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ABSTRACT 

Few studies have investigated spatiotemporal variations of surface water (SW) ï 

groundwater (GW) interactions (including both hydrologic and nutrient) in the central 

U.S. Therefore, understanding of riparian zone and stream connectivity is limited in that 

region. Accurate characterizations of SW-GW interactions will improve process based 

understanding, which is critical for management and outcome predictions of management 

scenarios. To improve process based understanding of SW-GW interactions, high-

frequency water quantity data (stream flow, groundwater flow and precipitation) were 

collected (5-min intervals) from four stilling wells and two transects of piezometers (n = 

6 each) during the 2011 water year along Brushy Creek, located in Boone County, central 

Missouri. Weekly water quality data (nitrate (NO3
-
), total phosphorous (P), potassium (K) 

and ammonium (NH4
+
) were also collected from stream (n = 4) and piezometers (n = 12). 

Results indicate that Brushy Creek alternates between being a losing and gaining reach, 

along the study reach (length = 830 m), but is on average a losing stream (-3 x 10
-5

 m
3
 s

-1
 

m
-1

), with a loss of 28 and 7% of total surface flow to groundwater during winter and 

spring, respectively. Based on established assessment criteria, GW modeling performance 

with HYDRUS ï 1D was deemed óVery goodô (NS = 0.95, r
2
 = 0.99, RMSE = 2.38 cm 

and MD =1.3 cm) and should therefore be used by land managers with confidence to 

predict riparian zone water storage and flow. Annual average SW NO3
- 
was 0.53 mg L

-1
, 

while P, K and NH4
+

 concentrations were 0.13, 3.29 and 0.06 mg L
-1

, respectively. Nine 



 

xvii  
 

meters from the stream, annual average concentration for GW NO3
- 
was 0.01 mg L

-1
, 

while total P, K and NH4
+

 concentrations were 0.03, 1.7 and 0.04 mg L
-1

, respectively. 

Results of a hyperbolic model, used to quantify hydrological controls on stream water 

nutrient concentrations, indicated that NO3
-
 and K exhibited dilution behavior while NH4

+
 

had a concentration effect and P was hydrologically constant. Spatial variations in SW 

nutrient concentrations varied significantly (p < 0.01), while GW concentrations were not 

significantly different between sites (p > 0.05). Shallow GW modeling with MODFLOW 

provided numerical approximations of hydrologic and nutrient flux, that are comparable 

(NS = 0.47, r
2
 = 0.77, RMSE = 0.61 cm and MD =0.46 cm) to field observations. Study 

results indicate that karst geology promotes rapid water movement that can increase 

dominance of shallow-groundwater geochemical nutrient cycling pathways (e.g. 

weathering and transport) relative to biochemical nutrient cycling pathways (e.g. plant 

uptake and N-fixation). Baseline data and results of analysis presented in this dissertation 

will aid in identification, improvement and validation of management tools that will 

contribute to advancements in stream - riparian zone best management practices, in 

particular in karst hydrogeological environments.
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CHAPTER I : MEASURING AND  MODELING WATER AND 

NUTRIENT FLUX BETWEE N A MID -MISSOURI STREAM AND 

FORESTED RIPARIAN ZO NE IN THE CENTRAL U. S. 

 

 

 

1.1. Introduction  

Surface water features like springs, streams and rivers interact with groundwater 

through complex physical processes (Winter et al., 1998). Stream water passes between 

the active channel and subsurface thus interacting with shallow groundwater (Jones and 

Mulholland, 2000). Due to tightly coupled exchange processes for water and nutrients 

between stream and shallow groundwater, many plants, animals, insects and fish inhabit 

the stream and the land adjacent to the stream (i.e. the riparian zone). Streams and 

adjacent riparian zones thus provide habitat for flora and fauna, and serve as  recreational 

area for camping, fishing, hunting, and boating (Crimo and Mc Donnell, 1997; Lins and 

Slack, 1999; Jones and Mulholland, 2000; USEPA, 2000; Harvey and Wagner, 2000). 

Nutrients including nitrogen, ammonium and phosphorus are critical to sustain all the 

aforementioned stream water uses (Stanley and Jones, 2000). It is therefore important to 

have a process understanding of water and nutrient dynamics in the stream and adjacent 
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riparian zone to manage the resource. Previous studies of land-water interactions 

indicated that stream riparian zones serve as critical interfaces for nutrients between 

terrestrial and aquatic environments (Bencala, 1984; Gilliam, 1994; Crimo and Mc 

Donnell, 1997; Jones and Mulholland, 1998; Lins and Slack, 1999; Jones and 

Mulholland, 2000; Martí et al., 2000; Akerman and Stein, 2008). However, there remains 

an ongoing need for information to improve management outcomes. In particular, limited 

research has been conducted in the Ozark border forest region of the central U.S., where 

integrated process-based studies linking hydrologic flowpaths with nutrient and 

biological status is warranted to provide improved understanding of riparian zone 

regulation of stream nutrient concentrations (Hill, 2000).  

 

1.2 Statement of need 

Advances in riparian zone management require innovative reach-scale 

experimental studies that will result in improved management tools (e.g. models) 

(Sophocleous, 2002). Aside from lacking quantifiable validation, riparian zone 

management formulation and associated management practices seldom take into account 

water and nutrient dynamics between stream water and shallow groundwater (Jones and 

Mulholland, 2000; Burt et al., 2010; Levia et al., 2011). This is the case for riparian zone 

management plans in the forested regions of Mid-Missouri, U.S., where karst geological 

associations may result in greater hydrologic and nutrient interaction complexity between 

the stream and riparian zone shallow groundwater. Studies are warranted that will 

quantify subsurface interactions between the surface water (SW) and shallow 
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groundwater (GW) in the adjoining forested riparian zones in Missouri to improve 

confidence of current management practices. In addition, investigations of spatiotemporal 

variations in stream water ï groundwater interactions is necessary to increase process 

based understanding of water and nutrient dynamics between terrestrial and aquatic 

ecosystems. Improved process based understanding can then be used to validate and 

improve numerical models to predict future stream water-shallow groundwater 

interactions.   

 

1.3. Research Objectives 

The objectives of the following dissertation research were to use a heavily 

instrumented nested-scale study design to investigate shallow GW flow of a forested 

riparian zone of a mid-Missouri stream in order to: (a) Quantify spatiotemporal variations 

in hydrologic flux; (b) Quantify spatiotemporal variations in nutrient concentration (i.e. 

Nitrate, Potassium, Phosphorus and Ammonium) dynamics; and (c) Use MODFLOW and 

HYDRUS 1D to predict hydrologic and nutrient flux, and compare modeling outputs to 

observations by means of statistical analyses. 

 

1.4. Hypotheses 

This research will quantify hydrologic and nutrient concentration flux between a 

Mid-Missouri stream and adjacent forested riparian zone.  

The following hypotheses will be evaluated: 



 

4 
 

o H1o: Hydrologic flux between the stream and an adjacent forested riparian zone 

will have spatial and temporal dependence.  

o H1a: Hydrologic flux between the stream and an adjacent forested riparian zone 

will  not have spatial or temporal dependence. 

o H2o: Nutrient concentration fluxes (concentration levels of Nitrates, Potassium, 

Phosphorus and Ammonium) between a stream and an adjacent riparian zone are bi-

directional in nature and will vary significantly spatially and temporally. 

o H2a: Nutrient concentration fluxes (concentration levels of Nitrates, Potassium, 

Phosphorus and Ammonium) between a stream and an adjacent riparian zone are not 

bi-directional in nature and will not vary significantly spatially and temporally. 

o H3o: MODFLOW (along with sub-modules) and HYDRUS 1D can accurately 

predict hydrologic flux and nutrient concentration between a stream and adjacent 

forested riparian zone. 

o H3a: MODFLOW (along with sub-modules) and HYDRUS 1D cannot accurately 

predict hydrologic flux and nutrient concentration between a stream and adjacent 

forested riparian zone. 

 

1.5 Background  

1.5.1 Stream water ï shallow groundwater hydrologic interactions 

Stream flow represents an integration of complex physiographic conditions 

exerting control over many important stream processes including volume, current 

velocity, channel geomorphology and substrate stability, as well as habitat (Poff and 
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Ward, 1989). To better understand factors influencing quality and quantity of stream 

water, it is critical to understand streamflow processes to quantify transported material 

exchange (Wood et al., 2007). Significant hydrologic exchange between shallow 

groundwater and streams should exact a strong influence on nutrient cycling rates (Duff 

and Triska, 2000; Hendricks and White, 2000). Thus quantifying shallow groundwater 

flow is primary requisite for understanding SW-GW hydrologic interactions.  

