ABSTRACT

Moursi, HossamAbdelghaniAbdelhalim Investigating Crop Yield and Water Quality Benefits
of Drainage Water RecyclingUnder the directioof Dr. MohamedY oussej.

Drainage water recycling (DWR) has been proposed to improve crop production by
providing supplemental irrigation during the dry periods of growing season, and improve water
quality by reducing downstream nutrient and sediment losses. Limited nofdtedies were
conducted tonvestigate th@erformance of DWRTheobjectives of this studywereto: 1)
experimentallyevaluate the effect of DWR on reducing the export of nitrdygnphosphorous
(P), and sediment loadings from agricultural fieldsltavnstream surface water bodies; 2)
experimentallyquantify the effect of DWRmcorn andsoybean yields during 4 growing seasons
with varyingweather conditions3) enhance DRAINMOD model to simulate the hydrology and
crop yield of DWR systems

Water quality and hydrology data were colledtadiwo yeargMay 2019April 2021) at
aresearchige in eastern North Carolin@n average, thBWR reservoir etained 14% of
received inflow.The reservoir significantly reducentrate N(NOs-N), ammoniumN (NH4-N),
andtotal N (TN) concentratioaby 53% 51% and40%, respectivelyThe mass loadings of
NOs-N, NHs-N, and TN were also reduced by 59%%G and 47%, respectively
OrthophosphatéOP) concentration was significantly reduced by 46%, whialP (TP)
concentratia reduction was ndtatisticallysignificant The mass loadings of OP and TP ever
reduced by 52% and 30%, respectively, whpeeticulateP load was not significantly different.
Sediment concentration was significantly reduced by 86% and the sedi@aeéingl was also
reduced by 87%.

Two treatments wenmonitoredat thesamestudy sitefor 4 growing seasons (2018

2021) DWR and conpl treatment (CT). ThET treatment was a narrigated field that was



primarily drained by a surt® drainage system. TEBVR treatment had a subsurface drainage
system that was used to drain the field digithe wet periods of the growing season and sub
irrigated it during dry period®WR increased corn yields by3® and 0.90 Mg haand soybean
yields by 040 and 0.66 Mg hh DWR mainly increased crop yield by reducing drought stress
during the criticatrop growth stages through providing irrigation (5 to 73 mm). In addition, the
smart drainage water management system implemented at the DWR treatment helped to store
more water in the soil profile and reduce water outflow from the.figtdd amount oN andP
recycled back to the DWR treatment through irrigation was not large enotggotamend
redwing fertilizer application rate

DRAINMOD was enhancetb simulate the hydrology and crop yield of DWR systass
affected by weather conditions, soil typeop rotation, reservoir size, and irrigation and
drainage management. The expanded model; named DRAINBI@R, has a new module that
conducts a water balance of the storage reservoir and simulates the interaction between the
reservoir and the field, irraged from andr draining into the reservoifhree performance
metrics were defined based on model predictions to quantify irrigation, crop yield, and water
capture benefits of DWR 0 demonstrate the new feag¢s of the modeDRAINMOD-DWR
was applied t@ hypothetical DWR system with contingcorn using a 59earweather record
in Eastern North Carolina, U.$he model predicted that a 3 deep reservoir with a surface
area of 4% of the field area would optimize corn yield for the simulated corslifitis
reservoir size would increase corn yield on average by 22%, meet at least 75% of the irrigation
demand in 41 years of the simulation period, and reduce total outflow from the field to

downstream surface water by 20%
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CHAPTER 1: INTRODUCTION
1. ResearchOverview

Attaining sustainable crop production is essential to meet the growingl gleimand
(FAO, 2018; Jaggard et al., 2010; Tilman et al., 2011), and adapt to climate uncertainty and
extreme weather conditions (Gregory and George, 2011; Lobell et al., 2009). Crop production is
vulnerable to weather extremes and shifts in precipitgi#iterns that increase crop water
related stresses and cause major yield losses. Agricultural landscapes in humidrandidub
regions of the U.S. have been experiencing more frequent extreme precipitation and rapid
transition from wet to dry conditior(§ord et al., 2021). The weather related challenges facing
agriculture in these regions are expected to intensify as frequent flooding in spring and drought
in summer are expected to increase due to climate change (Hatfield et al., 2013). Climate change
is expected to significantly affect crop production and water resources in the U.S. due to rising
temperature and more variable precipitation (Walthall et al., 2013). This has led to a growing
interest in assessing the response of crop production and gatesjioptiongor adaptingo
weather uncertainty and changing climate across the U.S. (Basche et al., 2016; Liu and Basso,
2020; Moursi et al., 2017; Urban et al., 2012).

Agricultural drainage is essential in humid regions for improving crop produation o
naturally poorly drained lands with frequently shallow groundwater table (Skaggs et al., 1994).
Drainage reduces soil waterlogging through lowering the water table and removing excess soil
water from the root zone. In North Carolina, 37% of the totgllara (751 thousand ha) has
been artificially drained (USDAASS, 2019). Supplemental irrigation can protect crops in
humid regions from severe drought conditions during prolonged precipitation deficit periods

(Troy et al., 2015).



Integrated water managent that includes both supplement irrigation and drainage
systems have been propogedninimize crop yield losses caused by drought and excess water
conditions (Baker et al., 2012; Kaur et al., 2021). However, the increasing use of irrigation has
been leding to the depletion of groundwater aquifers (Konikow, 2013; McGuire, 2017). In
addition, drainage water carries nutrgrsediment, and pesticislom fields to surface water
bodies (Evans et al., 1995; Gilliam et al., 2015; Skaggs et al., 1994) sknecestrients in
surface water cause the rapid growth of algae that leads to the depletion of dissolved oxygen in
surface water and cause major water quality degradation and fish kills (Goolsby et al., 1999;
Rabalais et al., 2007; Smith et al., 2015; Zedind Kercher, 2005). In addition, contaminated
surface waters can require costly water treatment to be used for human consumption (Jaynes et
al., 2001).

Drainage water recycling (DWR) is a new practice that has the potential to improve crop
production ad water quality, while conserving water resources (Frankenberger et al., 2017; Hay
et al., 2021). It involves storing surface and subsurface drainage water in small ponds or
reservoirs during wet periods and using this water for supplemental irrigatiog duay periods
of the growing seasons. The few studies that investigated the performance of DWR showed the
potential of the system to increase crop yield (Allred et al., 2014; Singh and Nelson, 2021; Tan et
al., 2007) and improve water quality (Drury €t 2009; Tan et al., 2007; Tan and Zhang, 2011).
However, none of the experimental studies investigated the factors influencing the performance
of the system on enhancing crop yield and reducing nutrients and sediment from drained fields to
downstream stiace water. Furthermore, the performance of DWR documented in the few
published studies (conducted in the US Midwest and Canada) is influenced by the experimental

setup and field site conditions including geographic location and weather conditiongpeoil t



cropping system and farming practices, and drainage system design and management. Drainage
water recycling has never been experimentally investigated in the US Southeast. Research is
needed to document the effect of DWR on crop yield and water quatigr varying field site
conditions. Further research is also needed to increase understanding of the factors affecting the
performance of DWR (Hay et al., 2021).

Reinhart et al. (2019) developed a spreadsheet model to simulate the irrigation benefits
andnutrient reduction of DWR system. This model is an g¢agyse tool but has limitations. It
requires a longerm record of measured tile drainage flow, water table, and nutrient
concentration data as inputs to assess the DWR system performance, whattreaeily
available. In addition, the tool does not predict the direct impact of DWR systems on crop yield.
Moreover, nutrient reductions were estimated based on drainage flow captured by the system,
without considering nutrient assimilation due to biertical processes occurring in the reservoir
(e.g., denitrification and uptake by aquatic vegetation). A model that can address these
limitations is necessary for simulating DWR systems. DRAINMOD (Skaggs, 1978; Skaggs et
al., 2012) is a distributed fielskale hydrological model that was developed for the design and
evaluation of agricultural drainage and related water management systems for naturally poorly
drained, high water table soils. Over the years, several versions of the model have been
developed tsimulate the hydrology, carbon, nitrogen, and phosphorus dynamics, and plant
growth and productivity for agricultural and forested lands with pedrdyned high water table
soils (Askar, 2019; Negm et al., 2014; Tian et al., 2016, 2012; Youssef €0&l), Expanding
DRAINMOD for simulating the hydrology and crop yield of DWR systems would be a timely
needed enhancement that can aid the design and management of these systems to optimize

performance and minimize cost and other tradeoffs.



2. Research Objetives

The main objectives of this study were as follows:

Objective 1: (a) Experimentally quantify the effect of DWR on reducing the offsite losses
of nitrogen, phosphorous, and sediment from agricultural fields to downstream surface water
bodies; and (binvestigate the factors that may affect the fate and transport of nitrogen,
phosphorous, and sediment in the reservoir of a DWR system.

Objective 2: (a) Experimentally quantify the effect of DWR on corn and soybean yields,
water and nutrient use efficieresi;and(b) investigate the factors that can affect the crop yield
response to DWR.

Objective 3: (a) Enhance the DRAINMOD model to simulate the hydrology and crop
yield of DWR systems; and (b) develop a framework for using model predictions to quantify
irrigation, crop yield, aoh water storage benefits of DWR
3. Dissertation Layout

To address the above mentioned objectives, this dissertation was structured as follow

Chapter 2 presents a tyyear (May 2019 to April 2021) field study investigating the
pefformance of DWR in reducing nutrients and sediment losses from an agricultural field in
eastern North Carolina (objective 1). Water, nutrient, and sediment balances were conducted for
the storage reservoir. The factors that can affect the reductionagfemtrphosphorous, and
sediment loadings in the reservoir were investigated.

Chapter 3 presents a field study exploring the effect of DWR on corn and soybean yields
for a research site in eastern North Carolina during 4 growing seasons2(228vith varying
weather conditions (objective 2). Field water and nutrient balances were conducted to assess the

water use efficiency, and nutrient use efficiency of DWR. Stress indices were used to quantify



the effect of DWR on alleviating crop stresses due to nekiday conditions. The factors
affecting crop yield response to DWR, which include weather conditions, timing and amount of
irrigation, groundwater table level, and soil water storage, were investigated.

Chapter 4 presents a modeling study on enhanb@lgRAINMOD model to simulate
the hydrology and crop yield of DWR systems (objective 3). The new model conducts a water
balance of the storage reservoir and simulates the interaction between the reservoir and the field,
irrigated from and/or draining intoéhreservoir. Utilizing model predictions, three indices were
suggested as design and performance evaluation metrics for DWR systems. These indices
provide quantitative assessment for simulated reservoir sizes with regards to meeting irrigation
demand, inaasing crop yield, and reducing total runoff to downstream surface water bodies.
Based on these indices, the user can decide the reservoir size that would optimize the system

benefit
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Chapter 22 THE IMPACT OF DRAINAGE WATER RECYCLING ON
REDUCTION OF NITROGEN, PHOSPHOROUS, AND SEDIMENT LOSSES
FROM A DRAINED AGRICULTURAL FIELD IN EASTERN NORTH
CAROLINA
Abstract
Drainage water recycling (DWR) h#ise potentiato improve crop production by
providing the supplemeailtirrigation during the dry periods of growing season, and improve
water quality by reducing the downstream nutrient and sediment losses. Limited number of
studies were conducted to investigate the impact of DWR on improving water quality. The main
objectve of this study was to experimentally evaluate the effect of DWR on reducing the export
of nitrogen, phosphorous, and sediment loadings from agricultural fields to downstream surface
water bodies using two years of data (May 280®il 2021)from a reseech site in eastern
North Carolina
Two treatments were implemented at the study site: drainage water recycling treatment
(DWR) and control treatment (CT). A reservoir existed between the two treatments was used to
store subsurface drainage and surfaceffumater from the field during wet periods, and provide
supplemental irrigation during dry periods. The research site was instrumented to monitor the
water, nutrient, and sediment balances of the reservoir. Flow proportional water samples were
collected ad analyzed for nitrataitrogen NOz-N), ammoniumnitrogen NHs-N), and total
kjeldahl nitrogen (TKN), total phosphorus (TP), orthophosphate (OP), total suspended solids
(TSS). Total nitrogen (TN), organic nitrogen (ON) and particulate phosphorous (RP) we

estimated using the measured water quality parameters.

10



On average, the reservoir retained 14% of received inflow, with substantially higher flow
reduction in the dry year (2032D20; 29%) than the wet year (202021; 8%). The reservoir
significantly educedNOs-N, NHz-N, and TN concentration by 1.48 m¢ [(53%), 0.10 mg t*

(51%), and 1.47 mgt(40%), respectively. In contrast, ON concentration in the reservoir
outflow was not significantly different from that in the reservoir inflow. The massrgadif

NOs-N, NHs-N, and TN were also reduced by 59%, 56%, and 47%, respectively. On the other
hand, ON loading in the reservoir outflow was not significantly different. Orthophosphate
concentration was significantly reduced by 0.07 mg46%), while TPconcentration reduction
was not significant. In contrast, PP concentration in the reservoir outflow was higher than that in
the inflow by 0.02 mg 1X. The mass loadings of OP and TP were reduced by 52% and 30%,
respectively, while PP load was not signifidg different. Sediment concentration was
significantly reduced by 273 mg'1(86%) and the sediment loading was also reduced by 87%.
Water volume in the reservoir was found to be the most significant factor affecting the removal
efficiency of the resenipalong with water temperature. Overall, the results of this study
demonstrated that DWR is a promising practice that can reduce the nutrient and sediment
loadings from agricultural landscapes, while sustaining the crop production for the agricultural
landscapes in the U.S. Southeast.

1. Introduction

Agricultural drainage is essential in humid regions for improving crop production on
naturally poorly drained lands with shallow groundwater table (Skaggs et al., 1994). It provides
proper soil aeration congbins for crops by removing excess soil water in the plant root zone. In
addition, it improves soil trafficable conditions for farm equipment to perform timely field

operations, such as tillage, planting, and harvesting (Skaggs et al., 1994). Despiteythe ma
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benefits of improved drainage, drainage water carries nutrient, sediment, and pesticide from
artificially drained fields to surface water bodies (Evans et al., 1995; Gilliam et al., 2015; Skaggs
et al., 1994). Pollutant load from agricultural sourcesis of the major pollutant sources that
has caused degradation of water quality of 37% of impaired streams, 16% of impaired lakes, and
10% of impaired estuaries in the United States (US EPA, 2009).
Nitrogen and phosphorus losses from drained lands tacewvater are the primary
causes of algal blooms and eutrophication problems in many surface water bodies. Extensive
growth of algae depletes dissolved oxygen in surface water when they die and decompose,
causing water quality degradation and fish kMgjor surface water bodies have been affected
by eutrophication problems including the Gulf of Mex{@wnolsby et al., 1999; Laurent et al.,
2021; Rabalais et al., 2007; Rabalais and Turner, 2Ei®Chesapeake Bégoesch et al.,
2001; Pan et al., 2021; Zedler and Kercher, 2005; Zhang et al., 202ilthe Great Lakes
(Biddanda et al., 2018; Forster and Rausch, 2002; Jarvie et al., 2017; Smith et al., 2015)
Sediment losses to surface water increases turbidity and blocks sunlight from penetrating into
water, which resudtin limiting photosynthesis and harming aquatic vegetation.
Artificially drained | ands in North Carold]
cropland (USDANASS, 2019). Many of the poorly drained lands in North Carolina are adjacent
to environmerdlly sensitive surface water bodies (Evans and Skaggs, 2004). Data collected from
14 sites in North Carolina showed that subsurface drainage increased nitrogen losses by six
folds, compared to natural conditions (Evans et al., 1995). It was also repattptidsphorous
export in surface drainage from these 14 sites increased by two folds. Sediment losses from
artificially drained lands in North Carolina were increased by a factor of 1.6 to 10 compared to

natural conditions (Skaggs et al., 1994).

12



Several st management practices (BMPs) have been proposed to reduce nutrient and
sediment losses from drained cropland to surface water, without adversely affecting crop
production. The oldest of these practices is controlled drainage, also referred to a® dvaiteag
management, which involves the use of control structures installed at drain outlets to vary
drainage intensity during the crop growing season and when the land is fallow(Gilliam et al.,
1979). Controlled drainage reduces thial outflows of nitrogen laden drainage water and raises
the groundwater table, which enhances denitrification in the soil profile (Y. Liu et al., 2019).
Denitrifying bioreactors are another BMP that involves the installation of an underground trench
filled with carbon sourcée.g., woodchips) at the field edge to intercept drainage flow before it
reaches downstream surface water and convert nitrates to nitrogen gas (Schipper et al., 2010).
Saturated riparian buffers have also been proposed to utilize the nutrient treatreétg ben
riparian buffers that are adjacent to subsurface drained fieldsdtconventional drainage
systens, the outlet of the main dragloes not utilize a saturatedffer and discharges the
drainage water directly in the receiving stream. In a asdrbuffer system, a specific control
structure is installed at the outlet of the main drain to distribute the drainage water laterally via
perforated pipes buried at the field edge parallel to the stream. This allows the drainage water to
slowly seep ashallow groundwater through the riparian buffer, which reduces nitrate levels via
plant uptake and denitrification within the buffer before the groundwater reaches the adjacent
stream (Jaynes and Isenhart, 2014).

Drainage water recycling (DWR) is an inntiva BMP that collects and stores
subsurface drainage and surface runoff in relatively small reservoirs, and uses the stored water to

irrigate crops during dry periods (Frankenberger et al., 2017; Hay et al., 2021). In addition to
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improving crop productioby providing the needed water for crops during precipitation deficit
times ofthegrowing season, DWR can reduce nutrient and sediment losses from drained lands.

Limited research investigated the impacts of DWR systems on water qualityed 5
study inOntario, Canada showed that DWR reduced nitrate and total phosphorous losses by 41%
and 12%, respectively, compared to free drainage (Tan et al., 2007; Tan and Zhang, 2011).
Another DWR system installed in Ontario, Canada, reduced nitrate losses 8%43%
compared to free drainage (Drury et al., 2009, 1996). These studies reported nutrient reduction
based on comparing the loads from a field with controlled tile drainagefgydiion system to a
field with a free drainage system. Nutrient reduction edusy natural treatment processes
occurring in the DWR reservoir was not quantified. A modeling study by Reinhart et al. (2019)
concluded that DWR would reduce nitrate losses by 24% to 37% and soluble reactive
phosphorous losses by 21% to 39% in lowaladiana. The simulated nutrient reduction in
Reinhart et al. (2019) was based on how much drainage flow was reduced and captured by the
reservoir. Similar systems, which are referred to as tailwater recovery systems (TWR), have been
gaining more intereshithe southern United States. Tailwater recovery systems involve
capturing and storing surfaeeaterrunoff, rather than subsurface drainage water as in DWR
systems, and reusing the stored water for irrigation (USDA NRCS, 2014). These systems have
been shwn to provide water conservation and water quality benefits (Iseyemi et al., 2021;
Moore et al., 2015; Omer et al., 2018; Pé&#iérrez et al., 2017).

Limited research has been conducted to measure concentration reduction caused by
natural removal proases, such as denitrification and settling, that occur in the reservoir of the
DWR systems (Hay et al., 2021). Evaluating and understanding these removal processes is

crucial for managing and designing DWR systems to optimize the benefits. Performance of

14



DWR systems is expected to vary greatly depending on climatic and other site conditions, thus
monitoring and evaluating DWR across a wide range of conditions is necessary (Hay et al.,
2021). The main goal of this study was to experimentally investigatdféred of DWR on

improving drainage water quality for a research site in eastern North Carolina using two years of
data (May 201April 2021). Specific objectives were to: (1) quantify the effect of DWR on

storing and reducing surface runoff and subsurémagage flow before it reaches the

downstream surface water, (2) quantify the concentration and load reductions of nitrogen,
phosphorous, and sediment that were exported from the field and stored in the reservoir before
reaching downstream surface watedies, and (3) evaluate the factors that may affect the
reduction of nitrogen, phosphorous, and sediment loadings in the reservoir.

2. Materials and Methods

2.1 Sitedescription

The experimental site was located on a farm near the town of BelhavefB&aunty,
in the Coastal Plain region of North Carolina (35°29'45.32" N, 76°42'56.8%IgMte2.1). Two
treatments were implemented at the study site: drainage water recycling treatment (DWR) and
control treatment (CT). A subsurface drainage systaptld= 125 cm, spacing = 18 m) was
installed in the DWR treatment (11.48 ha) to drain the field during wet periods airdgate it
during dry periods of the growing season. The CT treatment (11.23 ha) wasragated
agricultural field that was dir@ed using shallow open ditches (depth = 50 cm, spacing = 60 m).
An elongated reservoir existed at the site between the two treatments with a surface area of 0.38
ha (3840 m2) and a depth of 2.51 m at its deepest location, which provided a storage @lapacity
5,458m? (53.1 acranch). During wet periods, the reservoir captured and stored subsurface

drainage flow and surface runoff water from both treatments and from a forested land (32.5 ha)
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located upstream of the field site. Because of surface slope f¢ld, only a portion of the
surface runoff from both treatments was routed to the reservoir and the rest was routed to Pungo
Creek which eventually merges with tiRngo River ané?amlicoSound Based on a land
survey, the area of the field contrimgisurface runoff to the reservoir was 5.82 ha for the DWR
treatment and 4.43 ha for the CT treatment.

The stored water in the reservoir was used to irrigate the crops grown on the field portion
under DWR treatment during the dry periods of the growingmseaA control structure was
installed at the reservoir outlet to control its water lekFalfre2.2). The reservoir had to be
partially drained through the reservoir outlet to enable the installation of the control structure at
the beginning of the stugyeriod. The control structure was managed manually by fully raising
the two gates during the growing season to store as much water as possible to be used for
irrigation (water depth =2.51 m), and lowering one of the gates during thgrasmg season
(water depth= 2.31 m), while keeping the other gate raised. When the gates of the control
structure were lowered, the storage capacity of the reservoir decreased tm#4(48® acre
inch). When reservoir water volume exceeded reservoir storage capatéyywaa released
through the control structure into the Pungo River. Irrigation was applied through pumping the
water from the reservoir into an 11 (2,500 gallon) storage tank to create enough water head
for subirrigating the field by gravityKigure2.3). This also prevented the water pump from

turning on and off more frequently and minimized energy consumption.
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Irrigation Reservoir

— — — Lateral drain ——— Shallow drainage open ditch ¢ Reservoir control structure
Sub-main drain @ Irrigation water tank
e Main drain m Drainage control structure

Figure2.1: Layout of the drainage water recycling research site in Belhaven, Nortln@aro

Figure2.2: Water level control structure installed at the reservoir outlet to control the reservoir
water level
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Figure2.3: Water was pumped frothe reservoir to the storage tank before it was used for
irrigating the DWR treatment by gravity. An enlarged photo of the irrigation pump is shown on
the right of the figure

A water level control structure, with adjustable weir plates, was installed atittet of
the main drain of the DWR treatment to adjust the level of the outlet and regulate the rate of
drainage flow from the field. A smart drainage water management system was installed and
connected to the control structure to control and trigggndge and sulirigation based on the
water table level in the DWR fieldFigure2.4). If water table level was too shallow, drainage
was triggered to drain the fielty opening the gates of the control structure. If water table level
was too deep, the siem triggered a motorized valve at the outlet of the storage tank to open and
subi rrigate the field. The system was managed ¢
program.

The dominant soil type at this field was AltaVista fine sandy loam, which is meblerat
well drained soil. The field was planted to tyear crop rotation of corn and soybean. During

the study period, corn was planted in late April and harvested in early September of 2019.
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Soybean was planted in early June and harvested in early Noveh@820. Information on

fertilizer timing and application rate, and tillage management are shovabla 21.

Table2.1: Crop management information for the experimental study site located in Belhaven,
North Carolina.

Planting Harvest Fertilizer (N P, K) kg ha* Tillage

vearcrop date date Date Rate
26-Apr 32,520

2019corn 26-Apr 3-Sep  26-Apr 18,590 Vertical
27-May 179,0,0

2020soybean 6-Jun 5-Nov 3-Jun 20, 34, 67 Vertical

Vertical tillage is implemented through tilling the tofd® cm of soil while minimizing soil and
crop residue disturbance.

: ; ; !
v - y Ll '(t‘i‘ :‘ K'Y iy 3 L
Figure2.4: Water control stru t the outlet of the main drain of the DWR treatment
(left). A smart control system (right) is connected to the structure to switch between the drainage
and subirrigation modes basechavater table feedback
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2.2 Data collection and instrumentation

The experimental field site was fully instrumented at the beginning of the 2019 growing
season to conduct water, nutrients, and sediment balances for the storage reservoir. Hydrology
and waer quality data were collected for two years, from May 2019 to April 2021.
2.2.1Hydrology data

The reservoir water sources were surface runoff from the upstream forested land, the
DWR, and CT treatments, and subsurface drainage flow from the DWR tréafinemeservoir
water sinks were irrigation, evaporation, seepage, and outflow from the reservoir outlet.
Measurement stations were installed at inlet points and reservoir outlet to monitor flow rates and
collect water quality samples. Locations of theergoir inflow/outflow measurement stations
are shown irFigure2.5. Surface runoff from CT and DWR treatments were collected using
shallow open ditches that were draining into the reservoir. To reduce the instrumentation cost,
surface runoff was measuredly at one open ditch for each treatment and total surface runoff

from each treatment was estimated based on the drainage area served by each ditch.
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Figure2.5: Locations of the flow and water quality nse@ement stations installed at the storage
reservoir including: surface runoff from the upstream forested land (1), reservoir outflow (2),
subsurface drainage flow from the DWR treatment (3);i8uation (4), surface runoff from

the CT treatment (5), slace runoff from the DWR treatment (6).

V-notch weirs were used to measure flow at all the reservoir inlets and Biglee(
2.6). Water stages upstream and downstream of each weir were measured using Campbell
Sci ent i-domperi¥atisgetedsure tealucers (CS451). Flow rate was calculated using the
V-notch weir equation (Eq. 1) that estimates flow as a function of water stage and weir
dimensions (Kulin and Compton, 1975; U.S Bureau of Reclamation, 2001jrigalion rates
were measured using @fw met er with pul se output (PRM Wol
were estimated and recordedbyZ2R 0 X dat a | oggers (Campbell Sci
installed at each flow measuring station. The time interval of surface runoff and irrigation
measuremestwas 30 min, and 60 min for all other measurements. Precipitation and air
temperature were measured using automated HOB

automated rain gauges were installed near the reservoir outlet and regularly checked and
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calibrated ging a manual rain gauge. They3ar normal precipitation was retrieved from a

nearby NOAA weather station for the period 1975 to 2004 (Belhaven 3 NE: 35.57306° N,

76.58472° W). The reservoir water level and water temperature were monitored, on an hourly
basis, using a HOBO™ automatic water | evel da
observation well. The reservoir water level was also monitored manually using a staff gauge to
calibrate the measurements f r onhsihlothtrddt&@™ dat
were measured using HOBO™ automatic water | ev
diameter PVC observation well midway between tile drains for DWR treatment and open ditches

for CT treatment. Flow data of subsurface drainage frorDWW& treatment were lost during the

periods 9/12/2019 to 9/25/2019 and 3/31/2020 to 6/3/2020 due to instrumentation breakdown. A
linear regression model was used to estimate the missing subsurface drainage flow data using the

water table data as the indepent variable with R2=0.86.
0 18 Yo OA—CT Q8 P
Where Q is discharge over the weir (ft9 s, Ce effective discharge

of the \-notch weir, and h = water head on the weir (ft).
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Figure2.6: Typical measurement stations installed at the study site to monitor flow rate and
collect composite water quality samples at the inlets and outlets of the reservoir.

