ABSTRACT
LIU, YU. ThePerformanceof Controlled Drainage and inline Denitrifying Woodchip
Bioreactor for Reducing Nutrient losses from Subsurface Drained Grassland Receiving
Liquid Swine Lagoon Effluent. (Under the direction of Dr. Mohamed A. Youssef).

Over application of livestock manure has become a principal nutrient source in
groundwater and surface water. Controlled drainage (CD) and denitrifying bioreactors have
been used to reduce nutrient losses from artificially drained agricultural land taesurfac
waters. The overall goal of this research was to evaluate the performance of CD and
denitrifying woodchip bioreactors for reducing nutrient losses from a subsurface drained
grass field receiving liquid swine lagoon effluent (SLE). A fgaar field expament was
conducted on a 1.25 ha pasture in eastern North Carolina.dtigburfacelrains (1.0 m
depth and 12.5 m spacing), including four experimental drains and four guard Weams,
installedin the naturally poorly drained field. Four draimeremanaged in CD modeith
drain outlet set at 36 cm bel@urfacewhile the remaining four draingere manageih free
drainage (FD) moddenitrifying bioreactors were installed at the edgéheffour
experimentadrains.

Compared to FD, CD reduced anngsabsurface drainage volume by 88% to 98%
and raised theneandaily water tabldoy 15 cm The DRAINMOD model was used to
simulate the hydrology of the drained field under both FD and CD scenarios and predict the
main components of the water balarStatistcal performance measures indicated
acceptable to excellent agreement between predicted and meaateethble deptand

daily drainage. Results showel@arlythat seepage was a significant component of the water

balance for the CD plots.



Compared to B, CD reduced annual load wital nitrogen ('N) in subsurface
drainage by87% to $%. Theestimated population mean (EPM) of nitrate and TN
concentratiosin drainage water fo€D treatmen{4.10 and 6.95 mg, respectivelywere
significantly lower tha thatfrom FD treatmen{7.52 and 9.06 mg, respectively. The
EPM of nitrate concentration in groundwater at three depthigBbcm) in CD plots were
significantlylower than that from FD plot&nnual loadreductionof total phosphorus (TP)
throughsubsurface drain lines @D treatmentranged from 76% to®6. TheEPM of TP
concentration in drainage water fob plots was 0.18 mgt, which was significantiyigher
than that fof=D plots (0.1 mg 1¥). The difference of P concentration between CDFDd
plots was mainly due to tregnificantdifference of particulate P concentrati®teduced
drainage volume, enhanced denitrification, and to a far lesser extent increased grass uptake of
N and P during dry growing condition contributed to the obsemeédation in N and P
loading viasubsurfacelrainage under CD treatment.

All bioreactors significantly reduced nitrate concentraiofearly percent nitrate
reduction for CBbioreactor (CDB) and Fbioreactor (FDB) systems during study period
ranged from 8 + 229 to 87 + 6% and21 + 8% to 51+ 8%, respectively. Nitrate removal
rates increased with water flow rate, initial nitrate concentration, hydraulic retention time
(HRT), and temperature; however, the temperature effect was not as strong as the other
factors. Longer than needed HRT would also negatively affect nitrate removal rate of
bioreactors. Percent nitrate load reductiasaffected by the volume of flow thpases
through bioreactors rather than bypass pipes. The portion oftieeflowing through
bioreactors (three out of four) decreased from 2012 to 2014 due to decreasing of estimated

saturated hydraulic cductivity of thebioreactor system&Jpflow in-line bioreactors



showed sufficient removal of nitrogen loading from drained pasture [@hdgracticality of
bioreactors was not only related to carbon consumption longevity, but also related to proper
maintenance of anaerobic condition, suitable hydraulic conductivityggpapriateHRT,

as well as the management of the whole field draisggem.
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1 CHAPTER 1 Performance of controlled drainage for removing nitrogen and
phosphorus fromsubsurfacedrained grassland receiving liquid swine lagoon
effluent

1.1 Abstract

Over application of livestock manure has becomsggaificantnutrient source in
surface and ground water. Controlled drainage (CD) has been proposed to reduce nitrogen
(N) and phosphorus (P) load from agricultwalstewateapplication fieldsThe main
purposes of this study weredwaluate thgperformancef CD for reducing N and P losses
from a subsurface drained pasture receiving swine lagoon effluent (SLE) and identify
controlling mechanisms affecting tperformanceof CD. Field experiments were carried out
on a 1.25 ha pasture (tall fescue and ryegtasajed in the lowetoastaplain of North
Carolina. Eighsubsurfacelrains (1.0 m depth and 12.5 m spacivgje installedn the
naturally poorly drained field in 2010. Four of therare setas CD plots with drainage outlet
set @ 36 cm belowthe ground surfacewhile the remaining fouwere manageuh free
drainage (FD)The restrictivdayer was 3 m deep.

Annualsubsurfacelischarge from FD plots ranged from 20% to 42.5% of the water
input (precipitation and application of SLE) from 2011 to 2014.uahmeduction of
subsurface drainage volume by CD compared to FD ranged from 88% tdv@84thourly
groundwater table depth differences between CD and FDwés$5 cm.A water balance
study suggested the possibilitytbe exising of deepand/orlateral seepage and surface
runoff in the experimental field, especially for the CD treatm&méeestimated population

mean (EPM) of nitrate and total nitrogen (TN) concentrdtiom drainage outlet D



treatmentsvere4.10 and 6.95 mg't, respectively. Bth of which were significantly lower
than thafrom drainage outlet d¥D treatmen{(7.52 and 9.06 mg t.for EPM of nitrate and
TN concentration The EPM of ammonium nitrogen (AN) and organic nitrogen (ON)
concentratiorirom drainage outlet o€D treatment were significantly higher than that from
FD plots TheEPM of TP concentration from drainage outlet®b plots was 0.18 mgt,
which was significantljigher than that foFD plots (0.1 mg ). The difference of P
concentration between CD and FD platas mainly due to thegnificantdifference of
particulate P concentratioAnnual TN loadreduction througlsubsurfacelirain lines inCD
plotscompared to FD plotsanged from 87% to®%o during 20112014 Annual TP load
reductionthroughsubsurfaceliran lines inCD treatmentanged from 76% to3o during
20132014

The EPM of nitrate concentration from CD plots in three depths of groundwater
sampling wells were significantly lower than that from FD plots. The EPM of TN
concentration from groundwatearapling wells from CD plots in shallow and medium wells
were alsasignificantlylower than that from FD plots. However, there weresigaificant
differences of EPM of TN concentration between deep wells in CD and FD plots. The EPM
of orthophosphate (orthB) concentration from both CD and FD plots increased from
medium to deep depths. The major part of TP in deep wells for both CD and FD waB.ortho
Significantdifference of EPM of orth@ and TP concentratiamere foundn shallow wells
of groundwater sapling wells. However, the differences of EPM of TP concentration from
deep wells between CD and FD plots was not significarass uptake ofFN andTP in the
CD plotswere 3.2% and 15.0%reaterthan tratfrom FD plotsduringJune 2012 Sept

2014.Redued drainage volume, enhanced denitrification, and to a far lesser extent increased
2



grass uptake of N and P during dry growing condition contributed to the observed reduction

in N and P loading viaubsurfacelrainage under CD treatment.

KEYWORDS: Agriculturedrainage controled drainage swine lagoon effluentwater

quality, drainage water flow, water table depth nitrogen, phosphorus



1.2 Introduction
1.2.1 Agricultural drainage

Agricultural drainage is essential for crop production on naturally poorly drained
soils, often with shallow groundwater tabla.humid regions, adequate drainage is needed
for rain-fed crop production systems to remove excess water from plant root zone, improve
crop growth and yield, and provide trafficable conditions for farm machtogygrform
timely field operations such as tillage, fertilization, planting and harvest (Chang and Silva,
2014; Evans and Fausey, 1999; van Schilfgaarde, 1908)id and sermarid regions, where
agriculture relies solely or mostly on irrigation, dragjaas frequently used to prevent
waterlogging and salt accumulation in the shallow soil préifgars et al., 2006).

Artificial drainage systemare categorizeds surface or subsurface drainage. Surface
drainagds providedby land grading or other fors of land surface shaping such as furrow
bedded systems. Excess water leaves the agricultural field as surface runoff via open ditches.
Subsurface drainage usually providedby subsurface tiles or perforated plastic pipes. These
lateralsubsurfacelrain pipes either outlet inta subsurface mappipe or an open ditch.
Subsurface mains eventually outflow into a surface drainage canal or a stream. In addition to
providing surface drainage, field ditch@soprovide subsurface drainage.

Worldwide, hereare approximatelyl,525million hectaregha) of cropland of which
41%need to beimproveddrainageo sustain crop production. Globaliynly 13% of the
total croplands artificially drained which indicates the potential for increasing global food
production via agricultural drainage improvement projéétgars and Evans, 2019n the
United Statesthereare178million ha ofarable landpf which48 million ha or 27%are

artificially drained(Schultz et al., 2007)n China,thereis 143million haof arable landof
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which 24.4 million ha were prone to water logging and flooding. The water logging and
flooding conditions of 21.1 million hiaave been improved btheinstallationof drainage

systemgWang et al., 2007)

1.2.2 Hydrologic and water quality impacts of agricultural drainage

Major processes affecting the nitrogen cycléhmartificially drained agricultural
landare demonstrated Figure 1.1 Nitrogenis addedo agriculturalsystems through
inorganic or organic fertilizatioand precipitationNitrogen in ammonium formrNH4") is
mostly adsorbed to soil particles and banostvia sediment transport and surface runoff.
Ammonia in the gaseous form che lostthrough volatilization. For typical soil carbdo-
nitrogen ratios (8 to 12), net amnification occurs transforming organic N I&H4". In the
unsaturate@one NH4* is nitrified to NOs under aerobic conditions. BoMHs" andNOz
within the root zone are available for plant uptake. Nitrate is highly soluble and susceptible to
leaching withthe downward movement of water from the root zone to the shallow
groundwater. Assimilation &0z to NH4*, a minor process among other transformations of
NQs , requires energy and is regulatedNiyts* concentration. Respiratory denitrification is
the mapr form of dissimilatory nitrate reduction the soil. Dinitrogen and nitrous oxide are
the major products of the denitrification procd3issimilatorynitrate reduction to
ammonium DNRA) is another process of nitrate transformation under anaerobiitioand
(Myrold, 2005).

Unlike thenitrogen cycle, microbial mediated transformations of phosphorus do not
include oxidatiorreduction reactions (Mullen, 2005). In another aspect, increasing of
solubilization of inorganic phosphorus from relatively insoduphosphate minerals makes

phosphorus available to plants and other organisms. Only soluble phosphate is available to
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plants and microorganismBiQure 1.3. Key processes affecting phosphorus dynamics in
agricultural land include P mineralization and inbtiaation occurring during organic

matter decomposition, application of mineral P fertilizers and animal manure,
adsorption/desorption, and solubilization of inorganic phosphorus, as well as crop uptake
(Mullen, 2005). Phosphorus is highly immohitemineral soils However largeP input over
the long term causes soil P saturation resulting in potentially high P losses via andace
subsurface pathways.

Subsurface drainage systemesreasesubsurfacevater movement ithe soil profile,
lower the watetable, increase soil aeration, and reduce surface runoff and soil erosion
(Robinson and Rycroft, 1999). These changes in field hydrology influence nitrogen and
phosphorus dynamicgVell aeratedsoils promote organic matter decomposition, enhance
nitrification, and slow down or inhibit denitrification. The accelerated downward movement
of water through the soil profile promotes leaching losses of nitrate which eventually leaves
the field via drainage water. The fast movement of shallow groundreateceitrate
residence time in the saturated zone before it reaches the drainage system, which reduces the
denitrification of nitrate in the saturated zone causing relatively high nitrate concentration in
subsurface drainage water.

Agricultural drainage reducesirgace runoff, soierosion and sediment transport to
streams. As a result, it reduces the agricultural chemicals that are adsorbed to sediments such
as phosphorus, ammonium nitrogen, orgaitiogen and pesticides (Gilliam et al., 1999).
Recently, losss of dissolved forms of P via drainage have become a public concern,

especially in soils whemmacropordlow accelerates the transport of these chemicals.
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Figure 1.2 Hydrology and phosphorus transformations inan artificially drained field.

1.2.3 Land application of liquid swine manure

North Carolinas the second in swine production in the WGhristenson and Serre,
2015) with more than 2,300 reguéat swine feeding operatio@dCDEQ, 2016) raising
approximately 8.9 million hogd’each, 2014)Traditionally, swine waste (feces and urine)
are flushedrom barns to outdoor lagoons. Typically, water usage for cleaning swine
production areas ranges frdh05 to 0.1gallonsperhead per day for in breeding/gestation,

nursery, and grow/finish area; 1.0 gallons per crate per dagdéarrowingarea (Fulhage
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and Hoehne, 2001). Swine lagoon effluent (S{g&)metimes called liquid swine manig
periodicaly appliedvia irrigation to anearby cultivatedield (Figure 1.3, referred to as

A s p r adg/Nufrients in the applie8LE are ideally taken up by plants grown on the field.

The land application dBLE should occur when the soil profile is dry enodglallow for

complete infiltration of irrigated SLE without generating any surface runoff. Irrigation should
be avoided on rainy days or on days precedmyinentstorm events to minimize surface

runoff and subsurface leaching losses. Windy days shaddoal avoided to minimize

irrigation drift andodor associated witSLE irrigation (Adeli et al., 2008)Over application

of manure is linked to transport of nitrogen, phosphorus and pathogens to ground and surface
water, emission of greenhougasegN20) and odor(Larney et al., 2011)

Like other agricultural fields, spray fields on naturally poorly drained soils require
improved drainage to enable land applicatio®bE at maximum allowable ratés avoid
overflow of lagoonsAs a result of improved dimage the soil profile is drier, the water table
is deeper, and water ponding and surface runoff are less fregll@itthese conditions
favor increasing the rate of land applicatiorBafE, provided that the maximum nutrient
inputnotbereached fothe field. However, artificial drainage on spray fields shoulddmsal
with caution as itncreasd the leaching losses of dissolved nutrients including nitrates and

dissolved reactive phosphorus.
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Figure 1.3 A typical swine production operation is swing hog houses, a lagoon receiving animal waste,
and spray field receiving the lagoon effluent.

1.2.4 Controlled drainage

Controlled drainage is a drainage water management practice that has been proposed
to reducenitrogen losses from naturally poorly drained agricultural land with artificial
drainage (Evans et al., 1995; Skaggs et al., 20Czajtrolled drainages implemented using
drainage control structures thaae installedat drain outlets to vary the leval§these outlets
and thus adjust the intensity ofatltage as needed (Skaggs, 1998)previously stated,
drainagds necessaryor removing excess water from the root zone during the growing
season and providing timely accéssperformingfield operatons Thus, the required level
of drainage varies during the year and also varies from year tadgpanding on cropping
practices and weather patterBsainage systenthatare not controlledreferred to as
conventional or free drainage systénasainthe fieldwith the sameutlet devation
regardless of the actual need for drainage as dictated by crop needs andftiineidg

operationsThis excess drainage, which does not have any agronomic benefit, increases the
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export of nitrate via drainage veaitto receiving streams. Controlled drainpgevents excess
drainage byegulaing the level of drainage according to the agronomic and farming needs.
Controlled drainage has been adapted to bolisurfacdile-drainageandopenditch

drainage systemsith a variety of drainage control structures designed for both drainage
systems (Littlejohn et al., 2014; Kréger et al., 2015). Controlled drainage has been combined
with subirrigation in growing season to achieve higher crop yield (Tan and Zhang, 2011;
Nelson et al., 2011).

Controlled drainage wasitially introduced in earil. 9 4 0 @ gractices to maintain
shallow water tabléo reduce subsidence of peat soils in Flof@&yton and Jones, 1941)
Controlled drai nage wasspractice mrreducimgendrogsnilasc e | a't
from drained agricultural land (Gilliam et al., 1979; Drury et al., 1996; Drury et al., 2009;
Evans et al., 1991; Evans et al., 1992; Evans et al., 1995; Fausey, 2005; Jaynes, 2012; Mejia
and Madramootoo, 1998; PopR015; Tan et al., 1998; Tan et al., 2002; Wesstrom and
Messing, 2007; Williams et al., 2015; Wright et al., 19@2)ntrolled drainageas accepted
as best management practices (BMP) for reducingpoant source water pollution in North
Carolina. Farmerwho voluntarily implement BMPare compensatgdr 75% of the cost
fromt he North Carolinaés Agriculture Cost Shar
the Natural Resources Conservation Service of the U.S. Department of Agricultural {USDA
NRCS) anl other federal and state agricultural and environmental agencies promoted
controlled drainage for water conservation and water quality improvement (Evans and
Skaggs, 2004). More than 4000 controlled structures were installed in eastern North Carolina

since the inception of the coshare program in 1984 (Skaggs et al., 2012a).

