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ABSTRACT: Riparian shallow groundwater and nutrient movement is important for aquatic and forest ecosystem health. Understanding stream water
(SW)–shallow groundwater (GW) interactions is necessary for proper management of floodplain biodiversity, but it is particularly confounding in underrepresented semikarst hydrogeological systems. The Modular Three-Dimensional
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Finite-Difference Ground-Water Flow Model (MODFLOW) was used to simulate
shallow groundwater flow and nutrient transport processes in a second-growth
Ozark border forest for the 2011 water year. MODFLOW provided approximations of hydrologic head that were statistically comparable to observed data
(Nash–Sutcliffe 5 0.47, r2 5 0.77, root-mean-square error 5 0.61 cm, and mean
difference 5 0.46 cm). Average annual flow estimates indicated that 82% of the
reach length was a losing stream, while the remaining 18% was gaining. The reach
lost more water to the GW during summer (2405 m3 day21) relative to fall
(2184 m3 day21), spring (2102 m3 day21), and winter (1549 m3 day21) seasons.
Model results showed that the shallow aquifer had the highest nitrate loading during
the winter season (707 kg day21). A Particle-Tracking Model for MODFLOW
(MODPATH) revealed significant spatial variations between piezometer sites
(p 5 0.089) in subsurface flow path and travel time, ranging from 213 m and
3.6 yr to 197 m and 11.6 yr. The current study approach is novel with regard to
the use of transient flow conditions (as opposed to steady state conditions) in
underrepresented semikarst geological systems of the U.S. Midwest. This study
emphasizes the significance of semikarst geology in regulating SW–GW hydrologic and nutrient interactions and provides baseline information and
modeling predictions that will facilitate future studies and management plans.
KEYWORDS: Hydrologic models; Hydrology; Model comparison; Model
errors; Model evaluation/performance

1. Introduction
Surface water and groundwater are not isolated components of the hydrologic regime but rather integrate with all other watershed hydrologic processes (Hynes 1983;
Sophocleous 2002; Burt et al. 2010; Harvey and Wagner 2000), and yet there remains a
paucity of observed surface water (SW)–shallow groundwater (GW) information from
many regions. Sophocleous (2002) and Woessner (2000) showed that effective management of water resources requires improved understanding of SW–GW interactions.
Multiple physical processes influence SW–GW interactions. The dominant physical
process for a given region depends on climate, geology, and topography and hydraulic
gradients (Fetter 2001; Harvey and Wagner 2000; Levia et al. 2011; Burt et al. 2010).
Therefore, observed data that characterize the lateral extent, volume, and the residence
time of SW–GW hydrologic fluxes will improve process understanding and management and provide a basis for modeling (Kasahara and Wondzell 2003).
Accurate spatial and temporal representations of SW–GW interactions are critical
for understanding stream nutrient loading processes. Considerable research has
shown that riparian zone shallow groundwater often has a lower nitrate concentration relative to that of surface water (Peterjohn and Correll 1984; Jacobs and Gilliam
1985; Haycock and Pinay 1993; Hill 1996). Increased denitrification rates in GW,
relative to SW, were shown to be the major reason for low riparian zone GW nitrate
concentration levels (Jacobs and Gilliam 1985). Such increases in the denitrification
rate are primarily due to biotic and abiotic factors that raise soil moisture content and
thus water storage in the riparian soil. Since SW–GW hydrologic connectivity
greatly influences the groundwater table and soil water storage, it is useful from a
management perspective to quantify spatial and temporal variations in net water
flow from the stream to riparian zone GW to improve quantitative understanding and
to predict (i.e., model) SW–GW flow and nutrient regimes.
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To improve mechanistic understanding of field-based observations, researchers
are increasingly using numerical simulation models [e.g., Modular ThreeDimensional Finite-Difference Ground-Water Flow Model (MODFLOW),
CPFLOW, Saturated–Unsaturated Transport Model (SUTRA), HYDRUS] to better
understand SW–GW interactions (Wroblicky et al. 1998; Woessner 2000; Storey
et al. 2003; Gooseff et al. 2003; Kasahara and Wondzell 2003). MODFLOW has
been shown to be particularly suited for simulating GW processes (McDonald and
Harbaugh 1988). MODFLOW was first released in 1984 (Harbaugh and McDonald
1996; Harbaugh et al. 2000). Harrington et al. (1999) used MODFLOW to show
that lateral flow rates ranged from 4 to 38 m yr21 (average of 19.4 m yr21) and from
0.4 to 5.5 m yr21 (average of 1.9 m yr21) in the Gambier unconfined and the Dilwyn
confined basins, respectively, in southern Australia. Wroblicky et al. (1998) simulated the lateral extent of SW–GW interactions and hydrologic flux rates through
the riparian zone along two first-order stream channels in Aspen Creek and Rio
Calveras (New Mexico). They found that the hydraulic conductivity of alluvium
and the variation in recharge rates had the greatest impact on the volume, direction,
and spatial distribution of SW–GW interactions. Kasahara and Wondzell (2003)
estimated SW–GW hydrologic fluxes and residence times along a mountain stream
in the Cascades and showed that channel morphology features strongly controlled
SW–GW flow and the residence time of water in the subsurface. Wondzell and
Swanson (1996) used MODFLOW to analyze the seasonal and storm dynamics of
the SW–GW water flux and reported that the subsurface flux was 79% of the stream
discharge at summer low flow, 2% during winter base flow, and 0.7% during
storms, illustrating the potential for MODFLOW to provide accurate estimates of
temporal trends in SW–GW interactions. In recent years, MODFLOW utilities
include solute transport and particle tracking (Harbaugh et al. 2000). In a study
conducted in the Netherlands, Hefting et al. (2006) used MODFLOW to quantify
nitrate loading in the shallow groundwater of a riparian zone and reported that
nitrate loads were high within the forested zone, 87 g NO32 m22 yr21, relative to a
grassland riparian zone, 15 g NO32 m22 yr21. Previous studies have shown the
success of MODFLOW for estimating SW–GW interactions and nutrient transport,
thus providing validation and building user confidence in model predictions.
Previous studies used a variety of time series to study SW–GW interactions.
Recent studies have shown that short time series (from several months to 1 year)
are sufficient to study dominant processes in SW–GW interactions. For example,
using a 10-day simulation and a 1-day calibration, Lautz and Siegel (2006) used
MODFLOW and Modular 3-Dimensional Transport Multi Species (MT3DMS) to
show that the movement of SW into GW was predominantly an advective process at Red Canon Creek of the Rocky Mountains. Schilling et al. (2006) used
MODFLOW and MT3DMS for a 4-month study period (with a 3-day calibration)
to evaluate dilution and denitrification process in riparian zone groundwater at
Walnut Creek in Iowa. Wondzell and Swanson (1996) used MODFLOW to
quantify SW–GW hydrologic fluxes, during storm events for a 1-yr study period
(8-day calibration) in a fourth-order mountain stream at McRae Creek in H. J.
Andrews Experimental Forest in Oregon. SW–GW flow rates positively correlated
to streamflow during base flow conditions but decreased during storm events because of high infiltration rates in the riparian zone. Given the successful outcomes
of the previous studies that identified key processes influencing SW–GW
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hydrologic and nutrient interactions, the use of high-frequency (weekly) hydrologic and nutrient data to quantify spatiotemporal variations in SW–GW nutrient
interactions is needed to better manage underrepresented shallow GW systems.
Despite the growing interest in improving SW–GW mechanistic understanding
(Sophocleous 2002) and the availability of accurate groundwater modeling tools,
SW–GW flow and nutrient concentration relationships in semikarst ecosystems,
such as those in the central United States, have lacked investigation and publication
in the literature. The following work used MODFLOW to improve process understanding of SW–GW interactions in an Ozark border forest region of the central
United States. Objectives were to 1) assess the ability of MODFLOW to accurately
predict shallow aquifer transient hydraulic head distribution; 2) model the spatiotemporal variations in SW–GW hydrologic exchange, particularly during high
streamflows; 3) model the seasonal nitrogen flux between surface and shallow
groundwater; and 4) use MT3DMS to identify the spatial extent of SW–GW
mixing in the riparian zone.