Shallow groundwater flow can be determined using various methods including 

Darcy-groundwater flow calculations and tracer tests that quantify the transport of an 

introduced solute (Jones and Mulholland, 2000). Other methods include naturally 

occurring environmental tracers such as water temperature or specific conductivity, and 

direct measurements of groundwater exchange using devices such as seepage meters 

(Levia et al., 2011). Harvey and Bencala (1993) used numerical models to show 

groundwater flux of 1.6 x 10
-6

 m
-3

 s
-1 

m
-1
 at St. Kevin Gulch in Colorado, demonstrating 

stream-groundwater exchange processes influenced by streambed and stream slope 

variability. Castro and Hornberger (1991) utilized solute tracers in North Fork Dry Run, 

Virginia, to show that 47% of total catchment water yield was shallow groundwater. 

Mulholland et al. (1997) used seepage meters to show that groundwater flow towards the 

stream was 2.2 x 10
-4

 m
3 
s

-1
 at Walker Branch Creek in North Carolina. While many 

methods to estimate shallow groundwater exist, a great deal of research is needed to 

improve the understanding of groundwater regimes. Dahm et al. (1998) concluded that 

spatiotemporal variations in stream-groundwater exchange processes require 

investigation in varying geological settings to advance predictive modeling. Sophocleous 

(2002) emphasized the need for a comprehensive hydrogeoecological framework to 
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better-understand groundwater exchange in relation to land use, geology and biotic 

factors. 

In recent years, many studies utilize a Darcian approach (Darcy, 1856), that uses 

saturated hydraulic conductivity to quantify groundwater flow (McDonald and Harbaugh, 

1988; Levia et al., 2011; Jones and Mulholland, 2000a). However, shallow groundwater 

flow is not limited only to the saturated zone. Hence, advanced groundwater models, such 

as HYDRUS ï 1D, use variably saturated hydraulic conductivity (Richards, 1931) and 

can thus simulate both saturated and unsaturated groundwater flow (ĠimŢnek et al. 1998, 

1999, 2008; Ramos et al. 2011; Luo and Sophocleous, 2010). Freely available HYRDUS 

ï 1D has been shown to effectively quantify stream-riparian zone hydrologic 

connectivity. Luo and Sophocleous (2010) used HYDRUS-1D to estimate groundwater 

flow values ranging from -3.5 x 10-8 to 3.5 x 10-8 m s
-1

 with a coefficient of 

determination (r
2
) value of 0.75 between simulated and measured groundwater flow in an 

agricultural field located in Shandong province, China. Even though numerical methods 

can estimate GW flow, studies that integrate in-situ field and modeling methodologies are 

necessary to advance quantitative understanding and consequently management of 

groundwater resources (Dahm et al. 1998; Sophocleous, 2002; Burt et al., 2010; Levia et 

al., 2011). 

 

1.5.2. Stream water ï shallow groundwater nutrient concentrations 

Of the many nutrients transported by stream waters, Nitrogen and Phosphorus are 

major influences of primary productivity in streams (Mulholland and Webster, 2010). 
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Few researchers have studied the spatial and temporal variations of nutrients along 

hydrological pathways, such as unsaturated or saturated zones and vertical and lateral 

water movement through the riparian zone (Triska et al., 1989; Findlay et al., 1995; Jones 

et al., 1995).  

A study by McClain et al. (1994), in a central Amazon watershed, showed that 

nitrate (NO3
-
) concentration decreased from 650 to 50 ɛg L

-1
 after passing through the 

riparian subsurface, whereas ammonium (NH4
+
) increased from 150 to 600 ɛg L

-1
. Study 

results indicated that some nutrients (such as NO3
-
) are removed in the riparian zone 

while other nutrients (such as NH4
+
) can be leached from subsurface soils due to the 

movement of GW. In a study conducted on GW of the riparian zone of a Puerto Rican 

rain forest, Mc Dowell et al. (1992) observed nutrient concentrations upland of the 

riparian zone buffer, and noted a decrease in NO3
- 
of 500 to 9 ɛg L

-1
, and an increase in 

the NH4
+
 concentration from 30 to 500 ɛg L

-1
, exhibiting similar trend to the study by 

McClain et al (1994). Rapid declines in the NO3
-
 concentration between uplands and 

riparian zones have been noted in many forested and grass riparian areas (Lowrance et 

al., 1984; Peterjohn and Correll, 1984; Haycock and Pinay, 1993). PeterJohn and Correll 

(2009) estimated that a 50 m riparian forest buffer in Maryland removed 11 kg of organic 

nitrogen, 0.83 kg of NH4
+
, 2.7 kg of NO3

-
, and 3 kg of total P over a one year period, 

indicating the need to couple riparian forests and managed habitats in order to reduce 

diffuse pollution. Niyogi et al. (2010) noted seasonal variations in stream water average 

nutrient concentration levels (300 and 0.91 ɛg m
-2

 s
-1

during the fall and summer, 

respectively) within a 10 km study reach in Mill Creek, Missouri, indicating the need to 

quantify seasonal variations of in-stream nutrient concentrations to preserve stream water 
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quality. According to a 20 day (d) study by Triska et al. (1989) stream water accounted 

for more than 88% of flow in piezometer wells less than four meters from the wetted 

stream channel and the lowest percentage of stream water was 47% at a well ten meters 

from the stream. Coupled NO3
-
 concentration increased from 75 ɛg N L

-1
 ï130 ɛg N L

-1
 

indicating that the variations in lateral extent of SW-GW flow can also influence nutrient 

cycling processes in the GW of the riparian zone (Triska et al., 1989). Hill (1996) 

reviewed NO3
-
 concentration findings from 20 watersheds concluding that 70% of 

riparian zones had NO3
-
 concentrations that were 90% lower than those in the stream. 

Hill (1996) further reported that the current uncertainties in understanding riparian zone 

shallow groundwater nutrient cycling stem from an inadequate understanding of the 

hydrologic regime, stressing the need for research in varying landscape hydrogeology and 

climates including additional nutrients (e.g. phosphorous, potassium, and ammonium).  

Studies that successfully quantify surface water and shallow groundwater (SW-

GW) nutrient concentration relationships can provide information that will aid riparian 

forest management practices by identifying seasonal variations in stream nutrient loading 

(Burt et al., 2010) and help predict water quality alterations subsequent to specific 

management scenarios (Levia et al., 2011; Jones and Mulholland, 2000). SW-GW 

nutrient studies can also aid in the formulation of management plans for preventing 

excess stream nutrient loading (e.g. by adjusting riparian zone buffer width), and in 

preventing excess nutrient leaching (e.g. by installing drainages for excess riparian zone 

water that can increase nutrient leaching). Due to nutrient concentration estimations in 

previous studies that employed advancements in scientific tools and numerical models 

(Levia et al., 2011), reliable science-based riparian zone management plans are often 
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possible. However, SW-GW nutrient studies remain limited in many regions, including 

the central mid-western region of the U.S., particularly in Ozark border forested 

ecosystems. Kirchner et al. (2004), Jones (2007), and Cassidy and Jordan (2011) showed 

the failure of coarse sampling approaches for estimating nutrient loading in SW-GW 

interactions, thereby indicating the need for higher resolution (spatial and temporal) 

studies. Given the aforementioned needs, the following work uses high-frequency water 

quality monitoring in an Ozark bordered forest to quantify spatiotemporal variations in 

SW-GW nutrients (NO3
-
, total P, K and NH4

+
). 

 

1.5.3. Modeling stream water ï shallow groundwater interaction 

Effective watershed management requires modeling tools that provide a scientific 

basis for decision-making and problem solving. Hydrologic models that incorporate 

climate, topography, geology land-use and land cover are vital for accurately simulating 

water flow (NRC 1999). Hydrologic models range from simple index based models to 

complex physically process based models. Simple index models may lack physical basis 

to accurately predict the spatial and temporal distribution of SW-GW exchange. Spatial 

and temporal distribution of SW-GW exchange is important for quantifying nutrient flux. 

Simple index models often do not have the ability to take into account the effects of 

heterogeneity (such as topography, soil type, soil porosity and hydraulic conductivity) 

over the entire watershed. The flexibility of simple index modeling is largely due to 

assumptions of soil homogeneity, isotropy, simple geometry (in assuming flow paths) 
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and simple initial conditions whereas the real system could be heterogeneous, anisotropic 

and have complex geometry and antecedent conditions (Packman et al., 2000).  

Numerical models use fundamental governing equations (physics-based) to 

predict future water fluxes and resident times (Cardenas, 2008). Physically-based 

numerical modeling places strenuous demands on both the modeling platforms and the 

quality and quantity of data necessary to run the models (Moore et al., 1993). Physically 

based models are complex models that take into account dominant physical processes 

(i.e. hydrologic fluxes, climate and precipitation). Advantages of physically- based 

models include that modeling results calibrated with data from well-instrumented sites 

can be applied to other sites of interest (Lautz and Siegel, 2006). Numerical groundwater 

þow models use 2D (two dimensional) or 3D (three dimensional) spatial discretization of 

the area to be simulated (Wondzell et al., 2009). Compared to 2D transient storage 

models, 3D groundwater þow models have much more intensive data requirements. 

