ABSTRACT

VICK, JR, ROBERT LINWOOD Smatrt irrigation systems for crop production in the humid
climate of the Southeastern United Stafemder the direction ddr. Mohamed A. Youssgf

A series of irrigation studies wasnductedvith the goal of improwvig irrigation
scheduling in humid climates for sweetpotato and coops A two-year drip irrigation

study wascarried oub n Covington’ sweetpot ant20l8and i n
2014to evaluate three irrigation regimes (Control, Smart, Enter) and two nitrogen
fertilization methods (Fertigated and Side Dresset)ss three harvest dates (13, 16, and 19
weeks after transplanjith regards to storage root yield, quality, set, and earlir@sth
growing seasons were wetter than norm&B(#hm in 2013; 901 mm in 2014), resulting in
minimal need for irrigation.The Smart treatmenivhichwas triggered when volumetric soil
water contentiropped below a threshold of 0.12 fmm3, only ran twice in 2013 (10 mm
total) and once (5 mm total) 2014, not including water applied during fertigation events.
Total yield in 2014 (51,501 kg Hawas 51% greater than total yield in 2013 (34,010 kg ha
1y, which was likely attributed to wetimed rainfall, more so than to the quantity of it. There
was no evidence of an irrigation or fertigation treatment main efiegtield or root set
however, at the last harvest, plaaotthe Smart treatmentelded 12% more than the Control
(46,122 kg ha) and 15% more than the Timer (45,128 kgfhavhich sugests that minimal,
yet properly timd irrigation may increase yield, whiteverirrigation couldhave a
detrimental effect.

To assist growers with irrigation scheduling@gionsuch as theoutheastertnited
Stateswhere growing season rainfall is caeterized by variability and high intensity, short
duration everg a webbased irrigation decision support system (IDSS) was developed and

tested. The redlme IDSS incorporates crop growth stage (estimated based on cumulative



growing degree days), $ovater status of the root zone (estimated via soil moisture sensors
or a soil water balance), aadshoriterm weather forecagspecifically predicted daily
reference evapotranspiration, probability of precipitation, and quantity of precipitation) to
calculate a daily irrigation recomendationfor the grower.

The IDSS was implemented in a field study in Kinston during the 2014 growing
season on corn grown under a variable rate irrigation (VRI) system, which was intended to be
used to test the IDSS againstitine irrigation and no irrigation plots in the same field. The
growing season, however, was one of the wettest in recent history (933 mm), which
combined with poor drainage, inherent field variability, and low plant stands resulted in total
irrigation applications of only 16 mm in the IDS$sed treatment (Smart) and 32 mm in the
routine treatment (Routine). Accordingly, the study focus was shifted away from comparing
yield and water use among irrigation treatments to evaluating the soil water balance
component of the IDSS agairiield measured soil moisture and to expiagthe variability
observed across the field in plant vigor, development, and yield. Overall, the IDSS soil water
balance was able to acceptably predict root zone soil water t@NteE = 0.808, RSME =
9.3 mm), but tended to over predict the effectsaoffall events as well as drdawn rates in
drying periods.Solil penetration resistance measurements takemltiple locations across
the fieldrevealed the presenceatompadbon layer between 150 and 300 mm below the
soil surface, with values exceeding the threshold for root impedance in some places at as
shallow as 50 mm. Maps of maximum penetration values and yield provided visual evidence
of correlation between the meassire

A sensitivity analysis of the IDSS aadsixyear (2009- 2014)simulation study

across five locations in Eastern North Carolina (Kinston, Lewiston, Lumberton, Rocky



Mount, and Whiteville) waalsoconductedusing CSMCERESMaize in the DSSAT suite
of crop models Sensitivity indices (S) were greatest for the effect of year (0.54) and the
interaction between year and location (0.24) on seasonal irrigation recommendations,
reflecting thedependence of irrigation requirements on rainfall. The effeciofall timing
was also demonstrated as seasons with comparable cumulative rainfalls had distinctly
different irrigation totals depending on when rainfall occurred during the growing season
Simulated corn yields indicated no yield differences betweatments oiDSS
scheduled irrigation based on actual forecast data (9,114 %@hd base on observed
weat her data substitut ed?.aBethiIDISbasddaeatmentsf or e ¢ a
on average yielded 4% more than full irrigation on a figeltedule (8,762 kg Haand 82%
more than no irrigation (5,010 kg Ha while reducing seasonal and location variability in
yields and increasing responsiveness of irrigation totals to variations in seasonal rainfall.
Simulation results suggest thatagratingwell-timed irrigation with improved fertility

management coulidicreasecorn yields in Eastern North Carolina by as much as 168%.
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CHAPTER 1- INTRODUCTION
1.1 TRENDS IN AGRICULTURAL |RRIGATION

Irrigation is a vital component of production agricué across the worldOnly about
17% of global cropland is irrigated, but such land accofentapproximately40% of global
food productioFAO, 2002). In the United States, almost half of the harvested crop in 1997
was produced on irrigated land, whiaccounted for only 16% of the nation's total cropland
(USDA-ARS, 2001). These statistics reflect improvements in agriculture production
efficiency over the past fifty years that were necessary to meet rapidly increasing demands
for food and fiber. Cuent global agricultural production is between 2.5 and 3 times what it
was fifty years ago, despite cultivated land dragingonly increasdby 12% over thsame
period (FAO, 2011).0Over 40% of this increase can be attributed to irrigated areas, which
have doubled (FAO, 2011}t is estimated that the amount of irrigated land in developing
countries will continue to increase to meet the demands of a growing world population,
which is projected to reach 9.7 billion by 2050 (United Nations, 20lh&yeases in irrigated
production are already occurring, including in regions that have traditionally relied heavily
upon rainfed agriculture, such as the husodtheasternited States.

Total irrigated acreage in Alabama, Georgia, North Carolina, and Sorghn@a
increased by 71% from 2002 to 2012 (USDASS, 2003; 2013). Whereas growers in arid
climates relyheavilyon irrigation forproducingcrops, growers in humid regionse
supplementairrigation with the intent oincreasng cropyieldsandmakingcrop production

more resiliento inherenseasonal and location variabiligyarticularlyin rainfall.



The challenges of agricultural water management in the hsouitieastertunited
Stateshavebeen well documented (Camp et al., 1988; Sadler et al.; 3003e et al., 2008;
Stone et al., 2I0). Seasonal and spatial variability in rainfall means that growers and their
management strategies must be prepared to quickly adapt to changing and localized
environmental conditions, be it excess rainfall or dmugoarsetextured soils with
physical and chemical barriers that often limit root growth are typical of much of the
agricultural land under production in teeutheasteri©oast Plain. This means as few as five
to seven days without rainfall can reguallyield-reducing drought stress (Lambert, 1980)
particularlyif it occursata critical stage of crogrowth Forgrowers who aradopting
irrigation in such areaslecidingwhen and how much irrigation to appmains a common

dilemma

1.2 SMART |IRRIGATIO N

A number of irrigation scheduling tools and resources have been developed to help
answer the questiormd when and how much to irrigatanost of which are either sgiplant,
or weathetbased, or some combination thereof (IA, 20ahd many of whichansist of
freely available software designed for personal computers or mobile piAord=dds et al.,
2014; Cahn, 2013; Cahoon et al., 1990; Hillyer and Sayde, 2010; Martin et al., 2003,
Migliaccio et al., 2013; Peters et al, 2014; Rogers, 2012; Sassehedth2013; Scherer and
Morlock, 2008; Vellidis et al., 2034 A soilbased irrigation scheduling method may be as
simple as a "checkbook approach," in which a grower maintains a daily soil water balance,

accounting for inputs (i.e., rainfall and iraigon) and outputs (i.e., evapotranspiration) to



estimate when irrigation is needed. More sophisticated systems may include the installation
of soil or plant sensors to estimate water stress or onsite weather stations to precisely
measure weather parammstéhat most affect plant water availability and plant water use (i.e.,
rainfall, temperature, relative humidity, solar radiation, and wind speed). The combination of
such scheduling technologies with precision control irrigation hardware constituteis what
broadly referred to as a "smart" irrigation system (1A, 2007). Smart irrigation syatems
designedo improve crop water use efficiency by precisely applying the proper amount of
water to the crop when it is needed, and in some cases specifically ivis needed.
Incorporation of the "where" component in the agricultural realm generally suggests the use
of a variable rate irrigatio(VRI) system which falls under the broader umbrella of precision
agriculture

Variable rate irrigation system#aw for spatial variation of water application within
a single field and typically consist of a center pivot or lateral move irrigation rig that has
onboard global positioning system (GPS), for determining thetirralposition of the
system in the fieldand multiple zones of irrigation nozzles that are independently controlled
by a central control panel (Evans et al., 2013). The rate of water applied at any location in
the field is governed by the position of the system in the field and aleBeedprescription
map thais stored in the controller.

Despite the availability afrigation scheduling software and precision irrigation
systems such as VRI, the adoption rate of such technology has remaing&klozcently as
2012, irrigation on only abal0% of irrigated farmland in the United States was scheduled

usingsome type of soil moisture sengdfSDA-NASS, 2013). Less than 1% was based on



computer models, while over 40% was determined using the feel of th@'keiuse of VRI

is probably les than even that of computer models. Evans et al. (2013) estimated that less
than 200 of the approximately 175,000 center pivot and linear move irrigation systems in the
United States were equipped with VRI capabilities, and speculated that less thah 50%
them were actually being used fmonecontrolled water managementhe reasons provided
for such underutilization included: lack of adequate technical assistance to help with
operation and management of VRI systems, perceived complexity of the tephbwyl

growers, lack of regulatory economic incentives to help offset costs, and minimal interest
among growers to optimize water applications with minimal or no resulting yield returns,
except in situations of sevewater shortages. In other words, e tmindset of most

growers the value provided by smart irrigation has yetreached a sufficient level to offset

the combined financial, time, and expertise investment required to implément

1.3 RESEARCH OBJECTIVES

There exists a need for improved smargation tools and technologies that are
reliable, simple to understand and use, and that will produce measurable returns on
investment.Such systems may have the most value in humid climates where variable
weather patternsvithin and acrosgrowingseasonspresent substantial scheduling
challengesand where the irrigated acreage corgistio grow. Not onlycouldthese systems
offer the potential of improving crop yields by providing supplemental irrigation during dry
periods, they atscould prevenbverirrigation, whichcan lead to undue plant stress from

either excess water in the root zondeaching of nutrients. The threat of nutrient leaching



should be of particular concern given ttearseexture of many Coastal Plain soils and the
presencef nutrientsensitive water bodian close proximityto agricultural land in the
southeastertynited States. Smart irrigation could help mitigate these nutrient and water
guality concerns, particularly if integrated with crop nutrient management plées.
potential benefits of such systeargimportant to traditional agronomic crops, but could
also extend tt¢ess traditionahorticulturaland specialty crops as well.

The overall goal of this research was to design and assess two smart irrigation
systeans, designed specifically for sweetpotato and corn production in the lsontiteastern
United States. Specific objectives were:

1. Quantify the storage root yield, quality, set, and development effects of drip
irrigation and nitroongens weeerttpiogtaattiooens .o n

2. Develop a welbased, realime irrigation decision support system (IDSS) that
incorporates crop growth stage, soil water status, and-t&nortweather
forecast into irrigation recommendations.

3. Compare irrigation water use and corn yiagidong IDSSscheduled
irrigation, routine irrigation at a fixed depth, and no irrigation via a field study
implemented in Kinston, North Carolina.

4. Evaluate the sensitivity of the IDSS to uncertainty in input parameters under
different weather conditions fonultiple growing seasons and locations across
eastern North Carolina.

5. Simulate water use and yield effects of ID&®eduled irrigation compared

to routine irrigation and no irrigation on corn across multiple growing seasons



and locations irastern Nath Carolina using the crop simulation model
(CSM) Crop Environment Resource Synthddmize (CERESMaize) (Jones
and Kiniry, 1986) within the Decision Support System for Argotechnology
Transfer (DSSAT) version 4.6.1.0 (Jones et al., 2003; Hoogenboom et al.

2015).

1.4 RESEARCH OVERVIEW

The research presented herein was focused on integirtngationdriven
irrigation schedulingwvith conventionatrop productiorpractices used in the Coastal Plain of
North Carolina. Chaptet describes a twyear field stugt conducted in Kinston, North
Carolinathat assessdtie potential benefits of implementing drip irrigati@pplied at a
routine interval or based on feedback frorramw soil moisture sensors) compared to-non
irrigated productionand nitrogen fertigatio compared to traditional sisdessed
applications. Chaptethrough5 are focused on the development and testing of a novel
irrigation decision support systefiiDSS)that integrates crop growth stage, riale soil
moisture status, and shaerm weaher forecasinto daily irrigation recommendations to the
user. Chaptes presents a review of several existinggation scheduling technologiesd
describes the development, including the decision logic, of the IDSS. Chaletseribes a
field study that was implemented in Kinston with a VRI system to test the IDSS compared to
routine and no irrigation on corn in 2014. Numerous challenges weredadadthis
particular study, including excess rainfddat minimized the need for irrigatiphardvare

and software failures associated with the IDIB%,plant standspoor drainageand inherent



variability that was discovered in the research fi@ltle research objectives were modified

due to these challenges and particularly the lack of irrigajitied. Much of the chapter is
devoted tahetestingof the IDSS predicted soil water balance against field measured soll
water contents and to exploring the spatial variability in soil penetration resistance measured
across the field and its correlanito the spatial variability in crop growth and yield. The

final chapter (Chaptes) combines a sensitivity analysistbe IDSS anda simulation study

of irrigation water use and corn yield under fiofgated, routine irrigated, and IDSS

irrigated prodiction conducted usin@SM-CERESMaize inDSSAT version 4.6.1.0across

five locations in Eastern North Carolina and six different growing seasons.
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CHAPTER 2- DRIP IRRIGATION AND FERTIGATION EFFECTS ON
YIELD, QUALITY, ROOT SET, AND EARLINESSOF
DEVELOPMENT OF COVI NGTON' B MOENENCORTHI
CAROLINA

2.1 ABSTRACT

Recent growth in domestic and international demand for sweetpotatoes has led to a steady
increase in sweetpotato acreage in North Carolina, the leading sweetpotato producer in the
United States. Researchers and growers have expressed interest in drip iarghtion
fertigationas possible means to increasesetpotatyield potentialin the taditionally non

irrigated region A two-yearfield study was conducted in 2013 and 2014 at the Cunningham
Research Station in Kinston, North Carolina, to evaluate three irrigation regimes (Control,
Smart, and Timer) and two nitrogen fertilization meth@tigated and Side Dressed) with
regards to yield, quality, root set, and earlinfssevelopment Timer plots werscheduled

to irrigate on Mondays and Thursdays unless bypassed by a standard landscape irrigation rain
switch set to 6 mm. The Smaréatment had the potential to run every day, with irrigation

only being triggered when more than half opilet soil moisture sensors dropped bekw
volumetricsoil water content of 0.12 mimm3. Nitrogen fertilizer was either side dressed

in a singleapplication (Side Dressed) or injected into the irrigation drip tape over seven
applications (Fertigated) at a rate of 118 kg N.hBlants from each irrigation by

fertilization method plot were hand harvested at approximately 13, 16, and 19 weeks after
transplant (Early, Middle, and Late, respectively) and graded as U.S. No. 1s, canners,

jumbos, or culls. Weights and counts of roots in each grade were recorded for each harvested

plant. Both growing seasons were wetter than normal (488 mm in 2013;901 2014)
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resulting in minimal need for irrigation. The Timer treatment bypassed approximately half of
the scheduled irrigation events and the Smart treatment ran twice (10 mm total) in 2013 and
once (5 mm total) in 2014, not including water appliedrdufertigation events. Total yield

in 2014 (51,501 kg hY was 51% greater than total yield in 2013 (34,010 kb, haost

likely dueto well timed,thoughheavy rainfall compared to nearly daily rainfall during the

first thirty days of the 2013 growirggason. In general, neither irrigatigor fertilization

met hod had a significant effect (a = 0.05)
fertilization had significant interaction effects with harvdatefor multiple storage root
grades.Despite there being no difference in marketable yields at the Early harvest among the
irrigation treatments, at the Late harvest, Snmegatedplants yielded 51,858 kg Ha

marketable roots, which was 12% more than the-Catetrol (46,122 kg h8 and15% more

than the LateTimer (45,128 kg hd). Thissuggestshat minimal, yet properly timed

irrigation, may increase yield, whiteverirrigation may have a detrimental effedthere

was also evidendhat fertigatiorshould have been startedrlier n the seasoand possibly

using a different rate schedulBurther research, spanning moisture limited production

seasons with different fertigation rates and schedules is recommterfdeither assess their

impact on yieldand production efficiency in Nth Carolina

2.2 NTRODUCTION

2.2.1US Sweetpotato Production
Sweetpotatolpomoea batataél..) Lam.] is one of the world's most important food

crops due to its high nutritional value and its adaptability to various climates and farming
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practices (BoveiBenjamin,2007). Global sweetpotato production was o\@3 Nit in 2013,
69% of which was produced in China (FAZD14. While the United States produces only
about 1% of the world's sweetpotatoes (1.1 Mt in 2013) (FXQ4, sweetpotato

production has become amportant agricultural business in the United States, generating
over $597 million in revenue in 2013 (USDA, 2015c). Over half of the sweetpotatoes
produced in the U.S. are grown in North Carolina, with most of the remainder produced in
California, Missisgpi, and Louisiana (USDA, 2015b). Less than 5% of the sweetpotato
crop in North Carolina is currently irrigated, compared to 95% in Calif¢Fehx, 2015)
where yields per acre are much higher. In 2013, average sweetpotato yield per area of
productionland was 80% higher in California (40.3 Mg*fya@han in North Carolina (22.4
Mg ha') (USDA, 2015b).