2. Methods
2.1. Study site
This investigation took place in the Thomas S. Baskett Wildlife Research and
Education Center (BWREC; Rochow 1972), located in the Ozark border region of
south-central Missouri (Pallardy et al. 1988). The BWREC is a second-growth mixed
deciduous forest. The forest has not been subject to anthropogenic disturbances in
over 60 years. Two reaches of Brushy Creek within the BWREC (Figure 1) served as
study reaches for the current work. Brushy Creek is a second-order stream (Strahler
1952) with an average slope of 0.94% draining to Cedar Creek 4 km south of the
BWREC after draining a watershed with an area of 9.17 km2.
The BWREC has a humid continental climate (Critchfield 1966). Mean January
and July temperatures are 22.28 and 25.58C, respectively, while mean annual
precipitation was 1024 mm from 1971 to 2011, recorded at Columbia Regional
Airport, 8 km north of the BWREC. The average annual temperature and average
precipitation measured at the onsite AmeriFlux tower from 2005 to 2011 were
138C and 930 mm, respectively, versus 12.98C and 1089 mm at Columbia Regional
Airport during the same time period. The underlying geology of the BWREC is of
Ordovician and Mississippian age. Dominant soils are Weller silt loam and
Clinkenbeard clay loam (Rochow 1972). Riparian soils consist of Cedargap and
Dameron soil complexes (USDA 2012, soil map unit 66017). The well-drained
BWREC soils have an average bulk density of 1.2–1.4 g cm23 (Young et al. 2003,
25–35). Divided into three layers, riparian soils are composed of a silty surface
layer (0–38 cm), a silt loam layer (38–78 cm), and a gravelly layer (78–150 cm).
Average depth to bedrock in the riparian zone, for the entire watershed, is approximately 150 cm (USDA 2012). The BWREC’s current land use ranges from
second-growth forests in the southern portion to pastures in the northern portion.
The watershed consists of 2.6% suburban land use, 17.9% cropland, 33% grassland,
43.2% forest, and 3.3% open water and wetlands (USDA 2012). The BWREC’s
vegetation consists of northern and southern division oak–hickory forest species
(Rochow 1972) including American sycamore (Platanus occidentalis), American
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Figure 1. Study sites and instrument locations at Baskett Wildlife Research and Education Center, central Missouri, where S is the stilling well site and PZ is
the piezometer site.
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elm (Ulmus americana), and black maple (Acer nigrum) dominated riparian reaches
(Belden and Pallardy 2009). Understory vegetation consists of sugar maple (Acer
saccharum), flowering dogwood (Cornus florida), and black cherry (Prunus serotina) (Reed 2010).
2.2. Instrumentation and data description
2.2.1. Climate data

Precipitation (Campbell Scientific Inc., TE525 Texas Electronics: error of 61%
for rates up to 2.54 cm h21) and air temperature data (Vaisala HMP45C-L: error of
60.28C from 08 to 608C and 60.48C at 2358C) were obtained for the 2011 water
year (WY) from an AmeriFlux tower located at an elevation of 238 m on a forested
ridge approximately 100 m outside of the watershed (Figure 1). The 2011 WY is
defined from 1 October 2010 to 30 September 2011.
2.2.2. Stream stage and hydraulic head measurements