2.2.2Water quality data

Each flow measurement station was instrumented withuenmeated water quality
sampler (WS700; Global Water ™ to collect flo
were programmed to collect 50 ml water sample in a composite sample bottle (9.5 liter) for every
specific threshold of flow passing over t¥Menotch weir of each station. The flow threshold
values were set based on the average flow expected at each measurement station, so that the
composite sample bottle will not overflow before sample collection. The flow threshold values
were 3m?3 for surfacerunoff and subsurface drainage flowyn8 for reservoir outflow, and 190
m? for irrigation. In addition to the composite samples, grab samples were collected from the
reservoir. Water samples were collected from the field every two weeks and refrigei€d
unt il | aboratory analysis was conducted. Wate
following the EPA standards. In totdl7water quality samples were collected and analyzed

during the tweyear study period. Water samples were analyzéde Environmental and
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Agricultural Testing Service (EATS) Laboratory of North Carolina State University. All water

samples were analyzed for total suspended solids (TSS), total phosphorus (TP), orthophosphate
(OP), nitratenitrogen NOs-N), ammoniumnitrogen NHs-N), and total kjeldahl nitrogen

(TKN). Concentrations dOs-N, NHs-N, TKN, OP, and TP were determined using the Latchat

Qui kChem flow injection analysis system (Latc
was calculated by subtractiddHa-N from TKN. Total nitrogen (TN) was calculated by

summingNOs-N and TKN. Particulate phosphorous (PP) was calculated by subtracting OP from

TP. TSS was calculated using the dried and filtered weight of the water sample divided by the

total volume ofthesamipe . The equi pment’ s deane@mgpth | i mit
for nitrogen and phosphorous species, respectively. Measured concentrations that were below

detection limits were set at oi@lf of the detection limit.

2.3 Reservoir areavolumedepthrelationship

A bathymetric survey was conducted for the reservoir using an acoustic Doppler current
profiler (ADCP) to develop an aremlumedepth relationship for the reservoir. Water depth
measurements were made along twelve transacts on the resemoir.E ml i dGPS WRaf K
used to conduct the survey for the shallow and vegetated areas of the reservoir, where the ADCP
accuracy is low. These measurements were used to create an elevation map for the reservoir
using ArcGIS softwareHigure2.7). The storag capacity tool in ArcGIS was then used to
develop the aresolumedepth relationshipRigure2.8). The daily water level measurements of
the reservoir were then used to estimate the daily water volume and surface area from the

relationship curve.
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Figure 2.7: Elevation map of the reservoir at the study site.
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Figure2.8: Areavolumedepth relationship developed for the reservoir at the study site.

2.4 Reservoir water, nuient, and sediment balances

A daily water balance was conducted for the reservoir based on the daily measured

discharge rates at the inflow points and the outflow point according to Eq. 2.
Www 0 U VI VI V] V] 0 Y O ¢

Wherezwis the change in reservoir water volume during a specificllaythe direct
precipitation volume received by the reservoir, is the inflow water volume from the upstream
forested land) ~  andd are the surface runoff volumes from DWR and CT
treatments, respectively, is the subsurface drainage flow from the DWR treatment, is

the irrigation water volume withdrawn from the reservoir, is the oulow volume released
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from the reservoir when it reached its maximum storage capacity, S is seepage losses from the
reservoir, E is evaporation occurring at the surface area of the reservoir. All components of the
water balance equation are expressadid™ units. The measured swlaily data were summed
over the day to calculate the daily values that were used in Eq. 2.

Flow reduction benefits achieved by the DWR system were estimated using Eg. 3, where

FR is the percent flow reduction.

C

"OYp P = = = = Zp T o

Daily nutrient and sediment balances were conducted for each of the nitrogen and
phosphorous species, and sediment by using concentration and loademeassiaccording to

Eq. 4.
30 0 0 0 0 0 0 T

Wherez0 is the change in mass of sediment or a specific nutrient in the reservoir during
a specific dayp  is the nutrient/sediment mass load from the upstream forested land,
V. andd are the nutrient/sediment mass loads in the surface runoff from DWR and
CT treatments, respectively, is the nutrient/sediment mass load in shbsurface drainage
flow from the DWR treatment) is the nutrient/sediment mass load leaving the reservoir via
irrigation, 0 is the nutrient/sediment mass load leaving the reservoir via outflow. All the
components of the equation as@eessed in kg dunits. Nitrogen and phosphorus entering the
reservoir via direct precipitation or leaving the reservoir via seepage are assumed small and

therefore are not represented in the mass balance Eqg. 4.
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The concentration and load reductionsevestimated according to Eq. 5 and 6,

respectively.

0'Yp ———— ZPTMTU

6YP  ————zpmme

Where CR is the concentration reduction,i€the weighted average concentration of
nutrient/sediment calculated from flows and concentnatiof all water sources to the reservoir,
and Gutis theweightedaverageconcentratiorof nutrient/sediment in the reservoir outflow. LR
is the nutrient/sediment load reductiom, ik the summation of the nutrient/sediment mass loads
entering the the eervoir via all water sources, aneldis the nutrient/sediment mass load
leaving the reservoir via outflow. The daily loads were estimated by multiplying the daily flow
volumes by the daily concentration values. Since the composite water quality saemngles
collected every two weeks, the measured concentration of the water sample was used for all days

since the last measured concentration.

2.5Hydraulic retention time

The hydraulic retention time (HRT) is one of the most important factors affecting the
reservoir’s removal efficiency of nutrients an
average time that a particular amount of reservoir inflow remains in the reservoir before it is
released through the reservoir outlet, which dependsontergsoi r °' s si ze and i n
HRT was estimated on monthly and annual bases using Eq. 7, assuming the reservoir is under a

steady state condition (inflow rate = outflow rate).
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Where'OY "¥ the hydraulic retention time estimated on a monthly or annual basis (day),
andw is the reservoir storage capacity*nThis approach is more applicable when the
reservoir is full, while it may not be acctedor the times when water is withdrawn for irrigation
during the growing season. However, for the purpose of this study, we used it to compare the

performance of the reservoir in the two years of the study in removing nutrients and sediment.

2.6 Statistcal analysis

The measured data were evaluated for the assumption of normality using visual
inspection methods as well as statistical methods using Sha&fikdest (Shapiro and Wilk,
1965) The tests showed that the measured data did not meet the normality assumption.
Therefore, the neparametric twesample Wilcoxorrank tesi{Wilcoxon, 1945)was used to
compare and identify the significance of differemaethe concentrations and loadings of
nutrients and sediment in the inflows and outflow of the reservoir. The null hypotheses were no
significant change in concentration and load between the inflow and outflow of the reservoir.
The testswereconductetda a 5% | evel of significance (a=0.
correlation analysis was conducted to investigate the factors that could affect the nutrient and
sediment removal efficiency of the reservoir. The correlation coefficients betwetefaetor
and mass loading reduction of each nutrient species and sediment (LR (%); Eq. 6) were
guantified on a monthly basis. The factors included in this analysis were water temperature,
HRT, water volume in the reservoir, and water inflow. The Peansmuptmoment correlation
coefficients and their statistical significance were determined based on a 5% level of significance
(Pearson, 1896All statistical analyses were implemented usingt&dio statistical software

(version 4.0.2).

29



3. Results and scussion

3.1 Reservoir water balance

The 30year normal precipitation was 1163 mm with higher precipitation occurring
during the summer months (JuAagust), compared to other seasons (33%]el2R). The first
year of the study (May 201%pr 2020) was relatively dry with 6.6% less precipitation than the
long-term average. The first four months of this year (Mang 2019) were substantially dry
compared to the lonterm normal. The total praaitation during MayAug 2019 was 303 mm,
which was 37.2% less than the letagm normal of 483 mm. This large precipitation deficit was
compensated by the extremely wet conditions in Sep 2019 and Feb 2020, leading to a relatively
small deviation from thermual longterm normal precipitation. In contrast, the second year
(May 2020 Apr 2021) was wet with precipitation exceeding the loegn average by 28%. The
second year was characterized by two distinct periods:Getr2020, which was comparable to
thelong term normal followed by Nov 2020Feb 2021, which was extremely wet with total

precipitation greater than double the leiegm normal (674 mm vs. 329 mm).

Table2.2: Monthly precipitation (mm) observed at the study site compared with tigee80
longt er m averaget.

Year May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr Total
20192020 37 65 77 124 162 89 86 64 49 154 92 86 1086
202062021 166 112 126 150 105 55 208 162 129 175 76 24 1489

30-year
normal

99 121 133 131 104 60 72 78 108 76 106 81 1163

Thesummatiorof the monthly values of precipitation may not add up to the annual totals due to rounding.

The estimated componentsthé reservoir water balance are summarized in TaBle
Most of the water received by the reservoir was in the form of surface runoff from the two

experimental treatments and the upstream forested land (82%). The upstream forested land
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contributed the lagest amount of inflow water to the reservoir (38%), while subsurface drainage
contributed the least amount of inflow water (14%). The reservoir received 2.5 times greater
inflow in the wetter year (2022021), compared to the inflow received in the dyear (2019
2020) (Table2.3, Figure2.9). Over the tweyear period, the reservoir released 86% of the total
inflow as outflow from its outlet. Of the total inflow, 5.7% was withdrawn for irrigation, 7.5%
was lost via evaporation and seepage, and 0.8%segiexl an increase in the water stored in the
reservoir. More water was captured by the reservoir during-2020, compared to 202f021.
In 20192020, the reservoir released 71% of the total inflow, compared to 92% released-in 2020
2021. This was in padue to the water storage level at the beginning of theytao study. As
previously stated in the methods section, some of the water stored in the reservoir had to be
released for the installation of the flow measurement station at the reservoir omtief\pthe
beginning of the tweyear study, the reservoir water volume was 3j/®4which means that the
reservoir could have had an additional 2,4f4vater to be fully filled. As a result, no water was
released from the reservoir until Sep 20E@(re 2.10). Additionally, seepage and evaporation
losses from the reservoir were higher in 2@D20 than in 202@021. Evaporation losses in
20192020 (6,828n°% were almost double the evaporation losses in 201 (3,843n°% based
on estimates from a negyy ECONET weather station (Auro: 35.36233° N, 76.71629° W).
Seepage losses were driven by the hydraulic head, which was influenced by the water level in the
reservoir and the groundwater table depth in the two treatment field areas. Seepage losses in
20192020 are hypothesized to be higher than in 20221 since the groundwater table was
substantially deeper in 202920, creating greater hydraulic gradient that drove more seepage.
Figure2.10 shows the monthly water volume received by/released froneskevoir and

the reservoir water level during the study period. For both years, the reservoir stayed near full
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most of the time except during the growing season when water was withdrawing for irrigation.

During both years of the study, the highest amofimiater received by the reservoir occurred in

winter, while the lowest was in spring. This was caused by the frequent rainfall events and low

evapotranspiration losses occurred during the winter months.

Table2.3: Water volume of the components of the reservoir water balance. The percentage of the
volume of each component relative to total reservoir inflow is reported between parentheses.

.l.

Water balance component

Water volume, ) (%)

20192020 20202021 Total

Precipitation 4,170 (6) 5,718 (3) 9,888 (4)

Runoff from forested land 17,728 (27) 71,035 (43) 88,763 (38)

Subsurface drainage 13,910 (21) 18,277 (11) 32,187 (14)

Runoff from DWR treatment 15,157 (23) 38,306 (23) 53,463 23)

Runoff from CT treatment 15,522 (23) 31,581 (19) 47,103 (20)

Total reservoir inflow 66,487 164,918 231,405

Irrigation 4,858 (7) 8,303 (5) 13,160 (6)

Change in reservoir volurhe 1847 (3) -77 (0.05) 1770 (0.8)

Other losses ' 12,411 (19) 4,900 (3) 17,311 (8)

Reservoir outflow 47,372 (71) 151,792 (92) 199,164 (86)

Total flow reduction 19,115 (29) 13,126 (8) 32,241 (14)

The difference between the reservoir water vol

reservoir water @lume at the beginning of the year was greater than that at the end of the year.

The summati on of evaporation and seepage | osses

T
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Figure2.9: Cumulative flow volume received by/released from the reservoir for the first year
(left) and second year of the study period (right).
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Figure2.10: Monthly flow volume @ the reservoir water balance components and the reservoir
water level for the tweyear study period. Negative values of the water volume change means the
reservoir water volume decreased during the corresponding month. Similarly, negative values of
the né losses from the reservoir means a net seepage gain (not loss) from the adjacent fields to
the reservoir, which could happen during wet periods with shallow groundwater.
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3.2Hydraulic retention time
The monthly HRT for the reservoir that was estima®dg@iEq. 7 is shown iRigure
2.11. The monthly HRT greatly varied depending on the monthly inflow volume and ranged
from 3.5 days in Feb 2021 to 222.9 days in Oct 2020. The estimated annual HRT 202019
(26.8 days) was considerably longer than tba0202021 (11.3 days). This difference in HRT
was caused by the relatively wet condititimst frequently occurred during 2022D21. The
higher amount of precipitation occurred in 282121 increased the total inflow, causing the
water to remain in theeservoir for shorter period before it was released from the outlet. Based
on these HRT values, it can be hypothesized that nutrient and sediment removal efficiency of the

reservoir would be higher in 2028920 than that in 202R021.

2019-2020 2020-2021
2229
210.9

2004 199.8

150+
= 1417
0]
z 1247
— X
1
I
>
= b 97.3
s 91.7
c
[+]
=

57.7
507 43.4
38.2
27.3 278 288 29,9
19.4
14.2 16.2
I ol 109 107 I 77 76 sa I
N . i1 (B B
May Jun Jul Aug Sep Oct Mov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr
%9 19 19 19 19 19 19 19 20 20 20 20 20 20 20 20 20 20 20 20 21 21 21 21
Month

Figure2.11: Monthly hydraulic retention time of the reservoir estimated for theywar study
period.
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3.3Reservoir nitrogen balance
3.3.1Nitrogen concentration balance

Temporal variation and statistical analysis of diffeneitrogen species concentrations in
water received by the reservoir are showRigure2.12 and summarized in Tali?et. TheNOs-

N concentration in subsurface drainage flioem theDWR treatmentvas significantly higher
(11.65 mg L2, P value < 0.001thanNOs-N concentration in surface runoff from the CT
treatment (4.92 mgt), DWR treatment (2.18 mg1), and forested land (0.81 mg'L. There

was no significant difference betweliDs-N concentration in surface runoff from the CT and
DWR treatmentsq value = 0.10). Nitrate concentration in inflow from the forested land was the
lowest compared to other inflow sources (p value < 0.007).

Ammonium (NH4-N) concentration in surface runoff from the CT treatment was the
highest, compared fdH4-N concentratns in all other inflow sources. However, the difference
betweerNHs-N concentrations in the surface runoff from the CT and DWR treatments was not
statistically significant (P value =0.22&)rganic nitrogen (ON) concentrations in the surface
runoff from toth treatments and forested land were comparable with no statistically significant
difference. The ON concentration in subsurface drainage flow was tba thain theother
inflow sources (P value < 0.001). Overall, TN concentration was highest inrfadesdrainage
flow from the DWR treatment and lowest in the surface runoff from the forested land (p value <
0.001).

Nitrate (NOsz-N) was the most dominant form of nitrogen in subsurface drainage flow
from the DWR treatment (98% of TN), surface runofinfrthe DWR treatment (60% of TN),
and surface runoff from the CT treatment (61% of TN). In contrast, nitrogen in the surface runoff

from the forested land consisted primarily of ON (70% of TN). Ammonium concentration was
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very small, as 73% of the total nber of collected water samples HdH4-N concentration
below or equal to the detection limit of the laboratory equipment (0.10 fg L

Nitrate concentration showed high variation throughout the study period with higher
concentration values during thestityear of the study, compared to the second year. Severe dry
weather condition occurred in 202820 caused major yield losses and consequently increased
nitrate losses from the field due to the large amount of fertilizer that was not utilized by the crop
Comparable trends were exhibited ®z-N and TN concentrations in surface runoff from both
treatments and subsurface drainage flow, with matching time of peaks and troughs. Nitrate
concentration tended to peak after fertilizer applications in eadte @b growing seasons of
the study. For example, a rainfall event occurred four days after the fertilizer application in late
May 2019 generated surface runoff from the CT treatment wWit®saN concentration of 48.9
mg L. This high concentration valweas excluded from the graphs to better visualize the
concentration trend and differences of small concentration values. Another rainfall event
occurred after the fertilizer application in early June 2020, generated a spike-M
concentration in surfaa@noff from the CT treatment (14.3 mgHLand subsurface drainage

from the DWR treatment (19.1 mg).
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Figure2.12: Measured concentrations of nitrogen species in the water received by the reservoir
from different sources during the twear study period.

Table2.4: Mean and standard deviation (Mean +SD) of nitrogen species concentration\mg L
measured in the water entered the reservoir from differem nf | ow sour cest.

Nitrogen species concentration (mg)L
Forested land Subsurface

CT runoff DWR runoff

inflow drainage
No of samples 30 29 31 27
MeantSD 0.81+1.43 11.6546.33 4.9248.99 2.18+2.44
NOsN Comparison C A B B
NH-N MeantSD 0.10t+0.18 0.09+0.16 1.01+2.25 0.32t0.62
Comparison C C AB BC
ON MeantSD 0.82+0.43 0.43t0.53 0.89+0.46 0.84+0.41
Comparison B D AB BC
™ MeantSD 1.74£1.47 12.18:5.99 6.82+10.71 3.34t2.73
Comparison D A B C
t Letters A, B, C, asigndical diftereencesiareong chneentsatioastof each mnitmgeh | vy
species in different inflow sources, with |l etter “A"”

representing lowest concentration value. Inflow sources with same letters in eatieao that there was no
significant difference between their concentrations, and vice versa.
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Temporal variations and statistical analysis of different nitrogen species concentrations in
water stored in the reservoir, reservoir outflow, and irrigationveateshown irFigure2.13 and
summarized in Tabl2.5. Nitrate concentration in water stored in the reservoir was not
significantly different fromiNOs-N concentration in the reservoir outflow (p value = 0.259).

Nitrate concentration in the irrigation watevas significantly higher (p value = 0.016) than that

in the reservoir, which indicates the presence of concentration gradient in the water column.
Irrigation pump intake was 40 cm from the bottom of the reservoir while the reservoir water

samples were diected from the top 50 cm of the reservoir water column. It should also be

mentioned that water samples collected from the reservoir were grab samples, representing the
species concentrations at the time of sampling. On the other hand, the samplexidotiecall

infl ow sources, Jirrigation, and reservoir out
wei ghted” concentration for the tconoestratprer i od b
near the water surface of reservoirs is usually loweest is consumed more quickly by

plankton(Webb, 2017)In contrast, ammonia concentrations in the irrigation water, water

retained in the reservoir, and reservoir outflow were not significantly different (p value > 0.624).
Organic nitrogertoncentration was significantly higher in the water retained in the reservoir,
compared taeservoir outflow (p value = 0.006), but it was not signifibadifferent from ON
concentration in irrigation water (p value = 0.156).

Nitrate was the primary form of nitrogen in the reservoir outflow (60% of TN) and
irrigation water (53% of TN). Niite concentration ranged from 0.10 to 5.28 midrithe
reservoir outflow and 0.11 to 3.49 mg In the irrigation water. Ammonium concentration in
the water released from the reservoir was very small, with only 19% of the samples having

concentration atve the detection limit (0.10 mgH.
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Figure2.13. Measured concentrations of nitrogen species in the reservoir outflow, water stored
in the reservoir, and irrigation withdrawn during the tyear study period.

Table2.5: Mean and standard deviation (Mean +SD) of nitrogen species concentratiorl(mg L
measured in the reservoir outflo

w, water stor

Nitrogen species concentration (mg)L

Irrigation  Water in reservoir Reservoiroutflow

No of samples 11 33 26

NOs-N MeantSP 1.451.15 1.32+1.86 1.38t1.50
Comparison AB C BC

NHeN MeantSP 0.36+0.85 0.11+0.12 0.10t0.12
Comparison A A A

ON MearntSD 1.0%+0.50 1.04+0.41 0.90+0.45
Comparison AB A B

™ MearntSD 2.91+1.06 2.47+1.B 2.38t1.50
Comparison A A A

t Letters A, B, C, and D denote the statistically signi

species, with letter

“ A ”

representing

hi ghestonconcentr

value. Columns with same letters in each row mean that there was no significant difference between their

concentrations, and vice versa.
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Flow weighted mean concentration of nitrogen in the water received by the reservoir was
estimated by dividing the tal load of nitrogen entered the reservoir by the total reservoir inflow.
Comparison between nitrogen concentration in water received by the reservoir and that in water
released by the reservoirdbownin Figure2.14 and summarized in Tali?6. Concentation of
total nitrogen in water released from the reservoir was significantly lower than that in water
received by the reservoir (Tal2e6). On average, the DWR system significantly reduced TN
concentration by 1.47 mgi(40%) with a reduction of 3.16gr_" (51%) in 20192020 and
0.85 mg ! (30%) in 20262021. Total nitrogen concentration reduction was mainly due to the
reduction ofNOs-N concentration that was achieved in both years with an average of 1.48 mg L
1 (53%). Nitrate concentration in subfage drainage flow exceeded the USEPA drinking water
standard of 10 mgtin 18 (62%) of the 29 collected samples, while the maxihi@®s-N
concentration in the reservoir outflow was 5.28 mig Ammonium concentration was
significantly reduced by an avem@of 0.10 mg 12, while the reduction in the second year was
not significant. Organic nitrogen concentration in the water released from the reservoir was
slightly higher (0.11 mg t) than in the water received by the reservoir, however this difference
was not significant. The ON concentration was not reduced in the reservoir since a portion of the
inorganic species of nitrogen may have been assimilated by phytoplankton and eventually
released from the reservoir outlet in the phytoplankton biomass gs&ishild and Velinsky,

2006)
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Figure2.14: Flow weighted mean concentration of nitrogen species in the water entering and
exiting the reservoir during the tweear study period.

Table2.6: Annual flowweighted mean concentration of nitrogen species in water entering the
reservoir (Gn) and reservoir outflow (§x) and concentration reduction (CR).

Year Cn(mgLh) Cou(mgll) CR(@mglL) CR (%) P value

2019 5.05 2.04 3.01 60 0.002*
NO=N 2020 200 1.09 0.91 45 0.007*
Total 2.80 1.32 1.48 53 0.001*
2019 0.45 0.14 031 70 0.012*
NHoN - 5000 0.09 0.08 0.01 14 0.082
Total 0.19 0.09 0.10 51 0.001*
2019 0.66 0.82 0.16 25 0336
ON 2020 0.72 0.79 -0.08 41 0957
Total 0.69 0.80 011 16 0502
2019 6.16 3.00 3.16 51 <0.001%
™ 2020 2.81 1.96 0.85 30  <0.001*
Total 3.68 221 1.47 40 <0.0001*

Significance difference in nitrogen concentration in the water entering and exiting the reservoir is indicated by *,
when P value < 0.05.
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3.3.2Nitrogen loads

The summary of nitrogen load analysis is showRigure2.15 and Table.7. Nitrogen
load entered the reservoir via different inflow sources consisted primahl@eN (76%), with
small percentages of ON (19%) aN#is-N (5%). Although flowweighted mean concentration
of NOs-N in reservoir inflow was higher in the first year of the study (5.05 figcbompared to
the second year (2.00 mgt), NOs-N loads entered the reservoir in both years were similar (315
and 319 kg, respectively). Thisrche attributed to the substantially lower reservoir inflow
volume during the first year (66,487) compared to the second year (164,8%Y. In both
years, most oNOs-N load entered the reservoir during the period from November to March,
which correspoded to the increase of titNOz-N leaching via subsurface drainage flow. Nitrate
load during this period accounted for 77% and 56% of d@N load entered the reservoir in
the first and second year, respectively.

Nitrate load in subsurface drainage flaxas significantly highest (p value <0.0001),
compared to the other sources, and accounted for 68% oRNtotdN load. Although the
forestedland inflow was 38% of the total reservoir inflow, it only exported 3% of the iDa}

N load received by the resvoir due to its smaMNOs-N concentration. Mean annudOz-N load

was 216 kg (18.8 kg/ha) in subsurface drainage flow, 48 kg (10.9 kg/ha) in surface runoff from
the CT treatment, and 42 kg (7.1 kg/ha) in surface runoff from DWR treatment. Poole et al.
(2018) reported that the mean annN&lk-N losses from a tik@rained site near Plymouth in
eastern North Carolina ranged from 1.3 to 36.8 kg/ha for aygaestudy period. The Plymouth
site was on a poorly drained soil and had a drainage system wigihtdysivider drain spacing

(22.9 m), compared to our case study that had a moderately well drained soil with a narrower

drain spacing (18 m).
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The forested land runoff exported 42% of total ON load to the reservoir, while subsurface
drainage flow exported ¢hleast amount (5%). Surface runoff from the CT treatment exported
47% of totalNH4-N load to the reservoir, while subsurface drainage flow exported the least
amount (6%).

The DWR systenas a wholsesignificantly reducedNOs-N loadexport, compared to load
input, by 371 kg (59%; p value < 0.001), with higher load reduction in Z0PD (69%)
compared to 2022021 (48%). Ammonium load was also reduced by 24 kg (56%; p value <
0.001), with higher load reduction in 202920 (77%) compared to 202021 (18%). @yanic
nitrogen load was reduced in 262020 by 5%, but it increased in 202021 ¢5%), but the
increase was not significantly different (p value = 0.363). Overall, TN was significantly reduced
by the reservoir (p value < 0.001) by 391 kg (47%), witih@igoad reduction in 2012020

(63%) than 202021 (33%).
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Figure2.15: Cumulative loads of nitrogen species in all water received and released by the
reservoir. Each graph is divided into two graphs: gnag@h for year 2022020 (left), and the
other for year 202@021 (right).
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Table2.7: Annual nitrogen load (kg) in all water received and released by the reservoir. The
percentage of nitrogen load of eacimgmnent relative to nitrogen load of total reservoir inflow

is reported in parenthesest
Nitrogen species load (kg)
F?:rz;ted Sub§urface DWR CT R'eservoir Reservoir Irrigation Loaq
inflow drainage runoff runoff inflow outflow reduction
2019 120 2245 34.8 43.7 314.9 96.7 4.4 218.2 (69)*
NOs-N 2020 9.9 207.7 48.4 52.9 318.8 165.8 15.4 153.0 (48)*
Total 21.8 432.2 83.1 96.6 633.7 262.5 19.8 371.2 (59)*
2019 1.3 1.6 104 147 27.9 6.4 1.9 21.5 (77)*
NHs-N 2020 4.4 0.9 4.3 5.3 14.8 12.2 0.5 2.6 (18)*
Total 5.6 25 14.7  20.0 42.7 18.6 2.4 24.1 (56)*
2019 10.9 3.2 13.6 135 41.2 39.1 4.9 2.2 (5)
ON 2020 53.5 5.1 272 28.1 113.9 120.0 10.2 -6.1 (5)
Total 64.4 8.3 40.8 41.6 155.1 159.1 15.1 -4.0 (3)
2019 24.2 229.2 58.8 71.9 384.0 142.1 11.2 241.9 (63)*
TN 2020 67.7 213.7 79.8 86.3 447.5 298.1 26.0  149.4 (33)*
Total 91.9 442.9 138.6 158.2 831.6 440.2 37.3 391.3 (47)*
tf Tot al | oad values may not equal to the summation of

difference in nitrogen load in water received by/released from the reservoir is indicated by *, when P value < 0.05.

