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ABSTRACT

Fewstudies have investigated spatiotemporal variatiossidacewater SW) 1
groundwater GW) interactions iqcludingboth hydrologic and nutrient) in the central
U.S. Therefore understandin@f riparian zone and stream connectivity is limitedhat
regon. Accuratecharacterizationef SW-GW interactionswill improve process based
understanding, whicis critical for management amlitcomepredictionsof management
scenariosTo improve process based understanding ofGW interactions, high
frequencywater quantity data (stream flow, groundwater flow and precipitation) were
collected (5min intervals)rom four stilling wells andwo transects of piezometers (n =
6 each)uring the 2011 water year along Brushy Creek, located in Boomety; oentral
Missouri. Weekly water quality data (nitraiéds’), total phosphorous?}, potassium (K)
andammonium(NH,") were also collecteftom stream (n = 4) and piezometers (n = 12)
Results indicate that Brushy Creek alternates between being a losing and gsioing r
along the study reach (length = 830, Im)t is on average losing streant-3 x 10° m® s*
mY), with a loss 028 and 7%of total surface flowo groundwater during winter and
spring, respectivelyBased on established assessment criteria, GW modeling performance
with HYDRUST 1D was deemed/ery good(NS = 0.95, 7= 0.99, RMSE = 2.38 cm
and MD =1.3 cm) andhould thereforée used by land managers with confidetace
predict riparian zone water séme andlow. Annual average SWO;s was 0.53 mg L,

while P, K and\H," concentrations were 0.13, 3.29 and 0.06 iigrespectivelyNine

XVi



meters from the stream, annual average concentration foNGY\vas 0.01 mg L,

while total P, K andNH," concentrations were 0.03, 1.7 and 0.04 rigrespectively.
Results of a hyperbolic model, used to quantify hydrological controls on stream water
nutrient concentrations, indicated that ;l@nd K exhibited dilution behavior whildH,"
had a concentratiosffect and P was hydrologically consta®patial variations in SW
nutrient concentrations varied significantly<f®.01), while GW concentrations were not
significantly different between sites ¥0.05). Shallow GW modeling with MODFLOW
provided numedal approximations of hydrologic and nutrient flux, that are comparable
(NS = 0.47,7=0.77, RMSE = 0.61 cm and MD =0.46 cm)field observations. Study
results indicate that karst geology promotes rapid water movement that can increase
dominance of shlw-groundwater geochemical nutrient cycling pathways (e.g.
weathering and transport) relative to biochemical nutrient cycling pathways (e.g. plant
uptake and Nixation). Baseline data and results of analysis presented in this dissertation
will aid in identification, improvement and validation of management toolsathiat
contribute to advancements in streanparian zone best management practices

particular inkarsthydrogeologicakenvironments

XVii



CHAPTER |: 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 (Wirkal, 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 Wagnex, 2000
Nutrients including nitrogerammoniumand 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 watatnutrient dynamics in the stream aadjacent



riparian zondo manage the resourderevious studies of landater interactions

indicated that stream riparian zones serve as critical interfaces for nutrients between
terrestrial and aquatic environments (Bencala, 1984, Gilliam, 1994; Crimdand

Donnell, 1997; Jones and Mulholland, 1998; Lins and Slack, 1999; Jones and
Mulholland, 2000; Martét al, 2000; Akerman and Stein, 2008). However, there remains
an ongoing need for information to improve management outcomes. In particular, limited
reearch has been conducted in the Ozark border forest region of the central U.S., where
integrated processased studies linking hydrologic flowpaths with nutrient and

biological status is warranted to provide improved understanding of riparian zone

regulaton of stream nutrient concentrations (Hill, 2000).

1.2 Statement of need

Advances in riparian zone management require innovative-szzat@
experimental studiethat will result in improved management tools (e.g. models)
(Sophocleous2002). Aside fromacking quantifiable validation, riparian zone
management formulation and associated management practices seldom take into account
water and nutrient dynamics between streeater and shallow groundwater (Jones and
Mulholland, 2000; Buret al, 2010; Levaet al, 2011). This is the case for riparian zone
management plans in the forested regions ofMislsouri, U.S., where karst geological
associations may result in greater hydrologic and nutrient interaction complexity between
thestream and riparian zershallow groundwater. Studies are warraribed will

quantify subsurface interactions betweenghdacewater (SW) and shallow
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groundwater (GW) in the adjoining forested riparian zones in Missouri to improve
confidence of current management practitesddition, investigations of spatiotemporal
variations in strearwateri groundwater interactions is necessary to increase process
based understanding of water and nutrient dynamics between terrestrial and aquatic
ecosystems. Improved process based wtaeding can then be used to validate and
improve numerical models to predict future streaatershallow groundwater

interactions.

1.3. Research Objectives

The objectives of the following dissertation research weuséoa heavily
instrumented nestestale study design to investigateallow GW flow of a forested
riparian zone of a millissouri stream in order tda) Quantify spatiotemporal variations
in hydrologic flux; (b) Quantify spatiotemporal variations in nutrient concentration (i.e.
Nitrate, Ptassium, Phosphorus and Amman) dynamics; and (dyse MODFLOW and
HYDRUS 1D to predict hydrologic and nutrient flux, and compare modeling outputs to

observationdy meanof statistical analyses.

1.4. Hypotheses

This researchwvill quantify hydrologic &ad nutrient concentration flux between a
Mid-Missouri stream and adjacent forested riparian zone.

The following hypotheses will be evaluated:

3



0 Hlo: Hydrologic flux betweenthe stream and an adjacent forested riparian zone
will have spatial and tempomé¢pendence

0 H1la: Hydrologic flux betweethestream and an adjacent forested riparian zone
will not have spatial or temporal dependence.

0 H2o: Nutrient concentration fluxes (concentration levels of Nitrates, Potassium,
Phosphorus and Ammann) between a stam and an adjacent riparian zone are bi
directional in nature and willary significanty spatialy and tempordy.

0 H2a: Nutrient concentration fluxes (concentration levels of Nitrates, Potassium,
Phosphorus and Ammann) between a stream and an adjacgr@rian zone are not
bi-directional in nature and will netary significanty spatialy and tempordy.

0 H3o: MODFLOW (along with suimodules)and HYDRUS 1Dcanaccurately
predicthydrologic flux and nutrient concentration between a stream and adjacent
forested riparian zone.

0o H3a: MODFLOW/ (along with submodules)and HYDRUS 1Dlcannotaccurately
predicthydrologic flux and nutrient concentration between a stream and adjacent

forested riparian zone.

1.5Background

1.5.1Stream water shallow groundwatenydrologic 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 habitearg
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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 (Woodt al, 2007). Significant hydrologic exchange betweenleva
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 S®¥V hydrologic interactions.