Four in-stream stilling wells were installed (referred to as SI–SIV) that supplied
stage data to estimate stream discharge entering and leaving each study reach
(Figure 1). Each stilling well was equipped with a Solinst Levelogger Gold pressure transducer (error of 60.003 m) with stream stage recorded at 5-min intervals.
Streamflow rating curves were determined from measured stage–discharge relationships using the stream cross-sectional method (Dottori et al. 2009) with a
flowmeter (Marsh-McBirney Flo-Mate flowmeter with an error of 62%).
Between SI and SII, six piezometers were installed in transect [piezometer site I
(PZI)] extending 9 m from the stream bank into the riparian zone (Figure 1). PZI
was located at an elevation of 177 m along an east–west stream reach approximately 90 m long and 15 m wide at bankfull. Similarly, piezometer site II (PZII)
was located between SIII and SIV, at an elevation of 174 m, along an approximate
north–south stream reach 157 m long and 10 m wide at bankfull. Each 3.58-m
drive-point piezometer had a 4-cm inner diameter and a 76-cm slotted screen at the
end (Figure 2) and was instrumented with a Solinst Levelogger Gold pressure
transducer that recorded hydraulic head at 5-min intervals. To compensate for
elevation differences between wells, water level was adjusted from the datum by
adding gravitational head [calculated from the difference in depth of wells from a
reference datum (343 cm)].
2.3. Numerical modeling
2.3.1. Model description and assumptions

Shallow groundwater flow was modeled using MODFLOW 2000 (McDonald
and Harbaugh 1984) and a three-dimensional finite difference model, distributed with a graphical user interface by Aquaveo [Groundwater Modeling
System (GMS)]. Solute transport and the lateral extent of surface water–
groundwater mixing were modeled using the MODFLOW extensions,
MT3DMS and a Particle-Tracking Model for MODFLOW (MODPATH).
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Figure 2. Conceptual diagram showing cross section of piezometer study design at
Baskett Wildlife Research and Education Center, central Missouri. Soil
profile depths are watershed averages (USDA 2012).

The ground surface elevation assigned to the model layers was acquired from a
5-m 2007 Missouri Spatial Data Information Service (MSDIS) digital elevation
model (DEM; downloaded from MSDIS 2012). The model area was 1227 m 3
3855 m, with eastern, western, and southern boundaries defined by Brushy Creek
watershed boundaries and the northern boundary following the groundwater flow
line defined by the elevation at that point. The initial grid spacing across the model
domain was 10 m 3 10 m and was later refined to 2 m 3 4 m, which was the
smallest cell size feasible, constrained by computing power. Refined grid dimensions were sufficient to capture individual piezometer well locations and stream
channel.
Natural Resources Conservation Service and USDA soil maps (USDA 2012) were
used to identify the three dominant soil layers of each study site resulting in a threelayer model with regular centered blocks and finite difference grids with a 0.1-m cell
length. The bottom layer was 0.74 m thick, with hydraulic conductivities of 86.4,
8.64, and 8.64 m day21 for Kx, Ky, and Kz, respectively. The hydraulic conductivity
(K) was estimated using Rosetta, a built-in computer program in HYDRUS–1D
(Schaap et al. 2001) that estimates pedotransfer functions (PTFs) by supplying the
textural class and two groundwater head values as input data (Schaap et al. 1998).
The bottom layer had a gravel texture and 44.6%, 32.6%, and 22.8% of sand, silt, and
clay, respectively. The Kz was set an order of magnitude lower in order to reflect the
anisotropy commonly observed in such systems as per USDA (2012) and Storey
et al. (2003). The second layer, with a silt loam texture and 24.4%, 57.4%, and 18.2%
of sand, silt, and clay, respectively, was 0.46 m thick with three-dimensional hydraulic conductivities of 0.18 m day21 (Kx and Ky) and 0.018 m day21 (Kz). The top
layer, an alluvium deposit with a silt loam texture and 18.3%, 63.1%, and 18.6% of
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sand, silt, and clay, respectively, was 0.38 m thick with hydraulic conductivities of
8.64, 0.864, and 0.864 m day21 for Kx, Ky, and Kz, respectively. The assigned K
values were validated with slug tests performed on site (see section 2.3.2) and with
the values mentioned in Freeze and Cherry (1979). For soil layers 1–3, soil porosity
was set to 0.4, 0.5, and 0.3, respectively, as per the values published in Anderson
and Woessner (1992). Similarly, specific yield and specific storage were 0.2, 0.09,
and 0.3 and 1 3 1024, 1 3 1023, and 1 3 1025 m21 (Fetter 2001; Anderson and
Woessner 1992; Freeze and Cherry 1979) for layers 1–3, respectively.
Brushy Creek was represented with a specific head arc with nodes representing
the observed daily stream stage. Stream elevation was quantified by a DEM (5-m
resolution). Observed daily precipitation data were used to define recharge per day
and were applied as a constant recharge flux to the top of the most active layer. The
bottom of the third layer (gravel) was assigned a no-flow boundary condition due
to presence of confining layer and/or bedrock (USDA 2012). The model was
initially forced at steady state, following which the model variables (specifically,
Kx, Ky, Kz, the width and the depth of the stream, the alluvial layer, and the
model solver package) were each parameterized independently. In particular, K
values were parameterized according to the range specified in Freeze and Cherry
(1979).
2.3.2. Model calibration and validation