10



1.2.4.1 Controlled drainage effect on water quality

Controlled drainage reduces nitrogen loss from drained cropland via three
mechanisms: 1) reducing tile drainage outflow, 2) enhancinigrifieation in the soll
profile, and 3) increasing crop nitrogen uptake. The reduction in drainage outflow and
increasan nitrogen uptake can easily be quantified experimentally. The difficulty-sifun
measurement of denitrification makes it quitiiclilt to quantitatively assess the effect of
controlled drainage on this important biochemical reaction. The increase in nitrogen plant
uptake is associated with higher crop yields under controlled drainage during dry growing
seasongSkaggs et al., 2082 Poole et al., 20123)

Several experimental studies have demonstrated the effectiveness of controlled
drainage for reducing nitrogen losses from artificially drained agricultural lands. However,
the reported performance of the practiesvariedwidely as it depends upon several factors
characterizing local field conditions including climatological conditions, soil properties,
cropping system and farming practices, drainage system design (drain depth and spacing),
and management protocol of control stames. Reported N reduction by controlled drainage
ranges from 18% to more than 7%%kaggs et al., 2010; Skaggs et al., 2012a; Wesstrom and
Messing, 2007; Lalonde et al., 1996)

Many experimental studies have been carried out to investiggpertioemanceof
controlled drainage for different soils, climatic conditions, drainage system settings, nitrogen
fertilizer application rates, and crop rotations. Proper and careful management of drainage
control structures is essential during crop growing seasorder tgpreventthe potential
negativeeffect of the practice on crop growth and yield caused by increased wet stresses on

the plant especially during wet growing seasons.
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Soils classified as somewhat poorly drain@dvery poorly draineavith shallow
water tabls (positiors of seasonal water table under natural drainage condition within 0.5 m)
would benefit from controlled drainag@therwise, lateral seepage might become a problem
for naturallywell-drainedsoil (Fouss et al., 1999 order tocontol large enough drainage
area to ensurhne economicviability of the practicecontrolstructures are usually installed
on land witha slopeless than 0.5%. Slopéess than 0.1% might be most practical (Evans et
al., 1992). As slope approaches 1%, thplementation of controlled drainage becomes cost
prohibitive (Fouss et al., 1999; Skaggs and Chescheir, 2003; Cooke et al. A2@08)ling
to Jaynes et al. (2010hereis 10 million ha of artificially drained arable land in Midwestern
U.S.A. (about 15% of total cropland in the U.S. Midwest region) suitable for CD with less
than 0.5% slope.

The performancef controlled ditch drainageas testedh a waste irrigation (swine
lagoon effluent) field near Kinston, NC from 1997 to 2Q0i@ et al., 2006 However,
experimental treatmentgerenot replicated; swine lagoon effluent was not evenly applied to
each treatment, and waste water applications were not properly schedagésirater
irrigation on wet days contribud¢o unnecessary surface runofftragen was not fully taken
up by Bermuda grass before it was drained to field ditches). The results of this experiment
did not show a positive effect of controlled drainage orredectionof nitrogen loss from
the spray field. Moreesearch is needed itovestigatehe performancef controlled drainage
for reducing N losses from land application of liquid animal manure.

Researclon the performancef controlled drainage implementation on an open ditch
system in a rice field iNingxia, China showethatdrainage volume was reduced by up to

50% to 60% in 2004 and 2005. However, there was no significant effect on nitrogen
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concentrationsalinity was slightly increased, but still within tolerance leflalo et al.,
2008).Implementation of controlled draiga toa corrsoybean rotatioon a tile drained
Brookston clay loam soih Ontarig Canadaedu®d nitrogenlosses by 44% and 31%
compared tauincontrolled tile drainage a cornsoybean rotation fieldnderrecommended
(150 kg N h& to corn) and high @0 kg N ha to corn and 50 kg N hato soybean) nitrogen
fertilization rates, respective({orury et al., 2009)Average reductions inl¢ flow and
nitrate loathg of 37% and 36%, respectively, were obserwved fouryear (20072010)
experimental studwhen controlled drainagegasimplemented to aornsoybean rotationn
Taintor andKalonasilty clay loam so# inlowa (Helmers et al., 2012)aynes (2012)
reported that controlled drainage implemented to a-soyhean rotation on a loamy soll
reducedile flow by 21%and nitrogen loading by 29% in a feyear (20062009)
experimental field study in central lowla addition,annualflow-weightednitrate
concentration from controlled drainage platsslower compared to conventional drainage;
however the differencavasnot statisticallysignificant.It is worth mentioning that thiength
of tile drains and the land slope of the experimental field influenced the study by Jaynes
(2012) Tile drains were 570 ong, and thdand slopeof the experimentaidld was
approximately0.8% Thus, only 130 m (less than % of entire drain length) of the tile drain
was affected bgontrolled drainage setting$.the entire drainage area were under the
influence of controlled drainage, there might be an even higtectien of N loading
comparing with conventional drainage.

Annual nitrate load reductisnrangng from 37% to 79%were observedt four
experimental siteplanted tacornsoybean rotation aontinuouscorn duringafour-year

(2006-2009)experiment ifllinois comparing managed drainage (controlled drainage) and
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conventional drainag@&ooke and Verma, 2012Researcher of the lllinois study stated that
errors inmeasuringlrainageflow rates undersubmerged outlet conditisandthe possibility
of seepgecould have influenced the results of their study. Thasjal reductioemight be
smaller than the reported vai€ooke and Verma, 2012A longterm study in Eastern
North Carolinavascarried out during 1992012 comparing controlled drainage and
conventional drainage amtile drainedield with Portsmouth sandy loam soil and planted to
a cornwheatsoybean rotation. On average over nyears of this studygontrolled drainage
reduced subsurface drainage flow by 33% and nitréitegen loadindy 30%(Poole, 2015)
Reduced nitrogen loading was attribute@teductionin drainage flow and increased crop
yield.

Phosphorus is often considered as the limiting nutrient regulating eutrophication of
freshwater aquatic ecosysterfite gitical valueof soluble P and total P were proposed to
be about 1&Comsenratiand abevg thdse levels were assumed to accelerate the
eutrophication of aquatic systems (Sharpley et al., 1987). Surface runoff and soil erosion
have long been considered thajar pathway for phosphorus loss from agricultural land to
surface waters. However, phosphorus loss via subsurface drainage water cannot be ignored
(King et al., 2015; Kleinman et al., 2015; Sharpley and Syers, 1979; Tan and Zhang, 2011).

Controlled drainge affects P losses mainly from hydrological (reduction of tile
drainage discharge), agronomical (promoting of crop yield and P uptake) and geochemical
(increasing of P solubility under reduction condition) aspects. Controlled drainagesreduce
subsurface idinage discharge, increaseaportranspiratigrsurface runoff, lateral and
vertical seepage (Skaggs et al., 2010). P loadingstfieaygriculturalfield could be reduced

through reduction of subsurface drainage discharge. Controlled drainage wasfcesheace
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annual dissolved P load by 0.04 to 0.51 kg (0% to 68%) in deforeafter controlimpact

study design for two tile drained headwater watersheds (crop production agriculture
represents 73% of the watershed) in central Ohio (Williams et 45)20he reduction of
dissolved P loading was probably mainly caused by the reduction of tile drdisabarge

since there was no statistically significant difference of dissolved P concentration between
treatments. A study in eastern Ontario, Canadasiilewed that controlled drainage reduced
both dissolved reactive phosphorus (DRP) and total phosphorus (TP) load by 66% according
to observations from 9 growing seasons (May to October) from-2008 (Sunohara et al.,

2016). There were also no signifitatifferencesn the observed concentrations of DRP and

TP between controlled drainage and free drainage.

In addition tothereductionof drainage discharge, change of P concentration in CD
plots would also influence P losses through tile drainage. Argséocated in Novelty,
Missouri with claypan soil shosdthat controlled tile drainage reduced orfitosphate
(ortho-P) losses by 80% compared to free tile drainage accordamdg y@arstudy (2010
2013). Furthermore, the researchers fosigdificantly lower concentration of orthB in CD
plots, compared to concentrations in FD plots. Tétéybutedthis finding to the increased
crop yield in CD plots (Nash et al., 2015).

Theoretically, controlled drainage may increase P loadings thinaggaseduface
runoff that occurs from CDField scale research on P losses through surface runoff is
limited. However, Evans et al. (1989) reported that controlled drainage reduced total
drainage outflow and total P losses by 40% and 44%, respectively, accordihgdyear
(1986:1987) study in five experimentsites. However, controlled drainage did not show

significantincrease of surface runafbmpare to conventional drainage.
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1.2.4.2 Controlled drainage effect on crop yield

Controlled drainage has been showmiréase crop yields during relatively dry
growing seasons. In a long term study (1990 to 2011) on two drained fields in eastern North
Carolina, controlled drainage increased crop yield on average by 11% for corn and 10% for
soybean, but the effect of theaptice on wheat yield was not statistically significdole
et al., 2013)Delbecq et al. (2012) reported that implementing controlled drainage in an
Indiana site during 2008009 increased corn yield by an average of 0.57 to 1.00 Mg ha
compared wh free drainage systems. Ghane et al. (2012) found that controlled drainage
significantly boost corn, popcorn and soybean yield by 3.3%, 3.1%, and 2.1%, respectively,
compared with conventional drainage during a{fgear (2008 to 2011) study in northwest
Ohio, United StatedVesstromet al. (2014) also found controlled drainage significantly
increased crop yield and N uptake. However, in contrast, Helmers et al. (2012) reported that
corn yield in controlled drainage plotsassignificantly lower than conveional drainage,
and there was no significant difference between CD and FD plots in terms of soybean yield
during a fouryear study (200-2010) at a research farm in Crawfordsville, lo@#her
researchers also found that the difference between cropuyidt controlled and free

drainage was not statistically significant (Cordeiro and Ranjan, 2012; Woli et al., 2010).

1.2.5 Research gap

Most research on controlled draindygpges beerarried out on artificially drained
fields or field plots planted to row cropsd receiving inorganic nitrogen fertilizers.
Research investigating the effect of controlled drainage on nutrient loss from grassland
receiving liquid animal manure asitrientsourceis lacking. Also, researchers have mostly

focused orthereductionof nitrate rather than total nitrogen load. The effect of controlled
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drainage on phosphorus loss has not been extensively investigated (Tan and Zhang,
2011;Wesstrom et al., 2014;Zhang et al., 2015;Young et al., 2017).

Even though hydraulic buffers or plasticdrs have been used in controlled drainage
field research to prevent lateral seepage from controlled drainage ploligtent
conventional drainage field plots, seepage still seemed to be a problemffeldtiseudies
(Skaggs et al., 2010If lateraland/or vertical seepage occurred, nitrogen reduction efficiency
of controlled drainage might be considerably lower than the measured reduction in N loss via
drain outlets. Controlled drainage reduction in subsurface drainage flow may increase
evapotranspation, surface runoff, lateral and vertical seep&@i&aggs et al., 2010)ong
term DRAINMOD simulations indicated that the increase in evapotranspiration by controlled
drainage would not exceed 10%nostcases (Skaggs et al., 2010). It is hypothesizat
lateral and/or deep seepage might have playechportantrole when observed reduct®im
total outflow (sum of subsurface drainage and surface runoff) by controlled drainage exceed
20% (Skaggs et al., 2010Nitrogen that did not reach the receiyistream via the subsurface
drainage system because of controlled drainage might still reach the receiving stream via
other pathways including surface runoff and seepage (lateral and vertical).

There are several questions related to controlled draieaganch. First, where does
drainage water that was reduced by controlled drainage go? Would nitrogen loading through
other pathways increase due to teductionof subsurface drainage? Water balance
components, such as surface runoff, lateral seepagestueied in sométerature Drury et
al. (2009) found greater surface runoff, reduced tile drainage and lower total water loss from
controlled draiange plots compared with free drainage plots in gy&aurexperimental study

conducted on a Brookston cliam soil in Woodslee, Ontario, Canada. Sunohara et al.
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(2014)carried out a more comprehensive water (surface runoff not observed) and nitrogen
budgets for controlled tile drainage. In this studyal outputwater fromthefield

(subsurface drainage ésurface runoff) froncontrolled tile drainagplotswerehigher than

free tile drainagglotsin the year 2006, 2007, 2009 (three out of four experimental years). In
addition, estimated lateral and vertisakepageo ditch front and adjacent field weaéso
higherthan tile drainagérom controlled tile drainage plots theyear2006, 2007, 2009
(Sunohara et al., 2014pavid et al., (2015) conducteddrainage water management
(controlled drainage) study @34ha field locatedn Spoon River subwatsined of Upper

Salt Fork watershed (at lllinois) in 2012 and 2018eyfoundevidence that tile water was
moving laterally from controlled tile drainage system to free drainage system. In addition,
there wadittle variationin nitrate concentration betwedree tile drainage system and
controlled tile drainage system. Therefore, they foumdeductionn tile nitrate loadn

drainage water managemeystem.

As mentioned before, nitrogen load reduction through decreasing of drainage volume
was widely acgeted as an important mechanism for controlled drainage. Measured nitrate
concentrations of drainage discharge for controlled drainage were not always lower than the
concentrations for conventional drainage (free drainage). Thug¢therencef enhanced
denitrification could not be evaluated through comparison of nitrate concentrations in
drainage water under controlled drainage and free drainage scenarios. Nitrate concentrations
in groundwater also need to be investigated before malking@usion on ta effect of

controlled drainage on the fate of Ntiredrainedagricultural land
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1.2.6 Objectives

The objectives of this chapter of the dissertation wel§ experimentally evaluate
the performance of controlled drainage for reducing nitrogen and phospbedisys from
subsurface drained grassland receiving liquid swine effluent; 2) approximately calculate
water, nitrogen, and phosphorus balances under both controlled drainage and conventional
drainage management scenarmsg 3 identify controlling mechnisms affecting controlled

drainage performance
1.3 Materials and Methods

1.3.1 Experimental field site description

The experimental fielditeis locatel in the coastal plain of North Carolina at the
Tidewater Research Station, near the Town of Plymouth, Washi@gunty
(35e50047. 600N, 76 e-2600663643)KiguiedlW Tioerl.25Bestar8@ 5 3 1 4 3,
site lies withn the Pasquotank River Bas{hydraulic unit codeHUC), 03020104040040at
an elevation of 6.4 m above mean sea level. Thged0 (19812010)normal yearly
precipitation is 1,321 mm. The site is used as a spray field for an adjacent swine operation. It
receives liquid swine manure from a-hdctare lagoon, located northeast of the field site
(Figurel.4). Previous experimental research at tite ®oncluded that seepage from the
swine lagoon is limited to an area north of the site and would not affect the experimental
research according to a field survey conducted in {B@&hell et al., 2005)The soil on the
site is a poorly drained Cape Fémam (fine, mixed, semiactive, typic umbraquualt) with
approximately 10% organic mattgilliam et al., 1979)i.e. organic carbon content is
approximately 5%. Based on previous field investigations and DRAINMOD model

simulationstheimperviouslayer was estimated at 300 cm beltie soil surface(Burchell et
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al., 2005) According to previous literature (Skaggs et al., 1986),particle size distribution test
(Burchell 2003), NRCS Web soil survey daidRCS, 2015)and auger hole testarried out

in March 2015, the soil profile was determindconsist of five layers, extending from soil
surface down to the impervious lay&able 1.1).The dopeof the field is 0.07%Burchell et

al., 2005) which is suitable for controlled drainage. In early 2010,teigb m long lateral
subsurface drain tubes (10 cm diameter, perforated corrugated with sock liner) were installed
from east to west at a depth of 1 m and a spacing of 12.5 m. All of the eight subsurface drains
were connected to a130 m long, 20 cm diamebe¥perforated corrugated main drain pipe
running from south to north at 0.1% slope into a sump, where drainage water was pumped
offsite to ashallowreceiving open ditch. The subsurface lateral drains were divided into two
groups; four drains were managender controlled drainage (northern drains) and four under
free drainage (southern drains). In each set of drains, the outer drains are operated as guard
drains to hydraulically isolate the inner experimental drains. Additionally, plastic liners were
buried between swine lagoon and controlled drainage plots, as well as between free drainage
plots and the rest of the fie{Burchell et al., 2005)Tall Fescue (Festuca Arundinacea

Schreb.) and ryegrass (Lolium Perenne L.) were gramthis site.Realisticcrop nitrogen

and phosphorus remowvatewere164.8Kgha' and26.9 Kgha' for Fescuéay(Crouse,

2014)
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Figure 1.4 Geographic location and general layout of the experimental field site at the Tidewater
Research Station in the North Carolina lower coastal plain

Table 1.1 Depths and textures ofsoil layers.

Depth (cm) 0~40 40~120 120~130 130~210 210~300
Soil Texture Loam Clay Sandy Clay Loam Loamy Sand Silty Clay

Agri-Drain® drainage control structures were installed on each experimental drain
line between June 24 and July 13 of 2010. The woodchip bioreactors research stwdyethat
carried out at the same time on the same field is described in Chapthe3lssertation.