Shalow 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 Mulholla@@0Q. Other methods include naturally
occurringenvironmental tracers such as water temperature or specific conductivity, and
direct measurements of groundwater exchange using devices such as seepage meters
(Leviaet al, 201). Harvey and Bencala (1993) used numerical models to show
groundwater flux ofl.6 x 10° m®s*m™ at St. Kevin Guich in Colorado, demonstrating
streamgroundwater exchange processes influenced by streambed and stream slope
variability. Castro and Hornberger (1991) utilized solute tracers in North Fork Dry Run,
Virginia, to showthat 47% of total catchment water yield was shallow groundwater.
Mulhollandet al (1997) used seepage meters to show that groundwater flow towards the
stream was 2.2 10 m®*s* at Walker Branch Creek in North Carolina. While many
methods to estimate aliow groundwater exist, a great deal of research is needed to
improve the understanding of groundwater regimes. Detheth (1998) concluded that
spatiotemporal variations in streagroundwater exchange processes require
investigation in varying geologitaettings to advance predictive modeling. Sophocleous

(2002) emphasized the need for a comprehensive hydrogeoecological framework to
5



betterunderstand groundwater exchange in relation to land use, geology and biotic
factors.

In recent years, many studieslize a Darcian approach (Darcy, 1856), that uses
saturated hydraulic conductivity to quantify groundwater flow (McDonald and Harbaugh,
1988; Leviaet al, 2011; Jones and Mulholland, 2000a). However, shallow groundwater
flow is not limited only to theagurated zone. Hence, advanced groundwater models, such
as HYDRUSI 1D, use variably saturated hydraulic conductivity (Richards, 1931) and
can thus simulate both saturatec@taal®d®, unsat
1999, 2008; Ramost al 2011 Luo and Sophocleous, 2010). Freely available HYRDUS
T 1D has been shown to effectively quantify stregmarian zone hydrologic
connectivity. Luo and Sophocleous (2010) used HYDRIDSo0 estimate groundwater
flow values ranging from3.5 x 108 to 3.5 x10-8 m s with a coefficient of
determination ) 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 integratsita field and modeling methodologies are
necessary tadvancequantitative understanding and consequently management of
groundwater resources (Dalahal. 1998; Sophocleous, 200Rurt et al,, 2010;Levia et

al., 201).

1.5.2. Stream watérshallow groundater nutrient concentrations

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

majorinfluences of primary productivity in streams (Mulholland and Webster, 2010).



Few researchers have studied the spatial and temporal vasiafiautrients along
hydrological pathways, such as unsaturated or saturated zones and vertical and lateral
water movement through the riparian zone (Triskal, 1989; Findlayet al, 1995; Jones
et al, 1995).

A study byMcClainet al. (1994), in acentral Amazon watershed, showed that
nitrate (NQ’) concentration decreased from 650 te§L™ after passing through the
riparian subsurface, whereas ammoniihl,") increased from 150 to 66@ L. Study
results indicated that some nutrients (sucN@g) are removed in the riparian zone
while other nutrients (such &#H;") can be leached from subsurface soils due to the
movement of GWIn a study conducted daW of the riparian zone of a Puerto Rican
rain forest, Mc Dowelkt al. (1992) observedutrient concentrations upland of the
riparian zone buffer, and noted a decrease ig BiB00 to %g L™, and an increase in
theNH," concentration from 30 to 5@y L™, exhibiting similar trend to the study by
McClainet al (1994).Rapid declines ine NG concentration between uplands and
riparian zones have been noted in many forested and grass riparian areas (Letvrance
al., 1984; Peterjohn and Correll, 1984; Haycock and Pinay, 1993). PeterJohn and Correll
(2009) estimated that a 50 m riparianefst buffer in Maryland removed 11 kg of organic
nitrogen, 0.83 kg oiH,4", 2.7 kg of N@’, and 3 kg of totalP over a one year period,
indicating the need to couple riparian forests and managed habitats in order to reduce
diffuse pollution. Niyogiet al (2010) noted seasonal variations in stream water average
nutrient concentration levels (300 and 0s@lm? s'during the fall and summer,
respectively) within a 10 km study reach in Mill Creek, Missouri, indicating the need to

guantify seasonal variatios$ in-stream nutrient concentrations to preserve stream water
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quality. According to a 20 day (d) study by Triskhal (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. CoupledO; concentration increasédr om 7 5712630 Ne g N L
indicating that the variations in lateral extent of &MW flow can also influence nutrient
cycling processes in the GW of the riparian zone (Tretkal, 1989).Hill (1996)
reviewed NQ@ concentratiorfindingsfrom 20 watesheds concluding that 70% of
riparian zones had NOconcentrations 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 aadequate understanding of the
hydrologic regime, stressing the need for research in varying landscape hydrpgealog
climates including additional nutrients (e.g. phosphorous, potassiurapandniun).

Studies that successfully quantify surface waner 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
(Burtet al, 2010) and help predict water quality alterations subsequent to specific
management scenarios (Lewal, 2011; Jones and Mulholland, 2000). $3W
nutrient studies can also aid in the formulation of management plans for preventing
excess stream nutrieloading (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
previousstudies that employed advancements in scientific tools and numerical models

(Leviaet al, 2011), reliable sciendeased riparian zone management plans are often
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possible. However, SM&W nutrient studies remain limited in many regions, including
the centramid-western region of the U.S., particularly in Ozark border forested
ecosystems. Kirchnet al. (2004), Jones (2007), and Cassidy and Jordan (2011) showed
the failure of coarse sampling approaches for estimating nutrient loading-G\8W
interactions, tereby indicating the need for higher resolution (spatial and temporal)
studies. Given the aforementioned needs, the following work usesraggrency water
quality monitoring in an Ozark bordered forest to quantify spatiotemporal variations in

SW-GW nutients (NQ, total P, K andNH,").

1.5.3. Modeling stream watérshallow groundwater interaction

Effective watershed management requires modeling tools that provide a scientific

basis for decisiomaking and problem solving. Hydrologic models that inocafe

climate, topography, geology lanuge 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 phgsisal b

to accurately predict the spatial and temporal distribution ofG@Wexchange. Spatial

and temporal distribution of S\BW exchange is important for quantifying nutrient flux.
Simple index models often do not have the ability to take into accounfféiceseof
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 asstimwmgaths)



and simple initial conditions whereas the real system could be heterogeneous, anisotropic
and have complex geometry and antecedent conditions (Paektrabr2000).
Numerical models use fundamental governing equations (pHyagesl) to
predict future water fluxes and resident times (Cardenas, 2008). Physieakyl
numerical modeling places strenuous demands on both the modeling platforms and the
quality and quantity of data necessary to run the models (M@le 1993). Physically
basednodels are complex models that take into account dominant physical processes
(i.e. hydrologic fluxes, climate and precipitation). Advantages of physidzised
models include that modeling results calibrated with data frominghumented sites
can beapplied to other sites of interest (Lautz and Siegel, 2006). Numerical groundwater
pow mod e ltwodmsension&)dr 3@three dimensionaBpatial discretization of
the area to be simulated (Wondzllal, 2009). Compared 2D transient storage
models,3Dgr oundwater pow models have m®much mor e
According to Harvey and Wagner (2000), hydrologic fluxes across forested riparian
streambesicould be calculatedased oriwo-dimensional contour maps of hydraulic
head and the basgoverning equations of ground flowherefore even though 3D
modelscan give moreaccurataesultsthan 2D models, when limited data is available 2D
or 1D models can be sufficient to improve physical process understanding.
Groundwater flow models rargrom simplestageindex based models to
complex physical process based modétsmputer simulated numerical models have
been widely used in sites with varying geologic settings. In recent yearsres@aychers
(e.g.Wroblicky et al, 1998; Storeet al, 2003; Kasahara and Wondz&l003;Jones and