According to Harvey and Wagner (2000), hydrologic fluxes across forested riparian 

streambeds could be calculated based on two-dimensional contour maps of hydraulic 

head and the basic governing equations of ground flow. Therefore, even though 3D 

models can give more accurate results than 2D models, when limited data is available 2D 

or 1D models can be sufficient to improve physical process understanding.  

Groundwater flow models range from simple stage index based models to 

complex physical process based models. Computer simulated numerical models have 

been widely used in sites with varying geologic settings. In recent years many researchers 

(e.g. Wroblicky et al., 1998; Storey et al., 2003; Kasahara and Wondzell, 2003; Jones and 

Mulholland, 2000; Simunek et al., 2008, 1998; Ramos et al., 2011) have used numerical 
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models (e.g. MODFLOW, CPFLOW, SUTRA, HYDRUS) to understand SW-GW 

interactions. One of the most widely used models is MODFLOW (Sophocleous, 2002) 

McDonald and Harbaugh, 1988). MODFLOW, first released in 1984, is currently the 

most commonly used numerical model used by the U.S. Geological Survey for 

groundwater flow simulations (Harbaugh and McDonald, 1996a and 1996b; Harbaugh et 

al., 2000). In addition to simulating ground-water flow, the scope of MODFLOW in 

recent years has been expanded to include solute transport and particle tracking 

(Harbaugh et al., 2000).  

To quantify stream water - groundwater water exchange, many studies utilize a 

Darcian approach (Darcy, 1856) utilizing an estimated saturated hydraulic conductivity 

(McDonald and Harbaugh, 1988; Jones and Mulholland, 2000a; Levia et al., 2011). 

Advanced groundwater models, such as HYDRUS ï 1D, use variably saturated hydraulic 

conductivity (Richards, 1931) and can thus simulate both saturated and unsaturated 

groundwater flow (ĠimŢnek et al., 1998, 1999, 2008; Ramos et al., 2011). HYRDUS ï 

1D, free to public, has been shown to effectively quantify stream-riparian zone 

hydrologic connectivity. Luo and Sophocleous (2010) used HYDRUS-1D to estimate 

groundwater flow values ranging from -3.5 x 10-8 to 3.5 x 10-8 m s
-1
 with a coefficient 

of determination (r
2
) value of 0.75 between simulated and measured groundwater flow in 

an agricultural field in Shandong province, China. A number of numerical groundwater 

models have been shown to successfully predict vertical surface ï subsurface 

interactions, however, scientists note that improved model accuracy requires proper 

parameterization, emphasizing the need for higher resolution (spatial and temporal) field 

observations (Hurst et al. 2004; Katsuyama et al. 2009). Shallow groundwater flow 
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studies that integrate in-situ field and modeling methodologies are necessary to improve 

quantitative understanding and consequently management of groundwater resources 

(Dahm et al. 1998; Sophocleous, 2002; Akerman and Stein, 2008; Abesser et al. 2008). 

 

1.6. Study Site and Instrumentation 

This research was conducted on two reaches of Brushy Creek within the Thomas 

S. Baskett Wildlife Research and Education Area (BREA), located in the Ozark border 

region of south-central Missouri, U.S. (Pallardy et al., 1988) (Figure 1.1.). The BREA is 

a wildlife reserve that has been managed by the University of Missouri since 1938 

(Rochow, 1972). Aldo Leopold dedicated the BREA, initially known as the Ashland 

Wildlife Research Area (AWRA), on April 26, 1938, giving the keynote address 

ñWhither Missouriò (Leopold, 1938). Through a series of agreements between the land 

owners (17 at the time) and the 1935 yearôs Resettlement Administration act (RA, 1935), 

the AWRA was transferred via a quit claim deed to the University of Missouri in 1960.  

Before the RA took over the land, AWRA was comprised of over 1000 acres 

maintained by 34 owners (census from the year 1875). According to the agricultural 

census records, in the 1880ôs Allan Burnett used the floodplain at AWRA to raise 

livestock and also harvested approximately 300 pounds of maple sugar and 110 apple 

trees per year. Another farmer, Joseph Zumwalt had similar practices as Burnett and 

harvested 500 pounds of tobacco per year. According to the 1853 plat book 

commissioned by James Rollins (the Father of the University of Missouri), the oldest 

ownership of AWRA dates back to 1827 when Joseph Gordon settled along the 
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floodplain area. In 1988, AWRA was renamed the Baskett Wildlife Research and 

Education Area (BWREA), now known as the BREA, and is used primarily for 

conducting research. To date over 150 publications and 100 thesis and dissertations have 

come from the research work conducted at BREA.  

The BREA watershed has not been subject to cutting, harvesting or other major 

disturbances resulting in the current 60 year old forest. The climate in the BREA is 

humid-continental (Critchfield, 1966). Mean January and July temperatures are -2.2 °C 

and 25.4 °C, respectively. Mean annual precipitation is 1,037 mm, as recorded between 

1971 and 2010 at the Columbia Regional Airport located 8 km north of the BREA 

(Belden and Pallardy, 2009). The average annual temperature, from 2005-2010, measured 

at the on-site Ameriflux tower, was 13 °C; and average precipitation was 930 mm versus 

12.9 °C, and 1,089 mm at the Columbia Regional Airport during the same time period. 

Brushy Creek is a second order stream (Strahler, 1952) with an average slope of 0.94%. 

Brushy Creek joins Cedar Creek, 4 km south of the BREA, subsequent to the drainage of 

a watershed of an approximate area of 9.17 km
2
.  

The BREAôs dominant soils are Weller silt loam and Clinkenbeard clay loam 

(Rochow, 1972) while the underlying limestone geology is of Ordovician and 

Mississippian age. Riparian zone soils consist of Cedargap and Dameron soil complexes 

(USDA soil map unit 66017 from USDA (2009)). The BREA soils are well drained and 

exhibit an average bulk density of 1.2 to 1.4 g cm
-3

 (Young et al., 2001).  

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 
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(USDA, 2009). The BREAôs vegetation consists of northern and southern division oak-

hickory forest species (Rochow, 1972) including American Sycamore (Platanus 

occidentalis), American Elm (Ulmus americana), and Black Maple (Acer nigrum) 

dominate 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). Climate data were collected from an AmeriFlux tower, 

located at an elevation of 238 m, on a forested ridge (Table 1.1. and Figure 1.1.). Flux 

tower data for the study period (WY 2011) were available from a public ftp server: 

(ftp://ftp.atdd.noaa.gov/pub/GEWEX/2010/mo/). Precipitation data (measured using a 

Campbell Scientific Inc. TE525 Texas Electronics rain gauge, with an error of ± 1% for 

rates up to 2.54 cm hr
-1

) and air temperature data (measured using a Vaisala HMP45C-L 

temperature sensor with an error of ± 0.2°C from 0 to 60°C and from ± 0.4°C at -35°C) 

were downloaded from the aforementioned FTP site in order to compliment this study.  

Four in-stream stilling wells were installed (hereafter referred to as SI ï SIV) in 

2010, in order to estimate stream discharge before and after each piezometer grid (Table 

1.1. and Figure 1. 1.). Stilling wells, equipped with Solinst® Levelogger Gold pressure 

transducers (error ± 0.003 m) were used to record the stream stage at five minute 

intervals. Streamflow rating curves were determined from measured stage-discharge 

relationships using the stream cross section method (Dottori et al., 2009) with a Marsh-

McBirney ® Flo-Mate flow meter (with an error of ± 2%).  

Between SI and SII, four piezometers were installed along a transect (Piezometer 

Site I, hereafter referred to as PZI) that extended from 3 m from the stream edge to 9 m 

into the riparian zone (Table 1.1. and Figure 1. 1.). PZI was located at 38°44' N latitude 
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and 92°12' longitude at an elevation of 177 m along the east-west stream reach 

approximately 90 m long and 15 m wide at bankfull. In a similar manner, Piezometer Site 

II (PZII) was located 660 m S-SE of PZI at 38°43' N latitude and 92°12' W longitude 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 long drive-point piezometer with a 4 cm inner diameter 

and a 0.76 m slotted screen at the end was equipped with a Solinst® Levelogger Gold 

programmed to log water level at five minute intervals (Figure 1.2.). 

A forest inventory was conducted at PZI and PZII, during the summer of 2011 

(July). At each study site, a 100 m
2
 (10 by 10 m) study plot was established. Each plot 

included 25 measurement locations spaced one meter apart in grid fashion. Diameter at 

breast height (DBH) was collected, from trees within the plot (with dbh > 1 inch), to 

quantify basal area per acre. The piezometer sites had a basal area of 111 and 218 ft
2
 acre

-

1
at PZI and PZII, respectively. The number of stems (with dbh > 1 inch) in a 10 by 10 m 

plot were collected at PZI and PZII. Forest inventory data indicated that PZI and PZII had 

607 and 527 stems per acre respectively. Within each plot, convex and concave 

densiometers were used to quantify canopy cover. Results using convex densiometer 

indicated an average canopy cover of 95.6 and 95.8% at PZI and PZII, respectively. 