3.4 Reservoir phosphorous balance

3.4.1 Phosphorous concentration balance

Temporal variations and statistical analysis of the concentratiahferent

phosphorous species in water received by the reservoir are shéwguia2.16 and summarized

in Table2.8. Total phosphorous and OP concentrations were significantly higher in surface

runoff compared to subsurface drainage flow (P value <4).®hile particulate phosphorous

did not differ significantly among all inflow sources (P value = 0.07). In addition, TP and OP

concentrations were significantly higher in surface runoff from both treatments than TP and OP

concentrations in the forestezhd inflow (P value < 0.026). Similar to N, higher P concentration
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occurred in the first year of the study, compared to the second year caused by the leaching of the
unutilized fertilizer.

Orthophosphate (OP) was the most dominant form of phosphorowessarfiace runoff
water of the CT treatment (79% of TP) and DWR treatment (76 % of TP). In contrast, OP was

less dominant in the surface runoff from the foredaed (41% of TP) and subsurface drainage

flow (17% of TP).
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Figure2.16. Measured concentrations of phosphorous species in water received by the reservoir
from different sources during the twear study period.
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Table2.8: Mean and standard dev@at (Mean £SD) of phosphorous species concentration (mg
LY in water received by the reservoir from diffierénflow sources$ .

Phosphorous species concentration (mj L

Forested land Subsurface CT surface DWR surface
inflow drainage flow runoff runaoff
No of samples 30 29 31 27
OoP MeantSD 0.18+0.21 0.03+0.06 0.41+0.40 0.32+0.20
Comparison B C A A
PP MeantSD 0.11+0.08 0.0#0.08 0.09t0.06 0.10+0.07
Comparison A A A A
TP MeantSD 0.28t0.22 0.10t0.11 0.50t0.41 0.42+0.22
Comparison B C A A
T e, B, C, and D denote the statistically significant differences among concentrations of each phosphorous
species in different inflow sources, with |letter “A"”

representing lowest concentrationwel Inflow sources with same letters in each row mean that there was no
significant difference between their concentrations, and vice versa.

Temporal variations and statistical analysis of different phosphorous species
concentrations in water stored iretreservoir, reservoir outflow, and irrigation water are shown
in Figure2.17 and summarized in Tali9. Orthophosphate and TP concentrations were
significantly higher in reservoir outflow and irrigation water than those in water retained in the
reservoi (P value > 0.002). Particulate P concentration was significantly higher in reservoir
outflow than that in water retained in the reservoir (P value = 0.027), but there was no significant
difference between its concentration in irrigation water and inrwetained in the reservoir (P
value = 0.813). Particulate P was the dominant form in reservoir outflow and accounted for 54%
of TP. In contrast, OP was the primary form of P in irrigation water (63% of TP). Total
phosphorous ranged from 0.08 to 0.66lmign the reservoir outflow and 0.07 to 0.76 nigih

the irrigation water.
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Figure2.17: Measured concentrations of phosphorous species in the reservoir outflow, water
stored in the reservoir, and irrigation withdrawn during the-year study period.

Table2.9: Mean and standard deviation (Mean £SD) of phosphorous species concentration (mg
L) measured in the reservoir outfl ow,

Phosphorus species concentration (imy L

Irrigation Water in reservoir Reservir outflow

No of samples 11 33 26

oP MeantSD 0.230.20 0.08+0.11 0.12+0.14
Comparison A B A

PP MeantSD 0.11+0.10 0.10£0.07 0.13+0.08
Comparison AB B A

TP MeantSD 0.34+0.23 0.1840.13 0.25+0.16
Comparison A B A

t Letters A,
species, with

water S

B , stattjcallyasignificabt diffeeences asmony dorcentrations of each phosphorous

letter *“A”

representing

hi ghest

value. Columns with same letters in each row mean that Weesao significant difference between their
concentrations, and vice versa.

concentr

Comparison between phosphorous concentration in reservoir inflow and reservoir

outflow is shown irFigure 218 and summarized in Tal®el0. Concentration of TP in reservoir

inflow was reduced by 0.05 mgtl(21%), however the reduction was not significant.

Concentration of OP was significantly reduced by 0.07 mg4i6%), but the reduction was not
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significant in the first year. Particulate P concentration in the reservoir owmféavsignificantly
higher than that in the reservoir inflow by 0.02 m§(R9%), however it was not significantly
different in the second year. Unlike OP that remains in the water column and would be easily
available to be utilized by algae, PP settlethéobottom of the water column until it is released
from the reservoir with sediment. In addition, PP concentration tended to be attached to fine
sediments (Schuman et al., 1973; Stone and Mudroch, 1989; McDowell et al., 2001; Poirier et
al., 2012) thatan be easily released from the reservoir with large runoff events. Based on a
study conducted on 11 pondirchild and Velinsky (2006eported that small ponds can

greatly reduce OP, but they usually export more PP than they receive.
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Figure2.18: Flow weighted mean concentration of phosphorous species in the water entering and
exiting the reservoir during the tweear study period.
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Table2.10: Annual flow weighted mean concentration of phosphe species in water entering
the reservoir (Cin) and reservoir outflow (Cout) and concentration reduction (CR).

Year Cin (mg L) Cout (Mg LY) CR(mgLY) CR (%) Pvalue
2019 0.28 0.13 0.16 56% 0.054
oP 2020 0.11 0.07 0.04 35% 0.030*
Total 0.16 0.08 0.07 46% 0.001*
2019 0.07 0.11 -0.03 -42% 0.002*
PP 2020 0.08 0.10 -0.02 -21% 0.244
Total 0.08 0.10 -0.02 -29% 0.011*
2019 0.36 0.23 0.12 35% 0.204
™ 2020 0.19 0.17 0.02 11% 0.481
Total 0.23 0.19 0.05 21% 0.097

Significance difference iphosphorous concentration in the water entering and exiting the reservoir is indicated by
* when P value < 0.05.

3.4.2 Phosphorous loads

The summary of phosphorous load analysis is showangure 219 and summarized in
Table2.11. Total phosphorous lod83 kg) received by the reservoir from different inflow
sources consisted primarily of OP (67%), with a smaller percentage of PP (33%).

Flow weighted mean concentration of OP in the reservoir inflow was higher in 2019
2020 (0.19 mg 1) compared to 2020021 (0.03 mg ), loads in both years wesimilar (17.6
and 17.5 kg, respectively) due to lower inflow water volume in Z020. In both years, OP
load tended to increase during spring and summer, decrease during fall, before it increased again
during winter. OP load in surface runoff from the CT treatment was highest (50% of total OP),
compared to surface runoff from the DWR treatment (35% of total OP) and forested land (14%
of total OP), and subsurface drainage flow (1% of total OP). However, ORtmadhe CT
treatment did not differ significantly from OP load from surface runoff from DWR treatment and

forested land (p value = 0.405).
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Particulate P load in surface runoff from the forested land was highest (42% of total OP
load), compared to PP loamssurface runoff from both CT treatment (26% of total OP) and
DWR treatment (22% of total OP), and PP load in subsurface drainage flow (10% of total OP).
The DWR system significantly reduced OP load by 18.4 kg (52%; p value < 0.001), with a higher
significant reduction during 2012020 (66%; p value < 0.001) compared to a-sigmificant
reduction in 2022021 (38%; p value = 0.723). Particulate P load released from the reservoir via
outflow was higher than that the total PP received from different irdtmwces by 2.4 kg (14%),
however the load increase was not significant (p value = 0.205). Overall, the DWR system
significantly reduced TP load by 16 kg (30%; p value = 0.020), with a higher significant reduction
during 20192020 (51%; p value = 0.001) cpared to a nosignificant reduction in 2020021

(15%; p value = 0.813).
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Figure2.19: Cumulative loads of phosphorous species in water received and released by the
reservoir. Each graph is divided intea graphs: one graph for year 262020 (left), and the
other for year 202@021 (right).

51



Table2.11: Annual phosphorous load (kg) in all the water received and released by the reservoir.
The percentage ofhpsphorous load of each component, relatiyehimsphorousoad of total
reservoir inflow, is reported in parenthesest

Phosphorus species load (kg)

Forested Sub§urface DWR CT Rgservoir Reservoir Irrigation Loagl

land drainage  runoff  runoff inflow outflow reduction
2019 3.3 0.1 7.7 6.5 17.6 6.0 0.9 11.7 (66)*

OP 2020 2.0 0.2 7.6 7.7 17.5 10.8 1.9 6.7 (38)
Total 5.3 0.4 154 14.2 35.2 16.8 2.9 18.4(52)*

2019 1.6 0.7 11 1.3 4.7 5.0 0.3 -0.3 €7)

PP 2020 6.1 1.0 3.6 2.4 13.1 15.1 1.4 -2.0 (16)
Total 7.6 1.7 4.8 3.7 17.8 20.2 1.7 -2.4 (14)
2019 4.8 0.8 8.9 7.8 22.3 11.0 1.2 11.3 (51)*

TP 2020 8.0 1.2 11.3 10.1 30.7 26.0 3.4 4.7 (15)
Total 12.9 2.1 20.1 17.9 53.0 37.0 4.6 16.0 (30)*
tf Tot al | oad val ues may eloaddfror epchgdar duedo rauhded valuesn®ignificareen o f

difference in phosphorous load in water received by/released from the reservoir is indicated by *, when P value <
0.05.

3.5Reservoir sediment balance

3.5.1Sediment concentrations

Temporal variationand statistical analysis of the concentration of TSS in water received
by the reservoir are shown kigure 220 and summarized in Tal2el2. Surface runoff from the
DWR treatment carried significantly higher TSS concentratie89@&® mgl?!), compared tFSS
concentration from the CT treatmentZ180 mg L*; P value <0.001). This can be attributed to
the effect of wetter soil profile at the DWR treatment caused by the management of the
controlled drainage and subirrigation system. Controlled drainageudndigation raised the
field water table level in the DWR treatment and consequently increased soil erosion. For
example, consecutive rainfall events (64 mm) occurred on Juh6,22020 produced 58 mm of
runoff with 3969 mg [ of TSS from the DWR trément, while it only produced 24 mm of

runoff with 318 mg [* of TSS from the CT treatment. During this period, average field water
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table level was 16 cm below soil surface in the DWR treatment, while it was 30 cm in the CT
treatment. TSS concentrationsarface runoff from the forested land1151 mg L) was

significantly lower than TSS concentration in surface runoff from both treatments (P value
<0.011). TSS concentration in subsurface drainage fleWd@lmg L) was lowest, compared to

all other infow sources (P value <0.001). It should be noted that the automated sampler of
surface runoff from the DWR treatment did not collect any water samples during the large runoff
event that occurred on 11/12/2020. Therefore, a grab water sample was cohet1éti3s2020

while there was still flow occurring. This may explain the large difference in the TSS
concentration in the surface runoff from CT (578 m{ and DWR (28 mg &) treatment during

this period. In addition, surface runoff from the CT treatni2A6 mm) was 2.4 times greater

than surface runoff from the DWR treatment (60 mm) on 11/13/2020, which is expected to cause

more soil erosion from the CT treatment.
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Figure2.20: Measured concentration of total suspended solids (TSS) in the water received by the
reservoir from different sources during the tyear study period.

Table2.12: Mean ad standard deviation (Mean +SD) of TSS concentration (vhyib the
water received by the reservoir from different inflow sources.

TSS concertation (mgh
Forested Subsurface
land inflow drainage flow

CT runoff DWR runoff

No of Samples 30 29 31 27
1SS MeantSD 148303 12422 410t598 751+936
Comparison C D B A
t Letters A, B, C, and D denote the statistically signi
inflow sources, with l[etter "“AhdréptéesentDihgrepgksessntc

concentration value. Inflow sources with same letters in each row mean that there was no significant difference
between their concentrations, and vice versa.
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Temporal variations and statistical analysis of TSS coratgorts in water stored in the
reservoir, reservoir outflow, and irrigation water are showkigire 221 and summarized in
Table2.13. The TSS concentration in reservoir outflow was significantly higher than that in
water retained in the reservoir (P vaka 0.001). The TSS concentration in irrigation water was

not significantly different from thaif water retained in the reservoir (P value = 0.844).
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Figure2.21: Measured concentration of total suspensi@dis (TSS) in reservoir outflow, water
retained in the reservoir, and irrigation water during theyear study period.
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Table2.13: Mean and standard deviation (Mean +SD) of TSS concentration {t)grieasured
in reservoir outflow, water stored in the res

TSS concertation (mg}
Irrigation Water in reservoir Reservoir outflow

No of samples 11 33 26
TSS MeantSD 35+27 18426 55+103
Comparison AB B A
tf Lett&rsahd B, denote the statistically significant di
representing highest concentration value and |l etter “ D’

letters in each row mean that therasmo significant difference between their concentrations, and vice versa.

Comparison between TSS concentrations in reservoir inflow and outflow is shown in
Figure 222 and summarized in Talel4. TSS concentration was significantly reduced by the
resevoir (p value < 0.002), with 273 mg'(86 %) overall reduction. Although 202021 was
much wetter than 2012020 and had smaller HRT, the sediment reduction percentage was

nearly similar in both years.
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Figure2.22: Flow weighted mean concentration of TSS in the water entering and exiting the
reservoir during the twgear study period.
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Table2.14: Annual flow weighted mean concentoat of TSS (mg [2) in water entering the
reservoir (Gn) and reservoir outflow (&) and concentration reduction (CR).

Year Cn(mgL') Cou(mgL?) CR(mgL!) CR (%) P value

2019 391 50 341 87 0.003*
TSS 2020 300 45 255 85 0.044*
Total 319 46 273 86 0.002*

Significance difference in sediment concentration in water received by/released from the reservoir is indicated by *,
when P value < 0.05.

3.5.2Sediment loads

The summary of sediment load analysis is showFignre 223 and Table.15.
Sediment load in the reservoir inflow in 202021 (47,712 kg) was much higher than that in
20192020 (24,369 kg). Sediment load losses in the surface runoff from the DWR treatment
accounted for 64% of total TSS load in the reservoir inflow and was seymtiffchigher than
loads from the other inflow sources (p value < 0.0002). Sediment load in the surface runoff from
the CT treatment accounted for 19% of total TSS inflow load, compared to 17% for the forested
land, while sediment losses in subsurface @genflow were very small (0.2%). The DWR
system significantly reduced sediment load by 87% (p value < 0.0001), with higher load

reduction during 2012020 (90%) compared to 202021 (86%).
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Figure2.23: Cumulative loads of sediment in water received and released by the reservoir for
year 20192020 (left), and year 2022021 (right).

Table2.15: Annual sediment load (kg) in all water received and releasduelgservoir. The
percentage of nitrogen load of each component relative to nitrogen load of total reservoir inflow
is reported between parenthesest

Sediment load (kg)

Forested Subsurface DWR CT Reservoir Reservoir Irrigation Load
land drainage runoff runoff inflow outflow g reduction
9367 99 10901 3998 24365 2377 147 21989
2019
(90)*
TSS 2020 2822 55 35035 9799 47711 6814 362 zzgg)%S
Tota 12189 154 45937 13797 72077 9190 509 62886
I (87)*
t Tot al | oad val ues ma yhelnaud frore epchydar dueao rouhded valuesn8ignificarcen o f

difference in sediment concentration in water received by/released from the reservoir is indicated by *, when P value

< 0.05.
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3.6 Factors affecting nutrient and sediment dynamics in the regervo

The mechanisms controlling nitrogen assimilation in reservoirs are uptgitariyon
denitrification, and depositiofdansson et al., 1994; Saunders and Kalff, 20@i9sphoous
assimilation in reservoirs occurs via the uptake of dissolveddPabktonand the deposition of
particulate RPettersson, 1998Peposition is the primary mechanism foe tieduction of
sediment loadings by the reservoir. As water carrying sediment enters the reservoir, the flow
velocity isdecreased and sediment settles leaving the water column and accumulates at the
bottom of the reservo(iVerstraeten, 2000Factors such as water temperature, HRdter
volume in the reservoir, and water inflow are expected to influence these mechanisms/processes,
and subsequentlyfatct the nutrient and sediment load reduction by the reservoir. The
correlations between these four factors and the load reduction of nitrogen, phosphorous, and
sediment by the reservoir were evaluated on a monthly basis §Pal#&2.17).

In general, th results showed that nitrogen and phosphorous load reductions were
positively correlated with the reservoir water temperature and HRT, and negatively correlated
with total reservoir inflow and reservoir water volume. In addition, sediment load reductions
were negatively correlated with water volume. This would suggest that the removal efficiency of
the reservoir would be highest during the summer and early fall months when the reservoir has a
relatively smaller water volume, due to irrigation withdrawal] avarmer temperature. In
addition, this shows that the reservoir removal efficiency is strongly linked with the crop water
requirements that determine irrigation rate and affect the reservoir water sieageart et al.,

2019)
The reservoir water volume was the most significant factor affecting nutrients and

sediment reduction in the reservoir. The reservoir water volume had a significantly negative
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correlation with the reduction of all nutriemdexies and sediment, except Ds-N which had a
nonsignificant negative correlation. High water volume in the reservoir allows less time for the
sedimentation, plant uptake and denitrification processes to occur in the reservoir, which
negatively affe the reservoir removal efficiency.

The reservoir water temperature was the second most significant factor affecting nutrient
and sediment load reductions in the reservoir. The reservoir water temperature had a significantly
positive correlation with theeduction of all nutrient species, and weak correlation W{h-N
and sediment load reductions. The significant effect of water temperature on the reservoir load
reductions can be attributed to several factors. High water temperature increases theatgowth
of planktonthat quickly deplete dissolved oxygen in the wétéu et al., 2019)which
stimulates denitrification and slows fifittation (Jansson et al., 1994h addition, higher water
temperature increases the aquatic plant uptake of inorganic nitrogen and phosphorous species.

The HRT also affected the nutrient load reduction in the reservoir. Thehd&®a
significantly positive caelation with the ONNHa-N, and all phosphorus species, while the
correlation between HRT adiOz-N, TN, and sediment load reduction was not statistically
significant. The HRT had the opposite effect of water volumhberréservoir. Unlike larger
water volumes in the reservoir, longer HRT means more time for the natural treatment processes
to occur in the reservoir. The reservoir inflow had significantly negative correlation with the load
reduction ofNH4-N and OP, whilet was not significantly correlated with the other nutrient
species and sediment load reduction. High flow events increase the resuspension of the

mineralized organic nutrients on the bottom of the reservoir and release them to the water profile
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Table2.16: Correlation coefficientselatingtotal inflow, reservoir water volume, water
temperature, and hydraulic retention time (HRJTpad reduction (LR) of nitrogen and
phosphorous species and sediment, ¢taed on a monthly basis.

Total inflow  Water volume Water HRT
temperature

NOs-N -0.11 -0.37 0.12 0.20
ON -0.20 -0.85* 0.67* 0.48*
NH.-N -0.56* -0.73* 0.59* 0.54*
TN -0.34 -0.69* 0.41* 0.39
OP -0.50* -0.70* 0.61* 0.49*
PP -0.15 -0.81* 0.59* 0.47*
TP -0.37 -0.84* 0.70* 0.54*
TSS 0.11 -0.41* 0.41 0.28

Significant correlation coefficients with P value <= 0.05 are marked with * symbol.

The nonsignificant correlation between the load reductionsl©g-N and the four
factors can be attributed to thengplexity and interaction between all influencing factors. In
addition, it can be caused by the outlier data point that occurred in July 2020. During that month,
the reservoir released mad¥®s-N load (9.3 kg) in the outflow than that received in the inflow
(2.1 kg). This happened since the reservoir had aNig#N concentration accumulated from
the previous month d80s-N concentration in the received subsurface drainage water was the
highest concentration recorded during the entire study period (23YngMhen this outlier data
point was excluded from the data, the correlations betwedd@géN load reduction and
reservoir inflow, water volume, and water temperature were significant. HRT had still non
significant correlation wittNOs-N load reductionbut it was significantly correlated with the TN

load reduction (Tabl2.17).
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Table2.17: Correlation coefficientselatingtotal inflow, reservoir water volume, water
temperature, and hydraulic retention time (HRJTpad reduction (LR) of nitrate (N¢&N) and
total nitrogen (TN), calculated on a monthlyslsawhen an outlier data point was excluded from
the data.

Total inflow  Water volume Water
temperature
NOs-N -0.54* -0.74* 0.86* 0.32
TN -0.55* -0.83* 0.74* 0.45*

Significant correlation coefficients with P value <= 0.05 are marked with * symbol.

4. Conclusion

This study evaluated the effect of DWR on reducing the downstream nitrogen, phosphorous, and
sediment loadings from an agricultural field in eastern North Carolina. The DWR reservoir
retained 14% of total inflow that it received frahe adacent fields The reservoir significantly
reduced the mass loadings and concentratiohNgafN, NHs-N, and TN, while the changes in
ON concentrations and loadings were not statistically signifiddng.concentrations ®Os-N,
NH4-N, and TN were reduceay 53%, 51%, and 40%, respectively, while teresponding
loadings were reduced 9%, 56%and 47%/respectivelyThe DWR system also reduced the
mass loading and concentration of OP and loading of TP, while TP concentration was not
significantly redued. On the other hand, more PP was released from the reservoir via outflow
than that was received via inflowhe concentrations of OP and TP were reduced by 46% and
21%, respectively, while theorrespondindpadings were reduced by 52% an&@0

respectiely. In addition, the reservoir significantly reduceddbecentratiorandmasdoading

and of sediment received in the reservoir infB8% and %, respectivelyWater volume in

the reservoir was the most significant factor affecting the removal efficigfithe reservoir,

along with water temperature. This would suggest that the removal efficiency of the reservoir

would be highest during the summer and early fall months when the reservoir has a relatively
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smaller water volume, due to irrigation withd@vand warmer temperature. In addition, the
expected water quality benefits from the DWR systems would be highly correlated with the crop
water requirements that affect the reservoir water storage. In general, the results of this study
demonstrated that DR/can reduce the offite nutrient and sediment loadings from agricultural
landscapes, while providing a supplemental irrigation source to sustain crop production for the
agricultural landscapes in the U.S. Southeast. Further research is needed to tbeaiatR
performance in improving water quality under varying weather conditions and other site specific
conditions. Research édsoneeded to investigate the different physical, chemical, and biological
processes that occur in the storage reservoir fiect she fate and transport of the nutrient and

sediment in the system.
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Chapter 3: THE EFFECT OF DRAINAGE WATER RECYCLING ON CORN
AND SOYBEAN YIELDS AND WATER CONSERVATION FOR A
DRAINED FIELD IN EASTERN NORTH CAROLINA

Abstract

Drainage water recycling (DWR) involves capturing and storing surface runoff and
subsurface drainageater in an offarm reservoir or pond to use for supplemental irrigation
during periods of the crop growing season wiigficit water stressDWR has the potential to
improve crop production and reduce nutrient and sediment losses from drained langsy howe
limited research has investigated these potential benefits. The main objective of this study was to
guantify the effect of DWR on corn and soybean yields for a research site in eastern North
Carolina during 4 growing seasons (2&(®1)across avide range of weather conditions.

Two treatments were implemented at the study site: DWR and control treatment (CT).
The 11.23 ha CT treatment was a fioigated field that was primarily drained by a surface
drainage system. The 11.48 ha DWR treatment hadsaidabe drainage system that was used
to drain the field during the wet periods of the growing season andriggted it during dry
periods. A 0.38 ha reservoir was used to collect surface runoff and subsurface drainage from
both treatments and from apsiream forested land (32.5 ha) d@nensubrirrigate the DWR
treatment. A corrsoybean rotation was implemented for the two treatments, with soybean
planted in 2018 and 2020, and corn planted in 2019 and 2021.

Results showed that DWR increased corn aytiean yields in all four growing seasons,
compared to the CT treatment. DWR increased corn yields by 0.39 and 0.90" \8ydand
79%) and soybean yields by 0.40 and 0.66 M§{12% and 34%). DWR mainly increased crop

yield by reducing drought stress63o 32%) during the critical crop growth stadmsproviding
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supplementairrigation (5mmto 73 mm). In addition, the smart drainage water management
system implemented at the DWR treatment helped to store more water in the soil profile and
reduce wateoutflow from the field by an average of 13 mm (9%), compared to the CT

treatment. The drainage water management of the DWR treatment also reduced excess water
stress through draining the field during wet periods. Water use efficiency (WUE) was higher for
crops grown on the DWR treatment bya@nd 61% in two growing seasons, and lower by 16%

in one growing season. In addition, DWR increased nitrogen and phosphorous use efficiency for
all crops. Measurements of the field nutrient balance during the pesiodMiay 2019 to August

2021 showed that the amount of nitrogen and phosphorous recycled back to the DWR treatment
through irrigation was not large enough to reduce fertilizer application rate. During this period,
4.1kg ha' and 0.40 kg h&of total nitrogen and total phosphorous were recycled to the DWR
treatment, respectively. Overall, the results of this study demonstrate that DWR is a promising
practice for increasing the resilience of crop producticdh@southeastern U.S. including North
Carolina tothe uncertainty in precipitation during the crop growing season, which is expected to
intensify by climate change. Additional research is needed to monitor the performance of DWR
for increasing crop production for longer periods with varying factors aftvee, soil, and

system design and management. This research should aim at guiding the design and the

management of the DWR to optimize the performance and minimize the cost of implementation.
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1. Introduction

The worl d’ s popul asefrom7.9biflionmr2@dto @7bdlidnby o i n
2050 (UNDESA, 2019). Several research studies have suggested that crop production needs to
be doubled to meet this growing global demand by 2050 (FAO, 2018; Jaggard et al., 2010;
Tilman et al., 2011). Howeveaftaining sustainable crop production presents a considerable
challenge due its vulnerability to climate uncertainty and extreme weather conditions (Gregory
and George, 2011; Lobell et al., 2009). In the United States, climate change projections suggest
that water resources and crop production will be significantly affected by rising temperature and
more variable precipitation patterns (Walthall et al., 2013). More frequent and intensive
precipitationcoupled withlonger dry periods during the growing seasncrease plant stresses
due to deficit and excess soil water conditions, cadanggcrop yield losses.

