
ABSTRACT 

LIU, YU. The Performance of 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 to surface 

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 four-year field experiment was 

conducted on a 1.25 ha pasture in eastern North Carolina. Eight subsurface drains (1.0 m 

depth and 12.5 m spacing), including four experimental drains and four guard drains, were 

installed in the naturally poorly drained field. Four drains were managed in CD mode with 

drain outlet set at 36 cm below surface while the remaining four drains were managed in free 

drainage (FD) mode. Denitrifying bioreactors were installed at the edge of the four 

experimental drains.  

Compared to FD, CD reduced annual subsurface drainage volume by 88% to 98% 

and raised the mean daily water table by 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 balance. Statistical performance measures indicated 

acceptable to excellent agreement between predicted and measured water table depth and 

daily drainage. Results showed clearly that seepage was a significant component of the water 

balance for the CD plots.  



Compared to FD, CD reduced annual load of total nitrogen (TN) in subsurface 

drainage by 87% to 95%. The estimated population mean (EPM) of nitrate and TN 

concentrations in drainage water for CD treatment (4.10 and 6.95 mg L-1, respectively) were 

significantly lower than that from FD treatment (7.52 and 9.06 mg L-1, respectively). The 

EPM of nitrate concentration in groundwater at three depths (75ï225 cm) in CD plots were 

significantly lower than that from FD plots. Annual load reduction of total phosphorus (TP) 

through subsurface drain lines in CD treatment ranged from 76% to 95%. The EPM of TP 

concentration in drainage water for CD plots was 0.18 mg L-1, which was significantly higher 

than that for FD plots (0.1 mg L-1). The difference of P concentration between CD and FD 

plots was mainly due to the significant difference of particulate P concentration. Reduced 

drainage volume, enhanced denitrification, and to a far lesser extent increased grass uptake of 

N and P during dry growing condition contributed to the observed reduction in N and P 

loading via subsurface drainage under CD treatment. 

All bioreactors significantly reduced nitrate concentrations. Yearly percent nitrate 

reduction for CD-bioreactor (CDB) and FD-bioreactor (FDB) systems during study period 

ranged from 48 ± 22% to 87 ± 6% and 21 ± 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 reduction was affected by the volume of flow that passes 

through bioreactors rather than bypass pipes. The portion of the water flowing through 

bioreactors (three out of four) decreased from 2012 to 2014 due to decreasing of estimated 

saturated hydraulic conductivity of the bioreactor systems. Upflow in-line bioreactors 



showed sufficient removal of nitrogen loading from drained pasture lands. The practicality of 

bioreactors was not only related to carbon consumption longevity, but also related to proper 

maintenance of anaerobic condition, suitable hydraulic conductivity, and appropriate HRT, 

as well as the management of the whole field drainage system. 
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1 CHAPTER 1 Performance of controlled drainage for removing nitrogen and 

phosphorus from subsurface drained grassland receiving liquid swine lagoon 

effluent 

1.1 Abstract 

Over application of livestock manure has become a significant nutrient source in 

surface and ground water. Controlled drainage (CD) has been proposed to reduce nitrogen 

(N) and phosphorus (P) load from agricultural wastewater application fields. The main 

purposes of this study were to evaluate the performance of CD for reducing N and P losses 

from a subsurface drained pasture receiving swine lagoon effluent (SLE) and identify 

controlling mechanisms affecting the performance of CD. Field experiments were carried out 

on a 1.25 ha pasture (tall fescue and ryegrass) located in the lower coastal plain of North 

Carolina. Eight subsurface drains (1.0 m depth and 12.5 m spacing) were installed in the 

naturally poorly drained field in 2010. Four of them were set as CD plots with drainage outlet 

set at 36 cm below the ground surface while the remaining four were managed in free 

drainage (FD). The restrictive layer was 3 m deep.  

Annual subsurface discharge from FD plots ranged from 20% to 42.5% of the water 

input (precipitation and application of SLE) from 2011 to 2014. Annual reduction of 

subsurface drainage volume by CD compared to FD ranged from 88% to 98%. Mean hourly 

groundwater table depth differences between CD and FD plots was 15 cm. A water balance 

study suggested the possibility of the existing of deep and/or lateral seepage and surface 

runoff in the experimental field, especially for the CD treatment. The estimated population 

mean (EPM) of nitrate and total nitrogen (TN) concentration from drainage outlet of CD 
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treatments were 4.10 and 6.95 mg L-1, respectively. Both of which were significantly lower 

than that from drainage outlet of FD treatment (7.52 and 9.06 mg L-1 for EPM of nitrate and 

TN concentration). The EPM of ammonium nitrogen (AN) and organic nitrogen (ON) 

concentration from drainage outlet of CD treatment were significantly higher than that from 

FD plots. The EPM of TP concentration from drainage outlet of CD plots was 0.18 mg L-1, 

which was significantly higher than that for FD plots (0.1 mg L-1). The difference of P 

concentration between CD and FD plots was mainly due to the significant difference of 

particulate P concentration. Annual TN load reduction through subsurface drain lines in CD 

plots compared to FD plots ranged from 87% to 95% during 2011-2014. Annual TP load 

reduction through subsurface drain lines in CD treatment ranged from 76% to 95% during 

2013-2014.  

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 groundwater sampling wells from CD plots in shallow and medium wells 

were also significantly lower than that from FD plots. However, there were no significant 

differences of EPM of TN concentration between deep wells in CD and FD plots. The EPM 

of orthophosphate (ortho-P) 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 was ortho-P. 

Significant difference of EPM of ortho-P and TP concentration were found in shallow wells 

of groundwater sampling wells. However, the differences of EPM of TP concentration from 

deep wells between CD and FD plots was not significant. Grass uptake of TN and TP in the 

CD plots were 3.2% and 15.0% greater than that from FD plots during June 2012 - Sept 

2014. Reduced drainage volume, enhanced denitrification, and to a far lesser extent increased 
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grass uptake of N and P during dry growing condition contributed to the observed reduction 

in N and P loading via subsurface drainage under CD treatment. 

 

KEYWORDS: Agriculture drainage, controlled drainage, swine lagoon effluent, water 

quality, drainage water flow, water table depth nitrogen, phosphorus. 
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1.2 Introduction  

1.2.1 Agricultural drainage  

Agricultural drainage is essential for crop production on naturally poorly drained 

soils, often with shallow groundwater table. In 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 machinery to perform 

timely field operations such as tillage, fertilization, planting and harvest (Chang and Silva, 

2014; Evans and Fausey, 1999; van Schilfgaarde, 1999). In arid and semi-arid regions, where 

agriculture relies solely or mostly on irrigation, drainage is frequently used to prevent 

waterlogging and salt accumulation in the shallow soil profile ( Ayars et al., 2006).  

Artificial drainage systems are categorized as surface or subsurface drainage. Surface 

drainage is provided by land grading or other forms of land surface shaping such as furrow 

bedded systems. Excess water leaves the agricultural field as surface runoff via open ditches. 

Subsurface drainage is usually provided by subsurface tiles or perforated plastic pipes. These 

lateral subsurface drain pipes either outlet into a subsurface main pipe or an open ditch. 

Subsurface mains eventually outflow into a surface drainage canal or a stream. In addition to 

providing surface drainage, field ditches also provide subsurface drainage.  

Worldwide, there are approximately 1,525 million hectares (ha) of cropland, of which 

41% needs to be improved drainage to sustain crop production. Globally, only 13% of the 

total cropland is artificially drained, which indicates the potential for increasing global food 

production via agricultural drainage improvement projects (Ayars and Evans, 2015). In the 

United States, there are 178 million ha of arable land, of which 48 million ha or 27% are 

artificially drained (Schultz et al., 2007). In China, there is 143 million ha of arable land, of 
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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 ha have been improved by the installation of drainage 

systems (Wang et al., 2007). 

1.2.2 Hydrologic and water quality impacts of agricultural drainage 

Major processes affecting the nitrogen cycle in the artificially drained agricultural 

land are demonstrated in Figure 1.1. Nitrogen is added to agricultural systems through 

inorganic or organic fertilization and precipitation. Nitrogen in ammonium form (NH4
+) is 

mostly adsorbed to soil particles and can be lost via sediment transport and surface runoff. 

Ammonia in the gaseous form can be lost through volatilization. For typical soil carbon-to-

nitrogen ratios (8 to 12), net ammonification occurs transforming organic N to NH4+. In the 

unsaturated zone, NH4
+ is nitrified to NO3

¯ under aerobic conditions. Both NH4
+ and NO3

¯ 

within the root zone are available for plant uptake. Nitrate is highly soluble and susceptible to 

leaching with the downward movement of water from the root zone to the shallow 

groundwater. Assimilation of NO3
¯ to NH4

+, a minor process among other transformations of 

NO3
¯, requires energy and is regulated by NH4

+ concentration. Respiratory denitrification is 

the major form of dissimilatory nitrate reduction in the soil. Dinitrogen and nitrous oxide are 

the major products of the denitrification process. Dissimilatory nitrate reduction to 

ammonium (DNRA) is another process of nitrate transformation under anaerobic condition 

(Myrold, 2005).  

Unlike the nitrogen cycle, microbial mediated transformations of phosphorus do not 

include oxidation-reduction reactions (Mullen, 2005). In another aspect, increasing of 

solubilization of inorganic phosphorus from relatively insoluble phosphate minerals makes 

phosphorus available to plants and other organisms. Only soluble phosphate is available to 
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plants and microorganisms (Figure 1.2). Key processes affecting phosphorus dynamics in 

agricultural land include P mineralization and immobilization 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 immobile in mineral soils. However, large P input over 

the long term causes soil P saturation resulting in potentially high P losses via surface and 

subsurface pathways.  

Subsurface drainage systems increase subsurface water movement in the soil profile, 

lower the water table, increase soil aeration, and reduce surface runoff and soil erosion 

(Robinson and Rycroft, 1999). These changes in field hydrology influence nitrogen and 

phosphorus dynamics. Well aerated soils 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 groundwater reduces nitrate 

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 reduces surface runoff, soil erosion, and sediment transport to 

streams. As a result, it reduces the agricultural chemicals that are adsorbed to sediments such 

as phosphorus, ammonium nitrogen, organic nitrogen, and pesticides (Gilliam et al., 1999). 

Recently, losses of dissolved forms of P via drainage have become a public concern, 

especially in soils where macropore flow accelerates the transport of these chemicals. 
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Figure 1.1 Hydrology and nitrogen transformations in an artificially drained field.   

DNRA: dissimilatory nitrate reduction to ammonium; Nar: nitrate reductase; Nir: nitrite 

reductase; Nor: nitric, averill, and Tiedje oxide reductase; Nos: nitrous oxide 

reductase. 

 

 
Figure 1.2 Hydrology and phosphorus transformations in an artificially  drained field. 

1.2.3 Land application of liquid swine manure 

North Carolina is the second in swine production in the U.S. (Christenson and Serre, 

2015), with more than 2,300 regulated swine feeding operations (NCDEQ, 2016) raising 

approximately 8.9 million hogs (Peach, 2014). Traditionally, swine waste (feces and urine) 

are flushed from barns to outdoor lagoons.  Typically, water usage for cleaning swine 

production areas ranges from 0.05 to 0.1 gallons per head per day for in breeding/gestation, 

nursery, and grow/finish area; 1.0 gallons per crate per day for the farrowing area (Fulhage 
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and Hoehne, 2001). Swine lagoon effluent (SLE) (sometimes called liquid swine manure) is 

periodically applied via irrigation to a nearby cultivated field (Figure 1.3), referred to as 

ñspray fieldò. Nutrients in the applied SLE are ideally taken up by plants grown on the field. 

The land application of SLE should occur when the soil profile is dry enough to allow for 

complete infiltration of irrigated SLE without generating any surface runoff. Irrigation should 

be avoided on rainy days or on days preceding imminent storm events to minimize surface 

runoff and subsurface leaching losses. Windy days should also be avoided to minimize 

irrigation drift and odor associated with SLE 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 greenhouse gases (N2O) and odor (Larney et al., 2011).  

Like other agricultural fields, spray fields on naturally poorly drained soils require 

improved drainage to enable land application of SLE at maximum allowable rates to avoid 

overflow of lagoons. As a result of improved drainage, the soil profile is drier, the water table 

is deeper, and water ponding and surface runoff are less frequent. All of these conditions 

favor increasing the rate of land application of SLE, provided that the maximum nutrient 

input not be reached for the field. However,  artificial drainage on spray fields should be used 

with caution as it increased 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 showing 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 reduce nitrogen losses from naturally poorly drained agricultural land with artificial 

drainage (Evans et al., 1995; Skaggs et al., 2012a). Controlled drainage is implemented using 

drainage control structures that are installed at drain outlets to vary the levels of these outlets 

and thus adjust the intensity of drainage as needed (Skaggs, 1999). As previously stated, 

drainage is necessary for removing excess water from the root zone during the growing 

season and providing timely access for performing field operations. Thus, the required level 

of drainage varies during the year and also varies from year to year depending on cropping 

practices and weather patterns. Drainage systems that are not controlled (referred to as 

conventional or free drainage systems), drain the field with the same outlet elevation 

regardless of the actual need for drainage as dictated by crop needs and timing of field 

operations. This excess drainage, which does not have any agronomic benefit, increases the 

Lagoon

Waste Irrigation field 

(Spray field)

Hog Houses
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export of nitrate via drainage water to receiving streams. Controlled drainage prevents excess 

drainage by regulating the level of drainage according to the agronomic and farming needs.  

Controlled drainage has been adapted to both subsurface tile-drainage and open-ditch 

drainage systems with a variety of drainage control structures designed for both drainage 

systems (Littlejohn et al., 2014; Kröger et al., 2015). Controlled drainage has been combined 

with sub-irrigation in growing season to achieve higher crop yield (Tan and Zhang, 2011; 

Nelson et al., 2011).  

Controlled drainage was initially introduced in early 1940ôs as a practice to maintain 

shallow water table to reduce subsidence of peat soils in Florida (Clayton and Jones, 1941). 