This Chapter focuses only on the controlled drainage research. Two drainage water quality
treatments, replicated twice, were impleneetat the site: 1) controlled drainage (depth of
drain outlet =36 cmthroughout the year since Marth2012), 2) free drainage (drain
depth=100 cn) as a control. Throughout the chapter, the two experimental drains in free
drainage mode are referent to as FD1 and FD2 while the two drains in controlled drainage

mode are referred to as CD1 and QBRyure 14).
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1.3.2 Controlled drainage settings

The outlets of the four drains in controlled drainage model were kept at a d&gth of
cmbelow the surface. If the water depth at the control structure was legbtoarthree
days befordand application of the swirlagoon effluent, drain outlets were lowered3ty
cm. This management decision was made to empty thégapnof the soil profile before
land application to allow for infiltration of irrigated waste water and asarfacerunoff.
Drain outlets were reset 36 cm below soil surface just before the irrigation event to prevent
nutrientrich irrigation water from leaving the field via the drainage system. This
management strategy aimed at keeping irrigated water in the soil profiéofay enough
time toallow for plant uptake of added nutrients and to promote denitrification in the
saturated zone of the soil profile. Change of settings of controlled drainage outlet level only
occuredtwo times, during Feb 27, 201x3ar 3,2013 and Nov 13, 2013 Nov 21, 2013.
1.3.3 Data collection
1.3.3.1 Drainage flow measurement and drainage water quality sampling

Drain flow was measured using 22d@ 45 V-notch weirs (the Yhotch angle varied
in different periods of the experiment) installed inside the-Bgain® control strutures.
Starting from January 2010, the stages upstream and downstream wiegagbre
measured in two stitig wells connected to the structure using potentiometers. Automatic
water samplers were installed to collect flow proportional samples of dravzage
Campbell Scientific® CR00 Data Loggers were used to stdrainageflow measurement
data (every 10 minutes) and trigger flow proportional sampling of drainage water. Automatic
water samplers were programmed to collect arhPSample in a compdsi sample bottle

for every 0.5 mof drainage water passimyer the weir.
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1.3.3.2 Groundwater table monitoring and groundwater quality sampling
Water table depth midway between the experimental drain lines was measured every
60 minutes using two-ihch diameter FC monitoring wells equipped with U20 (48
HOBO® automatic water level loggers. A HOBO water level logger was suspended at the
bottom of each monitoring well to determine the water tablght and oneHOBO water
level loggemwas suspended above groudedel in the western controlled drainage well to
record air pressure. Groundwater table depths measured by the water level loggers were
calibrated using manual measurements taken when downloading the water level loggers.
Two sets of groundwateguality sampling wells were also installed midway between
the experimental drain lines on December 22, 2010. Each set consists of three wells screened
at different depths (0.75.00 m, 1.251.50 m, and 242.25 m).Groundwater samples were
collected monthly afteihe wells were bailed and allowed to recharge in 2011. They were
collected biweekly from 2012 to 2014.
1.3.3.3 Chemical analysif nitrogen and phosphorus concentrations
Groundwater, drainage water, rainfall, and irrigation water samples were analyzed for
nitrate,total Kjeldahl nitrogenTKN), ammonium/ammonia nitrogeAN), total phosphorus
(TP), and OrthePhosphate. The chemical analysis was carried out in the Environmental
Analysis Laboratory at the Biological and Agricultural Engineering (BAE) Department,
North Carolina State University (NCSU). The composite samples were stored in a cooler
with ice during transportatiohe @ncentratiorof TKN includesthe concentratiorof
organic nitrogen@N) andAN. The @ncentratiorof AN is asummatiorof ammoniuriN and
ammoniaN concentrations. Analytical procedures for the analysis of nitrogen and

phosphorus concentrationgre EPA approved wet chemistry analyses of nutrients. Water
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samples were filtered (lem diameter f-ilter)
phosphate concentrations. The filter require
the 0.45 em filter was more expensive than t
filter was used in the experiment. Unfiltered samples were used to mé&Niesd TP

concentrations. The nitrate/nitrite concentrations were measured using cadmium reduction
method. TheAN concentration was measured usingammoniasalicylatemethod. The

TKN concentration was measured using acid digestion and ammonia $aliogitnod. The

TP concentration was measured using acid digestion and ascorbic acid method. The ortho
phosphate concentration was measured ubmgscorbicacid method. The difference

between phosphorus concentratio@and ortheP wa s | a bteil ceudl aatse fiFpoa;r
however, particulate P includes undissolved P and part of dissolved P (dissolved condensed
phosphorus and dissolved organic phosphorus). Since the measurethenbo€entration

of TP started from May 23, 201thesamplesize for TP and p#culate P concentration data

sets were smaller than that for nitrad®, ON, and ortheP.

1.3.3.4 Meteorological data
Rainfall was measured and recorded using twsitmHOBO® tipping bucket
automatic rain gauges, calibrated with manual measurement. Raiafaifl qualitysamples
were collected since June 2012 to estimate nitrogen and phosphorus wet deposition on the
experimental field. Other meteorological data, including daily maximum and minimum
temperatures, solar radiation, wind speed, and relative hymidite obtained from two
nearby weather stations. Data were primarily obtained &0fCONet station (PLYM),
located at 35°50'55.932" N, 76°39'2.16" W, about 900 m away fromexiherimentafield.

Metrological data missing at the ECONet station wera obih e d f Scamn a iiedrbyd e
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SCAN (Soil Climate Analysis Network) station located at 35°52'0.012" N, 76°39' W, about
1800 m away from the experimental field. Precipitation was also measured at another nearby
experimental site, referred to as TRS divedted at 35°50'47" N, 76°40'1" \&bout 1200 m
awayfrom the pasture site). The missing rainfall data from the pasture site were estimated
using data downloaded from the two nearby Wweastations and the TRS site. Besides that,
there is a weather stati that record snowfall and normal precipitation called Plymouth 5E,
located aB5°52'19.2" N, 76°39" Wabout 2200 m from Pasture sit®cations of Pasture

site, TRS site, anthe nearby weather stations are shown on the map shokigune 1.5

Plymouth 5 E, weather station, a
with snow and normal

S
oy

Tide Scan, weather Station
no snow measurement

[
T
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Freurs
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Figure 1.5 A map showing the relative locations of the experimental site andneark:y we.;tl:ér st:ations
1.3.3.5 Grass yield and nutrient content

Tall fescue (Festucarundinace&chreb.) and perennial ryegrass (Lolium peesnn
L.), grown on the site were cut three or four times a year (mainly from May to October).
Grass cutting occurresh sunny days. The cut grass was leftlomgroundto air-dry for

several days, then baled and weighed. Grass samples were collectedioeed under 70e¢
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for three days, ground, and analyzed to determine water, carbon, nitrogen and phosphorus
contents. Airdried grass biomass cut from the area of each drain line was weigihed in
field. Oven dried grass biomass yield was estimétau air-dried biomass antheasuredhe
moisturecontentof air-driedgrass

Grass samples were analyzed in the Environmental and Agricultural Test Service
Laboratory (Department of Crop and Soil Sciences, North Carolina State University) to

determine the carbonitrogen, phosphorus concentrations in grass biomass.

1.3.3.6 Swine lagoon effluent and wet deposition of N and P

Swine lagoon effluent was irrigated at recommended ratéségin 2011; 5 times
in 2012; 7 times in 2013, aridtimes in 2014) using a solgktirrigation system that was
installed in lateDecembef010 to ensure uniformity of applicationdifferent treatments.
Normally irrigation occurred in the morning (before 8 AM) or afternoon (after 4 PM) of
sunny days when wind speeds low. In addition tadjusting controlled drainage outlet
levels, all water samples wetellected and sampler bottles were emptied just before
application of swine effluent water. The uniformity of irrigation water was assessed by
measuring the irrigation water depth at 1ffedent locations within the field using manual
rain gaugesWastewatemeasured by the 17 rain gauges during irrigation was collected as
irrigation water samples and analyzed for TEEW, TP, and Orthd?. Thevolumeof
irrigation water was calculated #ge product of the average irrigation depth and the irrigated
area. Nutrient (N, P) input to the fielgbs calculated as the product of the volume of
irrigation water and nutrient concentration in irrigation water.

Additionally, swine lagoonvastewatewas sampled several times per year by

Tidewater Research Station waste water irrigation supervisor for nutrient and plant available
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nutrient (PAN) analyses. Test resultsagfstewatenutrient content from the TRS waste
report were used to double check resof chemical analyses provided by NCSU BAE
laboratory. In one incident, TKN and TP concentrations (measured from BGEU
environmental analysiab) of irrigation water samples collected on June 18 and June 19,
2014 were nearly four times as high ag tmeasured concentrations of irrigation water
collected at other times. However, the TKN and TP concentrations obtained from the TRS
waste report were consistent with previous measurements. So TKN and TP concentrations
from TRS waste report were used foe frrigation event on June 18 and June 19, 2814.
detailedmethod fordeterminng concentratiorof AN and ortheP for irrigation samples
collected from June 18 and June 19 was described in Appendix A.2.1.

Wet deposition of nitrogen and phosphorus frorh22b 2013 was estimated from
the measuretheanconcentration ofitrogen and phosphoriurs 2014 and amount of
precipitation observed from 2011 to 2013.
1.3.4 Water and mass balance
1.3.4.1 Water balance calculations

The different components of the water balance foeiperimental fieldverecarried
out to investigate the fate of the water that did not leave the field via the drainage system
because of controlled drainage. According to Skaggs et al. (2012b), the water balance for an
artificially drained field Figure 16) during a time stegpttan be described by the following
two equations:

P+Ir # RO %S Equation 1.1

Dv, b ET DS F Equation 1.2
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whereP is precipitation (cm)irr is irrigation (cm);F is infiltration entering the soill

section (cm)ROis surface runoff (cm)g Sis the change in surface water storage (cm);

DV, is the change in the watéree pore spaceait volume) of the soil section (cni);is the

subsurface drainage flow (cnT is actual grass evapotranspiration (cBi.Sis deep and
lateral seepage from the soil section(cm) (positive when seepage leaving the soil section and
negative when seepagéarihe soil section);

Equationl.3 can be obtained by adding equati@risandl.2 and moving the
subsurface drainage term from the right to the left side of the equation.

P+imr D D EF= DL RO+ S Equation 1.3

The change in the watétree pore space can be expressed in terms of the drainable

porosity as follow:

Dv, =f &MDD Equation 1.4
wheref is drainable porosity, whicimayvary with different soil layers and textures;
gV TDis the change ishallowgroundwater table depth during tinget
Equationl.5 can be obtained from Equatioh8 andl.4.

P+Irr D # VWOD ET=DLS+ RO +S Equation 1.5
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Figure 1.6 Water balance in field, from Skaggs et al., 2012b

Amounts of precipitation, irrigation, and drainage were field measured; hovi&ver,
surface runoffchangsin soil moisture, and seepag@snot measured for the experimental
field. So the summation dET + DLS +RO + $ was estimated using equatidh$ in
terms of the measured variables (including precipitation, irrigation, subsurface drainage and
water table depth) and an assumed 0.08 valuke. for
1.3.4.2 Nitrogen balance calcwdtions

Nitrogen mass balance for this study can be described as:

Irr, +Rainy bry.Dep, Fix, Uptakg Dfain, R@ DLE Gast |
Equation 1.6

wherelrr yis nitrogen input from irrigation wateRainn is nitrogen input from
precipitation or vet depositionFix n is nitrogen input from fixationDry.Depnis nitrogen
input from dry depositiontJptaken is nitrogen uptake by harvested grd3sin n is
nitrogen losses via subsurface draind&®;v is nitrogen losses through surface runoff,

DLSn is nitrogen losses through vertical seepage and lateral se€agyes nitrogen gas
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emission from soil profile through denitrification and ammonia volatilization proqeSsis
change of nitrogen in soil profile.

According to equatiod .6, differences @ N between nitrogen inputr( n + Rainy)
and grass uptaké&Jptaken), losses from subsurface drain linBsdin n) could be expressed

asequation 1.7

DN =lrr, Rain, Uptakg  Drain,

) Equation 1.7
=RQ, +DLS, +©as +5D Fix- Dry.Dep,

where g Ns the differences between nitrogen input anthmary ofgrass uptakand

losses through subsurface drain lifles hal).
Gag, = NH +N NQ Equation 1.8
DLS, = D§, +L§ Equation 1.9
Equation 1.7n CD and FD plots could be expresse@a@sation 1.10 and 1.11.

DN | =y |, Raing |, Uptakg, |, Drain, |,
= Rq\l |CD +DLS\I ICD Gaﬁ |CD ﬁq%D FI% |CD- DryDen\l |CD Equat|0n 110

DN |, Ay |, Raing |, Uptake |, Drain, |k,

. Equation1.11
= RQ\I |FD J'DLSQ |FD Ga§ IFD ﬁ% F'Rf |FD Dry- DQP LD

The basiassumption for nitrogen balance in fied is CD and FD plots received

the same amount of nitrogemput. According to equation 1.10 and 1, that is,

IrrN |CD:Irr N |FD’ Ralr}\l ICD: Ralm |FD1 I:iXN |CD +Dry'DepN |CD :FiXN |FD BryDeFN |FD'
In addition, since soil properties, wind speed from CD and FD plots were assumed equal to

each other, it was assumed thidtl, |.,= NH, |-, . Subtractequation 111 from equation

1.10, resuted in:
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Diff

|CD 'NEP:D
(Uptake\l |FD 'Uptakﬁ |CD) (" Draig |FD Dra"}] |CD)
:(RQ\I |CD -RQI |FD) ('-DL% |CD DL% |FD) [( 'g\l N@ |CD ( !\I' NQ+FD] ( NSC'IS -D N$FD)

Equation1.12

whereDiff \ is the difference ofp Noetween CD and FD plotkg hat).

Irr n, Rainn, Uptaken, andDrain y could be obtained through field measurement of
irrigation volume and nitrogen concentration, precipitatiolume,and nitrogen
concentration, grass owalny biomass and nitrogen mnt, drainage water volume and
nitrogen contentFix n, Dry.Depn, ROn, DLSN, Gasn , andgp S could notbe calculated
through parameter measured in tieédd. However, DRAINMOD series model
(DRAINMOD NII, DRAINMOD -GRASS) could do an estimation fdrose items according

to suitable calibration and validation of field data.

1.3.4.3 Phosphorus balance calculations
Irr, +Rain, =Uptakg, +Drain, RQ +DLS + § Equation1.13
Wherelrr pis phosphorus input from irrigation wat&ain p is phosphorus input
from precipitation or wet depositlptaker is phosphorus uptake by grass harves&in p is
phosphorus losses from subsurface drainage IR@s; is phosphorus losses through surface
runoff, DLSp is phosphorus losses thgiuvertical seepage and lateral seep&gesp is
phosphorus gas emission from soil profile through denitrification proqeSsjs change of
phosphorus in soil profile.
So
DP =Irr, Rain, Uptake Drain RG DLG N Equation1.14
Wherem Hs the differences between phosphorus input and summary of grass uptake

and losses through subsurface drain lines (K§.ha
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Phosphorus balance in CD and FD plots could be expressed as efuatismd
1.316:
[P |CD =IrrP |CD IQa'inP |CD Uptake’ |CD DFaInP |CD R% |CD DL% |CD $ |C-I
Equation1.15

DD'FD =lrr, IFD Rainp |FD Uptak% LD Dr-air;, LD RQ: LD DL& I:D § l:5

Equation1.16

Subtract equatiofhi.16 from 1.15, resulted in:

Diff,= B, -PR (Uptake |, Uptake|,,) ( Draip|,, Draig|.)
Z(qu |CD -RQ, |FD) ("DL$ |CD DL$|FD) (+§|Q §|-FDD

Equation1.17

whereDiff p is the difference of® between CD and FD plots (kg'Ha
1.3.5 Statistical analysis

1.3.5.1 Repeated ANOVA test for drainage water nitrogen and phosphorus
concentrations

Mixed procedure (SAS, 2012) was used to perform repeated ANOVA tdkivier
weightedmean nitrogen (N) and phospho(iy concentrationsf drainage wateand N, P
exportloading via subsurface drainafyjem FD and CD plots. This procedure was used to
examine if CD treatment statistically significantly aftstbbserved flow weighted mean
concentration (FWMC) of nitrogefincluding NG&-N/NO2-N, AN, ON, TN) and phosphorus
(including OrthaP, TP, particulaté). In addition the populationmears of observed=WMC
of N and P irdrainage wateffor both CD and FD treatmentgere estimatedsing this
procedure, with 95% confidkec e | i mi t s . waswsdedsyad adjusimeent methbd

for comparison between the population means of the two treatrfemsard andRoger
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(SAS Institute Inc. 20J)6calculationwas usedletermine thelegreeof freedom as a function

of the missing vales from the data set. For example, each drainage water sample collected
from the FD treatment does not necessarilelaacorresponding sample from the CD
treatment. The spatial power covariagteicturewasusedsince the time lag between

sampling datew/as not equally distributed. Studentized residual plots were checked to verify
that assumptions fgrarametricstatistical tes, including normality and equahriance were

not severely violatedf the studentized residual plots were highly skewedritiymic
transformation (with the base of 10) were applied taltita beforgperforming therepeated
ANOVA test. The model for repeated ANOVA test for drainage water FWMC of N and P is

shownin equationl.18

Yij =m+a WG) i1 Equation1.18
WhereY;j; is the observed FWMC of N or P with treatmeand subject (replicatg)

i=CD, FD and j=1, 2;¢ is the population mean of the observed FWMC of N dj B; fixed

effect of treatment (CD vs. BDW is the betweeisubject error for subje¢twithin

treatment, which should follow a normal distribution with zero mean &xfdrariance(is

within-subj ect error, which should also f®llow a

variance.