Nearly 100% of North Carolina sweetpotato growers use drip irrigation on
sweetpotato plant beds, from which sweetpotato plants, or slips, are cutandptanted for
field production. The same growers, however, have been reluctant to invest in irrigation for
field production of sweetpotatoes. This is because sweetpotatoes are considered moderately
drought tolerant (Hammet et al., 1982; Smittle etl#l90) and there is typically sufficient
rainfall in North Carolina during the growing season to produce reasonable sweetpotato
yields. However, some North Carolina growers have begun irrigating a portion of their
acreage with overhead or drip irrigatisystems and more have expressed interest in
irrigation as a possible means to meet a steadily increasing demand for U.S. sweetpotatoes
(USDA, 2015a). This demand has been fueled by increased consumer awareness of the

nutritional value of sweetpotatoesciaased offerings of processed sweetpotatoes (e.g.,
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chips, fries, precut, and pureed) (USDA, 2015a), and increased exports, particularly to
Europe (USDA, 2011). Yet to date, there has been minimal research on the potential benefits
and challenges assotgd with drip irrigation in North Carolina sweetpotato production;
however, such research is necessary given the growing demand for the crop and the
persistent desire of growers to implement crop management strategies that will increase yield
and profitabity.

In addition toproviding bettercontrol ofsoil moisture, the adoption of drip irrigation
could also result in more precise nutrient management over the production season by
allowing growers to apply fertilizer via the irrigation system, a procesw/k as fertigation.
Fertigation is commonly used in the production of other horticultural crops in North Carolina
(Southeastern Vegetable Crop HandhdklL6) and is common in sweetpotato production in
California (Stoddard et al., 2013). If drip irrigat wereto bemorewidely embraced by
North Carolina growers, the next logical step would be to integrate fertigation into the

nutrient management plan.

2.2.2Sweetpotato Water Requirements

Sweetpotato can withstand moderate drought stress (Hammet et al. S8 et
al., 1990), but like many crops, it is more susceptible to fluctuations in moisture availability
during certain periods of the growing season than otl&eseraktudies have reported that
the first9 to 20 days after transplant (DAT) are tical in determining sweetpotato yield.
Togari (1950) reportethat growing conditions during the first 20 DAT significantly

impacted storage root initiation and thus final yieldn * Beaur egematrdot pl ant s,
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development has been detected ag/em19DAT (Villordon et al., 2011) and storage root
(those that develop into sweetpotataegjation as early as 13 DAT (Villordon et al., 2009).
The number and length of lateral roots during this pearegharticularly dependent on soill
moisture, wih soil moisture deficit reducing lateral root count and length by 49 and 103%,
respectively (Villordon et al., 2012). Excess soil moisture in the same study reduced lateral
root count and length by 75 and 91%, respectively (Villordon et al., 2012), ceanjoar
plants kept at ideal soil moisture. Gajanayake et al. (2013) found that the ideal soil moistures
for storage root initiation in '‘Beauregard’ and 'Evangeliaveen 14 and 50 DAWere 63%
and 75% of field capacity, respectively.

While there is germal consensus that soil moisture availability during root initiation
is critical in determining the final yield of sweetpotatoes, there is less agreement in the
literature on how to properly manage crop water throughout the growing season. Yield
increasan sweetpotatoes due to irrigation has been reported (Bowers et al., 1956; Felix et
al., 2015; Hammet et al., 1982; Lambeth, 1956; Hernandez and Barry, 1966; Jones, 1961;
Thompson et al., 1992), but there is also evidenceotletirrigation can be detriental to
sweetpotato yields (Ghuman and Lal, 1983; Thompson et al., 1992; Watanabe, 1979). Some
researchers have taken the approach of using volumetric soil moisture as the primary means
for determining when to irrigate sweetpotatoes (Gajanayake e®a8; ¥illordon, 2012),
while others have used approaches based on soil water tension (Felix et al., 2015; Smittle et
al., 1990).

From their work on characterizing storage root initiation, Smith\atardon (2012)

suggested that the optimum volumetrid sooisture for sweetpotatoes grown in Louisiana
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on a silt loam soil was between 0.15 and 0r26° mm3, which represents about 50% of

field capacity. In a similar study conducted in Mississippi, Gajanayake et al. (2013) found
the optimum soil moisture atent for storage root initiation was 0.168 and 0.488° mm3

for 'Beauregard' and 'Evangeline’ varieties, respectively. It should be noted that these studies
were conducted in greenhouses and that plants were harvested prior to full storage root
development since the focus of the research was storage root initiation.

Lambeth (1956) reported yield increases of 39, 106, and 113% for plants that were
irrigated at 25, 50, and 75% of field capacity, respectively, compared torigated plants.
Other studeés have reported yield increases due to irrigation applied sdiemoisture was
at20% of total availablevater (thesoil waterstored between field capacity and permanent
wilting point), but minimal or no improvements of yields when irrigation wasaiteiti before
the 20% threshold (Bowers et al., 1956; Hammet et al., 1982, Hernandez and Barry, 1966;
Jones, 1961). Thompson et al. (1988)orted on the potential negative impatteo much
irrigation is applied osweetpotatoesThey observed marketkgbyield increases as total
water applied increased up to 76% of seasonal pan evapdiiaignbut substantial
marketable yield reductions when seasonal irrigation exceede®f7/B9%4. Similarly,

Watanabe (1979) and Ghuman and Lal (1983) reported rgdliction due to excessisell
moisturelevels.

Additional studies have evaluated sweetpotato irrigation basedilomatertension.

Felix et al. (2015) reported highest yields for sweetpotatoes irrigated at 25 and 40 kPa, with
significant yield reduitons at 80 and 100 kPa. Similarly, Smittle et al. (1990) found that

when using a fixed irrigation threshold throughout the season, sweetpotatoes irrigated at
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tensions of 25 kPa or 50 kPa yielded higher than those irrigated at 1,00itPthe caveat
tha if plants were irrigated at 25 kPa through root enlargement, subsequent irrigations could

be delayed until 100 kPa without any yield reductions.

2.2.3Sweetpotato Nutrient Management

Nutrient requirements for sweetpotatoes vary depending on variety aitgisoibut
on average, the crop uses Rgr/of nitrogen (N),0.4 kg of phosphorus (P), and 3.7 kg of
potassium (K) per 1,000 kg of harvested storage roots (Stoddard et al., 2013). On typical
North Carolina soils, 'Beauregard’ plants generally require Nadeaf 56 kg h&
(Schultheis et al., 1999), but ‘Covington' has shown responsiveness to greater N rates, around
101kg hat (Yencho et al., 2008). Although fertilizer can be applied preplant, it is generally
applied in two or three cultivations followgriransplant (NCSPC, 2014). Most North
Carolina growers apply N fertilizer during the final cultivation at around 28 DAT (NCSPS,
2014) because N uptake by storage roots is at its maximum between 23 and 40 DAT (Smith
and Villordon, 2009).

With increases ilyields associated with irrigation, it is possible the sweetpotatoes
grown under irrigation may also require@reN than typicdly recommendd This is
particularly of concern in sandy soils, which are more promeleaching. Peterson (1961)
compareddrtilizer rates of 24N81R117K (kg hat) to 40N53R-201K (kg hal) in
combination with irrigation rates of 25 and 38 mmand reported no yield differences
associated with fertilizer rate. Similarly, Thompson et al. (1992) applied supplemental N at

rates of 0, 45, and 90 kg hand 0, 30, and 60 kg fiabove the base N recommendations for
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sites in Mississippi and Georgia, respectively, but saw no differences in yield or quality
characteristics in 'Centennial’ or 'Jewebwever California growes that consistently
produce the highest sweetpotato yields per area planted in the United States generally apply
N at rates higher than producers in the southeastern United States. Stoddard et al. (2013)
published N requirements ranging from 140 to 2@t&" for "high-yielding, dripirrigated"”
fields in California.

In addition to applying higher rates of N to sweetpotatoes, many California producers
also inject the N through drip irrigation tape over multiple fertigation events. Ay&arr
study to etermine optimunN rates for California sweetpotatoes dividedertigation events
into seven or eight applications per growing season (Stoddard and Weir, 2002). Optimal
petiole NQ-N sufficiency ranges were determined to38€0— 5000 ppnduring vining and
2000—-4000ppm during root bulking. Residual soil nitrate, measured to a depth of 0.9 m,
was also less than 10 ppm, indicating most of the applied nitrogen was used by the plants and

not leached through the soil.

2.2.4Study Objectives

Soil moisture ad nutrient management in sweetpotatoes is especially dependent upon
the variety being produced and the location in which it is grown. Growers in North Carolina
could benefit from embracing drip irrigation and fertigation techniques used by other
sweetpoato growers across the U.S. Thus, the goal of this study was to evaluate three soil

moisture management regimes and two methods of nutrient application on ‘Covington,’ the
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most commonly produced sweetpotato variety in North Car@Bohultheis, 2016 )with

regards to yield, quality, root set, and earliness of development.

2.3MATERIALS AND M ETHODS

2.3.1Site Description

The study was conducted during the 2013 and 2014 growing seasons on separate
fields at the Cunningham Research Station in Kinst@(36° 18' 3"N,77° 34' 8" W). Both
fields haveNorfolk loamy sandoils (Fine-loamy, kaolinitic, thermic Typic Kandiudults
The preceding crop in both years was tobacco, which is a commonly rotated crop with

sweetpotatoes in Eastern North Carolina.

2.3.2Experimental Treatments

A strip-plot, splitplot (Steel et al., 1997) experimental design was used with
irrigation andnitrogen fertilizer applicatiotreatmentsas between plot factors and harvest as
awithin plot factor(Appendix A. Main plots were replicated four timacross the field in

each year.

2.3.2.1lrrigation

There were thregrigation treatmentsminimal irrigation (Control), timer based
irrigation (Ti mer ), .aThedContral treatment'wadintendedjtat i on (
simulate rainfed production, the mosinemon practice currently used in North Carolina (i.e.
no irrigation); however, this management practice did receive a small amount of irrigation
water(37 mm in 2013 and 19 mm in 2014nly during fertigation events. The Timer

system was scheduled to &pp mm of water every Monday and Thursday with a rain
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switch to bypass irrigation following a rainfall accumulation greater than 6 mm. The rain
switch was originally set in 2013 to 12 mm, but was changed to 6 mm on 8 July 2013 (and
for the entirety of th 2014 season) after it was noted that the higher setting was not
adequately bypassing irrigation events following rainfall. The Smart system was also set to
apply 5 mm of water during each irrigation event, but this system had the opportunity to run
on any day of the week versus two specific days assigned to the Timer system. Irrigation in
the Smart treatment was triggered on days when the volumetricastune content

dropped below 0.12 mtmm?3. The soil moisture threshold was determined basetie
measured soil water content at 30 kPa (0.1 mm3) from soil water retention curves
developed from intact soil cores collected at the beginning of the 2013 growing season and
based omrior experience with irrigation management on similar soils. oftggnal intent

was to increase the application depth over the course of the growing season as the plant water
demands increased; however, due to the wet growing seasons in 2013 and 2014, the

application deptmemained constant &tmm per event.

2.3.2.2Nitrogen Fertilizer Application Method

Two nitrogen fertilizer application treatments were applied in strips across all
irrigation treatmentdNitrogen was side dressed to one half of the field in a single, surface
application of granular fertilizer (referred te Side Dressed from here forward) and was
applied to the other half via the drip tape using liquid fertilizer (referred to as Fertigated from
here forward) over seven different application events, spanning eight (geeRppendix
A). The same total arnat of elemental nitrogen 118 kg hevas applied to the entire field

over the course of the season. The differences between field halves were the timing and
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method of nitrogen application. Ammoniumtrate (340-0) was surface applied to the Side
Dressé half of the field on 10 July 2013 (28 DAT) and 1 July 2014 (22 DAT) at a rate of
118 kg h&d. Liquid ammoniurmnitrate (190-0) was appliedveeklyto the Fertigated half of

the fieldduring the period46 July— 3 SeptembeR013 and 7 July 26 August D14, at the

rates shown in Tablés1and2.2 The seven fertigation events took eight weeks to apply in
both years due to heavy rainfall coinciding with a scheduled fertigation event that had to be
postponed. During each fertigation event, the irrigasigstem on the Side Dress side of the
field (including the Control rows) ran for the same duration as the fertigation event (applying
only water, no fertilizer solution). The Control treatment rows received minimal irrigation to
ensure that the entirenigth of each irrigation row received the same amount of water over
the course of the seasare(,to prevent the Side Dress treatment plots from receiving less
water than the Fertigated treatment plots). In 2013, each fertigation event was the same
length in time as an irrigation event (1 hour 36 minutes; resulting in approximately 5 mm of
water applied). In 2014, the length of fertigation events was shortened to the time required to
move all of the ammonium nitrate solution through the system (genaralind 35 minutes

resulting in less than 2 mm of water app)ied

2.3.2.3Harvests

Each irrigation by fertilization striplot was subdivided into three harvest splitts,
from which a single harvest was collected at either 13 (Early), 16 (Middle), or 19 (Late)
weeks after transplant, such that there were three representative harvests froapleath
of each irrigation by fertilization treatmemtgpendix A). Harvest subplots were 10.2 m

long by three rows (3.2 m) wide. Ten consecutive plants were hatestea 3.0 m
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section of the center row of each harvest subplot. Plants were individually harvested by hand
and graded according to the U.S. Department of Agriculture standard (USDA, 2005), which
classifies roots as U.S. No. 1 (diameter of 44 to 89 nmuength of 76 to 229 mm), canner
(diameter 25 to 44 mm), and jumbo (diameter > 89 mm or length > 229 mm). Sweetpotatoes
that were severely misshapen were graded as ctidlants and weights of each grade of

roots were recorded for each harvested p24d ¢otal plants per harvestperplant yields

(kg ha') were estimated for each root grade by dividing corresponding weights by the
representative area of each plant (3.3 X h8). Counts, weights, and yields were averaged

across subplots prior todfstatistical analysis.

2.3.3Crop Management

Chlorpyrifos (WarhawR), Clomazone (Commafiji and Flumioxazin (Val&t) were
applied prior to transplant at rates of 4.7 [1ha.0 L hal, and 0.18 L hi4 respectively.
‘Co v i ngveetpatato slips were trangpi@don thirty-six, 61 m long rows using a two
row transplanteon 12 June2013 and 9 June 2014&Rows were spaced 1.1 m apart and
within row plant spacing was 0.3 niertilizer, 015-38 N-P-K analysis, was side dressed at
448 kg ha on 8 July 2013 (26 BT) and 26 June 2014 (16 DAT) and incorporated into the

soil across all treatments

2.3.4lrrigation System and Instrumentation
Immediately following transplant, John Deerd@pe drip tape (Deere & Company,
Moline, IL) with 0.3 m emitter spacing, rated at210hr?, was laid on the surface of each

plant row and secured in place with 150 mm by 25 mm metal sod staples (such as those used
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for installing erosion control blankets or landscape fabric). Each drip line was connected to
the appropriate layflat headéepending on which irrigation treatment the row was assigned
(Appendix A). The tail end of each drip line was connected to a separate header that was
used during fertigation events. Ball valves installed in the malaiieat the distal enaf
each drigine allowed the system to be converted between irrigation mode and fertigation
mode(Appendix A). While in irrigation modeAppendix A), the midline ball valves
remained open and thigstal endball valves were closedp thatwater was supplietb eat
row from the appropriate irrigation header line. During fertigation még@¢ndix A), the
mid-line valves were closed and tHistal endvalves were opened, meaning half of each drip
line received a watefertilizer solution from the fertigation headehile the other half
received water only from the irrigation headers.

The irrigation water source waspond on the research statioater wapumped
through two0.61 m @4 in.) Flow-Guard sand filters (Fresno Valves & Castings, Selmas,
CA) prior to enéering the drip systemirrigationwater volume applietb each irrigatin
regime was monitored using 25 mm (1wgter meters (model DLJ 100 with pulse output;
Daniel Jerman Company, Hackensack, NJ) in combination with HOBO pendant loggers
(Onset Corpotigon, Pocasset, MA). Irrigation was controlled using a Hunter XC Hybrid
controller (Hunter Industries, San Marcos, CA) and each irrigation event (for both the Timer
and Smart systems) took 1 hour 36 minutes to complete.