As per methods used by Storey et al. (2003), MODFLOW was forced at steady
state and specific parameters (Kx, Ky, Kz, the alluvial layer, the time step, and the
model solver package) were selected to reflect conditions of Brushy Creek riparian
zone as listed in the USDA (2012) soil maps. The model was parameterized with
observation wells (n 5 12) corresponding to piezometer locations (Figures 1 and
2), enabling comparison of modeled data to observed data. MODFLOW was
calibrated for a 3-month period (April–June 2010, with a total of 91 time periods).
During the calibration period, soil physical and hydrological (Kx, Ky, Kz, specific
storage, porosity, longitudinal dispersivity, and specific yield) parameters were
adjusted as per the methods of Wondzell and Swanson (1996), Lautz and Seigel
(2006), and Schilling et al. (2006). During the calibration period, the estimated
error interval was set to 60.01 m, with a confidence interval of 95%. The residual
(difference between observed and modeled head) was calculated to assess the
performance of the model. Thus, following calibration, a residual near zero was
achieved and the model was validated from July to September 2010.
To quantify model bias, observed and modeled head values were evaluated using
the Nash–Sutcliffe (NS) efficiency parameter (Nash and Sutcliffe 1970), the rootmean-square error (RMSE) (Willmott 1981), the mean difference (MD), and the
standard regression method (r 2). NS parameter values range from 2‘ to 1.0, where
1.0 indicates that the model is in perfect agreement (Moriasi et al. 2007; Luo and
Sophocleous 2010). RMSE values closer to zero indicate better model performance (Moriasi et al. 2007). The equation of the best-fit regression line (the r2
coefficient of determination) can indicate the agreement between the modeled
and observed head, provided that modeled and observed heads vary linearly (Luo
and Sophocleous 2010). The equations needed to calculate the aforementioned
statistics are as follows:
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where vo is the variance of observed values, N is the number of data points, xi is the
observed value, yi is the corresponding predicted value, and x is the average observed value for the study period.
2.3.3. Groundwater flow modeling

Model parameters used in this study are listed in Table 1. Once calibrated, the
model was forced in steady state mode to estimate the starting heads. The observed
hydraulic heads at each cell were used as initial heads for transient simulations. A
more detailed discussion of the parameterization of the MODFLOW code is
contained in the MODFLOW user’s manual (Harbaugh et al. 2000).
The model was then implemented with piezometer transects. The cells for which
daily hydraulic heads were known (i.e., cells overlapping the stream and the piezometers) were isolated and head data were entered. Daily stream hydraulic head values (n 5
4 sites; Figures 1 and 2) were input into the model. MODFLOW estimates the head
values at other locations along the stream by interpolation (McDonald and Harbaugh
1984). Hydraulic head values for the start and end of the stream were assigned to the
elevation of the stream at that point as per Anderson and Woessner (1992).
Table 1. Model parameter values used in MODFLOW.
Model parameters

Layer 1 (silt)

Layer 2 (silt loam)

Layer 3 (gravel)

Horizontal grid size (m)
Layer thickness (m)
Hydraulic conductivity Kx (m day21)
Horizontal anisotropy
Vertical anisotropy
Specific yield (m21)
Specific storage
Longitudinal dispersivity al (m)
Horizontal/Longitudinal dispersivity ah/al
Vertical/Longitudinal dispersivity av/al
Porosity

234
0.38
8.64
1
10
0.2
1 3 1024
3.048
1
0.5
0.4

234
0.46
0.18
3
10
0.09
1 3 1023
1.524
1
0.5
0.5

234
2.4
86.4
1
10
0.3
4 3 1025
6.096
1
0.5
0.3
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2.3.4. Nitrate transport modeling

Groundwater flow results obtained from the MODFLOW simulation were used
as inputs to the MT3DMS model (Zheng and Wang 1999). Active cells in the
MT3DMS transport model were identical to those in the flow model, as the
MT3DMS was built on the existing MODFLOW grid. The stilling well locations
(SI–SIV) and the piezometer locations were set as specific concentration nodes.
Weekly observed nitrate concentration data (mg L21) for WY 2011 (n 5 52)
collected at stream stage monitoring sites SI–SIV and in riparian zone shallow
groundwater wells were used as specific concentration boundary conditions for the
model (Figure 2). It was assumed there were negligible nitrate inputs from external
sources (e.g., drainage, leakage, and fertilizer applications). The MT3DMS model
was forced at daily time steps with MODFLOW to assess spatiotemporal variations
in aquifer nitrate loading (kg m22) for WY 2011. A more detailed discussion of the
fundamentals of the MT3DMS module is located in the MT3DMS user’s manual
(Zheng and Wang 1999).
2.3.5. Surface water–groundwater lateral interaction extent modeling

MODPATH was forced with groundwater flow results from MODFLOW.
MODPATH is a particle-tracking postprocessing module for computing the lateral
extent of SW–GW interactions and flow paths (Pollock 1994). MODPATH also
computes the travel times associated with each particle. MODPATH tracer particles,
which are imaginary water particles (Pollock 1994), were placed upstream of SI and
SIII to compute the lateral extent of the flow paths that begin in the stream, pass
through the shallow aquifer, and then rejoin the stream. Monthly variations in flow
paths were assessed by running MODPATH along with monthly MODFLOW results. As per study results of Storey et al. (2003) stream morphological characteristics such as meanders, woody debris, and the presence of boulders were omitted.
Quantifying streambed heterogeneities and evapotranspiration that can affect net
SW–GW flux volume (Woessner 2000; Sophocleous 2002) were also beyond the
scope of the current work but provide impetus for future investigations. Since the
current work focused primarily on quantifying lateral extent of SW–GW interactions, neglecting streambed heterogeneities and evapotranspiration did not affect
GW flow lateral extent calculations.

3. Results and discussion
3.1. Climate during the study period
Climate in the BWREC during WY 2011 was warmer and drier than normal with
mean air temperature of 12.58C and total precipitation of 647 mm. The maximum
precipitation for a single day was 44 mm on 31 December 2010. Seasonal precipitation (winter, spring, summer, and fall) was 170 mm from December to March,
250 mm from March to June, 135 mm from June to September, and 94 mm from
September to December. Annual precipitation during the water year was approximately 21% lower than the 30-yr average (1971–2012) of 816 mm measured at the
Columbia Regional Airport (6 km from BWREC). The annual-mean air temperature
was approximately 11% cooler relative to the 30-yr average air temperature of 14.18C.

Unauthenticated | Downloaded 01/09/23 06:26 AM UTC

Earth Interactions

d

Volume 18 (2014)

d

Paper No. 20

d

Page 11

Figure 3. Measured precipitation (mm) and hydraulic head at stream (m) and at
piezometer (m) locations during WY 2011 at Baskett Wildlife Research and
Education Center, central Missouri.