1.3.5.2 Repeated ANOVA test for groundwater nitrogen and phosphorus concentrations
Repeated ANOVA test was used to analyze effects of treatments (CD vs. FD) and

depths (repeated effect) on N and P concentratioggoundwater samples using MIXED

and GLIMMIX procedures of SAS software (SAS, 201Phe repeated ANOVA test model

for groundwater nitrogen or phosphorus concentration is given in eqdati@n
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Yo =m+a ( * )ﬂ EW@E Equation 1.19
WhereYjkist he observed N or P c asthepopulatioat i on

mean of the observed or P concentration of groundwaté; is the fixed effect of treatment
(controlled vs. free drainagé¥1 and 2;f, is the fixed effect bdepth,k=1, 2, and 3 for

samples collected from shallow, medium, and deep Wajfs;is the betweesubject error
for subject within treatment, Wi - N (0,0w?),j= 1, 26 (tot&l number of sample
collections);Gx = within-subjecterror-N (0, 0y?); Wi andUjx are independently distributed.
1.3.5.2.1 PROC MIXED model

In building the PROC MIXED model within SAS, treatments and depths were
defined as fixed effects. The model was set to estimate fixed effects using the Residual
maximum likelihood REML) method with the defautype Il estimablefunction. The
depths vereset as a repeated factor. Statement LSMEANSused to compare differences
of means of paired factors; adjustment type for comparison was Tukey. Covariance structure
were set as wtructured. Kenward ariflogets method was used to determine the
denominator degrees of freedom (DDFM). Logarithmic transformation was used for
observations to avoid severely violating assumptions (independent, normality, constant
variance) othe MIXED procedure. Back transformation of estimated concentrations were
performed according to equations derivedlbygensen and Peders&f48. SAS code for
the PROC MIXED model for groundwater nitrate concentration analysis (as an example) is

given in AppendixA.2.3.2
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1.3.5.2.2 PROC GLIMMIX model

GLIMMIX procedure builé a generalized linear mixed model that fits data with
correlation,nonnormality or nonconstant variabilityThe dist=lognormastatement was
used in GLIMMIX procedure to account for the Aeormality ofthe observations. SAS code
for the PROC GLIMMIX model for groundwater nitrate concentration (as an example) is

given in AppendixA.2.3.3

1.3.5.3 Analysis of groundwater table depth using ARIMA and GLIMMIX procedures

The IDENTITY statement of ARIMA procedure in SAvas used to identify the
autocorrelation of measured dafbt the end of the dagroundwater table depth for each
treatment (CD and FD). Based on this test, which showed significant autocorrelation in
measured groundwater table depth for both treasném PROC GLIMMIX was used
instead of the simpletest to assess the significance of the difference betweem@Bla
groundwater table depthTD) time series. Fest requires that sample groups consist of
independent (randomly selected) observatiamsch is usually not reasonable for time
series. GLIMMIX procedure could be used to fit statistical models to data with correlations
or norrconstant variability and nenormality. So, GLIMMIX procedure was used to
compare the groundwater table depth betw@P and FD treatments. Autoregressive (1)
was used as covariance structure in GLIMMIX procedure. The SAS code for PROC ARIMA

and PROC GLIMMIX are given in appendix1.11andA.1.1.2.

1.3.5.4 Change of N and P concentratioria shallow groundwater flow
ANOVA tes was also performed assess the relationship between N and P
concentrations in groundwater table and concentrations in drainage outflow for each

treatment. fALocationo was the only effect
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come from (groundater from three different depths and drainage water from drain line

outlets).

1.3.5.5 Repeated ANOVA test for grass N and P uptake

PROC MIXED and PROC GLIMMIX were also used in repeated ANOVA test for
grass N and P uptake between the two treatments. Time whasisepeated factor. Spatial
power was used as covariance structleplicates were used asandomeffect
Logarithmic transformation was used in MIXED procedure when needed.
1.4 Results and discussion
1.4.1 Hydrology
1.4.1.1 Precipitation and irrigation

Table 1.2showns ob&rved and 3@ear normal (from 1981 to 2006)onthly, and
annualrainfall Yearly rainfall ranged from 99.2 cm (2014) to 124.5 cm (2012), which were
all less than the 3@ear normarainfall (132.1 cm). Observed monthly rainfall varied widely
from manth to month, ranging from 1.4 cm (May 2011) to 33.5 cm (Aug 2011). Both the 30
year normal and the-ylear average precipitatiatatashow that the months of June, July,
August, and September have the highest precipitation, compared to the other mtiveths of
year. The precipitation during these four months represented 48% of/tfae dverage and
40% of the 36year normal annuaprecipitation These summer monthase characterizeloly
largestorm events, sometimes long dry periods, and high evapotraispaatmand. The
swine lagoon effluent was applied five to seven times a year from early spring (March) to fall
(November), the only winter application occurred in d@h3 Table 1.3. Theannual

application rate ranged from 6.9 cm in 2014 to 14.5 cm 1120
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Table 1.2 Monthly precipitation during the four -year experiment and 3Gyear normal precipitation.

Month 2011 2012 2013 2014 Average 30 year normal Difference
Jan 6.6 6.7 4.2 6.2 5.9 11.5 -5.6
Feb 6.1 9.8 11.5 5.2 8.2 9.1 -1.0
Mar 8.7 9.0 4.2 10.5 8.1 12.0 -3.9
Apr 7.2 4.4 8.8 12.1 8.1 8.9 -0.7
May 1.4 15.8 3.7 3.2 6.0 11.4 -5.4
Jun 5.7 6.5 16.4 5.9 8.6 12.8 -4.2
Jul 11.6 23.8 14.2 134 15.7 135 2.2
Aug 33.5 13.7 17.2 10.1 18.6 14.2 4.4
Sep 145 9.7 6.6 13.2 11.0 13.0 -2.0
Oct 4.1 10.9 9.5 1.8 6.6 9.8 -3.2
Nov 6.8 1.9 7.2 8.9 6.2 8.1 -1.9
Dec 2.0 12.3 11.3 8.6 8.5 8.1 0.4
Total 108.0 1245 114.7 99.2 111.6 1325 -20.9

Table 1.3 Wastewater irrigati on dates and amounts for the fouyear (20122014) experiment

Date Irrigation Date Irrigation Date Irrigation Date Irrigation
(cm) (cm) (cm) (cm)
8-Apr-11 1.0 15-Mar-12 2.2 11-Janrl13 25 2-Mar-14 1.0
5-May-11 1.7 13-Apr-12 3.5 5-Mar-13 1.2 3-Apr-14 1.0
9-Junll 1.9 28-May-12 2.4 20-Mar-13 1.1 18-Juni4 1.2
17-Aug-11 2.4 6-Jul-12 2.2 22-Mar-13 1.2 19-Juni4 1.3
26-Oct-11 2.4 28-Sepl2 2.1 29-Juk13 1.2 28-Aug-14 1.2
2-Dec11 2.2 21-Nov-13 11 2-Sepl4 1.2
16-Dec11 2.9 22-Nov-13 1.2
2011 Total 14.5 2012 Total 12.4 2013 Total 9.5 2014 Total 6.9

1.4.1.2 Drainage

As mentioned in the methods section of this chapter, the outlet levels of controlled

drainage plotsvere consistently maintained 36 cm below the ground. They wenly

loweredtemporarilyif needed to empty the soil profile before irrigation. Thus, the likelihood

of observingsubsurfacalrainage outflow from CD plots substantidy less comparetb FD

plots.Drainage occurs from CD plots when groundwater table rises above the control depth

(36 cm with very few exceptions The results of this foryear experimental study show that

the adopted management protocol of controlled drainage substantially redbsedace

drainage outflow, compared to continuously open free draimagenent (able 1.4and
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Figure 1.7. On average over the foyear study period, yearly meauobsurfacelrainage
from FD plots was 42.6 cm, which represents 34.8% of average annual water input
(precipitation plus irrigation). On the other hand, avesagdesurfacelrainage from CD plots
was only 2.9 cm or 2.4% of average annual water input. Yeahdgurfacelrainage from FD
plots ranged from 24.5 cm in 2011 to 53.4 cm in 2013. For CD piedsly subsurface
drainage varied between 0.6 cm in 2011 and 6.1 cm in 208 lafge volume of water that
did not leave the fielthoughthe subsurface drainage system because of CCbmay
accountedor by increasd ET, surface runoff, lateral and vertical seepage, and soil water
storage. The fate of the reduced subsurface draicaigbe predictedy simulating the

hydrology of the experimental field using the DRAINMOD model.

Table 1.4 Yearly precipitation, irrigation , and subsurface drainage for the free drainage (FD) and
controlled drainage (CD) plots during the fouryear (20112014) experimental study

Ratio of Ratio of
Subsurface | Subsurface
s — . . subsurface subsurface
Precipitation Irrigation drainage drainage . .
Year 3 H drainage to drainage to
(cm) (cm) CDA FDA ; .
water input waterinput
(cm) (cm) cb FD
2011 108 14.5 0.6 +0.0 24.5 +0.5 0.5% 20.0%
2012 1245 12.4 3.440.3 53.4+5.9 2.5% 39.0%
2013 114.7 9.5 6.1 +0.3 52.8 +1.9 4.9% 42.5%
2014 99.2 6.9 1.440.4 39.8 +0.6 1.3% 37.6%
Cumulative 446.4 43.3 11.5+0.35 | 170.5+7.9 2.4% 34.8%
Average 111.6 10.8 2.9 40.09 42.6 £2.0 2.4% 34.8%
A mean + standard error values for measugrdzburfacelrainage at the two replicates
y Water input is precipitation plus irrigation

The monthly drainage flow from FD plots exhibited distinct season&igue 1.7

Table 1.5. The lowessubsurfacelrainagevas consistently observauthe months of April,

May, and June. During theykar study, there @reonly 4 months with no drainage flow

from FD plots Highest drainage flomsere observeduring1sand 3 quarter of the year.

Approximately76% of yearly free drainage occurred durittjand3™ seasonsA Larger
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percentage of input water was drainedtbubugh subsurface drainagpethefirst and fourth
guarters (62%)compared to theecond and thirquartes (38%) when the ET demand is
substantially higher than the rest of the year.

There were a few incidents pbweroutage on the research site, disrupting pumping
of the subsurface drainage water at the site. Tines#entsinfluenced theneasuremerof
subsurface drainage. For instance, Hurricane Irene contributed 19.3 cm precipitation on
August 272011, and caused a power outage on the site. The peagiestoredand
pumpingsubsurfacelrainagevas resumedn September 15, 2011. The precipitatwas
33.5in August and 14.5 cm in September while the corresponding meashseniface
drainage flows were 0.91 cm and 11.4 cm, respectively. The power outage caused by
Hurricane Irenelearlyi nf |l uenced the fimeasuredomagedr ai nage
treatmerg were effectively under the naturally poorly drained conditions. In other words, the
disruption of the subsurface drainage system during Augussepiembe2011 most likely
increased surfacerunpff ncr eased ET, ando rseudhuscuerdf achee dirmeei.
during these two months. Similar power failures occurred from March 24 to April 4, 2011,
Aug 19 to 22, 2011, and Aug 26 to 31 2012, which resulted in less measbredface
drainage volume than what would have been measured ifibass outages did not occur.

In two instances (January and February 2014), measured subsurface drainage from
FD plots (6.5 cm and 6.4 cm) were greater than the sum of irrigation and rainfall for the two
months (6.2 cm and 5.2 cm). These differences fikaty caused by the delayed drainage in
response to the snowmelt that followed the snowfall (17.3Fagoye 1.8 at the enaf
January and beginning of February. This difference could not be attributed to change in soil

water storage since the differerimetween thevater table depthat the end oDecember
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2013 (83 cmpandFebruary2014 (90 cmjs only7 cm (Figure 1.14 and Figure 1.15Also,
there might be some difference between actual precipitation (including snowmelt equivalent
water depth) and reoded precipitation ithefield, during the snowfall event&igure 1.8.

For the CD treatment, there were 27 months with no subsurface dralizdue 1.5.
The monthly subsurface drainage from the CD treatment accounted for 0.07% to 18.4% of
monthly toal input water when controlled drainage volume was greater than zero. While
subsurface drainage was affected by water input and grass consumptive water use, the
primary factoraffecting the subsurface drainage outflow from the CD treatment in this
experimet was the drain outlet management protocol, which kept the outlet level

consistently at a shallow depth.

Table 1.5 Monthly subsurface drainage outflow (average + standard error) from free drainage (FD) and
controlled drainage (CD) plots during the four-year (20112014) experimental study

Average monthly drainage flow (cm)

Months 2011 2012 2013 2014 4 year mean
FD CD FD CD FD CD FD CD FD CD
Jan 0.9+0.1 04+0| 4.3+1.8 00 54+0.6 0.1+0.1| 6.5+0.3 0.2+0.1| 43+0.7 0.2+0
Feb 15401 00 |7.1+23 0.2+0 | 83+0.2 2.1+03| 6.4+1 0.1+0 [ 58+0.4 0.6+0.1

Mar 00 00 57+0 0.2+0 | 3.8+0.2 090 | 7.8+0.7 0.5+0.1| 43+0.2 0.4+0
Apr 05+05 00 |14+0.2 00 0.8 +0 0+0 1.8+0.1 00 1.1 +0 0+0
May 00 0+0 | 1.8+04 0501 0+0 0+0 09+0.2 00 0.7+0.1 0.1%0
Jun 00 0+0 | 1.2+0.2 0=0 0.4+0.1 0+0 0.1+0 0+0 0.4 +0 0+0

Jul 0.7+0.2 00 | 7.8#0.7 110 | 44+0.1 00 0.8+0.1 0=0 3.4+0.3 0.3x0
Aug 09+0.2 00 6 +0.6 0+0 91+0 1.1+#0.1|23+#04 00 46+0.2 0.3x0
Sep |114+01 02+0| 5+0.2 0.1+0 | 23+#0.2 0.1+0 |52+02 0=0 6+0.1 0.1x0
Oct 57+06 O0+0 |59+02 020 | 3.1+04 00 09+01 0=0 3.9+03 00

Nov 26+08 00 |1.7+03 00 4.4 0 1+01 | 240 01+0 [ 28+0.1 0.3%0
Dec 04+0.1 00 |56+03 1+01 |108+0.1 0.7+#0 | 49402 0.6+0.1| 54+0 0.6+0
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Subsurface drainage water discharge from both free drainage (FD) and controlled
drainage (CD) plots responded sadtergroundwater table dept(\WTD) mid-way between
drain linesreached a levdligher than drainage outlet (control) levieigure 1.11Figure
1.13 Figure 1.15Figure 1.17)Subsurface drainage flow from FD platscured
continuously duringxperimentaperiodexceptin very dry period. Subsurface drainage
flow from CD plotsoccured occasionalljor short durationg very wet period or after
dranage outlet was lowered beldWTD (i.e.from February 27 to March 3, 2013, from
November 13 to November 21, 2QEgure 1.1%. Average daily subsurface drainage flow
from FD plots (calculated according to two replicate drain lines) ranged from 0¢m2.9
However 75% ofdaily flowswere lower than 0.14 cm. Average daily subsurface drainage
flow from CD plots raged from 0 to 0.8m. However only 8.9% ofdaily flowswere larger

than 0. So subsurface drainage flow from CD plots looks like individual events.

1.4.1.3 Groundwater table depth

The groundwater table at CD was generally shallower, compared to the waettabl
the FD treatment. The difference in the groundwater table depth between the two treatments
increased during the wet periods compared to the dry periods (Figloe$.12, 1.14, 1.16).
The water table was deepest in 2011 (yearly nvg@D of 97 cm forCD and 101 cm for
FD) and shallowest in 2013 (yearly meafiD of 72 cm for CD and 91 cm for FD). The
smallest difference imeanwater table depth between CD and WBs 4 cm andccurred in
2011. The largest difference imeanwater table depgbetweenCD and FD occurred in
2013 and 2014. TheneanWTD atCD treatmentvere shallower by9 cm and 20 cm in
2013 and 2014, respectivelyable 1.6andFigure 1.9. Both CD and FD daily meaWTD

time series were significantly autocorrelated (p<0.0001, Appehdixl). The statistical test
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with auto correlatiorindicated that dailywWTD at CDwas significantly shallower than the

daily WTD at FD with an estimated differeno&€0.15 m over the four year study period

(p<0.001, PROC GLIMMIX), with a lower and uppemdmence limits of 0.1450 and

0.1559 at a significant |l evel of U=0.05.
Table 1.6 Monthly average groundwater table depth for CD and FD plots (2011 to 2014)
Year 2011 2012 2013 2014
Months COD FD ogA| CD FD @ | CD FD @ | CD FD o
(cm) (cm) (cm)| (cm) (cm) (cm)| (cm) (cm) (cm) | (cm) (cm) (cm)
Jan 90 87 -2 83 94 11 58 80 22 47 81 34
Feb 88 85 -3 60 82 22 53 77 24 43 78 34
Mar 104 103 -1 66 85 19 69 84 15 57 79 23
Apr 83 89 6 90 102 12 85 101 15 71 93 22
May 107 112 5 99 109 9 110 120 9 85 101 16
Jun 153 154 1 93 105 12 108 112 5 122 134 12
Jul 136 137 1 68 86 18 68 87 19 123 132 10
Aug 92 94 3 65 84 20 51 76 26 84 98 14
Sep 63 70 7 63 83 20 74 95 20 63 89 26
Oct 82 88 7 62 85 23 78 98 20 84 103 19
Nov 80 89 9 84 95 11 70 91 21 99 109 10
Dec 81 90 10 75 88 13 41 75 33 61 87 26
Yearly mean| 97 101 4 76 92 16 72 91 19 78 99 20
A ® Iis the difference of groundwater
Year
2011 2012 2013 2014
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Figure 1.9 Box Plot for hourly CD and FD Groundwater Table Depth (WTD).
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The experimental field received rainfall or irrigation 138 to 150 days every year of
the 4year study period. This means that this field on average received water input every 2.65
days. The water table response to water input largely depended on the volume of water input,
the antecedent soil water conditsolmefore the rainfall or irrigation event, and the weir level
of the CD treatment. Following rainfall and/or irrigation, the groundwater table ab§Hio
a shallower deptlgompared to the FD treatmefigure 1.1QFigure 1.12Figure 1.14and
Figurel.16). This is primarily caused by the difference between the two treatments in the
antecedent soil water conditions. In other woi3,D prior to rainfall and/or irrigation was
mostoften shallower at CD compared to E@atmentand drainable porosity wdower
when the water table was shallodnother important difference between the two treatments
in the water table response was the rate of the water table drawdown following
rainfall/irrigation. The water table drawdowateat CD treatment was considéty slower
than the drawdown rate of the water table at Figure 1.10Figure 1.12Figure 1.14and
Figure 1.16. This was mainly due to the difference in subsurface drainage rates between the
two treatmentsKigure 1.11Figure 1.13Figure 1.15Figure 1.17 caused by the greater
driving head differences between th& D and the outlet depths at the FD plots

Lowering the outlet level at CD treatment causethanediatdy noticeable increase
in the water table drawdown. For instance, CD outlet level® lowered from 36 cm to 74
cmon February 272013 and were kept at this level until March 3, 2013. As a result of this
change in weir settings, CTD dropped from 10 cm to 72 cm (only 6 cm shallower than
FD WTD) after four days of drainad€igure 114).