Controlled drainage was later used since late 1970ôs as a practice for reducing nitrogen loss 

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; Poole, 2015; Tan et al., 1998; Tan et al., 2002; Wesström and 

Messing, 2007; Williams et al., 2015; Wright et al., 1992). Controlled drainage was accepted 

as best management practices (BMP) for reducing non-point source water pollution in North 

Carolina. Farmers who voluntarily implement BMPs are compensated for 75% of the cost 

from the North Carolinaôs Agriculture Cost Share Program authorized in 1984. Additionally, 

the Natural Resources Conservation Service of the U.S. Department of Agricultural (USDA-

NRCS) and 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 cost-share program in 1984 (Skaggs et al., 2012a).   
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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) enhancing denitrification in the soil 

profile, and 3) increasing crop nitrogen uptake. The reduction in drainage outflow and 

increase in nitrogen uptake can easily be quantified experimentally. The difficulty of in-situ 

measurement of denitrification makes it quite difficult 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 

seasons (Skaggs et al., 2012a; Poole et al., 2013). 

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 practice has varied widely 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 structures.  Reported N reduction by controlled drainage 

ranges from 18% to more than 75% (Skaggs et al., 2010; Skaggs et al., 2012a; Wesström and 

Messing, 2007; Lalonde et al., 1996).   

Many experimental studies have been carried out to investigate the performance of 

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 season in order to prevent the potential 

negative effect 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 drained, or very poorly drained with shallow 

water tables (positions of seasonal water table under natural drainage condition within 0.5 m) 

would benefit from controlled drainage. Otherwise, lateral seepage might become a problem 

for naturally well-drained soil (Fouss et al., 1999). In order to control large enough drainage 

area to ensure the economic viability of the practice, control structures are usually installed 

on land with a slope less than 0.5%. Slopes less than 0.1% might be most practical (Evans et 

al., 1992). As slope approaches 1%, the implementation of controlled drainage becomes cost 

prohibitive (Fouss et al., 1999; Skaggs and Chescheir, 2003; Cooke et al., 2008). According 

to Jaynes et al. (2010), there is 10 million ha of artificially drained arable land in Midwestern 

U.S.A. (about 12.5% of total cropland in the U.S. Midwest region) suitable for CD with less 

than 0.5% slope.  

The performance of controlled ditch drainage was tested in a waste irrigation (swine 

lagoon effluent) field near Kinston, NC from 1997 to 2000 (Jia et al., 2006). However, 

experimental treatments were not replicated; swine lagoon effluent was not evenly applied to 

each treatment, and waste water applications were not properly scheduled (wastewater 

irrigation on wet days contributed to unnecessary surface runoff, nitrogen 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 on the reduction of nitrogen loss from 

the spray field. More research is needed to investigate the performance of controlled drainage 

for reducing N losses from land application of liquid animal manure.  

Research on the performance of controlled drainage implementation on an open ditch 

system in a rice field in Ningxia, China showed that drainage 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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concentration; salinity was slightly increased, but still within tolerance level (Luo et al., 

2008). Implementation of controlled drainage to a corn-soybean rotation on a tile drained 

Brookston clay loam soil in Ontario, Canada reduced nitrogen losses by 44% and 31% 

compared to uncontrolled tile drainage in a corn-soybean rotation field under recommended 

(150 kg N ha-1 to corn) and high (200 kg N ha-1 to corn and 50 kg N ha-1 to soybean) nitrogen 

fertilization rates, respectively (Drury et al., 2009). Average reductions in tile flow and 

nitrate loading of 37% and 36%, respectively, were observed in a four-year (2007-2010) 

experimental study when controlled drainage was implemented to a corn-soybean rotation on 

Taintor and Kalona silty clay loam soils in Iowa (Helmers et al., 2012). Jaynes (2012) 

reported that controlled drainage implemented to a corn-soybean rotation on a loamy soil 

reduced tile flow by 21% and nitrogen loading by 29% in a four-year (2006-2009) 

experimental field study in central Iowa. In addition, annual flow-weighted nitrate 

concentration from controlled drainage plots was lower compared to conventional drainage; 

however, the difference was not statistically significant. It is worth mentioning that the length 

of tile drains and the land slope of the experimental field influenced the study by Jaynes 

(2012). Tile drains were 570 m long, and the land slope of the experimental field was 

approximately 0.8%. Thus, only 130 m (less than ¼ of entire drain length) of the tile drain 

was affected by controlled drainage settings. If the entire drainage area were under the 

influence of controlled drainage, there might be an even higher reduction of N loading 

comparing with conventional drainage.  

Annual nitrate load reductions, ranging from 37% to 79%, were observed at four 

experimental sites, planted to corn-soybean rotation or continuous corn, during a four-year 

(2006-2009) experiment in Illinois comparing managed drainage (controlled drainage) and 
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conventional drainage (Cooke and Verma, 2012). Researcher of the Illinois study stated that 

errors in measuring drainage flow rates under submerged outlet conditions and the possibility 

of seepage could have influenced the results of their study. Thus, actual reductions might be 

smaller than the reported values (Cooke and Verma, 2012). A long-term study in Eastern 

North Carolina was carried out during 1992-2012, comparing controlled drainage and 

conventional drainage on a tile drained field with Portsmouth sandy loam soil and planted to 

a corn-wheat-soybean rotation. On average over nine years of this study, controlled drainage 

reduced subsurface drainage flow by 33% and nitrate-nitrogen loading by 30% (Poole, 2015). 

Reduced nitrogen loading was attributed to a reduction in drainage flow and increased crop 

yield.  

Phosphorus is often considered as the limiting nutrient regulating eutrophication of 

freshwater aquatic ecosystems. The critical value of soluble P and total P were proposed to 

be about 10 and 20 ɛg L-1. Concentrations above these levels were assumed to accelerate the 

eutrophication of aquatic systems (Sharpley et al., 1987). Surface runoff and soil erosion 

have long been considered the major 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 drainage 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 drainage reduces 

subsurface drainage discharge, increase evaportranspiration, surface runoff, lateral and 

vertical seepage (Skaggs et al., 2010). P loadings from the agricultural field could be reduced 

through reduction of subsurface drainage discharge. Controlled drainage was found to reduce 
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annual dissolved P load by 0.04 to 0.51 kg ha-1 (40% to 68%) in a before-after control-impact 

study design for two tile drained headwater watersheds (crop production agriculture 

represents 73% of the watershed) in central Ohio (Williams et al., 2015). The reduction of 

dissolved P loading was probably mainly caused by the reduction of tile drainage discharge 

since there was no statistically significant difference of dissolved P concentration between 

treatments. A study in eastern Ontario, Canada also showed 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 2005-2013 (Sunohara et al., 

2016). There were also no significant differences in the observed concentrations of DRP and 

TP between controlled drainage and free drainage.  

In addition to the reduction of drainage discharge, change of P concentration in CD 

plots would also influence P losses through tile drainage. A research located in Novelty, 

Missouri with claypan soil showed that controlled tile drainage reduced ortho-phosphate 

(ortho-P) losses by 80% compared to free tile drainage according to a 4-year study (2010-

2013). Furthermore, the researchers found significantly lower concentration of ortho-P in CD 

plots, compared to concentrations in FD plots. They attributed this finding to the increased 

crop yield in CD plots (Nash et al., 2015).  

Theoretically, controlled drainage may increase P loadings through increased surface 

runoff that occurs from CD. Field 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, according to a two-year 

(1986-1987) study in five experimental sites. However, controlled drainage did not show 

significant increase of surface runoff compared to conventional drainage.  
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1.2.4.2 Controlled drainage effect on crop yield 

Controlled drainage has been shown to increase 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 the practice on wheat yield was not statistically significant (Poole 

et al., 2013). Delbecq et al. (2012) reported that implementing controlled drainage in an 

Indiana site during 2005-2009 increased corn yield by an average of 0.57 to 1.00 Mg ha-1, 

compared with 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 four-year (2008 to 2011) study in northwest 

Ohio, United States. Wesström et 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 plots was significantly lower than conventional drainage, 

and there was no significant difference between CD and FD plots in terms of soybean yield 

during a four-year study (2007-2010) at a research farm in Crawfordsville, Iowa. Other 

researchers also found that the difference between crop yield under 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 drainage has been carried out on artificially drained 

fields or field plots planted to row crops and receiving inorganic nitrogen fertilizers. 

Research investigating the effect of controlled drainage on nutrient loss from grassland 

receiving liquid animal manure as nutrient source is lacking. Also, researchers have mostly 

focused on the reduction of 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;Wesström et al., 2014;Zhang et al., 2015;Young et al., 2017). 

Even though hydraulic buffers or plastic liners have been used in controlled drainage 

field research to prevent lateral seepage from controlled drainage plots to adjacent 

conventional drainage field plots, seepage still seemed to be a problem for the field studies 

(Skaggs et al., 2010). If lateral and/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 

evapotranspiration, surface runoff, lateral and vertical seepage (Skaggs et al., 2010). Long-

term DRAINMOD simulations indicated that the increase in evapotranspiration by controlled 

drainage would not exceed 10% in most cases (Skaggs et al., 2010). It is hypothesized that 

lateral and/or deep seepage might have played an important role when observed reductions in 

total outflow (sum of subsurface drainage and surface runoff) by controlled drainage exceed 

20% (Skaggs et al., 2010). Nitrogen that did not reach the receiving stream 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 drainage research. First, where does 

drainage water that was reduced by controlled drainage go? Would nitrogen loading through 

other pathways increase due to the reduction of subsurface drainage? Water balance 

components, such as surface runoff, lateral seepage were studied in some literature. 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 a four-year experimental study 

conducted on a Brookston clay loam 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 study, total output water from the field 

(subsurface drainage and surface runoff) from controlled tile drainage plots were higher than 

free tile drainage plots in the year 2006, 2007, 2009 (three out of four experimental years). In 

addition, estimated lateral and vertical seepage to ditch front and adjacent field were also 

higher than tile drainage from controlled tile drainage plots in the year 2006, 2007, 2009 

(Sunohara et al., 2014). David et al., (2015) conducted a drainage water management 

(controlled drainage) study on a 34-ha field located in Spoon River subwatershed of Upper 

Salt Fork watershed (at Illinois) in 2012 and 2013. They found evidence that tile water was 

moving laterally from controlled tile drainage system to free drainage system. In addition, 

there was little variation in nitrate concentration between free tile drainage system and 

controlled tile drainage system. Therefore, they found no reduction in tile nitrate load in 

drainage water management system. 

As mentioned before, nitrogen load reduction through decreasing of drainage volume 

was widely accepted 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). Thus, the occurrence of 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 making a conclusion on the effect of 

controlled drainage on the fate of N in the drained agricultural land.  



 

19 

 

1.2.6 Objectives 

The objectives of this chapter of the dissertation were to 1) experimentally evaluate 

the performance of controlled drainage for reducing nitrogen and phosphorus loadings from 

subsurface drained grassland receiving liquid swine effluent; 2) approximately calculate 

water, nitrogen, and phosphorus balances under both controlled drainage and conventional 

drainage management scenarios; and 3) identify controlling mechanisms affecting controlled 

drainage performance  

1.3 Materials and Methods 

1.3.1 Experimental field site description 

The experimental field site is located in the coastal plain of North Carolina at the 

Tidewater Research Station, near the Town of Plymouth, Washington County 

(35ę50ô47.6ôôN, 76ę40ô0.58ôôW or 35.853143, -76.658643) (Figure 1.4). The 1.25-hectare 

site lies within the Pasquotank River Basin (hydraulic unit code (HUC), 03020104040040) at 

an elevation of 6.4 m above mean sea level. The 30-year (1981-2010) 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 0.4-hectare lagoon, located northeast of the field site 

(Figure 1.4). Previous experimental research at the site concluded 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 1998 (Burchell et al., 2005). The soil on the 

site is a poorly drained Cape Fear Loam (fine, mixed, semiactive, typic umbraquualt) with 

approximately 10% organic matter (Gilliam et al., 1979), i.e. organic carbon content is 

approximately 5%. Based on previous field investigations and DRAINMOD model 

simulations, the impervious layer was estimated at 300 cm below the soil surface (Burchell et 



 

20 

 

al., 2005). According to previous literature (Skaggs et al., 1986),particle size distribution test 

(Burchell 2003), NRCS Web soil survey data ((NRCS, 2015), and auger hole tests carried out 

in March 2015, the soil profile was determined to consist of five layers, extending from soil 

surface down to the impervious layer (Table 1.1). The slope of the field is 0.07% (Burchell et 

al., 2005), which is suitable for controlled drainage. In early 2010, eight 125 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 diameter non-perforated corrugated main drain pipe 

running from south to north at 0.1% slope into a sump, where drainage water was pumped 

offsite to a shallow receiving open ditch. The subsurface lateral drains were divided into two 

groups; four drains were managed under 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 field (Burchell et al., 2005). Tall Fescue (Festuca Arundinacea 

Schreb.) and ryegrass (Lolium Perenne L.) were grown on this site. Realistic crop nitrogen 

and phosphorus removal rate were 164.8Kg ha-1 and 26.9 Kg ha-1 for Fescue hay (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 of soil 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 study that were 

carried out at the same time on the same field is described in Chapter 3 of the dissertation. 

This Chapter focuses only on the controlled drainage research. Two drainage water quality 

treatments, replicated twice, were implemented at the site: 1) controlled drainage (depth of 

drain outlet = 36 cm throughout the year since March 1, 2012), 2) free drainage (drain 

depth=100 cm) 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 CD2 (Figure 1.4).  
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1.3.2 Controlled drainage settings 

The outlets of the four drains in controlled drainage model were kept at a depth of 36 

cm below the surface. If the water depth at the control structure was less than 65 cm three 

days before land application of the swine lagoon effluent, drain outlets were lowered by 30 

cm. This management decision was made to empty the top 65 cm of the soil profile before 

land application to allow for infiltration of irrigated waste water and avoid surface runoff. 