Decagon 5TM soil moisture sensorsldDecagon MP& dielectric water potential
sensors were installed at a depth of 150 mm (6 in.) in each plant row (excluding buffer rows)

in the middle of each half of the field (fertigated anddogssed) and were connected to
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Decagon EM50 and EM50G ddtaygers (Decagon Devices, Pullman, WA). The loggers
recorded volumetric soil moisture and soil water tension in each row every 15 minutes. Each
of thesoil moisturesensors in the Smatrt irrigation rows were connected to EM50G data
loggers equipped witbellular capabilities thatploaded data to a server for subsequent
remoteaccess Soil moisture levels ithe Smart system rows were monitored each

afternoon, and irrigation was remotely activated if more than half the Smart soil moisture
sensors readirsghad dropped belo®12 mm® mm?3. The treatment layout arswil moisture

sensor and data logger configurations are shovAppendix A

2.3.5Weather Data Collection

Over the course of the study, daily measured rainfall, air temperature, relative
humidity, soar radiation, wind speed, and daily estimated reference evapotranspiration
(ETo), based on the Food and Agricultural Organization (FAO) 56 Peifoarteith
equation (Allen et al. 1998), were obtained from an onsite North Carolina Environment and
Climate Obsrving Network (NC ECONet) weather station (managed by the State Climate
Office of North Caroling. Daily growing degree days accumulated were calculated using the

equation:

'$S — 4 [2.1]

where,
GDD = daily growing degree dagecumulated (GDD)
Tmax= maximumdaily air temperatur@f T max> Tuppes S€t Thax= Tuppe) (°C)

Tmin = minimum daily air temperate (if T min < Tbase S€t Tnin = Toasd (°C)
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Tohase= base temperature, below which no growth is assumed to occutdR€Nas
15.5 °C Villordon et al., 2009
Tupper= Upper temperature limit, above whitls assumed thgrowthrate ceases to

increasg°C) (taken as 32.2 °Cillordon et al., 2009)

2.3.6Plant Tissue and Soil Nutrient Analysis

Plant tissue and soil samples weodlected from each of the six combinations of the
irrigation (Control, Smart, Timet)y fertilization (Fertigated, SidBressed}reatment®n
three dates in 2013 (16 July, 12 August, and 11 September) and on four dates in 2014 (1 July,
21 July, 18 Augustand 10 September) to monitor the nitrogen status of the plants and soill
over the course of the growing season. During each sampling event, young, fully mature
leaves were randomly harvested from approximately twenty plants to create a composite
sample ér each fertilization by irrigation treatment. Similarly, approximately ten soil
samples were collected from within treatment rows to a depth of 150 mm using a standard 25
mm soil probe and combined to form composite samples. The first plant tissw@land s
samples collected in 2013 were taken six days after the Side Dressed plots had received N,
but prior to the start of the first N fertigation event. In 2014, initial samples were collected
prior to both Side DresseathdFertigated N being applied. Rlgissue samples were dried,
ground, and analyzed for N@ NO>-N content. Soil samples were analyzed using a LECO
CN-2000 (LECO Corporation, St Joseph, MI) dry combustion maneadyzer to determine

carbon (Cand N contents
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2.3.7 Statistical Analysis

Yield and root set (count) data were analyzed using the PROC MIXED procedure in
Statistical AnalysiSoftware (SAS Version 9.4; SAS Institute, Inc., Cary, N&ppropriate
analysis of variance (ANOVA)asgenerated based on the stpipt, splitplot design (&el
et al., 1997) for yield and root set for each grade of sweetpotato (U.S. No. 1, Canner, Jumbo,
and Cull), as well as for marketable grades (U.S. No. 1, Canner, and Jumbo combined) and
total (all grades combined). Irrigation treatment, fertilizatieethnod, harvest, and all
possible interactiomamong the three were modeled as fixed effects. Year, replication nested
within year, replication by irrigation nested within year, replication by fertigation nested
within year, and replication by irrigatiorylbertigation nested within year were modeled as
random effects. Mean separation tests were conducted with the LSMEANS statement using

a = 0.05.
2.4 RESULTS AND DIsSCcuUSSION

2.4.1Weather

The 2013 and 2014 growing seasons were two of the wettest growing seasons on
record among eighteen years (1992014) of continuous rainfall data available for the
Cunningham Research Station, particularly in the early months of the growing seasons
(Figure2.1). Rainfall totals in June 2013 (253 mm) andeJ2014 (294 mm) were 2.1 and
2.4 times the longerm mean rainfall in June, respectively. Combined June and July rainfall

amounts in 2013 (393 mm) and 2014 (580 mm) were the two highest totals for that period

26



among the eighteen years of continuous date next highest June and July rainfall total
was 332 mm in 2007, 15% less than in 2013 and 42% less than in 2014.

Rainfall during the months of June and July are of particular interest because it is
usually during these months that the North Carolinsefwegato crop is in the critical stage
of development (2040 DAT), when yield potential is being determined and when plants are
most susceptible to drought or excess water stress. The amount of total rainfall received
during this period is important, bpossibly even more important is the timing and frequency
of the rainfall.

Rainfall in the 2014 growing seasdriqure2.2A) was generally of greater
magnitude than in 201Figure2.2B); however, it vas more frequent in 2013 than in 2014,
especially in the first 20 DAT. This is evidenced in the nearly continuous slope of the total
cumulative rainfall plot for the beginning of the 2013 seasagufe2.3A), compared to the
"stair-step” nature of the plot early in the 2014 season. Fifteen of the first twenty days after
transplant in 2013 had rainfall of at least 2.5 mm, including three days with greater than 23
mm of rainfall each, which resulted in the soil staying in a neamyinuous state of
saturation. Comparatively, there were only ten days with at least 2.5 mm of rainfall during
the first forty days after transplant in 2014, and five of them had more than 50 mm of rainfall.
Although rainfall amounts in 2014 were tgplly greater than those in 2013, much of the
2014 rainfall was presumably lost to runoff or deep percolation since the magnitudes of the
events exceeded the water holding capacity of theaadilas evidenced by steep declines in

recorded soil moisture wtges during days immediately following such evemsiditionally,
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the longer periods between rainfall events in 2014 compar2@l® allowed soil moisture
drawdown to occur and prevented waterlogging.

Despite having substantially different rainfall jgaits in the 2013 and 2014 growing
seasons, growing degree day accumulations, cumulatiyead daily minimum and
maximum temperatures followed similar trends (Fig@.é8 —2.6C). Daily maximum
temperatures during the first thirty days after transplaane lower in 2013 (when the almost
daily rainfall occurred) than in 2014; however, growing degree day accumulation was similar
to 2014 as even the cooler daily maximum temperatures in 2013 mostly stayed near the upper

temperature threshold (32.2° C) u$edcalculating growing degree days.

2.4.21rrigation

Due to the abundance of rainfall during both growing seasons, there was essentially
no need for irrigation throughout the study. The Smart irrigation treatment applied a total of
10 mm of irrigation in 203 over two irrigation events$-{gure2.4B), one on 16 September
(96 DAT) and the other on 19 September (99 DAT), both of which followed the first harvest
(Table2.3). The Smart treatment applied 5 mmevah a single event in 2014, on 4
September (87 DAT)Higure2.5B). Theseirrigation totals do not include water applied
during fertigation events, which totaled 37 mm in 2013 and 19 mm in 2@deQ.3;
Figures2.4 and2.5). The Timer treatment applied 91 mm of water in 2013 (not including
fertigation) (Figure2.7C), bypassing 18 of 36 possible irrigation events, and 81 mm of water
in 2014 (not including fertigationF{gure2.5C), bypassing 15 of 31 possible irrigation

events.
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There were fewer irrigation opportunities in 2014 because the irrigation system was
not fully operational until 22 DAT versus being fully functional 6 DAT in 2013. While the
rain switch did effectiely reduce irrigation totals from what they would have been without
it, the Timer treatment still ran more than was necessary in both years, suggesting that a rain
switch alone will not suffice ibverirrigationis to be prevented. In fact, during pesauf
extended rainfall in both seasons there were occasions when station personnel turned the
irrigation controller completely off, meaning some of the bypassed irrigation events may
have been a product simply of the controller manually being turnedstéfid of the rain

switch automatically bypassing an irrigation event.

2.4.3Soil and PlantNutrients

The average soil N level for the Side Dressed plots (18.3'ugas 9.2 times higher
than in the Fertigated plots (2.0 pg)aat the first sampling date in 28 (34 DAT) Figure
2.6). This likelywas a result of the samples becuilected six days after the side dress
application of N, yet prior to the first N fertigation event. In 2014, despite the first soil
samples being takenipr to any N fertilizer being applied (22 DAT), the average soil N
level in the Side Dressed plots (26.6 1) gas stillsubstantiallyhigher than that in the
Fertigated plots (6.5 pg¥y (Figure 2.8); however, the standard dation of the soil N levels
comprising the Side Dressed composite sample was 20.8, jigdicating this high average
reading may have been erroneous. Similarly high variability (standard deviation = 12.6 ug g
1y was also observed in the second Side #@soil N samples collected in 2013 (61 DAT).

Outside of this unexplainable variability, the general soil N dynamics across both seasons

29



reflected the timing of N fertilizer application for both N fertilization methods. The average
soil N in the Side Dessed plots generally start@dmore elevated levetsarly in the season
and trended downward as the season progressed. The soil N in the Fertigated plots was less
dynamic across both years, remaining between 1 and & pgrgistently, but there was
evidence of a slight increase in soil N in the Fertigated plots between 60 and 70 DAT as the
cumulative N applied approached the total N applied in the Side Dressed plots early in the
seasons.

Plant tissue N levels were similarly responsive to fertilizemignin both seasons for
both fertilization methods (Figur&s7 and2.9). Plant tissue N was greatest in the Side
Dressed plots early in both seasons, following the side dress N application, but then
decreased at a linear rate in both years to 3.2% NMtoribe first harvest. The Fertigated
plots exhibited more consistent plant N levels throughout the seasons, with the plant N levels
at the end of both seasons being slightly higher in the Fertigated plots than the respective
levels in the Side Dressetbts. Plant N levels remained slightly above or within the
suggested range of 3.3 to 4.5% (Mills and Jones, 1996) across both fertilization treatments
for the better part of both seasons, never exceeding the toxic level (7%) defined by Jiang
(2013); howeer, the downward seasonal trend in plant tissue N in the Side Dressed plots as
well as the final plant N level of 3.2% in Side Dressed plots just prior to harvest in both years
suggest that the Side Dressed plants may have experienced mild N streshewhile
Fertigated plants remained at a satisfactory N level. These observations also suggest that
fertigation may have led to greater N uptake, higher fertilizer use efficiency, and less N

leaching than the side dress application of N. If so, properly tierédation could reduce
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total N application requirements in sweetpotato production, thus reducing fertilizer costs,
while enhancing productivity and protecting ground and surface water.

Despite these potential benefits of fertigation evidenced intility sthere were also
disadvantages. Most importantly, relying on irrigation water as the method of delivering N
fertilizer to the crop during wet growing seasons presented situations in which a choice had
to made between waiting for drier conditions pplg fertilizer, at the risk of inducing
nutrient stress, or applying N when needed at the risk of compounding plant stress due to
excess water, while also increasing the potential for N leaching in a near saturated soil
profile.

Also, in both seasons itag observed that vine color was a darker green and growth
was more vigorous in the Side Dressed plots than in the Fertigated plots around 30 to 50
DAT; however, as fertigation continued, vine growth and color in the Fertigated plots
appeared to eventualigatch what was exhibited earlier in the Side Dressed plots. This
suggests that fertigation events should have been started earlier than they were, or have had
greater proportions of the total N applied earlier in the fertigation schedule when potential fo
vine growth was at its highest. The fertigation schedule and rates were based on research
conducted in California (Stoddard and Weir, 2002) since California is the primary state
where fertigation of sweetpotatoes is routinely practiced. The growisgrs@aCalifornia
is typically longer than in North Carolina; the plants in the referenced study were harvested
159 DAT, compared to 133 DAT for the Late harvest in this study. Had the fertigation
schedule been based off of percent of growing seasomdstesimply days after

transplanting, the fertigation events would have started five to ten days earlier than they did
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and could have been consolidated to a-figesix-week schedule instead of seven to eight

weeks.

2.4.4Yield, Quality, Root Set, and Earliress

Irrigation, as a main effect, did not significantly impact yidldifle2.4) or root set
(Table2.5) probably due to the above normal raintaly and throughout the production
seasonin both studyyears. Thergveresignificant interaction effects between harvest and
irrigation on jumbo yield (p = 0.0023) and on marketable yield (p = 0.0198), and evidence of
this interaction effect on total yield (p = 0.050Zpble2.4). Late harvested plants in the
Smart irrigation treatment yielded the most jumbos (16,330 R}y B4% more than the
Late-Control (11,596 kg h8 and 64% more than the Lafémer (9,974 kg hd) (Table2.6;
Figure2.10). Similarly, the LateSmart combination yielded 12% more marketable roots
(51,858 kg ha) than the LateControl (46,122 kg hg and 15% more than LafE@mer
(45,128 kg ha), neither of which were statistically different from the markietabot yields
of the MiddleSmart (43,209 kg h§ and MiddleTimer (42,137 kg h4) treatmentsTable
2.6; Figure2.10).

The yield data presented Trable2.6 andFigure2.10 suggestshat the Smart
irrigation events, which only occurred late in both the 2013 and 2014 growing seasons, led to
an increased rate of root sizing in the Smart treatment, compared to the Control and Timer
treatments, from thedtly harvest through the Late harvest. There was no statistical
difference in marketable yields among the Control (35,921 K Mamer (35,127 kg hd),

and Smart (32,620 kg fatreatments at the Early harve$able2.6; Figure2.10); however,
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despite applying an average of seven times more water than the Smart treatment over the six
weeks between the Early and Late harvests across both years, the Timer marketable yield
only increased by 28%, wherethe Smart marketable yield increased 59% during the same
period. This increase was particularly evidenced in the difference between jumbo yields
from the Middle (6,155 khal) to Late (16,330 képal) harvest within the Smart treatment
(Figure2.10), an increase of 165%, without negatively impacting the U.S. No. 1 yield (i.e.,
the increase in jumbo yield did not come at the expense of a decrease in the more valuable
U.S. No. 1 yield).This supports that minimal, yet propetiyned, irrigation can increase

yield, while also conserving wateompared to oveirrigation. Likewise,overirrigation not

only wastes water, it magompromiseyield, as reflected by the higher LaBontrol

marketable yield (42,122 Kug') compared tehe LateTimer marketable yield (45,128 kg

ha?).

Yields and root sets were generally not affected by nitrogen fertilizer application
method, except for canners (p = 0.03%a&ble2.5), which were produced in slightly greater
numkers per hill when Side Dressed versus FertigatedreWereinteractioneffects of
fertilization method and harvesh canner, jumbo, and cull yield$dble2.4), as well as root
set for U.S. No. 1 roots, jumbos, and cullalfle2.5). The Late harvedtertigated plants
produced 33% more jumbos by root count (0.65 jumbo roots per hill) and 36% more by
weight (14,554 kg jumbos Hathan the LateSide Dressed treatment (0.49 jumbo roots per
hill; 10,712 kg jumbos hd) (Tables2.6 and2.7); however, there was no difference in jumbo
yield between Fertigated and Side Dressed at either the Early or Middle harvests. There was

some evidence of an interaction effect between nitrogen fertilizer applicagithhrod and
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harvest on U.S. No. 1 yields (p = 0.080@ple2.4, Table2.6, andFigure2.11). U.S. No. 1
yield for the MiddleFertigated treatment (31,085 kghavas similar tahat for the Late
Side Dressed treatment (33,828 kghhavhich is an indication that maximum U.S. No. 1
yields could possibly be reached in a shorter time after transplant with fertigation than when
using a typical side dress method of applying nitrogen

Harvest was the only significant main effect on both yigélab{e2.4) and root set
(Table2.5). Average U.S. No. 1, jumbo, cull, marketable, and total yields increased 15, 29,
421, 139, 38 and 41% msctively from the Early to Late harve3iaple2.6). Only the
canner yield decreased (29%) from Early to Late, presumably because roots that would have
been graded as canners if harvested earlier in the season grew intarlargeraluable, root
grades as harvest was delayed. Likewise, the number of canner roots per hill decreased from
Early to Middle to Late harvestéble2.7), while the number of jumbo and cull roots
increased. There was no di#ece in the number of total roots per hill by harvest since total
root set is determined early in the growing season, after which only the distribution of roots
per grade is affected by time.

There was substantial variation in yield and root set from 292814. Pvalues for
the random effect of year on yield were less than 0.029 for all root grades except jumbos (p =
0.0819) Table2.4). Yearto-year variation in root set was simildrable2.5). U.S No. 1
(36,072 kg ha) and total $1,501kg ha?) root yieldsin 2014 were 49 and 51% higher than
in 2013, respectivelylable2.8). Similarly, plants in 2014 averaged about one more total

storage root per hill than in 201Bgble2.8).
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The increase in yield from 2013 to 20dvybe attributable to the differences in
rainfall patterns between seasomoth years had more than adequate total seasonal rainfall,
but the beginning of the 20E@asorwas casistently wet, as previously noted, whereas
rainfall events in 2014 were of larger magnitude, but further spread out (FRieesd
2.3A). The nearly daily rainfall in the first 30 DAT of 2013 likely led to the reduction in root
set due to higher thareeded soil moisture conditions (Villordon et al., 2012) and thus
limited the yield potential for the rest of the season. Extended wet weather was also
conducive to weed pressure from yellow nutse@gérus esculentus), which affected

some parts otie field and may haweducedyields.

2.5 SUMMARY AND CONCLUSIONS

This study was designed to evaluate the potential benefits of drip irrigation and
fertigation in field production of sweetpotatoes in Eastern North Carolina. The 2013 and
2014 growing seasongere two of the wettest in recent history at the study site in Kinston,
North Carolina, thus limiting the need for irrigation. Not including fertigation events, the
Smart irrigation treatment ran twice in 2013 and a single time in 2014, applying & tt@al o
and 5 mm, respectively. The Timer treatment applied substantially more water (91 mm in
2013 and 81 mm in 2014), but with no benefits to yield, root set, or earliness compared to
either the Smart or Control treatments, evidencing the limitationsimiesbased irrigation
schedule, particularly during a wet growing season and in a region where precipitation

amount and timing are highly variable.
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Total yields in 2014- when rainfall was of generally greater magnitude, but also
more spread out were 51%higher than in 2013 when frequent, moderate rainfall
occurred, particularly early in the season. This supports the findings of Villordon et al.
(2012) thatsoil waterlogging during the first 20 days after transplant may detrimentally
affect yield

While neither irrigatiomor fertigation had pronounced impacts on yield or root set in
general, there was limited evidence that the use of irrigation or fertigation may increase yield
particularly of jumboswhen plants are harvested later in the seastis cbuld have
implications on sweetpotato production targeted for the processing industry, which generally
prefers larger roots that result in less waste during processing (e.g., cutting fries).

