


	Groundwater nutrient concentrations near an incised midwestern stream: eVects of Xoodplain lithology and land management
	Abstract
	Introduction
	Site description
	Methods
	Results
	Lithology
	Hydrology
	Water quality
	Relationships among water quality variables

	Discussion
	EVect of geologic age of alluvium
	EVect of channel incision on groundwater nutrient concentrations
	EVect of vegetation cover on groundwater nutrient concentrations

	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