The water table depths at CD and FD tended to be similar during extdnyded

periods (e.g. Januaugust26,2011) (Tables 3.1 and 3.4). Excluding precipitation of
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Hurricane Ireneeachmonthfrom January to August had precipitation below they8&
monthly normal (Table 3.1). The water table drawdown rates for both treatimeetsseds
the water table @ deeper during periods with high potential evapotranspiration and/or low
water input. Th&VTD fell below the drain depths in June, JuUDgtobe, and November.

The deepest level dfiewatertable WTD =170 cm) occurred in June 2011. The drop in the
water table level below drain depth in October and Noveintizd13 and 201#ight

indicate thepossibilityof vertical/lateral seepage or enhanegdpotranspiration (ET) by
relativelydeeprootedtall fescue and ryegrass since giewthrate of the two cool season
kinds of graswerehighin thefall season. In contradly TDs were seldom lower than drain

level in winter.
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1.4.1.4 Water balance study

An amual estimatef nonmeasured water balance componéN8/BC or
ET+ DL S+ RBxangp8& made since NWBC is equal to measured water balance
components (MWBC, dP + Irri D +f ATD) according to Equation 1.5.DLS, RO,
andop S are equald 0, then NWBC would equal EAn estimated potential E(ETc wrf) can
be calculated using measuméteorological/alues and can be compared to NWIBECD
and FD treatment® see if DLS, RO, anch S are equal to 0Of course, we must assume
that ET is equal t&Tc wrrwhich can onlyoccurunde well-wateredconditions (soil and
plants can meet ET demanénnualNWBC for CD and FDare compared tannual ET
in Table 1.7and depicted ifrigure 1.18 Detailed calculation of Ekutis given in appendix
A.1.2 Differences betweerNWBC and ET wrif can be used to infer water stress affecting
grass growth and the likelihood of seepage and/or surface runoff. SpecificallyNwWHaa
is less than Edwr, water supply could not meet ET demand under field conditions, and
vegetation mighbe subject to drought stress. WiWBC is greater than Ehurt, the water
supply in the field not only more likely meets the ET demandtHauéexcess indicates
surface runoff and/or seepage (lateral and/or vertidd&)assume thap Sis indggnificant
on an annual basiBor CD treatment, cumulativdWBC were greater than ETu+in fall
2011, 2012, and 2013 as well as in sp0d2, 2013, an8014. This suggests the
possibility that DLS or RO occurred dimis plots. In contrastNWBC for the FD teatment
weresimilar toETc wf for some periods andss than Edwt for other periodsThe periods
whenNWBC was less thakT. wrf Often coincide with dry periods when ET demands may

not have been met by the soil and crop camalst NWBC for FD plas were sometimes less
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than zero during January to March of 20THis was due ta possibleinaccurate record of

equivalent water from snowmelt during this periéty(re 1.8.

Table 1.7 Estimated yearly ETcturf and NWBC for CD and FD.

Year Water | np| ETeut(cm) NWBC (cm) NWBC-ETewr( € M) §
CD FD CD FD
2011 122.5 94.9 1155  92.3 20.7 2.5
2012 136.88 87.1 130.2 813 43.0 -5.8
2013 124.19 95.2 1183 725 23.1 -22.7
2014 106.07 102.3 1049  66.3 2.6 -36.0
Average 122.41 94.9 117.2  78.1 22.4 -16.7

A Water input is rainfall plus irrigation.

y NWBC-ET. wrf Wwas calculated by subtracting &lfrom NWBC.
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Figure 1.18 Estimated accumulated @ily non-measued water balance components (M/BC) for CD, FD

plots, and ETcwrif under standard condition. Standard field conditionis no water logging or deficit stress,
salinity stress, crop density, pest, diseases, weed infestation, low fertilitige presenceof hard or
impenetrable soil horizons inthe root zone, etc.
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1.4.2 Nitrogen and phosphorusDynamics
1.4.2.1 Nitrogen and phosphorus inputs

Land application of the swine lagoon effluent and atmospheric (wet and dry)
deposition were the two sources of N and Eheofield. Dry deposition was not measured
during the fowyear study. Nitrogen and P concentrations of irrigation waste water (from
2011 to 2014) and precipitation (from June 2012 to 2014) along with corresponding mass
inputs to the site are summarizedriiasbles1.8-1.11. The concentration of nitrogen and
phosphorus from irrigation water were similar to the record tidewaterresearch station at
the same period of time, as well@gviousrecord for the same site (Burchell, 2003; Poole,
2006) and stuglby Adeli and Varco (2001). There were 5 to 7 irrigation events each year.
Nitrogen input from irrigation was primarily in ammonia/ammonium (AN) and org&@i) (
forms, with 71% to 80% of applied N AN form (Tablel.8).

Nitrogen input as wet depositigprecipitation) in 2014 was 15.7 kg h@rable 1.9,
of which 4.9 kg hd was inAN form, 8.8 kg ha was inON form, and 1.94 kg hwas in
nitrateform. TN concentration ranged from 0.45 mgto 5.62 mg L, with amedian
concentration of 1.30 mg'L AN accounted for 10% to 52% of total nitrogen input via
precipitation, varied with seaso(iSgure 1.19. Nitrogen input through wet deposition in
2011, 2012, and 2013 were estimadedi7.1 kg ha, 19.7 kg ha, 18.1 kg hd, respectively,
according ® 2014 nitrogen wet deposit value and yearly precipitation depth. Nitrogen dry
deposition was naheasured in experimental silehe measured/estimated nitrogen wet
deposition from the experimental si@ssimilar to the previous observation in the saate

(Burchell, 2003; Poole, 2006)
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Measurement of total phosphorus (TP) concentration of irrigation water began on
May 28, 2012. TP applied to pasture site was 30.31 Rglheng the measurement period of
2012. TP applied to the field was 43.05 k¢t 2013 and 37.64 kg Han 2014.
Orthophosphate (@ho-P) accounted for 7394 of TP that was applied to tlield from May
28,2012 to the end of 2014T@ble 1.10. TP concentration ranged frobnto 0.41 mg L,
with median concentration of 0.05 mgf.LP input from rainfall mainlgonsiss of particulate
P (Figure 1.20. Pasture site received 0.81 kg'EP via wet deposition (precipitation) in

2014, of which 21.0% was inro-P form (Table 1.1}

Table 1.8 Yearly mean nitrogenconcentration and yearly mass input to Pasture site from swine lagoon
effluent.

Nitrogen species Nitrogen concentration (mean + standard error) (mj L
2011 (n=7) 2012 (n=5) 2013 (n=7) 2014 (n:
AN 174.9+35.2 305.2+45.7 399.0:37.4 286.9+£25.0
ON 55.2+14.2 87.6£26.9 100.8+23.0 114.1+18.1
Nitrate 0.2+0.1 0.1+0.1 00 0z0
TN 230.2+45.0 392.9+39.4 499.8+27.8 401.0+£18.1
Nitrogen species Nitrogen mass input kg N HgN species mass percentage of total N)
AN 226.6 (76.6%)  395.3 9.3%) 369.1 (80.2%) 196.3 (71.4%)
ON 68.9 (23.3%)  102.9 (20.7%) 91.2 (19.8%) 78.8 (28.6%)
Nitrate 0.3 (0.1%) 0.1 (0.0%) 0.0 (0.0%) 0.0 (0.0%)
TN 295.8 498.3 460.3 275.2
A Concentration of TKN in June 2014 come from analysis result in tidewater tesearc

station.

Table 1.9 Mean nitrogen concentration of wet deposition in 2014 (data based dB grab samples
collected during 2014)and mass input via wet deposition during 20112014

) ) ) ) Nitrogen mass (kg/ha)
Nitrogen species Nitrogen concentration, 2014 (mg/L) 2017 2012 2013 2014
AN 0.43+0.10 5.37 6.19 5.7 4.93
ON 0.93+0.27 9.58 11.05 10.18 8.8
NITRATE-N 0.22+0.04 2.11 244 224 194
TN 1.74+0.31 17.08 19.69 18.14 15.69

A N input via wet deposion in 2011, 2012, and 2013 was estimated using measured N
concentration in 2014 and recorded precipitation amount for each year.
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Figure 1.19 Concentration of nitrate, AN, ON, and TN from rainfall samplesin the year of 2014

Table 1.10 Yearly mean phosphorus concentration and yearlynass input to Pasture site from swine

lagoon effluent

Phosphorus species

Phosphorus concentration (mean + standard error) (fhg L

measurement.

2011 (n=7) 2012 (n=5) 2013 (n=7) 2014 (n=6)
ORTHOP 44.17+6.62 37.82+6.24 35.75+2.93 43.2+3.06
Particul 17.3+4.86 11.71+3.23 10.69+4.01
TPA : 45.38+6.6 47.45+3.8 53.89+5.93
Phosphorus species Phosphorus mass input kg N-bgP species magercentage of total P)
ORTHOP 67.9 48.9 (61 326(75.7%) 30.1 (80.0%)
Particul 11.6 (38%) 10.5 (24.3%) 7.5 (20.0%)
TPA : 30.3 43.1 37.6
A TP concentration was not measured until May 2012. Therefore, the number of
irrigation wastewaterasnples for TP concentration was 0 in 2011 and 3 in ZDi2.
concentratiorof TP in June 2014 come from analysis result in tidewater research
station.
y 61.9% is the mass percentage of offthafter the beginning of TP concentration
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Table 1.11 Mean phosphorus concentration of wet deposition in 2014 (data based d& grab samples
collected during 2014)and massinput via wet deposition during 20112014.

Phosphorus mass input (kg/ha)

Phosphorus specie§  Phosphorus concentration, 2014 (mg/L) 501  201:201: 2014

ortho-P 0.02+0.01 0.19 0.21 0.2 0.17
Particulate P 0.08+0.03 0.69 0.79 0.73  0.63
TP 0.1+0.03 0.88 1.02 094 0.1

A P input via wet deposition in 2011, 2012, and 2013 was estimatag measured P
concentration in

¢ Ortho-P — Ortho-P
V particulate P --- particulate P
= TP —TP

0.4

0.3

0.2

0.1

Phosphorus concentrations (mg/L)

0.0

01 02 03 04 05 06 07 08 09 10 11 12 01
2014 2014 2015
Time

Figure 1.20 Concentration of ortho-P, particulate P, and TP from rainfall samples in the year of 2014
1.4.2.2 Nitrogen and phosphorus losses \sabsurfacedrainage
1.4.2.2.1 Subsurfacedrainage flow-weighted mean concentration (FWMC) of nitrogen
and phosphorus
During thefour yearstudy, a total of 130 and 61 composite drainage water samples
were collectedrom the two replicates of FD and CD treatments, respectively. These
composite saples represerilow-weightedmean concentration for the period of sample

collection. Laboratory analysis for measg TP concentration starteth May 23, 2012, so
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the sample size for TP measurement was only 102 samples for FD and 49 samples for CD.
Thenumber ofdrainage water samples produ@tdhe CD plots werkess than half of the
number ofsamplegproducedoy the FD plots since drainage seldom occurred irpoBs
(Figure 1.111.13, 1.15, and1.17).

Table 1.12andTable 1.13rovide a summary ohie FWMC of N and P in drainage
water for FD and CD treatments during the fgaar study. Nitrate was the main form of N
transported via subsurface drainage. The-NGFWMC in drainage water was significantly
lower for CD plots (mean concentration = 4.0¢ ML?, Tablel.12, compared to FD plots
(mean concentration 7.54 mg N L Table 3.10) (=0.0004 Table 1.14. However, AN and
ON FWMCs of drainage water for the CD treatment were significdmdjlger(p=0.0001 for
AN FWMC, p<0.0001 foON FWMC, Tablel.14) than the corresponding concentrations
for the FD treatment. For CD treatment, mean concentratiofsl @ndON were 0.80 and
2.03 mg N L%, respectively. The corresponding concentrations for the FD treatment were
0.31 and 1.25 mg N-IL (Tablel.12. The TN concentration exhibited similar trend to NO3
N, which is the main species of N transported via subsurface drainage. The FWMC of TN
was significantly lower (p=0.Q3F able 1.1 for the CD plots (6.9+0.6g N L'1), compared
to the FD plots (9.1+£0.4 gilL).

The FWMCs of TP and patrticulate P in drainage water samples collected from CD
plots were significantlyigher(p=0.001 for TP concentration, p<0.0001 for particulate P
concentrationTable 1.1% than the measured concentrations for FD plots. Mean TP
concentrations for CD and FD treatments were 0.23 and 0.13 mgrBdpectively (Table

1.13. However, FWMCs of Orthophosphate (ORTHDin drainage water for CD and FD
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plots were not significantly (136894, Table 1.1% different (mean concentration0s08 mg

P L for both treatments, Tablie13.

Table 1.12. Summary of measured drainage water flomweighted mean concentration (mg N t2) of
different nitrogen species for both controlled drainage (CD) andrke drainage (FD) treatments.

Nitrogen Concentratiotmg N L%)
Nitrogen Number of Mean + .
Species Treatment Samples Range Standard Median Interquartile
Error range
Nitrate CD 61 (0.02, 16.81) 4.04+0.48 3.05 (0.99, 6.15)
FD 130 (0, 20.83) 7.54+0.41 7.28 (3.90, 10.91)
AN CD 61 (0, 16.07) 0.80+0.31 0.27 (0.08, 0.43)
FD 130 (0, 5.6) 0.31+0.07 0.05 (0.01, 0.14)
ON CD 61 (0.48, 8.83) 2.03+0.14 1.88 (1.42, 2.22)
FD 130 (0, 11.89) 1.2540.12 0.98 (0.64, 1.41)
™ CD 61 (0.90, 22.90) 6.87+0.64 5.29 (3.39 9.01)
FD 130 (0.73, 22.60) 9.10+0.41 9.24 (5.74, 12.48)

The nterquartilerange is defined by the range from 25% quartile to 75% quatiember
of observations includesnumberof samples collected from both replicates of each
treatment.

Table 1.13 Summary of measured drainage water flowweighted mean concentration (mg P £) of
different phosphorus species for both controlled drainage (CD) and free drainage (FD) treatments.

Phosphorus T Number of Data | Mean * Standarg , Interquartile
. reatnent Median
Species Samples range Error range
Ortho-P CD 61 (0, 0.66) 0.08+0.01 0.07 (0.05, 0.09)
FD 130 (0, 0.80) 0.08+0.01 0.07 (0.05, 0.08)
Particulate P CD 49 (0, 1.13) 0.15+0.03 0.11 (0.06, 0.17)
FD 102 (0, 080) 0.05+0.01 0.03 (0, 0.07)
TP CD 49 (0, 1.27) 0.23+0.03 0.18 (0.12, 0.26)
FD 102 (0, 0.87) 0.13+0.01 0.09 (0.07, 0.14)

Table 1.14 Observed FWMCs of different N species for controlled drainage (CD) andde drainage (FD):
estimated population means and values at lower and upper 95% confidence limit

Parameter Category CD FD p_value
NITRATE-N Estimated population mean 4.10 7.52 0.0004
Lower 95% CL, Upper 95% CL (3.13,5.07) (5.99,9.05) CD<FD

AN Estimated population mean 0.24 0.05 0.0001
Lower 95% CL, Upper 95% CL (0.13,0.42) (0.04,0.08) CD>FD

ONE Estimated population mean 1.86 0.90 <.0001
Lower 95% CL, Upper 95% CL (1.63,2.13) (0.76,1.07) CD>FD

™ Estimated population mean 6.95 9.06 0.0254
Lower 95% CL, Upper 95% CL (5.65,8.24) (7.7,10.43) CD<FD

[a] log transformation has been made to the data before performing the repeated ANOVA

test;

* observed FWMC wastatistically significantly affected by treatments at a significant level

of

U=0.05.