Mulholland, 2000; Simuneé&t al, 2008, 1998; Ramaat al, 201) have used numerical
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models (e.g. MODFLOW, CPFLOW, SUTRA, HYDRUS) to understandGW
interactions One of thanost widely used modgis MODFLOW (Sophocleous2002)
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; Hadbaugh
al., 2000). In addition to simulating groumater flow, the scope of MODFLOW in

recent years has been expanded to include solute transport and particle tracking
(Harbaugtet al, 2000).

To quantifystream water groundwatemater exchangemany studis utilize a
Darcian approach (Darcy, 1856) utilizing an estimated saturated hydraulic conductivity
(McDonald and Harbaugh, 1988; Jones and Mulholland, 2000a; éeala 2011).
Advanced groundwater modeich as HYDRUS 1D, use variably saturated hydtic
conductivity (Richards, 1931) and can thus simulate both saturated and unsaturated
groundwat er etdl, @988 1099, 200%; Rarict al, 201). HYRDUS|
1D, free to publichas been shown to effectively quantify streaparian zone
hydrdogic connectivity. Luo and Sophocleous (2010) used HYDRDSo estimate
groundwater flow values ranging fro.5 x 108 to 3.5 x 168 m s" with a coefficient
of determination (i value of 0.75 between simulated and measured groundwater flow in
an agreultural field in Shandong province, China. A numbenumerical groundwater
modelshave been shown to successfully predict vertical suifatdsurface
interactions however,scientists not¢ghatimproved model accuracy requires proper
parameterizatioremphasizing the need for higher resolution (spatial and temporal) field

observations (Hursdt al 2004; Katsuyamat al 2009). Shallow groundwater flow
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studies that integrate-situ field and modeling methodologies are necessary to improve
guantitativeunderstanding and consequently management of groundwater resources

(Dahmet al. 1998; Sophocleous, 2002kerman and Stein, 2008besseret al 2008).

1.6.Study Site and Instrumentation

This research was conducted on two reaches of Brushy Creek thghlithomas
S. Baskett Wildlife Research and Education Area (BREA), located in the Ozark border
region of soutkcentral MissourilJ.S. (Pallardyet al, 1988) (Figure 1..). The BREA is
a wildlife reservehat has beemanaged by the University of Missosincel938
(Rochow, 1972)Aldo Leopold dedicated the BREA, initially known as the Ashland
Wildlife Research Area (AWRA), on April 26, 1938, giving the keynote address
AWhither Missourio (Leopol d, 1938). Throug
owng s (17 at the time) and the 1935 yearos
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 by84 owners (census from the year 1875). According to the agricultural
census records, in the 188006s Allan Burnet
livestock and also harvested approximately 300 pounds of maple sugar and 110 apple
trees per year. Anothéarmer, 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 IB%hen 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 thdsiésaertations 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 (Crithfield, 1966). Mean January and July temperature2é2€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)he average annual temperature, from 20050, measured
at the onsite 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 erdstream (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

The BREAO6s dominant soil s arclagylosve! | er s
(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%fWounget 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). Th@ REAGs vegetation consists -of nort

hickory forest species (Rochow, 1972) including American Sycarfagafus
occidentali3, American EIm (JImus americang and Black MapleAcer nigrun)
dominag riparian reaches (Belden aRdllardy, 2009). Understory vegetation consists of
Sugar MapleAcer saccharum Flowering Dogwood@ornus floridg, and Black Cherry
(Prunus serotinp(Reed, 2010). Climate data were collected from an AmeriFlux tower,
located at an elevation of 238 m, @fforested ridgeTiable1.1. andFigure 11)). 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 Tex&3dectronics rain gauge, with an error of + 1% for
rates up to 2.54 cimwr®) and air temperature data (measured using a Vaisala HMP45C
temperature sensor with an error of £ 0.2°C from 0 to 60°C and from + 0.436°&Y)
were downloaded from the aforemiemedFTP site in order to compliment this study.
Four instream stilling wells were installed (hereafter referred to &sS3V) in
2010, in order to estimate stream discharge before and after each piezomeTeldeid (
1.1. andFigure 1 1)). Stilling wells, equipped with Solinst® Levelogger Gold pressure
transducers (error £ 0.003 m) were used to record the stream stiagarahute
intervals. Streamflow rating curves were determined from measureddsaparge
relationships using the stream cresstion method (Dottost al,, 2009) with a Marsh
McBirney ® Flo-Mate flow meter (with an error of + 2%).
Between Sl and SlI, four piezometers were installed along a transect (Piezometer
Site |, hereafter referred to as PZI) that extended from 3 mtiierastream edge to 9 m

into the riparian zoner@blel.1. andFigure 1 1.). PZl was located at 38°44' N latitude
14



and 92°12' longitude at an elevation of 177 m along theveaststream reach

approximately 90 m long and 15 m wide at bankfull. In a similar manner, Piezometer Site
Il (PZIl) was located 660 m-SE of PZI at 38°43" N latitude and 92°12' W longitude at
anelevation of 174 m along an approximate natlith stream reach 157 m long and 10

m wide at bankfull. Each 3.58 m long dripeint 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 (Figu?e.

A forest inventory was conducted at PZI and PZIl, during the summer of 2011
(July). At each study site, a 168° (10 by 10 m) study plot was established. Each plot
included25 measuremembcations spaced one meter apart in grid fashioameterat
breast height (DBHyvas collectedfrom trees within the plot (wittbh > 1 incl, to
quantify basal area per acfiéhe piezometer sites had a basal area of 111 and*Addt
'at PZI and P2Z| respectivelyThe number of stems (with dbh > 1 inch) in a 10 by 10 m
plot were collected at PZI and PZII. Forest inventory data indicate®#iand PZII had
607 and 527 stems per acre respectiwdighin each plot, convex and concave
densiometers are used to quantify canopy covResults using convex deiometer
indicated araveragecanopycoverof 95.6 and 95.8% at PZI and PZII, respectively.
Concave densiometer method results indicated a canopy ccl3anfl $% at PZI and
PZIl, respectivelyBetween the months of April and November of @0d&af Area index
(LAI) was collected by Bulliner (2011), at PZI and PZII, using ceptometers (Decagon
Devices LP80) and using hemispherical photography (using a Nikon D60 digital SLR
camera)Average leaf aa index(LAl) was 2.64 at PZI, while PZII had 2.43 (Bulliner,

2011).Soil infiltration capacity was measuratithe study plots (n = 25) &ZI and PZII,
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usingthedouble ringinfiltrometermethodduringthe summer of 2011 (May). Results
indicated an infiltration rate df82 and 101 mm Hrat PZI and PII, respectively,
indicating rapid movement of water from surface to subsurface layers.