In humid regions, agricultural drainage is used to improve crop production, especially on
poorly drained soils with high water table levels. It ages excess water stresses through
lowering the water table level and providing good soil aeration conditions (Skaggs et al., 1994).
Over 40 million ha have been drained in the United States, with 22 million ha tile drained and 18
million ha drained by dihes (USDANASS, 2019). In North Carolina, the total cropland is
around 2 million ha; 37% of this cropland (751 thousand ha) has been artificially drained, with
113 thousand ha tile drained and 638 thousand ha drained by ditches-\JSE3 2017).
Althoughsubsurface drainage improves crop production, it has been a majpoimbisource of
nutrients to surface water bodies (Goolsby et al., 1999; Rabalais et al., 2007; Smith et al., 2015;
Zedler and Kercher, 2005). In addition, an intensive drainage sységnover drain the field

and increase drought stress during the growing season, especially on coarse soils (Skaggs, 1977).
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Corn and soybean are among the major crops grown in North Carolina. The planted area
of corn and soybean in North Carolina is 342 @0d thousand ha, which represents 17% and
35% of total cropland in North Carolina, respectively (USRASS, 2017)One of he critical
growth stageof corn is 15 days prior to and 15 days after silking, while pod filling is critical
growth stage for soyan (NRCS, 2010). Soybean can tolerate drought stress until bloom if there
was adequate moisture during germination and early seedling growth (NRCS, 2010). In contrast,
corn is very sensitive to water deficit conditions and its yield can be significadtiged when
water shortage occur for even a few days, especially during the critical stages of growth (NRCS,
2010; Steduto et al., 2012).

Supplemental irrigation can protect crops in humid regions from severe drought
conditions during prolonged precipitat deficit periods (Troy et al., 2015). Several studies
demonstrated that irrigation increased the yield of corn by4396 or 2.366.30 Mg hat
(Adamsen, 1992; Jordan et al., 2014; Wagger and Cassel, 1993) and soybed 3536 2%
0.60-1.10 Mg héa (Ashley and Ethridge, 1978; Doss et al., 1974; Garcia et al., 2010) grown
under different site specific conditions in the Southeastern United States, including North
Carolina. However, the expanded use of irrigation poses a stress on fresh water solmees. In t
United States, increased demand on groundwater has led to lowering water table levels and
depletion of groundwater aquifers such as the High Plains aquifer where water levels have
declined by more than 30 m since 1950 (Konikow, 2013; McGuire, 2017).

Drainage water recycling (DWR) is an innovative practice that has the potential to
improve crop production and water quality, while conserving water resources (Frankenberger et
al., 2017; Hay et al., 2021). It involves capturing and storing drainage waitey duat periods

in on farm reservoirs to be used for supplemental irrigation during the dry periods of growing
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season. A number of studies have reported that supplemental irrigation in DWR systems
increased corn yield by 1% to 31% and soybean yield byo638% compared to free drainage

for sites in the eastern U.S. and Canada (Allred et al., 2014; Hay et al., 2021; Nelson et al., 2017;
Nelson, 2017; Niaghi, 2019; Niaghi et al., 2019; Singh and Nelson, 2021; Tan et al., 2007). It
was reported that DWR ina@sed resiliency of corn yield to precipitation extremes during the
critical growth stages of V&2 (Willison et al., 2021). Average corn yield increase by DWR was
3.6 Mg ha' when precipitation was 285 mm during this critical growth stage, compared ¢e fr
drainage.

Additional research is needed to expand the knowledge about the DWR impact on crop
yield since the published data were based on limited studies with unique site conditions (Hay et
al., 2021). The main goal of this study was to quantify thecetif DWR on corn and soybean
yields for a research site in eastern North Carolina using 4 years of field experimental data
representing a wide range of weather conditions. The specific objectives were to: (1) evaluate the
effect of DWR on corn and soyhegields, (2) investigate the factors affecting crop yield
response to DWR, which include weather conditions, timing and amount of irrigation,
groundwater level, and soil water storage, and (3) quantify the effect of DWR on water and
nutrient use efficieries.

2. Materials and Methods

2.1 Site description

The experimental study was conducted from May 2018 to October 2021 on a privately
owned farm near the town of Belhaven, Beaufort County, in the Coastal Plain region of North
Carolina (35°29'45.32" N6°42'56.85" Wfigure 31). Two experimental treatments were

implemented at the study site: drainage water recycling treatment (DWR) and control treatment
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(CT). The CT treatment (11.23 ha) was a-4roigated field that was primarily drained by a
surfacedrainage system utilizing shallow open ditches (depth = 50 cm, spacing = 60 m) to

collect surface runoff from the treatment. In contrast, the DWR treatment (11.48 ha) was an
irrigated field that was drained using 10 cm (0.4 inch) diameter PVC (Polyviloylds)

corrugated subsurface drain pipes. The subsurface drains were installed at a depth of 125 cm and
a spacing of 18 m, and discharged into two 200 cm (8 inch) diametenanldrairs. The sub

main drains subsequently discharged into a 25 crind®) main drain that discharged into an

on-farm reservoir. The subsurface drainage system was used to drain the DWR treatment during
wet periods of the growing season and-stibate it during dry periods.

Surface runoff from both treatments and from an ejpstr forested land (32.5 ha) and
subsurface drainage from the DWR treatment were captured and stored into an elongated
reservoir, located between the two treatments. The reservoir had a surface area of 0.38 ha (3840
m2) and depth of 2.51 m at its deepesatmn, which provided a storage capacity of 5,488
Based on the microtopographbithe field, only a portion of the surface runoff from both
treatments was routed to the reservoir, while the rest was routed to the Pungo Creek, a tributary
of the PungdRiver that eventually merges with the Pami&mund The area of the field
contributing surface runoff to the reservoir was 5.82 ha for the DWR treatment and 4.43 ha for
the CT treatment. The stored water in the reservoir was used-toigate the cropgrown on

the DWR treatment during the dry periods of the growing season.
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Irrigation Reservoir

DWR Treatment

— — — Lateral drain Shallow drainage open ditch & Reservoir control structure
Sub-main drain @ Irrigation water tank

e Main drain m Drainage control structure
Figure3.1: Layout of the drainage water recycling research site in Belhaven, North Carolina.

2.2Drainage water control structure settings

A water level control structure with two adjustable weir plates was installed at the outlet
of the main subsurface drain of the DWR treatment to regulate the field water table level and the
drainage outflowKigure 32&3.3). The control structure was managed with four modes of
operation in response to wet and dry conditions at the field: 1)ifea@age (FD); 2) lower
controlled drainage (LCD); 3) upper controlled drainage (UCD); 4) andarsgation (Sl). The
drainage control structure was set to FD mode when the field was very wet by fully opening the
bottom gate to quickly drain the field 82d on the design of the gate assembly, the top gate had
to be raised when the control structure was in FD mode; otherwise, the top gate would partially
block the opening of the bottom gate. The LCD mode was triggered when water table was

shallower than th optimum water table depth, but the field was not severely wet. In the LCD
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mode, the bottom gate was closed and the top gate was lowered to 60 cm from the soil surface.
The UCD mode was the default mode of the control structure and was used when tiebbeater

was at or deeper than the optimum depth. In the UCD mode, the bottom gate was closed and the
top gate was raised to 20 cm from the soil surface. The SI mode had the same settings of the

UCD mode but with irrigation water pumped into the drainagtesys

Pressure transducers to
measure water depth

Bottom gate

Figure3.2: A picture showing the design of the weir plates of the control structure before
installation at the outlet of the main subsurface drain of the DWR treatment.
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Figure3.3: Water level control structure installed at the outlet of the main drain of the DWR
treatment (left). A smart drainage system is connected to the control structure to manage
drainage and suiorigation (right).

2.3Drainage and irrigation management oetDWR treatment

The water level control structure was managed by a smart system, which fully automated
the change in the structure’s HKoare23). Thgweirusi ng
plates of the control structure were adjusted using twasarts, which were controlled by the
smart system. The smart system was connected to a monitoring well in the middle of the DWR
field, midway between two subsurface drains, to measure the field water table level. Drainage
and irrigation were triggered auatically based on predefined field water table depth
thresholds. These thresholds (TabtE) were set depending on the crop type and crop growth
stage.

During the growing season, the system was managed to maximize the storage of the

water in the soil pridle to alleviate water deficit conditions and minimize supplemental
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irrigation. Every day at 9:00 am, the system would trigger the FD, LCD, SI, or remain on the
default UCD mode, based on the average field water table depth of the previous day and current
water table depth. If the water table was too shallow (Tale the system would trigger the
LCD mode until it reaches an optimum threshold and then returns to UCD mode. The system
was designed to reduce crop damage due to excess water stress ifesaitlagge storm events.
If necessarytiwould trigger the FD mode at any time of the day if the water table was near the
soil surface (< 5 cm) and switch to UCD when the water table reached the optimum depth (Table
3.1).

Subirrigation was applied thrah pumping water from the reservoir intd a4m?
(2500 gallon) storage tank to create enough water head forrg#ting the field by gravity
(Figure 24). This alsavould prevent the water pump from turning on andegffessivelyand
minimize energy ansumption. Two float valves, one in the tank and the other one in the
reservoir, were used to trigger the pump depending on water depth in the tank and water
availability in the reservoir. A motorized valve was installed at the daatiktand was conneetl
to the smart system to be triggered to open when irrigation was needed. If the water table was too
deep and irrigation was needed, the system would close the gates, open the motorized valve, and
start irrigation based on the crop growth stage. Whemigation mode, the system would check
the water level at the outlet of the main drain every 10 minutes and turn off irrigation when water
starts to flow over the weir to avoidigation water lossWhen the field water table depth

reached an optimum ttsleold, the system turned off irrigation at any time during the day.
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Table3.1: Water table depth thresholds used by the smart system to trigger the free drainage
(FD), lower controlled drainage (LCD), upper controlled drainage (UCD), and sub irrigation (SI)
modes. T

Water table det threshold (cm)
Year (crop) DAPT T

FD LCD Sl UCD (optimum)

2019 (corn) 0- harvest 5 30 60 30-60
0-34 5 30 No irrigation >30
2020 (soybean)  34-120 5 40 65 40-65
120G-harvest 5 40 No irrigation >40
0-40 5 30 No irrigation >30

2021 (corn)
40-harvest 5 30 65 30-65

TThe system set the control structure on the upper controlled drainage (UCD) mode if drainage or irrigation was not
needed.

T DAP: Days after planting

e T g v

Figure3.4: Water was pumped from the reservoir to the storage tank before it was used for
irrigating the DWR treatment. An enlarged photo of the irrigation pump is shown on the right of
the figure.
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2.4 Data collection
Flow and wéer quality measurements were conducted to perform water and nutrient
balances for the DWR and CT treatmentsidich weirs were used to measure surface runoff
from the CT and DWR treatments and subsurface drainage flow from the DWR treatments.
Waterstage upstream and downstream of each weir we
selfcompensating pressure transducers (CS451). Flow rate was calculated usimptble V
weir equation that estimates flow as a function of water stage and weir dimensiens. S
irrigation rates were measured using a flowmeter that was equipped with pulse output (PRM
Wol t mann Helix style™). The fl owmem€d0d sent a
gallons) of irrigation. Sulirrigation data recorded by the data loggerevealibrated with the
manual readings of the flowmeter. Flow rates were estimated and stored200&Rlata
l oggers (Campbell Scientific™ that were inst
interval of surface runoff and irrigation measuremevdas 30 min while all other measurements
were hourly.
As previously discussed in detail inn@pter2, nutrient losses from the two treatments
and recycled nutrients to the DWR treatment throughisigation were monitored. Each of the
flow measurementtations was instrumented with an automated water quality sampler (WS700,
Gl obal Water ™) to collect flow proportional d
Precipitation and air temperature were measured using automated tipping bucket rain
gauges ( HOBO; -¢gearnamal Pecipitaioh éata 8107%004) were retrieved
from a nearby weather station that has a{@mm record of weather data (Belhaven 3 NE;
35.573° N-76.5848° W). The reservoir water level was measured using an automatic water

level data logger (U2001-0 1 , Onset ™) installed in a 100 mm
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The reservoir water level was also monitored using a manual staff gauge to calibrate the
measurements from the data logger. The water table depths in both treatments were measured
using autmatic water level data loggers (UR01-:0 1, Onset ™) i nstalled in
PVC observation wells midway between the subsurface drains for the DWR treatment and
between the open ditches for the CT treatment. Water table data measured by the data logge
were calibrated using manual measurements. Barometric pressure was monitored and used for
compensation to convert water pressure data to water depth.

Crop yield data from both treatments were collected at the end of each growing season
using a combindarvester with a calibrated yield monitoring system. The combine was equipped
with a Global Positioning System (GPS) to record the geographic coordinates of yield data
points. Dry yield was calculated by adjusting the yield data to a standard moistnet.cont
ArcMap software was used to process the yield data, draw the spatial distribution maps, and
calculate the average crop yield. Grain samples were collected at the end of each growing season
to quantify the amount of nutrients removed in the grain lsarfée grain samples were
analyzed in the Environmental and Agricultural Testing Service Laboratory of North Carolina
State University (EATS) for nitrogen (N) phosphorous (P), and potassium (K). 3.able
summarizes all measurements carried out at thiy siite and the starting date of each

measurement.
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Table3.2: Measured data that were conducted at the study site and their initiation time.

Measurement type Initiation date
Field water table depth March 2018
Irrigation using a flowmetér July 2018
Precipitation and temperatdre July 2018
Reservoir water level November 2018
Crop yield and grain samples November 2018

Surface runoff and subsurface draina¢ January 2019
Irrigation using a data logger May 2019

Water quality samples May 2019

lrrigation was recorded using theanual reading from the flowmeter.
2|rrigation was recorded through counting the number of pulse output from the flowmeter.
3 Precipitation datalogger did not work during the period 7/19/2018 to 8/16/2018, but precipitation amount was
recorded using a maial rain gauge and precipitation timing was adjusted using data from a nearby weather station.
2.5Soil properties

According to the USDA Web Soil SurvéyySDA-NRCS, 2021)the dominant soil sexs
on the study site is classified as Altavista fine sandy loam (53% of the field area), which is a
moderately well drained soiF{gure 25). Details of the soil distribution at the study site are
shown in Table.3. The saturated hydraulic conductivitasvmeasured using an auger hole test
(Boast and Kirkham, 1978nd was estimated to be 0.99 ¢ {#3.75 cm day). Undisturbed
soil core samples were also eaited from the field to measure the physical soil properties.
These samples were collected by digging one pit at each treatfigame(25) Two soil samples
were collected at each of four different depths (10, 30, 70, and 130 cm) from each pit. The soil

core samples were tested in the Environmental and Agricultural Testing Service Laboratory of

North Carolina State University (EATS) and the data are summarized in34blkhe analyses
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of soil sample showed that the soils on the CT and DWR treatmentsihrala soil properties
(Figure3.6).

Table3.3: Information of soil series on the study site in Belhaven, North Carolina.

Soil series Soil symbol Drainage class % of field area
Altavista fine sandy loam AaA Moderately well drained 53%
Tomotley fine sandy loam To Poaly drained 33%
Augusta fine sandy loam At Somewhat poorly drained 14%

@ Location of the soil pit of the DWR treatment
Y Location of the soil pit of the CT treatment

0 Location of the auger hole test

Figure3.5: Spatial variation of soil series on the study site in Belhaven, North Carolina ({USDA
WSS). Locations of the soil pitsid auger hole test are also shown on the map.
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Table3.4: Soil physical properties of the study site in Belhaven, North Carolina for the CT and
DWR treat mentsTt.

Particle size distribution

Depth sat f wp b
Treatment (%) Soil texture
(cm)
Sand  Silt Clay cm/cm glcm?
20 70 23 7 Sandy loam 0.37 0.21 0.03 1.51
CT
45 63 23 14 Sandy loam 0.29 0.22 0.04 1.79
Sandy clay
120 50 17 32 0.42 0.35 0.11 1.47
loam
370 77 5 17 Sandy loam 0.36 0.22 0.06 1.70
20 71 24 6 Sandy loam 0.40 0.29 0.05 1.42
45 56 30 14 Sandy loam 0.29 0.22 0.04 1.79
DWR
120 57 25 18 Sandy loam 0.35 0.28 0.06 1.55
370 76 6 18 Sandy loam 0.36 0.26 0.06 1.61

T Bsas 1 wp, a § dre gaturated water content, field capacity, peent welting point, and bulk density,
respectas Ma® gy v the soil water content at 0, 330, and 1,5000 cm of suction pressure.
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Figure3.6: Soil water characteristic curves generatedHersoils on the CT and DWR
treatments of the study site in Belhaven, North Carolina.

2.6 Agronomic and management practices

Cropping system and field management (e.g., crop rotation, planting and harvesting,
tillage practices, fertilizer application, apdst management) were similar for the DWR and CT
treatments. A consoybean rotation was implemented at the study site with soybeans planted in
2018 and 2020, and corn planted in 2019 and 2021. Planting of soybean in 2018 was delayed
since it was grown &r winter wheat. The wet conditions in the field during the second half of
June further delayed soybeans planting until the beginning of July, a month later than the
planting date of the 2020 soybeans. A summary of the agronomic data of the site isdpirovid

Table3.5.
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Table3.5: Crop management information for the experimental study site located in Belhaven,
North Carolina.

Fertilizer (N P,K) kg  Tillage
Population Planting Harvest

Yearcrop Variety hat
(No. hat) date date
Date Rate
AgVenture Vertical
2018 Soybean 56,656 8-Jul 4-Nov NA NA
56W6R
26-Apr 32,52,0
Pioneer
2019corn 12,141 26-Apr 3-Sep  26-Apr 18,590 Vertical
1197
27-May 1790,0
MorSoy Vertical
2020soybean 56,656 6-Jun 5-Nov 3-Jun 20, 34, 67
5110
19-Apr 25,64, 84
Pioneer
20221-corn 12,141 26-Apr 7-Sep  19-Apr 20, 66,0 Strip
1197

26-May 137,0,0

Phosphoric pentoxide £©s) was divided by 2.29 to convert it to phosphorus (P). Potassium oxi@g (kas divided

by 1.21 to convert it to pasaium (K).

Vertical tillage is implemented through tilling thels cm of soil while minimizing soil and crop residue disturbance.

Strip tillage is implemented by only tilling the area of the seeding row and leaving the crop residues between the rows
undigdurbed.

2.7 Crop evapotranspiration under standard conditions (ETc)

Daily crop evapotranspiration under standard conditions osstressed soil water
conditions (ETc) was estimated by multiplying reference evapotranspiration (ETO) by crop
coefficient (Kc; Eg. 1). Daily ETO was estimated using the FB®PenmasMonteith method as
shown in Eq. ZAllen et al., 1998)The lengths of crop development stages and corresponding
Kc values were obtained frothe North Carolina irrigation guid®lRCS, 2010) The generated
Kc curves for theorn and soybean crops grown at the study site are visualiEéglire 37.

0"Y v 0"Y (1)
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Where ETc is daily crop evapotranspiration (mmfai(c is crop coefficient (unitless),

ETO is dailyreference crop evapotranspiration (mm-ayRn is daily net radiation at the crop

surface (MJ 2 day?), G is soil heat flux density (MJ42 day'), T is mean daily air

temperature at 2 m height (°C), u2 is wind speed at 2 m height)(ressis satutén vapor

pressure (kPa), ea is actual vapor pressure (kRa)ges i s vapor pressure def |

of vapor pressurair temperature curve (kPa®C, y is psychrometric con:
Daily air temperature data were observed at theystitd, while daily wind speed,

relative humidity, solar radiation data were obtained from a nearby weather station (AURO

Pamlico Aquaculture Field; 13 km from the site).

1.4

1.2

0.8

Kc

0.6

04

0.2

0 20 40 60 80 100 120 140 160
Days after planting

Corn Soybean

Figure3.7: Crop coefficient (Kcurves generated for the corn and soybean crops grown at the
study site, North Carolina during the study period.
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2.8 Field water balance and water use efficiency (WUE)

A seasonal field water balance was conducted and crop water use efficiency (WUE) was
edimated for each treatment to compare the performance of DWR and CT treatments in
conserving water. The crop WUE is defined in this study as the ratio of crop yield {ktphhe
actual evapotranspiratiomf) for each treatment:

pYoQn 9 EAE G
@ | %4l

Where Yield isgrainyield and AET is actual evapotranspiration. The AET is defined
here as the amount of water that was taken up by the crop through evapotranspiration during

each growing season. Foling the approach ofkaggs et al. (2010AET (mm) can be

estimated by congtting the following water balance for each growing season (Eg. 2).
I %4 0 OYYYO O Y Yoo ¢

Where P is precipitation (mm), IRR is irrigation (mm), RO is surface runoff (mm), D is
Ssubsurface drainage flow (mm), S is | ateral a
the water storage volume (mm) of tleal profile between the beginning and end of the period
(mm). Seepage losses were assumed to be small and similar from both CT and DWR treatments,
and thus were ignored. The AVw term can be ex
thechangeim i el d water table depth (AWTD) at the be
DRAINMOD utility program SOILPREP was used to develop the relationship between water
table depth and volume of water drained from the soil profile and esti@{gigure 38). Input
data required by the DRAINMOD tool were measured from the soil core samples collected from

the field.
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Figure3.8: Water table deptivolume drained relationship estimated by a DRAINDIGtility
for the soils on the CT and DWR treatments of the study site in Belhaven, North Carolina.

2.9Nitrogen use efficiency (NUE)

Nitrogen use efficiency (NUE) for this study was defined as the ratjoairyield to
nitrogen suppl{Eq. 4; Moll et al., 1982)The NUE can be expressed in terms of two
components: the uptake efficiency (UPE) and utilization efficiency (UTE). The UPE is the
efficiency with which plant bsorbs or takes up nitrogen from the soil profile, and is estimated as
the ratio of nitrogen removed in grain harvest to nitrogen supply (Eg. 5). The UTE is the
efficiency with which plant utilizes absorbed nitrogen to produce grain, and is estimated as th

ratio ofgrainyield to nitrogen removed in the grain harvest (Eq. 6).
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Where NS is the nitrogesupply through fertilizer application (kg Rg Yield isgrain
yield (kg hat), and NUP is nitrogen removed in the grain harvest (K, vehich was estimated
as the produatf measured grain nitrogen content and measgrraid yield (kg hat). The same

approach can be used to estimate phosphorous use efficiency (PUE).

2.10Quantifying crop stresses due to dry and wet conditions

Stress indices, estimated by Eqg8,8vere used to quantify the effect of DWR on
alleviating crop stresses due to wet andainyditions. Crop stress due to dry conditions was
estimated following an approach presented/byssef et al. (2022hile stress due to wet
conditions was estimated following the approach used in the DRAINMOD r{fekizj, 1978;
Skaggs et al., 2012)

YOO 06°Yz OY D OYY ¢
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Where SDIdry is the stress day index for drought conditions (MjiSDIwet is the
stress day index for excessively wet conditions-@ays), NCSdry and NCSwet are the daily
normalized crop susceptibility factors to dry and wet conditions (unitless), respectively, ETc, P,
and IRR are the-8ay moving averages of daityop evapotranspiration, precipitation, and
irrigation (mm d), respectively, SEW30 is a parameter that sums the number of times when
water table depth is less than 30 cm{@ays), and Xi is the water table depth below the soil
surface at hour i. Negagwalues of%4 0 ) 2 2erminEqg.6ando it 8 terminEq. 8

were neglected.
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DWR can alleviate drought stress through providing irrigation during precipitation deficit
periods. DWR can be implemented with or without a drainage management systeagtiates
drainage flow from the field. If DWR is paired with a drainage water management system like
the one in our study, the irrigation effect on alleviating drought stresses can be optimized by
reducing drainage water and storing more water indhg@ofile, which minimizes the required
amounts for supplemental irrigation. It should be noted that the stress day index for drought
stress (SDIdry) presented in Eqg. 6 quantifies the drought stress reduction resulted from providing
irrigation to the fidd. EqQ. 6 does not consider the contribution of the drainage water management
system to alleviating dry stresses via increasing water storage in the soil profile. Like other
systems that provide supplemental irrigation in humid anehsfid regions, DWRan
potentially increase wet stresses on crops. Combining effective drainage water management with
DWR systems can mitigate wet stresses by quickly draining the field in response to large storm
events. However, it could be challenging to have a drainagensykat can store as much water
as possible in the soil profile to optimize irrigation requirements and reduce nutrient losses,
while providing good soil aeration and reducing wet stresses.

The NCSwet and NCSdry values for corn and soybean were detdrfroneEvans et al.
(1991)andEvans and Fausey (199%engths of soybean growth stages were obtained from
Evans and Fausey (1999orn growth stages were determined based on the accumulated
growing degree days (GDD) approach that was reportéthémdroth et al. (2011he GDD
values were estimated on a daily basis using Eqg. 8. The NCS vhadif#erant growth stages of
corn and soybean are summarized in T&lBeBased on the NCS values, corn is more
susceptible to wet stresses during the establishment through late vegetative sta¢E3)(@ad

more sensitive to dry stresses during the \agetative through early reproduction (flowering)
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period (V16R2). Soybean is more sensitive to wet conditions during the establishment through
pod filling growth stages (\\R5), while it is more sensitive to dry conditions during the pod

developing andilling (R3-R5) growth stages.
'3 — 4 U]

Where Tmax and Tmin are maximum and minimum daily air temperature, respectively.
Tbase is base temperaturelow which crop growth stops, which is 10° C for corn and soybean.
The gravth rate of corn or soybean would increase if temperature is in the range of 10° C to 30°
C. Therefore, if Tmax was more than 30° C, Tmax was set at 30° C, and if Tmin was less than

10° C, Tmax was set at 10° C.
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Table3.6: Normalized susceptibility factors for wet and dry conditions at different growth stages
of corn and soybean grown at the study site, Belhaven, North Carolina.