57



There were 28 observations for CD1 (n=28), 33 observations for CD2 (n=33), 67

observations for FD1 (n=67), and 63 observations for FD2 (n=63)

Table 1.15 Observed FWMCs of different P species for controlled drainage (CD) and free drainage (FD):
estimated population means and values at lower and upper 95% confidence limit

Parameter Category CD FD p_value
ORTHO-Pl Estimated ppulation mean 0.07 0.06 0.6894
Lower 95% CL, Upper 95% CL (0.05,0.1) (0.05,0.08) CDaFI
Particulate P! Estimated population mean 0.1 0.02 <.0001
Lower 95% CL, Upper 95% CL (0.07,0.15) (0.01,0.03) CD>FD
g Estimated population mean 0.18 0.1 0.001
Lower 95% CL, Upper 95% CL (0.13,0.25) (0.09,0.11) CD>FD

[a] log transformatin has been made to the data before performing the repeated ANOVA test;

* observed

FWMC was

statistically

significantly

There were 28 observed ORTH®value for CD1 (n=28), 33 observations for CD238), 67 observations for
FD1 (n=67), and 63 observations for FD2 (n=63)

There were 23 observed TP and particulate P values for CD1 (n=23), 26 observations for
CD2 (n=26), 51 observations for FD1 (n=51), and 51 observations for FD2 (n=51).
Figure 121 shows the temporal variation of measured FWMCs of N and P species,

averaged over the two replicates of each treatmentnitiage FWMC showedarge

temporal variabns for both CD and FD plot$hroughout the study period, thérate

FWMCs for CD were congisntly lower than the corresponding concentrations for FD. On

the other hand, several drainage everdse observedhen nitrate concentration of drainage

af fec

water from CD plots was higher than concentration from FD plots. For example, mean nitrate

concentrdon from CD plots collected on July 13 and 26, 2012, as well as Augu2038,

were 5.94, 2.05, and 1.56 mg N higher than that from FD plots, respectivélfre nitrate

FWMC tended tancreasealuring spring to a peak marlyto mid-summeythenslowly drop

down duringmid to latesummeirbeforeincreagng againto a peak valuén earlywinter. The

nitrate FWMC then tended to decre#ls®ugh the winter until thendof the nextspring.

This pattern was consistent with temporal variation in flow volasithe majority of

drainage flow occurs during summer and winter. Highgésite FWMC of FD mostly

happened in winter (Figure21). However, highestitrateFWMC of CD usuallyoccurred in
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summer after relatively long dry periods followedlaggestormevents that generated flow
from the CD plotsKigure 121).

The results of our study showed that the differences in nitrate concertsitstareen
FD and CD plots increased with time, following the same trend of the differen@éBf
between FD and CD pi®. Compared to FD, relatively shallower groundwater table and
thicker reduced zosainder CD treatment might be one of the major factors affecting
reduced nitrateoncentration in drainage water from CD plots. Shaljppundwater tables
lead to the form@bn of anaerobic zones in the organic carbich top soil layers with higher
frequency and longer duration, which promotes denitrification. Thus, the observed decrease
in nitrate concentration for CD plots, compared to FD phaslikely due to arincrease in
denitrification under CDreatment .

Published studies showedlifferentresponse to controlled drainaigeterms of
nitrate concentration in drainage water. Wesstrom et al. (2014) and Lalonde et al. (1996) did
not observe any significant differersceetween nitrate concentrations in drainage water from
CD and FD treatments. Based ongear experimental study in central Ohgilliams et al.
(2015) reportedhat CD causedanannualreduction in drainage flow ranging from 8% to
34% however, no sigificant reductions in nitrate concentratiomsre observedn contrast,
lower nitrate concentrations in drainage water from CD compared we®observedy
Fausey (2005)vho conducted a foryear field experiment investigating effects of controlled
dranage on N lossrdbm a silty clay soil in OhiaHowever,Poole (2015pbserved higher
nitrate concentrati ons -vdlue%0.07%b) frenn @Drtharfi thatoh nt | e v

FD in a multiyear corawheatsoybean production system on artificially dednPortsmouth
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sandy loam and Roanoke loam soils in eastern North Carolina. Our observations were in
agreement with findings by Fausey et al. (2005).

The nitrogen input from irrigation waterainly containdAN andON. The applied
ammoniacaN, as well as tb mineralized organic Ns nitrified underwell aeratedsoil
conditions.Anaerobic conditionsccurred more frequently in tisdallower water table under
CD treatmentwhichcreated unfavorable conditisfor the nitrification processes (Myrold,
2005) More AN therefore occurreth the soil profile under the CD treatment compared to
the FD treatment. This most likely explains the observed higReroncentrations in
drainage water for CD treatment, compared to FD treatment. Since CD drainage events only
occurred under shallow water table conditiovisen saturated flow occurréldrough the
organic nitrogesfrich top soil profile more organic nitrogen could be leaclueding these
drainage events. Moreover, flow through the connected Apares (resulting dbm soll
cracks and root channels) in the top soil profile most likely incddasehing of organic

nitrogen under CD treatment, compared to FD treatment.
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Figure 1.21 Observedflow-weighted mean concentraion of N species during the fouryear study period.
Median FWMC in each year of each treatment were shown in annotation box for better comparison

between treatments.
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Figure 1.22 Observedflow-weighted mean concentration of P species during the fouyear study period.
Median FWMC in each year of each treatment were shown in annotation box for better comparison
between treatments.

Phosphoruss the most limiting nutrient for eutrophication of fresh watetesys.

Tot al

phosphorus

c 0 n c e (0102 nagtP itY)ofor mastdakes and i n g

streams would cause deterioration of water qudli@grrell, 1998) In our experimental

study, the observed TP concentrations for both CD (0.23 m§) Brid FD(0.13 mg P )

treatments were higher tharns.02 mg P [* threshold However, surface water quality
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impacts of drainage are mainly evaluated in terms of nutrient loading from the field to
receiving surface waters. The low drainage flows under CDteekinl lower TP loading
from the field despite the higher TP concentration in drainage water, compared to the FD
treatment.

Therewas no statistically significant differenceantho-P concentration between CD
and FD treatments. Controlled drainage wamfl to increasertho-P concentration in
drainage watenfalero et al., 2007)It has been documented that P solubility increases in
reduced soil¢Sallade and Sims, 1997; Vadas and Sims, 19983 increase in soluble P in
acid soils was attributed tbe reduction of iron (Fe) and aluminum (Al) and the release of P
from Fe and Al compoundsiolford and Patrick, 1979Puring redox reactions, the
reduction of iron oxidedoesnot occur until the nitrate is depleted from the soil water system
(Korom, 1992. In our study, CD did not cause a complete depletion of the nitrate to trigger
the reduction of iron oxides and the release of soluble P in the top soil layer.

Controlled drainage increased the concentration of particulate P in drainage flow.
This obseved increase in concentration is most likely caused by the pronounced effect of
preferential flow under controlled drainage, compared to free drainage treatment. Under CD,
drainage flow mostlypccuis when the water table ghallow and the contribution dfow
through the connectadacreporesis relatively highcompared to free drainage.
1.4.2.2.2 Nitrogen and phosphorus mass losses v&bsurfacedrainage

Controlled drainage caused a substantial reduction in TN mass loss (also referred to
as loading) via subsurfadrainage. MeaannualTN loadings from CD plots ranged from
0.7 kg N hat in 2011 to 3.9 kg N h&in 2013 with an accumulated loading of 9.2 kg N ha

over the fowyear experimentiiable 1.1$. Compared to these loadings, yearly TN export
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from FD plotswassubstantially greater. Yearly mass loss of TN from FD plots ranged from
15.1 kg N h& in 2011 to 55.3 kg N hiin 2013 with an accumulated loading of 147.3 kg N

ha' over the 4year study Table 1.18. Thus, TN mass loss from CD plots only represént

6.3% of the TN mass loss from FD plots. Nitrate was the dominant form of N transported via
subsurface drainage. Nitraleaccounted fo83.6% and 53.4% of TN lost from FD and CD
plots, respectively. Ammoniacal N only accounted for 2.9% and ON accdont&8l.5%o0f

TN loading from FD plotsThe corresponding AN and ON loadings from CD plots
represented 21% and 25.6% of TN loading, respectivagyte 1.23.

Loadingsof N species were affected by timing and amount of nitrogensngrass
uptake, nitogen transformatiain the soil profile, drainage flow ragand volume. The
change of N species loadingeredirectly influenced by flow weighted mean concentration
and drainage flow volumd-{gure 1.25Figure 1.26Figure 1.27Figure 1.28. For exanple,
nitrate and TN loading from FD plots in October 2011 mtlincreasenuchwhenthere was
alargeincreasan drainage flow volume due to relatively low nitrate and TN concentration
during that periodHigure 1.2%. A similar situationoccurredat theend of February 2013 for
CD plots fFigure 1.27. Concentrations of AN and ON increasagidly after irrigation N
input. Largeincreass of AN and ON loadings occurred response ttargeincreases iAN
and ON concentratia{Figure 1.26Figure 1.28.

Subsurface drain lines in CD plots exported 96% less nitrate N compared to FD plots.
The TN losses viaubsurfaceontrolled drainage were 93.7% less tbarrespondindosses
from that from FD drain lines. The huge reduction of N species losses fronoGD p
comparing to FD plotavasdue to thdargereduction (93.3%) of subsurface drainage flow

volume In addition the significanteductionof nitrate concentratiafor CDalso
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contributed to theeductionof nitrate loading losse3he higher percentagég AN and ON
losses from CD plots was mainly due to higher AN and ON concensatiddDcompaed
to FD plots.

Table 1.16 Yearly Nitrogen mass losses viaubsurfacedrainage from controlled drainage (CD) ard free
drainage (FD) treatments during the 20112014 experimental period.

vear Treatment AN load ON load Nitrate load TN load
(kg N ha) (kg N haY) (kg N ha) (kg N haY)

2011 CD 0+0 0.2+0 0.5+0.2 0.7+0.2
FD 0.5%#0.1 4+1.7 10.7+£3.1 15.1+4.7

2012 CD 1.2+1 0.6x0 1.9+0.4 3.7+1.4
FD 0.9+0.1 6.6+0.9 20.7+1.5 28.2+0.8

2013 CD 0.7+0.3 1.3+0.4 1.9+0.2 3.9+0.9
FD 1.1+0.2 4.8+0.3 49.4+10.3 55.3+10.4

2014 CD 0+0 0.3+0.1 0.5%0.2 0.8+0.3
FD 1.8+0.9 4.6+0 42.3+2.4 48.7+3.3

sum CD 1.9+0.7 2.4+0.2 4.9+06 9.2+1
FD 4.2+0.5 19.9+2.8 123.1+14.3 147.3+17.7
Average CD 0.5+0.2 0.6%0.1 1.2+0.1 2.3+0.3
FD 1.1+0.1 5+0.7 30.8+3.6 36.8+4.4
A values in the table are mean N standard error

ON
19.9+2.9 kg/ha
13.5% of TN

ON
2.4£0.2 kg/ha
25.6% of TN Nitrate N
4.9+0.6 kg/ha
53.4% of TN

Nitrate N
123.1+14.3 kg/ha

AN 83.6% of TN

1.90.7 kg/ha
21% of TN

Mean CD N Load Mean FD N Load

TN Load from CD and FD

Figure 1.23 Accumulated loading for different nitrogen species viasubsurfacedrain lines in CD and FD
plots.

The experimental resultdearlyshow that CD substantially reduced P mass loss from
thesubsurfacelrained spray field by 79.1% during the sampling period of the sty
meanaccumulated mass loss of TP since May 23, Z0h2n TP analyses begamas 0.29
kg P ha for CD and 1.41 kg P hafor FD treatment. Orth® was the main form of Bst

from FD plots (58.9%) while particulate P was the dominant formlo$rom the CD plots
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(70.5%). This finding is different from that reported by Valero et al. (2007) who found
dissolved reactive phosphate (DRP, or off)aomprised a larger proportion of TP losses
from CD (80% from CD treatment and 67% from FD treatmenkjs difference between
the two studies mighie attributedo thedifferencein soil types, drainage flow regime, and
the management level of the CD system.

Loadings ofP species viaubsurfacelrain lines were also affected by both drainage
flow volume and flow weighted concentration of P spediegure 1.29Figure 1.30. The
largereduction of P loading in CD plots was mainly du¢htereductionof drainage flow
volume.Thisis like findings from previous research (Evans et al., 1995; Wesstrom and
Messing, 2007)While CD reduced' P loadingby 79.2%the reduction of particulate P by
CD was only 64.3% singearticulate P concentratisrwere highefrom CD plots.Nitrogen
and phosphorus reduction of 93.7% and 79.2% from subsurface drain lines by edntroll
drainage comparing to free drainage plots was at the high end of the range reported in
existing literaturgSkaggs et al., 2010; Skaggs et al., 2012a; Wesstrom and Messing, 2007,
Lalonde et al., 1996Dther pathways for N and P losses, such as lossmsgh seepage,

surface runoff might also exianhd will bediscussedn the future.
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Table 1.17 Yearly Phosphorus mass losses vaubsurfacedrainage from controlled drainage (CD) and
free drainage (FD) treatments during the 20112014 experimental period.

Year Treatment| Ortho-P load (kg hd) | Particulate P load (kg Ha | TP load (kg h&)
CD 0.02+0.01
2011 FD 0.21+0
CD 0+0
2012 before May 23 FD 0120.03 ' .
CD 0.04+0.01 0.08+0.04 0.12+0.06
2012 after May 23 FD 0.23+0.02 0.18+0.09 0.41+0.08
2013 CD 0.04+0 0.11+0.03 0.15+0.03
FD 0.33+0.05 0.28+0.01 0.62+0.03
2014 CD 0.01+0 0.02+0.01 0.02+0.01
FD 0.27+0.05 0.11+0 0.38+0.05
Sum (after May 23, CD 0.09+0.02 0.21+0.02 0.29+0.03
2012) FD 0.83+0.02 0.58+0.11 1.41+0.09
CD 0.02+0 0.06+0.01 0.09+0.01
Average (2013, 2014} 0.3%0 0.2+0.01 0.5+0.01
A values in the table are mean N standard er

* measurement of TP loading from each drain lines started from May 23, 2012

FD TP Load
1.41+0.09 kg/ha Ortho-P
0.09+0.02 kg/ha Particulate P
29.5% of TP
Particulate P 10.5% of FD 41.1% of TP Ortho-P
0.21+0.02 kg/ha ortho-P load
70.5% of TP 0.58+0.11 kg/ha 58.9% of TP
35.7% of FD 0.83+0.02 kg/ha
particulate P load
TP Load from CD and FD Mean CD P load Mean FD P Load

Figure 1.24 Accumulated loading for different nitrogen species viasubsurfacedrain lines in CD and FD
plots from May 23,2012 to Dec 31, 2014

RepeatedANOVA test was performed to determine if treatment statisticHdflycts
interval N and P losses throughbsurfacelrain lines (70 events in total, spatial powers
setas covariance structure). Accordingliable 1.18&ndTable 1.19nitrate, AN, ON, TN,
TP, ORTHGOP and particulate P interval loadings from CD plots werdfsigntly smaller

than that from FD plots at a significant | ev
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Table 1.18 Estimated N interval loading by treatments, with 95% confidence limits

Parameter Category CD, g N ha FD, g N hat p_vdue
NITRATE-N Estimate 2.7 534.6 <.0001
Lower 95% CL, Upper 95% CL (1.3,5.1) (302.9,943.2) CD<FD

AN Estimate 1 7.9 <.0001
Lower 95% CL, Upper 95% CL (0.5, 1.7) (5, 12.2) CD<FD

ON Estimate 2.4 107.8 <.0001
Lower 95% CL, Upper 95% CL (1.3, 4.3) (75.5, 153.8) CD<FD

™ Estimate 4.1 773.6 <.0001
Lower 95% CL, Upper 95% CL (2, 8.1) (449.9,1330) CD<FD

Log transformatioehavebeen madéo data set before performing repeated ANOVA test; The estimated N
interval loadingsvere back transformeftiom
* indicated that the Nhtervalloading was statistically significantly affected by treatments at a significant level

of U=0.05.
The sample size for each group was 70 (n=70).
Table 1.19 Estimated P interval loading by treatments, with 95% confidence limits

Parameter Category CD, gPhat FD, gP hat p_value
ORTHOP Estimate 0.5 8 <.0001
Lower 95% CL, Upper 95% CL (0.3,0.7) (6.3,10.1) CD<FD

Particulate P Estimate 0.7 3 <.0001
Lower 95% CL, Upper 9% CL (0.4, 1.2) (2, 4.3) CD<FD

P Estimate 1 14.1 <.0001
Lower 95% CL, Upper 95% CL (0.5, 1.6) (10.9, 18.2) CD<FD

Log transformatiomas been madéo data set before performing repeated ANOVA téstpstimated N interval
loadingswere back transfonedfrom

* indicated that the Nhtervalloading was statistically significantly affected by treatments at a significant level
of U=0.05.