Weekly manually collected (grab) water samples were analyzedifateniNG ],
total phosphorous [total B8], potassium [K] anéimmoniumN [NH,'] concentrations
using a HACH DR 280G spectrophotometer, housed in the Interdisciplinary Hydrology
Lab located in the School of Natural Resources at the University of Mis8adetailed

procedure of the aforementioned methods is availasvat.hach.com{(HACH, 2007).

Table 1.1.Location of stilling wells, piezometer transeand Ameriflux climate towein
Baskett Wildlife Research arielucation Area [BREA], along Brushy Creek, central
Missouri, U.S.

Site Latitude® Longitude®
Sl 38.739 -92.208
Sl 38.738 -92.206
Sl 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 (SB1V) and piezometer locations (PZI, PZIl) in Baskett Wildlife
Research and Education Area [BREA], along Brushy Creek, central Missouri, U.S.
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Figure 1.2. Cross section gbiezometric arragtudydesignin Baskett Wildlife Research
and Education Area [BREA], along Brushy Creek, central Missouri, U.S.

1.7. Dissertation gructure

This dissertation is presented in the followsadf-containecchapters: Chapter
t w oMeasiiringand Modeling Shallow Groundwater and Flow Connectivity to a
Forested Ozark Border Stream uses streamfl ow data and sha
from the 2011 water year to assess spatioteahpariations in surface water
groundwater hydrologic intecions. Annual and seasonal groundwater flux rates are
guanti fi ed. QufmiyipgtNetient Cdncertrations df Stream and Shallow
Groundwater in an Ozark Border Forest of¢katralU.S,0 uses stream wat et
shallow groundwater nutrient (ratte, phosphorous, potassium amimoniun)

concentration data to quantify spatiotemporal variations in nut@rdentration antlux

18



bet ween surface water and shallow groundwa
T Shallow Groundwater Interactionsi an Ozar k Border Stream us
assesses MODFLOW performance, and uses two distinct modules (M3TDMS and
MODPATH), each requiring field measurements listedrecedingchapters, to improve

Ozark border riparian zone shallow groundwater flow edtona 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 flowjggiith and water

travel and residence time in the riparian
presents a summary of the key findings of this study and discusses future research

directions that will lead to further improved understanding afrblpgic and biochemical

responses to forest management in this topographically distinct region of central U.S.
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performance witHYDRUS 1D was deemed/ery good(NS = 0.95, 7= 0.99, RMSE

= 2.38 cm and MD =1.3 cmiResults supply critical baseline information necessary for
improved riparian forest management and shallow groundwater biogeochemiqabrrans
(e.g. nutrient flux) and storage process understanding in karst ecosystems. Results will
assist in development and validatiomadinagement tools that contribute to
advancements afatershedestmanagementractices in the Ozark border region of the

centralUnited Statesind elsewhere
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2.1. Introduction

Quantifying shallow groundwater flow regime (quantity and timing) is important
for effective riparian ecosystem managen{&uphocleous, 2002but is oftengnored
due to lack ohvaiableinformation. The volume and velocity of shallow groundwater
flux can be determined using various methods including Darayndwater flow
calculationdMcDonald and Harbaugh, 1988nd tracer testdones and Mulholland,
20004 that quantify the tragport of an introduced solufe.g. sodium chloride, sodium
bromide and potassium bromi@®nes and Mulholland, 2009aOther methods include
naturally occurring environmental tracers such as water temperature or specific
conductivity, and direct measunents of groundwater exchange using devices such as
seepage mete(§)SGS, 200; 1982) Harvey and Bencald 993 used numerical models
to show groundwater flux of 1.6 x $@n s*m™ at St. Kevin Gulch in Colorado,
demonstrating streaigroundwater exchange processes influenced by streambed and
stream slope variabilityCastro and Hornberg€t991]) utilized solute tracers in North
Fork Dry Run, Virginia, to show that 47% of total cate@nt water yield was shallow
groundwater. Mulhollanét al (1997 used seepage meters to show that groundwater
flow towards the stream was %2.0* m®*s* at WalkerBranch Creek in North Carolina.

While many methods to estimate shallow groundwater,exigteat deal of
research is needed to improve the understanding of groundwater rdgaheset al
(1998) concluded that spatiotemporal variations in strggoundwater exchange
processesgequireinvestigationin varying geological settings to advarmedictive

modeling. Sophocleous (2002) emphasized the need for a comprehensive
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hydrogeoecological framework to betiemderstand groundwater exchange in relation to
land use, geology and biotic factors.

To quantify groundwater flow, marstudies utilize &arcian approach (Darcy,
1856)utilizing an estimated saturated hydraulic conductivity (McDonald and Harbaugh,
1988;Leviaet al, 2011 Jones and Mulholland, 2000&dvanced groundwater models,
such as HYDRUS 1D, use variably saturated hydraulic coaiality (Richards, 1931)
and can thus simulate both saturated and unsaturated groundwater flone{Bhtes
2000; Dagestal2 0 0 8 ; (&iahlP9I8,e1899, 2008; Rames al. 2011; Ocampet
al. 2007; Luo and Sophocleous, 2010). Freely availlM®DUST 1D has been shown
to effectively quantify streamparian zone hydrologic connectivity. Luo and
Sophocleous (2010) used HYDRW® to estimate groundwater flow values ranging
from -3.5 x 10° to 3.5 x 16 m s* with a coefficient of determination®jrvalue of 0.75
between simulated and measured groundwater flow in an agricultural field located in
Shandong province, China.

A number ofnumerical groundwater models (eGPFLOW, MODFLOW,
SUTRA, HYDRUS and FEFLOW) (Maest and Kuipers, 2005) Hzaen shown to
successfully predictertical surfacé subsurface interactionslowever, pevious authors
indicated thatmproved model accuracy requires proper parameterizamphasizing
the need for higher resolution (spatial and tempdiedt) obsevations (Hurset al. 2004;
Katsuyameet al 2009).Shallow groundwater flow studies that integratesitu field and
modeling methodologies are necessarintprove quantitative understanding and
consequentlynanagement of groundwatersourcegAbesselet al. 2008;Dahmet al

1998; Akerman and Stein, 2008; Sophocleous, 002
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While studies are geographically dispersed, majority of previous studies were
conducted in the NorthVestern United States, (Tabacehial 2000; Castro and
Hornberger, 1991; &ettet al. 1990) or outside the United States (Betral 1999;
2002a; 2002b; Bos¢li979;Abesseret al 2008) Castro and Hornberger (1991) used
tracers to quantify surfaegibsurface water interactions in North Fork Dry Run,
Shenandoah National Pakkrginia, quantitatively characterizing the connectivity of
surfacesubsurface water and nutrient flow. Volume flow estimates were compared with
results from physically based nutrient transport models. The authors showed that
physically based models netdaccount 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 appaehes. Buret 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 parian 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 surface water groundwater 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), Spanisk00 cm), Dutch (300 cm) and Polish (150 cm) sites during
2009, collectivelyindicating greater upslope contributions to riparian groundwater

relative to localized surface watiegroundwater interactions. Despite breakthrougieh
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as thesén other regionsthere remains a criticabed for shallow groundwater research
in thecentralUnited States where there are marked differences in riparian forest species,
hydrogeology and climate.