Concave densiometer method results indicated a canopy cover of 94 and 95% at PZI and 

PZII, respectively. Between the months of April and November of 2010, leaf Area index 

(LAI) was collected by Bulliner (2011), at PZI and PZII, using ceptometers (Decagon 

Devices LP-80) and using hemispherical photography (using a Nikon D60 digital SLR 

camera). Average leaf area index (LAI) was 2.64 at PZI, while PZII had 2.43 (Bulliner, 

2011). Soil infiltration capacity was measured at the study plots (n = 25) at PZI and PZII, 
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using the double ring infiltrometer method during the summer of 2011 (May). Results 

indicated an infiltration rate of 182 and 101 mm hr
-1 

at PZI and PII, respectively, 

indicating rapid movement of water from surface to subsurface layers.  

Weekly manually collected (grab) water samples were analyzed for nitrate [NO3
-
], 

total phosphorous [total PO4
3-
], potassium [K] and ammonium-N [NH4

+
] concentrations 

using a HACH
®
 DR 2800

Ê
 spectrophotometer, housed in the Interdisciplinary Hydrology 

Lab located in the School of Natural Resources at the University of Missouri. A detailed 

procedure of the aforementioned methods is available at www.hach.com (HACH, 2007). 

 
 
 
Table 1.1.Location of stilling wells, piezometer transects and Ameriflux climate tower in 
Baskett Wildlife Research and Education Area [BREA], along Brushy Creek, central 
Missouri, U.S. 

Site Latitude ° Longitude ° 

SI  38.739 -92.208 

SII 38.738 -92.206 

SIII 38.733 -92.205 

SIV 38.732 -92.204 

PZI 38.737 -92.207 

PZII 38.732 -92.203 

Ameriflux 38.744 -92.200 
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Figure 1.1. Study sites (SI-SIV) and piezometer locations (PZI, PZII) in Baskett Wildlife 
Research and Education Area [BREA], along Brushy Creek, central Missouri, U.S. 
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Figure 1.2. Cross section of piezometric array study design in Baskett Wildlife Research 
and Education Area [BREA], along Brushy Creek, central Missouri, U.S. 

 

1.7. Dissertation structure  

 This dissertation is presented in the following self-contained chapters: Chapter 

two, ñMeasuring and Modeling Shallow Groundwater and Flow Connectivity to a 

Forested Ozark Border Stream,ò uses streamflow data and shallow groundwater head data 

from the 2011 water year to assess spatiotemporal variations in surface water - 

groundwater hydrologic interactions. Annual and seasonal groundwater flux rates are 

quantified. Chapter three, ñQuantifying Nutrient Concentrations of Stream and Shallow 

Groundwater in an Ozark Border Forest of the central U.S.,ò uses stream water and 

shallow groundwater nutrient (nitrate, phosphorous, potassium and ammonium) 

concentration data to quantify spatiotemporal variations in nutrient concentration and flux 
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between surface water and shallow groundwater. Chapter four, ñModeling Surface water 

ï Shallow Groundwater Interactions in an Ozark Border Stream using MODFLOWò, 

assesses MODFLOW performance, and uses two distinct modules (M3TDMS and 

MODPATH), each requiring field measurements listed in preceding chapters, to improve 

Ozark border riparian zone shallow groundwater flow estimations with seasonal 

variations in a karst geologic setting. M3TDMS is used to quantify spatiotemporal 

variations in nutrient (nitrate) loading in the shallow aquifer from the surface water. 

MODPATH is used to estimate spatiotemporal variations in flowpath length and water 

travel and residence time in the riparian zone. Chapter five, ñConclusions and Synthesis,ò 

presents a summary of the key findings of this study and discusses future research 

directions that will lead to further improved understanding of hydrologic and biochemical 

responses to forest management in this topographically distinct region of central U.S.  
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performance with HYDRUS ï 1D was deemed óVery goodô (NS = 0.95, r
2
 = 0.99, RMSE 

= 2.38 cm and MD =1.3 cm). Results supply critical baseline information necessary for 

improved riparian forest management and shallow groundwater biogeochemical transport 

(e.g. nutrient flux) and storage process understanding in karst ecosystems. Results will 

assist in development and validation of management tools that contribute to 

advancements of watershed best management practices in the Ozark border region of the 

central United States and elsewhere.  
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2.1. Introduction 

Quantifying shallow groundwater flow regime (quantity and timing) is important 

for effective riparian ecosystem management (Sophocleous, 2002), but is often ignored 

due to lack of available information. The volume and velocity of shallow groundwater 

flux can be determined using various methods including Darcy-groundwater flow 

calculations (McDonald and Harbaugh, 1988) and tracer tests (Jones and Mulholland, 

2000a) that quantify the transport of an introduced solute [e.g. sodium chloride, sodium 

bromide and potassium bromide (Jones and Mulholland, 2000a)]. Other methods include 

naturally occurring environmental tracers such as water temperature or specific 

conductivity, and direct measurements of groundwater exchange using devices such as 

seepage meters (USGS, 2009; 1982). Harvey and Bencala (1993) used numerical models 

to show groundwater flux of 1.6 x 10
-6

 m
-3
 s

-1 
m

-1
 at St. Kevin Gulch in Colorado, 

demonstrating stream-groundwater exchange processes influenced by streambed and 

stream slope variability. Castro and Hornberger (1991) utilized solute tracers in North 

Fork Dry Run, Virginia, to show that 47% of total catchment water yield was shallow 

groundwater. Mulholland et al. (1997) used seepage meters to show that groundwater 

flow towards the stream was 2.2 x 10
-4

 m
3 
s

-1
 at Walker Branch Creek in North Carolina. 

While many methods to estimate shallow groundwater exist, a great deal of 

research is needed to improve the understanding of groundwater regimes. Dahm et al. 

(1998) concluded that spatiotemporal variations in stream-groundwater exchange 

processes require investigation in varying geological settings to advance predictive 

modeling. Sophocleous (2002) emphasized the need for a comprehensive 
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hydrogeoecological framework to better-understand groundwater exchange in relation to 

land use, geology and biotic factors.  

To quantify groundwater flow, many studies utilize a Darcian approach (Darcy, 

1856) utilizing an estimated saturated hydraulic conductivity (McDonald and Harbaugh, 

1988; Levia et al., 2011; Jones and Mulholland, 2000a). Advanced groundwater models, 

such as HYDRUS ï 1D, use variably saturated hydraulic conductivity (Richards, 1931) 

and can thus simulate both saturated and unsaturated groundwater flow (Bates et al. 

2000; Dages et al. 2008; ĠimŢnek et al. 1998, 1999, 2008; Ramos et al. 2011; Ocampo et 

al. 2007; Luo and Sophocleous, 2010). Freely available HYRDUS ï 1D has been shown 

to effectively quantify stream-riparian zone hydrologic connectivity. Luo and 

Sophocleous (2010) used HYDRUS-1D to estimate groundwater flow values ranging 

from -3.5 x 10
-8

 to 3.5 x 10
-8

 m s
-1

 with a coefficient of determination (r
2
) value of 0.75 

between simulated and measured groundwater flow in an agricultural field located in 

Shandong province, China.  

A number of numerical groundwater models (e.g. CPFLOW, MODFLOW, 

SUTRA, HYDRUS and FEFLOW) (Maest and Kuipers, 2005) have been shown to 

successfully predict vertical surface ï subsurface interactions. However, previous authors 

indicated that improved model accuracy requires proper parameterization, emphasizing 

the need for higher resolution (spatial and temporal) field observations (Hurst et al. 2004; 

Katsuyama et al. 2009). Shallow groundwater flow studies that integrate in-situ field and 

modeling methodologies are necessary to improve quantitative understanding and 

consequently management of groundwater resources (Abesser et al. 2008; Dahm et al. 

1998; Akerman and Stein, 2008; Sophocleous, 2002). 
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While studies are geographically dispersed, the majority of previous studies were 

conducted in the North-Western United States, (Tabacchi et al. 2000; Castro and 

Hornberger, 1991; Valett et al. 1990) or outside the United States (Burt et al. 1999; 

2002a; 2002b; Bosch, 1979; Abesser et al. 2008). Castro and Hornberger (1991) used 

tracers to quantify surface-subsurface water interactions in North Fork Dry Run, 

Shenandoah National Park, Virginia, quantitatively characterizing the connectivity of 

surface-subsurface water and nutrient flow. Volume flow estimates were compared with 

results from physically based nutrient transport models. The authors showed that 

physically based models need to account for interactions between the stream and the 

floodplain to effectively model transport and storage of water in riparian zones. They 

concluded that it is necessary to include water table variations in the riparian zone for 

numerical modeling approaches. Burt et al. (2002a, 2002b) replicated experimental 

designs in France, the Netherlands, Poland, Romania, Spain, Switzerland and the United 

Kingdom by constructing dipwell grids at each site to map water table levels in the 

riparian zone, including riparian woodland and upslope areas. Their study results 

characterized riparian water table influence by adjacent receiving water bodies. The 

observed variations in riparian zone hydraulic gradients and water table level and flow 

patterns were attributed to surface water ïgroundwater interactions along with runoff 

(surface and subsurface) from surrounding hills. Their results showed a net increase in 

ground water level 40 m away from the stream, at the French (50 cm), UK (150 cm), 

Romanian (0.6 cm), Spanish (200 cm), Dutch (300 cm) and Polish (150 cm) sites during 

2009, collectively indicating greater upslope contributions to riparian groundwater 

relative to localized surface water ïgroundwater interactions. Despite breakthroughs such 
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as these in other regions, there remains a critical need for shallow groundwater research 

in the central United States where there are marked differences in riparian forest species, 

hydrogeology and climate.  