Corn
Cumulative GDD
Growth stage Stage No. NCSy NCS
(%)
Establishmat V4 16 0.20 0
Vegetative V8-V11l 29-37 0.22 0.15
Late vegetative V16 -V18 4852 0.32 0.28
Flowering (pollination) R1-R2 54-63 0.19 0.31
Yield formation (predent to early dent)  R3-R5 69-79 0.08 0.20
Ripening (dent to black layer) R6 100 0.02 0.02
Soybean

Growth stage Stage No. DAP NCSy NCS
Establishment V1-V2 0-24 0.19 0.01
Vegetative V5-V6 2554 0.13 0.03
Flowering V9-R1 5574 0.19 0.050.10
Pod development R3 7594 0.26 0.20
Pad filling R5 95109 0.25 0.10
Ripening (full size beans) R6 110124 0.08 0.050.02
Ripening (pod yellowing) R7 125134 0.01 0
Ripening (pod brown) R8 135180 0 0

DAP: days after planting; GDD: growing Degrdays; NCSw, NCSd: normalized crop susceptibility factors for wet
and dry conditions, respectively. Growtlage lengths of soybean planted in 2018 were adjusted due to the planting
delay and the period from planting to R3 was reduced as folle@8; R343, 4446, and 4763 for the first four main
growth stages indicated in the takesans and Fausey, 1999; Naeve, 2018)
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3. Results and Discussion

3.1Crop yield response to DWR

In 2017, before the complete installation of the DWR system at the study site, d¢dsn yie
for both treatmente/erethe same4.33Mg hatand 2.31Mg ha'for the CT and DWR
treatment, respectivelyThe DWR system implemented at the experimental site increased corn
and soybean yields in all years of the study, compared to the CT treéiraelet3.7). Long
term averages of corn and soybean yields (2832D) planted in Beaufort County, North
Carolina, are 7.3 and 2.3 Mg haespectivel{USDA-NASS, 2021) Corn and soybean yields
from the DWR treatment exceeded the ldegn average, whitthe exception of the corn yield in
2019. Average soybean yield from the DWR treatment was 0.53 MB&) higher than that
from the CT treatment, with higher yield increase in 2018 compared to 2020 8Tgbl€orn
yields of both treatments in 201%vwe extremely low due to the severely hot and dry weather
conditions. The DWR system increased corn yield in 2019 by 0.90 Mgnthach represents
79% yield increase compared to the corn grown in the CT treatment. In contrast, corn yields of
both treatmets in 2021 were high, with DWR increasing corn yield by 0.39 MY dnich
represents only 3% increase compared to the CT treatment.

The spatial yield data points collected using the ®R&bled combine were used to draw
spatial yield maps and calculabtetstandard deviation (SD) of crop yield for each treatment
during the foulgrowing seasons (Tab88; Figures3.9-3.12). These yield maps demonstrate the
potential of DWR to reduce the spatial variability in crop yield, compared torngated corn
andsoybeans. For example, the SD of soybean yield in 2020 for the DWR treatment was 47%
less than the SD for the soybeans grown at the CT treatment. Overall, the SD of the yields of

crops grown at the DWR treatment were smaller for soybeans in both 202820 digher for
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corn in 2019, and near similar for corn in 2021, compared to the CT treatment3Bablhe

smaller SD of corn yield for the CT treatment in 2019 can be attributed to the spatial consistency
of the extremely low yield across the treatyeompared to the DWR treatment. The spatial
variability of crop yields can be affected by several factors including weather condition, soll

type, soil topography, and site managengbfaestrini and Basso, 2018; Ohabewvi et al.,

2019) Further research is needed to investigate the effect of DWR and drainage water

managemenh general on the spatial distribution of crop yields.

Table3.7: Measured crop yields for the DWR and CT treatments for corn and soybean on the
study site in Belhaven, North Carolina.

Crop yield (Mg hal) Yield increase
Year
CT DWR Mg hat %

Soybean

2018 1.95 2.62 0.66 34

2020 3.33 3.73 0.40 12

Mean 2.64 3.17 0.53 23
Corn

2019 1.14 2.03 0.90 79

2021 12.13 12.52 0.39 3

Mean 6.63 7.28 0.64 41
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Table3.8: The estimated standard deviation (SD) of crop yield for the DWR and CT treatments
on the study site in Belhaven, North Carolina

SD (Mg ha?) SD difference
Year
CT DWR Mg hat %

Soybean

2018 0.68 0.62 -0.06 -9

2020 1.14 0.60 -0.54 -47
Corn

2019 0.95 1.23 0.28 29

2021 1.65 1.66 0.01 1

E DWR Treatment
E CT Treatment

2018 Soybean Yield
Mg/ha

Figure3.9: Spatial distribution of soybean yield grown in 2018 at the study site in Belhaven,
North Carolina.
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E DWR Treatment
D CT Treatment

2019 Corn Yield

Figure3.10: Spatial distribution of corn yield grown in 2019 at gedy site in Belhaven, North
Carolina.
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D DWR Treatment
D CT Treatment

2020 Soybean Yield

Figure3.11: Spatial distribution of soybean yield grown in 2020 at the study site in Belhaven,
North Carolina.
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D DWR Treatment
E CT Treatment

2021 Corn Yield

Figure3.12: Spatial distribution of corn yield grown in 2021 at the study site in Belhaven, North
Carolina.

3.2Description of weather condition and its impact on crop yield

Table3.9 shows the monthly precipitation during the four years of the study, afitimg
the longterm average. Annual precipitation during thgeér study period ranged from 1046
mm in 2019 to 1583 mm in 2018, which represent 10% below and 36% aboveybar30
normal of 1163 mm, respectively. The annual precipitation was below thea8®ormal in two
years (2019 and 2021) and above the/&88r normal in two years (2018 and 2020). Based on the
monthly precipitation data of the 3@ar period, precipitation during Mayctober (when corn
and soybean are usually grown in North Carolima$ 647 mm, which accounted for 56% of the
annual precipitation. Precipitation during M@gtober ranged from 554 mm in 2019 (14% less

than the long term normal) to 873 mm in 2018 (35% greater than thédongormal). The
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total precipitation was highéinan the total crop evapotranspiration (ETc) during all growing
seasons except for 2019 when ETc was almost twice the growing season precijpiitgdiicn (

3.13). Although total precipitation during the growing season may be high in some years, it may
not wincide with the crop water requiremengure 313). For example, total precipitation

during MayOctober was highest in 2018 compared to the other years. However, ETc during this
period was higher than precipitation for all months, except for Fidyre 313). An effective

DWR system can store this high amount of precipitation that occurred at the beginning of the
growing season to be used later during the months with high evapotranspiration demand.
Precipitation during the negrowing season period Nember April), which would determine

the reservoir water availability at the beginning of the growing season, ranged from 466 mm in
2021 to 752 mm in 2020.

The growing season of 2019 was extremely dry as precipitation accounted for only 58%
of the 30year normal. Analysis of the 3gear normal precipitation showed that the total
precipitation in MayJuly of 2019 was less than the precipitation in the same period for all 30
years. Total precipitation in the critical late vegetative period-{M9 of cornin 2019 was only
38 mm, while it was 123 mm in 2021 (Tal340). Similarly, total precipitation in the critical
flowering period through the development period {R3) of soybean in 2018 was only 16 mm,
while it was 165 mm in 2020. Despite the high prieatn during the critical pod filling period
(R5) of soybean in 2018 (107 mm), almost half of this precipitation (57 mm) occurred on one
day during Hurricane Florence. The temporal variation of growing season precipitation can
explain the higher yieldof both treatments of corn in 2021 compared to 2019, and soybean in
2020 compared to 2018 (Tal8&). It also shows that greater yield benefits can be achieved by

DWR with lower precipitation during the critical stages, as the DWR Yyield increase was highe
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for soybean in 2018 and corn in 2019 (Tahl®. Willison et al. (2021 plso reported that DWR
achieved higher corn yield benefits when precipitation was low during the critical perB@.V9
The monthly average of observed daily maximum air temperature data at the study site
during MayOctober alag with the longterm average are shownhigure 314. The monthly
average Tmax values exceeded the {tmrg) average in all growing seasons except for July
2018. The average growing season Tmax was highest in 2019 (35 0C) and lowest in 2018 (31
0C). Montly average Tmax in May, June, and July was highest in 2019 compared to the other
years. Therefore, the 2019 growing season was not only severely dry but also substantially hot.
As shown in Fig 15, daily Tmax was very high in 2019 during the critical/getative through
flowering period for corn (midlune— mid-July). Some studies reported that corn yield can be
reduced by as high as 94 kg'tfar each day the temperature reaches 35 OC or higher during the
critical growth period¢Neild and Newman, 1990 MayJuly of 2019, Tmax was higher than
35 0C in 55 days, and was higher than 40 OC in 11 days. This combination of hot and dry

weather sverely affected the corn yield of this year.
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Table3.9: Monthly precipitation (mm) observed at the study site compared with tigee80

long-term average.

.I.

Mont hl vy

Mo nt h 2018 2019 2020 2021 30year normal
Jan 125 83 49 129 103
Feb 26 97 154 175 76
Mar 139 49 92 76 106
Apr 147 113 86 24 81
May 206 37 166 60 99
Jun 254 65 112 172 121
Jul 183 77 126 180 133
Aug 77 124 150 135 131
Sep 109 162 105 44 104
Oct 45 89 55 27 60
Nov 132 86 208 18 72
Dec 141 64 162 44 78
Total 1583 1046 1467 1083 1163
May-Oct 873 554 715 617 647
Nov-Apr 710 492 752 466 516

p r eJanie POL8 waag collected foom a dearby weather station.

101



Table3.10: Precipitation during each of the main growth stages of corn and soybean grown at
the study site.

2001

Monthly precipitation and crop evapotranspiration (mm)

—

(%]

[a=]
f

w
[s=]
L

Year Precipitation (mm)
Soybean V1-V6 V9-R1 R3 R5 R6-R8
2018 245 11 5 107 70
2020 238 150 15 58 115
Corn V1-v8 V9-VT R1-R2 R3R5 R6
2019 81 38 51 104 30
2021 149 123 42 198 58
2018 2019
Jul Aug Sep Oct May Jun Jul Aug
2020 2021
Jun Jul Aug Sep Oct May Jun Jul Aug

. Precipitation . Crop evapotranspiration

Figure3.13: Monthly precipitation compared to crop evapotranspiration (ETc) during the
growing seasons of 2018, 2019, 2020, and 2021 atubg site.
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Figure3.14: Monthly average of maximum air temperature (Tmax) in Meyober observed at
the study site compared with the-g€ar longterm average.
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Figure3.15: Daily maximum air temperature (Tmax) during the growing seasons of 2018, 2019,
2020, and 2021 at the study site. The dashed line represents the 35 0C.
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3.3lIrrigation and reservoir water availability

The amount and timing of irrigatiohdt was applied to the DWR treatment varied each
year, depending on the crop water requirements and water availability in the reservoir (Table
3.11 andFigure 316). The annual amount of irrigation ranged from 5 mm in 2018 to 73 mm in
2020. The growing sean of 2018 is not shown Figure 316 since recording reservoir water
level data had not started until the end of the 2018 growing season. As sHegura316, the
reservoir was usually full at the beginning of each growing season, except for B819. T
reservoir was full in April 2019 before it was partially drained to install the control structure at
the reservoir outlet, which regulated the reservoir outflow. In 2019, the reservoir water volume
was 3,044n° at the beginning of the growing seasonathineans that the reservoir could have
had an additional 2,41#° of water to be fully filled. In this growing season, irrigation stopped
multiple times after water level in the reservoir reached minimum allowable limit (4Bigarg
3.16). Due to the cobiined dry and hot weather conditions during this growing season, the water
in the reservoir was not enough to meet the crop water requirements. In contrast, the reservoir
provided the amounts of water needed for irrigation in 2020 and 2021. In 2018iamrigas
stopped on 9/11 in preparation for Hurricane Florence that brought 102 mm of precipitation to
the study site during the period 9/12 to 9/18. Due to the storm thatcurred during
Hurricane Florence, the water in the reservoir abhayh salnity level that prevented irrigation
from beng continued.The reservoir had to be pumped dry and be refilled by runoff twice to get
salinity levels appropriate for irrigation use.

Although, precipitation during the negrowing season of 2021 (Novemb&ypril) was
lowest (466) compared to the other 3 years and 30 year normal, the reservoir was full at the

beginning of the growing season (TaBI8; Figure 316). The reservoir water availability at the
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beginning of the growing season would depend on thevasastorage capacity and the
contributing area that provides inflows to the reservoir. Comparing the precipitation during the
nortgrowing season of 2021 to that of the same period for thee@0record (1972004)

showed that 2021 had less precipitatioan 18 of the 30 years. This may suggest that the
reservoir would be full most of the years at the beginning of the growing season.

The applied irrigation amounts were compared to irrigation demand and reservoir water
availability on a monthly basistoune st i gat e t he DWR system’ s per-f
irrigation demand. This comparison was conducted for all growing seasons, except for 2018
when reservoir water level data were not availabigure 317). The monthly irrigation demand
was calculatedsathe difference between precipitation and ETc. If precipitation is greater than
ETc, no demand for irrigation was assumed for the month. It should be mentioned that this
assumption may not be always valid because the temporal variation of precipittiontive
month is another important factor in addition to the total amount of monthly precipitation.
Nonetheless, conducting this analysis at monthly time scale has proven useful for demonstrating
the interaction and dynamic nature of the supply and defoandater during the growing
season as affected by intand intraseasonal variation of precipitation. For the purpose of this
analysis, the monthly average of reservoir available water was calculated as the monthly average
of the reservoir water volundivided by the DWR field area. Irrigation demand was highest in
2019, compared to the other years, with 140 mm of irrigation demand in July alone. Irrigation
was applied early in the growing season of 2019 with an amount of 19 mm in May to meet the
high irrigation demand (23 mm), when there was available water in the reservoir. During this
growing season, the limiting factor affecting the system performance was the reservoir water

availability as the irrigation rate was near the irrigation demand wheeskevoir had available
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water. The irrigation demand in 2020 was low and irrigation was applied to keep the water table
level at a depth that can increase the upward flux to meet crop evapotranspiration. Despite the
large monthly precipitation in July, Augep of 2020, this precipitation occurred as large storm
events. For example, 47% of total precipitation in July 2020 occurred as a large storm on only
one day (7/15/2020; 59.5 mm). The applied irrigation benefited the crop by alleviating water
deficit stress thatvould haveoccuedduring the dry periods between these intermittent large
storm events. In 2021, irrigation demand was also low except for July when it was 18 mm, and
20 mm of irrigation was applied during this period to meet the demand.

Two cortrasting scenarios can be identified based on these results. The 2020 and 2021
growing seasons represent a scenario with no or small precipitation deficit during the different
months of the growing season. In this scenario, the demand for irrigationwasdahe
relatively small size reservoir adequately met this demand. The 2019 represents the other
scenario which had severe water shortage throughout the growing season. The water stored in the
reservoir met the majority of irrigation demand in May befibwas used up. The amount of
available water in the reservoir was negligible, compared to the large demand for irrigation
caused by the severely dry conditions in June and July of 2019. The amount and timing of
precipitation during crop growing seasaary from year to year, creating a wide range of distinct
scenarios between the two scenarios represented by the 2019, 2020, and 2021 growing seasons.
The performance of a DWR system in modulating crop stresses due to water deficit conditions
and minimizirg yield losses depends on the size of the storage reservoir, the length and severity
of the dry conditions during the growing season, and the sensitivity of the crop to water shortage,
which varies among different crops and among different growth stagsefeame crop.

Models, such as DRAINMOIDWR, which was developed and presented in Chapdéthis
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dissertation, can be extremely useful in understanding the performance of the system as affected
by the controlling factors to optimize system performarte reservoir at the experimental site

had a relatively small storage capacity and was not expected to provide enough water to meet the
irrigation demand for extended periods of dry conditions during the growing season. For systems
with small size resenirs, irrigation decisions should be carefully made taking into consideration
the current level of available water in the reservoir and the current growth stage of the crop. For
example, the 2019 corn should have benefited more from using the limitedtaohauailable

water for irrigation during June instead of May when corn is more sensitive to water deficit
conditions. If irrigation water is applied via the subsurface drainage systems (kerigaibd),

the depth of the water table should be cahgfulonitored and sulrrigation should start before

the water table becomes too deep to be influenced by tHerigaibed water.

Table3.11: The amounts and dates of irrigation applied to the DWR treatment at the study site in
Belhaven, North Carolina.

Irrigation amount and timing # days when irrigation
Crop
Amount (mm) Initiation date  Terminaton date was applied

Soybean

2018 5 19 July 11 September 17

2020 73 10 July 15 September 53

Corn

2019 42 7 May 18 August 40

2021 22 30 June 17 August 31

Irrigation was applied between the initiation and termination dates, but it was not continuous anédalepecrdp
water requirements and reservoir water availability
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Figure3.16: Cumulative irrigation and precipitation along with reservoir water level during the
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growing seasons of 2019, 2020, and 2021 at the study site, Belhaven, North Carolina.
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Figure3.17: Total irrigation, total irrigation demand (precipitatieevapotranspiration), and
average reservoir water volume for each month of the growing seasons of 2019, 2020, and 2021.
Negative values of irrigation demand mean precipitation wdgehigpan evapotranspiration.

3.4 Effect of DWR on water outflow from the field

The water outflow term here means the summation of the surface runoff and subsurface
drainage flow from the DWR treatment, or surface runoff from the CT treatment. Surfade runof
from both treatments and subsurface drainage flow from the DWR treatment are slkagunen
3.18 &3.19. The summary of the calculated components of the field water balance for the 2019
2021 growing seasons is shown in TahlE2. Flow data of the 2018@wving season are not
shown since measurements were not initiated until late in the growing season. The majority of

water outflow from the field during the growing season was in the form of surface runoff (Table
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3.12). Overall, subsurface drainage flowrfrethe DWR treatment accounted for only 15% of
total water outflow from the DWR treatment and 13% of surface runoff from the CT treatment.
Total subsurface drainage flow during the growing season ranged from 8 mm in 2019 to 33 mm
in 2021. Surface runoff fra the DWR treatment ranged from 69 mm in 2019 to 189 mm in
2020, while surface runoff from the CT treatment ranged from 80 mm in 2019 to 199 mm in
2021.

Averaged across the three growing seasons, water outflow from the DWR treatment was
9% less than thatdm the CT treatment. DWR reduced water outflow by 3 mm (4%) in 2019
and 83 mm (42%) in 2021, compared to the CT treatment. The water outflow reductions in 2019
and 2021 were caused by the drainage water management system implemented at the DWR
treatmentwhich stored more water in the soil profile. On the other hand, DWR increased the
water outflow in 2020 by 45 mm (26%), compared to the CT treatment. The water outflow
increase from the DWR treatment in 2020 was mainly caused by the large consecutive
precpitation events (103 mm) occurred during the second half of Figarés 318 &3.19). At
the beginning of this period, water table depth at the DWR treatment was 40 cm shallower than
that in the CT treatment, which led to a higher drainage flow from W& Ereatment by 36 mm
during this period. DWR increased actual evapotranspiration (AET) in all growing seasons
compared to the CT treatment by 30 mm (11%) in 2019, 8 mm (2%) in 2020, and 83 mm (22%)

in 2021.
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Figure3.18: Cumulative subsurface drainage flow from the DWR treatment and surface runoff
from the DWR and CT treatments during the growing seasons of 2019, 2020, and 2021.
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Figure3.19: Daily subsurface drainage flow from the DWR treatment, surface runoff from the
DWR and CT treatments, and daily precipitation during the growing seasons of 2019, 2020, and
2021.
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Table3.12: Field wder balance components during the growing seasons of 2019, 2020, and 2021
for the DWR and CT treatments on the study site in Belhaven, North Carolina.

P IRR RO D AN, AET ET.
Year Treatment
Crop (mm)

Corn 2019 CT 303 0 80 0 -56 279 587

DWR 303 42 69 8 -40 309 587

Soybean 2020 CT 575 0 171 O -11 415 433

DWR 575 72 189 27 9 422 433

Corn 2021 CT 570 0 199 O -6 377 551

DWR 570 22 83 33 15 460 551

P, precipitation; IRR, irrigation; RO, surface runoff; D, subsurface draidadg;change irwater storage in the soil
profile between the beginning and end of growing season; AET, actual crop evapotranspiratiorQET
evapotranspiratian

3.5Effect of DWR on soil water related stresses on corn and soybean

The dry and wet stress day indicesmated for soybean and corn planted on the CT and
DWR treatments are shown in Tal8ld3 andFigure 320&3.21. The highest dry stress was in
2019, which was a result of high evapotranspiration demand and low precipitation. Overall, the
DWR system reducedry stress for the corn and soybean crops grown on the DWR treatment
compared to the CT treatment during all growing seasons. Dry stress reduction ranged from 3%
in 2018 to 32% in 2020. Dry stress reduction was dependent on the timing and amount of
irrigation applied during the growing season. Although irrigation amount applied in 2019 (42
mm) was almost twice the amount applied in 2021 (22 m), the reduction in dry stress in 2019
(6%) was slightly less than in 2021 (7%). This can be explained by the dd#eirethe timing
of irrigation for both years (Fig 19). Irrigation in 2021 was applied during the time of highest
sensitivity of the corn crop to dry conditions (late vegetative and pollination period). On the

other hand, irrigation in 2019 was appliedlg& the growing season and there was not enough
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water in the reservoir to provide irrigation during the critical late vegetative and early
reproductive stages.

In 2020, the dry stress reduction on the soybean crop was highest since the timing of
irrigation in this year was optimum when irrigation was applied during the period of the growing
season with the highest sensitivity to dry conditions (pod development period; R3). In contrast,
the small dry stress reduction on the soybean crop in 2018 was ttheestoall amount of
irrigation applied in this year (5 mm).

On the contrary to the dry stress, DWR considerably increased excess water stress on
soybean in 2020 and corn in 2021, while slightly decreased wet stress on soybean in 2018 (Table
3.13,Figure 321). The wetter soil profile of the DWR treatment, caused byirsigiation and
controlled drainagencreased wet stress in 2020 and 2021. Wet stress was negligible in 2019
due to the deep field water table level during the entire growing season. @yweet stress
was highest in 2018 due to the high amount of precipitation (164 mm) that the field received
during the critical establishment growth stage-{¥2), in addition to the high precipitation
brought by Hurricane Florence during the critical fibthg stage (R5). The drainage water
management system installed on the DWR treatment decreased wet stress during this period,
when soybean was more vulnerable to wet stress, through draining the field and lowering the
water table when it was severelgtwThese results also imply that the increase in soybean yield

in 2018 was related to the intensive drainage system of the DWR treatment.
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Table3.13: Total dry and wet stress day indices calculated for the entire growing season for
soybean and corn planted on the CT and DWR treatments of the research site in Belhaven, North
Carolina.

SDlgry (mm d?) SDlwet(cm-days)
Crop Year
CT DWR Change (%)| CT DWR Change (%)
2018 24 23 -3 60 59 -2
Soybean
2020 21 14 -32 14 34 134
2019 73 69 -6 0 0 0
Corn
2021 54 50 -7 21 54 155
2018 2020
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Figure3.20: Dry stress day index (mm/dagalculated for the growing seasons of 2018, 2019,
2020, and 2021 for the CT and DWR treatments.
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Figure3.21: Wet stress day index (edays) calculated for the growing seasons of 2018, 2019,
2020, and 2021or the CT and DWR treatments.

3.6 Effect of DWR on field water table depth

On average, DWR decreased the water table depth from the soil surface (WTD) for the
DWR treatment during all growing seasons compared with the CT treatment, except in 2018
(Table3.14, Figs. 22 to 24). In 2018, the water table at the CT treatment was shallower by 6 cm
than the DWR treatment since the control structure was installed 11 days after the beginning of
the growing season (7/19/2018). In addition, the control structurbdeadpulled out of the field
during the period 10/1 to 10/4 of 2018 to fix leakage problemdtewater table was not
controlled during these periods. In addition, the irrigation amount applied to the DWR treatment
in this year was small. As shownhingure 322, the groundwater table at the DWR treatment
receded at a considerably slower rate than the CT treatment in response to subirrigation during

the period 8/25 to 9/11 of 2018. Before irrigation started, the water table at the CT treatment was
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22 cmshallower than the water table at the DWR treatment. When irrigation stopped, the water
table at the DWR treatment was 6 cm shallower than the water table at the CT treatment. Due to
the high salinity level of the water in the reservoir caused by the stoge that occurred during
Hurricane Florence, irrigation was not applied when WTD was relatively deep during the critical
period of pod filling (9/231L0/1), when soybean was highly susceptible to drought stress.
Although irrigation was not applied duritige critical period of pod filling, the smart drainage
water management system implemented at the DiW&R/ storad higher amount of drainage
water in the soil profilePoole ¢ al. (2013)eported that control drainage increased crop yields
compared to free drainage and the yield increase was caused by the higher amount of water that
the control drainage system stored in the soil profile.

In 2019, WTD was the deepest compaiethe other years of the study due to the severe
dry and hot weather condition occurred during this growing se&sgumré 323). At the
beginning of the season, the water table was nearly 80 cm deep for both treatments and it
continued to decline throught the growing season until it reached 192 cm and 168 cm for the
CT and DWR treatments, respectively. On average, the water table at the DWR treatment was
shallower than the water table at the CT treatment by 19 cm over the entire growing season and
by upto 49 cm during the critical vegetative growth stage-9) of corn in midJune. The
water table responded well to sinbigation when it was applied during May dune 17. During
this period, 25.7 mm of stibrigation was applied in 25 days and the W/fluctuated between
89 cm and 112 cm. During the same period, the water table at the CT treatment continued to
recede from a depth of 97 cm on to a depth of 144 cm. This demonstrates the effectiveness of
subirrigation in maintaining the water table atatevely shallow depths for this site. The soil

water that reaches the root zone by capillary rise from shallow water tables can be important
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source of water to meet the crops ET demand. As indicated earlier in this chapter, there was not
enough water inhte reservoir to continue irrigation during the late vegetative and pollination
stages (late Jurremid-July) to meet the high evapotranspiration demand during this period.

In 2020, DWR had the highest effect on WTD, compared to the other growing seasons
(Figure 324). On average over the entire growing season, the water table at the DWR treatment
(WTD = 100 cm) was shallower than the water table at the CT treatment (WTD = 131 cm) by 31
cm. At the beginning of the growing season, the water table at batmaets was at the same
depth of 73 cm. At the end of the growing season, the water table at the DWR treatment (WTD =
31 cm) was shallower than the water table at the CT treatment (WTD = 98 cm) by Bigare (

3.24). Similar to the other years, subirrigat considerably slowed the rate of water table

drawdown at the DWR treatment, compared to the water table at the CT treatment. The weather
condition of this growing season was most suitable for the DWR system at the study site, since
irrigation was needednd the reservoir had available water to meet irrigation demand. Although
the site received a considerable amount of precipitation during the early periods of the growing
season (238 mm during 6/829), precipitation during the critical stage of pod digpment (R3)

was only 15 mm. During this period, 32 mm of irrigation was applied to the DWR treatment to
partially meet the high evapotranspiration demand (74 mm). This was reflected in the increase of
DWR soybean yield of this year by 12%, compared tadXhereatment yield (Tablg.7).

In 2021, average WTD was the shallowest, compared to the other years due to the
relatively wet weather condition occurred during this growing sedsdgare 325). On average
over the entire growing season, the water tabtbe DWR treatment (WTD = 74 cm) was
shallower than the water table at the CT treatment (WTD = 91 cm) by 17 cm. At the beginning of

the growing season, the water table at both treatments was at the same depth of 100 cm. At the
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end of the growing seasaihe water table at the DWR treatment (WTD = 51 cm) was shallower
than the water table at the CT treatment (WTD = 118 cm) by 67 cm. The site received a
relatively high amount of precipitation during the months of June and July (352 mm) that helped
to meetthe high evapotranspiration demand during the most critical vegetative and flowering
stages of corn. Ssibrigation was applied during the critical late vegetative and pollination

period (V12- R2). During the critical late vegetative and pollination p&\g12- R2), 17.7 mm

of subirrigation was applied in 23 days (6/3023). The water table at the DWR treatment
responded well to suibrigation when it was applied during this period. The WTD at the DWR
treatment fluctuated between 68 cm and 100 cm.nguhie same period, the water table at the

CT treatment continued to recede from a depth of 73 cm to a depth of 129 cm.