The dojectivesof this following studywere to a) quantify spatial anelnhporal
variability of shallowgroundwateland stream watexxchangen a karst ecosystem of the
centralU.Sover the period of one water yehj,validate the groundwater flow model
HYDRUST 1D, c) by virtue of the first two objectivesnprove model predictive
confidencean karst hydresystems othecentralU.S; and g advanceshallow
groundwater and stream wapgpcessinderstanding antthereforemanagement of

hydrologically distinctentralU.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) (Figurg The BREA is
located atUTM15 coordinate$69517E and4289338N, 8 km east of Ashlandh the
Ozark lorder region of SoutientralMissouri,U.S. (Pallardyet 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 917 km
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 wetland@JSDA, 20().
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Limestone geologgf Ordovician and Mississifign age undeiksthe 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 eneeter deep, overlying bedrock alagered 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 cn?. Soils arewell-drainedand ardrequentlyflooded soils of alluvial parent
material (Younget al 2001).Vegetation consists of northern and southern division oak
hickory forest species (Rochow, 1972) including American Sycamore (Platanus
occidentalisi), American EIm (Ulmus americana) and Blaclpll@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 iglassfied ashumid- continental (Critchfield, 1966).
Mean January and July temperatures-ar2°C and 25.4 °C (19#2010), respectively,
while mean annual precipitation is 1037 mm, as recorded at the Columbia Regional

Airport located 8km to the north of tlBREA (Belden and Pallardy, 2009).
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Figure 2.1. Study sites and instrument locaticat8askett Wildlife Research and
Education Aea,centralMissouri,U.S. S =stilling well sites. PZ =piezometer site
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2.3. Methods

2.3.1.Instrumentation and data collection

Climate data were obtained from an AmeriFlux tower €&al 2007) installed at
an elevation of 238 m (Figutel.), and obtaiedvia a public ftp server:
(ftp://ftp.atdd.noaa.gov/pub/GEWEX/2010/mditreamstagemonitoring sites (hereafter
referred to as Sl SIV, n=4)wereinstalled before and after each piezometeay
(Figure2.1.). The distance from S$1V was 830m, while distance between-Sll, SlI-
SlI, SI-Sl and SIFSIV were 160, 543, 682 and 149 respetvely. Stilling wells
wereequipped with Solinst® Levelogger Gold pressure transducers (error +0.GORIm)
programmed toecord stream stage at fim@nute intervals. To obtain high spatial
resolutioninformation shallow groundwater levels were monitored using piezometers
installed in the RZ up to 9 m perpendicular from the streank(Figures2.1. and 22.).
Betweersite one §l) andsite two(Sll), four piezometerfPz1, Pz2, Pz3 and Pz2d4gre
installed in aransect (Piezometer Site I, hereafter referred to as PZI) extending from 3 m
from the stream edge to 9 m in to the RZ (Figu&). Piezometer Site Il (PZIl) was
located 660 m $SE of P4 with four piezometers (Pz5, Pz6, Pz7 and PE&ch 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 wafghat five

minute intervals.
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9m

Figure 2.2. Conceptualdiagramof crosssection of piezometer study desigiBaskett

Wildlife Research and Education AregntralMissouri,U.S. Elevation of each well was
measured independently and head measurements were normalized to elevation common
to both piezometer sites PZI andIPZ

2.3.2. Quantifying stream flow

Streamflow rating curves for eastage monitoring siteveredevelopedising
measured stagdischarge relationshipstablished bthe stream cross section method
(Dottori et al. 2009 using a MarstMcBirney ® FloMateflow meter (sensor errar
2%). Stream coss sectiofflow measurement campaignereperformedoy the same
personnel and for various flow deptiassminimize computational erro(Baraca, 2008

USGS, 1982 Rating curvesvere calculateds petDottori et al (2009:

Q=ax?2 [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 coefficiedezermined by stream morphology.

2.3.3. Quantifying shallow groundwater flow

Shall ow groundwater fl ow was calculated us

Q. =Kx Vh x A [2]

where Qis shallow groundwater flow (f5%), Ksis hydraulic conductivity (mY, Vh is
the hydraulic gradient (m™), wherevh = @h/ @l where @h = chang
bet ween piezometers (m), (00] i s abhdmes f | owp a
the cross section area{mSaturated hydraulic conductivity K estimated using the
piezometer method (standard slug test) (Amoozegar, 2002), was 3m 4bat PZ| and
1 x 10° m s' at PZII. Estimated Kvalues corresponded to silty sateposits (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 thaverage depth in the piezomedeid the distance between
piezometers. Since the depth to the bedrock was within a maximum of three theters,
shallow groundwater zone was assumed primafiBlluvial composition(see Study
Site), and barring other information, a homogeneous soil matrix with a corresponding
representative Kvaluewas assumed

Darcy velocity ¥) for the shallow groundwater flow was calculated asDzecy

(1856) and as used in Sophocleous (2002), Ocanhab(2006) and Wondzell (2011):
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[3]

> |0

Darcy velocities along the piezometer transect were approximately 4:7antiQL.1 x
10° cm s'at PZI and |1, respectively.ierage linear velocity of shallow groundwater
flow was estimated as pEreeze and Cheril1979) and as used in Lewaal (2011)

andJones and Mulholland (2000):

j=2 4]

whereV is the average linear velocity ands the effective porosity. Based on porosity
data summarized byavis (1969)or 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 groundwaflex was estimated using the mass balance approach:

-V = Qh [5]
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whereQ; is the net groundwater flux (s™* m™?), dQis the difference in stream flow fm
s1) measured at the upstream and downstream sampling locations of the piezometer
transect andxis the distance (m) between stilling wdlldarvey and Bencala, 1993;

Harvey and Wagner, 2000a, 2000b; Scordo and M@O@9).

2.3.5. Numerical simulation with HYDRUIS1D model

HYDRUST 1D characterizes infiltration, evaporation, transpiration, percolation,
water flow, solute flow and heat flow through variabbturated (vadose and saturated
zone) porous soilmedia(Rec | i f f e and Gi mgalet02, 2008 A009; Gi mT
Ramoset al. 2011).The modefocuses on lateral movement of groundwater within
confined boundary conditions and thus requires less computing power and time relative
to 2D or 3D simulationsand s therefore considered a relatively user friendly
management todDageset al. 2008).Given its relative ease of use, and applicability for
thecurrent work, the conceptual modepresenting the R&as calibrated and validated
with HYDRUST 1D using measred groundwater head data from the piezometers

located in PZI and Il as per the methods of Daged (2008).