Drain outlets were reset to 36 cm below soil surface just before the irrigation event to prevent 

nutrient-rich irrigation water from leaving the field via the drainage system. This 

management strategy aimed at keeping irrigated water in the soil profile for a long enough 

time to allow 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 

occurred two times, during Feb 27, 2013 - Mar 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 22.5o or 45o V-notch weirs (the V-notch angle varied 

in different periods of the experiment) installed inside the Agri-Drain® control structures. 

Starting from January 2010, the stages upstream and downstream of each weir were 

measured in two stilling wells connected to the structure using potentiometers. Automatic 

water samplers were installed to collect flow proportional samples of drainage water. 

Campbell Scientific® CR-200 Data Loggers were used to store drainage flow measurement 

data (every 10 minutes) and trigger flow proportional sampling of drainage water. Automatic 

water samplers were programmed to collect a 125-ml sample in a composite sample bottle 

for every 0.5 m3 of drainage water passing over 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 2-inch diameter PVC monitoring wells equipped with U20 (13-ft) 

HOBO® automatic water level loggers. A HOBO water level logger was suspended at the 

bottom of each monitoring well to determine the water table height, and one HOBO water 

level logger was suspended above ground level 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 groundwater quality 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 (0.75-1.00 m, 1.25-1.50 m, and 2.0-2.25 m). Groundwater samples were 

collected monthly after the wells were bailed and allowed to recharge in 2011. They were 

collected biweekly from 2012 to 2014. 

1.3.3.3 Chemical analysis of nitrogen and phosphorus concentrations 

Groundwater, drainage water, rainfall, and irrigation water samples were analyzed for 

nitrate, total Kjeldahl nitrogen (TKN), ammonium/ammonia nitrogen (AN), total phosphorus 

(TP), and Ortho-Phosphate. 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 transportation. The concentration of TKN includes the concentration of 

organic nitrogen (ON) and AN. The concentration of AN is a summation of ammonium-N and 

ammonia-N concentrations. Analytical procedures for the analysis of nitrogen and 

phosphorus concentrations were EPA approved wet chemistry analyses of nutrients. Water 
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samples were filtered (1ɛm diameter filter) before measuring ammonium, nitrate and ortho-

phosphate concentrations. The filter required by EPA standard method is 0.45 ɛm; however, 

the 0.45 ɛm filter was more expensive than the 1ɛm filter. Due to lack of funding, the 1ɛm 

filter was used in the experiment. Unfiltered samples were used to measure TKN and TP 

concentrations. The nitrate/nitrite concentrations were measured using cadmium reduction 

method. The AN concentration was measured using the ammonia-salicylate method. The 

TKN concentration was measured using acid digestion and ammonia salicylate method. The 

TP concentration was measured using acid digestion and ascorbic acid method. The ortho-

phosphate concentration was measured using the ascorbic acid method. The difference 

between phosphorus concentration in TP and ortho-P was labeled as ñparticulate Pò; 

however, particulate P includes undissolved P and part of dissolved P (dissolved condensed 

phosphorus and dissolved organic phosphorus).  Since the measurement of the concentration 

of TP started from May 23, 2012, the sample size for TP and particulate P concentration data 

sets were smaller than that for nitrate, AN, ON, and ortho-P. 

1.3.3.4 Meteorological data 

Rainfall was measured and recorded using two on-site HOBO® tipping bucket 

automatic rain gauges, calibrated with manual measurement. Rainfall water quality samples 

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 humidity, were obtained from two 

nearby weather stations. Data were primarily obtained from an ECONet station (PLYM), 

located at 35°50'55.932" N, 76°39'2.16" W, about 900 m away from the experimental field. 

Metrological data missing at the ECONet station were obtained from ñTide Scanò, a nearby 
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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 site (located at 35°50'47" N, 76°40'1" W, about 1200 m 

away from the pasture site). The missing rainfall data from the pasture site were estimated 

using data downloaded from the two nearby weather stations and the TRS site. Besides that, 

there is a weather station that record snowfall and normal precipitation called Plymouth 5E, 

located at 35°52'19.2" N, 76°39' W, about 2200 m from Pasture site. Locations of Pasture 

site, TRS site, and the nearby weather stations are shown on the map shown in Figure 1.5. 

 
Figure 1.5 A map showing the relative locations of the experimental site and nearby weather stations. 

1.3.3.5 Grass yield and nutrient content 

Tall fescue (Festuca arundinacea Schreb.) and perennial ryegrass (Lolium perenne 

L.), grown on the site were cut three or four times a year (mainly from May to October). 

Grass cutting occurred on sunny days. The cut grass was left on the ground to air-dry for 

several days, then baled and weighed. Grass samples were collected, oven-dried under 70ęC 
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for three days, ground, and analyzed to determine water, carbon, nitrogen and phosphorus 

contents. Air-dried grass biomass cut from the area of each drain line was weighed in the 

field. Oven dried grass biomass yield was estimated from air-dried biomass and measured the 

moisture content of air-dried grass.  

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 carbon, nitrogen, 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 rates (7 times in 2011; 5 times 

in 2012; 7 times in 2013, and 5 times in 2014) using a solid-set irrigation system that was 

installed in late December 2010 to ensure uniformity of application of different treatments. 

Normally irrigation occurred in the morning (before 8 AM) or afternoon (after 4 PM) of 

sunny days when wind speed was low. In addition to adjusting controlled drainage outlet 

levels, all water samples were collected, 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 17 different locations within the field using manual 

rain gauges. Wastewater measured by the 17 rain gauges during irrigation was collected as 

irrigation water samples and analyzed for TKN, AN, TP, and Ortho-P. The volume of 

irrigation water was calculated as the product of the average irrigation depth and the irrigated 

area. Nutrient (N, P) input to the field was calculated as the product of the volume of 

irrigation water and nutrient concentration in irrigation water.  

Additionally, swine lagoon wastewater was 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 results of wastewater nutrient content from the TRS waste 

report were used to double check results of chemical analyses provided by NCSU BAE 

laboratory. In one incident, TKN and TP concentrations (measured from NCSU BAE 

environmental analysis lab) of irrigation water samples collected on June 18 and June 19, 

2014, were nearly four times as high as the measured 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 for the irrigation event on June 18 and June 19, 2014. A 

detailed method for determining concentration of AN and ortho-P for irrigation samples 

collected from June 18 and June 19 was described in Appendix A.2.1. 

Wet deposition of nitrogen and phosphorus from 2011 to 2013 was estimated from 

the measured mean concentration of nitrogen and phosphorus in 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 for the experimental field were carried 

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 1.6) during a time step ȹt can be described by the following 

two equations: 

P Irr F RO SS+ = + +D   Equation 1.1 

aV D ET DLS FD = + + -    Equation 1.2 
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where P is precipitation (cm); Irr  is irrigation (cm); F is infiltration entering the soil 

section (cm); RO is surface runoff (cm) ; ȹSS is the change in surface water storage (cm);

aVD  is the change in the water-free pore space (air volume) of the soil section (cm); D is the 

subsurface drainage flow (cm); ET is actual grass evapotranspiration (cm); DLS is deep and 

lateral seepage from the soil section(cm) (positive when seepage leaving the soil section and 

negative when seepage into the soil section);  

Equation 1.3 can be obtained by adding equations 1.1 and 1.2 and moving the 

subsurface drainage term from the right to the left side of the equation. 

aP Irr D V ET DLS RO SS+ - +D = + + +D   Equation 1.3 

The change in the water-free pore space can be expressed in terms of the drainable 

porosity as follow:  

aV f WTDD = ÖD     Equation 1.4 

where f is drainable porosity, which may vary with different soil layers and textures; 

ȹWTD is the change in shallow groundwater table depth during time ȹt. 

Equation 1.5 can be obtained from Equations 1.3 and 1.4. 

P Irr D f WTD ET DLS RO SS+ - + ÖD = + + +D   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; however, ET, 

surface runoff, changes in soil moisture, and seepage was not measured for the experimental 

field. So the summation of ET DLS RO SS+ + +D was estimated using equations 1.5 in 

terms of the measured variables (including precipitation, irrigation, subsurface drainage and 

water table depth) and an assumed 0.08 value for f . 

1.3.4.2 Nitrogen balance calculations 

Nitrogen mass balance for this study can be described as: 

.N N N N N N N N N NIrr Rain Dry Dep Fix Uptake Drain RO DLS Gas S+ + + = + + + + +D 

Equation 1.6 

where Irr N is nitrogen input from irrigation water; Rain N is nitrogen input from 

precipitation or wet deposition; Fix N is nitrogen input from fixation, Dry.Dep N is nitrogen 

input from dry deposition; Uptake N is nitrogen uptake by harvested grass; Drain N is 

nitrogen losses via subsurface drainage; RO N is nitrogen losses through surface runoff,    

DLS N is nitrogen losses through vertical seepage and lateral seepage; Gas N is nitrogen gas 
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emission from soil profile through denitrification and ammonia volatilization process; ȹS N is 

change of nitrogen in soil profile.  

According to equation 1.6, differences (ȹN) between nitrogen input (Irr N + Rain N) 

and grass uptake (Uptake N), losses from subsurface drain lines (Drain N) could be expressed 

as equation 1.7: 

.

N N N N

N N N N N N

N Irr Rain Uptake Drain

RO DLS Gas S Fix Dry Dep

D = + - -

= + + +D --
  Equation 1.7 

where ȹN is the differences between nitrogen input and summary of grass uptake and 

losses through subsurface drain lines (kg ha-1). 

3 2N xGas NH N NO= + +     Equation 1.8 

N N NDLS DS LS= +      Equation 1.9 

Equation 1.7 in CD and FD plots could be expressed as equation 1.10 and 1.11. 

| | | | |

| | | | | . |

CD N CD N CD N CD N CD

N CD N CD N CD N CD N CD N CD

N Irr Rain Uptake Drain

RO DLS Gas S Fix Dry Dep

D = + - -

= + + +D - -
  Equation 1.10 

| | | | |

| | | | | . |

FD N FD N FD N FD N FD

N FD N FD N FD N FD N FD N FD

N Irr Rain Uptake Drain

RO DLS Gas S Fix Dry Dep

D = + - -

= + + +D - -
   Equation 1.11 

The basic assumption for nitrogen balance in the field is CD and FD plots received 

the same amount of nitrogen input. According to equation 1.10 and 1.11, that is, 

| |N CD N FDIrr Irr= , | |N CD N FDRain Rain= , | . | | . |N CD N CD N FD N FDFix Dry Dep Fix Dry Dep+ = + . 

In addition, since soil properties, wind speed from CD and FD plots were assumed equal to 

each other, it was assumed that, 3 3| |CD FDNH NH= . Subtract equation 1.11 from equation 

1.10, resulted in: 



 

31 

 

2 2

| |

( | | ) ( | | )

( | | ) ( | | ) [( ) | ( ) | ] ( | | )

CD FD

N FD N CD N FD N CD

N CD N FD N CD N FD x CD x FD

N

N CD N FD

Diff N N

Uptake Uptake Drain Drain

RO RO DLS DLS N NO N NO S S

=D -D

= - + -

= - + - + + - + + D D-

  

Equation 1.12 

where Diff N is the difference of ȹN between CD and FD plots (kg ha-1). 

Irr N, Rain N, Uptake N, and Drain N could be obtained through field measurement of 

irrigation volume and nitrogen concentration, precipitation volume, and nitrogen 

concentration, grass oven-dry biomass and nitrogen content, drainage water volume and 

nitrogen content. Fix N , Dry.Dep N, RO N, DLS N , Gas N , and ȹS N could not be calculated 

through parameter measured in the field. However, DRAINMOD series model 

(DRAINMOD NII, DRAINMOD -GRASS) could do an estimation for those items according 

to suitable calibration and validation of field data.  

1.3.4.3 Phosphorus balance calculations 

P P P P P P P
Irr Rain Uptake Drain RO DLS S+ + +D= + +   Equation 1.13 

Where Irr P is phosphorus input from irrigation water; Rain P  is phosphorus input 

from precipitation or wet deposit; Uptake P is phosphorus uptake by grass harvest; Drain P  is 

phosphorus losses from subsurface drainage lines; RO P  is phosphorus losses through surface 

runoff, DLS P  is phosphorus losses through vertical seepage and lateral seepage; Gas P  is 

phosphorus gas emission from soil profile through denitrification process; ȹS P  is change of 

phosphorus in soil profile.  

So 

P P P P P P P
P Irr Rain Uptake Drain RO DLS SD = + - - = + +D  Equation 1.14 

Where ȹP is the differences between phosphorus input and summary of grass uptake 

and losses through subsurface drain lines (kg ha-1). 
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Phosphorus balance in CD and FD plots could be expressed as equation 1.15 and 

1.3.16: 

| | | | | | | |
CD P CD P CD P CD P CD P CD P CD P CD

P Irr Rain Uptake Drain RO DLS SD = + - - = + +D  

Equation 1.15 

| | | | | | | |
FD P FD P FD P FD P FD P FD P FD P FD

P Irr Rain Uptake Drain RO DLS SD = + - - = + +D  

Equation 1.16 

Subtract equation 1.16 from 1.15, resulted in: 

( | | ) ( | | )

( | | ) ( | | ) ( | | )

P CD FD P FD P CD P FD P CD

P CD P FD P CD P FD p CD P FD

Diff P P Uptake Uptake Drain Drain

RO RO DLS DLS S S

=D -D = - + -

= - + - + D -D
   

Equation 1.17 

where Diff P is the difference of ȹP between CD and FD plots (kg ha-1). 