The objectives of this following study were to a) quantify spatial and temporal 

variability of shallow groundwater and stream water exchange in a karst ecosystem of the 

central U.S over the period of one water year, b) validate the groundwater flow model 

HYDRUS ï 1D, c) by virtue of the first two objectives, improve model predictive 

confidence in karst hydro-systems of the central U.S; and d) advance shallow 

groundwater and stream water process understanding and therefore management of 

hydrologically distinct central U.S. and Ozark border riparian forests. 

 

2.2. Study site 

This study took place on two reaches of Brushy Creek located within the Thomas 

S. Baskett Wildlife Research and Education Area (BREA) (Figure 2.1.). The BREA is 

located at UTM15 coordinates 569517 E and 4289338 N, 8 km east of Ashland, in the 

Ozark border region of South-central Missouri, U.S. (Pallardy et al. 1988). Brushy Creek 

is a second order stream (Strahler, 1952) with average slope of 0.94%, joining Cedar 

creek 4 km south of the BREA, after draining a watershed of approximately 9.17 km
2
. 

Current land use ranges from second growth forests to pastures. 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, 2009).  
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Limestone geology of Ordovician and Mississippian age underlies the BREA. 

Dominant soils are Weller silt loam and Clinkenbeard clay loam (Rochow, 1972). 

Streambed sediments, primarily composed of coarse gravel, cobble and cherty fossilized 

materials, are less than one-meter deep, overlying bedrock and layered limestone (Keller, 

1961). Soil within the riparian zone (RZ) consists of a mix of Cedargap and Dameron soil 

complexes (USDA soil map unit 66017). BREA soils have average bulk density of 1.2 to 

1.4 g cm
-3

. Soils are well-drained and are frequently flooded soils of alluvial parent 

material (Young et al. 2001). Vegetation consists of northern and southern division oak-

hickory forest species (Rochow, 1972) including American Sycamore (Platanus 

occidentalisi), American Elm (Ulmus americana) and Black Maple (Acer nigrum) 

dominated riparian reaches (Belden and Pallardy, 2009). Understory vegetation is 

dominated by sugar maple (Acer saccharum), flowering dogwood (Cornus florida), and 

black cherry (Prunus serotina) (Reed, 2010). 

Climate in the BREA is classified as humid - continental (Critchfield, 1966). 

Mean January and July temperatures are -2.2 °C and 25.4 °C (1971-2010), respectively, 

while mean annual precipitation is 1037 mm, as recorded at the Columbia Regional 

Airport located 8km to the north of the BREA (Belden and Pallardy, 2009).  
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Figure 2.1. Study sites and instrument locations at Baskett Wildlife Research and 
Education Area, central Missouri, U.S. S = stilling well sites. PZ = piezometer sites. 
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2.3. Methods 

2.3.1. Instrumentation and data collection 

Climate data were obtained from an AmeriFlux tower (Gu et al. 2007) installed at 

an elevation of 238 m (Figure 2.1.), and obtained via a public ftp server: 

(ftp://ftp.atdd.noaa.gov/pub/GEWEX/2010/mo/). Stream stage monitoring sites (hereafter 

referred to as SI ï SIV, n=4) were installed before and after each piezometer array 

(Figure 2.1.). The distance from SI-SIV was 830 m, while distance between SI-SII, SII-

SIII, SI-SIII and SIII-SIV were 160, 543, 682 and 149 m, respectively. Stilling wells 

were equipped with Solinst® Levelogger Gold pressure transducers (error ±0.003 m) and 

programmed to record stream stage at five minute intervals. To obtain high spatial 

resolution information, shallow groundwater levels were monitored using piezometers 

installed in the RZ up to 9 m perpendicular from the stream bank (Figures 2.1. and 2.2.). 

Between site one (SI) and site two (SII), four piezometers (Pz1, Pz2, Pz3 and Pz4) were 

installed in a transect (Piezometer Site I, hereafter referred to as PZI) extending from 3 m 

from the stream edge to 9 m in to the RZ (Figure 2.2.). Piezometer Site II (PZII) was 

located 660 m S-SE of PZI with four piezometers (Pz5, Pz6, Pz7 and Pz8). Each 3.6 m 

long drive-point piezometer with 4 cm inner diameter and 76 cm slotted screen at the end 

was equipped with Solinst® Levelogger Gold programmed to log water depth at five 

minute intervals. 
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Figure 2.2. Conceptual diagram of cross-section of piezometer study design at Baskett 
Wildlife Research and Education Area, central Missouri, U.S. Elevation of each well was 
measured independently and head measurements were normalized to elevation common 
to both piezometer sites PZI and PZII.  

 

2.3.2. Quantifying stream flow 

Streamflow rating curves for each stage monitoring site were developed using 

measured stage-discharge relationships established by the stream cross section method 

(Dottori et al. 2009) using a Marsh-McBirney ® Flo-Mate flow meter (sensor error ± 

2%). Stream cross section flow measurement campaigns were performed by the same 

personnel and for various flow depths to minimize computational errors (Baraca, 2008; 

USGS, 1982). Rating curves were calculated as per Dottori et al. (2009):  

 

     bQ a Z                                                                                    [1] 
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where Q is discharge in units of volume per unit time, Z is measured stream stage in units 

of length, and a and b are coefficients determined by stream morphology.  

2.3.3. Quantifying shallow groundwater flow 

Shallow groundwater flow was calculated using Darcyôs Law (1856): 

 

       s sQ K h A
                                                                                    

[2] 

 

where Qs is shallow groundwater flow (m
3
 s

-1
), Ks is hydraulic conductivity (m s

-1
), h is 

the hydraulic gradient (m m
-1

), where h = ȹh/ȹl where ȹh = change in head change 

between piezometers (m),  ȹl is the flowpath length between piezometers (m) and A is 

the cross section area (m
2
). Saturated hydraulic conductivity (Ks), estimated using the 

piezometer method (standard slug test) (Amoozegar, 2002), was 3 × 10
-5

 m s
-1

 at PZI and 

1 × 10
-5

 m s
-1

 at PZII. Estimated Ks values corresponded to silty sand deposits (Freeze 

and Cherry, 1979) and agreed with results from BREA provided by Rochow (1972). The 

shallow groundwater cross section area (A) was computed as the average wetted 

thickness using the average depth in the piezometer and the distance between 

piezometers. Since the depth to the bedrock was within a maximum of three meters, the 

shallow groundwater zone was assumed primarily of alluvial composition (see Study 

Site), and barring other information, a homogeneous soil matrix with a corresponding 

representative Ks value was assumed.  

Darcy velocity (v) for the shallow groundwater flow was calculated as per Darcy 

(1856) and as used in Sophocleous (2002), Ocampo et al. (2006) and Wondzell (2011): 
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sQ
v

A
                                                                                                                              [3] 

 

Darcy velocities along the piezometer transect were approximately 4.7 x 10
-5

 and 1.1 x 

10
-6

 cm s
-1

at PZI and II, respectively. Average linear velocity of shallow groundwater 

flow was estimated as per Freeze and Cherry (1979) and as used in Levia et al. (2011) 

and Jones and Mulholland (2000): 

 

Q
v

nA
                                                                                                                              [4] 

 

where v  is the average linear velocity and n is the effective porosity. Based on porosity 

data summarized by Davis (1969) for various geologic materials, silty sand was assumed 

to have an effective porosity of 0.35 to 0.50.  

 

2.3.4. Quantifying groundwater flux 

Assuming equivalent precipitation and evapotranspiration processes along the 

study reaches, the groundwater flux was estimated using the mass balance approach: 

 

h

dQ
Q

dx
                                                                                                                           [5] 
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where Qh is the net groundwater flux (m
3
 s

-1
 m

-1
), dQ is the difference in stream flow (m

3
 

s
-1

) measured at the upstream and downstream sampling locations of the piezometer 

transect and dx is the distance (m) between stilling wells (Harvey and Bencala, 1993; 

Harvey and Wagner, 2000a, 2000b; Scordo and Moore, 2009). 