Table3.14: Average field water table depth from the soil surface of the CT and DWR treatments
during the growing seasons of 2018, 2019, 2020, and 2021.

2018 2019 2020 2021

CT water table depth (m) 085 150 131 091
DWR watertable depth (m) 091 131 100 0.74

Water table depth difference (m} -0.06 0.19 0.31 0.17
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Figure3.22. Comparison of daily water table levels in the CT and DWR treatments, irrigation,
and precipitatiorduring the growing season of 2018. The dashed black line represents the sail

surface
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Figure3.23: Comparison of daily water table levels in the CT and DWR treatments, irrigation,

and precipitation durigpthe growing season of 2019. The dashed black line represents the soil
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Figure3.24: Comparison of daily water table levels in the CT and DWR treatments, irrigation,
and precipitation during thagwing season of 2020. The dashed black line represents the soil

surface.
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Figure3.25. Comparison of daily water table levels in the CT and DWR treatments, irrigation,
and precipitation during the growirsgason of 2021. The dashed black line represents the soil

surface.

3.7 Effect of DWR on water use efficiency (WUE)

Zwart and Bastiaanssen (200dported that the globally measured average WUE of corn
was 1.8 kg n8 with a range of 1-:2.7 kg m3, based on a review of 84 research studies. In
addition, the WUE of soybean was foulndvary from 0.22 to 0.74 kg+8 in a study conducted
by Evett and Howell (2000)n our sudy, the WUE for corn in 2019 was substantially low and
was less than the minimum value reportedbsart and Bastiaanssen (2004; TaBlEs). On the
other hand, the WUE for corn in 2021 was at or above the maximum value repofedrby
and Bastiaanssen (2004his is a reflection of the difference in the weather conditions for the
two growing seasons; the 2021 growing season had neamidather conditions while the hot

and dry weather conditions in 2019 had represented major challenge to corn growth and

productivity.
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The WUE for soybean in 2020 was higher than the maximum value reporiaethyand
Howell (2000)for both treatments. Overall, DWR increased WUE of corn in 2019 by 0.25 kg m
3 (61%) and soybean in 2020 by 0.@8rk3 (10%). Although DWR increased AET for corn in
2021, it decreased WUE by 0.50 kg21§16%) since the corn yield increase was not

considerably high.

Table3.15: Estimated water use efficiency for the DWR and CT treatments on the study site in
Belhaven, North Carolina.

WUE (kg m®) WUE increase
Year Crop

CT DWR kg e %
2019 Corn 0.41 0.66 0.25 61
2020 Soybean 0.8 0.88 0.08 10
2021 Corn 3.22 2.72 -0.5 -16

3.8 Effect of DWR on nitrogen use efficiency (NUE)

Nitrogen, phosphorous, and potassium contents in the grain harvest of soybean and corn
were nearly similar for both treatments, except for the nitrogen contsaylean, which was
higher for the DWR treatment, compared to the CT treatment (Bdlig The estimated values
of nitrogen removed in the grain harvest (Nup), nitrogen supply through fertilizer application
(Ns), uptake efficiency (UPE), utilization efiéncy (UTE), and nitrogen use efficiency (NUE)
for corn and soybean are shown in TehlE/. Results demonstrated that Nup and UPE were
strongly dependent on soil water content as well as nitrogen concentration in the solil profile.
DWR increased Nup and Bof soybean and corn in all years except for 2021. The Nup and
UPE values were substantially small for corn in 2019 due to the high corn yield loss caused by
the severely dry and hot condition. Too much fertilizer applied early in a dry growing season

would speed early growth, and thus deplete the water stored in the soil profile and increase crop
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drought stres§Steduto et al., 2012)vhich occurred in 2019. In contrast, Nup and Write
highest for soybean in 2020 since the crop utilized some of the nitrogen that was stored in the
soil profile and not utilized by corn in 2019, in addition to the high soil water content.

Unlike UPE, UTE was not as strongly affected by soil water ¢ammdi as by crop type.
The DWR crops had slightly lower utilization efficiency (UTE) in 2018, 2019, and 2020 and
higher UTE in 2021, compared to crops grown on the CT treatment. Overall, NUE in this study
ranged from 5 to 186 kg Kgor both treatments. WR increased NUE of soybean in 2020 by 20
kg kg?, corn in 2019 by 4 kg kf and corn in 2021 by 2 kg Kg

Phosphorous use efficiency (PUE) was also estimated using a similar approach to NUE.
Results were similar to the results of NUE with DWR increa$SibE for soybean in 2020 by 27

kg kg?, corn in 2019 by 19 kg K and corn in 2021 by 7 kg Kg

Table3.16: Measured concentrations of nitrogen (N) phosphorous (P), and potassium (K)
removed in the grain harvest from the study site in Belhaven, North Carolina.

Crop Year N (%) P (%) K (%)

CT DWR CT DWR CT DWR

2018 5.7 6.4 0.6 0.6 2.3 2.2
Soybean

2020 5.9 6.6 0.6 0.6 2.3 2.3

2019 15 15 0.3 0.3 0.4 0.4
Corn

2021 1.2 1.2 0.3 0.3 0.4 0.4
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Table3.17: Estimated values of nitrogen removed in the grain harvest (Niaggen supply
through fertilizer application (Ns), uptake efficiency (UPE), utilization efficiency (UTE), and
nitrogen use efficiency (NUE) for the corn and soybean grown at the study site in Belhaven,
North Carolina.

Nup (Kg hab) Ns (kg ha!) UPE (kg kg) UTE (kg kgh) NUE (kg kgb)
Crop Year

CT DWR CT DWR CT DWR CT DWR CT DWR

2018 112 166 0 0 - - 17 16
Soybean
2020 195 246 20 20 9.74 1232 17 15 166 186

2019 16 30 229 229 0.07 0.13 69 68 5 9
Corn

2021 150 149 182 182 0.83 0.82 81 84 67 69

UPE and NUE were not calculated for soybean in 2018 since no fertilizer was applied in this year.

3.9Effect of DWR on recycling nutrients
Total nitrogen loss from the DWR treatmémtough drainagevas higher than that from
the CT treatment in all yeswof the study by a total amount of 9.7 kgt §a7 %). In contrast, TP
loss from the DWR treatment was lower than that from the CT treatment by a total amount of 2.6
kg ha' (44 %). TN was mainly lost from the field through subsurface drainage flow, While
was lost through surface runoff. Despite the higher TN losses from the DWR treatment,
compared to the CT treatment, the storage reservoir is expected to capture some of these losses.
The water quality data collected from the study site showed thatainits TN loss from the
DWR treatment occurred after the growing season, when subsurface drainage flow was high.
Total nitrogen recycled back to the DWR treatment through irrigation water ranged from
0.8 kg ha to 2.3 kg ha, while recycled TP rangeddm 0.01 kg hato 0.3 kg ha. Average TN
and TP concentrations in the irrigation water were 3.0 and 0.3 ngspectively. As the results
suggest, the amount of nitrogen and phosphorous recycled back to the DWR treatment will not

be large enough f@roducers to reduce fertilizer application rate, except for 2020. The TN
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recycled in 2020 was 12% of the nitrogen fertilizer application rate. Both TN and TP recycled
via irrigation were smaller than those drained from the field due to denitrificatiatipdil
deposition, and other processes occurring in the reservoir. A similar conclusion was reported in a
two-year field study byKarki et al. (2018about the insufficiency of the recycled nitrate to
reduce fertilizer application. Chapt2of the dissertation presents a tyear study of the fate
and transport of nitrogen, phosphorus, ardirsent in the storage reservoir of the DWR system
implemented at the Belhaven experimental site.
4. Conclusion

This study investigated the impact of drainage water recycling (DWR) on corn and
soybean vyields for four growing seasons (2@021) in an expemental field site in eastern
North Carolina. The DWR reservoir (0.38 ha) stored enough water to meet irrigation
requirements in 3 of the 4 growing seasons and provided 5 to 73 mm of irrigation to the DWR
treatment (11.48 ha). Subigation of the DWR tratment raised the groundwater table by an
average of 15 cm, compared to the controlmngated treatment (CT). The shallower water
table at the DWR treatment increases the upward movement of soil water by the capillary rise
replenishing water in the pliroot zone to meet crop evapotranspiration demand. DWR
increased corn and soybean yields in all growing seasons by an average of 0.64(Md3t)a
and 0.53 Mg h& (23%), respectively. Higher yield benefits were attained for the years with low
precipitaion by providing irrigation during the critical crop growth stages and storing more
water in the soil profile. DWR increased excess water stress during the wet periods of the
growing season, which might have reduced the yield benefits of the systentimia®the
yield benefits of the system, an effective drainage management system, is recommended to avoid

increasing excess water conditions during periods of high precipitstiater use efficiency
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(WUE) was higher for crops grown on the DWR treatment @} and 61% in two growing
seasons, and lower by 16% in one growing seds$igher WUE values can be achieved through
the efficient management of the timing and amount of irrigation. DWR also increased nitrogen
and phosphorous use efficiency (NUE and PWEIl growing seasons. The NUE and PUE
increase for soybean was attributed to the higher efficiency with which crops can take up
nutrients from the soil profile. On the other hand, the NUE and PUE increase for corn was
attributed to the increase in th@p yield, while nutrient uptake efficiency was nearly similar for
the CT and DWR treatments. The amounts of nitrogen and phosphorous that the DWR system
captured and recycled back to the field via irrigation were not large enough to reduce fertilizer
application rateTotal Nrecycled back to the DWR treatmesaich growing seasdhrough

irrigation water ranged from 0.8 kg h&o 2.3 kg ha, while recycled TP ranged from 0.01 kg ha
1to 0.3 kg h&. Further research is needed to monitor the DWR perfozmamimproving crop
production for longer periods with varying factors of weather, soil, and system design and
management. In addition, the effect of DWR on the spatial variation of crop yield needs to be
investigated. Furthermore, an economic analysieéled to optimize the crop yield benefits of

the DWR system, while reducing the design and operation cost.
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Chapter 4: DEVELOPMENT AND APPLICATION OF DRAINMOD MODEL
FOR SIMULATING CROP YIELD AND WATER CONSERVATION
BENEFITS OF DRAINAGE WATER RECYCLING
Abstract
Drainage water recycling (DWR) is an emergingctice that has the potential to
increase crop Yyield and improve water quality. DWR involves capturing and storing subsurface
drainage water and surface runoff in ponds or reservoirs, and using this water for supplemental
irrigation during dry periods of thgrowing season. The main objective of this study was to
enhancehe DRAINMOD model to simulate the hydrology and crop yield of DWR systems. The
expanded model; named DRAINMGDWR, has a new module that conducts a water balance of
the storage reservoir drsimulates the interaction between the reservoir and thetitds
irrigated from and/or draining into the reservoir. The model predicts thetédomgperformance
of DWR as affected by weather conditions, soil type, crop rotation, reservoir sizetand
irrigation and drainage management. Three performance metrics were defined based on model
predictions to quantify irrigation, crop yield, and water capture benefits of DWR. To demonstrate
the new features of the model, uncalibrated DRAINMDYYR was aplied to a hypothetical
DWR system with continuous corn using ays(q(19702019) weather record in Eastern North
Carolina. Different reservoir sizes were simulated to predict the effect of storage capacity on the
system’s perf or mantbata 3.0 Heep resenmiewith psurack iareatok d
4% of the field area would optimize corn yield for the simulated conditions. This reservoir size
would increase corn yield on average by 22%, meet at least 75% of the irrigation demand in 41
years of theimulation period, and reduce total outflow from the field to downstream surface

water by 20%. This study demonstrates the potential of using DRAINID®IR for optimizing
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the design and management of DWR systems. Research is needed to test DRAINNROD
usingfield measured datd&esearch is also needed to further develop the Mfadsmulating
the fate and transport of nutrients and sediment in the storage resEnisiould enable the

model to predict the water quality benefits of DWR.
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1. Introduction

Attaining highly productive and environmentally sustainable agriculture in humid and
subhumid regions in the U.S. presents a challenge due to weather uncertainty. Crop production
in these regions is vulnerable to wet and dry conditions during the greeasgr{Hay et al.,

2021; Vories and Evett, 2010; Walthall et al., 20B)en when the total precipitation during a
growing season is sufficient, its timing does not usually coincide with the crop water demand,
causing stress on the plant and reduction in creld.yAdditionally, the yield losses caused by
water related stresmnreduce the fertilizer use efficiency as less nutrients are taken up by
stressegblants Consequently, more nutrients are lost from agricultural fields contaminating
groundwater and sface water bodies. The weather related challenges facing agriculture are
expected to intensify as more intensive rainfall and more frequent and longer dry periods are
projected in the futurdPCC, 2014)

In humid regions, agricultural drainage is necessary for crop production on naturally
poorly drained soils with shallow water tables. Drainage lowers the water table, removes excess
soil water from the root zone, and improves soil trafficability, which enhances crop yield.
Improved drainage is needed on nearly 25% of the agriculture land in the U.S. and on over 50%
of cropland in some states to sustain crop produ¢8é&nggs et al., 1994However, subsurface
drainage has been a major source of nutrient losses to surfacéDeatieret al., 1997; Keeney
and Deluca, 1993Elevated nutrient levels in surface water bodies hasreased harmful algae
growth and caused eutrophication problems in major U.S. water bodies including the Gulf of
Mexico (Goolsby et al., 1999; Rabalais et al., 200fhe Chesapeake Bégoesch et al., 2001,

Zedler and Kercher, 200and the Great Lakd§&orster and Rausch, 2002; Smith et al., 2015)

This led to the development of conservation drainage practices for maintaining subsurface
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drainage benefits while reducing nutrient loss to receiving watemns et al., 1995; Jaynes and
Isenhart, 2014; Schipper et al., 2010)

Supplemental irrigation has been shown to protect crops by providing sufficient water
during dry periods of the growing seagadmoy et al., 2015)Several studies have reported that
supplemental irrigation increased crop yield and decreased thé&ygzar yield variability for
different crops grown in the humid asdb-humid regions of the U.S(Adamsen, 1992; Garcia
et al., 2010; Jordan et a2014; Lamb et al., 1997; Spivey et al., 20H)wever, expanding
water use for irrigation can lead to depletion of groundwater aq(Hetierstein et al., 2019)
such as the Ogallala aquifer in the Great Plains region of th€lhA8cker et al., 2016)

Drainage water recycling (DWR) is an emerging conservation drainage practice that
captures and stores subsurface drainage watesuafaste runoff in relatively small reservoirs,
and uses this water for supplemental irrigation during dry periods of the growing season
(Frankenberger et al., 2017; Hay et al., 20Th)s practice has the potential to increase crop
yield by mitigating drought stress while conserving the water resource. It can also improve water
gualty as it recycles nutrients back into the field, increases plant uptake, and reduces nutrient
and sediment losses from agricultural fields to downstream surface water.

There is a limited number of studies that investigated the benefits of DWR systems. It
was reported that DWR increased corn yield by 14 to 50% and soybean yield by 7 to 29% in the
states of Ohio and Missouri, U(8llred et al., 2014; Nelson et al., 2011; Nelson and Smoot,
2012) In a regional synthesis pap@illison et al. (2021yeported that DWR increased the
resiliency of corn yield to low and normal precipitation during corn critical growth stages (V9
R2) compaed to corn grown under free drainage and no irrigation. DWR increased corn yields

by an average of 3.6 Mg h@ompared to noirrigated and freely drained field 77% of the 53
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site'years included in the study. The water quality benefits of the praoticestudied byran et
al. (2007 who reported that DWR reduced mass loads of nitrate and dissolved inorganic
phosphorous by 41% and 18%, respectively.

Several models have been developed to simulate the water budgets and determine the
optimum ske of onfarm irrigation reservoir§Arnold and Stockle, 1991; Ouyang et al., 2017;
Palmer et al., 1982; Saxton and Willey, 2006; Vico et al., 20@89se models simulate the
hydrologic processes of a coupled fiefdlaeservoir system and estimate reservoir water
availability, irrigation demand, and crop yield response. Typically, the NRCS curve number
method(USDA Soil Conservation Service, 19723s been used to estimate surfaceff, the
main source of inflow water to the reservoir. Other methods have also been used including
estimating surface runoff as the difference between precipitation and infiltration, with the latter
estimated using appr oxuatoa(Kin et al.pl996)Other modelsft Ri ¢ h a
simply distributed precipitation into infiltration and surface runoff based on an assumed constant
ratio (Jarboe and Haan, 1974rigation timing and amount were determined basethe total
available water (TAW) in the root zone and a specified soil moisture threshold.

Two key characteristics differentiate DWR systems from the traditiontdram
reservoirs simulated by the models mentioned in the last paragraph. The refeheDWR
system receives water from both surface runoff and subsurface drainage while traditional on
farm irrigation reservoirs receive water from surface runoff only. Models that can simulate both
surface and subsurface water movement and estimataglediow from the field into the
reservoir are needed. This is not available in the existing models, which simulate surface
hydrology only. The second key characteristic of the DWR systems is that these systems are

implemented on subsurfadeained agricubral landscapes with shallow water table soils. The
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traditional onfarm reservoirs are used to irrigate fields on wietlined soils with deep water

tables. For modeling these systems, a simple water balance for the plant root zone is adequate for
keepingtrack of plant available water and determining irrigation requirements. In DWR, the
shallow water table of the irrigated field interacts with the root zone, and the upward flux from

this water table partially contributes to meeting crop ET demand. laigaiater management

and scheduling for this landscape requires a model that represent the interaction between the
water table and vadose zone. None of the existing models adequately simulates the hydrology
and crop yield response for DWR systems.

Reinhart et al. (2019jeveloped a spreadsheet model using Microsoft Excel Visual Basic
for Applicationsto simulate the storage benefits and nutrient reduction of DWR systems and
appliedthe model to two artificially drained sites in Indiana and IdR@nhart et al. (2020)
developed the algorithm of this model into aem@pource online tool, referred to as EDWRD,
which can be accessed onlitngtps://github.com/TransformingDrainagePpect/edwrd.

EDWRD conducts a daily water balance for the twanncamponents of the DWR system, the
irrigated field and the reservoir. The reservoir water balance was based on measured
precipitation and tile drainage, assumed constant seepage rate, and calculated evaporation and
irrigation demand. Reservoir evaporatiwas estimated using Penmiglionteith equation.

Irrigation withdrawn from the reservoir was scheduled based on a defined soil water deficit (soll
water depletion and readily available water difference) threshold that is equivalent to the
maximum daily wateconsumption of corn. The field water balance was based on estimating the
daily change in soil water depletion in the layer above the tile drains. The main components of
the field water balance were precipitation, runoff, irrigation, upward and downluaes f and

evapotranspiration. Runoff was estimated using NRCS curve number ap(kbtextet al.,
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2007) Crop evapotranspiration was calculated using the-b8@ual crop coefficient approach
(Allen et al., 1998)Upward flux was estimated using the soil utility tool of DRAINMOD that
generates a relationship between water table depthpavatd flux based on the soil properties.
Downward flux was based on estimating the amount of water drained through deep percolation
when soil water content is above field capacity. More information about the EDWRD tool can be
found athttps://transformingdrainage.org/tools/edwrd

EDWRD is an easyo-use tool but has limitations. It requires a lgegnm record of
measured tile drainage flow, water table, and nutrient concentration data asdrgassss the
DWR system performance, which are not readily available. In addition, EDWRD does not
predict the direct impact of DWR systems on crop yield. Moreover, nutrient reductions were
estimated based on drainage flow captured by the system, witthrasitlering nutrient
assimilation due to biochemical processes occurring in the reservoir (e.g., denitrification and
uptake by aquatic vegetation). A model that can address these limitations is necessary for
simulating DWR systems.

In this study, we enhaed DRAINMOD modelSkaggs et al., 2012&) simulate DWR
systems and predict the irrigation, water conservation, amdyéeld benefits. This version of
the model, referred to as DRAINMGDWR, simulates the water balance of the storage
reservoir and the hydrology and crop yield of the field, irrigated from and/or draining into the
reservoir. The model simulates the intgi@n between field hydrology and reservoir water
budget. The model can be used to predict the-teng performance of DWR systems as
affected by weather conditions, soil type, crop rotation, reservoir size, and irrigation and
drainage management. To damtrate the new features of the model and its use, we applied

DRAINMOD-DWR to a hypothetical DWR system in Eastern North Carolina, Th& work
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presented in this chapter has recently been published in the Agricultural Water Management
Journal (Moursi etlg 2022).

2. Materials and Methods

2.1 Description of the hydrological component of DRAINMOD model

DRAINMOD (Skaggs, 1978; Skaggs et al., 2012a) is a distributeddczte
hydrological model that was originally developed in late 1970s and earlg I188the design
and evaluation of agricultural drainage and related water management systems for naturally
poorly drained, high water table soils. Over the past four decades, DRAINMOD has become a
widely-used wholesystem model that simulates the hydgglocarbon, nitrogen, and phosphorus
dynamicsalong withplant growth and productivity for agricultural and forested lands with
poorly-drained high water table soil8skar, 2019; Negm et al., 2014; Tian et al., 2016, 2012;
Youssef et al., 2005Additional notable enhancements to the model include modeling the effect
of irrigation and drainage management on soil salinity in arid andaédniegiongKandil et
al., 1995) modeling the hydrologic processes in cold regions where snow accumulation and
melt, freezing and thawing processes affect field hydro(bgy et al., 2001)and modeling
macropore flowAskar et al., 2020)

Following the guidelines b8araswat et al. (20185 documenting and reporting
modeling studies, we are providing in this section a brief description of the hydrologic
component of the modebkaggs et al. (2012& an excellent source that provides a detailed
description of the hydrologic component of DRAINMOD. The literature describing other model
components is given in the previous paragraph for readeo are interested in knowing more

about other model features.
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The model uses the water balance approach and empirical relationships to describe
hydrological processes affecting the hydrology of naturally pedndyned soils with drainage.
The model coducts water balance at hourly and daily time steps of a soil section of unit surface
area, located midway between two parallel drains and extends from the soil surface to the top of

a restrictive solil layerHigure 41).
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Figure4.1: Main hydrologic components of the field water balance simulated by DRAINMOD
for subsurfacelrained field.

Equation 1 describes the water balance at the soil surface and Equation 2 describes the water

balance in the soprofile.
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WhereA Ss the change in the stored water on the soil surface Rimprecipitation
(cm), 1 is surface irrigation (cm); is infiltration (cm),RO s surfae runoff (cm),A V & the
change in watefree pore space in the soil profile (crB)js subsurface drainage flow (cnBT
is evapotranspiration (cmyLS is vertical and lateral seepage (c@)is subirrigation (cm).

Infiltration is estimated by the GneéAmpt equation(Green and Ampt, 1911¥furface
depression storage is characterized by the maximum depression storag&uatat(nmust be
filled before surface runoff starts, and Kirkham dej@Hl) that represents micidepressions that
prevent water from flowing freely at the soil surface to the vicinity of the subsurface drains.
Surface runoff is estimated based on the surface walance (Eq. 1) whe@mis filled andA S
becomes zeréY0 0 O "Q. Subsurface drainage flow is calculated with the stesale
Hooghoudt equatio(Bouwer and Schilfgaarde, 1968hen the water table is at or below the
soil surface. When water is ponded on the surface at a depth great®f Hrahless thagm,

Kirkham equation(Kirkham, 1957)s used to estimate ssirface drainage flow. Vertical and
| ateral seepage are estimated using a simple
Forchheimer assumptioiiSkaggs et al., 2012)

Potential Evapotranspiration (PET) dam estimated by the user and provided as an input
to the model or directly estimated by the model using the tempetzsesl,Thornthwaite,
(1948)methal. If Thornthwaite method is used, daily or monthly correction factors should be
used to improve the accuracy of PET estimation. The model checks whether Evapotranspiration
(ET) is limited by soil water conditions (upward flux from the water table andaaaisoil
water in the root zone). If PET is less than upward flux, ET is set equal to PET. If PET is higher
than upward flux, a thin layer of the soil will be dried down to a minimum allowable water

content (slightly greater than the wilting point) urttgatisfies PET as long as this dry zone is
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not deeper than the root zone. If PET is greater than the upward flux and the dry zone depth
reached the root zone depth, ET will be set equal to upward flux.

DRAINMOD also predicts the relative crop yield pesise to weather, drainage design,
and management conditions. Relative yield is estimated as the ratio of the actual crop yield to the
potential yield (yield occurred when no water related stresses existed), expressed as a percentage.
DRAINMOD uses the séiss day index (SDI) approa@Evans et al., 1991; Hiler, 196&)
predict the yield reduction caused by excessive soil water, deficient soil water, planting delay
and soil salinity. Excessive water stress is estimated in the model based on the number of days
during which the water table is above a defined threshold, e.g., 30 cm. The model uses an
approach suggested Byhaw, (1974jo estimate deficient water stress, which is a function of the
ratio of actual evapotranspiration to potential evapotranspiration. Planting delay stress is
calculated based on the number of days planting was delayed past the optin{Gkeadag et
al., 1982) Water related stresses are also a function of crop susceptibility that varies depending
on crop growth stage and crop spectéiter, 1969) Soil salinity stress is computed using

approaches presented (§andil et al., 1995)

2.2DRAINMODDWR model development
2.2.1Model structure

DRAINMOD-DWR model has been developed to simulate, on a daily basis, the
hydrology and water balance of the two main components of a DWR system: the reservoir
capturing and storing drainage waterf{aoe and subsurface) and the field irrigated from and
draining into the reservoiF(gure 42). The model structure fully integrates the field and
reservoir components, and simulates the interaction between the two components. Model

predictions can be ad to quantify the water conservation and crop yield benefits of DWR for
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various reservoir sizes, soil types, crop rotations, weather conditions, and water management
practices.

Precipitation  Evapotranspiration

Evaporation Precipitation
A

Irrigation Other inflows
W D
Surface runoff Reservoir outflow

—————-

 J

Subsurface drainage

Seepage

Figure4.2: Main componentsf the field and reservoir water balance in DWR systems

The hydrology and crop yield for the field draining into and/or irrigated from the
reservoir is simulated using the original version of DRAINMOD, whichisflgrdescribed in
section 2.1A new modle was developed to conduct the water balance of the storage reservoir
and simulate the interaction and feedback between the field and the reservoir. The modifications
were made to the source code of DRAINMOD using the FORTRAN programming language.
When DWR simulation is conducted, the model simulates first the hydrologic processes
and predicts water balance components of the field including subsurface drainage flow and
surface runoff flowing from the field into the reservoir. In case of subirrigatiomduk|
estimates the irrigation amount that could be applied to the field based on the weir setting at the
drain outlet. If other irrigation methods are used, the timing and amount of irrigation are inputs to

the model and should be defined by the userdbarsecrop water requirements. Then, a water
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balance is conducted for the reservoir to keep track of the water volume in the reservoir. For
every day of the simulation, the model checks if irrigation is scheduled on that day. For each
scheduled irrigationwvent, the model limits the irrigation amount based on the available water
volume in the reservoir. If the water volume calculated from the reservoir water balance exceeds
the reservoir storage capacity, water will discharge from the reservoir at a oatedqualto
the difference between the calculated water volume and the reservoir storage capacity. A logic
diagram representing the structure of DRAINMIDIOVR model is shown ifrigure 43.
DRAINMOD-DWR has two modes of operation. By turning off the DWRaptthe
standard model simulates field hydrology and relative crop yield. If irrigation is simulated while
DWR is turned off, DRAINMOD does not limit irrigation by the availability of water supply.
When the DWR option is on, the model limits irrigatiorsé&a on the water availability in the
reservoir. The model is designed to allow the user to easily switch back and forth between the

modified and the original models.