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 test for flow-

weighted mean nitrogen (N) and phosphorus (P) concentrations of drainage water, and N, P 

export loading via subsurface drainage from FD and CD plots. This procedure was used to 

examine if CD treatment statistically significantly affected observed flow weighted mean 

concentration (FWMC) of nitrogen (including NO3-N/NO2-N, AN, ON, TN) and phosphorus 

(including Ortho-P, TP, particulate-P). In addition, the population means of observed FWMC 

of N and P in drainage water  for both CD and FD treatments were estimated using this 

procedure, with 95% confidence limits. Tukeyôs method was used as an adjustment method 

for comparison between the population means of the two treatments. Kenward and Roger 
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(SAS Institute Inc. 2016) calculation was used determine the degree of freedom as a function 

of the missing values from the data set. For example, each drainage water sample collected 

from the FD treatment does not necessarily have a corresponding sample from the CD 

treatment. The spatial power covariance structure was used since the time lag between 

sampling dates was not equally distributed. Studentized residual plots were checked to verify 

that assumptions for parametric statistical tests, including normality and equal variance, were 

not severely violated. If the studentized residual plots were highly skewed, logarithmic 

transformation (with the base of 10) were applied to the data before performing the repeated 

ANOVA test. The model for repeated ANOVA test for drainage water FWMC of N and P is 

shown in equation 1.18.  

( )ij i j i ijY Wm a e= + + +    Equation 1.18 

Where Yij is the observed FWMC of N or P with treatment i and subject (replicate) j, 

i=CD, FD and , j=1, 2; ɛ is the population mean of the observed FWMC of N or P; Ŭj is fixed 

effect of treatment (CD vs. FD); Wj(i) is the between-subject error for subject j within 

treatment i, which should follow a normal distribution with zero mean and ůw
2 variance; Ůij is 

within-subject error, which should also follow a normal distiribution with zero mean and  ůⱦ
2 

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 concentrations in groundwater samples using MIXED 

and GLIMMIX procedures of SAS software (SAS, 2012). The repeated ANOVA test model 

for groundwater nitrogen or phosphorus concentration is given in equation 1.19.  
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( ) ( )ijk i k j i ijkik
Y Wm a t at e= + + + + +

    Equation 1.19 

Where Yijk is the observed N or P concentration of groundwater; ɛ is the population 

mean of the observed N or P concentration of groundwater; Ŭj  is the fixed effect of treatment 

(controlled vs. free drainage), i=1 and 2; kt is the fixed effect of depth, k=1, 2, and 3 for 

samples collected from shallow, medium, and deep wells; Wj(i)  is the between-subject error 

for subject j within treatment i, Wj(i) ~ N (0, ůw
2), j=1, 2, é ,76 (total number of sample 

collections); Ůijk = within-subject error ~ N (0, ůⱦ
2); Wj(i) and Ůijk 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 default type III estimable function. The 

depths were set as a repeated factor. Statement LSMEANS was used to compare differences 

of means of paired factors; adjustment type for comparison was Tukey. Covariance structures 

were set as unstructured. Kenward and Roger's 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) of the MIXED procedure. Back transformation of estimated concentrations were 

performed according to equations derived by Jørgensen and Pedersen (1998). SAS code for 

the PROC MIXED model for groundwater nitrate concentration analysis (as an example) is 

given in Appendix A.2.3.2  
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1.3.5.2.2 PROC GLIMMIX model  

GLIMMIX procedure builds a generalized linear mixed model that fits data with 

correlation, non-normality or non-constant variability. The dist=lognormal statement was 

used in GLIMMIX procedure to account for the non-normality of the observations. SAS code 

for the PROC GLIMMIX model for groundwater nitrate concentration (as an example) is 

given in Appendix A.2.3.3  

1.3.5.3 Analysis of groundwater table depth using ARIMA and GLIMMIX procedures 

The IDENTITY statement of ARIMA procedure in SAS was used to identify the 

autocorrelation of measured daily (at the end of the day) groundwater table depth for each 

treatment (CD and FD). Based on this test, which showed significant autocorrelation in 

measured groundwater table depth for both treatments, the PROC GLIMMIX was used 

instead of the simple t-test to assess the significance of the difference between CD and FD 

groundwater table depth (WTD) time series. T-test requires that sample groups consist of 

independent (randomly selected) observations, which is usually not reasonable for time 

series. GLIMMIX procedure could be used to fit statistical models to data with correlations 

or non-constant variability and non-normality. So, GLIMMIX procedure was used to 

compare the groundwater table depth between CD 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 appendix A.1.1.1 and A.1.1.2. 

1.3.5.4 Change of N and P concentrations in shallow groundwater flow 

ANOVA test was also performed assess the relationship between N and P 

concentrations in groundwater table and concentrations in drainage outflow for each 

treatment. ñLocationò was the only effect tested, it was used to identify where water samples 
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come from (groundwater 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 was used as repeated factor. Spatial 

power was used as covariance structure. Replicates were used as a random effect. 

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 1.2 shows observed and 30-year normal (from 1981 to 2000) monthly, and 

annual rainfall  Yearly rainfall ranged from 99.2 cm (2014) to 124.5 cm (2012), which were 

all less than the 30-year normal rainfall (132.1 cm). Observed monthly rainfall varied widely 

from month to month, ranging from 1.4 cm (May 2011) to 33.5 cm (Aug 2011). Both the 30-

year normal and the 4-year average precipitation data show that the months of June, July, 

August, and September have the highest precipitation, compared to the other months of the 

year. The precipitation during these four months represented 48% of the 4-year average and 

40% of the 30-year normal annual precipitation. These summer months are characterized by 

large storm events, sometimes long dry periods, and high evapotranspiration demand. 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 Jan 2013 (Table 1.3). The annual 

application rate ranged from 6.9 cm in 2014 to 14.5 cm in 2011. 
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Table 1.2 Monthly precipitation during the four -year experiment and 30-year 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 13.4 15.7 13.5 2.2 

Aug 33.5 13.7 17.2 10.1 18.6 14.2 4.4 

Sep 14.5 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 108.0 124.5 114.7 99.2 111.6 132.5 -20.9 

 

Table 1.3 Wastewater irrigati on dates and amounts for the four-year (2011-2014) experiment 

Date 
Irrigation 

(cm) 
Date 

Irrigation 

(cm) 
Date 

Irrigation 

(cm) 
Date 

Irrigation 

(cm) 

8-Apr-11 1.0 15-Mar-12 2.2 11-Jan-13 2.5 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-Jun-11 1.9 28-May-12 2.4 20-Mar-13 1.1 18-Jun-14 1.2 

17-Aug-11 2.4 6-Jul-12 2.2 22-Mar-13 1.2 19-Jun-14 1.3 

26-Oct-11 2.4 28-Sep-12 2.1 29-Jul-13 1.2 28-Aug-14 1.2 

2-Dec-11 2.2   21-Nov-13 1.1 2-Sep-14 1.2 

16-Dec-11 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 plots were consistently maintained at 36 cm below the ground. They were only 

lowered temporarily if needed to empty the soil profile before irrigation. Thus, the likelihood 

of observing subsurface drainage outflow from CD plots is substantially less compared to 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 four-year experimental study show that 

the adopted management protocol of controlled drainage substantially reduced subsurface 

drainage outflow, compared to continuously open free drainage treatment (Table 1.4 and 



 

38 

 

Figure 1.7). On average over the four-year study period, yearly mean subsurface drainage 

from FD plots was 42.6 cm, which represents 34.8% of average annual water input 

(precipitation plus irrigation). On the other hand, average subsurface drainage from CD plots 

was only 2.9 cm or 2.4% of average annual water input. Yearly subsurface drainage from FD 

plots ranged from 24.5 cm in 2011 to 53.4 cm in 2013. For CD plots, yearly subsurface 

drainage varied between 0.6 cm in 2011 and 6.1 cm in 2013.  The large volume of water that 

did not leave the field though the subsurface drainage system because of CD may be 

accounted for by increased ET, surface runoff, lateral and vertical seepage, and soil water 

storage. The fate of the reduced subsurface drainage can be predicted by 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 four-year (2011-2014) experimental study.  

Year 
Precipitation 

(cm) 

Irrigation 

(cm) 

Subsurface 

drainage 

CDÀ 

(cm) 

Subsurface 

drainage 

FDÀ 

(cm) 

Ratio of 

subsurface 

drainage to 

water input 

CD 

Ratio of 

subsurface 

drainage to 

water input 

FD 

2011 108 14.5 0.6 ±0.0 24.5 ±0.5 0.5% 20.0% 

2012 124.5 12.4 3.4 ±0.3 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 1.4 ±0.4 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 ±0.09 42.6 ±2.0 2.4% 34.8% 

À mean ± standard error values for measured subsurface drainage at the two replicates. 

ÿ  Water input is precipitation plus irrigation 

The monthly drainage flow from FD plots exhibited distinct seasonality (Figure 1.7, 

Table 1.5). The lowest subsurface drainage was consistently observed in the months of April, 

May, and June. During the 4-year study, there were only 4 months with no drainage flow 

from FD plots. Highest drainage flows were observed during 1st and 3rd quarter of the year. 

Approximately 76% of yearly free drainage occurred during 1st and 3rd seasons. A Larger 
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percentage of input water was drained out through subsurface drainage in the first and fourth 

quarters (62%), compared to the second and third quarters (38%) when the ET demand is 

substantially higher than the rest of the year.  

There were a few incidents of power outage on the research site, disrupting pumping 

of the subsurface drainage water at the site. These incidents influenced the measurement of 

subsurface drainage. For instance, Hurricane Irene contributed 19.3 cm precipitation on 

August 27, 2011, and caused a power outage on the site. The power was restored, and 

pumping subsurface drainage was resumed on September 15, 2011. The precipitation was 

33.5 in August and 14.5 cm in September while the corresponding measured subsurface 

drainage flows were 0.91 cm and 11.4 cm, respectively. The power outage caused by 

Hurricane Irene clearly influenced the ñmeasuredò drainage flows since the free drainage 

treatments were effectively under the naturally poorly drained conditions. In other words, the 

disruption of the subsurface drainage system during August and September 2011 most likely 

increased surface runoff,  increased ET, and reduced the ñmeasuredò subsurface drainage 

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 measured subsurface 

drainage volume than what would have been measured if these power 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 most likely caused by the delayed drainage in 

response to the snowmelt that followed the snowfall (17.3 cm, Figure 1.8) at the end of 

January and beginning of February. This difference could not be attributed to change in soil 

water storage since the difference between the water table depths at the end of December 
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2013 (83 cm) and February 2014 (90 cm) is only 7 cm (Figure 1.14 and Figure 1.15). Also, 

there might be some difference between actual precipitation (including snowmelt equivalent 

water depth) and recorded precipitation in the field, during the snowfall events (Figure 1.8).  

For the CD treatment, there were 27 months with no subsurface drainage (Table 1.5). 

The monthly subsurface drainage from the CD treatment accounted for 0.07% to 18.4% of 

monthly total 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 factor affecting the subsurface drainage outflow from the CD treatment in this 

experiment 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 (2011-2014) experimental study.  

Months 

Average monthly drainage flow (cm) 

2011 2012 2013 2014 4 year mean 

 FD  CD FD CD FD CD FD CD FD CD 

Jan 0.9 ±0.1 0.4 ±0 4.3 ±1.8 0 ±0 5.4 ±0.6 0.1 ±0.1 6.5 ±0.3 0.2 ±0.1 4.3 ±0.7 0.2 ±0 

Feb 1.5 ±0.1 0 ±0 7.1 ±2.3 0.2 ±0 8.3 ±0.2 2.1 ±0.3 6.4 ±1 0.1 ±0 5.8 ±0.4 0.6 ±0.1 

Mar 0 ±0 0 ±0 5.7 ±0 0.2 ±0 3.8 ±0.2 0.9 ±0 7.8 ±0.7 0.5 ±0.1 4.3 ±0.2 0.4 ±0 

Apr 0.5 ±0.5 0 ±0 1.4 ±0.2 0 ±0 0.8 ±0 0 ±0 1.8 ±0.1 0 ±0 1.1 ±0 0 ±0 

May 0 ±0 0 ±0 1.8 ±0.4 0.5 ±0.1 0 ±0 0 ±0 0.9 ±0.2 0 ±0 0.7 ±0.1 0.1 ±0 

Jun 0 ±0 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 0 ±0 7.8 ±0.7 1.1 ±0 4.4 ±0.1 0 ±0 0.8 ±0.1 0 ±0 3.4 ±0.3 0.3 ±0 

Aug 0.9 ±0.2 0 ±0 6 ±0.6 0 ±0 9.1 ±0 1.1 ±0.1 2.3 ±0.4 0 ±0 4.6 ±0.2 0.3 ±0 

Sep 11.4 ±0.1 0.2 ±0 5 ±0.2 0.1 ±0 2.3 ±0.2 0.1 ±0 5.2 ±0.2 0 ±0 6 ±0.1 0.1 ±0 

Oct 5.7 ±0.6 0 ±0 5.9 ±0.2 0.2 ±0 3.1 ±0.4 0 ±0 0.9 ±0.1 0 ±0 3.9 ±0.3 0 ±0 

Nov 2.6 ±0.8 0 ±0 1.7 ±0.3 0 ±0 4.4 ±0 1 ±0.1 2.4 ±0 0.1 ±0 2.8 ±0.1 0.3 ±0 

Dec 0.4 ±0.1 0 ±0 5.6 ±0.3 1 ±0.1 10.8 ±0.1 0.7 ±0 4.9 ±0.2 0.6 ±0.1 5.4 ±0 0.6 ±0 
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Figure 1.7 Monthly precipitation, irrigation, average drainage volume (cm) during 2011-2014.  

 
Figure 1.8 Daily Observed vs. downloaded precipitation, air temperature and drainage. 
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Subsurface drainage water discharge from both free drainage (FD) and controlled 

drainage (CD) plots responded soon after groundwater table depth (WTD) mid-way between 

drain lines reached a level higher than drainage outlet (control) level (Figure 1.11, Figure 

1.13, Figure 1.15, Figure 1.17). Subsurface drainage flow from FD plots occurred 

continuously during experimental period except in very dry periods.  Subsurface drainage 

flow from CD plots occurred occasionally for short durations in very wet periods or after 

drainage outlet was lowered below WTD (i.e. from February 27 to March 3, 2013, from 

November 13 to November 21, 2013, Figure 1.15).  Average daily subsurface drainage flow 

from FD plots (calculated according to two replicate drain lines) ranged from 0 to 2.9 cm. 