Soil N, plant tissue N, and visual observations of vine gramring both growing
seasons suggest that fertigation may have been more beneficial had it been started earlier in
the season. Fertigation rates and timing were based on days after transplant according to
practices used in California, where the growseg@son is three to four weeks longer than in
North Carolina.Possible considerations for future studies might be tofstéigation five to
ten days earlier (1823 DAT) and consolidate the fertigation schedule to five or six weeks
to proportionally me&ch the North Carolina growing season

Further investigation is necessary to evaluate irrigation and fertilization practices
when sweetpotatoes are grown under moisture limited conditions encountered in North
Carolina. Combined irrigation and fertigatiorystems are vital to sweetpotato production in
arid regions such as California, and similar benefits may be extended to humid regions if

managed properlySweetpotato yield increases by irrigation in huclichateshavebeen
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well documentedBowers et al.1956; Hammet et al., 1982, Hernandez and Barry, 1966;
Jones, 1961, Lambeth, 1956, Thompson et al., 1982 xdditional work is needed to
investigate the potential interaction effects of combined irrigation and nutrient management
systems.Drip irrigation and fertigation during production seaswiith limited moisture
havebeen reportetb bebeneficialfor other crops, including cotton (Dougherty et al., 2009;
Veeraputhiraret al., 2005), okra (Danso et al., 2015), and tomato (Kennedy et al., 2013;
Hansn and May, 2003), and it is conceivable that similar benefits could be recognized in
sweetpotatoes.
Despite the potential benefits of fertigation, including yield increases and the ability
to precisely control the timing of nitrogen application withhtststudy highlights some of
the challenges of using fertigation, particularly in a wet year. Relying on irrigation as the
applicationmechanisnof nitrogenfertilizer in a wet year may result in plant roots being
subjected to extended periods of rootndationand challenges igeting therequired
nutrients to the crop. This could also increase the potential for leaching as nitrogen may be
applied to a soil profile that is already at or near saturation. However, in general, the ability
to distribute itrogen applications over the course of the growing season, as opposed to
surface applying all of it on one date early in the season, should reduce the chances for
nitrogen losses to leaching or runoff and allow for improved fertilizer use efficiency.
Potantial in realizingthe benefits of a combination drip irrigation and fertigation
system in sweetpotato in North Carolina would be neceréainwith further study of the
timing and rates of fertilizer application in conjunction with improved irrigation igemant

application practices. Reaine decision support systems that account for weather variability
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in making fertilization and irrigation recommendations should also be considered. Other
logistical challengesncluding the placement of drip tape aftemsplant and the removal of
it at or prior to harveswill also need to be addressed before widespread adoption of the
practice can be expected.

Although this study did not demonstrate any consistent yield advantage for North
Carolina growersgiven the extremely wet growing seasonsntinued research would seem
appropriate There would seem to mtential of improving and reaching higher yields in
North Carolina particularly during seasons with more limited moistsimilar to those that

are curratly being achieved in California with the use of irrigation and fertigation.
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2.7 TABLES

Table 2.1. 2013 fertigation schedule

Date DAT Nitrogen Applied (kg hd)
Jul. 16 34 11
Jul. 22 40 17
Jul. 29 47 17
Aug. 5 54 22
Aug. 12 61 17
Aug. 19 68 0?
Aug. 26 75 17
Sep. 3 83 17

#Fertigation skipped due to heavy rainfall.

Table 2.2. 2014fertigation schedule

Date DAT Nitrogen Applied (kg hd)
Jul. 7 28 11
Jul. 14 35 17
Jul. 21 42 17
Jul.29 50 22
Aug. 5 57 0?
Aug. 12 64 17
Aug. 18 70 17
Sep. 26 78 17

#Fertigation skipped due to heavy rainfall.

Table 2.3. Cumulative water received by crop via irrigation, fertigation, and rainfall
through each harvest in each year.

Cumulative Water Applied (mm)

Timer Smart
DAT Irrigation Irrigation Fertigation Rainfall
Harvest| 2013| 2014| 2013| 2014| 2013| 2014| 2013| 2014| 2013| 2014
Early 91 93| 51 51 0 5 37 19 487 793
Middle 112 112 76 71 10 5 37 19 487 864
Late 133| 133| 91 81 10 5 37 19 488 901
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Table 2.4. Analysis of Variance (ANOVA) for each yield by root grade model.

Grade Source DF SS MS  Error DF F pValue

US No.1 Harvest 2 405910313 202955157 84 558 0.0053
Irr 2 153925532 76962766 14 1.6 0.2359
Harvest*Irr 4 209410533 52352633 84 144 0.2284
Fert 1 493000 493000 7 0.01 0.9391
Harvest*Fert 2 189484641 94742320 84 2.6 0.0800
Irr*Fert 2 40355045 20177522 14 0.82 0.4609
Harvest*Irr*Fert 4 335379432 83844858 84 2.3 0.0650
Rep(Year) 6 368500815 61416803 9.5312 0.6 0.7236
Rep*Irr(Year) 14 671639446 47974246 14 195 0.1123
Rep*Fert(Year) 7 550400818 78628688 14 3.19 0.0307
Rep*Irr*Fert(Year) 14 344852383 24632313 84 0.68 0.7904
Year 1 5101238822 5101238822 6 83.06 <.0001
Residual 84 3056508218 36387003

Canner  Harvest 2 33215894 16607947 84 449 0.0141
Irr 2 5401595 2700797 14 0.73 0.4988
Harvest*Irr 4 26858076 6714519 84 181 0.1336
Fert 1 22534004 22534004 7 214 0.1873
Harvest*Fert 2 32045183 16022591 84 4.33 0.0162
Irr*Fert 2 13376091 6688046 14 166 0.2246
Harvest*Irr*Fert 4 21682368 5420592 84 147 0.2201
Rep(Year) 6 53857152 8976192 5.8014 0.88 0.5624
Rep*Irr(Year) 14 51712317 3693737 14 092 0.5614
Rep*Fert(Year) 7 73876765 10553824 14 2.63 0.0588
Rep*Irr*Fert(Year) 14 56245682 4017549 84 1.09 0.3821
Year 1 73193053 73193053 6 8.15 0.0290
Residual 84 310787622 3699853

Jumbos  Harvest 2 2504973774 1252486887 84 48.22 <.0001
Irr 2 15012834 750647 14 0.12 0.8895
Harvest*Irr 4 470893679 117723420 84 453 0.0023
Fert 1 14953687 14953687 7 062 04572
Harvest*Fert 2 231743640 115871820 84 446 0.0144
Irr*Fert 2 985771 492886 14 0.01 0.9858
Harvest*Irr*Fert 4 11855034 2963759 84 0.11 0.9772
Rep(Year) 6 289842989 48307165 6.189 0.91 0.5439
Rep*Irr(Year) 14 890277903 63591279 14 184 0.1328
Rep*Fert(Year) 7 169106753 24158108 14 0.7 0.6728
Rep*Irr*Fert(Year) 14 483576786 34541199 84 1.33 0.2078
Year 1 210526516 210526516 6 436 0.0819
Residual 84 2182058191 25976883
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Table 2.4 continued.

Grade Source DF SS MS  Error DF F pValue

Culls Harvest 2 45858256 22929128 84 6.33 0.0027
Irr 2 2166017 1083008 14 0.21 0.8157
Harvest*Irr 4 10285399 2571350 84 0.71 0.5871
Fert 1 14778884 14778884 7 159 0.2482
Harvest*Fert 2 27696611 13848306 84 3.83 0.0257
Irr*Fert 2 3904555 1952278 14 1.45 0.2678
Harvest*Irr*Fert 4 11080608 2770152 84 0.77 0.5508
Rep(Year) 6 31976309 5329385 12.043 0.4 0.8630
Rep*Irr(Year) 14 73371430 5240816 14 3.89 0.0079
Rep*Fert(Year) 7 65210798 9315828 14 6.92 0.0011
Rep*Irr*Fert(Year) 14 18854861 1346776 84 0.37 0.9793
Year 1 109193303 109193303 6 20.49 0.0040
Residual 84 304072269 3619908

Marketable Harvest 2 4150022822 2075011411 84 39.79 <.0001
Irr 2 191164214 95582107 14 1.40 0.2801
Harvest*Irr 4 646125982 161531495 84 3.10 0.0198
Fert 1 2503165 2503165 7 0.02 0.8935
Harvest*Fert 2 490873 245437 84 0 0.9953
Irr*Fert 2 101334787 50667394 14 1.37 0.2857
Harvest*Irr*Fert 4 356151815 89037954 84 1.71 0.156
Rep(Year) 6 349387546 58231258 9.1696 0.36 0.8866
Rep*lrr(Year) 14 958869098 68490650 14 1.85 0.1300
Rep*Fert(Year) 7 909410961 129915852 14 3.52 0.0216
Rep*Irr*Fert(Year) 14 517003023 36928787 84 0.71 0.7603
Year 1 892794137 8927941137 6 153.32 <.0001
Residual 84 4380140383 52144528

Total Harvest 2 5064481375 2532240687 84 4585 <.0001
Irr 2 174164292 87082146 14 1.01  0.3900
Harvest*Irr 4 547358643 136839661 84 2.48 0.0502
Fert 1 5117513 5117513 7 0.04 0.8412
Harvest*Fert 2 35199202 17599601 84 0.32 0.7280
Irr*Fert 2 131414939 65707470 14 1.62 0.2323
Harvest*Irr*Fert 4 335065839 83766460 84 1.52 0.2047
Rep(Year) 6 448424658 74737443 10.177 0.45 0.8265
Rep*Irr(Year) 14 1209511624 86393687 14 2.13 0.082
Rep*Fert(Year) 7 828737938 118391134 14 2.92 0.0415
Rep*Irr*Fert(Year) 14 566756756 40482625 84 0.73 0.7356
Year 1 11011845944 1.1012E+10 6 147.34 <.0001
Residual 84 4638891182 55224895
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Table 2.5.

Analysis of Variance (ANOVA) for each root set by root grade model.

Grade Source DF SS MS  Error DF F pValue

US No.1 Harvest 2 1.000842 0.500421 84 159 0.2095
Irr 2 1.075113 0.537556 14 099 0.3958
Harvest*Irr 4 0.928142 0.232036 84 0.74 0.5684
Fert 1 0.021879 0.021879 7 0.02 0.8955
Harvest*Fert 2 2.364592 1.182296 84 3.76 0.0272
Irr*Fert 2 1.108863 0.554431 14 1.14 0.3466
Harvest*Irr*Fert 4 2.013142 0.503286 84 1.60 0.1815
Rep(Year) 6 4.566554 0.761092 6.4709 0.62 0.7147
Rep*lrr(Yeai) 14 7.593012 0.542358 14 112 0.4181
Rep*Fert(Year) 7 8.252878 1.178983 14 243 0.0743
Rep*Irr*Fert(Year) 14 6.784818 0.48463 84 154 0.1140
Year 1 17.76271 17.76271 6 23.34 0.0029
Residual 84 26.3987 0.31427

Canner  Harvest 2 6.050113 3.025056 84 991 0.0001
Irr 2 0.357196 0.178598 14 0.81 0.4652
Harvest*Irr 4 3.924913 0.981228 84 3.21 0.0166
Fert 1 5.850352 5.850352 7 6.75 0.0355
Harvest*Fert 2 0.704766 0.352383 84 1.15 0.3202
Irr*Fert 2 0.783307 0.391654 14  0.75 0.4902
Harvest*IrrFert 4 2.637552 0.659388 84 2.16 0.0805
Rep(Year) 6 2.398082 0.39968 24555 0.71 0.6786
Rep*Irr(Year) 14 3.091484 0.22082 14  0.42 0.9403
Rep*Fert(Year) 7 6.063294 0.866185 14 166 0.1986
Rep*Irr*Fert(Year) 14 7.304818 0.521773 84 1.71 0.0688
Yea 1 1.652296 1.652296 6 4.13 0.0883
Residual 84 25.64307 0.305275

Jumbos  Harvest 2 5.022196 2.511098 84 51.23 <.0001
Irr 2 0.014384 0.007192 14 0.06 0.9389
Harvest*Irr 4 0.649392 0.162348 84 3.31 0.0143
Fert 1 0.012192 0.012192 7 0.31 0.5954
Harvest*Fert 2 0.465946 0.232973 84 475 0.0111
Irr*Fert 2 0.017717 0.008859 14 0.14 0.8723
Harvest*Irr*Fert 4 0.022309 0.005577 84 0.11 0.9773
Rep(Year) 6 0.73572 0.12262 54793 1.38 0.3611
Rep*Irr(Year) 14 1.590408 0.113601 14 1.77 0.1490
Rep*Fert(Year) 7 0.275898 0.039414 14 061 0.7364
Rep*Irr*Fert(Year) 14 0.899297 0.064235 84 1.31 0.2187
Year 1 0.083859 0.083859 6 0.68 0.4399
Residual 84 4.11724 0.049015
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Table 25 continued.

Grade Source DF SS MS  Error DF F pValue

Culls Harvest 2 0.468307 0.234154 84 5.87 0.0041
Irr 2 0.05112 0.02556 14 0.48 0.6308
Harvest*Irr 4 0.114635 0.028659 84 0.72 0.5820
Fert 1 0.076775 0.076775 7 0.98 0.3544
Harvest*Fert 2 0.266155 0.133077 84 3.33 0.0404
Irr*Fert 2 0.015009 0.007504 14  0.23 0.7958
Harvest*Irr*Fert 4 0.118038 0.02951 84 0.74 0.5679
Rep(Year) 6 0.298498 0.04975 8.5866 0.50 0.7935
Rep*Irr(Year) 14 0.75145 0.053675 14 166 0.1769
Rep*Fert(Year) 7 0.546593 0.078085 14 242 0.0759
Rep*Irr*Fert(Year) 14 0.452561 0.032326 84 0.81 0.6564
Year 1 0.821289 0.821289 6 16.51 0.0066
Residual 84 3.353281 0.03992

Marketable Harvest 2 1.20862 0.60431 84 1.72 0.1847
Irr 2 2.642995 1.321497 14 2.33 0.1336
Harvest*Irr 4 2.46026 0.615065 84 1.75 0.1458
Fert 1 6.033164 6.033164 7 2.86 0.1344
Harvest*Fert 2 0.156745 0.078372 84 0.22 0.8002
Irr*Fert 2 4.166745 2.083372 14 2.89 0.0889
Harvest*Irr*Fert 4 0.55026 0.137565 84 0.39 0.8136
Rep(Year) 6 5.961415 0.993569 5495 051 0.7835
Rep*Irr(Year) 14 7.933464 0.566676 14 0.79 0.6703
Rep*Fert(Year) 7 14.7427 2.106101 14 292 0.0416
Rep*Irr*Fert(Year) 14 10.08583 0.720416 84 205 0.0228
Year 1 33.51928 33.51928 6 33.74 0.0011
Residual 84 29.45287 0.350629

Total Harvest 2 2.460312 1.230156 84 1.88 0.1595
Irr 2 0.540938 0.270469 14 040 0.6765
Harvest*Irr 4 1.81 0.4525 84 0.69 0.6007
Fert 1 2.736267 2.736267 7 1.01 0.3492
Harvest*Fert 2 0.386701 0.193351 84 0.29 0.7453
Irr*Fert 2 4.248993 2.124497 14 1.78 0.2045
Harvest*Irr*Fert 4 2.800694 0.700174 84 1.07 0.3775
Rep(Year) 6 3.979132 0.663189 4.0632 0.30 0.9077
Rep*Irr(Year) 14 9.41934 0.67281 14 0.56 0.8520
Rep*Fert(Year) 7 19.03054 2.718648 14 2.28 0.0898
Rep*Irr*Fert(Year) 14 16.69795 1.192711 84 1.82 0.0487
Year 1 52.14043 52.14043 6 78.62 0.001
Residual 84 55.06729 0.655563
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Table 2.6. Average yields by root grade for irrigation, nitrogen fertilizer application method,
harvest, harvest by irrigation, and harvest by nitrogen fertilizer application method.
Average Yield (kg hd)

Treatment U.S.No. 1s Canners Jumbos Culls Marketablé TotaP
Control 28912 3409 7453 1679 39773 41452
Smart 31437 3313 7813 1579 42563 44142
Timer 30011 3763 7023 1845 40797 42672
Significance NS NS NS NS NS NS
Fertigated 30061 3099 7752 2031 40912 42944
Side Dressed 30178 3890 7107 1391 41176 42567
Significance NS NS NS NS NS NS
Early 28051 b 4083 a 2423 c 993 b 34556 ¢ 35549 ¢
Middle 30146 ab 3495 ab 7233 b 1768a 40874 b 42643 b
Late 32163 a 2906 b 12633 a 2371a 47702 a 50074 a
Significance 0.0053 0.0141 <0.0001 0.0027 <0.0001 <0.0001
Early x Control 28503 3402 4016 def 473 35921d 36393
Early x Smart 27587 4079 954 f 1242 32620d 33861
Early x Timer 28062 4767 2298 ef 1264 35127d 36392
Middle x Control 27028 3503 6746 cd 2045 37276 cd 39321
Middle x Smart 33305 3749 6155 cde 1317 43209 b 44526
Middle x Timer 30105 3235 8797 bc 1944 42137 bc 44081
Late x Control 31204 3322 11596 b 2520 46122 Db 48641
Late x Smart 33418 2110 16330 a 2180 51858 a 54038
Late x Timer 31867 3287 9974 bc 2415 45128Db 47543
Significance NS NS 0.0023 NS 0.0198 NS
Note: Valueswith the same letter in a column by sectiondonfé¢éds gni fi cantly (a = 0.05).

indicates the effect was not a significant predictor of yield for the associated grade.
aMarketable yield is the sum of U.S. No. 1s, Canners, and Jumbos.
bTotal yield is the sum of U.S. No. 1s, Canners, Jumbos, and Culls.
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Table 2.6 continued.