2.3.5.1. HYDRUSI 1D computations
INnHYDRUST 1 D, groundwater fl ow ieguatquuant i fi e

(Richards, 1931):
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00 0 oh
= &{K(h)[&—cowﬂ— g x} (6]

whered is volumetric soil water content hm™), tis time (s) x is the horizontal space

coordinate (m) (for lateral flow}y is pressure head (n8is the water sink terfm® m™

s1), Uis theangle between the flow directonanch e ver ti c al axis (i.e
flow, 90° for horizontallateral flow, and 0x U  <° fo®ifclined flow)andK is

unsaturated soil hydraulic conductivity (/) gjiven by:

K(h,x) = K(x) K (h X [7]

wherekK; is rdative hydraulic conductivity (unitlesgndKs is saturated hydraulic
conductivity(m s%). The soil hydraulic ppertiesand water retention parametersed in

the model for the current study,i residual soil water contefmn® m®), dsi saturated

soil water contentm® m®), Ui parameteiJin the sd water retention function (i), n -
parameten in the soilwaterretention functior{unitless), K- (m s%), | - tortuosity

(unitless), are described using a set of closed form equations developegirom
GenuchtenMualem functionatelationships (van Genuchten, 198Q)is a function of
hydraulic headh) anddistance X). Van Genuchten (1980) defined the normalized water
content (¥ wbeerpUaiasa also caddaebd ef fecti
defined as the water content for which the ratio of the change in volumetric content to the
change in hydaulic head becomes zero (van Genuchten, 1980)dJikenostly assumed

to be the same as the soil porosity (Hillel, 200@addition,HYDRUS - 1D uses a
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Marquardt Levenberg type soil parameter estimation technique for inverse estimation of
soilhydraulc par ameters from measur ectah2p@®)y aul i c
A detailed description of parameter optimization and statistics of the inverse solution is

provi ded dtal (2@9).mTn ek

2.3.5.2. HYDRUS 1D data forcing

Observed RZ groundwatt 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 HYDRDSAccordingly,
observed hydraulic head values frdme piezometers closest (Pz1 at site PZl and Pz5 at
site PZIl) and furthest (Pz4 at site PZI and Pz8 at site PZIl) from the stream served as
time dependent boundary values for the finite grid element created in HYDRDIS
The observed RZ groundwater hdeam the remaining two piezometers at each site
(Pz2, Pz3 and Pz6, Pz7 at site PZI and R&#pectively) was used for model validation.
The governing flow equation (Equation 6) was solved numerically using a standard
Galerkintype linear finite elementieme( Gi m Etrale2R09).

Initial soil hydraulic parameters were estimated using pedotransfer functions
(PTFs), by supplying textural class and two groundwater head values as input data
(Schaapet al 1998) to ROSETTA, a buiih computer program in HFYRUST 1D
(Schaaget 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 (Padlaatly

1988; Krusekopf and Scrivner, 1962; Garrett and Cox, 1973). Aérimontal soil
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crosssection was defined for each piezometer site. Four nodes, fixed along the soil cross
section, represented each piezoneassat | ocat
to a uniform value of 0.48:* m™ (using PTFs for silt lam). Measured groundwater head

values, at each node were simulated in HYDRU® to obtain soil hydraulic
parameters using the inverse solutieton meth
al. 1998; Dagest al. 2008; Yuetal 2 0 0 9 ; et & 2005). TleeKinal set of soil

hydraulic parameters with the best coefficient of determinatfdmeliationship between

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

2.3.5.3. HYDRUSI 1D calibration, validation and statisicanalysis

HYDRUST 1D was calibrated for a thremonth period (April 2010 to June
2010). Final soil hydraulic parameters obtained from calibration were then used for
validating the model for a threaonth period (July 2010 to September 20T®).
guantify model bias, simulated and observed hydraulic head values were evaluated using
the NashSutcliffe Efficiency parameter (N§Nash and Sutcliffe, 1970)he Root Mean
Square Error (RMSEWillmott, 1981),the Mean Difference (MDfjas used by Swaiet
al.”2004)andthe t andar d regression metVarpGood Model o
@Goodd Satisfactorp , Uosatisfactorh according to the criteri
Moriasiet al (2007) The NashkSutcliffe (NS) efficiency parameter was used to evaluate
howwell HYDRUST 1D predicted observed hydraulic head variability relative to the
average observed value for the selected time period (Equation 8). The NS parameter
valuerangesfrod® t o 1. 0 where 1.0 indicates the m

the olservations and < 0.0 when there is a poor agreement (Metias2007; Luo and
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Sophocleous, 2010). RMSE valudsser to zerandicate better model performance
(Moriasiet al 2007). Assuming that observed and simulated values are linearly related,
theequation of the bedit 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
Moriasiet al (2007). The equations to calculate the aforementioned statistics are as

follows:

voN —> " (x — yi)? > (% —yi)?
NS = = N =12 [8]
vo > (6 =%
RMSE = (9]
1 -
MD == (% — ) [10]

wherevois the variance afbserved values, N is the number of data poxnis,the

observed valugyi is the corresponding predicted value anid the average observed

value for the study period.
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24. Results and Discussion

2.4.1. Hydroclimate duringtudy

Climate at the BREA durin@/Y 2011 was characteristically variable with mean
air temperatureof 126 C and t ot al pnm.dt was pn avesageicooler of 64 7
and drierduring the studyelative toaverage temperature and precipitationg(X3 d a n
930 mm, respectivelyyecordedat the Amerflux towerbetween 2002010. Seasonal
precipitation during WY 2011 (winter, spring, summer, fall) was 170(Detember
March) 250 mm (March June), 135 mm (JurieSeptember) and 94 mm (September to
December. Stream flow was ephemeral, exhibiting high flows in spring and summer,
and drying by mieOctober Error associated with streamflow measurements and stream
stage errors was estimated to be +1.05%mds™ and therefore assumed negligible.