3.2. Hydraulic head of stream stage monitoring wells
Observed 5-min interval hydraulic heads at the four stilling wells (SI–SIV) and
the 12 piezometers (Pz1–Pz12) were reduced to daily average values for WY 2011
(Figure 3). During WY 2011, SI had the highest average stage (178.36 m), followed
by SIII, SIV, and SII with 178.56, 178.49, and 177.03 m, respectively (Table 2).
The winter and spring seasons had higher stage (average 5 178.69 m) relative to
the summer (178.45 m) and fall (178.42 m). The difference in stage measurements
at the streambed between the upstream (SI) and downstream locations (SIV; at
830 m apart) was greater during fall (0.15 m) and summer (0.13 m) relative to
winter (0.12 m) and spring (0.11 m) and presumably attributable to variations in
seasonal baseflow conditions (Chinnasamy and Hubbart 2014). Annual average
daily groundwater head was higher at PZII (178.37 m) relative to PZI (177.18 m),
even though similar vegetation was present at both sites. Similar to the observed
stage, the groundwater head was higher during the winter and spring (178.59 m at
PZI), followed by summer (178.21 m at PZI) and fall (178.12 m at PZI). The stage
and groundwater head values were higher in the winter and spring following higher
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Table 2. Descriptive statistics of hydraulic heads and error analysis between observed and modeled heads for the 2011 WY at Baskett Wildlife Research and Education Center, central Missouri.
Observed head (m)
Location

Mean

Std dev

Maximum

Pz1
Pz2
Pz3
Pz4
Pz5
Pz6
Pz7
Pz8
Pz9
Pz10
Pz11
Pz12

177.2
177.2
177.2
177.2
177.1
177.1
178.3
178.4
178.4
178.5
178.4
178.4

0.48
0.48
0.47
0.49
0.49
0.51
0.34
0.34
0.33
0.35
0.34
0.34

177.98
177.97
177.99
177.97
177.91
177.94
178.78
178.85
178.88
179.05
178.9
178.88

SI
SII
SIII
SIV
PZI
PZII

178.4
177.0
178.6
178.5
177.2
178.4

0.14
0.15
0.19
0.13
0.49
0.34

178.70
177.44
178.98
178.91
177.95
178.89

Error analysis parameter
Minimum

NS

Shallow groundwater level
176.18
20.14
176.13
20.21
176.23
20.26
175.99
20.28
176.02
20.54
176.01
20.41
177.43
0.08
177.49
0.25
177.52
0.39
177.58
0.47
177.53
0.32
177.50
0.23
Stream stage
178.10
—
176.76
—
178.21
—
178.31
—
176.12
—
177.51
—

RMSE (m)

MD (m)

r2

0.51
0.53
0.53
0.56
0.61
0.60
0.33
0.29
0.26
0.25
0.28
0.30

20.35
20.38
20.38
20.40
20.46
20.14
20.23
20.19
20.14
20.08
20.16
20.19

0.64
0.54
0.65
0.60
0.55
0.57
0.74
0.77
0.74
0.76
0.75
0.75

—
—
—
—
—
—

—
—
—
—
—
—

—
—
—
—
—
—

precipitation compared to summer and fall, indicating riparian zone groundwater
recharge with precipitation. The average depth to groundwater was 69.70 cm at PZI
and 92.32 cm at PZII during spring months (32% difference) and 253.41 cm at PZI
and 231.30 cm at PZII during fall months (8% difference). During the dry season,
depth to groundwater was 214.9 and 197.61 cm at PZI and PZII, respectively, and
water level in the piezometers dropped below average level (126.62 and 150. 93 cm
at PZI and PZII, respectively).
3.3. Model calibration and validation
After achieving a residual (see section 2.3.2.) of 0.001 and 0.000 m at PZI and
PZII, respectively, model parameters were used for model validation (July–
September 2010). The residuals during the validation period were 0.003 and
0.001 m at PZI and PZII, respectively. Nash–Sutcliffe values, for the calibration
period, ranged from 20.54 to 0.47 (Table 2). During the calibration period, the
RMSE values ranged from 0.25 to 0.61, while the MD and r2 values ranged from
20.08 to 0.46 m and from 0.77 to 0.54, respectively. The average NS, RMSE,
MD, and r2 values at PZII were 0.29, 0.29 m, 20.17 m, and 0.75, respectively;
these values were better than the average NS, RMSE, MD, and r2 values of
20.31, 0.56 m, 20.35 m, and 0.59 at PZI, respectively. Therefore, during model
validation, relative to PZI, the MODFLOW hydraulic head predictions were
closer to actual head values for the piezometers located at PZII (Figure 4), which
was located in the center of the modeling domain. Model results during periods of
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Figure 4. Observed vs modeled (MODFLOW) hydraulic heads for piezometers
located at PZI (Pz1–Pz6) and at PZII (Pz7–Pz12) over WY 2011 at Baskett
Wildlife Research and Education Center, central Missouri.

lower head (e.g., August–October 2011) or when there was no streamflow (August–
October 2011) were confounding. It is possible to improve model predictions, for
low-flow conditions, with accurate boundary conditions for the entire watershed
and not for only the floodplain. However, those data were not available for the
current work.
3.4. Groundwater flow simulations
For WY 2011, the entire study reach was, on average, a losing stream with
1988 m3 day21 lost to GW. On an annual average, the study reach between SI and
SII (160 m in length) was a losing reach (1201 m3 day21); the study reach between
SII and SIII (543 m in length) was also a losing reach (1129 m3 day21); and the
study reach between SIII and SIV (149 m in length) was a gaining reach
(343 m3 day21). Thus, on average, the study reach lost more water to the shallow
aquifer during summer (2405 m3 day21) relative to water lost during the fall
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Figure 5. Plan view of MODFLOW estimates of hydraulic head distribution (m) for the
months of November, February, May, and August over the WY 2011 at
Baskett Wildlife Research and Education Center, central Missouri.