The sample size for each group was 70 (n=70) for OR'PHi@erval loading. The sample

size for eaclyroupwas 52 (n52) for TP and particulate P interval loading.
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Figure 1.25 Daily nitrate -N and TN losses via drainage water for FD plots from 2011 to 201%his figure
includes: (a) Daily precipitation, irrigation depth, N species input from irrigation water for FD plots;(b)
Daily water table depth (WTD), flow weighted mean concentration of nitrateN and TN concentration for
FD plots; (c) Cumulative drainage flow volume, nitrate N and TN losses througbubsurfacedrain lines in
FD plots. Concentration and loading were calculated from mean values from two replicates in FD plots.
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Figure 1.26 Daily AN and ON losses via drainage water for FD plots from 2011 to 2014. This figure
includes: (a) Daily precipitation, irrigation depth, N species input from irrigation water for FD plots;(b)
Daily water table depth (WTD), flow weighted mean concentration of AN and ON concentration for FD
plots; (c) Cumulative drainage flow volume, AN andON losses through subsurface drain lines in FD
plots. Concentration and loading were calculated from mean values from two replicates in FD plots.
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Figure 1.27 Daily nitrate -N and TN losses via drainage watefor CD plots from 2011 to 2014. This figure
includes: (a) Daily precipitation, irrigation depth, N species input from irrigation water for CD plots;(b)
Daily water table depth (WTD), flow weighted mean concentration of nitrateN and TN concentration for
CD plots; (c) Cumulative drainage flow volume, nitrate N and TN losses through subsurface drain lines
in CD plots. Concentration and loading were calculated from mean values from two replicates in CD
plots.
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Figure 1.28 Daily AN and ON losses via drainage water for CD plots from 2011 to 2014. This figure
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includes: (a) Daily precipitation, irrigation depth, N species input from irrigation water for CD plots;(b)
Daily water table depth (WTD), flow weighted mearconcentration of AN and ON concentration for CD
plots; (c) Cumulative drainage flow volume, AN and ON losses through subsurface drain lines in CD

plots. Concentration and loading were calculated from mean values from two replicates in CD plots.
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Figure 1.29 Daily ortho-P, particulate P, and TP losses via drainage water for FD plots from 2011 to
2014. This figure includes: (a) Daily precipitation, irrigation depth, P species input from irrigation water
for FD plots;(b) Daily water table depth (WTD), flow weighted mean concentration of P species for FD
plots; (c) Cumulative drainage flow volume, ortheP, particulate P and TP losses through subsurface
drain lines in FD plots. Concentration and loading were calcalted from mean values from two replicates
in FD plots.
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Figure 1.30 Daily ortho-P, particulate P, and TP losses via drainage water for CD plots from 2011 to
2014. This figure includes: (a) Daily precipitatia, irrigation depth, P species input from irrigation water
for CD plots;(b) Daily water table depth (WTD), flow weighted mean concentration of P species for CD
plots; (c) Cumulative drainage flow volume, ortheP, particulate P and TP losses through subsuate

drain lines in CD plots. Concentration and loading were calculated from mean values from two replicates
in CD plots.
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1.4.2.3 Nitrogen and phosphorus concentration from groundwater samglwells

1.4.2.3.1 Nitrogen

Nitrate concentratianin groundwater wellsom CD plds significantly decreasle
from 11.96+1.62 to 0.1+0.0Rg L from shallow ¢(0.75m to-1.0m) to medium-(.25m to-
1.5m) depth. While for FD plots, significant reducgam nitrate concentratiofrom
21.18+1.58 to 0.2+0.0ehg L occurredrom medium to dep depth2.0 m to-2.25 m).
Nitrate concentration decreabeith soil depth, and nitrate concentrasdrom CD plots
from each soil layewerealways lower than that from FD plasthe same sotllepth.In
addition,a significantreduction of nitrate ancentratios occurredat shallowerdepthsfor CD
plots compagdto FD plots.

Median CD outlet nitrate concentration from drgjeavater samples was 3.0f N
L (Table 1.12, Figure 1.21yvhich is between median CD groundwater nitrate
concentration fronshallow (8.47 mg N 1) and medium well (0.06 mg N). This could be
explained by dilution of aixing of shallow and medium groundwater that drained to CD
outlet. However, median FD outlet nitrate concentraftiom drainage outle6.75 mg N L2,
table 1.19 was lower than nitrate concentration from bstiallow(21.33 mg N ) and
medium(19.41 mg N %) soil layers(Table 1.20, Figure 1.31). Thisdicated a possibility of
reduction of nitrate concentration during the process of traveling froawanycbetween two
drains to drain lines, then to drainage outlet. Denitrificath@yhave been taken placed in
both CD and FD plotsyith more nitrate losses from CD plots comparing to FD plots.

Repeated ANOVA (analysis of variance) testrecarried out tdest if treatment,
depth, and interaction of treatments and depths (treatment*depths) significantly affect N

concentrations from groundwater samples. Depthtesatments*depthignificantly affects
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all tested N species concentrations at a significaet lev o f

THbte(.2)0 Teatments

significantly affectedall tested N species concentrations, except for ammonia/ammonium

(AN) concentration (0.0977,Table 1.2}.

Table 1.20 Statistical Summary of obseved groundwater N concentration

Interquartile

Meant standard| Median range
Parametel Depth | Treatment| N Data range erromg N L) | (mg N L) (mg N L)
-0.75m~ CD 56 (0,44.02) 11.96+1.62 8.47 (1.88,17.21)
1.0m FD 53 (0.29,125) 26.72+2.83 2133 (15,33.92)
Nitrate -1.25m~ CD 74 (0,1.47) 0.1+0.02 0.06 (0.03,0.1)
1.5m FD 72 (1.13,76.43) 21.18+1.58 19.41 (11.48,29.59)
-2.0m~ CD 76 (0,1.75) 0.05+0.02 0.01 (0,0.03)
2.25m FD 76 (0,1.75) 0.2+0.04 0.06 (0.03,0.23)
-0.75m~ CD 56 (0,1.11) 0.13t0.03 0.05 (0.02,0.12)
1.0m FD 53 (0,19.76) 0.95+0.46 0.04 (0.01,0.22)
AN -1.25m~ CD 74 (0,0.55) 0.1+0.01 0.065 (0.03,0.12)
1.5m FD 72 (0,4.6) 0.39+0.12 0.03 (0,0.09)
-2.0m~ CD 76  (0.21,1.07) 0.38+£0.01 0.36 (0.31,0.44)
2.25m FD 76 (0,0.58) 0.26+0.02 0.29 (0.16,0.34)
-0.75m~ CD 56 (0,7.07) 2.33+%0.17 2.22 (1.72,2.79)
1.0m FD 50 (0,17.69) 3.66+0.49 2.945 (1.61,4.66)
ON -1.25m~ CD 74 (0,1.87) 0.63+£0.04 0.585 (0.39,0.81)
1.5m FD 71 (0,5.98) 1.13+0.13 0.9 (0.4,1.42)
-2.0m~ CD 76  (0.28,2.8) 1+0.05 0.93 (0.73,1.21)
2.25m FD 76 (0.05,3.17) 0.84+0.06 0.755 (0.52,1.05)
-0.75m~ CD 56 (1.32,46.56) 14.43+1.61 12.285 (4.2,19.85)
1.0m FD 49 (2.09,129.22) 31.99+2.93 28.97 (20.81,36.7)
™ -1.25m~ CD 74 (0.16,2.77) 0.84+0.05 0.735 (0.51,1.08)
1.5m FD 71 (4.61,77.51) 22.95+1.49 20.45 (14.55,30.75)
-2.0m~ CD 76  (0.58,3.49) 1.43+0.06 1.35 (1.07,1.68)
2.25m FD 76 (0.32,4.68) 1.31+0.09 1.16 (0.9,1.48)
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Table 1.21 Test of fixed factors for groundwater N concentrationdor different N species

Procedure, Test Parameters Effect Num DF Den DF F Value Pr>F
Treatment 1 134.3 259.59 <.0001

Ln (l\ﬁtl;g\t/le'vll\:i((’) 001) Depth 2 128 507.9 <.0001
' Treatment*Depth 2 128 116.91 <.0001

MIXED, Treatment 1 115 2.79 0.0977

Log 10 (AN+0.001) Depth 2 110 58.84 <.0001

' Treatment*Depth 2 110 4.18 0.0177

Treatment 1 42.1 12.49 0.001

MIXED, ON Depth 2 58.7 55.61 <.0001
Treatment*Depth 2 58.7 11.94 <.0001

Treatment 1 134.9 283.38 <.0001

Gll-_:lN(HM'll))( Depth 2 115.2 543.05 <.0001
Treatment*Depth 2 115.2 629.94 <.0001

[a] GLIMMIX means GLIMMIX procedure was used for repeated ANOWAt. MIXED means that the
MIXED procedure was used for repeated ANOVA test. The choose of usage of GLIMMIKend
MIXED procedure was determined according to the fitness of model assumptions and information
provided bystudendizedesidual diagnostics gls.

[b] Ln (NITRATE-N+0.001) means the logarithmic transformation (with the natural base)
was used for nitrate concentration valléd.RATE-N+0.001 was used to make sure
that O values were also considered in ANOVA test.

GLIMMIX and MIXED procedure als@rovided an estimated population mean

(EPM) with specific confidence limits for each testedugralassified by test factor§he

EPM concentration of nitrate from both shallow and medium datgE washigher than the
allowable nitrate concentration (h@ N L) in drinking water regulated by EPA standard.
Significant reduction of nitrate concentratioccurredirom medium to deep depth at a
significant Table ¢ .22IMean TN RDg@undwater concentration shows the
same trend as shown framean nitrate FD groundwateoncentratiorsince nitrate was the
major component of TN in shallow and medium depths.

Change of EPM of shallow groundwater N concentration from CD plot shown
different pattern compared to FD pldthe EPM concentration of nmiate from CD plots
decreased sharply from 4.70+1.03 mg M(h=56) in shallow depth to 0.04+0.06 mg N L
(n=74) in medium depth. Then, the EPM concentration of nitrate decreased significantly
again to 0.01+0.00 mg N'1(n=76) deep depth.
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The estimatedpopulation mean (EPM) of nitrate concentration from CDsphare
significantly lower than FD plot in all three deptA®ble 1.22. Denitrification process may

occurin both CD and FD pks. Furthermore, enhanced denitrificatioccurred in CD plots

comparedto FD plotsresulting inmore nitrogen losses through denitrification process in CD

plots. Nitrate concentration of CD and FD deep wells were reduced to lower than 0.2 mg N

Lt. TheEPM of TN concentration from trghallowand medium well of CD plotas

significantly lower than FD plot at the same layers; however, TN concentration from deep

well of CD plot was not significantly different from FD plot. Both of them were decreased to

lower than 1.5ng N L, themajorpart of nitrogen from TN concenttian in CD and FD
deep wells wer©N.

The EPM of AN concentration decreased significantly from 0.06+@@2N L*
(n=53) in shallow depth to 0.02+0.01 mg N (n=72) in mediundepthandthen increased
significantly to 0.18+0.03 mg N'£(n=76) in deep dep. Furthermorethere was no
significantdifference ofAN concentratiorbetween shallow and deep depth for FD plots.
This increaseof AN concentratiorat thedeep depth malyavebeenresulted frontwo
reasons. First, there were no mechanisms to removendélisrcontinuouslyanaerobic
conditionat the deep deptind thus itmay have accumulatexith time at the deep depth.
Secondthe concentratiorof AN mayhaveincreasd due todissimilabry nitrate reduction to
ammonium (DNRA) undecontinuouslyanaerobiconditionat deep depttMyrold, 2005
Figure 1.). TheEPM of ON concentration decreased significantly from 4.37+0.54 mg N L
(n=53) in shallow depth to 1.12+0.13 mg N (n=72) in medium depth. Then, it reduced

slightly from medium to deep well (0.88:06 mg N !, n=76). However, thdifference
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betweenON concentration from medium and deep depth wastatistically significant at a
significant Tabee2 of U=0.05 (

TheEPM of AN concentratiorfrom CD plots was stable in shallow (n=56) and
medium (n=74) depths. However, it increased significantly from 0.05+0.01 (n=74) in
medium depth to 0.3111 mg N ! (n=76) in deep depthe EPM of ON concentration
from CD plots decreased significantly from 2.34+0.17 (n=56) in shallow wells to 0.63+0.04
mg N L (n=74) in mediundepthand then increased significantly to 1.00+0.05 mgN L
(n=76)atdeepdepth.The EPM of TN concentration from CD plots follows the similar trend
as described for ON from shallow to desgpthsince ON is the major component of TN in
medium and deep depthBaple 1.22.

The estimated population mean (EPM) of nitrate conceiatnafrom CD plotwas
significantly lower than FD plot in all three depttEPM of AN concentratiorfrom shallow
and medium depths of CD plot were not significantly different fronpkl Howevey EPM
of AN concentratiodfrom CD plotwassignificantly higher than FD plot in deepest depth
TheEPM of ON concentration from CD plavassignificantly lower than FD plots in
shallow and medium depths; howewbie EPM of ON concentration from deep well of CD
plot was not significantly different from FD plotdhe 1.29. The observed lower ON
concentration for CD plots compared to FD plots could be attributed to the enhanced
denitrification process which consumes dissolved organic carbon (the main source of carbon
at the medium and deep depths) mineralifidyjasociated with the DOC into AN. This

hypothsis also could explain the increase of AN at the deeper depths as well.
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Table 1.22 Estimated population mean (EPM), standard error (SE), and lower and upper 95%
confidence limits(L,U) of groundwater nitrogen species concentrations

Treatment CD CD CD FD FD FD
Paramete Depth Shallow Medium Deep Shallow Medium Deep
EPMSE 4.7+1.03 0.04+0.01 0.01+ 0 17.36+ 3.9 16.39+2.41 0.06+0.01
Nitrate (L,V) (3.05,7.26) (0.03,0.06) (0,0.01) | (11.13,27.1) (12.27,21.91) (0.04, 0.09)
Comparison B (n=56) C (n=74) D (n=76) A (n=53) A (n=72) C (n=76)
EPM+SE 0.04+£0.01 0.05+0.01 0.37+£0.01| 0.06+0.02 0.02£0.01 0.18+0.03
AN (L,V) (0.03,0.07) (0.04,0.08) (0.35,0.39)| (0.03,0.13) (0.01,0.04) (0.13,0.24)
Comparison | C, D (n=56) C, D (n=74) A (n=76) C, B (n=53) D (n=72) B (n=76)
EPMSE 2.34£0.17 0.63+0.04 1+ 0.05 4.37+0.55 1.13+0.13 0.84+0.06
ON (L,V) (1.99,2.69) (0.55,0.71) (0.89,1.1)| (3.26,5.47) (0.86,1.39 (0.71,0.97)
Comparison B (n=56) D (n=74) C (n=76) A (n=53) C (n=72) C,D
EPM+SE 10.32+1.14 0.73+£0.05 1.34+0.07| 24.61+2.88 19.91+1.34 1.15+0.06
TN (L,V) (8.29, 12.83) (0.64,0.83) (1.22,1.48)| (19.51, 31.03) (17.44,22.74) (1.05, 1.27)
Compaison B (n=56) D (n=74) C (n=76) A (n=53) A (n=72) C (n=76)

Multiple comparisons were performed by lease squares differences (LSD) adjusted by the
TukeyKr amer met hod at the signifi csonirng I
from high to low weredbeled from A to D for each parameter. Concentration values
with the same letter are not significantly different from each other. n is the number of
samples.

1.4.2.3.2 Phosphorus

evel

TheEPM of Ortho-P concentration in FD plots from tkballowdepthwas
0.26+0.034 mdP L1, n=53 andwas significantly decreased in medium depth (0.043+0.006
mgP L™, n=72) and then it statistically significantly increased to 0.19+ 0.0P hi§(n=76)
in deepdepth. In addition, there was no significant differenc®mho-P concentratio
between shallow and deep depths for FD plbt® EPM of TP and particulate P
concentration for FD plots followed a similar trend as EPNDdho-P concentration did
through depths. Howevehe EPM concentration of TP in deep depth (0.29+0.01Pnhd,
n=61) was significantly lower than shallow (0.94+0.08 Prig?, n=43) depth. In addition,
there was no significant differencetbe EPM of particulate P concentration between
medium (0.13 + 0.02 mB L%, n=57) and deep depth (0.08+0.01 fig?, n=61) fo FD

plots.Both concentratioa of Ortho-P and TP from each soil layer in FD plots were much

81



higher than the estimated critical value for P concentration (Sharpley et al., 1987), which was
risky for environmental concern.

On the contrary, the EPM @irtho-P concentration raised steadily and significantly
from 0.05+0.01 (n=56) to 0.10+0.01 (n=74) and finally 0.16+0.0Prhg} (n=76) from
shallow to deep depth. The EPM of TP and particulate P follows the similar trend as shown
from EPM of ON and TN concentran from shallow to deep depth. The EPM concentration
of TP and particulate P in deep depth reaches to 0.27+0.01 (n=61) and 0.08+®01 mg
(n=61).Thereforethe major component of TP in medium and deep depth©wihas-P. In
addition,theconcentratin of Ortho-P and TP concentration from each soil layer from CD
plots were also higher than the estimated critical value for P concentration (Sharpley et al.,
1987).

TheEPM of Ortho-P concentration from shallow and medium wells of CD plots were
significartly lower than FD plot at the same layers; however, EPRrtio-P concentration
from deep well of CD plots were significantly higher than FD pldoth(e 1.23. TheEPM
of Particulate P concentration from shallow and medium CD groundwater sampling wells
were significantly lower than FD plots; however, EPM of particulate P concentrations from
deep wells between CD and FD plot were not significantly different from each Bhieer.
EPM of TP concentration froshallowwell in CD plot was significahg lower than that
from FD plot, buthere were no statistically significant differences between CD and FD plot
in medium and deep depths.