Average Yield (kg hd)

Treatment U.S.No. 1ls Canners Jumbos Culls Marketablé TotaP
Early x Fertigated 28602 3090 bc 2650d 706 c 34342 35048
Early x Side Dressed 27500 5075 a 2195d 1280 bc 34770 36050
Middle x Fertigated 310&% 3656 b 6051 c 2284 ab 40792 43076
Middle x Side Dressed 29207 3335 bc 8415 bc 1253 bc 40957 42210
Late x Fertigated 30498 2552 ¢ 14554 a 3104 a 47604 50708
Late x Side Dressed 33828 3261 bc 10712b 1639 bc 47801 49440
Significance NS 0.0162 0.0144 0.0257 NS NS
Note: Valueswi t h t he same | etter in a column by sectdi

indicates the effect was not a significant predictor of yield for the associated grade.
aMarketable yield is the sum of U.Ro. 1s, Canners, and Jumbos.
bTotal yield is the sum of U.S. No. 1s, Canners, Jumbos, and Culls.

on

do

49

not

di



Table 2.7. Average root set by root grade for irrigation, nitrogen fertilizer application method, harvest, and harvest
by irrigation.

Average Root Set (number of storage roots per hill)

Treatment No. 1s Canners Jumbos Culls Marketablé TotaP
Control 3.43 1.57 0.34 0.18 5.35 5.54
Smart 3.58 1.69 0.33 0.18 5.60 5.65
Timer 3.37 1.59 0.32 0.22 5.28 5.50
Significance NS NS NS NS NS NS
Fertigated 3.45 1.41 0.34 0.22 5.20 5.42
Side Dressed 3.47 1.82 0.32 0.17 5.61 5.70
Significance NS NS NS NS NS NS
Early 3.48 187 a 0.11c 0.12b 5.46 5.44
Middle 335 1.62b 0.31b 0.22a 5.28 55
Late 3.56 1.36¢c 0.57 a 0.25a 5.49 5.74
Significance NS 0.0001 <0.0001 0.0041 NS NS
Early x Fertigated 3.61 ab 1.57 0.12d 0.08c 5.73 5.38
Early x Side Dressed 3.34b 2.17 0.11d 0.15bc 5.25 551
Middle x Fertigated 3.36 ab 1.45 0.25c 0.25ab 5.62 5.32
Middle x Side Dressed 3.35b 1.78 0.37 bc 0.18 bc 5.49 5.67
Late x Fertigated 3.38 ab 1.22 0.65 a 0.32a 5.3 5.57
Late x Side Dressed 3.73 a 1.51 0.49b 0.19bc 5.07 5.92
Significance 0.0272 NS 0.0111 0.0404 NS NS
Note: Two means with the same letter in a column by section dofnétdir si gni ficantly (a = 0.05).

indicates the effect was not a significant predictor of root set for the associated grade.
aMarketable root set is the sum of U.S. No. 1s, Canners, and Jumbos.
bTotal root set is the sum of U.S. No. 1s, Canners, Jumbd<Calls.
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Table 2.8. Average yield and root set by year for each root grade and
irrigation treatment within root grade.

Yield (kg hab)

Root Set (roots per hill

Grade / Irrigation 2013 2014 2013 2014
US No. 1s 24168 36072 3.11 3.82
Control 22890 35086 3.08 3.81
Smart 25611 37263 3.23 3.93
Timer 24003 36020 3.03 3.71
Canners 2782 4208 1.51 1.72
Control 2721 4079 1.48 1.66
Smart 2597 4028 1.52 1.85
Timer 3027 4499 1.53 1.65
Jumbos 6220 8639 0.31 0.36
Control 5944 8944 0.31 0.38
Smart 7093 8533 0.33 0.34
Timer 5624 8422 0.29 0.35
Culls 840 2582 0.12 0.27
Control 606 2731 0.09 0.27
Smart 880 2278 0.13 0.23
Timer 1035 2714 0.14 0.30
Marketable 33170 48919 4,93 5.90
Control 31556 48109 4.86 5.84
Smart 35301 49824 5.07 6.12
Timer 32654 48940 4.85 5.71
Total 34010 51501 5.05 6.17
Control 32161 50841 4.95 6.11
Smart 36181 52102 4.94 6.35
Timer 33689 51655 4,99 6.02
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2.8 FIGURES
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Figure 2.1. Average monthly rainfall recorded at the Cunningham Research Station in
Kinston, NC between 1997 and 2014, compared toamthly rainfall at the station in
2013 and 2014. Note: Error bars represent the average value plus or minus one
standard deviation.
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Figure 2.2. Daily rainfall during the 2013 (A) and 2014 (B) growingseasons at the
Cunningham Research Station in Kinston, NC.
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Figure 2.3. Cumulative rainfall (A), ETo (B), growing degree days (C), and daily
maximum and minimum temperatures (D) during the 20B and 2014 growing seasons.
Note: Slips were transplanted on 12 June 2013 and 9 June 2014. 2013 harvests were
91, 112, and 133 DAT. 2014 harvests were 93, 112, and 133 DAT. Horizontal lines in
plot D represent the upper temperature (32.2° C) and bagemperature (15.5° C) used
in calculating growing degree days.
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Figure 2.4. Irrigation and fertigation in 2013 for Control (A), Smart (B), and Timer (C)

irrigation treatments.
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Figure 2.6. Nitrogen fertilization events and varigion of NOs+NO2-N content of the top
150 mm soil layer over the 2013 growing season.
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Figure 2.7. Nitrogen fertilization events and variation of plant nitrogen content over
the 2013 growing season.
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CHAPTER 3- A NOVEL DECISION SUPPORT SYSTEM FOR
“*SMART” | RRIYSIANS IO NHESUMID
SOUTHEASTERN UNITEDSTATES

3.1 ABSTRACT

Crop yields in thesoutheasterb/nited States are largely dependent upon rainfall
pattens, which are characterizedthe regiorby substantial seasonal and spatial variability.
The timing, more so than the quantity, of rainfall is particularly critical for ¢reysh as
corn,knownto be more susceptible to drought at different stages of gtbathothers
While rainfed production is still the most common practice irstheheasterbnited States
many growers havevested in, or at minimum expressed interest in, irrigationnasams to
minimize the risk of catastrophic yield loss due to drowagiuito increasecropyields. To
aid such growers in irrigation scheduling, a welsed, irrigation decision support system
(IDSS)has been developed to provide daily irrigation recommagmas based on the current
growth stage of the crop, the réahe soil waterstatus in the root zone, and shiatm
weather forecastThe IDSS was intentionally designed with minimal inputipdate
requirement®f the userwith daily observed weathefata and forecast weather data being
automaticallyaccessedt runtime The model uses soil waterbalance to predict the daily
soil waterstatus of the root zone for the current day through the next specified opportunity
for irrigation, providing a resmmended depth of irrigation to apply if the forecasiait
waterdepletion exceeds growth stage dependent management allowed depletion (MAD).
The depth of irrigation recommended depends upon irrigation settings specified by the user,

which shouldreflec t he wuser ' s swhdtherd mihimizegropostressemthout v e
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regard to how much water is used, to maximize potential rainfall benefit with greater risk of
subjecting the crop to some degree of drought stress, or somewhere in bd&dween.
incorporatingforecaseéd weathemto the irrigation decision, the IDS8duces the riskf

waiting too long to start irrigatioas well as minimizing the potential foverirrigation

caused byrequent occurrences ofigation followed by rainfall Thismay provide the

direct benefi of increasedtrop yield, improvd cropwater use efficiency, and redute

nutrientlossvia leachingandrunoff.

3.2 INTRODUCTION

Irrigation has long been critical for agricultural production in arid and-seichi
regions of the wd. Irrigation allowsfom ppr oxi mat el y 40% of t he wc
productionto be concentrated on orly% of agricultural land¢$FAQO, 2002). In the United
Statescrops produced on irrigated land accountedhforost half of harvested cr@alesin
1997 butonly 16% of the nation's total croplandfDA-ARS, 2001). In recent years,
interest and investment in irrigation has increased in less traditionally irrigated, humid
regions, such as the southeastern United States, where crop production primarnitsdsap
rainfall. Total irrigated acreage in Alabama, Georgia, North Carolina, and South Carolina
increased by 71% from 2@@0 2012 (USDA-NASS, 2003; 2013). Whereas growers in arid
climates rely solely on irrigation for growing crops, growers in huntibres are turning to
irrigation to increasgield and make crop production more resilienteather variability

which leads tgroduction oimore food and fiber on less agricultural land.
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Despite this expansion of irrigation, growers have been sl@asdpt technologies
and tools aimed at improving irrigation scheduling. As recently ag, 20y about 10% of
irrigated farmlandn the United Stategsedsoil moisturesensorgor scheduling irrigation
(USDA-NASS, 2013). Less than 16birrigated landvas scheduled usirgpmputer
models, while over 40% wascomplishedising the'feel’ of the soil.

Growers are investing in irrigation to increase yield potential and to guard against
yield losses during extended periods without rainfall during the groséagon. The issue
with rainfall in humid climates is typically not the quantity of rainfall recej\ed rather its
timing. Even in regions likeasterrNorth Carolina, which typically receivesl20 to 1420
mm of annual rainfa{SCONC, 2016) it is not uncommon to have prolonged periods
without rainfall during the growing season. If such conditions occur during the critical
growth stages of crop development, yield reductions can be devastating unless irrigation is
available. In additionto seasoriaainfall variability, spatial rainfall variability is common
also, withareas of relativelglose proximityreceivingdrastically differentainfall during the
same growing seasomn addition,most Coastal Plain soils restrict root growth to less than
300 to 450 mmand midseason rainfadiccursoftenasshort duration, high intensity events
resulting in only a fraction of the rainfall actually benefiting the crbpie to these factors,
there is a need for more readily embraced and effective irrigatloedulingools that
maximize crop quality and production potential while conserving water resources

Sadler et al. (2003) discussed many of the challenges to irrigation management in
humid climates, including the possibility of rain occurring just ateirrigation event.

Likewise, a grower might forgo an irrigation event in anticipation of a rainfall everfiaitsat
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to occur, leaving his crop in a stressed condition. The primary challenge facing growers who
are considering irrigation is how to maedwo main issueswhen to irrigate and how much
to apply.

Several tools and resources have been developed to assist growers with these issues.
Such tools are generally sqiplant, or weathetbased, or some combination ther@é,
2011) A soitbased irrigation scheduling method may be as simple as a "checkbook
approach,” in which a grower maintains a daityl waterbalance, accounting for inputs
(e.g.,rainfall and irrigation) and outputs.g.,evapotranspiration) to estimate when irrigation
is needed. More sophisticated systems may include the installation séssdrs to estimate
soil water content or soil matric potentiplant sensors to estimadeoughtstressor onsite
weather stations to measure weatratableshat most affect plat water availability and
plant water use (i.e., rainfall, temperature, relative humidity, solar radiation, and wind speed).
The combination omore sophisticatescheduling technologies with irrigati@ontrol
hardware constitutes what is broadly refdr@ as a "smart" irrigation systeiid\, 2007)
Smart irrigation systems aim to improve crop water use efficiency by precisely applying the
proper amourgtof water to the crop wheasnd where they ameeded. Incorporation of the
"where" component in thagricultural realm generally suggests the use of a variable rate
irrigation system.

Variable rate irrigation (VRI) systems allow for spatial variation of water application
within a single field and typically consist of a center pivot or lateral mogatransystem
that hasanonboard global positioning system (GPS), for determining thetirealposition

of theunitin the field, and multiple zones of irrigation nozzles that are independently
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controlled by a central control par{@vans et al., 2(8). The rate of water applied at any
location in the field is governed by the position of the system in the field and-daisexd
prescription map that is stored in the controller. Regardless of whether VRI is incorporated
into a system or a single aption rate is used for an entire field, appropriately answering
when and how muctvaterto apply is the critical component of any smart irrigation system.
Several governmental and academic institutions have developed freely available
software to assist gneers with irrigation schedulinfAndales et al., 2014; Cahn, 2013;
Cahoon et al., 1990; Hillyer and Sayde, 2010; Martin et al., 2003; Migliaccio et al., 2013;
Peters et al, 2014; Rogers, 2012; Sassenrath et al., 2013; Scherer and Morlock, 2008; Vellidis
etal., 2014. Some of these tools exist as standal
personal computer, while many developed or modified in recent years have been designed as
web-based applications, accessible from anywhere with internet aooesdjng on
platforms such as smart phones. The increase in the number of such applications available
has gone hanoh-hand with the increase and improvement of state weather networks that
provide reattime access to local weather conditions, which imynzases are directly and
automatically accessed by the irrigation scheduling application.
Most of the irrigation scheduling applications available today are based on some
version of thesoil waterbalance presented in the Food and Agriculture Organiz¢gibd)
Irrigation and Drainage Paper Number 56 (FBE) (Allen etal., 1998) and aim to predict
the currensoil waterstatus and crop water demand. One of the oldest publicly available
irrigation scheduling tools, the Arkansas Irrigation Scheduler (@akbal., 1990), relies on

asoil waterbalance and has been developed for cotton, soybeans, grain sorghum, and corn.
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Originally the Arkansas Irrigation Scheduler required users to input daily air temperature and
effective precipitation to update tkeil waterbalance; however, the application is now
available in an online interface that automatically acquires temperature data from a state
weather network that is used for evapotranspiration (ET) estimation. The user is still
required to input daily rafall and irrigation data to update the model, but the initial setup is
intentionally simple, only requiring the user to select generic crop and soil types from which
many of the specific parameters necessary fosdilevaterbalance are inferred. Sintlee

early 2000s, many similar state or regional irrigation scheduling tools have been developed.
The Arizona Irrigation Scheduling System (AZSCHED) (Matrtin et al., 2003) is a standalone
(not webbased) application designed for 28 different crops in Aazbiat accesses re@he

ET data from the Arizona Meteorological Network (AZMET). Online irrigation applications
include: CropManage (Cahn, 2013), developed by the University of California; Colorado
Water Irrigation Scheduler for Efficiency (WISE) (Andalet al., 2014); Mississippi

Irrigation Scheduling Tool (MIST) (Sassenrath et al., 2013); KanSched3 (Rogers, 2012);
North Dakota Agricultural Weather Network (NDAWN) Irrigation Scheduler (Scherer and
Morlock, 2008); Irrigation Management Online (IMO) (iér and Sayde, 2010); and
Washington Irrigation Scheduler (Peters et al, 2014). Each of these applications functions
on asoil waterbalance and automatically retrieves data from weather networks within the
regions it represents. There are varying degiof customization offered by each

application. KanSched3 allows userstmfigurea layered soil profildy specifying the
percentage of the total profile depth comprise@aghindividual soil layer Both the

NDAWN lIrrigation Scheduler and Colorad8ISE have builin GIS functionality that
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allows the user to identifiafield on a map and have soil data automatically retrieved from
online soil databases.

With so many people using smart phones to access the internet today, developers of
irrigation scleduling applications such as the Washington Irrigation Scheduler and Colorado
WISE have introduced mobile versions of their web applications. While these web
applications still require the user to navigate to them via a web browser, other researchers
havedeveloped standalone mobile applications that can be downloaded directly to the user's
smart phone. The University of Florida and the University of Georgia have worked together
to launch six different mobile irrigation scheduling applications desigrredtfas, urban
lawns, strawberry, cotton, avocado and vegetable (Migliaccio et al., Z6lli8lis et al.,

2014). These applications also usm# waterbalance approach and automatically retrieve
weather data from a network of weather stations totegtia current crop arsbil water

status. Additionally, some of these apps provide-fiag weather forecast of high and low
temperature, relative humidity, probability of rainfall, and wind speed to the user, although
this information is not directly sl in the calculation of the irrigation recommendation.

The need for a forecasting component in irrigation scheduling applications is an
element that is particularly important for humid regions of the United States and it is a need
that has not yet been meMO, developed by Oregon Stadt@iversity, provides the user a
daily updated forecast of water use predicted through the remainder of the season, but this
information is based on historical weather data for the location. At any point in the growing
season, KanSched3 forecasts crop water use for the next five days based on the average

reference ET for the previous five days, but there is no consideration of the current weather
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forecast. The addition of this forecast component to an irrigation schgtdirio estimate
both potentiatrop water demanandrainfall, would be particularly beneficial to growers in
thesoutheasterbnited States.