However, 75% of daily flows were lower than 0.14 cm.  Average daily subsurface drainage 

flow from CD plots ranged from 0 to 0.8 cm. However, only 8.9% of daily flows were 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 water table at 

the FD treatment. The difference in the groundwater table depth between the two treatments 

increased during the wet periods compared to the dry periods (Figures 1.10, 1.12, 1.14, 1.16). 

The water table was deepest in 2011 (yearly mean WTD of 97 cm for CD and 101 cm for 

FD) and shallowest in 2013 (yearly mean WTD of 72 cm for CD and 91 cm for FD).  The 

smallest difference in mean water table depth between CD and FD was 4 cm and occurred in 

2011. The largest difference in mean water table depths between CD and FD occurred in 

2013 and 2014. The  mean WTD at CD treatment were shallower by 19 cm and 20 cm in 

2013 and 2014, respectively (Table 1.6 and Figure 1.9). Both CD and FD daily mean WTD 

time series were significantly autocorrelated (p<0.0001, Appendix A.1.1). The statistical test 
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with auto correlation indicated that daily WTD at CD was significantly shallower than the 

daily WTD at FD with an estimated difference of 0.15 m over the four year study period 

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

0.1559 at a significant level of Ŭ=0.05. 

Table 1.6 Monthly average groundwater table depth for CD and FD plots (2011 to 2014). 

Year 2011 2012 2013 2014 

Months 
 CD 

(cm) 

 FD 

(cm) 

ȹÀ 

(cm) 

 CD 

(cm) 

 FD 

(cm) 

ȹ 

(cm) 

 CD 

(cm) 

 FD 

(cm) 

ȹ 

(cm) 

 CD 

(cm) 

 FD 

(cm) 

ȹ 

(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 

À      ȹ is the difference of groundwater table depth between CD and FD plots. 

 
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 on 138 to 150 days every year of 

the 4-year 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 conditions before the rainfall or irrigation event, and the weir level 

of the CD treatment. Following rainfall and/or irrigation, the groundwater table at CD rose to 

a shallower depth, compared to the FD treatment (Figure 1.10, Figure 1.12, Figure 1.14, and 

Figure 1.16). This is primarily caused by the difference between the two treatments in the 

antecedent soil water conditions. In other words, WTD prior to rainfall and/or irrigation was 

most often shallower at CD compared to FD treatment, and drainable porosity was lower 

when the water table was shallow. Another 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 drawdown rate at CD treatment was considerably slower 

than the drawdown rate of the water table at FD (Figure 1.10, Figure 1.12, Figure 1.14, and 

Figure 1.16). This was mainly due to the difference in subsurface drainage rates between the 

two treatments (Figure 1.11, Figure 1.13, Figure 1.15, Figure 1.17) caused by the greater 

driving head differences between the WTD and the outlet depths at the FD plots.  

Lowering the outlet level at CD treatment caused an immediately noticeable increase 

in the water table drawdown. For instance, CD outlet levels were lowered from 36 cm to 74 

cm on February 27, 2013, and were kept at this level until March 3, 2013. As a result of this 

change in weir settings, CD WTD dropped from 10 cm to 72 cm (only 6 cm shallower than 

FD WTD) after four days of drainage (Figure 1.14).  

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

periods (e.g. January-August 26, 2011) (Tables 3.1 and 3.4). Excluding precipitation of 



 

45 

 

Hurricane Irene, each month from January to August had precipitation below the 30-year 

monthly normal (Table 3.1). The water table drawdown rates for both treatments increased as 

the water table got deeper during periods with high potential evapotranspiration and/or low 

water input. The WTD fell below the drain depths in June, July, October, and November.  

The deepest level of the water table (WTD = 170 cm) occurred in June 2011. The drop in the 

water table level below drain depth in October and November in 2013 and 2014 might 

indicate the possibility of vertical/lateral seepage or enhanced evapotranspiration (ET) by 

relatively deep-rooted tall fescue and ryegrass since the growth rate of the two cool season 

kinds of grass were high in the fall season. In contract, WTDs were seldom lower than drain 

level in winter. 
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Figure 1.10 Observed hourly precipitation, irrigation, and groundwater table depth from CD and FD 

plots (2011). 

 
Figure 1.11 Observed daily precipitation, irrigation, and drainage volume from CD and FD plots (2011).  
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Figure 1.12 Observed hourly precipitation, irrigation, and groundwater table depth from CD and FD 

plots (2012). 

 
Figure 1.13 Observed daily precipitation, irrigation, and drainage volume from CD and FD plots (2012). 
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Figure 1.14 Observed hourly precipitation, irrigation, and groundwater table depth from CD and FD 

plots (2013). 

 
Figure 1.15 Observed daily precipitation, irrigation, and drainage volume from CD and FD plots (2013). 
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Figure 1.16 Observed hourly precipitation, irrigati on, and groundwater table depth from CD and FD 

plots (2014). 

 
Figure 1.17 Observed daily precipitation, irrigation, and drainage volume from CD and FD plots (2014).  
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1.4.1.4 Water balance study 

An annual estimate of non-measured water balance components (NWBC or 

ET+DLS+RO+ȹSS) can be made since NWBC is equal to measured water balance 

components (MWBC, or P + Irr ï D + f Å ȹWTD) according to Equation 1.5. If DLS, RO, 

and ȹSS are equal to 0, then NWBC would equal ET. An estimated potential ET (ETc turf) can 

be calculated using measured meteorological values and can be compared to NWBC for CD 

and FD treatments to see if DLS, RO, and ȹSS are equal to 0. Of course, we must assume 

that ET is equal to ETc turf which can only occur under well-watered conditions (soil and 

plants can meet ET demand). Annual NWBC for CD and FD are compared to annual ETc turf 

in Table 1.7 and depicted in Figure 1.18. Detailed calculation of ETc turf is given in appendix 

A.1.2. Differences between NWBC and ETc turf can be used to infer water stress affecting 

grass growth and the likelihood of seepage and/or surface runoff. Specifically, when NWBC 

is less than ETc turf, water supply could not meet ET demand under field conditions, and 

vegetation might be subject to drought stress. When NWBC is greater than ETc turf, the water 

supply in the field not only more likely meets the ET demand, but the excess indicates 

surface runoff and/or seepage (lateral and/or vertical). We assume that ȹSS is insignificant 

on an annual basis. For CD treatment, cumulative NWBC were greater than ETc turf in fall 

2011, 2012, and 2013 as well as in spring 2012, 2013, and 2014.  This suggests the 

possibility that DLS or RO occurred on this plots.  In contrast, NWBC for the FD treatment 

were similar to ETc turf for some periods and less than ETc turf for other periods. The periods 

when NWBC was less than ETc turf often coincide with dry periods when ET demands may 

not have been met by the soil and crop conditions. NWBC for FD plots were sometimes less 
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than zero during January to March of 2014. This was due to a possible inaccurate record of 

equivalent water from snowmelt during this period (Figure 1.8).  

Table 1.7 Estimated yearly ETc turf and NWBC for CD and FD. 

Year Water Input (cm)À ETc turf (cm) 
NWBC (cm) NWBC-ETc turf (cm)ÿ 

CD FD CD FD 

2011 122.5 94.9 115.5 92.3 20.7  -2.5 

2012 136.88 87.1 130.2 81.3 43.0  -5.8 

2013 124.19 95.2 118.3 72.5 23.1 -22.7 

2014 106.07 102.3 104.9 66.3   2.6 -36.0 

Average 122.41 94.9 117.2 78.1 22.4 -16.7 

À Water input is rainfall plus irrigation. 

ÿ NWBC-ETc turf was calculated by subtracting ETc turf from NWBC. 

 
Figure 1.18 Estimated accumulated daily non-measured water balance components (NWBC) for CD, FD 

plots, and ETc turf under standard condition. Standard field condition is no water logging or deficit stress, 

salinity stress, crop density, pest, diseases, weed infestation, low fertility, the presence of hard or 

impenetrable soil horizons in the root zone, etc. 
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1.4.2 Nitrogen and phosphorus Dynamics 

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 P to the field. Dry deposition was not measured 

during the four-year 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 summarized in Tables 1.8-1.11. The concentration of nitrogen and 

phosphorus from irrigation water were similar to the record from tidewater research station at 

the same period of time, as well as previous records for the same site (Burchell, 2003; Poole, 

2006) and study by Adeli and Varco (2001). There were 5 to 7 irrigation events each year. 

Nitrogen input from irrigation was primarily in ammonia/ammonium (AN) and organic (ON) 

forms, with 71% to 80% of applied N in AN form (Table 1.8).  

Nitrogen input as wet deposition (precipitation) in 2014 was 15.7 kg ha-1 (Table 1.9), 

of which 4.9 kg ha-1 was in AN form, 8.8 kg ha-1 was in ON form, and 1.94 kg ha-1 was in 

nitrate form. TN concentration ranged from 0.45 mg L-1 to 5.62 mg L-1, with a median 

concentration of 1.30 mg L-1. AN accounted for 10% to 52% of total nitrogen input via 

precipitation, varied with seasons (Figure 1.19). Nitrogen input through wet deposition in 

2011, 2012, and 2013 were estimated at 17.1 kg ha-1, 19.7 kg ha-1, 18.1 kg ha-1, respectively, 

according to 2014 nitrogen wet deposit value and yearly precipitation depth.  Nitrogen dry 

deposition was not measured in experimental site. The measured/estimated nitrogen wet 

deposition from the experimental site was similar to the previous observation in the same site 

(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 kg ha-1 during the measurement period of 

2012. TP applied to the field was 43.05 kg ha-1 in 2013 and 37.64 kg ha-1 in 2014. 

Orthophosphate (Ortho-P) accounted for 73.4% of TP that was applied to the field from May 

28, 2012, to the end of 2014 (Table 1.10). TP concentration ranged from 0 to 0.41 mg L-1, 

with median concentration of 0.05 mg L-1. P input from rainfall mainly consists of particulate 

P (Figure 1.20). Pasture site received 0.81 kg ha-1 TP via wet deposition (precipitation) in 

2014, of which 21.0% was in Ortho-P form (Table 1.11).  

Table 1.8 Yearly mean nitrogen concentration and yearly mass input to Pasture site from swine lagoon 

effluent. 

Nitrogen species 
Nitrogen concentration (mean ± standard error) (mg L-1) 

2011 (n=7) 2012 (n=5) 2013 (n=7) 2014 (n=6)À 

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 0±0 0±0 

TN 230.2±45.0 392.9±39.4 499.8±27.8 401.0±18.1 

Nitrogen species Nitrogen mass input kg N ha-1 (N species mass percentage of total N) 

AN 226.6 (76.6%) 395.3 (79.3%) 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 

À Concentration of TKN in June 2014 come from analysis result in tidewater research 

station.  

Table 1.9 Mean nitrogen concentration of wet deposition in 2014 (data based on 18 grab samples 

collected during 2014) and mass input via wet deposition during 2011- 2014.   

Nitrogen species Nitrogen concentration, 2014 (mg/L)  
Nitrogen mass  (kg/ha) 

2011À 2012À 2013À 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 2.44 2.24 1.94 

TN  1.74±0.31 17.08 19.69 18.14 15.69  

À N input via wet deposition 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 samples in the year of 2014 

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

lagoon effluent. 

Phosphorus species 
Phosphorus concentration (mean ± standard error) (mg L-1) 

2011 (n=7) 2012 (n=5) 2013 (n=7) 2014 (n=6) 

ORTHO-P  44.17±6.62 37.82±6.24 35.75±2.93 43.2±3.06 

Particulate PÀ . 17.3±4.86 11.71±3.23 10.69±4.01 

TPÀ . 45.38±6.6 47.45±3.8 53.89±5.93 

Phosphorus species Phosphorus mass input kg N ha-1 (P species mass percentage of total P) 

ORTHO-P  67.9 48.9 (61.9%)ÿ 32.6 (75.7%) 30.1 (80.0%) 

Particulate PÀ . 11.6 (38%) 10.5 (24.3%) 7.5 (20.0%) 

TPÀ . 30.3 43.1 37.6 

À TP concentration was not measured until May 2012. Therefore, the number of 

irrigation wastewater samples for TP concentration was 0 in 2011 and 3 in 2012. The 

concentration of TP in June 2014 come from analysis result in tidewater research 

station. 

ÿ 61.9% is the mass percentage of ortho-P after the beginning of TP concentration 

measurement. 
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Table 1.11 Mean phosphorus concentration of wet deposition in 2014 (data based on 18 grab samples 

collected during 2014) and mass input via wet deposition during 2011-2014. 

Phosphorus species Phosphorus concentration, in 2014 (mg/L)  
Phosphorus mass input (kg/ha) 

2011À 2012À 2013À 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 0.94 0.81 

À P input via wet deposition in 2011, 2012, and 2013 was estimated using measured P 

concentration in  

 
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 via subsurface drainage 

1.4.2.2.1  Subsurface drainage flow-weighted mean concentration (FWMC) of nitrogen 

and phosphorus 

During the four year study, a total of 130 and 61 composite drainage water samples 

were collected from the two replicates of FD and CD treatments, respectively. These 

composite samples represent flow-weighted mean concentration for the period of sample 

collection. Laboratory analysis for measuring TP concentration started on 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. 

The number of drainage water samples produced at the CD plots were less than half of the 

number of samples produced by the FD plots since drainage seldom occurred in CD plots 

(Figure 1.11, 1.13, 1.15, and 1.17).  