Carter (193) estimated that flow meter velocity observagoror, measured at
45-second intervals, at 0.2, 0.6 and 0.8 depths was less than&hB¥al sream flow at
Sl was 44% greater than streamflow at Sl, indicating that the stream reach (between Sl
and Sll) was, on average, a gaining stream (Figi:eandTable2.1.). Figure2.3. shows
temporal trends in stream stage and depth to groundwater.g&vetraam flow at SIV
was twice that of SlII (with 218% increase in stream flow), indicating that the stream
reach (between Slll and SIV) was also gaining. There was negligible surface flow from
October 15 to November 23010 (27 mm of precipitation), dag which time stream
shallow groundwater flow could not be quantified using Equation 5 (Fig@uweand

2.5.). Average daily stream flow during the study period was 0.28™mt Sl followed
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by SI (0.16 mis!), SIV (0.13 nis') and Slil (0.04 ms?), indicating that the stream was

intermittently gaining and losing along the entire reach.
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Figure 2.3. Measured rainfall (mm), stream stage (cm) and average depth to groundwater
(cm) atpiezometesitesduring WY 2011 at Baskett Wildlife Research and Education
Area,centralMissouri,U.S.
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Table 21. Stream dischargém® s*) descriptive statistics for WY 2011 of Brushy Creek
flow monitoring sites aBaskett Wildlife Research and Educatidrea, centralMissouri,
u.S

Site SIm®*s?) SI(m®sY) Sl (m*s?) SV (m3s?)
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.efive minute) stream stage and groundwater level data showed
that averagannualgroundwater flux was3 x 10° m®s* m™ (thus losingstrean) for the
entire study reach (Sl to SIV, total reach length = 830 m), and was 4anti6 x 1¢
m® s m™ for the stream reaches-Sll and SIIIFSIV, respectively (Table.2.). Figures
2.4. and2.5. show groundwater flow relationships between stilling welksBland Slit
SIV. Flow results are highd®9% differencejhan the results of Wroblickst al. (1998)
of 8 x 10% and-1 x 10° m® s m™. The majority of the difference is attributed to lower
relative soil hydraulic conductivity (6 x Fim s?) and a 77% smaller watershed area
(3.22 knf) at Aspen Creek, New Mexic®bviously, karst geology of the BRA may
increase groundwat@ux values. Direct karst geological influence of results was beyond
the scope of the current work, but supplies impetus for future investigations

In thecurrent work, average groundwater flow towards the stream was 0.07 and
0.09 n? st at SESII and SIIFSIV, respectively. Maximum daily groundwater flow was
0.27 and 0.51 frs™ (gaining stream) while the minimum groundwater flow wW&87

and-0.001 ni s* (losing stream) at S8l and SIIFSIV, respectivelyThere was
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therefae an 88% difference of flow between the two distinct study reaches. Estimated
groundwater flow 0f2.07 nt s* at Sl (negative sign indicates losing stream) was
consistent with observed decrease in depth to groundwater of 75.32 cm (from 105.79 cm
on March 152011 at PZI. Figure2.3. shows the relationships in this karst system
between depth to groundwater aneaitn stage, illustrating a high degree of shallow
groundwater connectivity between the stream and adjacent RZ. Maximum daily
groundwater flow (0.51 fs?) coincided with minimum depth to groundwater from the
surface of the soil (101.93 cm on February211) at PZIl. DuringWy 2011,
groundwater flow accounted for approximately 0.07 and 0.08’mf the mean daily
stream discharge of 0.22°w* for Sll and 0.13 s for SIV. However, for the entire
length of the study reac! to SIV,(830 m), a meadaily discharge 0f0.03m®s* was
lost to the aquifer duringvY 2011 (Table®.2. and2.3.).

Daily average stream discharge at St&s84% higher during winter and spring
(0.25 and 0.26n° s*) seasonscompared to faland summe(0.04and0.02m? s™).
Duringthe briefperiodwhen streamflow was negligible, average groundwater flow
towardsthe stream waswvo orders of magnitude greater at IV (5 x 10°m*s™)
relative toSI-SlI (7 x 10°m?® s1). During thewinter season, 3I-SIV had0.10m?®s*
more water flowfrom theRZ relativeto SFSII. Ultimately, goundwater inputo the
streamaccounted for 2% of the total stream discharge voluatstream reacbne (PZI)
and69% at stream reach two (PZiuring WY 2011. This result corroborates thsults
of previousauthorsthat showed that shallow groundwater flow directions near the stream
arehighly spatially variable and bidirectional with shallow groundwater flowing

intermittentlytowards and away from the stream (e.g. Wondzell and Swansdy, 199
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Marzolf et al 1994). Marzolfet al (1994) reported average stream flow of 0.003 and
0.002 nf s* during summer and fall seasons (i.e.-tewth the flow of Brushy Creek,
with reach length = 83M) with groundwater flow of 1 x Iband 2 x 10 m®*s™ (i.e.
onehundredth the groundwater flow observed at-SN, Brushy creek) in Walker
Branch Creek in Tennessee (reach length mbZ he higher flow in Brushy Creek
relative to the Walker Branch Creek stugexplained in part by larger drainage ased
study reach length. The groundwater flux at Walker Branch Creek (£ mi§* m?)
was10%thatof Brushy Creek (4 x I6m® s m™), thus proportionally corroborating

similar drainage areatreamgroundwater exchange patterns between the twoestudi

Table 2.2. Average stream discharge differenGe@n m®s?) and average groundwater
f 1 ux r aibme s m®a/folrmonitoring sites during water year 2Git Baskett
Wildlife Research and Education AregntralMissouri,U.S.

Groundwater Flow Betweer Groundwater Flow per unit Stream Leng
Gauging Sites (fhs™) Between Gauging Sites {ra’ m™)
Site Sl Sli Sl Sl Sli Sl
Sl - -
SII 0.07 ] 4.2 x 10° -
s -0.12  -0.18 - -1.7x10*  -3.4x 10 -
gy  -0.03 0.1 0.09 -34x10° -14x10* 5.8x10
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Table 2.3. Descriptive statistics of groundwater flom{s™) between three study site
locationsat Baskett Wildlife Research and Education AcsmtralMissouri,U.S.

GroundvaterFlow (m* s

Descriptive _

Statistics EntireStudy  Between Between
Reach SISIV SISl S-SV

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 PZIl during
springmonths(February to Juneith 32% difference between sijeand 253.41cm at
PZI and 231.3@m at PZII during falmonths(September to Decembeith 8%
difference between sitpéFigure2.3. and2.7.). During the dry season (Octolier
Novembemwith 8% difference between sijesepth 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 PZIIl). Generally, when
groundwater level fell below avera¢fe26.62 ad 150. 9m at PZI and PZI|)
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 hydraulicih@adsed to 229.08
and 230.71cm at PZl and PZIl. 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 analysigaogidedin Table2.4. A
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negative gradient implies groundwater movement towards the stféam.
aforementioned variation in the direction of water movement is typical of streams of arid
areas or streamflow in dry seasons (Hughes, 1990).

Shallow groundwater flowlso depends on a number of additiongdiroclimatic
factors including, but not limited to, air temperature, evapotranspiration, soil water
saturation and unsaturated zone depth (Lewandatsii 2009; 2007) and
evapotranspiration and plant water stordgavandowskiet 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 potassi{(Buart et al. 1999, Jones and Mulholland, 2000a,

2000b; Tabacchet al. 2000; Lewandowski and Nutzmann, 2007).

Table 2.4. Descriptive statistics of hydraulic gradient (cm) for shallow groundwater
monitoring sites (PZI and PZIl) for water year 2GtBaskett Wildlife Research and
Education AreagentralMissouri,U.S.