 

2.3.5. Numerical simulation with HYDRUS ï 1D model  

HYDRUS ï 1D characterizes infiltration, evaporation, transpiration, percolation, 

water flow, solute flow and heat flow through variably-saturated (vadose and saturated 

zone) porous soil media (Radcliffe and ĠimŢnek, 2010; ĠimŢnek et al. 2002, 2008, 2009; 

Ramos et al. 2011). The model focuses on lateral movement of groundwater within 

confined boundary conditions and thus requires less computing power and time relative 

to 2D or 3D simulations, and is therefore considered a relatively user friendly 

management tool (Dages et al. 2008). Given its relative ease of use, and applicability for 

the current work, the conceptual model representing the RZ was calibrated and validated 

with HYDRUS ï 1D using measured groundwater head data from the piezometers 

located in PZI and II as per the methods of Dages et al. (2008).  

 

2.3.5.1. HYDRUS ï 1D computations 

In HYDRUS ï 1D, groundwater flow is quantified using Richardsôs equation 

(Richards, 1931): 
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 ( ) ( , )
h

K h cos S x t
t x x

                                              [6] 

 

where ɗ is volumetric soil water content (m
3
 m

-3
), t is time (s), x is the horizontal space 

coordinate (m) (for lateral flow), h is pressure head (m), S is the water sink term (m
3
 m

-3
 

s
-1

), Ŭ is the angle between the flow direction and the vertical axis (i.e. Ŭ = 0Á for vertical 

flow, 90° for horizontal lateral flow, and 0° < Ŭ < 90° for inclined flow) and K is 

unsaturated soil hydraulic conductivity (m s
-1

) given by: 

 

( , ) ( ) ( , )s rK h x K x K h x
                                                                                                  

[7] 

 

where Kr is relative hydraulic conductivity (unitless) and Ks is saturated hydraulic 

conductivity (m s
-1

). The soil hydraulic properties and water retention parameters used in 

the model for the current study, ɗr ï residual soil water content (m
3
 m

-3
), ɗs ï saturated 

soil water content (m
3
 m

-3
), Ŭ ïparameter Ŭ in the soil water retention function (m

-1
), n - 

parameter n in the soil water retention function (unitless), Ks - (m s
-1

), l - tortuosity 

(unitless), are described using a set of closed form equations developed from van 

GenuchtenïMualem functional relationships (van Genuchten, 1980). Kr is a function of 

hydraulic head (h) and distance (x). Van Genuchten (1980) defined the normalized water 

content (Ū) to explain Kr, where Ū is also called effective saturation. The ɗr can be 

defined as the water content for which the ratio of the change in volumetric content to the 

change in hydraulic head becomes zero (van Genuchten, 1980). The ɗs is mostly assumed 

to be the same as the soil porosity (Hillel, 2000). In addition, HYDRUS - 1D uses a 
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Marquardt Levenberg type soil parameter estimation technique for inverse estimation of 

soil hydraulic parameters from measured hydraulic head data (h) (ĠimŢnek et al. 2009). 

A detailed description of parameter optimization and statistics of the inverse solution is 

provided in ĠimŢnek et al. (2009). 

 

2.3.5.2. HYDRUS ï 1D data forcing 

Observed RZ groundwater head values served as initial conditions for the 

simulation. Due to the availability of high frequency data, upper and lower boundary 

conditions were set as a variable pressure head type in HYDRUS ï 1D. Accordingly, 

observed hydraulic head values from the piezometers closest (Pz1 at site PZI and Pz5 at 

site PZII) and furthest (Pz4 at site PZI and Pz8 at site PZII) from the stream served as 

time dependent boundary values for the finite grid element created in HYDRUS - 1D. 

The observed RZ groundwater head from the remaining two piezometers at each site 

(Pz2, Pz3 and Pz6, Pz7 at site PZI and PZII, respectively) was used for model validation. 

The governing flow equation (Equation 6) was solved numerically using a standard 

Galerkin-type linear finite element scheme (ĠimŢnek et al. 2009).  

Initial soil hydraulic parameters were estimated using pedotransfer functions 

(PTFs), by supplying textural class and two groundwater head values as input data 

(Schaap et al. 1998) to ROSETTA, a built-in computer program in HYDRUS ï 1D 

(Schaap et al. 2001). For initial estimation of soil properties, soil texture classes were 

identified as silt loam based on the results of previous work in the BREA (Pallardy et al 

1988; Krusekopf and Scrivner, 1962; Garrett and Cox, 1973). A 6 m horizontal soil 
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cross-section was defined for each piezometer site. Four nodes, fixed along the soil cross 

section, represented each piezometer location. The initial soil water content (ɗs) was set 

to a uniform value of 0.43 m
3
 m

-3
 (using PTFs for silt loam). Measured groundwater head 

values, at each node were simulated in HYDRUS ï 1D to obtain soil hydraulic 

parameters using the inverse solution method (Luo and Sophocleous, 2010; ĠimŢnek et 

al. 1998; Dages et al. 2008; Yu et al. 2009; ĠimŢnek et al. 2005). The final set of soil 

hydraulic parameters with the best coefficient of determination (r
2
) relationship between 

observed and modeled hydraulic head values was used to model groundwater flow. 

2.3.5.3. HYDRUS ï 1D calibration, validation and statistical analysis  

HYDRUS ï 1D was calibrated for a three-month period (April 2010 to June 

2010). Final soil hydraulic parameters obtained from calibration were then used for 

validating the model for a three-month period (July 2010 to September 2010). To 

quantify model bias, simulated and observed hydraulic head values were evaluated using 

the Nash-Sutcliffe Efficiency parameter (NS) (Nash and Sutcliffe, 1970), the Root Mean 

Square Error (RMSE) (Willmott, 1981), the Mean Difference (MD) (as used by Swain et 

al. 2004) and the standard regression method. Model outputs were rated óVery Goodô, 

óGoodô, óSatisfactoryô, or óUnsatisfactoryô according to the criteria recommended by 

Moriasi et al. (2007). The Nash-Sutcliffe (NS) efficiency parameter was used to evaluate 

how well HYDRUS ï 1D predicted observed hydraulic head variability relative to the 

average observed value for the selected time period (Equation 8). The NS parameter 

value ranges from -Ð to 1.0 where 1.0 indicates the model is in perfect agreement with 

the observations and < 0.0 when there is a poor agreement (Moriasi et al. 2007; Luo and 
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Sophocleous, 2010). RMSE values closer to zero indicate better model performance 

(Moriasi et al. 2007). Assuming that observed and simulated values are linearly related, 

the equation of the best-fit regression line (coefficient of determination) can indicate how 

well modeled values agree with observed values (Luo and Sophocleous, 2010). Further 

information regarding the indices NS, RMSE, MD and standard regression is presented in 

Moriasi et al. (2007). The equations 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.  
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2.4. Results and Discussion 

2.4.1. Hydroclimate during study  

Climate at the BREA during WY 2011 was characteristically variable with mean 

air temperature of 12.5 ęC and total precipitation of 647 mm. It was on average cooler 

and drier during the study relative to average temperature and precipitation (13ęC and 

930 mm, respectively) recorded at the Ameriflux tower between 2005-2010. Seasonal 

precipitation during WY 2011 (winter, spring, summer, fall) was 170 mm (December - 

March), 250 mm (March ï June), 135 mm (June ï September) and 94 mm (September to 

December). Stream flow was ephemeral, exhibiting high flows in spring and summer, 

and drying by mid-October. Error associated with streamflow measurements and stream 

stage errors was estimated to be ±1.05 x 10
-4

 m
3
 s

-1
 and therefore assumed negligible.  

Carter (1963) estimated that flow meter velocity observation error, measured at 

45-second intervals, at 0.2, 0.6 and 0.8 depths was less than 2.3%. Annual stream flow at 

SII was 44% greater than streamflow at SI, indicating that the stream reach (between SI 

and SII) was, on average, a gaining stream (Figure 2.3. and Table 2.1.). Figure 2.3. shows 

temporal trends in stream stage and depth to groundwater. Average stream flow at SIV 

was twice that of SIII (with 218% increase in stream flow), indicating that the stream 

reach (between SIII and SIV) was also gaining. There was negligible surface flow from 

October 15 to November 23, 2010 (27 mm of precipitation), during which time stream-

shallow groundwater flow could not be quantified using Equation 5 (Figures 2.4. and 

2.5.). Average daily stream flow during the study period was 0.22 m
3
 s

-1
 at SII followed 
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by SI (0.16 m
3
 s

-1
), SIV (0.13 m

3
 s

-1
) and SIII (0.04 m

3
 s

-1
), indicating that the stream was 

intermittently gaining and losing along the entire reach.  

 

 

 

Figure 2.3. Measured rainfall (mm), stream stage (cm) and average depth to groundwater 
(cm) at piezometer sites during WY 2011 at Baskett Wildlife Research and Education 
Area, central Missouri, U.S. 
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Table 2.1. Stream discharge (m
3
 s

-1
) descriptive statistics for WY 2011 of Brushy Creek 

flow monitoring sites at Baskett Wildlife Research and Education Area, central Missouri, 
U.S. 