Table 1.12 and Table 1.13 provide a summary of the FWMC of N and P in drainage 

water for FD and CD treatments during the four-year study. Nitrate was the main form of N 

transported via subsurface drainage. The NO3-N FWMC in drainage water was significantly 

lower for CD plots (mean concentration = 4.04 mg N L-1, Table 1.12), compared to FD plots 

(mean concentration 7.54 mg N L-1, Table 3.10) (p =0.0004, Table 1.14). However, AN and 

ON FWMCs of drainage water for the CD treatment were significantly higher (p=0.0001 for 

AN FWMC, p<0.0001 for ON FWMC, Table 1.14) than the corresponding concentrations 

for the FD treatment. For CD treatment, mean concentrations of AN and ON were 0.80 and 

2.03 mg N L-1, respectively. The corresponding concentrations for the FD treatment were 

0.31 and 1.25 mg N L-1 (Table 1.12). 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=0.03, Table 1.14) for the CD plots (6.9±0.6 mg N L-1), compared 

to the FD plots (9.1±0.4 mg/L).  

The FWMCs of TP and particulate P in drainage water samples collected from CD 

plots were significantly higher (p=0.001 for TP concentration, p<0.0001 for particulate P 

concentration, Table 1.15) than the measured concentrations for FD plots. Mean TP 

concentrations for CD and FD treatments were 0.23 and 0.13 mg P L-1, respectively (Table 

1.13). However, FWMCs of Orthophosphate (ORTHO-P) in drainage water for CD and FD 
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plots were not significantly (p=0.6894, Table 1.15) different (mean concentration = 0.08 mg 

P L-1 for both treatments, Table 1.13).  

Table 1.12. Summary of measured drainage water flow-weighted mean concentration (mg N L-1) of 

different nitrogen species for both controlled drainage (CD) and free drainage (FD) treatments. 

Nitrogen 

Species 
Treatment 

Number of 

Samples 

Nitrogen Concentration (mg N L-1) 

Range 

Mean ± 

Standard 

Error 

Median 
Interquartile 

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) 1.25±0.12 0.98 (0.64, 1.41) 

TN 
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 interquartile range is defined by the range from 25% quartile to 75% quartile; a number 

of observations includes a number of samples collected from both replicates of each 

treatment.  

Table 1.13 Summary of measured drainage water flow-weighted mean concentration (mg P L-1) of 

different phosphorus species for both controlled drainage (CD) and free drainage (FD) treatments. 

Phosphorus 

Species 
Treatment 

Number of 

Samples 

Data 

range 

Mean ± Standard 

Error 
Median 

Interquartile 

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, 0.80) 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) and free 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 [a] 
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 

ON[a] 
Estimated population mean 1.86 0.90 <.0001* 

Lower 95% CL, Upper 95% CL (1.63,2.13) (0.76,1.07) CD>FD 

TN 
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 was statistically significantly affected by treatments at a significant level 

of Ŭ=0.05. 
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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-P[a] 
Estimated population mean 0.07 0.06 0.6894 

Lower 95% CL, Upper 95% CL (0.05,0.1) (0.05,0.08) CDåFD 

Particulate P[a] 
Estimated population mean 0.1 0.02 <.0001* 

Lower 95% CL, Upper 95% CL (0.07,0.15) (0.01,0.03) CD>FD 

Tp[a] 
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 transformation has been made to the data before performing the repeated ANOVA test; 
* observed FWMC was statistically significantly affected by treatments at a significant level of Ŭ=0.05. 
There were 28 observed ORTHO-P value for CD1 (n=28), 33 observations for CD2 (n=33), 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 1.21 shows the temporal variation of measured FWMCs of N and P species, 

averaged over the two replicates of each treatment. The nitrate FWMC showed large 

temporal variations for both CD and FD plots. Throughout the study period, the nitrate 

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

the other hand, several drainage events were observed when nitrate concentration of drainage 

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

concentration from CD plots collected on July 13 and 26, 2012, as well as August 30, 2013, 

were 5.94, 2.05, and 1.56 mg N L-1 higher than that from FD plots, respectively. The nitrate 

FWMC tended to increase during spring to a peak in early to mid-summer, then slowly drop 

down during mid to late summer before increasing again to a peak value in early winter. The 

nitrate FWMC then tended to decrease through the winter until the end of the next spring. 

This pattern was consistent with temporal variation in flow volume as the majority of 

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

happened in winter (Figure 1.21). However, highest nitrate FWMC of CD usually occurred in 
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summer after relatively long dry periods followed by large storm events that generated flow 

from the CD plots (Figure 1.21). 

The results of our study showed that the differences in nitrate concentrations between 

FD and CD plots increased with time, following the same trend of the differences of WTD 

between FD and CD plots. Compared to FD, relatively shallower groundwater table and 

thicker reduced zones under CD treatment might be one of the major factors affecting 

reduced nitrate concentration in drainage water from CD plots. Shallow groundwater tables 

lead to the formation of anaerobic zones in the organic carbon-rich 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 plots was likely due to an increase in 

denitrification under CD treatment . 

Published studies showed a different response to controlled drainage in terms of 

nitrate concentration in drainage water. Wesström et al. (2014) and Lalonde et al. (1996) did 

not observe any significant differences between nitrate concentrations in drainage water from 

CD and FD treatments. Based on a 7-year experimental study in central Ohio, Williams et al. 

(2015) reported that CD caused an annual reduction in drainage flow ranging from 8% to 

34%; however, no significant reductions in nitrate concentrations were observed. In contrast, 

lower nitrate concentrations in drainage water from CD compared to FD were observed by 

Fausey (2005) who conducted a four-year field experiment investigating effects of controlled 

drainage on N loss from a silty clay soil in Ohio. However, Poole (2015) observed higher 

nitrate concentrations (at a significant level of Ŭ=0.1, p-value=0.075) from CD than that of 

FD in a multi-year corn-wheat-soybean production system on artificially drained Portsmouth 
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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 water mainly contains AN and ON. The applied 

ammoniacal N, as well as the mineralized organic N, is nitrified under well aerated soil 

conditions. Anaerobic conditions occurred more frequently in the shallower water table under 

CD treatment, which created unfavorable conditions for the nitrification processes (Myrold, 

2005). More AN therefore occurred in the soil profile under the CD treatment compared to 

the FD treatment. This most likely explains the observed higher AN concentrations in 

drainage water for CD treatment, compared to FD treatment. Since CD drainage events only 

occurred under shallow water table conditions when saturated flow occurred through the 

organic nitrogen-rich top soil profile, more organic nitrogen could be leached during these 

drainage events. Moreover, flow through the connected macro-pores (resulting from soil 

cracks and root channels) in the top soil profile most likely increased leaching of organic 

nitrogen under CD treatment, compared to FD treatment.   
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Figure 1.21 Observed flow-weighted mean concentration of N species during the four-year 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 Observed flow-weighted mean concentration of P species during the four-year study period. 

Median FWMC in each year of each treatment were shown in annotation box for better comparison 

between treatments. 

Phosphorus is the most limiting nutrient for eutrophication of fresh water systems. 

Total phosphorus concentration exceeding 20 ɛg P L-1 (0.02 mg P L-1) for most lakes and 

streams would cause deterioration of water quality. (Correll, 1998). In our experimental 

study, the observed TP concentrations for both CD (0.23 mg P L-1) and FD (0.13 mg P L-1) 

treatments were higher than this 0.02 mg P L-1 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 CD resulted in lower TP loading 

from the field despite the higher TP concentration in drainage water, compared to the FD 

treatment.   

There was no statistically significant difference in ortho-P concentration between CD 

and FD treatments. Controlled drainage was found to increase ortho-P concentration in 

drainage water (Valero et al., 2007). It has been documented that P solubility increases in 

reduced soils (Sallade and Sims, 1997; Vadas and Sims, 1998). This increase in soluble P in 

acid soils was attributed to the reduction of iron (Fe) and aluminum (Al) and the release of P 

from Fe and Al compounds (Holford and Patrick, 1979). During redox reactions, the 

reduction of iron oxides does not 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 observed 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 mostly occurs when the water table is shallow, and the contribution of flow 

through the connected macro-pores is relatively high compared to free drainage. 

1.4.2.2.2 Nitrogen and phosphorus mass losses via subsurface drainage 

Controlled drainage caused a substantial reduction in TN mass loss (also referred to 

as loading) via subsurface drainage. Mean annual TN loadings from CD plots ranged from 

0.7 kg N ha-1 in 2011 to 3.9 kg N ha-1 in 2013 with an accumulated loading of 9.2 kg N ha-1 

over the four-year experiment (Table 1.16). Compared to these loadings, yearly TN export 



 

64 

 

from FD plots was substantially greater. Yearly mass loss of TN from FD plots ranged from 

15.1 kg N ha-1 in 2011 to 55.3 kg N ha-1 in 2013 with an accumulated loading of 147.3 kg N 

ha-1 over the 4-year study (Table 1.16). Thus, TN mass loss from CD plots only represented 

6.3% of the TN mass loss from FD plots. Nitrate was the dominant form of N transported via 

subsurface drainage. Nitrate-N accounted for 83.6%, and 53.4% of TN lost from FD and CD 

plots, respectively. Ammoniacal N only accounted for 2.9% and ON accounted for 13.5% of 

TN loading from FD plots. The corresponding AN and ON loadings from CD plots 

represented 21% and 25.6% of TN loading, respectively (Figure 1.23).  

Loadings of N species were affected by timing and amount of nitrogen inputs, grass 

uptake, nitrogen transformations in the soil profile, drainage flow rates and volumes. The 

change of N species loadings were directly influenced by flow weighted mean concentration 

and drainage flow volume (Figure 1.25, Figure 1.26, Figure 1.27, Figure 1.28). For example, 

nitrate and TN loading from FD plots in October 2011 did not increase much when there was 

a large increase in drainage flow volume due to relatively low nitrate and TN concentration 

during that period (Figure 1.25). A similar situation occurred at the end of February 2013 for 

CD plots (Figure 1.27). Concentrations of AN and ON increased rapidly after irrigation N 

input. Large increases of AN and ON loadings occurred in response to large increases in AN 

and ON concentrations (Figure 1.26, Figure 1.28).  

Subsurface drain lines in CD plots exported 96% less nitrate N compared to FD plots. 

The TN losses via subsurface controlled drainage were 93.7% less than corresponding losses 

from that from FD drain lines. The huge reduction of N species losses from CD plots 

comparing to FD plots was due to the large reduction (93.3%) of subsurface drainage flow 

volume. In addition, the significant reduction of nitrate concentrations for CD also 
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contributed to the reduction of nitrate loading losses. The higher percentage of AN and ON 

losses from CD plots was mainly due to higher AN and ON concentrations in CD compared 

to FD plots.  

Table 1.16 Yearly Nitrogen mass losses via subsurface drainage from controlled drainage (CD) and free 

drainage (FD) treatments during the 2011-2014 experimental periodÀ. 

Year Treatment 
AN load  

(kg N ha-1) 

ON load  

(kg N ha-1) 

Nitrate load  

(kg N ha-1) 

TN load  

(kg N ha-1) 

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 0.6±0 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±0.6 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 

À values in the table are mean Ñ standard error 

 

 
Figure 1.23 Accumulated loading for different nitrogen species via subsurface drain lines in CD and FD 

plots. 

The experimental results clearly show that CD substantially reduced P mass loss from 

the subsurface drained spray field by 79.1% during the sampling period of the study. The 

mean accumulated mass loss of TP since May 23, 2012 (when TP analyses began) was 0.29 

kg P ha-1 for CD and 1.41 kg P ha-1 for FD treatment. Ortho-P was the main form of P lost 

from FD plots (58.9%) while particulate P was the dominant form of P lost from 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 ortho-P) comprised a larger proportion of TP losses 

from CD (80% from CD treatment and 67% from FD treatment).  This difference between 

the two studies might be attributed to the difference in soil types, drainage flow regime, and 

the management level of the CD system. 

Loadings of P species via subsurface drain lines were also affected by both drainage 

flow volume and flow weighted concentration of P species (Figure 1.29, Figure 1.30). The 

large reduction of P loading in CD plots was mainly due to the reduction of drainage flow 

volume. This is like findings from previous research (Evans et al., 1995; Wesström and 

Messing, 2007). While CD reduced TP loading by 79.2% the reduction of particulate P by 

CD was only 64.3% since particulate P concentrations were higher from CD plots. Nitrogen 

and phosphorus reduction of 93.7% and 79.2% from subsurface drain lines by controlled 

drainage comparing to free drainage plots was at the high end of the range reported in 

existing literature (Skaggs et al., 2010; Skaggs et al., 2012a; Wesström and Messing, 2007; 

Lalonde et al., 1996). Other pathways for N and P losses, such as losses through seepage, 

surface runoff might also exist and will be discussed in the future. 
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Table 1.17 Yearly Phosphorus mass losses via subsurface drainage from controlled drainage (CD) and 

free drainage (FD) treatments during the 2011-2014 experimental periodÀ. 

Year Treatment Ortho-P load (kg ha-1) Particulate P load (kg ha-1) TP load (kg ha-1) 

2011 
CD 0.02±0.01 . . 

FD 0.21±0 . . 

2012 before May 23 
CD 0±0 . . 

FD 0.1±0.03 . . 

2012 after May 23 
CD 0.04±0.01 0.08±0.04 0.12±0.06 

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, 

2012) 

CD 0.09±0.02 0.21±0.02 0.29±0.03 

FD 0.83±0.02 0.58±0.11 1.41±0.09 

Average (2013, 2014) 
CD 0.02±0 0.06±0.01 0.09±0.01 

FD 0.3±0 0.2±0.01 0.5±0.01 

À values in the table are mean Ñ standard error 

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

 
Figure 1.24 Accumulated loading for different nitrogen species via subsurface drain lines in CD and FD 

plots from May 23, 2012, to Dec 31, 2014. 

Repeated ANOVA test was performed to determine if treatment statistically affects 

interval N and P losses through subsurface drain lines (70 events in total, spatial power was 

set as covariance structure). According to Table 1.18 and Table 1.19, nitrate, AN, ON, TN, 

TP, ORTHO-P and particulate P interval loadings from CD plots were significantly smaller 

than that from FD plots at a significant level of Ŭ=0.05.  
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Table 1.18 Estimated N interval loading by treatments, with 95% confidence limits. 