(2184 m3 day21), spring (2102 m3 day21), and winter (1549 m3 day21) seasons.
This result is reasonable considering that the majority of rainfall occurs from early
spring to midsummer months in central Missouri.
These results are similar to other central U.S. studies. For example, Marzolf et al.
(1994) reported average streamflow gain (from GW) of 17.28 m3 day21 in a study
conducted at Walker Branch Creek (reach length 5 62 m) in Tennessee. Marzolf
et al. (1994) results were 0.9% of the streamflow gain observed at Brushy Creek with
reach length 5 830 m. The higher flow in Brushy Creek relative to the Walker Branch
Creek study is explained in part by larger drainage area and study reach length.
Mulholland et al. (1997) indicated that the Hugh White Creek (reach length 5 78 m)
in North Carolina was, on average, a gaining reach with GW input of 140 m3 day21,
which is 7% of the volume of water lost per day in Brushy Creek. Presumably, the
presence of semikarst geology in BWREC could result in greater SW water loss to
the GW aquifer relative to the geological composition of Walker Branch Creek and
Hugh White Creek. At BWREC, the entire study reach lost 2331 m3 day21 to the
aquifer and gained 343 m3 day21 from the aquifer (annual average). Monthly plan
view maps (Figure 5) of water flow vectors showed that shallow groundwater
primarily flows along layer 3 (the gravel layer) because of a higher hydraulic
conductivity relative to other layers and because of the presence of the shallow
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bedrock (low depth to bedrock in the floodplain). A visual inspection of flow
vectors at every layer indicated that during higher streamflow periods, a significant
amount of water movement occurred from the stream toward the subsurface aquifer
in the top and second layers.
3.5. Surface water–groundwater interactions
The MODFLOW generated flow budget showed that flux rates at the stream
reach alternated between positive, where water entered the aquifer (study reaches
SI–SII, SII–SIII, and SI–SIV), and negative, where water entered the stream (study
reach SIII–SIV). Alternating between a losing or gaining stream indicates that
stream water lost to the aquifer may reemerge at downstream locations, depending
on the flow path and residence time. The groundwater flux per unit stream reach
length was similar for the three study reaches, with values of 2.08, 2.30, and
2.47 m3 day21 m21 for reaches SII–SIII, SIII–SIV, and SI–SIV, respectively. This
result indicates that the water flow (7%) and geomorphological and soil physical
properties did not differ greatly between study reaches. The high groundwater flux
rates observed at BWREC in the current work indicate high SW–GW connectivity was at least somewhat attributable to semikarst geology. Mulholland et al.
(1997) reported a groundwater flux rate of 1.80 m3 day21 m21 at Hugh White
Creek (reach length 5 72 m), North Carolina, while Marzolf et al. (1994) and
Fellows et al. (2001) reported groundwater flow rates of 0.80 and 0.04 m3 day21 m21
at Walker Branch Creek (reach length 5 62 m) in Tennessee and Rio Calaveras
(reach length is 110 m) in New Mexico, respectively. These studies concluded that
the lateral extent of SW–GW hydrological connectivity was proportional to the
groundwater flux rate. Based on previous results, Brushy Creek could have a greater
lateral SW–GW extent than that observed in other regions of the United States, likely
attributable to semikarst flow paths. Improving mechanistic understanding of shallow groundwater flow and residence time provides impetus for future investigations.
3.6. Nitrate transport and loading
Temporal variations in nitrate concentrations between SW and GW were significant ( p , 0.01) during the study period. Spatial variations between SW nutrient
concentrations were also significant ( p 5 0.001). Groundwater nutrient concentrations, however, were not significantly different ( p . 0.05) between sites. Nitrate
concentrations within the entire study reach were highest during winter
(0.994 mg L21), followed by the spring (0.346 mg L21), summer (0.200 mg L21),
and fall (0.113 mg L21) seasons of WY 2011. The MT3DMS model results indicated a net annual nitrate loss of 2328 kg day21 from the study reach (830 m) to
the aquifer. Study reach SI–SII (distance of 160 m) lost, on average, 54 kg day21 to
the aquifer (and/or to the riparian zone), while SII–SIII (distance of 543 m) lost
268 kg day21 and SIII–SIV (distance of 149 m) lost 6 kg day21 to the aquifer (and/
or to the riparian zone). Nitrate loading to the aquifer increased with stream reach
length (r2 5 0.95; Figure 6). Relative to other study reaches, the SIII–SIV reach
had the lowest nitrate loading. This result could be attributable to the relative length
of the SIII–SIV reach, which was 11% shorter than other study reaches. In addition,
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Figure 6. MT3DMS estimates of nitrate loading in the shallow aquifer from different
segments of the study reach for the WY 2011 at Baskett Wildlife Research
and Education Center, central Missouri.

observed data indicated that there was more water input from the shallow aquifer to
the stream at SIII–SIV, which may have resulted in nitrate dilution. Study reaches
SI–SII and SII–SIII had the highest nitrate losses during the winter season (107 and
594 kg day21, respectively), while SIII–SIV had the highest nitrate losses during
spring (10 kg day21). Study reaches SI–SII, SII–SIII, and SIII–SIV had the lowest
nitrate losses during the fall season, with a net average loss of 13, 71, and
1 kg day21, respectively (Figure 6). MT3DMS results indicated a lateral extent of
70 m up to which surface–groundwater hydrologic and nutrient mixing occurred.
The daily average nitrate loading from the stream to the aquifer (328 kg day21)
was lower than the average amount of nitrate uptake by second-order streams
(10 000–100 000 kg day21) as reported by Ensign and Doyle (2006). According to
their metric, nitrate loading in BWREC was lower than the potential amount of
nitrate processed by a second-order stream. The aquifer nitrate loading observed
between stream reach sites in Brushy Creek was significantly different ( p , 0.001),
indicating that the rate of in-stream nitrate-cycling processes could be different
between headstream locations and downstream locations (Ensign and Doyle 2006).
On this basis, management plans to regulate nutrient loading may need to vary
between headwaters and downstream reaches.
The current study results indicated that Ozark border streams, such as Brushy
Creek, could be a source of nitrate to riparian zone shallow aquifers during shallow
groundwater recharge periods. Peterjohn and Correll (1984) showed that a deciduous forest can have an average of 20, 50, and 60 kg ha21 yr21 of total nitrogen
from precipitation, upslope groundwater sources, and leaf litter decomposition,
respectively. Applying Peterjohn and Correll’s (1984) estimated rates to BWREC,
the nitrogen received from Brushy Creek surface water of 85.5 kg ha21 yr21 indicates that approximately 40% of the annual deciduous forest riparian zone nitrogen budget is received from surface water loading.
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Table 3. Seasonal and spatial MODPATH lateral flow pathlength and travel time
results for study sites at Baskett Wildlife Research and Education Center, central
Missouri.
Lateral flow pathlength
(m)