Site  SI (m
3
 s

-1
) SII (m

3
 s

-1
) SIII (m

3
 s

-1
) SIV (m

3
 s

-1
) 

Mean 0.16 0.22 0.04 0.13 

Std. Deviation 0.45 0.29 0.13 0.23 

Minimum 0.00 0.00 0.00 0.00 

Maximum 3.80 1.78 1.22 1.59 

 

2.4.2. Groundwater flux 

High-resolution (i.e. five minute) stream stage and groundwater level data showed 

that average annual groundwater flux was -3 x 10
-5

 m
3
 s

-1
 m

-1
 (thus losing stream) for the 

entire study reach (SI to SIV, total reach length = 830 m), and was 4 x 10
-4

 and 6 x 10
-4 

m
3
 s

-1
 m

-1
 for the stream reaches SI-SII and SIIII-SIV, respectively (Table 2.2.). Figures 

2.4. and 2.5. show groundwater flow relationships between stilling wells SI-SII and SIII-

SIV. Flow results are higher (99% difference) than the results of Wroblicky et al. (1998) 

of 8 x 10
-8

 and -1 x 10
-8
 m

3
 s

-1
 m

-1
. The majority of the difference is attributed to lower 

relative soil hydraulic conductivity (6 x 10
-8

 m s
-1
) and a 77% smaller watershed area 

(3.22 km
2
) at Aspen Creek, New Mexico. Obviously, karst geology of the BREA may 

increase groundwater flux values. Direct karst geological influence of results was beyond 

the scope of the current work, but supplies impetus for future investigations.  

In the current work, average groundwater flow towards the stream was 0.07 and 

0.09 m
3
 s

-1
 at SI-SII and SIII-SIV, respectively. Maximum daily groundwater flow was 

0.27 and 0.51 m
3
 s

-1
 (gaining stream) while the minimum groundwater flow was -2.07 

and -0.001 m
3
 s

-1
 (losing stream) at SI-SII and SIII-SIV, respectively. There was 
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therefore an 88% difference of flow between the two distinct study reaches. Estimated 

groundwater flow of -2.07 m
3
 s

-1
 at SI (negative sign indicates losing stream) was 

consistent with observed decrease in depth to groundwater of 75.32 cm (from 105.79 cm 

on March 15, 2011) at PZI. Figure 2.3. shows the relationships in this karst system 

between depth to groundwater and stream stage, illustrating a high degree of shallow 

groundwater connectivity between the stream and adjacent RZ. Maximum daily 

groundwater flow (0.51 m
3
 s

-1
) coincided with minimum depth to groundwater from the 

surface of the soil (101.93 cm on February 17, 2011) at PZII. During WY 2011, 

groundwater flow accounted for approximately 0.07 and 0.09 m
3
 s

-1 
of the mean daily 

stream discharge of 0.22 m
3
 s

-1 
for SII and 0.13 m

3
 s

-1 
for SIV. However, for the entire 

length of the study reach, SI to SIV, (830 m), a mean daily discharge of -0.03 m
3
 s

-1
 was 

lost to the aquifer during WY 2011 (Tables 2.2. and 2.3.). 

Daily average stream discharge at SIV was 84% higher during winter and spring 

(0.25 and 0.20 m
3
 s

-1
) seasons, compared to fall and summer (0.04 and 0.02 m

3
 s

-1
). 

During the brief period when streamflow was negligible, average groundwater flow 

towards the stream was two orders of magnitude greater at SIII-SIV (5 x 10
-4 

m
3
 s

-1
) 

relative to SI-SII (7 x 10
-6 

m
3
 s

-1
). During the winter season, SIII -SIV had 0.10 m

3
 s

-1 

more water flow from the RZ relative to SI-SII. Ultimately, groundwater input to the 

stream accounted for 27% of the total stream discharge volume at stream reach one (PZI) 

and 69% at stream reach two (PZII) during WY 2011. This result corroborates the results 

of previous authors that showed that shallow groundwater flow directions near the stream 

are highly spatially variable and bidirectional with shallow groundwater flowing 

intermittently towards and away from the stream (e.g. Wondzell and Swanson, 1996; 
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Marzolf et al. 1994). Marzolf et al. (1994) reported average stream flow of 0.003 and 

0.002 m
3
 s

-1
 during summer and fall seasons (i.e. one-tenth the flow of Brushy Creek, 

with reach length = 830 m) with groundwater flow of 1 x 10
-4

 and 2 x 10
-4
 m

3
 s

-1
 (i.e. 

one-hundredth the groundwater flow observed at SIV-SIII, Brushy creek) in Walker 

Branch Creek in Tennessee (reach length = 62 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. The groundwater flux at Walker Branch Creek (1 x 10
-5
 m

3
 s

-1
 m

-1
) 

was 10% that of Brushy Creek (4 x 10
-4

 m
3
 s

-1
 m

-1
), thus proportionally corroborating 

similar drainage area-stream-groundwater exchange patterns between the two studies. 

 

 

Table 2.2. Average stream discharge difference (ÖQ in m
3
 s

-1
) and average groundwater 

flux rate (ÖQ/Öx in m
3
 s

-1 
m

-1
) at four monitoring sites during water year 2011 at Baskett 

Wildlife Research and Education Area, central Missouri, U.S. 

 

Groundwater Flow Between 

Gauging Sites (m
3
 s

-1
) 

 Groundwater Flow per unit Stream Length 

Between Gauging Sites (m
3
 s

-1
 m

-1
) 

  Site  SI  SII  SIII    SI SII SIII 

SI - 

  

-   

SII 0.07 - 

  

 4.2 x 10
-4
 - 

 

SIII -0.12 -0.18 - 

 

-1.7 x 10
-4
 -3.4 x 10

-4
 - 

SIV -0.03 -0.1 0.09   -3.4 x 10
-5
 -1.4 x 10

-4
 5.8 x 10

-4
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Table 2.3. Descriptive statistics of groundwater flow (m
3
 s

-1
) between three study site 

locations at Baskett Wildlife Research and Education Area, central Missouri, U.S. 

Descriptive 

Statistics 

Groundwater Flow (m
3
 s

-1
) 

Entire Study 

Reach SI -SIV   

Between 

SI-SII  

Between 

SIII -SIV  

Mean -0.03 0.07 0.09 

Standard Deviation 0.08 0.27 0.51 

Minimum -2.23 -2.07 0.00 

Maximum 0.24 0.23 0.11 

 

2.4.3. Shallow groundwater interflow 

Average depth to groundwater was 69.70 cm at PZI and 92.32 cm at PZII during 

spring months (February to June with 32% difference between sites), and 253.41cm at 

PZI and 231.30 cm at PZII during fall months (September to December with 8% 

difference between sites) (Figure 2.3. and 2.7.). During the dry season (October ï 

November with 8% difference between sites), depth to groundwater was 214.9 cm 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). Generally, when 

groundwater level fell below average (126.62 and 150. 93 cm at PZI and PZII), 

groundwater contribution to surface discharge was low and thus a lower stream flow was 

observed. However, after a series of precipitation events during the last week of 

December 2011, shallow groundwater recharged and hydraulic head increased to 229.08 

and 230.71cm at PZI and PZII. Conversely, under negligible stream flow conditions, 

there was decreased variability of groundwater level across the RZ at both PZI (< 1%) 

and PZII (< 1%). Results of hydraulic gradient analysis are provided in Table 2.4. A 
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negative gradient implies groundwater movement towards the stream. The 

aforementioned variation in the direction of water movement is typical of streams of arid 

areas or streamflow in dry seasons (Hughes, 1990).  

Shallow groundwater flow also depends on a number of additional hydroclimatic 

factors including, but not limited to, air temperature, evapotranspiration, soil water 

saturation and unsaturated zone depth (Lewandowski et al. 2009; 2007) and 

evapotranspiration and plant water storage (Lewandowski et al. 2009). Both exfiltration 

and infiltration processes have ecological importance, as the amount of water stored in 

the RZ and how far surface water infiltrates controls transport of key nutrients such as 

nitrate, phosphorous and potassium (Burt et al. 1999, Jones and Mulholland, 2000a, 

2000b; Tabacchi et al. 2000; Lewandowski and Nutzmann, 2007).  

 

 

 
Table 2.4. Descriptive statistics of hydraulic gradient (cm) for shallow groundwater 
monitoring sites (PZI and PZII) for water year 2011 at Baskett Wildlife Research and 
Education Area, central Missouri, U.S. 