Parameter Category CD, g N ha-1 FD, g N ha-1 p_value 

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 

TN 
Estimate 4.1 773.6 <.0001* 

Lower 95% CL, Upper 95% CL (2, 8.1) (449.9, 1330) CD<FD 

Log transformations have been made to data set before performing repeated ANOVA test; The estimated N 

interval loadings were back transformed from  

* indicated that the N interval loading was statistically significantly affected by treatments at a significant level 

of Ŭ=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, g P ha-1 FD, g P ha-1 p_value 

ORTHO-P 
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 95% CL (0.4, 1.2) (2, 4.3) CD<FD 

TP 
Estimate 1 14.1 <.0001* 

Lower 95% CL, Upper 95% CL (0.5, 1.6) (10.9, 18.2) CD<FD 

Log transformation has been made to data set before performing repeated ANOVA test; the estimated N interval 

loadings were back transformed from  

* indicated that the N interval loading was statistically significantly affected by treatments at a significant level 

of Ŭ=0.05. 

The sample size for each group was 70 (n=70) for ORTHO-P interval loading.  The sample 

size for each group was 52 (n=52) 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 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 nitrate-N and TN concentration for 

FD plots; (c) Cumulative drainage flow volume, nitrate N and TN 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 1.26 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 and ON 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 water for 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 nitrate-N 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 

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 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, ortho-P, particulate P and TP 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 1.30 Daily ortho-P, particulate P, and TP losses via drainage water for CD plots from 2011 to 

2014. This figure includes: (a) Daily precipitation, 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, ortho-P, particulate P and TP 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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1.4.2.3 Nitrogen and phosphorus concentration from groundwater sampling wells 

1.4.2.3.1  Nitrogen 

Nitrate concentrations in groundwater wells from CD plots significantly decreased 

from 11.96±1.62 to 0.1±0.02 mg L-1from shallow (-0.75m to -1.0m) to medium (-1.25m to -

1.5m) depth. While for FD plots, significant reductions in nitrate concentration from 

21.18±1.58 to 0.2±0.04 mg L-1 occurred from medium to deep depth (-2.0 m to -2.25 m). 

Nitrate concentration decreased with soil depth, and nitrate concentrations from CD plots 

from each soil layer were always lower than that from FD plots at the same soil depth. In 

addition, a significant reduction of nitrate concentrations occurred at shallower depths for CD 

plots compared to FD plots.  

Median CD outlet nitrate concentration from drainage water samples was 3.05 mg N 

L-1 (Table 1.12, Figure 1.21), which is between median CD groundwater nitrate 

concentration from shallow (8.47 mg N L-1) and medium well (0.06 mg N L-1). This could be 

explained by dilution of a mixing of shallow and medium groundwater that drained to CD 

outlet. However, median FD outlet nitrate concentration from drainage outlet (6.75 mg N L-1, 

table 1.12) was lower than nitrate concentration from both shallow (21.33 mg N L-1) and 

medium (19.41 mg N L-1) soil layers (Table 1.20, Figure 1.31). This indicated a possibility of 

reduction of nitrate concentration during the process of traveling from mid-way between two 

drains to drain lines, then to drainage outlet. Denitrification may have been taken placed in 

both CD and FD plots, with more nitrate losses from CD plots comparing to FD plots.  

Repeated ANOVA (analysis of variance) test were carried out to test if treatment, 

depth, and interaction of treatments and depths (treatment*depths) significantly affect N 

concentrations from groundwater samples. Depth and treatments*depth significantly affects 
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all tested N species concentrations at a significant level of Ŭ=0.05 (Table 1.21). Treatments 

significantly affected all tested N species concentrations, except for ammonia/ammonium 

(AN) concentration (p =0.0977, Table 1.21). 

Table 1.20 Statistical Summary of observed groundwater N concentration. 

Parameter Depth Treatment N Data range 
Mean± standard 

error(mg N L-1) 

Median  

(mg N L-1) 

Interquartile 

range  

(mg N L-1) 

 

Nitrate 

-0.75m~-

1.0m 

CD 56 (0,44.02) 11.96±1.62 8.47 (1.88,17.21) 

FD 53 (0.29,125) 26.72±2.83 21.33 (15,33.92) 

-1.25m~-

1.5m 

CD 74 (0,1.47) 0.1±0.02 0.06 (0.03,0.1) 

FD 72 (1.13,76.43) 21.18±1.58 19.41 (11.48,29.59) 

-2.0m~-

2.25m 

CD 76 (0,1.75) 0.05±0.02 0.01 (0,0.03) 

FD 76 (0,1.75) 0.2±0.04 0.06 (0.03,0.23) 

AN 

-0.75m~-

1.0m 

CD 56 (0,1.11) 0.13±0.03 0.05 (0.02,0.12) 

FD 53 (0,19.76) 0.95±0.46 0.04 (0.01,0.22) 

-1.25m~-

1.5m 

CD 74 (0,0.55) 0.1±0.01 0.065 (0.03,0.12) 

FD 72 (0,4.6) 0.39±0.12 0.03 (0,0.09) 

-2.0m~-

2.25m 

CD 76 (0.21,1.07) 0.38±0.01 0.36 (0.31,0.44) 

FD 76 (0,0.58) 0.26±0.02 0.29 (0.16,0.34) 

ON 

-0.75m~-

1.0m 

CD 56 (0,7.07) 2.33±0.17 2.22 (1.72,2.79) 

FD 50 (0,17.69) 3.66±0.49 2.945 (1.61,4.66) 

-1.25m~-

1.5m 

CD 74 (0,1.87) 0.63±0.04 0.585 (0.39,0.81) 

FD 71 (0,5.98) 1.13±0.13 0.9 (0.4,1.42) 

-2.0m~-

2.25m 

CD 76 (0.28,2.8) 1±0.05 0.93 (0.73,1.21) 

FD 76 (0.05,3.17) 0.84±0.06 0.755 (0.52,1.05) 

TN 

-0.75m~-

1.0m 

CD 56 (1.32,46.56) 14.43±1.61 12.285 (4.2,19.85) 

FD 49 (2.09,129.22) 31.99±2.93 28.97 (20.81,36.7) 

-1.25m~-

1.5m 

CD 74 (0.16,2.77) 0.84±0.05 0.735 (0.51,1.08) 

FD 71 (4.61,77.51) 22.95±1.49 20.45 (14.55,30.75) 

-2.0m~-

2.25m 

CD 76 (0.58,3.49) 1.43±0.06 1.35 (1.07,1.68) 

FD 76 (0.32,4.68) 1.31±0.09 1.16 (0.9,1.48) 
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Figure 1.31 Groundwater Nitrate concentration in three different depths.  
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Table 1.21 Test of fixed factors for groundwater N concentrations for different N species. 

Procedure, Test Parameters Effect Num DF Den DF F Value Pr > F 

GLIMMIX,  

Ln (Nitrate-N+0.001) 

Treatment 1 134.3 259.59 <.0001 

Depth 2 128 507.9 <.0001 

Treatment*Depth 2 128 116.91 <.0001 

MIXED,  

Log 10 (AN+0.001) 

Treatment 1 115 2.79 0.0977 

Depth 2 110 58.84 <.0001 

Treatment*Depth 2 110 4.18 0.0177 

MIXED, ON 

Treatment 1 42.1 12.49 0.001 

Depth 2 58.7 55.61 <.0001 

Treatment*Depth 2 58.7 11.94 <.0001 

GLIMMIX,  

Ln (TN) 

Treatment 1 134.9 283.38 <.0001 

Depth 2 115.2 543.05 <.0001 

Treatment*Depth 2 115.2 629.94 <.0001 

[a] GLIMMIX means GLIMMIX procedure was used for repeated ANOVA test. MIXED means that the 

MIXED procedure was used for repeated ANOVA test. The choose of usage of GLIMMIX and the 

MIXED procedure was determined according to the fitness of model assumptions and information 

provided by studendized residual diagnostics plots.  

[b] Ln (NITRATE-N+0.001) means the logarithmic transformation (with the natural base) 

was used for nitrate concentration values. NITRATE-N+0.001 was used to make sure 

that 0 values were also considered in ANOVA test.  

GLIMMIX and MIXED procedure also provided an estimated population mean 

(EPM) with specific confidence limits for each tested group classified by test factors. The 

EPM concentration of nitrate from both shallow and medium depth at FD was higher than the 

allowable nitrate concentration (10mg N L-1) in drinking water regulated by EPA standard. 

Significant reduction of nitrate concentration occurred from medium to deep depth at a 

significant level of Ŭ=0.05 (Table 1.22). Mean TN FD groundwater concentration shows the 

same trend as shown from mean nitrate FD groundwater concentration since 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 plot. The EPM concentration of nitrate from CD plots 

decreased sharply from 4.70±1.03 mg N L-1 (n=56) in shallow depth to 0.04±0.06 mg N L-1 

(n=74) in medium depth. Then, the EPM concentration of nitrate decreased significantly 

again to 0.01±0.00 mg N L-1 (n=76) deep depth.   
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The estimated population mean (EPM) of nitrate concentration from CD plots were 

significantly lower than FD plot in all three depths (Table 1.22). Denitrification process may 

occur in both CD and FD plots. Furthermore, enhanced denitrification occurred in CD plots 

compared to FD plots, resulting in more 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 

L-1. The EPM of TN concentration from the shallow and medium well of CD plot was 

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 1.5 mg N L-1, the major parts of nitrogen from TN concentration in CD and FD 

deep wells were ON. 

The EPM of AN concentration decreased significantly from 0.06±0.02 mg N L-1 

(n=53) in shallow depth to 0.02±0.01 mg N L-1 (n=72) in medium depth and then increased 

significantly to 0.18±0.03 mg N L-1 (n=76) in deep depth. Furthermore, there was no 

significant difference of AN concentration between shallow and deep depth for FD plots. 

This increase of AN concentration at the deep depth may have been resulted from two 

reasons. First, there were no mechanisms to remove AN under continuously anaerobic 

condition at the deep depth and thus it may have accumulated with time at the deep depth. 

Second, the concentration of AN may have increased due to dissimilatory nitrate reduction to 

ammonium (DNRA) under continuously anaerobic condition at deep depth (Myrold, 2005; 

Figure 1.1). The EPM of ON concentration decreased significantly from 4.37±0.54 mg N L-1 

(n=53) in shallow depth to 1.12±0.13 mg N L-1 (n=72) in medium depth. Then, it reduced 

slightly from medium to deep well (0.84±0.06 mg N L-1, n=76). However, the difference 
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between ON concentration from medium and deep depth was not statistically significant at a 

significant level of Ŭ=0.05 (Table 1.22).  

The EPM of AN concentration from 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 0.37±0.11 mg N L-1 (n=76) in deep depth. The 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-1 (n=74) in medium depth and then increased significantly to 1.00±0.05 mg N L-1 

(n=76) at deep depth. The EPM of TN concentration from CD plots follows the similar trend 

as described for ON from shallow to deep depth since ON is the major component of TN in 

medium and deep depths (Table 1.22). 

The estimated population mean (EPM) of nitrate concentration from CD plot was 

significantly lower than FD plot in all three depths (EPM of AN concentration from shallow 

and medium depths of CD plot were not significantly different from FD plot. However, EPM 

of AN concentration from CD plot was significantly higher than FD plot in deepest depth. 

The EPM of ON concentration from CD plot was significantly lower than FD plots in 

shallow and medium depths; however, the EPM of ON concentration from deep well of CD 

plot was not significantly different from FD plot (Table 1.22). 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) mineralizing ON associated 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. 

Parameter 

Treatment CD CD CD FD FD FD 

Depth Shallow Medium Deep Shallow Medium Deep 

Nitrate 

EPM±SE 4.7± 1.03 0.04± 0.01 0.01± 0 17.36± 3.9 16.39± 2.41 0.06± 0.01 

(L,U) (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) 

AN 

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 

(L,U) (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) 

ON 

EPM±SE 2.34± 0.17 0.63± 0.04 1± 0.05 4.37± 0.55 1.13± 0.13 0.84± 0.06 

(L,U) (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 

TN 

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 

(L,U) (8.29, 12.83) (0.64, 0.83) (1.22, 1.48) (19.51, 31.03) (17.44, 22.74) (1.05, 1.27) 

Comparison 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 

Tukey-Kramer method at the significant level of Ŭ=0.05. Concentration values sorting 

from high to low were labeled 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 

The EPM of Ortho-P concentration in FD plots from the shallow depth was 

0.26±0.034 mg P L-1, n=53, and was significantly decreased in medium depth (0.043±0.006 

mg P L-1, n=72) and then it statistically significantly increased to 0.19± 0.01 mg P L-1 (n=76) 

in deep depth. In addition, there was no significant difference of Ortho-P concentration 

between shallow and deep depths for FD plots. The EPM of TP and particulate P 

concentration for FD plots followed a similar trend as EPM of Ortho-P concentration did 

through depths. However, the EPM concentration of TP in deep depth (0.29±0.01 mg P L-1, 

n=61) was significantly lower than shallow (0.94±0.08 mg P L-1, n=43) depth. In addition, 

there was no significant difference of the EPM of particulate P concentration between 

medium (0.13 ± 0.02 mg P L-1, n=57) and deep depth (0.08±0.01 mg P L-1, n=61) for FD 

plots. Both concentrations of Ortho-P and TP from each soil layer in FD plots were much 
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higher than the estimated critical value for P concentration (Sharpley et al., 1987), which was 

risky for environmental concern. 

On the contrary, the EPM of Ortho-P concentration raised steadily and significantly 

from 0.05±0.01 (n=56) to 0.10±0.01 (n=74) and finally 0.16±0.02 mg P L-1 (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 concentration 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±0.01 mg P L-1 

(n=61). Therefore, the major component of TP in medium and deep depths was Ortho-P. In 

addition, the concentration 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). 