Travel time (days)

WY 2011 month

PZI

PZII

PZI

PZII

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

209
211
264
211
209
209
207
208
208
209
207
209

89
104
75
86
77
105
103
104
105
825
351
346

1196
1310
2807
1225
1206
1209
1171
1173
1172
1167
1153
1170

2633
3751
1835
2437
1870
3695
4202
4007
3834
15 355
4288
4009

Rates of denitrification and plant nutrient uptake can improve MODFLOW
predictions. However, denitrification and plant uptake rates were not quantified in
the current work. Future investigations should focus on vegetation cover and the
rate of soil nutrient mobilization to groundwater and the delivery to surface water.
While not directly studied in the current work, it was assumed that nitrate concentrations were reduced (by more than 90%) in the riparian zone by geochemical
processes (Levia et al. 2011). Future studies should quantify specific biogeochemical transform rates in the riparian zone (e.g., the nitrification and denitrification of nitrates and the volatilization of ammonium), thereby increasing
understanding regarding hydrologically mediated biogeochemical processes in the
Ozark border region of the central United States.

3.7. Spatiotemporal variations in the lateral extent of surface
water–groundwater interactions
MODPATH revealed significant spatiotemporal variations (Table 3 and Figures 7
and 8) between sites PZI and PZII ( p , 0.05) in subsurface flow path and travel time,
ranging from 213 m and 3.6 yr to 197 m and 11.6 yr. The temporal variations in
lateral extent of SW–GW mixing (10–75 m from the stream bank) indicates that
forest managers should be aware that SW–GW connectivity may stretch well beyond
current recommended buffer widths. The annual average flow-path distances at PZI
and PZII were 196 and 189 m, respectively. The annual average travel time was
106% higher at PZII (4326 days) than at PZI (1330 days), indicating that nutrients
transported by water had more time to undergo nutrient transformation in the subsurface at PZII, relative to PZI. Extended residence times also indicate that water is
stored longer in the soil matrix at PZII and therefore available for plant uptake. The
computed near-streamflow paths from Brushy Creek appeared, disappeared, contracted, and expanded in response to seasonal hydrologic changes (Figures 7 and 8).
Modeling results indicated identical behavior on the unmonitored side of the riparian
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Figure 7. MODPATH estimates of lateral extent of surface water–groundwater interactions for the months of November, February, May, and August over the
WY 2011 at Baskett Wildlife Research and Education Center, central Missouri. The solid lines indicate flow paths as simulated by MODPATH.

zone; therefore, management implications of the results of this work should be
applied with confidence to either side of the stream reach. During drier months (May
in particular), flow paths did not extend into the piezometer transect but were restricted to the stream bank and within the stream channel. During such periods,
surface–groundwater interactions were negligible. Thus, even during low-flow periods, the stream reach was, on average, losing and therefore hydrologically well
connected to GW. During no-flow periods, SW–GW hydrologic connectivity was not
quantified because of a lack of monitoring wells in the streambed.
The baseline results from this study provide a foundation for the development of
future studies and management plans that should include consideration of water
residence time and storage in the riparian zone. Monthly MODPATH results indicated spatiotemporal variations in flow pathlength and travel time. In particular,
increases in lateral flow pathlength results in increased travel time. Annual average
travel times at PZI and PZII were estimated to be 3.6 yr (1329 days) and 11.8 yr
(4326 days), respectively. Annual average nutrient concentration at PZII
(0.009 mg L21) was 18% lower than that in PZI (0.011 mg L21). In-stream nutrient
processing could be the reason for the observed lower nutrient loading in the
downstream extents (SIV) of Brushy Creek. Presumably attributable to increased
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Figure 8. MODPATH estimates of lateral extent (m 5 meter) of surface water–
groundwater interactions from the stream bank and travel time (d 5 day)
of water in flow paths over the WY 2011 at Baskett Wildlife Research and
Education Center, central Missouri.