Each of the applications presented heretofore are to some degree "blind to the future,”
several of them beingsentirely. In other words, the primary function of these tools is to
predict the currerdoil waterstatus and crepvater demand at any point during the growing
season, recommending irrigation to the user only snidevaterdepletion has exceeded
somemanagement threshold. Though proven effective in reducing overall irrigation amounts
while increasing yields, this approach is still problematic on some levels. For one, by waiting
until a certain level of depletion has occurred to trigger or recommegation, it may
subject the crop to further stress before irrigation can be ap@8igtem constraints may
limit the acreage that can be irrigated on any given day or the amount of water that can be
delivered Thus, just because a crop is not in assed condition on a given day, does not
necessarily mean that it will not be in a stressed condition by the time the next irrigation
opportunity comes around (e.g., in a few days). Similarly, a grower may be faced with a
scenaridn whicha crop is apprazning stressed conditions, but there is rain in the forecast
thatwould delay a previously scheduled irrigation should the rainfall actually o&ueh a
scenario is common in humid regions like the southeastern United States. Undoubtedly
growers in sah positions already incorporate the weather forecast into their irrigation
decision; however, such a decision is subjective and largely a guess based on their experience

with similar weather and crop conditions from the past.
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There is a need for an irriglan scheduling tool that incorporatainfall and
evapotranspiration forecasts imgmkttime irrigation recommendatian Part of the reason
thatrainfall forecasts are not incorporated into most irrigation scheduling tools presently
availablemay be beause regions of the United States that are most dependent on irrigation
for crop production also tend to receive little if any rainfall during the growing season; thus,
it stands to reason that the primary concern of irrigation schedulers is prediopngater
use, not rainfall that is unlikely to occur. Additionally, the development of tools that
incorporate rainfall forecast into the irrigation decision process may have been slow in
progression because of the high level of uncertainty in rainfaltésts. Rainfall prediction
tools have improved in recent years, but the reality is that it is still difficult to accurately
predict rainfall amounts, particularly more than a day oritwadvance This is particularly
true of convective, afternoon thderstorms that are typically localized and sporadic yet are
very common sources of rainfall during the most critical growth stages of crops in the humid
southeastern United States. Recognizing these difficulties, it seems logical that attempting to
incorporate some sort of rainfall forecast into irrigation scheduling in humid climates would
be more beneficial than the present approach of leaving it entirely up to the subjective
experience of the grower.

To address this problena webbased, irrigation desion support system (IDSS) has
been developed to provide irrigation recommendations based on crop growth stegegereal
soil waterstatus, anghortterm weather forecast. The framework for the IDSS has been
developed so that weather data, weather &stgand eventually soil moisture data can be

automatically accessed and retrieved by the application from the data sources specified by
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the user. This will reduce the d&ydayuserinput requirements whilmtegratinga rainfall

forecast into the irgation decision process.

3.3 DEVELOPMENT OF THE |RRIGATION DECISION SUPPORT SYSTEM

The IDSS aims to answer the questions of when to irrigate and how much water to
apply. It does so by providing a daily irrigation recommendation to the user based on the
curren soil waterstatus in the crop root zorghortterm weather forecast, and crop growth
stage. The model accounts for the interaction among these three major components and
arrives at an irrigation recommendation that satisfies given conditions spésifiee user,
such as possible irrigatiatays irrigation managementriteria to be used in calculating the
irrigation depth when irrigation is recommendedy., percentage of soil water reservoir to
refill with irrigation), the number of days to forecastead, and whether or not soil moisture
sensors will be used to monitor the soil profilegattime. The IDSS usessmil water

balance based on the principles described in I58QAllen et al., 1998).

3.3.1Description of IDSS Components

Any effective irigation scheduling technique should provide an accurate estimation
or measurement of extractions and additions of water tedihe/aterreservoir in
conjunction with a basic understanding of plant water demands over time. The system by
which various, iterdependent flow processes occur between the soil, plants, and the
atmosphere has been referred to as thepitatmosphere continuum (SPAC) (Philip,
1966; Hillel, 2004) and is illustrated Figure3.1. The underlying priripal is that water

flow is always from a state of higher energy potential to one that is lower.
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Based on the theory of the SPAC, the IDSS and its subroutines have been broken
down into three basic categories: soil, plant, and atmosphigne€¢3.2). The processes
within each of these categories are not completely independent and they are handled
accordingly by the IDSS. The IDSS is designed to provide the user with daily updated
estimats of the status of the SPAC system elema# wellastheir forecasted stasdor the
next number of days as defined by the user and the number of days forecasted by the weather
forecast sourceThe IDSS relies upon minimatatic inputs that are defined by the user at
the beginning of the sears and several dynamic variables that are updated on a daily basis
using current weather data, weather forecast, and data obtained either from field installed soil
moisture sensors or a runnisgil waterbalance for estimating the curresatil watercontent.

The current IDSS functions as a web application on the ASP.NET framework
although it was designed with the intent that it could easily be expanded to function on other
platforms such as ones for mobile devices. The application logic was writterthesiGg
programming language in Visual Studio Ultimate 2QW&rosoft, Redmond, WA) A
detailed flow chart of the daily decision logic is presentdeignire3.3. The current IDSS
uses weather data from any of the fextyp ECCONet weather stations that are part of the
Climate Retrieval and Observations Network of the Southeast (CRONOS) Database
supported by th&tate Climate Office dllorth Carolina SCONC). Weather forecastare
accesseffom the National Weather Service (NYW®r the latitudes and longitudes
corresponding to each of the ECONet weather stations. The current configuration of the
IDSS and its data retrieval subroutines limits collection of weather data and weather forecasts

to these fortytwo sites, but the mad code could easily be changed to retrieve weather
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forecasts for any location in the continental US given their coordinates are specified by the
user. Likewise, the IDSS could be expanded to accept weather data from additional weather
stations beyond thECONet, so long as the necessary weather parameters are available. The
following sections explain with greater detail the three major components of the SPAC (soill,
plant, and atmosphere), the subroutines that the IDSS uses to represent them, and the

necessary inputs required to run the model.

3.3.2Soil Components
The soil components of the IDSS are focused primarily on estimatirgxthetof the
soil waterreservoir and the amount sdil waterwithin it at any given time over the growing

season.

3.3.2.1Definition of the Soil WaterReservoir

Thevolume of watethat a soilcan hold is governed by its porosity, but how readily
available the water is to a plant depends primarilthersize of theolid particles (texture)
comprising he soil. When all of the pespace in a soil is completely filled, it is saturated.
Even undesaturatectonditions, usually a tiny fraction of the pore space remains occupied
with entrapped air. Any water added to the soil beyond saturation will be lost to surface
runoff or deep pewdation(i.e., downward movement of water below the root zor@yer
time, the rate oflrainage due to the downward force of gradiégreases to a point that free
drainage is considered negligibl&his pointreferred toas field capacity (FC)s typically
associated with soil waterpotential of-10to -33 kPaand is the upper limit to plant

available water. Water continues to be removed from the soil profile beyond field capacity
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primarily by the process of evapotranspirat{&T), which is the corpination of evaporation
from the soil surface anglanttranspiration. fET continues withousoil waterbeing
replenished (either by rainfall or irrigation), then god waterwill eventually be depleted to
a point at which the adhesive forces holding water to the soil particles will be so great
thatwater can no longer be extracted by plant rodtsis condition isknown as the
permanent wilting point (PWH$oil waterpotential of-1500 kPa) Thesoil waterheld
between field capacity and permaat wilting point is considered available to the plant and
referred to as total available water (TAW). A representation cdahevaterreservoir is

shown inFigure3.4.

3.3.2.2Sizing theSoil WaterReservoir

Saturation, field capatyi, and permanent wilting point are typically expressed on a
volumetric basis (i.e., volume of water per total volume of soil). For the purposes of
irrigation scheduling, and specifically the use gbd waterbalance, it is necessary to
expressoil waer contentin depthunits. Such a conversion introduces a dependency on the
crop and can be determined using the equation:

372 372 2% [3.9

where,

SWRuepth = soil waterreservoidevel (saturation, FC, PWP, etc.) expressed ashdep

of water (mm)

SWRoumetric = SOil waterreservoirlevel (saturation, FC, PWP, etc.) expressed as

volume of water per volume of soil (mfrmm)
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RD = root zone depth (mm).

Due to its dependency on the root zone depthsaiievaterreservoir as expressd in
terms of depth of watewill change over the course of the growing season as the plant roots
grow. An example of how this change might look over the course of the growing season is
shown inFigure3.5, which includes a repsentation of how the user defined irrigation
criteria may change with time as well. The IDSS updates the depth equivalentsaf the
waterreservoirlevels(saturation, field capacity, permanent wilting point, etc.) on a daily
basis using the calcukd root depth of the specified crop. Root dep#signatechsa
function of days after planting and is explained further in this chapter in s8c3i@1(Root

Growth).

3.3.2.3Readily Available Water

Although in theory water isvailable to the plant until the PWP is reached, the rate of
plant water uptake decreases markedly as the PWP is approached due to the water being
more tightly bound to the sdifllen et al., 1998) Thereis a threshold at which point the
atmospheric denmal for water from the plant exceeds the extraction rate of the roots, which
is expressed by a depletion factor (p) that represents the fraction of total availabkbhatater
can te depleted before plant stresscurss (Figure3.6). The depth equivalent of this fraction
is referred to as Readily Available Water (RAW) and is calculated as:

217 P4l 7 [3.7
The depletion factotan range between 0 and 1 asd function of the

evapotranspiration rate of the plant, which is govétmgatmospheric conditions and plant
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growth stage. A constant value for p may be assumed throughout the crop growing season or
for specific stages of crop development. Allen et al. (1998) also provided means for
adjusting p using daily calculated crogpotranspiration (EJJ. The IDSS requires the user
to specify a p value for each crop growth stage as discussed further in the Plant Components
subsectior8.3.3.3(Growth Stages). The logic could easily be expanded to acfmun
variations in p due to ET

Managemenallowed depletion (MAD) is very similar to the depletion factor and the
two may at times be used interchangeably; however, MAD takes into account management
strategies and economic factors that are not tealyiacluded in theselection of p As
with values of p, the IDSS requires that the user specify a MAD for each growth stage of the
crop being considered, to account for different management strategies actmodomy
drought susceptibility during défent stages of developmerithe IDSS uses predicted

exceedance dflAD during the forecast perio determinef irrigation should be applied.

3.3.2.4Soil Layering

While the soil waterreservoirhasbeenpresented in the context athomogenous soill
profile, in reality, it is common for the portion of the soil profile that constitutes the plant
root zone to be made up of multiple soil layers. The IDSS allows the user to specify as many
soil layers as desired to describe the effective root zone of the plaahasstrated in
Figure3.7. For each soil layer, the user must specify the depth to the top of the layer, the
thickness of the layer, and the volumetric water contents corresponding to saturation, field

capacity, and permanent tuilg point for the layerFor the IDSS to function properly, the
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composite profile represented by the udefined soil layers shoulektendat leasto the

maximum expected rooting depth

3.3.2.5RealTime Estimation of Soil WaterStatus

Each run of the IDSS reqes an estimate of the curresuil waterstatus of the plant
root zone. This value may come frorsal waterbalance running concurrently with the
IDSS or from soil moisture sensors installed in the profile of interest. For the sake of
simplicity, flexibility to the end user, and to preserve memory requirements to run the IDSS,
abuilt-in soil waterbalance for estimating the curresatil waterstatus using observed
weather data is not currently included in the IDSS; however, this option could lkveitide
relative simplicity.

If soil moisture sensors are used to estimadétime soil waterstatus, the IDSS
requires a volumetric soil moisture estimate for each soil layer as defined by the user each
time the model is run. These values are usedtivilturrent estimated plant root depth
(calculated based on days after planting) to calculatethkdepth of water in the root zone

using the equation:

37 I ] 289 : [3.3]

where,

SW = total depth of water in theat zone (mm)

n = number of layergithin root zone with the'hlayer being the deepest
8 = measured volumetrioil watercontent for layer i (mrhmmn?)

8, = measured volumetric soil water content for tRdayer (mn¥ mm3)
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Li = thickness of layer ingm)

RD = current root depth of the crop (mm)

This method ensures that the composite estimateibivaterin the root zone is only
affected by the soil moisture sensors in the root zone and that the influence of each sensor
reading is based on the depfttlee layer that the sensor represeritbe IDSS does not
automatically retrieve soil moisture data preseralthough this functionality could be
added. Sensors and data loggelsat are accessibtever the web othatautomatically
transmit data to olud based storagee readily available, which would be needed to

incorporate this feature

3.3.2.6ForecastedSoil WaterStatus

At each run of the IDSS, after the estimate of the cus@htvaterstatus has been
updated, theoil waterstatus is forecast for elafuture dayas specified by the user and
corstrained by thdorecast data available. This forecast is actually performed twice: first
with no irrigation and second using the irrigation recommendation calculated by the IDSS
based on theoil waterforecast. The endingoil waterstatus of the root zone is forecast for
each day based on the beginngog waterstatus of the current day using the followsuall
waterbalance equation:

37 37 2' 7 )Z %4, 0 2/ $0 [3.4
where,

SWend = depth ofsoil waterin the root zone at the end of the day (mm)
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SWheg= depth ofsoil waterin the root zone at the gmning of the day (equal to

SWendfor previous day) (mm)

RGW = depth of theoil wateradded to the root zone due to daily roavgth (mm)

| = netirrigation (mm)

ETc adj= adjusted crop evapotranspiration (mm)

P = precipitation (mm)

RO = water loss to runoff (mm)

DP = water loss to deep percolation below the root zone (mm).

Inputs to thesoil waterbalance are provided from the wieer forecast data, which is
discussed further in secti@3.4(Atmosphere ComponentsYhe source of the weather data
(observed or forecasted) is not critical as long as it provides reliable forecast estimates for
each of tle following: daily minimum temperature, daily maximum temperature, daily
reference evapotranspiration (Tand daily rainfall. The terms of tseil waterbalance are

added or subtracted in the order that they appear in Equation

3.3.2.7ForecastedSoil WaterBalance Components

Root Growth Water. Root Growth Water (RGW) is the amount of water added to
the soil waterreservoir (as defined by the total root depth) based on root growth from one
day to the next. This term only applies during the stagesoeftly before maximum root
depth has been reached, when active root growth is still taking place. The RGW for any day
is calculated by the IDSS by multiplying the calculated depth of root growth for a given day

by the volumetric representation of FC foe tyer into which the root growth occurred.
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This assumeshe layers below the root zone have been sufficiently wetted by previous
rainfall to remain at FC at the time of root entry into the layer.

Irrigation. The initial forecassoil waterbalance isun assuming no irrigation for
any of the forecast days in order to determine if irrigation will be needed. If the current day
is an irrigation opportunitgdayand the initial forecastoil waterbalance suggests that
irrigation should be applied, tls®il waterbalance will be reun, setting irrigation on the
first day of the forecastoil waterbalance (the current day) equal to the IDSS recommended
irrigation depth.

Adjusted Crop ET. Adjusted crop evapotranspiration (&d) is the forecasted
amount d water that will be lost from the root zone due to evapotranspiration for each day.
This value is calculated using the forecasted crop ET) (€Xplained further in section
3.3.3.2 multiplied by a crop stress coefficietd. Ksis a function of the soil water
depletion (D), relative to field capacity, amanges from 0 to.11t is used to account for the
reduction insoil waterextraction by plant roots when tkeil waterreservoir is depleted

beyond the depth of RAWKs is represented visually iigure3.8 and is calculated as:

+ p AEI® 217 [3.9
and
47 s El® 27 [3.6]
p D4l 7
where,

Ks= crop stress coefficient (01)

D = FGiepth— SW = soil watedepletion relative to field capacity (mm)
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FCaepth= field capacity of the root zone represented as depifatgr (mm),

calculated similarly to SW in Equation33 r e piwa ctigan @@ ©

SW = depth of soil water currently in the root zone (mm)

RAW = readily available soil water (mm), as calculated using Equatin

TAW = total availablesoil waterin the rat zoneat field capacitf{mm)

p = depletion factof0 — 1).

Rainfall. The rainfall amount added in the forecasted waterbalance is based on
the forecasted probability of precipitation, the forecasted quantity of precipitation, and a
rainfall probablity threshold(RPT)associated with the predicted growth stage of the crop.
The IDSS requires the user to ent&Ril for each crop growth stage, which is used to
determine whether or not a forecasted rainfall event will be credited soitheaterbalance.
The details of how the forecasted daily rainfall depths are calculated by the IDSS are
explained irsection3.3.4.2(Weather Forecast) Forecasted daily rainfall that meets the
RPT criterion is added in its entiretyttoe soil water balancezffective rainfall which
replenishes root zone soil watercalculated as the depth of forecasted daily rainfall that
would not cause the soil water content to exceed sataraAny additional rainfall is
considered lost taunoff or deep percolation. No rainfall is deducted for canopy interception
since this effect is offset by not decreasing calculated-&@s following rainfall.

Runoff. Any water added to the soil profile (rainfall or irrigation) in excess of the
depthrequired to return the profile to saturation is considered lost to runoff. Realistically,
such water could be lost to runoff or deep percolation; however, for the purpose of the IDSS

the specific amount of water lost to runoff versus deep percolatiant isportant, only the
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total amount lostia bothpathways The deep percolation term is reserved for water lost
between saturation and field capacity, when gravitational drainage is occurring. The model
assumes that no runoff will occur prior to the goofile being saturated (i.e., the infiltration
rate is assumed to be sufficient to prevent surface runoff or ponding prior to saturation).