The EPM of Ortho-P concentration from shallow and medium wells of CD plots were 

significantly lower than FD plot at the same layers; however, EPM of Ortho-P concentration 

from deep well of CD plots were significantly higher than FD plots (Table 1.23). The EPM 

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 other. The 

EPM of TP concentration from shallow well in CD plot was significantly lower than that 

from FD plot, but there 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-1. Decreasing of TP concentration with soil depth was mainly due to the reduction of 

particulate P concentration from both CD and FD plots. In addition, both particulate P and 
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TP concentration decreased from mid-way between two drains to drainage outlets in both CD 

and FD plots, which indicated a reduction of particulate P concentration during transport. 

This observation was consistent with the conclusion from Tan and Zhang (2011) that, total 

phosphorus loading reduction was mainly due to particulate phosphorus retention in the soil 

profile. In addition, as stated in Figure 1.2, Iron (III) would promote the release of soluble P 

under reduced condition (Holford and Patrick,1979). An auger hole test revealed that there 

were significant differences in soil color (from yellow to gray) at around 150 cm below 

ground, which indicated the existence of Iron (III) and Iron (II). So, reduction from Iron (III) 

to Iron (II) in deep soil profile under reduced condition while nitrate was depleted promote 

the release of Ortho-P, which explained the increase of Ortho-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 concentrations. 

Parameter 
Treatment CD CD CD FD FD FD 

Depth Shallow Medium Deep Shallow Medium Deep 

Ortho-P 

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 

(L, U) (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) 

Particulate P 

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 

(L, U) (0.25, 0.37) (0.04, 0.07) (0.06, 0.09) (0.46, 0.78) (0.1, 0.17) (0.06, 0.1) 

Comparison B (n=49) D (n=60) C, D (n=61) A (n=43) C (n=57) C, D (n=61) 

TP 

EPM±SE 0.37± 0.03 0.16± 0.01 0.27± 0.01 0.94± 0.08 0.18± 0.02 0.29± 0.01 

(L, U) (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 yield  

Oven-dried grass biomass harvested from CD plots ranged from 0.99 ton ha-1 (25 

October 2013, CD2) to 5.24 ton ha-1 (10 September 2012, CD2) with a sample mean of 2.87 

ton ha-1 (Table 1.24). Oven-dried grass biomass harvested from FD plots ranged from 0.96 
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ton ha-1 (25 October 2013, FD2) to 6.30 ton ha-1 (10 September 2012, FD1), with a sample 

mean of 2.78 ton ha-1. Oven-dried grass biomass yields for both CD and FD plots on 10 

September 2012 were clearly higher than the biomass harvested at any other time during the 

four-year experiment (Table 1.24). There was a decreasing trend for oven-dried grass yield at 

each cutting time from May to Oct for the year 2013 and 2014.  

Table 1.24 Grass Oven-dried yield from June 27, 2012, to September 18, 2014, for each replicates from 

CD and FD plots. 

Harvest dates 
Oven-dried yield ton ha-1 

FD1 FD2 Mean FD CD1 CD2 Mean CD 

6/27/2012 2.59 2.44 2.52 ± 0.08 2.57 2.37 2.47 ± 0.1 

9/10/2012 6.30 5.82 6.06 ± 0.24 4.41 5.24 4.82 ± 0.41 

sum 2012À 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 ± 0.15 

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 

À Grass oven-dried yield in 2011 and March and May 2012 were not shown here, since 

grass oven-dried yield from separate plots (CD and FD) was not available before June 

2012. 

A repeated ANOVA test was performed to statistically evaluate the effects of time 

and interaction of time and treatment on oven-dried grass biomass yield (Table 1.25). The 

treatment effect was not statistically significant for the oven-dried yield. The time and 

interaction between time and treatment effect were statistically significant for the oven-dried 

yield. Multiple comparisons adjusted by Tukey method were also carried out to evaluate the 

differences in time of harvest, treatment, and interaction between time and treatment. There 

was no statistically significant difference between CD and FD oven-dried grass yield for 
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most cutting events, except on10 September 2012 (Appendix A, Table A.9), when the field 

was very wet under controlled drainage treatment (Figure 1.12). 

Table 1.25 Test of Fixed effects of oven-dried grass biomass yield during June 2012-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 Ŭ=0.05). 

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

Grass samples were collected several times and analyzed for Carbon (C), Nitrogen 

(N), and Phosphorus (P) contents. Mean C, N, and P contents of grass samples collected from 

CD treatment were 43.00%, 2.27%, and 0.35%, respectively. Mean C, N and P contents of 

grass samples collected from FD treatment were 43.00%, 2.46%, and 0.31%, respectively 

(Table 1.26).  
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Table 1.26 Mean carbon (C), nitrogen (N), phosphorus (P) contents of grass samples from 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 2.93 ± 0.01 0.49 ± 0 0.49 ± 0.01 

5/11/2012 41.64 ± 0.23 41.79 ± 0 3.07 ± 0.07 2.76 ± 0 0.36 ± 0.02 0.4 ± 0 

6/28/2012 43.07 ± 0.15 43.17 ± 0.03 2.5 ± 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 43.28 ± 0.15 43.25 ± 0.46 1.73 ± 0.06 1.85 ± 0.05 0.12 ± 0 0.14 ± 0.01 

7/16/2013 42.25 ± 0.16 42.63 ± 0.42 1.99 ± 0.23 1.94 ± 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 44.3 ± 0.02 43.5 ± 0.32 1.79 ± 0.05 1.35 ± 0.11 0.15 ± 0 0.25 ± 0.01 

4/2/2014 42.37 ± 0.64 41.84 ± 0.63 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 2.56 ± 0.11 1.97 ± 0.13 0.26 ± 0.01 0.37 ± 0.02 

7/25/2014 43.91 ± 0.47 44.32 ± 0.41 2.71 ± 0.31 2.38 ± 0.14 0.27 ± 0.03 0.37 ± 0.03 

8/15/2014 44.25 ± 0 44.88 ± 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 2.6 ± 0.09 2.76 ± 0.09 0.32 ± 0.03 0.35 ± 0.02 

Average 42.96 ± 0.31 42.97 ± 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 8/15/2014 for each plot; from 4/2/2014 to 

7/25/2014 and 9/18/2014, there were three replicates for each plot. 

Repeated ANOVA test was performed to statistically evaluate the effects of 

treatments on C, N, and P contents of grass biomass harvested at 16 different times. Test 

results showed N content of grass harvested from FD treatment was significantly higher (p 

value=0.0270) than that from CD plots at a significance level of 0.05. Estimated mean N 

content from FD plots was higher than that from CD plots. Treatment was not statistically 

significant for C (p=0.9872) and P (p=0.0938) content at a significance level of Ŭ=0.05.  

1.4.2.4.3 Nitrogen (N) and phosphorus (P) uptake by grass 

The nitrogen (N) and phosphorus (P) uptake by grass were determined using the grass 

biomass yield, 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 ha-1 and 8.6±1.1 kg ha-1 (mean ± standard error), respectively. 

Corresponding N and P uptake by grass harvested from the FD treatment were 56.4±5.9 kg 
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ha-1 and 7.5±1.1 kg ha-1, respectively (Figure 1.32). Higher yearly N and P uptake from CD 

plots compared to FD plots were found in 2013 and 2014, however, the situation in 2012 

shown the opposite situation (Table 1.27). 

Repeated ANOVA tests results show that neither grass N (P=0.951) nor P (P=0.4507) 

uptake was statistically significant by treatments. Despite the results of the statistical tests, 

this experimental study showed that grass grown on CD treatment has an overall 3.2% (16.29 

kg ha-1) and 15.0% (10.09 kg ha-1) higher N and P uptake, respectively, compared with 

uptake by grass on the FD treatment (Table 1.27). Higher uptake of the grass was affected by 

grass yield and concentrations of N and P.  Relative concentrations of N and P in the grass 

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 for CD were greater than or equal to yields for FD for every harvest date except for 

9/10/2012 when very wet conditions occurred on the CD plots. These findings support the 

hypothesis that CD reduces the rate of downward movement of dissolved nutrients, making 

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 yield (Skaggs et al., 2012a; Poole, 2015). 
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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), nitrogen (N), phosphorus (P) from FD and CD plots from 

June 2012À to September 2014. 

Year 
C uptake (kg ha-1) N uptake (kg ha-1) P uptake (kg ha-1) 

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 

À The grass uptake of C, N, and P in 2012 data was summarized from the grass cut on 

June 28 and September 10, 2012, only. 

1.4.2.5 Nutrient balance for measured nitrogen (N) and phosphorus (P) component  

1.4.2.5.1 Nitrogen balance for measured species 

According to the measurement of soil nitrogen content (Appendix A, Figure A.18), 

there were no statistically significant differences in soil nitrogen contents between CD and 

FD plots. If the initial soil nitrogen content from CD and FD plots were also equal or similar 
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to each other, then it could be assumed that, | |N CD N FDD =D . So equation 1.12 can be 

changed to equation 1.20: 

2 2

| |

( | | ) ( | | )

( | | ) ( | | ) [( ) | ( ) | ]

CD FD

N FD N CD N FD N CD

N CD N FD N CD N FD x CD x FD

NDiff N N

Uptake Uptake Drain Drain

RO RO DLS DLS N NO N NO

=D -D

= - + -

= - + - + + - +
  

Equation 1.20 

Since was no statistically significant difference between CD and FD plots for groundwater 

TN concentration in deepest monitored soil layer (Table 1.22), if the volume of deep seepage 

from CD and FD plots were also similar to each other, then equation 1.20 can be modified as: 

2 2

| |

( | | ) ( | | )

( | | ) ( | | ) [( ) | ( ) | ]

CD FD

N FD N CD N FD N CD

N CD N FD N CD N FD x CD x FD

NDiff N N

Uptake Uptake Drain Drain

RO RO LS LS N NO N NO

=D -D

= - + -

= - + - + + - +
  

Equation 1.21 

Therefore, Diff N might mainly consist of differences of RO N, LS N, and N losses through 

denitrification between CD and FD plots.  

Since grass yield was measured separately after May 11, 2012, so yearly nitrogen 

balance calculation started from May 11, 2012. According to Figure 1.33, Major 

consumption of nitrogen input went to ñgrass uptakeò, nitrogen losses through subsurface 

drain lines only accounts for 9.9% to 16.8% of total nitrogen input from FD plots. Percentage 

of nitrogen losses from CD plots were even lower, ranging from 0.28% to 1.5% of total 

nitrogen input. Increases of nitrogen input might be helpful in increasing grass uptake 

nitrogen; however, grass uptake of nitrogen cannot always increase with rising level of 

nitrogen input. For example, nitrogen input in 2013 was 90% and 60% more than that in 

2012.5~12 and 2014. However, grass uptake N in 2013 was not the same percentage higher 

than that in 2012.5~12 and 2014. Furthermore, grass uptake N in 2013 from both CD and FD 
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plots were nearly 20 kg ha-1 less than that in 2014. Note that annual grass uptake N were 

similar to the crop realistic nitrogen uptake rate for fescue hay (164.8 kg ha-1).  

The N that was not lost by uptake and drainage (ȹN) accounted for a greater portion 

of total N input than that from subsurface drainage. Gas N and ȹS N might account for a large 

part of ȹN. Simulations using DRAINMOD-NII may be helpful to predict each portion of 

ȹN. Diff N from 2012.5~12, 2013, and 2014 ranged from 27.3 kg ha-1 to 43.3 kg ha-1. RO N 

might be small if surface runoff did not happen shortly after swine lagoon effluent 

application. If lateral seepage between drainage area and other parts of the field were 

successfully blocked by hydraulic buffer (Guard lines) and underground plastic linear, then 

the major part of Diff N would come from the term 
2 2

[( ) | ( ) | ]
x CD x FD

N NO N NO+ - +  (equation 

1.21) by enhanced denitrification in CD plots. According to Skaggs et al. (2010), when CD 

reduces total outflows (summary of surface runoff and subsurface drainage) by more than 

20%, deep or lateral seepage might have played an important role in the impact of CD. In this 

study, CD reduced subsurface drainage flow by 93.3% (Table 1.4). N losses through lateral 

seepage from CD plots to other places should also be considered. It would be helpful to 

perform DRAINMOD and DRAINMOD-NII simulations to predict water and nitrogen losses 

through surface runoff, deep and lateral seepage. 
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Figure 1.33 TN Input, Grass Uptake, Loss from Drain Lines, ȹN and DiffN. 2012.5~12 represents the 

period from May 12, 2012, to Dec 31, 2012.  

1.4.2.5.2 Phosphorus balance for measured species 

Yearly grass uptake P from May 12, 2012, to December 31, 2014, were similar to 

crop realistic phosphorus uptake rate (26.9 kg ha-1). Grass uptake P was also the major part of 

observed P 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 input P in FD plots. If deep and 

lateral seepage were successfully blocked, then ȹP may be accounted for by surface runoff 

and change of soil storage (storage gain), since particulate phosphorus tends to be adsorbed 

by soil particle. Diff P in 2012.5~12 was only 0.51 kg ha-1, which was still higher than Drain 

P|FD. However, Diff P in 2013 and 2014 were negative. Negative Diff P may be caused by a 

significantly higher P uptake in CD plots (equation 1.17, section 1.4.2.3). In addition, 

according to previous published literature, controlled drainage could enhance surface runoff 
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and deep seepage. TP Concentration in surface runoff from CD and FD plots may not be very 

different from each other. Thus, (ROp|CD - ROp|FD)Ó0. Alsothe term (DLSp|CD-DLSp|FD) would 

be always larger than 0 since there were no significant differences in TP concentrations 

between CD and FD at deep depth where lateral seepage is most likely to occur (Table 1.23). 

Therefore, the term ( | | ) ( | | )P CD P FD P CD P FDRO RO DLS DLS- + -  should be positive. Since 

Diff P = (ROp |CD - ROp |FD) + (ȹSp |CD-ȹSp |FD) (equation 1.17), and Diff P were less than 0 in 

2013 and 2014. The term ( | | )p CD P FDS SD -D  should be negative in the year of 2013 and 

2014. That is, gain of soil storage P from CD plots would 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 lines, ȹP, and Diff  P. 












































































































































































































































































































































































































