precipitation (80%) during the fall season, the model predicted increased flow
pathlengths and corresponding increases in the travel time (Figures 7 and 8).
MODPATH results indicated 37, 31, 3, and 37 distinct flow-path lines (Figure 7)
for November, February, May, and August of WY 2011, respectively. The specific
location of flow-path lines is important for management plans in terms of buffer
strip planning (Bentrup 2008). According to Pollock (1994), information about
dominant subsurface flow-path lines that originate from the stream are useful to
predict future stream meandering patterns. Wroblicky et al. (1998) reported an
annual average of 9 and 6 distinct flow-path lines for study sites located at Aspen
Creek and Rio Calaveras, in New Mexico, respectively. More distinct flow-path
lines observed along Brushy Creek could be due to the presence of semikarst
geology in the study area. The variability in the number of distinct flow-path lines
during WY 2011 corroborates other evidence that the stream reach alternates between a losing and gaining system, as described in Wroblicky et al. (1998). Lautz
and Siegel (2006) reported 17 distinct flow-path lines with varying lengths in Red
Canyon Creek in Wyoming. They further reported that the residence time ranged
from several hours to 10 years, relative to an average of 7 years observed at
BWREC. The average flow pathlength at Red Canyon Creek was also shorter
(150 m) relative to that at BWREC (205 m). The shorter average residence times at
BWREC relative to that at Aspen Creek, Rio Calaveras, and Red Canyon could be
due to the relatively high hydraulic conductivity (i.e., semikarst geology) at
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BWREC. The nutrients transported in semikarst flow-path lines have shorter time
to undergo biochemical transformations relative to those provided in other studies
(e.g., Lautz and Siegel 2006). However, the nutrients can be lost to deeper aquifers
or karst flow paths below subsurface flow paths (Hill 1996). Therefore, management plans should consider no thinning policies in forested riparian zones in order
to maximize plant nutrient uptake from shallow GW before nutrients are lost to
deep aquifers to mitigate nutrient GW pollution.
3.8. Model limitations
The results from this work are novel due to the lack of such information from the
Ozark border region. Results therefore provide a great deal of new baseline information to the scientific literature and land managers. A high-frequency (5-min interval) 1-yr time series of hydrologic data (surface water and groundwater) was used
to identify dominant semikarst geology governed hydrologic processes and flow
paths. A longer time series would be useful to improve understanding of climate
variability mediated alterations to observed hydrologic process of the current work.
However, that was not the objective of this paper. The current study was conducted in
a forest conservation area that has remained largely unchanged for approximately the
past 100 years to provide critical and timely baseline process information to scientists
and land managers in the region. The current work also tested the applicability of a
physically based groundwater model in a unique semikarst Ozark border region, in
which hydrologic data and related modeling remain scarce.
There were some modeling limitations in the current work. For example, the
accuracy of subsurface water flux estimates, which are proportional to the hydraulic conductivities (Kx, Ky, and Kz), were limited to the accuracy of K values
(Wondzell and Swanson 1996), which is difficult to measure and often limited in
the published literature (Freeze and Cherry 1979; Harvey and Wagner 2000; Fetter
2001). The absence of borehole data, for quantifying the model stratigraphy, could
also introduce simulation errors. Because of the absence of nitrate concentration
data at the model boundaries, study results were limited to the identification of
nutrient loading within the aquifer from surface water to the last piezometer located 9 m from the stream bank into the floodplain. Since the current study focused
only on advection and dispersion processes in the cycling of nitrate, biological
processes that affect the nitrate-cycling rate (i.e., denitrification) were omitted from
the analyses.

4. Conclusions
Surface water–groundwater hydrologic and nutrient interaction modeling using
MODFLOW, MT3DMS, and MODPATH was effective for determining spatiotemporal variations in magnitude and extent of SW–GW interactions in semikarst
geology of the U.S. Midwest. The current study approach is novel with regard to
the use of transient flow conditions in underrepresented semikarst geology of the
Midwest. Transient simulations were possible because of the availability of highfrequency observed water quality (weekly nutrient concentration) data and water
quantity (stream and shallow groundwater flow) monitoring networks.
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MODFLOW modeling provided numerical approximations of hydrologic head
that were statistically comparable to field observations (NS 5 0.47, r2 5 0.77,
RMSE 5 0.61 cm, and MD 5 0.46 cm). The average NS, RMSE, MD, and r2
values at PZII were 0.29, 0.29 m, 20.17 m, and 0.75, respectively, and were
better than the average NS, RMSE, MD, and r2 values of 20.31, 0.56 m,
20.35 m, and 0.59 at PZI, respectively. MODFLOW results indicated that the
study reach was, on average, a losing stream (82% of the length) with significant
seasonal variations ( p , 0.05). For the study period, the study reach between SI and SII (160 m) was a losing reach (1201 m3 day21); the study reach
between SII and SIII (543 m) was a losing reach (1129 m3 day21); and the study
reach between SIII and SIV (149 m) was a gaining reach (343 m3 day21). Thus,
on average, the study reach lost more water to the shallow aquifer during summer (2405 m3 day21) relative to water lost during the fall (2184 m3 day21), spring
(2102 m3 day21), and winter (1549 m3 day21) seasons.
The shallow groundwater flux per unit length was 2.47 m3 day21 m21 and was not
significantly different ( p . 0.05) between study sites. Given this result, it was
inferred that geomorphological and soil physical properties did not differ between
study reaches. The MT3DMS model results indicated a net annual nitrate loss of
2328 kg day21 from the study reach to the GW. However, even with a high nitrate
loading, GW nitrate concentrations were low relative to that of SW. Results indicated
high nitrate concentrations of surface water relative to groundwater (greater than
90%) over the study period. Most nitrate transport to the subsurface aquifer from the
stream occurred because of advection processes from the stream (i.e., physical
processes) that vary spatially and temporally. The stream also serves as a nitrate
source to the riparian zone for 80% of the stream length. MODPATH revealed
significant spatiotemporal variations, between sites PZI and PZII ( p , 0.05), in
subsurface flow path and travel time, ranging from 213 m and 3.6 yr to 197 m and
11.6 yr. The annual average travel time was 106% higher at PZII (4326 days) than at
PZI (1330 days), indicating that the nutrients transported by water had more time
to undergo biochemical transformation in the riparian zone subsurface at PZII, relative to PZI.
The use of MT3DMS along with MODPATH in MODFLOW increased modeling confidence for estimating the lateral extent of SW–GW mixing (75 m) in
semikarst geology of the Midwest. The lateral extent of SW–GW interaction was
not uniformly distributed along the study reach but exhibited temporal and spatial
variations (i.e., disappeared, expanded, contracted, and/or reappeared). Results
from the current study are likely representative of similar semikarst and karst
geologic setting environments across the central United States. Since understanding hydrologic processes is requisite for estimating biogeochemical processes, the current work serves as a basis for future spatiotemporal investigations of
biogeochemical processes and enhanced management strategies in the central
United States and other karst hydroregions.
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