Site Hydraulic gradien{cm)
PZI Pzl
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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2.4.4. Modeling with HYDRUS 1D

24.4.1. Calibration of HYDRUS 1D

As per calibration outcomédapril to June 2010) the followingoil hydraulic
parameters wenesed0.065 ni m=>, 0.41 n¥ m3, 0.075m*, 1.89, 12 x 10°m s1 and
0.5 ford,, s d U candi, respéctively (see Methods), withvalues of 0.98 and 0.9
for PZl andPZl, respectivelyTable2.5.). Smulated hydraulic head values were
comparedo observed hydraulic head valuesvalidate (July2010 to September 2010

the model as per the method<Dafgeset al (2008).Model calibrationresulted inr?
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values of 0.99 and 0.97 &ZI andPZlIl, respectivelyModel calibration Nastsutcliffe,
RMSE am MD ranged from 0.99 to 0.98, 2.47 to 5.60 cm #h8#6 to 1.49 cm at PZI

and PZII respectively.

24.4.2. Validation of HYDRUS 1D

HYDRUST 1D simulations were run for the 2011 WY for both sites (PZI and
PZIl) using validated soil hydraulic parameteiish r* values ranging from 0.99 to 0.98
at PZI and 0.98 to 0.96 at PZII. Model validation N&slicliffe 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 excelldntof the modeled hydraulic head to observed
hydraulic head. For PZIl, 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 dmetwe=n the stream and PZI. For PZIl, 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 between observed and modeled hydraulic head was 0.99
for both PZI and PZII, respectively (Tallé.). Model statistics (Tabl2.5.) indicated
that HYDRUSI 1D, along with the soil hydraulic parameters, was accurate in predicting
the hydraulic head measurements at PZI and PZlII for the study period and was thus rated
d/eryGoo® accor di n gethyMoriashetal (20O7).HY®RUSalDs
predicted Ks values of 1.2 x 2@n s* which is in close agreement with the average Ks
measured from field measurements (1.5 X a0s") and also in agreement with Ks

predicted from USDA National Resources Comwation Service (NRCS) Web Soil
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Survey (WSS) (USDA, 2009) (1.25 x1én s%). Figure2.6. 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 siRZI and PZI| for the calibration period (April
to June 2010at Baskett Wildlife Research and Education AceatralMissouri,U.S.

Model Node r? 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=NashSutcliffe; RMSE=Root Mean Squared Error; MD=Mean Difference
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Figure 2.6. Observed versus HYDRUIS1D modeled hydraulic head (Hp) for
piezometers Pz2 and Pz3 (located in the piezometerR#f and Pz6 and Pz7 (located
in the piezometer sitd*ZIl) over the WY 201kt Baskett WildlifeResearch and
Education AreagentralMissouri,U.S,

24.4.3. HYDRUSI 1D simulated groundwater flux

HYDRUSi 1D predicted hydraulic conductivity (Ks) to be 1.2 x°1f s using
pedotransfer functions and inverse modeling. Descriptive statisticsoiandyvater flow
are shown in Tabl2.6. The Ks value is the same as that reported by \é&tlatt (1996)
for a study conducted in Rio Calveras, New Mexico, in an alluvial sediment RZ. In
another study conducted by Felloatsal (2001) at Rio Calveras, tle average

groundwater velocity was reported to be 7 ¥ b0s* when the summer stream
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discharge was 0.0003s*. Compared to those results, the difference in groundwater
velocity estimated at Brushy Creek (1 X°1® s*) may be due to higher streatischarge
(0.04 n? s™) relative to that of Rio Caveras. The ratios betwegnoundwater velocity

and stream discharge were 0.07 and 0.0 betweerRio Cahveras and Brushy Creek,
respectively, indicating that the stream discharge at Brushy Creekmiriluenced

more by inshallowgroundwater flux, which given the karst geology of the BRE&Y

not be surprising.Fluctuations in groundwater flow were instantaneous relative to rising
limb of the streamstage hydrograpat PZI, but exhibited a lag tin{@pproximately one
day) at PZII (Figureg.7. and2.8.). This result could battributableto greater

groundwater flow towards the stream at RZlative toPZ| (75% versus 66%,
respectively) Multiple previous studies (e.g. Wondzell and Swanson, 1996pli¢kly

et al 1998; Harveyand Wagner, 200Qaeported 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. Fig2& 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
substantiabubsurface flow regimédelow the streambed@his observatiosupplies lsis

for future investigations in kargeologicalregions of the centrd).S.

As shown in previous worket groundwater flow varied spatially and temporally
depending on stream discharge, precipitation and evapotranspiration (as noted by Hynes,
1983). Havever, net groundwater flow from the RZ towards the stream showed
negligible changéseasonal or otherwisa} both sites (4%) 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 (el). ® better characterizibtle
groundwater mechanistrelationshig. 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° m s%), and there was limited variations between seasons indicating relatively
consistent streambed conductivity (i.e. microscopic flowpaths) to shallow graterdw

over time.

Table 26. Descriptive statistics of modeled groundwater flam @) for sites PZI and
PZIl for the water year 2011 at Baskett Wildlife Research and Educationckreeal
Missouri,U.S.

Modeled grondwater flow (cm o)

Site
PZI PZIl
Mean 105.93 106.25
Standard 0.07 0.06
Deviation
Minimum 105.74 106.03
Maximum 106.09 106.32

55



(wo) 1syeMpunois) o} yideg

b.n wd) Xn|4 J8}emMpunols) pa|apo\

s e g 8 & ©= wo =~ E &
o o o < Q S o o L <
1 ] ] ] ] ] 1

§% E%
L e ="k
N < N <
e O 3 o x - 4=
® & ® <
bl
38 38
o © @ @
= .2 s =
T T T T
-- € & € Crimmme e m e e - = —
S 3 S 2
o O o o
] <=
o O o O
23 23
£ £ 0
--8 o - - R e it Rl R —
o O o O
o= o=
1 I
1 |
B s W W T i, TP T T B e e e N B R N T T e e =
.............................. -
ke
<
T T T T T T
o o o o o o o o
wn n o n o wn o
- - N o~ o«

May Jun Jul Aug Sep Oct

Month (WY 2011)
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(top) and PZII (bottom) for water year 20atlBaskett Wildlife Research and Education

Area,centralMissouri,U.S.
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Figure 2.8. Depth to ground water flow (fis?) andsimulated groundwater flovein d?)
at PZI (top) and PZII (bottom) for water year 2GitBaskett Wildlife Research and
Education AreagentralMissouri,U.S.

2.4.5. Study limitations

Given its broad acceptance amthtively intuitiveapplication by the management
community,HYDRUS - 1D was used inhis workto improve manager confidence in the
model in central.S karst watershed$stream flow and groundwater interactions below
and within the streambed were not addressed, as data on surficial streambed geology was
not availableHYDRUS - 1D simulates lateral water flythereforevertical water
movement was not modeled. Udsgendly groundwater modelg&ke HYDRUS - 1D

should be developed for practitioner uses that simulate three dimensional pregsses
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