 Site Hydraulic gradient (cm) 

 
PZI PZII 

Mean -10.05 5.65 

Standard Deviation 6.27 3.30 

Minimum -32.47 -5.90 

Maximum 0.90 10.21 
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Figure 2.4. Average groundwater flow (m

3
 s

-1
) and depth to groundwater (cm) at SI-SII 

(PZI), with average of four wells, for water year 2011 at Baskett Wildlife Research and 
Education Area, central Missouri, U.S. 
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Figure 2.5. Average groundwater flow (m

3
 s

-1
) and depth to groundwater (cm) at SIII-

SIV (PZII), (n = 4 wells), for water year 2011 at Baskett Wildlife Research and 
Education Area, central Missouri, U.S. 

 

 

2.4.4. Modeling with HYDRUS - 1D 

2.4.4.1. Calibration of HYDRUS ï 1D  

As per calibration outcomes (April to June 2010) the following soil hydraulic 

parameters were used 0.065 m
3
 m

-3
, 0.41 m

3
 m

-3
, 0.075 m

-1
, 1.89, 1. 2 x 10

-5
 m s

-
1 and 

0.5 for ɗr, ɗs, Ŭ, n, Ks and l, respectively (see Methods), with r
2
 values of 0.98 and 0.90 

for PZI and PZII , respectively (Table 2.5.). Simulated hydraulic head values were 

compared to observed hydraulic head values to validate (July 2010 to September 2010) 

the model as per the methods of Dages et al. (2008). Model calibration resulted in r
2
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values of 0.99 and 0.97 at PZI and PZII, respectively. Model calibration Nash-Sutcliffe, 

RMSE and MD ranged from 0.99 to 0.98, 2.47 to 5.60 cm and -0.86 to 1.49 cm at PZI 

and PZII respectively.  

2.4.4.2. Validation of HYDRUS ï 1D 

HYDRUS ï 1D simulations were run for the 2011 WY for both sites (PZI and 

PZII) using validated soil hydraulic parameters with r
2
 values ranging from 0.99 to 0.98 

at PZI and 0.98 to 0.96 at PZII. Model validation Nash-Sutcliffe values ranged from 1.00 

to 0.99 at PZI, with the former for the hydraulic head in the piezometer most adjacent to 

the stream, indicating an excellent fit of the modeled hydraulic head to observed 

hydraulic head. For PZII, NS values ranged from 0.99 to 0.90, indicating a very good fit 

of the modeled hydraulic head. The RMSE ranged from 2.38 cm to 3.51 cm, while the 

MD ranged from 1.30 cm to 2.36 cm between the stream and PZI. For PZII, RMSE 

ranged from 2.92 cm to 11.16 cm, while the MD ranged from 2.24 cm to 10.08 cm. The 

coefficient of determination (r
2
) between observed and modeled hydraulic head was 0.99 

for both PZI and PZII, respectively (Table 2.5.). Model statistics (Table 2.5.) indicated 

that HYDRUS ï 1D, along with the soil hydraulic parameters, was accurate in predicting 

the hydraulic head measurements at PZI and PZII for the study period and was thus rated 

óVery Goodô according to the criteria set by Moriasi et al. (2007). HYDRUS - 1D 

predicted Ks values of 1.2 x 10
-5

 m s
-1

 which is in close agreement with the average Ks 

measured from field measurements (1.5 x 10
-5

 m s
-1

) and also in agreement with Ks 

predicted from USDA - National Resources Conservation Service (NRCS) Web Soil 
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Survey (WSS) (USDA, 2009) (1.25 x 10
-5

 m s
-1
). Figure 2.6. compares modeled 

hydraulic heads against observed heads for the entire study period. 

 

 

 

 
Table 2.5. Model performance statistics comparing observed versus modeled Hydraulic 
Head (Hp) (cm) between piezometer site PZI and PZII, for the calibration period (April 
to June 2010) at Baskett Wildlife Research and Education Area, central Missouri, U.S. 

Model Node r
2
 NS RMSE(cm) MD (cm) 

Piezometer Piezometer site PZI 

Pz2 0.99 0.99 2.38 1.3 

Pz3 0.99 0.99 3.51 2.36 

  Piezometer site PZII 

Pz6 0.99 0.99 2.92 2.24 

Pz7 0.98 0.9 11.16 10.08 

NS=Nash-Sutcliffe; RMSE=Root Mean Squared Error; MD=Mean Difference 
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Figure 2.6. Observed versus HYDRUS ï 1D modeled hydraulic head (Hp) for 
piezometers Pz2 and Pz3 (located in the piezometer site - PZI) and Pz6 and Pz7 (located 
in the piezometer site -PZII) over the WY 2011 at Baskett Wildlife Research and 
Education Area, central Missouri, U.S.  

 

2.4.4.3. HYDRUS ï 1D simulated groundwater flux 

HYDRUS ï 1D predicted hydraulic conductivity (Ks) to be 1.2 x 10
-5

 m s
-1 

using 

pedotransfer functions and inverse modeling. Descriptive statistics for groundwater flow 

are shown in Table 2.6. The Ks value is the same as that reported by Valett et al. (1996) 

for a study conducted in Rio Calveras, New Mexico, in an alluvial sediment RZ. In 

another study conducted by Fellows et al. (2001) at Rio Calaveras, the average 

groundwater velocity was reported to be 7 x 10
-7

 m s
-1

 when the summer stream 
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discharge was 0.0003 m
3
 s

-1
. Compared to those results, the difference in groundwater 

velocity estimated at Brushy Creek (1 x 10
-5

 m s
-1

) may be due to higher stream discharge 

(0.04 m
3
 s

-1
) relative to that of Rio Calaveras. The ratios between groundwater velocity 

and stream discharge were 0.07 and 0.007 m
-2

 between Rio Calaveras and Brushy Creek, 

respectively, indicating that the stream discharge at Brushy Creek could be influenced 

more by in shallow groundwater flux, which given the karst geology of the BREA may 

not be surprising. Fluctuations in groundwater flow were instantaneous relative to rising 

limb of the stream stage hydrograph at PZI, but exhibited a lag time (approximately one 

day) at PZII (Figures 2.7. and 2.8.). This result could be attributable to greater 

groundwater flow towards the stream at PZII relative to PZI (75% versus 66%, 

respectively). Multiple previous studies (e.g. Wondzell and Swanson, 1996; Wroblickly 

et al. 1998; Harvey and Wagner, 2000a) reported that ground water flowed on average 

towards the stream from the RZ, with only slight changes in net groundwater flow 

direction between wet and dry months. Figure 2.8. shows that during July through 

October, the net change in stream flow is zero due to lack of stream flow during that 

period. However, groundwater flow was still observed clearly indicating presence of a 

substantial subsurface flow regime, below the streambed. This observation supplies basis 

for future investigations in karst geological regions of the central U.S. 

As shown in previous work, net groundwater flow varied spatially and temporally 

depending on stream discharge, precipitation and evapotranspiration (as noted by Hynes, 

1983). However, net groundwater flow from the RZ towards the stream showed 

negligible change (seasonal or otherwise) at both sites (< 1%) over the study period. 

These results are consistent with findings of Wondzell and Swanzon (1996) who 
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advocated the use of more complex models (e.g. 3-D) to better characterize subtle 

groundwater mechanistic relationships. Similarly, Harvey and Bencala (1993) also found 

limited change in groundwater flux (2%) at St. Kevin Gulch, Colorado. The average 

linear velocity (using Equation 8 and n = 0.50) did not vary between sites PZI and PZII 

(2.45 x 10
-5

 m s
-1
), and there was limited variations between seasons indicating relatively 

consistent streambed conductivity (i.e. microscopic flowpaths) to shallow groundwater 

over time.  

 

 

Table 2.6. Descriptive statistics of modeled groundwater flow (cm d
-1

) for sites PZI and 
PZII for the water year 2011 at Baskett Wildlife Research and Education Area, central 
Missouri, U.S. 

Site  
Modeled groundwater flow (cm d

-1
) 

PZI PZII 

Mean 105.93 106.25 

Standard 

Deviation 
0.07 0.06 

Minimum 105.74 106.03 

Maximum 106.09 106.32 
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Figure 2.7. Depth to groundwater (cm) and simulated groundwater flow (cm d

-1
) at PZI 

(top) and PZII (bottom) for water year 2011 at Baskett Wildlife Research and Education 
Area, central Missouri, U.S. 
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Figure 2.8. Depth to ground water flow (m

3
 s

-1
) and simulated groundwater flow (cm d

-1
) 

at PZI (top) and PZII (bottom) for water year 2011 at Baskett Wildlife Research and 
Education Area, central Missouri, U.S. 

 

 

2.4.5. Study limitations  

Given its broad acceptance and relatively intuitive application by the management 

community, HYDRUS - 1D was used in this work to improve manager confidence in the 

model in central U.S karst watersheds. Stream flow and groundwater interactions below 

and within the streambed were not addressed, as data on surficial streambed geology was 

not available. HYDRUS - 1D simulates lateral water flux, therefore vertical water 

movement was not modeled. User-friendly groundwater models like HYDRUS - 1D 

should be developed for practitioner uses that simulate three dimensional processes (e.g. 
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