Deep Percolation. Deep percolation is the last term of #wl waterbalance
calculated on a daily basis and degs on theoil drainage rate (SLDR) specifieg the
user in configuring the IDSS. As stdfgreviously, any water loss that occurs while the soil
is at saturation is attributed to runoff by the model. The IDSS also functions under the
assumption thadrainage ceases once the soil profile is at or below field capacity, hence the
deep percolation term will only have a nonzero value whendth&ateris between
saturation and field capacityf the soil water is between field capacity and saturatizen t
drainage icalculatedas:

$0 37 &# 3,%$2 [3.7]

where,

SW = depth of soil water currently in the root zone (mm)

FCaepth= field capacity of the root zone represented as depth of water (mm)

SLDR = soil drainage rate (ddy

This method of alculating drainage is the same procedure used in the Crop
Simulation Model Decision Support System for Agrotechnology Transfer (DSSAT) (Jones
et al., 2003panddescribed by Ritchie (1998 he relationship between percent excess water
(defined here awater between field capacity and saturation) and days after saturation for

various SLDR assuming no other inputs (e.g. rainfall) or outputs (e.g. ET) is shévwguiia
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3.9. A possible improvemerib this component of the IDSS e future could be to add a
saturated hydraulic conductivitgrm (Ksa) for the soilthat the calculated drainage would not
be allowed to exceedrhis would allow for simulation of an impervious layer (e.g. plow
pan) that may reduce the rate of dowrdvamter movement sufficiently to cause water to
“stack up” in the profile.

Capillary Rise. Presently, the IDSS operates under the assumption that the water
table is sufficiently deep such that the supplgaf waterto the root zone via capillary rise
is negligible. Capillary rise could easily be added as a positive term to Eqidtion
however, a new subroutine would have to be added to the model to handle its calculation.

One possible option would be to integrate the IDSS with another hydrologidal such as

DRAINMOD (Skaggs, 1978) for fields with shallow water tables or poor drainage.

3.3.2.8Irrigation Decision Process
Once the forecasioil waterbalance has run assuming no irrigation, the IDSS

determines if irrigation should be recommended. |[f threect day is an irrigation
opportunity and the forecastsedil waterstatus at the end of any forecasted days prior to the
next irrigation opportunityr a forecasted rainfall that would return the soil water content to
FCis less than the management akolndepletion depth, then the IDSS will recommend
irrigation. Dalily irrigation opportunities are defined in the initial setup of the IDSS by the
user and specify when the irrigation system has the potential to run. The user has three
options for definingrrigation opportunities in the IDSS setup:

1. Days of Week: Specify days of the week when irrigation can occur (e.g.,

Monday, Wednesday, and Friday)
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. Irrigation Interval: Specify a set irrigation interval between irrigation

opportunities (e.g., every threays)

. Manual Entry: Manually enter each day of the year when the system is

available to run.

The depth of irrigation recommended depends on the irrigation criteria specified by

the user.Figure3.10illustrates the different irgation options that the user can select from.

They are:

. Refill to Field Capacity: The irrigation recommendation is calculated as the

depth of water required to return thal waterfrom its current state to field

capacity. Figure3.10, Option 1, pink line)

. Refill to Specified Point: The irrigation recommendation is calculated as the

depth of water required to return thal waterfrom its current state to a depth
specified by the user as a percent of field capacity. Tisroensures the
availability of a storage space in thail waterreservoir for possible rainfall.

(Figure3.10, Option 2, orange line)

. Minimal Irrigation: The irrigation recommendation is calculated as the

minimal depth of wier necessary (not to exceed field capacity) to prevent the
forecastsoil waterstatus from dropping below management allowed depletion

prior to the next irrigation opportunity Figure3.10, Option 3, green line)

. Maximize Potental Rainfall Benefit: The irrigation recommendation is

calculated using the same procedure as fomtinémal irrigation option, but

then further reduced by a depth equal to the maximum accepted daily rainfall
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forecast prior to the next irrigation oppartty. (Figure3.10, Option 4, purple
line).
The irrigation recommendationtisen compared to an optional minimum irrigation
depth (if provided by the user) before being returned from the model. Even if the irrigation
recommendion is less than the minimum specified threshold, it will still be returned, but it
will be flagged accordingly to alert the user.
Once the irrigation recommendation has been calculated, a ssmbnaterbalance
is forecasted using the calculated iatign recommendation depth as the depth of irrigation
on the first day, to give the user an idea of how applying irrigation will affectaihevater
status over the forecast days. It should be noted that regardless of the irrigation option
selected bytte user, the forecasbil waterstatus assuming the application of the irrigation
recommendation still may predict periods of defsail waterconditions. If the current
RAW is less than the cumulative rsetil waterlosses prior to the next irrigati@pportunity,
then a forecasted deficit will occur regardless of the amount of irrigation applied. Such a
scenario would suggest that the user should consider decreasing the number of days between
irrigation opportunities, at least for that particulartfmor of the season.
The irrigation recommendation is directly calculated based on the forecasted status of
the soil waterreservoir, which is a function not only of the soil parameters discussed thus far,
but also of the plant and atmospheric componentiseoEPAC. The following section

discusses the plant subroutines of the IDSS.
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3.3.3Plant Components

Plantcomponents of the IDSS are focused on processes related to growth and
development of the crop. The daily calculated crop growth parameters pertaih to bo
canopy and root development and are a function of user defined inputs, time (i.e. days after
planting), and temperature. Just as it does for the soil components of the saotieh (

3.3.2, the IDSS predicts current anddte status of the plant components as well.

3.3.3.1Root Growth

Root growth is a fundamental component of plant development. In addition to
absorbing and conveying water and nutrients from the soil to the rest of the plant, roots also
provide anchorage for thégmt structure (Hillel, 2004). In terms of the IDSS, root depth
determines the size of tiseil waterreservoir and daily root growth affects water inputs of
thesoil waterbalance, as described previously.

Cumulative root depth is calculated by the ID@ta daily basis, based on days after
planting (DAP),userspecified maximum effective rooting depth (%), and the user
specified days to maximum effective rooting depth (Days teddD A graphical
representation of root depth over time as calculbjetthe IDSS is shown iRigure3.11.

Root depth is calculated by:

2% 2% $A§®c!?|zo$ Al ®' 0 $ADR $ [3.9
and
2%$ 2% A9 0 SADRS [3.9
where,
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RD = root depth (mm)
DAP = days after planting (days)
RDmax = maximumeffectiveroot depth (mm)

Days to Rhax= days after planting required to red®Bmax (days)

3.3.3.2Crop Coefficient

Multiplication of reference evapotranspiration geby a crop coefficient (K to
estimate cropwapotranspiration (EJ is a widespread method that has been used for many
years (Doorenbos and Pruitt, 1977; Jensen et al., 1990; Allen et al., 1998). The crop
coefficient is often estimated from a crop curve that accounts for different water us# rates
plants during different stages of development. The IDSS uses a method presented by Allen
et al. (1998) to generate a crop curve that relatge Hays after planting. The general form
of the crop curve is shown Figure3.12. The curve is developed
lengths of each developmental stage and their associatedues. During each run of the
IDSS, K:is calculated for each forecasted day from the user defined crop curve.c ahe K
forecast E¥ valuesfrom the atmospheric component are transferred to the soil subroutines to
be used in the forecast dadlgil waterbalance.

Multiple studies have investigated the use of cumulative heat units to determine K
(Irmak et al., 2013Nielson and Hinkle, 1989 Sammis et al., 1985which accounts for
seasonal variations in crop development that is not accounted for with the simple days after
planting approach. Adding this option to the IDSS could be an improvement in the future;
however, the decision to uiee traditional days after planting approach was chosen for the

present IDSS because localized data relatigig Keat units is not readily availablEinding
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local K values as a function of time can be difficult alsoweverAllen et al. (1998)

presats methods for adjusting crop curve parameters based on historical, local wind speed
and humidity data, which makes the days after planting approach more adaptable to different
locations for the time bein@uchadjustment is suggested when locally geteet &

estimates are not availahle

3.3.3.3Growth Stages

Growth and development of agricultural crops can be broken up into vegetative and
reproductive stages of growth. Crops experience varying degrees of susceptibility to drought
stress with regards to yiettbpending on growth stage and the severity of the stress (Hiler
and Clark, 1971; Doorenbos, 1979). This varying degree of sensitivity is particularly
important for irrigation scheduling (Hiler et al., 1974) as growers should lean on the side of
caution duing periods of high susceptibility, yet may be more willing to tolerate some levels
of stress during other stages when crop susceptibility is less. It is important that any tool for
irrigation scheduling take into account not only changing crop wateamgver the season,
but also changing water stress sensitivity.

The IDSS incorporates crop sensitivity to drought stress into its decision via a
management allowed depletion term that the user specifies for each growth stage of the
considered crop. Thesar can define as many growth stages as he or she desires. In addition
to a MAD value, the user must specify a p value, a rainfall probability threshold (used in
processing the weather forecast data), and cumulative growing degree days required for each
defined growth stage. The IDSS uses the cumulative growing degree days to determine the

current and forecasted growth stage for each run of the model. While the IDSS could easily
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be altered to allow the user to specify stages of development simply lveet ¢i.e., days

after planting), the use of growing degree days (based on time and temperature) provides a
much better estimate of crop development across growing seasons, and growing degree day
requirements for different stages of development arelyeadhilable for many crops.

Daily growing degree days are calculated by the IDSS using the equation:

4 4
'3 ——— 4 [3.10

where,

GDD = daily growing degree days accumulated (GDD)

Tmax= maximum daily air temperature (ifndx> Tuppes US€ Thax = Tuppe) (°C)

Tmin = Minimum daily air temperate (ifmln < Tbase US€ Tin = Thase(°C)

Tohase= base temperaturbelow which no growth is assumed to occur (°C)

Tupper= upper temperature limit, above which it is assumed the growth rate ceases to

increase (°C).

The user must specify upper and base temperatures for the desired crop, although
default values for theseapameters could easily be integrated into future versions of the
IDSS, which would allow the user to simply select the crop of interest. Such is true for the
defined growth stages and their default values as well.

The IDSS calculates accumulated growiegiee days based on observed weather
data and predicts future growing degree days based on temperature forecast when calculating
the irrigation recommendation. The irrigation recommendats@sthe forecasted growing

degree days to predictopgrowth sageat time of irrigation and in the days to folloand
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the corresponding MAD that should be u$edeach Likewise, the forecasted growth stage
determineshe RPT usedto include or exclude forecast rainfall evenishe processing of
rainfall forecastind other weather inputs to the IDSS is discussed further in the Atmosphere

Components sectior3 3.4 below.

3.3.4Atmosphere Components

The atmosphere components of the IDSS deal with weather (previously observed and
forecasted) tethe field of interest. The IDSS is currently configured to automatically retrieve
observed weather data from any of fetiyo ECONet weather stations and weather forecast
from the NWS corresponding to the ECONet site; however, it could be modifiedepta
weather observations and forecasts from any source as long as the necessary weather
parameters are provided. The atmosphere subroutines of the IDSS are focused on collection

and processing of data treethen used by soil and plant subroutines.

3.3.4.10bserved Weather Data

To calculate the growing degree daumulatecach day of the growing season
(from which the cumulative growing degree days and corresponding growth stage are
calculated), the IDSS requires observed daily minimum and maximum tearpertdr the
field location or a location nearby. If soil moisture sensors are not being used to update the
current soil moisture status of the field, then daily rainfall and reference evapotranspiration
will be needed by the user as inputs into the coeatly runningsoil waterbalance. Itis
worth reiterating that the current IDSS does not maintain a rusoihg/aterbalance using

observed data, but this functionality could be added in the future.
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3.3.4.2Weather Forecast

Each daily run of the IDSS requirdaily weather forecasait minimum from the
current day through the next irrigation opportunity. These data are used to feodcast
waterreservoir and croptatus whichareused to determine the irrigation recommendation
for the current day. The dhaforecast parameters required by the model are: minimum
temperature, maximum temperature, reference evapotranspiration, probability of
precipitation, and quantity of precipitation. Because many weather forecast providers, such
as the National Weath&ervice, provide weather forecast data on hourly intervals, the
current IDSS is configured to accept hourly forecast data, vanathen converted to daily
data as described below.

The National Weather Service, a division of the National Oceanic and plrins
Administration (NOAA), generates seveay (168hour) forecastat a 5 km spatial
resolution or better for the entire United States and US territories. These forecasts are
updated on an hourly basis and made freely available over the interried Wattonal
Digital Forecast Database (NDFD) (Glahn and Ruth, 2003). NDFD data are available via a
number of web APIs or through the NWS web interface (www.weather.gov). Weather
forecast data currently used by the IDSS are collected and stored hoorth&NWS by a
separate web service operated at North Carolina State University (NCSU). The API used by
the server can be accessed at:
http://forecast.weather.gov/MapClick.php?lat=XXXX&lonYYYY &FcstType=digitalDWML
, Where XXXX and YYYY are the latitude anongitude, respectively, in decimal degrees

for the location of interest.
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The NCSU web service collects and stores forecasts from the above URL for the
latitude and longitude of each of the ECONet weather stations on an hourly basis. The
weather forecashodules of the IDSS read and process weather forecast data as follows.

Temperature Forecast. Forecasted daily minimum and maximum temperatures are
required to forecast the growing degree days and respective growthfetaggsh run of the
IDSS. Hourly forecast data collected at 12 AM of the current day are read by the IDSS. The
raw forecast data contains hourly temperature forecast for the next 168 hours, which the
IDSS processes to determine the minimum and maximum temperatures for each of the seven
forecast days. If the user were to choose an alternative forecast source with a different
number of forecast hours, the IDSS would process the forecast data for the number of full
days ahead corresponding to the number of forecast hours.

Reference Evapotanspiration Forecast. Reference evapotranspiration ET
forecasts are necessary for the IDSS to run the forsaéstaterbalance. Forecast BT
(sometimes referred to as FREArE not presently available from the NDFD via the
interfaces discussed mpieusly. In recent years, some regional offices of the NWS have
started providing sevetlay ET, forecast calculated using NDFD forecast data and the
ASCEEWRI Standardized Elmethod (ASCEEWRI, 2005) as described by Snyder et al.
(2009). The NDFD foreasts do not include estimates of solar radiation, a necessary input
for calculating ET, but they do include forecast percent cloud cover. Forecast percent cloud
cover is used to estimate the ratio of actual to potential sunshine hours, which is used to
forecast solar radiation following the procedures of Doorenbos and Pruitt (193Utiyal et

al. (2014) reported strong correlatior? (R0.88) between calculated solar radiation based on
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the Doorenbos and Pruitt method and measured solar radiationrial &&mth Carolina.

They also found solar radiation calculations based on percent possible sunshine substantially
more reliable than those calculated using the Hargreaves and Samani temperature based
method(Hargreaves and Samani, 198Fhe NCSU web sgice that collects and stores

forecast data for the IDSS calculates forecastdf the time of data collection usitige

same procedures as Snyder et al. (2009)

Rainfall Forecast. The inclusion of rainfall forecasts in the irrigation
recommendation deion is the primary distinction between the IDSS and other currently
available irrigation scheduling tools, as well as what makes it so potentially beneficial to
humid regions, like the southeastern United States.

There are two components to rainfall foasts that are used by the IDSS: 1) the
probability of precipitation (POP) and 2) the quantitative precipitation forecast (QPF). POP
is the probability that a measureable rainfall event (greater than or equal to 1/100th of an
inch) will occur during thdéorecast interval for the location of interest and QPF is the depth
of liquid precipitation expected during that period. As with the other weather forecast data,
POP and QPF are retrieved on an hourly basis by the NCSU web service and converted to
daily rainfall estimates by the IDSS.

The IDSS uses the hourly POPs, hourly QPFs, and user spé&iffiesdto calculate
forecast daily rainfalthat isused in the forecasbil waterbalance. Th&PT indicates the
degree of certainty required in the POP to acagpPF as true. The user must speciRPa
for each defined growth stage in accordance with the varying plant susceptibility to drought

stress. Each time the model runs, RT is determined for each of the forecast days based
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on the forecast growthage. Ifanhourly POPexceedthe RPT, thenits QPFis added tdhe

forecastsoil waterbalance.

3.4 SUMMARY AND CONCLUSIONS

Irrigation scheduling in humid climatesuch as theoutheasteri/nited States,
presents a different set of challenges thaaritclimates wheréhetwo primary factors
governing irrigation decisiorsre water supply anglant water demandMVidseason rainfall,
which is highly variable and often localizenteatescenarioghat are conducive tover
irrigation, potentially leadingd undue water stress on the crop or nutrient losses to surface or
ground water via runoff or leachingimilarly, growers may be faced with having to
subjectively decide whether to forgo an irrigation event due to the potential for an upcoming
rainfall — at the risk of unduly stssing the crop the rain forecast is incorreetor
proceeding with irrigation in an attempt to avoid deficit moisture stress only to see rainfall
the next day that would have prevented the stress also.

The IDSS presented in thchapter has been developed to address such challenges by
objectively incorporating crop growth stage, reale soil waterstatus in the root zone, and
shortterm weaher forecast to provide a daily updated irrigation recommendation to the user.
The webbased application represents the various components of th@asdiatmosphere
continuum and predicts daigpil waterstatus from the time theadel is run until the next
irrigation opportunity based on a forecassed waterbalance.

While observed wather data and weather forecasts are automatazafssed bthe

model presently, the IDS could be improved by expanding the available sources for such data
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beyond the fortytwo ECONet locations currently available. Similarly, inclusion of a fuilt
soil waterbalance to update the curresgil waterstatus using weather data or adding
functionality to automatically retrieve readings from field instafled moisturesensors
would further reduce the input demand on the user, thus improving thedikedi adoption
of the tool in dayto-day irrigation management.

Field and modeling studies based on the IDSS will be beneficial in optimizing the
irrigation options for different objectives (e.g., minimizing drought stress or maximizing
potential rainfalbenefitjandmanagement thresholds, such as the MAD and RPT for each
growth stage. Successful implementation of the IDSS could not only increase crop yields,
but also improve crop water and fertilizer use efficiencies by limiting periods of excess or
deficit soil waterand by reducing runoff and deep percolation. These results would increase
profits for growers, while improving the environmental sustainability of production

agriculture in thesoutheasterbnited States.