146



DRAINMOD inputs
Reservoir min volume, V_,
Reservoir max volume, V.

DWR field area, A;

Reservoir area, A,

| Daily Simulation |

DRAINMOD
Hydrological
Simulation [ Y.
of No Need for ¢
DWR Field Irrigation
| Do not irrigate, Irrigate,
IR, =0 IR, > 0
|
Precipitation Evaporation Net Seepage Other Inflow Sources
(P) (Ep) S (Qiny)
v A4
Dy Reservoir Water Balance
;Ror " Vi =Viea + A (Pr— E) + A (RO, + D, — IR,) — S; + Qin,
t

——

Qout,=0 Qout, =V, -V

V.=V

|
Last Yes
day l

Figure4.3: Logic diagram of DRAINMODBDWR model for simulating drainage water recycling
systems.
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2.2.2Reservoir water balance
In DRAINMOD-DWR, a daily water balance is conducted to estimate the water volume
in the reservoir as a function of the daily water volumes received by and lost &aasénvoir.

The Reservoir water balance equation can be expressed as:
W 6 0 O o6 Y0 O ©OY 0£060°YO 0Q¢ o

whereV is the water volume in the reservoir3jl.P is the precipitation (L)E is the
evaporation from the surface of the reséryL), RO andD are the surface runoff and
subsurface drainage flow, respectively, entering the reservoir from the fiel® (k)the water
withdrawn from the reservoir to irrigate the DWR field (Qin is the volume of inflow water
from other sourcege.g., upstream contributing areaBjLQoutis the volume of the outflow
from the reservoir when it reaches maximum storage capad}ySEis seepage volume from
the reservoir®), Ar is the surface area of the reservoi)LAf is the area of thiield (L2), and
the subscriptsandt-1 denotethe current and previous days of the simulation, respectively.

In Equation 3, surface runoff, subsurface drainage flow, and irrigation are estimated from
DRAINMOD simulation of the field hydrology. Precipitan and inflow from other sources are
inputs to the model. The model assumes a-defned constant seepage flux from the storage
reservoir. Daily evaporation from the reservoir is estimated using a simdiedan equation
(Eq. 4), which was proven tgive reliable estimates with readily available weather data
(Valiantzas, 2006)

Y YO
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WhereE is evaporation (mm/dayRSis solar radiation (MJ i2 d%), RA is
extraterrestrial radiation (MJ4&d?), T is mean air temperatureQ), andRH is relative
humidity. If relative humidity ad solar radiation data are not availablaliantzas, (2006)
provided simplifed formulae to estimate these parameters in terms of the minimum and
maximum air temperatures and site latitude. The daily evaporation rate is distributed during a 12
hour period (6:00 am to 6:00 pm) and adjusted to zero during the hours of rainfall@emtheh
reservoir is dry. If the water in the reservoir is less than the evaporation demand, the evaporation
is set equal to the available water in the reservaoir.
2.2.3Model inputs and outputs

Along with the weather, soil, crop, and drainage system inpgtsred by the standard
DRAINMOD model, DRAINMOD-DWR requires a few additional inputs (Ta#l&). These
inputs include the area of the field irrigated from and draining to the reservoir, the area of the
reservoir as a percentage of the field area, amdidximum and minimum depths of water in the
reservoir, and the reservoir seepage flux. If applicable, a time series of daily inflow from other
upstream sources is also required by the model. For drainage systems with subsurface pipe
drains, the model giwethe user the options to either route subsurface drainage flow only or route
both surface runoff and subsurface drainage flow to the storage reservoir. For drainage systems
with open ditches, the model routes both surface runoff and subsurface draomatyetfie
reservoir sincepen ditches collect both surface and subsurface flows from the field. In addition
to the outputs generated by the standard DRAINMOD model, DRAINNDOYR predicts the

daily, monthly, and annual components of the reservoir watantal

149



Table4.1 Main additional inputs of DRAINMOEDWR model and their definitions.

Input Definition

The area of the agricultural field receiving irrigation from and/or draining to the

As
reservoir ().

PFR The percent of the surfaeeea of the reservoir to the field area (%).

il The maximum water depth of the reservoir, above which water discharges fro
reservoir (m).

oo The minimum water depth of the reservoir, below which irrigation form the
reservoir cannot be applied Ym

SE The daily seepage losses from the reservoir (mm/day).

2.3DWR Evaluation Criteria Based on DRAINMOD Predictions

DRAINMOD-DWR predictions can be used for DWR systems design and evaluation.
Three indices were defined based on DRAINMOIV/R predictiors to quantify benefits and
evaluate performance of DWR. These indices are described in this section.

The irrigation index (IRI). The IRl compares the amount of irrigation water that can be
withdrawn from the reservoir in a specific year to the amountigairon water from unlimited
water supply (Eg. 5). This index was defined\tgiano and Burton (200Bnd used b¥reinhart

et al. (2019)

WherelRl; is the irrigation index for year IRR; is the irrigation amount that can be
withdrawn from the reservoir during yeaandIRU; is the irrigation amount needed by the crop
from unlimited water supply during the yearThe values ofRI; range from 0 to 1, with larger
values indicating more water is provided for supplemental irrigation from the DWR system and

vice versa. WhelRl; = 1, the reservoir is large enough to provide sufficienpkrpental
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irrigation in yeati. Since the design of the system is site specific (weather conditions, soil type,
drainage and irrigation desigriRli can be used as one of the design metrics for determining the
proper size of the reservoir that can provedeugh supplemental irrigation.

The water capture index (WCI). The WCI defines the proportion of the total inflow water
that is captured and stored in the reservoir in a specific year. A similar index was used by

Reinhart et al. (2019 evaluate theerformancef DWR systems in reducingitrient losses.
0&060
O YO 0 Q¢

WhereWCl; is the water capture index in yagaQoutiis the outflow from the reservoir

wo0p [0)
in yeari, Di andRG are the subsurface drainage flow and surface rdraff the field to the
reservoir in yeatr, respectively, an@ini is the volume of inflow water from other upstream
sources in year TheWCI; values range from 0 to 1, with 1 indicating all received water is
captured and stored by the reservoir anddizating no water is captured. The larger the
reservoir size, the larger the valueWs€l; and vice versa. This index can have multiple uses
including i) the evaluation of the storage potential of the reservoir should this ptzatised
for flood mitigation, ii) the evaluation of the hydrologic effects of DWR patrticularly on stream
flow, and iii) indirect evaluation of DWR effect on surface water quality by reducing nudtrient
and sedimenrénriched surface runoff and subsurface drainage flow that reagistteam
surface water bodies.

The crop yield index (CYI). The CYI is the ratio of the crop yield for a DWR field to

crop yield for a nosirrigated field.
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Where CY]is the crop yield index for crap IRCY; is the relative yield for cropthat
was irrigated from a reservoNICY; is the relative yield of a neimrigated crop, LR is the
percent of the surface area of the reservoir to the field area, if the reservoir was constructed on
land taken out of productionThus, the crop yield of the irrigated field represents the yield from
the land that was actually planted. €¥ 10 indicates an increase in the crop yield of DWR
system compared to a namigated field, while CYi< 0 indicates the DWR system reduced the
overall crop yield. Using this index, the size of the reservoir that maximizes the yield can be
identified. As the resgoir size increases, it provides more water for supplemental irrigation,
alleviating plant stresses due to dry conditions and increasing crop yield. However, increasing
the reservoir size takes more land out of production and causes yield loss if LRz €pekific
reservoir size, the system would reach an inflection point where the yield increase due to
irrigation is offset by the yield loss due to taking more land out of production. Beyond this point,

larger reservoir sizes will cause an overall yrgduction (CYi < 0).

2.4 Model application

We present a case study for a subsurface drained agricultural field in eastern North
Carolina, U.S., to demonstrate DRAINMGDWR application and use. The daily precipitation
and temperature data used in the nhedrulations were based on-y8ar (19762019) weather
record retrieved from a NOAA weather station (PLYMOUTH 5 E: 35.812376.6592 W).
The simulated soil is Portsmouth sandy loam, which is poorly drained under natural conditions.
The simulated drairgge system consists of subsurface drains, installed at a depth of 125 cm and a
spacing of 30 m. Good surface drainage (e.g., maximum surface storage of 0.5 cm) was assumed
in this simulation to represent common practices in North Carolina since good sludiacee

is needed to effectively remove excess water following large storm events that frequently occur
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during the growing season. The area of the simulated field is 13.8 ha. DRAINMOD soill
properties and other site input parameters were based on \epoeted bySkaggs et al.
(2012b) Key drainage system input parameters and lateral saturated hydraulic sayduct
values for the soil profile are listed in Tadl2.

Two water table management scenarios were simulated: 1) free drainage with no
irrigation and DWR, which represents the baseline scenario; 2) DWR system with adaptive water
table management scenatitat consists of controlled drainage during the fallow season, free
drainage before planting and harvesting, and subirrigation during the crop growing season. The
site is irrigated through a subirrigation system; water is delivered to the soil through the
perforated subsurface drains. The water table management mode and the weir settings of the
control structure at the drain outlet are given in Tdt8e Simulations were conducted for a
continuous corn rotation. The simulated target planting day of #reiyy@00 and the simulated
length of the growing season is 130 days. DRAINMOD was set to estimate PET using the
Thornthwaite method. Monthly PET correction factors determinefinbgtya et al. (1995)ere
used to correct PET values calculated by the Thornthwaite method. These monthly factors were
obtained by comparing the PET values calculate@Hmynthwaitemethod and Penman
Montieth equation at nitiple locations in Eastern North Carolina. DRAINMOD inputs needed

to simulate crop yield were based on values reportdevans et al. (1991)
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Tale 4.2: Drainage design inputs and lateral saturated hydraulic conductivity of the Portsmouth
soil used in the simulation.

Drainage system design parameters

Drain depth (cm) 125
Drain spacing (m) 30
Drainage coefficient (cm/day) 25
Depth to impermeable layer (cm) 215
Effective drain radius for 10thm

diameter perforated pipe (cm) L5
Maximum surface storage (cm) 0.5
Kirkham depth (cm) 0.5

Soil layers and lateral saturated hydraulic conductivity (Ks'

Top and bottom depths of soil layers

Ks (cm/hr)

(cm)

0-30 15

30-100

100- 215

Table4.3: Weir management schedule.
Dates Weir depth (cm) Mode Season

1 Jan- 14 Mar. 30 Controlled drainage Fallow
15 Mar.- 9 Apr. 125 Free drainage Fallow
10 Apr.- 14 May 125 Free drainage Growing season
15 May- 31 Juy 60 Subirigation Growing season
1 Aug.- 20 Aug. 125 Free drainage Growing season
21 Aug.- 14 Oct. 125 Free drainage Fallow
15 Oct.- 31 Dec. 30 Controlled drainage Fallow

To predict the crop yield and water conservation benefits of the simul&#i dystem,
reservoirs with various storage capacities were simulated including 8ékp reservoirs with

surface areas ranging from 2% to 10% of field area. Reservoir sizes selection followed a similar
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approach that was presentedRginhart et al. (2019¥%o0 the results of the two studies can be

easily compared. The reservoir minimum depth was assumed 0.30 m4Hable

Table4.4: Values ofthe main additional inputs of DRAINMODWR model for the simulated
study.

Description Value

Field area (rf) 138000
Reservoir/field area (%) 2,6,4,8,and 10
Reservoir maximum depth (m 3
Reservoir minimum depth (m] 0.30
Seepage rate (mm/day) 0

3. Results and Discussion

3.1 Precipitation

Over the 56year simulation period, average annual precipitation was 134.1 cm and
ranged from 85.5 cm to 190.1 cm. The highest monthly precipitation occurred during the
growing season monthBifure 44). Precipitabn during the growing season accounted for 47%
(63.2 cm) of annual precipitation. The ygatyear variability in monthly precipitation was high
particularly during the summer month&dure 44). For example, monthly precipitation for July
ranged from B cm in 1993 to 35.8 cm in 1984. This high variability in the timing and amount of
precipitation increases the crop vulnerability to water stresses and signifies the need for using

DWR systems to mitigate these stresses.
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Figure4.4: Boxplot graph of monthly precipitation for t&&-year simulation period.

We used the Standardized Precipitation In(&Rl; McKee et al., 1993p describe the
dryness and wetness of each simulated year. Since the simulated water management included
subirrigation during May through July, we based our calculations of the SPI on thdymont
precipitation during this period. The SPI is a widely used drought index that quantifies dry and
wet conditions based on the deviation of precipitation from thetemmy average. The
variability of the SPI values of May, June, and July months fos@hgear simulation is
graphically depicted ifrigure 45. Negative SPI values indicate dry conditions while positive
values indicate wet conditions. When the value of the SPI is lessZhiamdicates extremely
dry conditions while an SPI greater tiaimdicates extremely wet conditions. Based on the

drought categories defined McKee et al. (1993)18 years were absified as mildly dry, 4
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years as moderately dry, and one year as severely dry. In contrast, 24 years were classified as

mildly wet, 2 years as moderately wet, and one year as severely wet.

July -+

June-

Month

May -/ i T T T i 0 ' i '
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Year

Figure4.5: Standardized Precipitation Index (SPI) values for the months of May, June, and July
during the 56year simulation period.

3.2Field water balance

The longterm simulation of the field water balance indicated that 87% (117 cm) of
average annual precipitatianfiltrated into the soiland the other 13% (17 cm) was routed to the
reservoir as surface runoff. The annual irrigation withdrawn from the reservoir averaged across
all simulated reservoir sizes was 11 cm. Evapotranspiration was the main water loggefrom

field (54%), while subsurface drainage flow and surface runoff accounted for 34% and 12%,

respectively.
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3.2.1Subsurface drainage flow

The two main water sources for filling the reservoir were subsurface drainage flow and
surface runoff. Understandjrthe variability of both components of the field water balance is
important to the design and management of the reservoir. Subsurface drainage flow varied
throughout the year depending on precipitation and potential evapotranspiration patterns and the
maragement settings of the drainage control structigu(e 46). On average, the highest
monthly subsurface drainage flow occurred during March (9 cm), when PET was still low and
the drainage system was still in the free drainage mode during the last thalfmonth. On the
other hand, the lowest average monthly subsurface drainage flow occurred during November (1.3
cm), when monthly precipitation was lowest and the drainage system was managed in controlled
drainage mode. Although most of precipitatiorurced during the growing season as discussed
in section 3.1, subsurface drainage flow was low. This was because of the high
evapotranspiration during this period. Furthermore, the drainage system was set in controlled
drainage mode during this period, wehiallowed for more water storage in the soil profile and

less drainage flow.
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Figure4.6: Boxplot graph of monthly subsurface drainage flow for the/&ér simulation
period.

3.2.2Surface runoff

Surfa@ runoff also varied throughout the year depending on the duration and intensity of
precipitation, soil moisture condition, and weir settiriggre 47). Surface runoff tended to be
higher with less variability during winter months and when controllathdge was in effect.
Average monthly surface runoff was highest in January (2.8 cm) and lowest in April (0 cm).
These results suggest that relying on surface runoff only to fill the reservoir would increase the
uncertainty of the reservoir storage, congoiio subsurface drainage flow that has less

variability.
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Figure4.7: Boxplot graph of monthly surface runoff for thé-year simulation period.

3.3Reservoir water balance

The water budget of the reseivwas simulated for five reservoir sizes (2%, 4%, 6%,
8%, and 10% of the field area) and each component of the water balance was edfiguated (
4.8). The values were normalized by the field area (the water volume of each component was
divided by theikld area) so that the water balance of the field and the reservoir can be related.
On average, subsurface drainage flow from the agricultural field accounted for most of the

reservoir’”s water inflow (67%), whly23%andunof f
10%, respectively. Reservoir outflow accounted for 71% of the total water outflow, while
subirrigation and evaporation accounted for 16 and 13%, respectively. As expected, larger

reservoirs were able to provide more irrigation and releasevMater than smaller reservoirs.
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Larger reservoirs stored more precipitation and lost more water via evaporation than smaller
reservoirs. Subsurface drainage flow and surface runoff were almost the same and were not
significantly affected by the reservaiize. The small change in subsurface drainage flow and

surface runoff values were mainly because of the amount and timing of irrigation.
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Figure4.8: Annual average of the reservoir water balance compooeatghe 56year
simulation period. Water volume is expressed as the water volume of each component divided by
the field area.

Monthly average of predicted storage volumes for the simulated reservoir sizes were
calculated to describe the temporal variaiio reservoir storage. Reservoir storage volumes
were expressed in depth units (cm) by dividing the water volume in the reservoir by the field

area (Fig 9). Regardless of timing, monthly reservoir storage increased as reservoir size
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increased. Reservoitage was lowest during summer because of water withdrawn for

irrigation. Interannual variation of reservoir storage was lowest during spring months and highest
during summer and early fall. This can be explained by the difference in the amount of water
withdrawn for irrigation that depends on weather conditions. For example, storage variation was
lowest in April, which was the second month with lowest precipitation variability. In contrast,

storage variation was highest in August, which was the seconthmwih highest precipitation

variability.
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Figure4.9: Average monthly water storage in different reservoir sizes across-freab0
simulation period. Reservoir storage is expressed as the volumere$éneoir divided by the
field area. The error bars represent the mean + standard deviation.
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3.4 Predicted effect of reservoir size on water availability for irrigation

The performance of the DWR system was investigated through quantifying its ability to
provide the needed irrigation during different weather conditions. The predicted reservoir water
depth for different reservoir sizes during wet and dry years is givieigime 410. In all weather
conditions, the reservoir water depth varied betweemtizamum (3.0 m) and minimum water
depth (0.30 m). All reservoirs with different sizes were almost full before the growing season,
which supports our hypothesis to study the precipitation deficit during the growing season, rather
than during the entire yeaks Figure 410 suggests, the water stored in the reservoirs was
depleted earlier as the reservoir size gets smaller and weather gets drier. During wet years, all
reservoirs stored enough water for irrigation except for the 2% and 4% reservoir sizhs, whic
were depleted in 19 and 3 of the 24 mildly wet years, respectively. Reservoir size of 6% was
depleted in 4 of the 18 mildly dry years, 3 of the 4 moderately dry years, and the only year
classified as severely dry. Reservoir size of 8% was able to priowgdgion during all weather
conditions, except during the severely dry year. The only reservoir size that was able to store
enough water for irrigation during all weather conditions was the 10% size.

The annual irrigation applied during wet growing sees(less than 10 cm) was much
less, compared to irrigation applied during dry growing seasons (as high as 18 cm). The annual
irrigation index (IRI) was estimated for the-§0ar simulation periodsgure 411). Based on the
simulation results, a reservaiize of 8% or largecan storeenough water for providing irrigation

during all weather conditions for this study site.
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Figure4.11: Box plots of the annual irrigation index (IRR) for the given resiersizes.

3.5Predicted effect of reservoir size on crop yield

The impact of DWR on corn yield was quantified by comparing the yield of irrigated and
norvirrigated corn. Two scenarios were simulated to predict crop yield benefits of DWR with
different stoage reservoir sizes. In the first scenario, the reservoir was assumed to be constructed
on an area that was not productive (e.g., marginal land). The second scenario assumed the
reservoir was constructed on a land that was taken out of production. Taepresticted that
supplemental irrigation from the 2% reservoir size increased average corn yield by 13% for
scenario 1 and 11% for scenarioR2gure 412). Increasing the reservoir size from 2% to 4% of
the irrigated field resulted in a large increasaverage corn yield (22% for scenario 1 and 17%

for scenario 2). The model predicted that reservoir sizes larger than 4% of the irrigated field area
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will slightly increase corn yield for scenario 1 and reduce corn yield for scendfiguzd 412).

For example, the model predicted that the 6% reservoir size will increase average corn yield by
1% for scenario 1 and reduce corn yield be 2% for scenario 2, compared to yield corresponding
to the 4% reservoir size. Average corn yield decreased when irrig@mgeservoirs with size
larger than 4% in the second scenario because the yield loss due to taking larger field area out of
production was greater than the yield increase due to irrigation. Based on model predictions, a
reservoir with 4% size would bea@mmended at this study site to optimize corn yield. As model
predictions indicate, designing a DWR system with a large reservoir (i.e., 8% size) that can
maintain enough storage for irrigation under all weather conditions does not always increase
crop praduction. In addition to the availability of the water in the reservoir, the yield increase is
also limited by how irrigation is managed (timing and rate of irrigation). If the field is irrigated
using subirrigation, the rate at which water can be deliveredops is highly limited by soil

type and the design of the drainage system (e.g., spacing and depth of laterals).
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Figure4.12: Box plots of crop yield index values (CYI) simulated for reservoirsitanted on a
nontproductive land (left) and reservoirs constructed on a productive land (right) . The dotted
black line represents no yield difference between the DWR irrigated aridrigaited field.

3.6 Predicted effect of reservoir size on water captu

The water capture benefits of DWR were quantified by estimating the reduction in
surface runoff and subsurface drainage flow amounts that reached the downstream surface water
(Figure 413). As indicated by the values of the annual WCI, the water captueased with the
increase of the reservoir size. On average over thee&0simulation period, the reservoir with
2% size captured 15% of total reservoir inflow (WCI=0.15). Increasing the reservoir sizes to 4%
and 6% of the field area resulted in calesable increases in water capture. The average values
of the annual WCI were 0.2 and 0.24 for the 4% and 6% reservoir sizes, respectively. Further
increase in reservoir size leads to only slight increase in annual water capture (average annual
WCI=0.25 aml 0.26 for 8% and 10% reservoirs sizes, respectively). The model predicted that
most of the water capture occurred during the months of June, July, and August when a large

portion of the reservoir was empty due to water use for supplemental irrigatiog the cora
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growing seasorHigure 414). The water capture during the agmowing season was small and
did not exhibit large variation across dry and wet years when evaporation was relatively small
and no water was withdrawn for irrigation.

While the waer quality benefits of DWR systems were not quantified in this study, the
water storage benefits of the system can clearly demonstrate the potential of the system for
reducing nutrients and sediment losses from drained agricultural fields to downstriam®a su
water. Using DRAINMODNII model(Youssef et al., 20055kaggs et al. (2012estimated the
35-year average annual nitrate flaweighted concentrations in subsurface drainage flow and
surface runoff as 6.0 gL and 0.8 mg/l, respectively, for continuous corn growing on the same
study site. Therefore, the water capture by a 4% size reservoir at the case study site and the
associated reduction in outflow to receiving surface water could lead to a yearlyaediucti
nitrate loss by an average of 20% or 7. MN@s-N hat yr. It should be noted that the removal
and assimilation processes occurring in the reservoir (e.g., denitrification and settling) are
expected to further reduce nutrient and sediment lossesdiving surface water beyond the

levels estimated on the outflow reduction mechanism only.
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4. Conclusion

Drainage water recycling (DWR) or drainage water reuse is a practice that has recently
been proposed for adapting crop production to precipitation uncertainty and reducing nutrient
and sediment losses from drained cropland. The practice involves the eaqptsterage of
subsurface drainage flow and possibly surface runoff in relatively small antdoeasyage
ponds or reservoirs, and utilizing the stored water for supplemental irrigation during the dry
periods of the crop growing season. This paper presenéxpanded version of the

DRAINMOD model that simulates the hydrology and crop yield for DWR systems. The model
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simulates the water balance of the reservoir capturing and storing drainage water and the
hydrology and crop yield of the field irrigated fincand/or draining into the reservoir. The model
fully represents the interaction between field hydrology and reservoir water balance. This version
of the model requires a few inputs to describe the storage reservoir, in addition to the inputs
required byle standard version of DRAINMOD. The model can be used to predict the
performance of DWR systems as affected by weather conditions, soil type, crop rotation,
reservoir size, and irrigation and drainage management. Utilizing model predictions, three
indiceswere suggested as design and performance evaluation metrics for DWR. These indices
provide quantitative assessment for simulated reservoir sizes with regards to meeting irrigation
demand, increasing crop yield, and reducing total runoff to downstreaacsuvater bodies.

Based on these indices, the user can decide the reservoir size that would optimize the system
benefits. Currently, a new version of the DRAINMOD model is being developed that includes
DRAINMOD-DWR along with other recent developmefaskar et al., 2021, 2020; Lisenbee et
al., 2020; Negm et al., 2014, Tian et al., 2012, 20IBijs version is expected to be released to
model users by the end of 2022. Additionally, the source code of DRAINMDWIR can be

shared with interested researchers upon request.

A hypothetical drainage water recycling system in eastern North CarolinayakS.
simulated to demonstrate model use. The model application underscored the importance of
understanding the inteandintra-annual variation of precipitation for determining the optimum
size of the storage reservoir. This application demonstrated the potential of the expanded model
for optimizing the design and management of drainage water recycling systems. Furérehrese
is needed to test DRAINMODWR using field measured data. Also, adding a water quality

component to the model that simulates the fate and transport of nitrogen, phosphorus, and
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sediment in the storage reservoir would further enhance the model and oeaglable of

predicting the water quality benefits of DWR.
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Appendix A

1 Water quality data of samples collected from surface runoff from the upstream forested land
(ST1), reservoir outflow (ST2), subsurface drainage flow from the DWRiegdt(ST3),
sub-irrigation (ST4), surface runoff from the CT treatment (ST5), surface runoff from the
DWR treatment (ST6)and water in the reservoir (PND)

Sample ‘ Sampling date ‘ TSS ‘ TKN ‘ TP ‘ NOsN ‘ NH4N ‘ OoP
mg L1
ST3 5/22/2019 41.35 2.14 0.42 1.23 0.05 0.05
ST4 5/22/2019 26.32 1.60 0.11 0.49 0.05 0.01
ST1 6/13/2019 54 0.90 0.40 6.44 0.0500 0.35
ST3 6/13/2019 1.7 0.55 0.08 0.93 0.0500 0.06
ST4 6/13/2019 64 0.79 0.09 1.37 0.0500 0.08
ST5 6/13/2019 2,180 12.1 2.21 48.90 12.1 2.13
ST3 6/25/2019 5.71 1.25 0.17 2.53 0.05 0.12
ST4 6/25/2019 5.71 0.21 0.22 3.49 0.0500 0.21
ST5 6/25/2019 39 3.87 0.30 2.30 3.38 0.27
ST6 6/25/2019 941 3.32 0.55 4.33 2.63 0.54
ST1 7/16/2019 4.5 0.90 0.28 0.84 0.23 0.23
ST4 7/16/2019 40.2 1.26 0.07 0.47 0.05 0.01
ST5 7/16/2019 695 2.56 0.48 0.88 2.00 0.42
ST3 7/31/2019 109 1.03 0.29 5.43 0.05 0.25
ST5 7/31/2019 1,874 1.15 0.66 6.22 0.98 0.66
ST1 8/7/2019 15.4 1.18 0.78 0.61 0.36 0.72
ST5 8/7/2019 22.0 3.38 0.94 0.75 2.28 0.82
PND 8/14/2019 21.0 2.14 0.41 0.05 0.51 0.33
ST1 8/14/2019 49.8 0.47 0.27 0.85 0.050 0.25
ST4 8/14/2019 20.9 1.46 0.48 0.28 0.63 0.42
ST5 8/14/2019 145 1.12 0.42 0.90 0.63 0.41
PND 8/29/2019 35.1 1.30 0.29 0.05 0.050 0.20
ST4 8/29/2019 17.2 3.83 0.76 0.11 2.86 0.71
ST5 8/29/2019 451 2.23 0.77 7.03 0.84 0.72
ST6 8/29/2019 458 1.31 0.63 3.25 0.050 0.59
PND 9/9/2019 19.2 1.41 0.57 0.36 0.19 0.47
ST1 9/9/2019 112 0.64 0.57 1.02 0.05 0.47
ST2 9/9/2019 31.7 1.67 0.56 0.68 0.52 0.44
ST3 9/9/2019 10.6 1.56 0.04 16.24 0.82 0.02
ST5 9/9/2019 138 2.55 0.78 1.24 1.38 0.72
ST6 9/9/2019 983 2.51 0.95 0.31 1.27 0.82
ST1 9/13/2019 20.4 2.18 0.92 0.50 0.98 0.75
ST2 9/13/2019 17.3 1.43 0.63 0.26 0.40 0.46
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Sample | Samplingdate TSS TKN TP NOsN NHsN OoP
mg L?