TP concentration from both CD and FD deep wells were also decreased to below 0.3
mg P L. Decreasing of TP concentration withil depth was mainly due tbereductionof

particulate P concentration from both CD and FD plots. In addition, both particulate P and
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TP concentration decreased from midy between two drains to drainage outlets in both CD
and FD plots, which indicatemireduction of particulate ®rcentration during transport

This observation was consistent wikle conclusionfrom Tan and Zhang (2011hat, total
phosphorus loading reduction was mainly due to particulate phosphorus retetti@saih
profile. In addition, as stated irigure 1.2 Iron (l1) would promote the release of soluble P
under reduced conditiomdflford and Patrick,1979An auger hole test revealétatthere
weresignificant differences in soil color (from yellow to gray) at around I&Gelow

ground, which indicatethe existenceof Iron (Ill) and Iron (I1). Soyreductionfrom Iron (l11)

to Iron (1) in deep soil profile under reduced condition while nitrate was depleted promote
the release dbrtho-P, which explained the increase@tho-P concentration in deep depth

for both FD and CD plots.

Table 1.23 Estimated population mean (EPM), standard error (SE), and lower and upper 95%
confidence limits(L,U) of groundwater phosphorus species ewentrations.

Parameter Treatment CD CD CD FD Fl? FD
Depth Shallow Medium Deep Shallow Medium Deep
EPM+SE 0.05+0.01 0.1+0.01 0.16+0.02 | 0.26+0.03 0.04+0.01 0.19+0.01
OrthoP L, V) (0.04,0.06) (0.08,0.12) (0.13,0.2) | (0.2,0.34) (0.03,0.06) (0.17,0.22)

Comparison C (n=56) B (n=74) A (n=76) A (n=53) C (n=72) A (n=76)
EPM+SE 0.31+0.03 0.05+0.01 0.08+0.01| 0.62+0.08 0.13+0.02 0.08+0.01
Particulate P (L, V) (0.25,0.37) (0.04,0.07) (0.06,0.09)| (0.46,0.78) (0.1,0.17) (0.06,0.1)
Comgrison B (n=49) D (n=60) C,D (n=61)] A (n=43) C (n=57) C, D (n=61)
EPM+SE 0.37+0.03 0.16x0.01 0.27+0.01 | 0.94+0.08 0.18+0.02 0.29+0.01
TP (L, V) (0.3,0.43) (0.14,0.18) (0.25,0.29)| (0.77,1.11) (0.15,0.22) (0.27,0.31)
Comparison B (n=49) D (n=60) C (n=61) A (n=43) D (n=57) C, B (n=61)

1.4.2.4 Grass biomass yield and nutrient uptake

1.4.2.4.1 Treatment effect on grass biomass vyield
Ovendried grass biomass harvested from CD plots ranged from 0.99t¢@%ha
October 2013, CD2) to 5.24 ton"h@l0 Septembe2012, CD2) with samplemean of 2.87

ton hat (Table 1.23. Ovendried grass biomass harvested from FD plots ranged from 0.96
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ton hat (25 October 2013, FD2) to 6.30 torr’d0 September 2012, FD1), witrsample
mean of 2.78on ha'. Ovendried grasdiomass yields for both CD and Filots on10
SeptembeR012were clearly higher than the biomass harveateahy other time during the
four-year experimentl{able 1.24. There was a decreasing trend for odeled grassyield at

each cutting time from lely to Oct for theyear2013 and 2014.

Table 1.24 Grass Ovendried yield from June 27,2012 to September 182014 for eachreplicatesfrom
CD and FD plots.

Ovendried yield ton ha
Harvest dates
FD1 FD2 Mean FD CD1 CD2 Mean CD

6/27/2012 2.59 2.44 2.52+0.08 2.57 2.37 247 +0.1
9/10/2012 6.30 5.82 6.06 +0.24 4.41 5.24 4,82 +0.41
sum 2012 8.89 8.26 8.57 +0.32 6.98 7.61 7.29+0.31
5/16/2013 3.75 3.44 3.59+0.16 3.74 3.56 3.65+0.09
7/16/2013 2.09 2.27 2.18 +0.09 2.65 2.80 2.73+0.07
8/26/2013 1.11 1.45 1.28+0.17 1.83 2.12 1.98+£0.15
10/25/2013 1.01 0.96 0.99 +0.03 1.00 0.99 0.99 +0.01
sum 2013 7.97 8.11 8.04 + 0.07 9.23 9.47 9.35+0.12
5/9/2014 3.61 3.48 3.55+0.07 4.28 3.98 4,13 £ 015
8/15/2014 3.70 2.96 3.33+0.37 3.29 3.04 3.16 +0.13
9/18/2014 1.42 1.57 1.49 +0.08 1.88 2.04 1.96 + 0.08
sum 2014 8.73 8.01 8.37+0.36 9.45 9.05 9.25+0.2

A Grass oveidried yield in2011 andVarch and May 2012 were not shown hesiace
grassovendried yield from separate plots (CD and FD) was not availadfiere June
2012.
A repeated ANOVA test was performed to statistically evaluate the effects of time

and interaction of time and treatment on cdeied grass biomass vyieldigble 1.2%. The
treatment effectvasnot statistically significantor the overdried yield The timeand
interaction between time and treatmeffectwerestatistically significanfor the overdried
yield. Multiple comparisosadjusted by Tukey methaderealso carred out to evaluate the
differencedn time of harvest, treatment, and interaction between time and treaffinemé

was no statistically significant difference between CD and FD-dviexl grass yield for
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most cutting events, excephlO September 201 @Appendix A Table A9), when the field

wasverywet under controlled drainage treatmdfig(ire 1.12.

Table 1.25 Test of Fixed effects of ovedried grass biomass yield during June 20 September 2014

Effect Num DF Den DF F Value Pr>F

Intercept 1 1 4821.11 0.0002*

Time 8 17 125.27 <.0001*

Treatment 1 17 1.53 0.3415

Time*Treatment 8 17 5.87 0.0013*
*indicates statistically significant (at

1.4.2.4.2 Carbon, nitrogen, and phosphorts contents of harvested grass biomass

Grass samples were collectslreral timesnd analyzed for Carbon (C)jthdbgen
(N), and mosphorus (Pgontents. Mean C, N, and P contents of grass samples collected from
CD treatment were 43.00% 22%, and 0.35%,aspectively. Mean C, N and P contents of
grass samples collected from FD treatment wer@04a,. 246%, and 0.31%, respectively

(Table 1.26.
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Table 1.26 Mean carbon (C), nitrogen (N), phosphorus(P) contents of grass samplegrom FD and CD
plots.

Harvest Time C% N% P%
FD CD FD CD FD CD

3/29/2012 40.35+0.09 40.2+0.17 | 3.05+0.23 293+0.01| 0.49+0 0.49 +0.01
5/11/2012 41.64+0.23 41.79+0 3.07+£0.07 276+0 0.36 £0.02 04+0
6/28/2012 43.07 £+ 015 43.17+0.03| 25+0.15 2.39+0.15| 0.32+0.01 0.34+0.02
9/10/2012 43,21 +0.38 43.16+0.12| 1.98+0.03 2.09+0.18| 0.3+0.01 0.35%+0.01
5/16/2013 4328 +0.15 43.25+0.46| 1.73+0.06 1.85+0.05| 0.12+0 0.14 £ 0.01
7/16/2013 4225+0.16 4263+0.42| 1.99+0.23 194+0.23| 0.36+0.01 0.23+0.1
8/26/2013 41.3+0.67 43.02+0.12| 2.48+0.04 1.96+0.07| 0.37+0.02 0.37+0.01
10/25/2013 443+0.02 435+0.32| 1.79+0.05 135+0.11| 0.15+0 0.25+0.01
4/2/2014 42.37+0.64 41.84+063 | 3.33+£0.17 2.61+0.36| 0.43+0.04 0.33+0.03
4/17/2014 42.06+0.3 42.07+0.32| 2.64+0.3 2.74+0.16| 0.4+0.02 0.47+0.03
5/6/2014 43.62+0.2 43.75+0.32| 2.2+0.13 1.92+0.23| 0.32+0.02 0.36+0.01
5/23/2014 42.81+0.49 41.63+0.49| 3.05+0.21 2.9+0.01 0.29+0 0.42 +0.06
6/11/2014 45.13+0.33 44.88+0.21| 256+0.11 197+0.13| 0.26+0.01 0.37+0.02
7125/2014 4391 +0.47 4432+041| 2.71+0.31 2.38+0.14| 0.27+0.03 0.37+0.03
8/15/2014 4425+ 0 4488 +0.95| 1.66+0.15 1.85+0.27| 0.22+0.02 0.28+0.01
9/18/2014 43.81+0.11 43.46+0.15| 26+0.09 2.76+0.09| 0.32+0.03 0.35+0.02

Average 4296 +0.31 4297+0.31| 2.46+0.13 2.27+0.12| 0.31+0.02 0.35+0.02

There were two replicates in 2012, 2013 and 8/1%206d. eaclhplot; from 4/2/2014 to
7/25/2014 and 9/18/2014, there were three replicates forpéatch
Repeated ANOVA teswasperformed to statistically evaluate the effeults

treatmerson C, N, and P contents of grass biomass harvested at 16 difierest Test
resultsshowedN content of grass harvested from &Batmenwassignificantlyhigher(p
value=0.02703han that from CD plotat a significance level of 0.0&stimated mean N
content from FD plots was higher than that from CD plbteatmentvas notstatistically
significant forC (p=0.9872) an®® (p=0.0938)c ont ent at a signi ficance
1.4.2.4.3 Nitrogen (N) and phosphorus(P) uptake by grass
Thenitrogen ) andphosphorusR) uptake by grasweredetermined using the grass
biomass yiel, moisture content, and C, N, P contents for each of the nine grass cuts during
the field experiment. Nitrogen and P uptake by grass over each harvest from CD treatment

were 58.3+5.9 kg hand 8.6+1.1 kg h&(meant standard error), respectively.

Corresponding N and P uptake by grass harvested from the FD treatment webc9B6i6ga+
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ha' and 7.31.1kg hat, respectivelyFigure 1.32. Higher yearly N and P uptake from CD
plots compagdto FD plots were found in 2013 and 2014, howethee situationin 2012
shown the opposite situatiomgble 1.27.

Repeated ANOVA testresults show that neither grasg=0.951)nor P(P=0.4507)
uptakewasstatisticallysignificant by treatmest Despite the results of the statistical tests,
this experimental study shed that grass grown on CD treatment has an overall 3.2% (16.29
kg ha') and 15.0% (10.09 kg Hahigher N and P uptake, respectively, compared with
uptake by grass on the FD treatm@rdble 1.27. Higher uptake of the grass was affected by
grass yield ath concentrations of N and P. Relative concentrations of N anthBgnass
between CD and FD were variable with higher concentrations of N occurring more
frequently in FD, and higher concentrations of P occurring more frequently in CD. Grass
yields forCD were greater than or equal to yields for FD for every harvest date except for
9/10/2012when very wet conditions occurred on the CD pldtesefindings supporthe
hypothesis that CD reduces the rate of downward movement of dissolved nutrientg, makin
these nutrients more available for grown plants. This potentially increases nutrient uptake if
CD treatment did not cause too wet conditions during the growing season which may reduce

the biomass yiel@Skaggs et al., 2012a; Poole, 2Q15)
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Figure 1.32 Mean Carbon, Nitrogen, Phosphorus uptake (with standard error bars) by grass at nine
different harvest time.

Table 1.27 Yearly grass uptake of carbon (C)pitrogen (N), phosphorus (P)from FD and CD plots from
June 2012to September 2014

C uptake (kg hd) N uptake (kg hd) P uptake (kg h3
FD CD FD CD FD CD
2012 | 3700.26 £109.6 3147.58 +141.83 182.55+1.18 160.43 +10.99| 25.74 £+ 0.87 25.51 +1.92
2013 | 3442.46 £44.49 4023.71 £28.75| 154.32+4.27 172.15+3.29| 18.33+£0.55 21.38+2.31
2014 | 3674.2+160.16 4077.68 +119.69 171.49+0.66 192.07 +11.48| 23.26 £+ 0.33 30.53 +1.03
Sum | 10816.92 + 225.28 11248.97 +50.89 508.36 + 6.1 524.65+3.79| 67.34+0.64 77.43+£1.42

A The grass uptake of C, N, and P in 2012 data was summarized from the grass cut on
June28 and September 12012 only.

1.4.2.5 Nutrient balance for measureditrogen (N) and phosphorus P) component

Year

1.4.2.5.1 Nitrogen balance for measuredspecies
According to theneasuremerdf soil nitrogen contentppendix A Figure A.1),
therewereno statistically significant differensen soil nitrogen contestbetween CD and

FD plots If the initial soil nitrogen content from CD @D plots weralsoequal or similar
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to each other, theih could be assumed thdd |, = Pl SO equation 12 can be

changedo equation 20:

DiﬁcN = |CD 'N[pFD
= (Uptakg, |, -Uptakg|,) ¢ Draigl, Brai |;)
= (RON |CD _RQI |FD) (I-DL% |CD DL§ |FD) [( t\l N@ |CD ( !\l - NQ-'—FDJ

Equation1.20

Since was no statistically significant difference between CD and FD plots for groundwater
TN concentrationn deepest monitored soil layérgble 1.22, if thevolumeof deep seepage
from CD and FD plots were also similar to each other, then equafibcan be modified as:

Diff

ICD 'Nmo
(Uptake, |, -Uptakg |,) ¢ Draigl, Braig|,)
= (RON |CD -RQI |FD) (H—% |CD L'§ |FD) [( "bl N@ |CD ( J\l - NQ-l-FD:

Equation1.21

Therefore Diff N might mainly consist of differens@f ROy, LS, andN losses through
denitrificationbetween CD and FD plots.

Since grass gild was measured separately after May 11, 2012, so yearly nitrogen
balancecalculationstarted from May 11, 2012. AccordingRaure 1.33 Major
consumption of nitrogemputwe nt t o Adnitragerslossepthraughesubsurface
drain lines onlyaacountsfor 9.9% to 16.8% of total nitrogen input from FD plots. Percentage
of nitrogen losses from CD plots were even lowangng from 0.28% to 1.5% of total
nitrogen input. Increas®f nitrogen input might be helpfih increasing grass uptake
nitrogen;however, grass uptakd nitrogen cannot always increase with rising level of
nitrogen input. For example, nitrogen input in 2013 w@& and ®% more than that in
2012.5~12 and 2014. However, grass uptake N in 2013 was not the same percentage higher

thanthat in 2012.5~12 an2014 Furthermoregrass uptaksl in 2013 from both CD and FD
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plots were nearly 2Rg ha' less than that in 201#lote thatannualgrass uptake N were
similar to the crop realistic nitrogen uptake rate for fescue hay (16h8&%g

The N that was not lost by uptake and drainag® @acountedfor a greateportion
of totalN input than that from subsurface draina@asn andg S mightaacountfor a large
part of oNusingpRAINMORB-NIi magbe helpful to predict each portion of
op NDiff n from 2012.5~12, 2013, and 20fahged from 27.8g ha? to 43.3kg ha'. ROn
might be small if surface runodfid nothappen shortly after swine lagoeffluent
application If lateral seepage between drainage area and other ptrefiefd were
successfully blocked by hydraulicffer (Guard lines) and underground plastic linear, then

the major part oDiff n would come from the terrf(N, + NQ) |, {N, NQ)|.] (equation

1.21) by enhanced denitrification in CD plosccording toSkaggs et al. (2010yvhen CD
reduces total outflomsummary of surface runoff and subsurface drainage) by more than
20%, deep olateral seepage might hagkyed an important role in the impact of b this
study,CD reduced subsurface drainage flowd3y3% {Table 1.4. N losses througtateral
seepagéom CD plots to other places should alsacbasideredit would be helpful to
perform DRAINMODand DRAINMOD-NII simulatiors to predict water and nitrogen losses

through surface runoff, deep and lateral seepage.
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Figure 1.33T N | nbu"t , Grass 'Upt ake,
period from May 12, 2012 to Dec 31, 2012.

1.4.2.5.2 Phosphorus balance for measuredpecies

L 0 $.201%.5r12 repré3endthie n

Yearly gass uptake P fromilay 12,2012 to December 312014 were similar to

Li

nes

crop realistic phosphorus uptake rate (2@%al). Grass uptake P was also the major part of

observed® consumption. P losses through subsurface drainage only counted from 0.06% to

0.4% of input P in CD plots, and from 1.0% to 1.4% of irpuh FD plots. If deep and

| ateral seepage wer e mayleacastdd ol Buryacebunalfc k e d

and change of soil storage (storage gain), since particulate phosfg#muhts be adsorbed

by soil particle Diff p in 2012.5~12 was owl0.51kg ha?, which was still higher thabrain

p|lro. However Diff pin 2013 and 2014 were negatiwegativeDiff p maybe caused by a

significantly higher P uptaki& CD plots(equation 1.17, section 1.4.2.8) addition,

according to previous publied literature, controlled drainage could enhance surface runoff
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and deep seepage. TP Concentration in surface runoff from CD and Fihalotst be very
different from each othefhus, (RQylco - RO|rp) O Alsothe term DLS|co-DLSy|rp) would
be always larger thahsincethere wereno significant differencgin TP concentrations
between CD and FBtdeepdepth where lateral seepage is most likelgccur(Table 1.23.
Thereforetheterm (RQ, |, - RQ |5) { DLS |, DLS |, ) should be positive Since

Diff p= (RG co - ROy Jrp) + (0 Slep-p SlFp) (equation 1.17), andiff p were less than 0 in

2013 and 2014.Reterm (DS, |, - 8 |-p) should be negative in the year of 2013 and

2014 That is,gainof sdl storage P from CD plotaould be less than that from FD plots. A
soil test for phosphorus content in different soil layers could be helpful to determine if the

inference was correct.

Figure 1.34 TP Input, Grass Uptake, Loss from Drain linesgp R and Diff p.
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