ST3 9/13/2019 10.9 0.59 0.05 17.53 0.18 0.01
ST5 9/13/2019 68.5 4.07 1.12 2.19 2.39 0.94
ST6 9/13/20B 186 3.35 1.00 1.77 1.77 0.89
PND 9/26/2019 2.77 1.28 0.50 0.05 0.05 0.25
ST2 9/26/2019 8.83 0.76 0.66 1.25 0.05 0.50
ST3 9/26/2019 2.20 0.94 0.08 11.08 0.42 0.01
PND 10/18/2019 4.89 1.42 0.34 0.05 0.30 0.20
PND 10/31/2019 6.26 1.11 0.25 0.25 0.050 0.16
ST1 10/31/2019 515 0.79 0.49 0.89 0.050 0.43
ST2 10/31/2019 71.3 1.13 0.32 0.86 0.050 0.24
ST3 10/31/2019 6.97 0.31 0.02 11.08 0.050 0.0050
ST5 10/31/2019 26.9 1.59 0.37 1.32 0.050 0.32
ST6 10/31/2019 1,606 1.91 0.67 8.62 0.67 0.61
PND 11/14/2019 2.23 1.07 0.17 2.33 0.28 0.0050
ST1 11/14/2019 1,151 0.39 0.56 0.89 0.13 0.28
ST2 11/14/2019 19.3 0.67 0.36 0.26 0.0500 0.14
ST3 11/14/2019 12.8 0.34 0.11 16.23 0.0500 | 0.0050
ST5 11/14/2019 1,584 1.40 0.44 2.64 0.68 0.37
ST6 11/14/2019 1,545 0.93 0.48 6.92 0.29 0.31
PND 11/27/2019 12.9 0.81 0.02 5.21 0.0500 0.02
ST1 11/27/2019 20.4 1.03 0.53 5.23 0.0500 0.41
ST3 11/27/2019 9.6 0.0500 0.07 19.51 0.0500 | 0.0050
ST5 11/27/2019 22.7 0.82 0.11 14.49 0.0500 0.05
ST6 11/27/2019 71.5 1.16 0.41 8.18 0.0500 0.32
PND 12/18/2019 1.46 0.98 0.10 7.10 0.11 0.05
ST1 12/18/2019 113 0.59 0.24 1.39 0.0500 0.17
ST2 12/18/2019 80.3 0.75 0.16 4.80 0.0500 0.08
ST3 12/18/2019 3.83 0.25 0.03 17.97 0.0500 | 0.0050
ST5 12/18/2019 253 0.88 0.21 4.36 0.39 0.14
ST6 12/18/209 391 0.79 0.35 1.94 0.17 0.27
PND 1/2/2020 6.74 0.79 0.04 5.47 0.0500 | 0.0050
ST3 1/2/2020 5.57 0.0500 0.02 18.45 0.0500 | 0.0050
PND 1/23/2020 5.67 0.76 0.12 2.99 0.05 0.02
ST1 1/23/2020 222 0.25 0.36 0.62 0.05 0.13
ST2 1/23/2020 33.7 0.57 0.21 5.28 0.05 0.04
ST3 1/23/2020 2.53 0.05 0.09 15.80 0.05 0.01
ST5 1/23/2020 38 0.86 0.25 8.78 0.27 0.10
ST6 1/23/2020 1,033 0.47 0.44 3.45 0.17 0.27
PND 2/4/2020 0.73 0.79 0.11 2.24 0.05 0.01
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Sample | Samplingdate TSS TKN TP NOsN NHsN OoP
mg L?
ST1 2/4/2020 13.87 0.65 0.24 0.95 0.05 0.14
ST2 2/4/2020 1.73 0.64 0.09 2.32 0.22 0.01
ST3 2/4/2020 0.20 0.05 0.06 13.80 0.05 0.01
ST5 2/4/2020 13.73 1.09 0.24 7.02 0.05 0.13
ST6 2/4/2020 242 0.73 0.26 2.63 0.05 0.16
PND 2/19/2020 3.63 0.89 0.12 1.87 0.05 0.06
ST1 2/19/2020 1145.00 0.54 0.26 0.76 0.05 0.17
ST2 2/192020 77.23 0.75 0.10 2.15 0.05 0.01
ST3 2/19/2020 0.63 0.05 0.03 16.74 0.05 0.01
ST5 2/19/2020 455.90 0.71 0.26 1.44 0.05 0.18
ST6 2/19/2020 913.80 0.62 0.41 1.49 0.05 0.34
PND 3/9/2020 3.43 1.09 0.08 3.26 0.05 0.03
ST1 3/9/2020 17.20 0.74 0.10 0.11 0.05 0.02
ST2 3/9/2020 22.03 0.89 0.13 1.86 0.05 0.04
ST3 3/9/2020 1.63 0.05 0.02 17.38 0.05 0.01
ST5 3/9/2020 35.73 0.93 0.24 3.11 0.05 0.16
ST6 3/9/2020 114.15 0.76 0.34 0.65 0.05 0.29
PND 4/30/2020 25.13 1.14 0.16 0.05 0.05 0.02
ST1 4/30/2020 22.3% 0.94 0.13 0.05 0.05 0.01
ST2 4/30/2020 48.18 0.90 0.18 1.32 0.05 0.06
ST3 4/30/2020 13.53 0.05 0.04 15.35 0.05 0.01
ST5 4/30/2020 53.82 0.83 0.47 1.77 0.05 0.32
ST6 4/30/2020 83.70 0.68 0.47 1.41 0.05 0.34
PND 6/4/2020 111.97 1.42 0.15 1.62 0.05 0.05
ST1 6/4/2020 56.60 1.26 0.13 0.05 0.05 0.04
ST2 6/4/2020 14.80 0.84 0.15 0.56 0.05 0.05
ST5 6/4/2020 116.60 1.11 0.21 6.52 0.05 0.12
ST6 6/4/2020 539.40 0.89 0.36 4.08 0.05 0.26
PND 6/18/2020 11.30 1.84 0.23 4.32 0.05 0.07
ST1 6/18/2020 1.11 0.47 0.20 0.05 0.30
ST2 6/18/2020 13.73 1.93 0.26 0.94 0.05 0.09
ST3 6/18/2020 4.94 0.36 0.13 19.10 0.05 0.01
ST5 6/18/2020 318 3.59 0.79 14.33 2.24 0.60
ST6 6/18/2020 3969 1.81 0.46 3.19 0.49 0.32
PND 7/3/2020 11.73 1.56 0.20 0.13 0.05 0.02
ST2 7/3/2020 65.6 1.89 0.31 5.25 0.05 0.10
ST3 7/3/2020 3.46 0.75 0.16 23.00 0.05 0.01
ST5 7/3/2020 958 1.37 0.67 1.57 0.05 0.48
ST6 7/3/2020 2,631 0.97 0.42 1.02 0.05 0.26
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Sample | Samplingdate TSS TKN TP NOsN NHsN OoP
mg L?

PND 7/15/2020 28.7 1.50 0.23 0.05 0.05 0.03
ST1 7/15/2020 443 1.39 0.34 0.05 0.05 0.12
ST2 7/15/2020 506 1.59 0.30 0.05 0.05 0.09
ST5 7/15/2020 971 1.91 0.62 0.05 0.05 0.40
ST6 7/15/2020 1546 1.16 0.35 0.05 0.05 0.18
PND 7/29/2020 10.38 1.57 0.29 0.05 0.05 0.03
ST1 7/29/2020 47.0 1.93 0.25 0.34 0.05 0.02
ST2 7/29/2020 46.7 1.42 0.39 0.11 0.05 0.10
ST4 7/29/2020 32.3 1.93 0.49 2.90 0.05 0.20
ST6 7/29/2020 1637 1.81 0.62 0.26 0.05 0.32
ST1 8/11/2020 142.04 1.41 0.33 0.81 0.05 0.09164
ST2 8/11/2020 229.00 1.61 0.33 0.14 0.05 0.10312
ST3 8/11/2020 11.40 1.32 0.31 1.12 0.05 0.1114
ST4 8/11/2020 34.73 1.87 0.52 1.35 0.12 0.26379
ST5 8/11/2020 1351.00 1.37 0.56 0.84 0.05 0.39827
ST6 8/11/2020 843.10 1.18 0.44 0.59 0.05 0.26774
PND 8/11/2020 25.63 2.31 0.23 0.05 0.12 0.02066
ST1 8/28/2020 29.75 2.05 0.21 0.05 0.05 0.005
ST2 8/28/2020 16.60 1.47 0.21 0.32 0.05 0.04148
ST3 8/28/2020 52.30 1.67 0.35 1.76 0.05 0.15481
ST4 8/28/2020 100.20 1.28 0.55 2.69 0.05 0.35776
PND 8/28/2020 14.00 1.56 0.18 0.05 0.05 0.005
PND 9/15/2020 108.90 1.52 0.13 0.05 0.50 0.03
ST4 9/15/2020 19.30 0.83 0.25 1.02 0.05 0.17
PND 10/5/2020 21.30 1.15 0.07 0.05 0.19 0.02
ST4 10/5/2020 19.80 0.99 0.21 1.79 0.05 0.15
ST1 10/5/2020 77.40 0.66 0.15 1.04 0.05 0.10
PND 10/22/2020 36.00 1.12 0.08 0.05 0.05 0.02
ST1 11/13/2020 3.46 0.77 0.07 0.05 0.05 0.05
ST2 11/13/2020 61.50 1.01 0.17 0.31 0.13 0.17
ST3 11/13/2020 4.94 0.50 0.03 5.35 0.05 0.03
ST5 11/13/2020 578.10 1.76 0.53 0.72 0.22 0.51
ST6 11/13/2020 27.60 1.05 0.30 1.76 0.05 0.26
PND 11/13/2020 7.91 0.78 0.17 0.54 0.05 0.15
ST1 12/15/2020 0.73 1.15 0.07 0.11 0.05 0.03
ST2 12/15/2020 2.68 0.81 0.18 0.93 0.05 0.12
ST3 12/15/2020 0.58 0.32 0.05 9.40 0.05 0.01
ST5 12/15/2020 14.66 1.25 0.22 0.72 0.05 0.14
ST6 12/15/2020 35.75 0.94 0.24 0.60 0.05 0.17
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Sample | Samplingdate TSS TKN TP NOsN NHsN OoP
mg L?
PND 12/15/2020 452 0.74 0.05 0.99 0.05 0.02
ST1 2/17/2021 1.00 0.60 0.14 0.05 0.05 0.02
ST2 2/17/2021 1.00 0.48 0.10 1.16 0.05 0.06
ST3 2/17/2021 1.00 0.12 0.08 11.02 0.05 0.01
ST5 2/17/2021 1.20 0.70 0.17 0.86 0.05 0.06
ST6 2/17/2021 8.92 0.42 0.18 0.16 0.05 0.06
PND 2/17/2021 1.17 0.49 0.10 0.99 0.05 0.03
ST1 2/2/2021 3.33 0.60 0.08 0.11 0.05 0.01
ST2 2/2/2021 1.98 0.61 0.12 1.20 0.05 0.05
ST3 2/2/2021 1.00 0.31 0.04 11.93 0.05 0.01
ST5 2/2/2021 12.12 0.38 0.18 0.50 0.05 0.14
ST6 2/2/2021 20.27 0.18 0.18 0.30 0.05 0.12
PND 2/2/2021 1.34 0.57 0.08 1.03 0.05 0.03
ST1 3/4/2021 7.14 0.84 0.04 0.11 0.12 0.01
ST2 3/4/2021 7.60 0.74 0.18 1.34 0.21 0.03
ST3 3/4/2021 5.20 0.12 0.01 9.46 0.05 0.01
ST5 3/4/2021 76.56 0.45 0.04 0.24 0.17 0.04
ST6 3/4/2021 193.50 0.33 0.07 0.16 0.15 0.07
PND 3/4/2021 13.93 0.80 0.02 1.22 0.10 0.02
ST1 3/17/2021 3.90 0.67 0.10 0.12 0.05 0.01
ST2 3/17/2021 15.91 0.61 0.26 0.90 0.05 0.01
ST3 3/17/2021 8.63 0.24 0.08 8.73 0.05 0.01
ST5 3/17/2021 44.20 1.58 0.23 2.69 0.63 0.12
ST6 3/17/2021 50.47 0.56 0.41 0.11 0.05 0.25
PND 3/17/2021 11.46 0.64 0.26 0.45 0.05 0.07
ST1 4/1/2021 12.26 0.45 0.05 0.12 0.05 0.01922
ST2 4/1/2021 12.14 0.32 0.12 0.66 0.05 0.06464
ST3 4/1/2021 4.97 0.17 0.02 10.07 0.05 0.005
ST5 4/1/2021 38.48 0.66 0.25 1.88 0.05 0.20338
ST6 4/1/2021 8185 0.66 0.31 0.24 0.11 0.30468
PND 4/1/2021 11.60 0.65 0.09 0.59 0.14 0.06748
ST1 4/30/2021 30.05 0.56 0.02 0.19 0.05 0.02
ST2 4/30/2021 22.55 0.52 0.08 0.89 0.05 0.08
ST3 4/30/2021 5.68 0.05 0.01 9.65 0.05 0.01
ST5 4/30/2021 120.50 0.79 0.61 6.22 0.05 0.59
ST6 4/30/2021 115.47 0.79 0.14 1.28 0.05 0.13
PND 4/30/2021 14.30 0.74 0.04 0.05 0.05 0.01

184



Appendix B

1 DRAINMOD module to estimate evaporation losses from the DWR reservoir

| Subroutine to calculate daliy evaporation

)0
!To compute the daily Pond Evaperatin for a month based on simplified penman equation
SUBROUTINE Evaporation (IDAYMO,IDAYBG,IMCT, TMAX2, TMIN2,LAT2, !Inputs

B pav, epm) 10utputs

Implicit None

!Integer DAYMT,I,JDAY2, JDAY1
INTEGER I, IDAYMO(12),IDAYBG(12),LAT2,LAT,LastDAY,LATDEG, LATMIN
INTEGER IMCT,JDAY,IJDAY1,IDAY2
Real PATM, Elev, Value, Tavg
Real TMAX2(31), TMINZ(31), RAD2(31), E_pm(31)
Real Epm(31), Ra, Rs, Eo, Ws, Tdew, RH,Ep,Epond
Real MIN_Temp, Max_Temp
Real Lamd,PhiC, DeltS,LAT3
Common,/EV/LAT,Ep,Epond(31),E0,JDAY2 !Hossam
REAL, PARAMETER :: € = 37.58603 !24%*608%0.882/PI
REAL, PARAMETER :: PI = 3.14159265
Lamd = 2.45
LATDEG=(LAT2/18@)
LATMIN=(LAT2-LATDEG*1@@)
LAT3 = LATDEG+FLOAT(LATMIN)/€@.!Latitude in radians
PhiC = LAT3 * PI/18@ !Latitude in radians

DO I = 1, IDAYMO(IMCT)
LastDAY=IDAYMO(IMCT)

JDAY1=IDAY2+1

IF (IMCT .EQ. 12 .AND. I .EQ. LastDAY) THEN

JDAY2=0

ELSE

IDAY2=IDAY1

END IF
MIN_Temp = (TMIN2(I)-32)*S5/9 !(COVERT TO CELCIUS)
MAX_Temp = (TMAX2(I)-32)*5/9 !(COVERT TO CELCIUS)

IF (MIN_Temp .GT. MAX_Temp) MIN_Temp = MAX_Temp !IF MIN TEMP < MAX TEMP,THEN MIN TEMP = NEXT DAY MIN TEMP

Tavg = @.5 * (MIN_Temp + Max_Temp)

Delts = @.489%sin(2*PI/365%IDAY1-1.39)
Ws = ACOS(-tan(PhiC)*tan(Delts))

Eo = 1 + @.833 * cos(2*PI*IDAY1/365) tdr
Ra = C * Eo * (Ws * sin(PhiC)*sin(Delts) +
E sin(Ws)*cos(PhiC)*cos(Delts))
Rs = 8.18%Ra*(Max_Temp-MIN_Temp)**8.5
Tdew = MIN_Temp + @.45 * ( MAX_Temp-MIN_Temp)-3.45 'For humid areas- Valiantzas 2815
RH = (1- @.8751 * (Tavg - Tdew)**@.8)*lee 'For humid areas- Valiantzas 2015
!Tdew = MIN_Temp - 8.12 * Tavg + 2 !For non humid areas- Valiantzas 2813
'RH = (1- @.878 * (Tavg - Tdew)**8.7)*lee !For non humid areas- Valiantzas 2813

IF ((Tavg + 9.5) .LE. @) Tavg =Tavg + 9.5

!Valiantzas (2@@6) Equation
Epm(I)= @.847*Rs*(Tavg+9.5)**0.5 - 2.4*(Rs/Ra)**2 + ©.89* (Tavg+
B 28)*(1-RH/1ea) Yin mm/day units

Epm(I)= Epm(I)/1@. 'Convert mm to cm
if (Epm(I).LT.8.8) Epm(I) = @.@
'E_pm(I) = Epm /18.8
'write(989,*) JDAY2, Epm
'print*, JDAY
!print*, Epm
End DO
'print*, JDAY
RETURNM
END
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1 DRAINMOD module to conduct a water balance for the DWR re&serv

= SUBROUTINE DWRPOND(RO,WLOSSH,DWRDVOL,Ep2,Prcp, INRSET,DWRINFLW)

| EEAEREEAENEEAAEEAEEAEEA AT A EEA A AR AR A A A AA A A E A A EE A A EA A A A A A A A E A A A AE AN E A EE SN
* SUBROUTINE TO DETERMINE WATER LEVEL IN THE DWR POND BASED ON

* DRAINAGE OR SUBIRRIGATION, RAINFALL, ET,... AND RUNOFF.

* THE AMOUNT OF WATER LOST FROM AND STORED IN THE POND IS ESTIMATED.

EEEEE R EEEEEEEE R R EEEEE R TR TR AL L L TR E AR IR EEE TR TR LR EA TR T EERERE TS

FIND WATER LOSS AND WATER DEPTH IN THE POND

MAaAafAnNDT AN

COMMON/DLK/SDRAIN, DDRAIN,DC, ADEPTH, PC
COMMON/RAIN/R(24),RR(24) ,HINFLW(24) |
COMMON/DBLKPND/PNDSTO, PONDCVmin , PNDVol , PNDOVRFLW, HSubIrVol,
B ActEp,ActE,HRSI(24),SIVol,ReqSubIRR
C*GPF 9/97 ERROR CHECK
COMMON/ERRLOG/ ERRSUB, ERRVAR
COMMON/RDM1/IRFST, INWEIR, STMAX,DTWT,DITCHB,DITCHS, YDMIN
CHARACTER*24 ERRSUB
CHARACTER*64 ERRVAR
COMMON/PNDPAR/CultvArea, PONDAREA, PONDAratio, PONDdepth, IDWR
B, DWRPNDINF ,OPENDITCH_RUNOFF ,DIRECT_RUNOFF
COMMON/PNDMB/ PNDDSTO
COMMON /IHR/ IHRSTA,IHREND,INSIRR
REAL PNDOVRFLW,WLOSSH,PNDSTO,PNDDSTO,PNDVmax,
PONDAREA, PNDVol

ERRSUB="DWRPOND'
ERRVAR="POND'

PONDAREA = (CultvArea*PONDAratio/100) ! Hossam Moursi ©1/21/2e21
PNDVMAX =PONDAREA *PONDdepth

IF(PNDVol.LE. (Ep2*PONDAREA)) THEN
ActEp=PNDVol/PONDAREA

ELSE
ActEp=Ep2

END IF
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‘GPF

IF(DIRECT_RUNOFF.GT.Q) THEN ! To determine if there is runoff routed to the pond or not.
!If DIRECT_RUNOFF > @, runoff is routed to the pond.

PNDVo1=PNDSTO+(RO+WLOSSH-HSubIrVol)*CultvArea/10@.+(prcp-ActEp)™
B PONDAREA/100. +DWRINFLW !In case of subirrigation

!with runoff entering pond directly 4/14/20
ELSE

PNDVo1=PNDSTO+(WLOSSH-HSubIrVol)*CultvArea/10@.+(prcp-ActEp)*
B PONDAREA/100. +DWRINFLW !In case of subirrigation

!with runoff NOT entering pond ©3/01/21
END IF

IF(INSIRR .GT.@) THEN

PNDVo1=PNDSTO+(RO+WLOSSH-HSubIrVol-SIVol)*CultvArea/100.+
@(prcp-ActEp) *PONDAREA/100. +DWRINFLW !In case of surface irrigation
' !with runoff entering pond directly 4/14/20

END IF

IF(PNDVol.LT.@.) THEN
PNDVo1=0.

ActEp =0.

ELSE

ENDIF

Initialize OVERFLOW
PNDOVRFLW = 0.0
IF(PNDVol.GT.PNDVmax) THEN

IF(PNDH.GT.PNDHMAX) THEN

PNDOVRFLW =PNDVol-PNDVmax
PNDVol=PNDVmax

PNDDSTO=PNDVo1-PNDSTO

PNDSTO=PNDVol

ELSE
PNDDSTO=PNDVol-PNDSTO
PNDSTO=PNDVol
PNDOVRFLW=0.

ENDIF
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An example of DRAINMODBDWR output (annual reservoir water balance)

CONVENTIONAL DRAINAGE,
NC WEATHER DATA
B L T L L LT

PLYMOUTH,

YERR
1870
1871
1872
1973
1874
1875
1976
1877
1878
1979
1880
1s8l
1982
1883
ls8e
185
1s86
1887
1z88
189
1890
1991
1892
1893
1998
1895
1596
1897
1898
1899
2000
2001
2002
2003
2004
2005
2008
2007
2008
2009
zo10

DWR Pond Mass Balance
* Units are in cubic meter *

5008.
8816.
73%0.
7445,
7208.
7205.
6491,
5437.
7578,
8562.
56339,

ss8s

7109.
8275,
7575,
6394.
5632.
7338,
5207.
9671,
6640,
7093.
6934,
6596,
7365,
TEEE.
9486.
6685,
7268,
7215.
7153.
4B8E.
7798,
10114,
7588.
8245.
9243,
4716.
5477.

8880

7787.

[ R e R o S R R i R R R N VR Ul CR I P I S A A )

RUNOFF

6139,
22914
11937,
21147.
11715
22008,
16335
42073,
28015
32127.

6584
16056,
16056.
32021,
25668,
25188

5195,
30711

1912,
32856
13585,
14031
15827,
23338,
2188
33538,
20460

5111,
25808
22330,
la198

6565,
22785
50247,

@184,
27647
28949,

2597

6333,
50038
56663,

I I R R R R L R R I CRU R SR R A CR TR T

CORN YIELD,

Lo mwnoeo 4N AWDREIRGNE NN dn e LM O WD

PORTSMOUTH-E SOIL

PND. Inflow
0.

0O 0000000000000 NO0000R00000NC000000000 000

0

e R R R R R R

Sub.Irrig
16327.
12055,
11619,
14329,

16155

15137,

13310

14551,

11744

6913,

15324

17372,
16743,
19365,
15452,

15611

14368,

20504

14475,

17177

16138,

19578

14236,
15823,

16646

15119,

16977

15055,

15644

15044,

12983

15501.

14627

14357,
15637.

17640

10910,

14301

16281,

15015

16227.

R N O P R P P D

-

OO 00O 0000000000000 00R000000000000000 000
e R e R R R - R =R R

Surf.Irrig

0

PND.Evap
8872.
8804,
8776,
8936.

8882

8977,

9001

9123.

2847

8742.

9119

gs22.
8917.
8895,

8828,

9168

EEEEN

8820

8861.

8712

9285,

8912

5342,
8702,

R A IR R I T S S T D S A S i A R R R R R NS U )

=)

£8935

76395,

65277

100045,

97005

109576.

51133

51511,
75583.
104501,
92193,

59370

34816,

75220

32003.

118934

47595,

66910

68415,
65753,

71539

86361,

125022

55071,

67492

67525.

66247

26685.

72875

142995,
74467,

©1242

112299,

33112

22217.

107770

102615.

Do Do boo e BN ENO MDD BN IO 0 WnNENOOmE e NN e S

PND.CQutflaw
14941,
106426,
71421,
84559,

3

END.Vol.Changs
13014.
3398,

B LB EW D AR OO OB RO NNO N E oW BB O adE am

Pru
-0

-0

-0,

HFHDOOHDOOWNOOOKRHFHRORRENHHRONOODWNNHROBWORNODO

dMB

]
12

1s.
1s.

20

1s.

19

13.

11

€.

26

28,
1a.
16.
1s.

24

34.

22

33.

13

28,

24

18.

21.

20

1s.

11

23.

20

19,

FomOubMoob LB ALDUmMO BmHLMW@OO GHD HambHONNEDDe o

iCapture

$Irrsupply

100.
100.
100.
100.
8l.
100.
100.
100.
100.
&5,
96,
84,
100.
LS
84,
73.
a7,
68.
100.
100.

100.
T8,

100.
100.

78.
66,
100.
100.
86,
100.
100.
100.
100.
68.
72,
e2.
77.

I
Fommoooomoo G mMoowdoboOOcwaodaNoOBoRaooo o
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Appendix C

Water levelof the reservoir at the study site duriifferent timesof the study period
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