93



3.5 REFERENCES

Allen, R.G., L.S. Padira, D. Raes, and M. Smith. 1998. Crop evapotranspiration: Guidelines
for computing crop requirements. Irrigation and Drainage Paper No. 56, FAO, Rome,
Italy, 300 pp.

Andales, A.A., T.A. Bauder, M. Arabi. 2014. A mobile irrigation water management system
using a collaborative GIS and weather station networks. In: Practical Applications of
Agricultural System Models to Optimize the Use of Limited Water (Ahuja, L.R., Ma, L.,
Lascano, R.; Eds.), Advances in Agricultural Systems Modeling.-BSSASSSA,
Madisan, Wisconsin. 5:584.

ASCEEWRI, 2005. The ASCE Standardized Reference Evapotranspiration Equation. In:
Allen, R.G., Walter, I.A., Elliott, R.L., Howell, T.A., Itenfisu, D., Jensen, M.E. (eds).
Technical Committee report to the Environmental and WatsolRees Institute of the
American Society of Civil Engineers from the Task Committee on Standardization of
Reference Evapotranspiration. ASEEVRI, Reston, VA. 69 pp.

Cahn M., R. Smith, and T.K. Hartz. 2013. CropManage: A-befed irrigation and nitrogen
management tool. 2013 California Plant and Soil Conference Visalia, CA 195. 90

Cahoon, J., J. Ferguson, D. Edwards, and P. Tacker. 1990. A microcclmmedrirrigation
scheduler for the humid mifiouth region. ApplEng. Agric. 6(3): 28295.

Doorenbe, J., and W.O. Pruitt. 1977. Guidelines for predicting crop water requirements.
Irrigation and Drainage Paper No. 24, FAO, Rome, Italy. 179 pp.

Doorenbos, J. and Kassam, A.H. 1979. Yield response to water. Irrigation and Drainage
Paper No. 33, FAO, Rom#aly. 193 pp.

Evans, R.G., J. LaRue, K.C. Stone, and B.A. King. 2013. Adoption edéefic variable
rate sprinkler irrigation systems. Irrig. Sci. 31(4): &87.

Food and Agriculture Organization of the United Nations (FAO). 2002. Crops and drops:
making the best use of water for agriculture. FAO of the United Nations, Rome.

Glahn, H.R. and D.P. Ruth. 2003. The new digital forecast database of the National Weather
Service. Amer. Meteor. Soc., 1:201.

Hargreaves, G.H. and Z.A. Samaini. 1985. Referamop evapotranspiration from
temperature. Appl. Eng. Agric. 1(2): 98.

Hiler, E.A. and R.N. Clark. 1971. Stress day index to characterize effects of water stress on
crop yields. Trans. ASAE. 14(4):7561.

94



Hiler, E.A., T.A. Howell, R.B. Lewis, and R.Boos. 1974. Irrigation timing by the stress
day Index Method. Trans. ASAE. 17: 3398.

Hillel, D. 2004. Introduction to Environmental Soil Physics. Academic Press, London,
United Kingdom, ISBN13: 9780-12-3486554.

Hillyer, C. and C. Sayde. 2010. A wbhsed advisory service for optimum irrigation
management. ASABEA 5% Decennial International Irrigation Conference, Phoenix,
Arizona, December.

Irmak, S., L.O. Odhiambo, J.E. Specht, and K. Djaman. 2013. Hourly and daily single and
basal evapotranspirah crop coefficients as a function of growing degree days, days
after emergence, leaf area index, fractional green canopy cover, and plant phenology for
soybean. Trans. ASABE. 56(5): 17&B03.

Irrigation Association (I1A). 2007. Smart water applicatiocht®logieslrrigation
Association, Falls Church, Virginia.

Irrigation Association (I1A). 2011. Irrigation Sixth Edition. Irrigation Association, Falls
Church, Virginia, ISPNL3: 9781-93532450-8.

Jones, J.W., G. Hoogenboom, C.H. Porter, K.J. Boote, Baizhelor, L.A. Hunt, P.W.
Wilkens, U. Singh, A.J. Gijsman, and J.T. Ritchie. 2003. DSSAT Cropping System
Model. Eur. J. Agron18:235265.

Martin, E.C., H. Detwiler, and D.C. Slack. 2003. AZSCHED V1.13 (Arizona Irrigation
Scheduling) System. Users Handbook. University of Arizona, Cooperative Extension.
Pub. # AZ1321. 17 pp.

Migliaccio, K.W., J.H. Debastiani Andreis, C. Fraisse, K.T. §y#or, and G. Vellidis. 2013.
Smartirrigation apps: urban turf. AE499 Agricultural and Biological Engineering
Department, Florida Cooperative Extension Service, Institute of Food and Agricultural
Sciences, University of Florida. http://edis.ifas.ufl.edu/&49

Nautiyal, M., G.L. Grabow, R.L. Huffman, G.L. Miller, and D. Bowman. 2014. Residential
Irrigation Water Use in the Central Piedmont of North Carolina. I: Measured Use and
Water Requirements. J. Irrig. Drain Eng. 141(4), 04014062.

Jensen, M.E., BurmaR.D., and Allen, R.G. 1990. Evapotranspiration and Irrigation Water
Requirements. ASCE Manuals and Reports on Engineering Practice No. 70, Am. Soc.
Civil Engr., New York, NY. 332 pp.

Nielsen, D.C. and S.E. Hinkle. 1996. Field evaluation of basal cropaegts for corn
based on growing degree days, growth stage, or time. Trans. ASAE. 3910397

95



Peters, R.T., S.E. Hill, G. Hoogenboom, and J. Hamel. 2014. Simplified Irrigation
Scheduling on your Phone or Web Browser. Presented at the Irrigation 8tiow a
Education Conference of the Irrigation Association. Nov2172014 in Phoenix, AZ.

Philip, J.R. 1966. Plant water relations: some physical aspeuts. Rev. Plant Physiol7:
245-268.

Ritchie, J.T. 1998. Soil water balance and plant stress. Ifi; &Y., Hoogenboom, G.,
Thornton, P.K. (Eds.), Understanding Options for Agricultural Production. Kluwer
Academic Publishers, Dordrecht, The Netherlands, p441

Rogers, D.H. 2012. Introducing the wkehsed version of KanSched: An{ba&sed irrigation
scheduling tool. Proceedings of thé"2hnual Central Plains Irrigation Conference,
Colby, Kansas, February 2P.

Sadler, E.J., C.R. Camp, and J.E. Hook. 2003. Irrigation Management in Humid Regions. In
Encyclopedia of Water Science: 4482. B. A. Stevart, and T. A. Howell, eds. Marcel
Dekker.

Sammis, T.W., C.L. Mapel, D.G. Lugg, R.R. Lansford, and J.T. McGuckin. 1985.
Evapotranspiration crop coefficients predicted using growiegreedays. Trans. ASAE.
28(3): 773780.

Sassenrath, G., A. Schmidt, &h8eider, M.L. Tagert, H. van Riessen, J.Q. Corbit, B. Rice,
R. Thornton, R. Prabhu, J. Pote, C. Wax. 2013. Development of the Mississippi Irrigation
Scheduling Toot MIST. Presented at the 2013 Mississippi Water Resources
Conference, Jackson, Mississipfpril 2-3.

Scherer, T.F. and D.J. Morlock. 2008. A ssfeecific webbased irrigation scheduling
program. Proceedings of the 2008 ASABE Annual International Meeting, Providence,
Rhode Island, June 29July 2.

SkaggsR.W. 1978. A water management mbite shallow water table soils. Tech. Rep.
No0.134, Water Resources Research Institute of the University of North Carolina, North
Carolina State University, Raleigh.

Snyder, R.L., C. Palmer, M. Orang, M. Anderson. 2009. National Weather Service reference
evapotranspiration forecast. CA Water Plan 2009 Update6.4:1

State dimate Office of North Carolina (SG®C). 2016. Normal Monthly Precipitation
Totals.North CarolinaState UniversityRaleigh.

96



United States Department of Agriculture Agricultural NaéibAgricultural Statistics Service
(USDA-NASS). 2003. 2002 Census of Agriculture. Farm and Ranch Irrigation Survey.
3(1). 266 pp.

United States Department of Agriculture Agricultural National Agricultural Statistics Service
(USDA-NASS). 2013. 2012 Censo$ Agriculture. Farm and Ranch Irrigation Survey.
3(1). 216 pp.

United States Department of Agriculture Agricultural Research Service (WSRS). 2001.
Irrigation and Drainage: A national research plan to meet competing demands and protect the
environmentlUSDA-ARS Program Aid 1680.

Vellidis, G., V. Liakos, C. Perry, M. Tucker, G. Collins, J. Snider, J. Andreis, K. Migliaccio,
C. Fraisse, K. Morgan, D. Rowland, E. Barnes. 2014. A smartphone app for scheduling
irrigation on cotton. In S. Boyd, M. Huffman&B. Robertson (eds) Proceedings of the
2014 Beltwide Cotton Conference, New Orleans, LA, National Cotton Council,
Memphis, TN (paper 15551).

97



3.6 FIGURES
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Figure 3.1. Representation of the basisources,
sinks, and mechanisms of water transfer irthe soit
plant-atmosphere continuum (SPAC).
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Figure 3.2. High level representation of the IDSS subroutines. (FC = field capacity,
PWP = permanent wilting point, Sat. = saturation, and MAD = management allowed
depletion)
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Figure 3.5. Representation of thesoil water reservoir over the course of
the growing season as calculated by the IDSS. Note the fluctuating
management allowed dpletion (MAD) line represents how the user can
set the IDSS to managsoil water differently at different stages of crop
growth. (Sat. = saturation, FC = field capacity, MAD = management
allowed depletion, PWP = permanent wilting point, OD = oven dried plant
= time of planting, tromax = time of when roots reach max depth,Mmature =
time of crop maturity)

102



Sat.

Excess
L |FC
o) Readily Available Water
< o
> (RAW)
Available Water
PWP
=
(Vp]
Unavailable Water
Oven Dry -

Figure 3.6. Representation of management allowed

depletion (MAD) and depletion factor (p) relative b the

soil water reservoir (not to scale) Note: MAD and p

may change over the course of the season depending on

the userodés specified values for each i n each

103



Layer A Thickness, Depth, /

* |
Layer B Thicknessg Depthg / (g (

~ x « i
Layer C Thickness. Depth,

* *

Figure 3.7. Representatim of layering within the soil profile as considered
by the IDSS. Note: For each defined layer, the user must specify the
depth thickness, and volumetricsoil water contents corresponding to
saturation, field capacity, and permanent wilting point. (RD =root depth)
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Figure 3.8. Relationship between the calculated crop stress coefficientdkand
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Figure 3.9. Relationship between excess water (defined as water between saturation
and field capacity) and days after saturation event assuming no additional inputs (e.g.,
rainfall) or outp uts (e.g., ET)for various soil drainage rates (SLDRS)
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Figure 3.10. Representation of how the IDSS forecasts daikoil water statuses and
calculates the irrigation recommendation depending on the irrigaon options selected
by the user. Note: Thdfirst dot represents the currentsoil water status (as measured by
soil moisture sensors or estimated by a concurrergoil water balance) and the
subsequentdots represent forecasted dailyoil water statuses br next seven days based
on forecast ETc.adj and rainfall, without any irrigation. Other lines represent the
updated soil water status forecast assuming one of four irrigation options (described in
section3.3.2.80f text). Options: 1) Refill to FC (pink line), 2) Refill to Specified Point
(orange line), 3) Minimal Irrigation (green line), and 4) Maximize potential rainfall
benefit (purple line). (FC = field capacity, MAD = management allowed depletion, and
PWP = permanentwilting point)
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A4

Days After Planting

Figure 3.11. Representation of root depth (RD) relative to days after planting as
calculated by the IDSS.
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Figure 3.12. Representativecrop curve over the course of the growing season.
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CHAPTER 4- IMPLEMENTATION AND EVALUATION OF THE
IRRIGATION DECISIONSUPPORTSYSTEM ON AN IRRIGATED
CORNFIELD IN EASTERNNORTH CAROLINA

4.1 ABSTRACT

A field study was commenced at the Cunningham Research StationstotifNC in
2014 to evaluate the Irrigation Decision Support System (IDSS) described in Chapter 3. The
intent was to highly instrument a research field serviced by a linear move irrigation system,
retrofittedfor variable rate irrigation (VRI) in 2013, order to test the IDSS compared to
norirrigated and routinelyrrigatedtreatments in the same field. Several challenges
hampered the project including irrigatiepstemhardware failures, delays in completing the
programming of the IDSS, and inhereatiability across the field, includingroduction
limiting compaction and poor drainage. More importantly, the 2014 growing season was the
wettest(933 mm of rainfalllamong the previous eighteen years of continuous weather data
available at the CunninghaResearch Statiomeaningrrigation was not essentially needed
during the study A total of 16 and 32 mm of irrigation were applied to IDDS and routinely
irrigated plots, respectively, before irrigation was ceased entifatgordingly, the
objectivesof the study were modified to focus on evaluatingstbié waterbalance
component of the IDSS, used in forecastingsthiewaterstatus for coming days, by
comparing predicted dailsoil watercontents based on measured weather data to observed
soil waker contents in the study fieldSoil penetration resistance measurements were taken in
multiple locations following harvest in an effort to explain and account for extensive growth

and yield variability across and within plots. Plot average yields ranged3,680 to 9,506
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kg ha' and differences were not attributable to irritation treatmefit® IDSSsoil water

balance was a good predictor of obsemat zonesoil watercontents averaged across all

plots (NSE = 0.88, RSME =9.3 mm), but tended tover predict the magnitude of the effect

of rairfall events as well as the drdewn rates during periods of dryinfyleasurements

indicated root impeding penetration resistances as shallow as 50 mm in some areas of the
field. There was evidence of a distitompaction layer between 150 and 300 mm below the
soil surface across much of the field. There was also visual evidence that maximum
penetration values measured across the field correlated with spatial variability in crop growth
and yield. Additionalears of field testing, encompassing various locations, soil types, and
seasonal rainfall patterns are needed to further evaluate and refine the IDSS, towards the goal
of maximizing crop production, while preserving the quantity and quality of fresh water

supplies.

4.2 INTRODUCTION

Irrigation in production agriculture in the hungdutheasterb/nited States has
increased in recent years (USINASS, 2003; 2013) as growers seek to maximize
production potential afforded by genetic advancements in seed technotbtgyr@duce the
risk of crop failure and substantial yield loss resulting from extreme weather years. Growers
in this region are less dependent on irrigation than their counterparts in arid parts of the
country, yet they face a different set of schedythallenges, mainly presented by mid
season rainfall and weather variability (Vories et al., 2009). Seassaason variability as

well as spatial variability in weather patterns within seasons mean that effective irrigation
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scheduling must be adaptivearder to account for changes in plant water demangaihd
wateravailability throughout the crop growing season.

Over the years, many irrigation scheduling tools and resources have been developed
and made freely available to growers (€dapter 3 Section3.2); however, the adoption
and routine use of such tools has remained low (UBIDSS, 2013) as has the investment
in and use of precision irrigation technologies such as variable rateiamigeRI) (Evans,
et al., 2013). There are multiple contributing factors to the slow adoption of such
technologiesincluding limitations of the scheduling software, gaps in communication
between the scheduling resources and the controlling hardwarteusgzlement the
irrigation decision, and the time and experience required to run these systehtgt most
growerscurrently do not consider the potential return on investment worth tre(east
finandal, time,and expertiseassociated with adtipg such technology

In response to these factors that have limited implementation of smart irrigation
systems in agriculturéhe IDSS, presented in Chapter 3, was designed as a simple system
that requires minimal inputsith the potential for clear artdngiblebenefits to the grower.
The IDSS integrates crop growth stage,-temé soil waterstatus of the root zone, and short
term weather forecast in a daily irrigation recommendation for the user. While the concepts
and underlying principles, such the soil waterbalance, on which the IDSS is based are
well tested and have been proven effective, the unique combination of all of them as
proposed in the IDSS has not been field tested. With any proposed decision guidance model
for agriculture, theresia need for field studies to validate the tool and evaluate its

effectiveness. The experimental study presented in this chapter was designed to field test the
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proposed IDSS and its efficacy as an irrigation scheduling resource in theduuthidastern
United States. The field testing was carried out during the 2014 growing season by
instrumenting a production agriculture field, in a carmeatsoybean rotation, with
environmental monitoring sensors and a precision controlled, variable rate irrigatem.sys

The objectives of the study were to: 1) implement and demonstrate the smart
irrigation technology represented by the IDS&®eduled irrigation; 2) evaluate the smart
irrigation technology by comparing the IDS8heduled irrigation (referred to as stna
irrigation) with nonirrigated and routinely irrigated corn on the research field during the
2014 growing season, with respect to yield, water use, and water use efficiency; and 3) assess
the efficacy of the IDSS at correctly predicting when and howhnimigation to apply given
the realtime soil waterstatus of the root zone, the calculated growth stage of the crop, and
shortterm, daily weather forecasts.

Achieving the objectives of the study was substantially inhibited by a host of
challenges, inading delays in configuring a fully operational version of the IDSS; hardware
failures with the existing irrigation infrastructuiaferior crop stand (in part due to
mismanagement of nutrient application); widespread, inherent variability acrossafueies
field; and most significantly, above average rainfall during the growing season, which
resulted in minimal need for irrigation and revealed poor drainage in portions of the field.

Accordingly, the proposed objectives, beyond the implementation amolngération
of the smatrt irrigation technology, were modified to: 1) evaluate the effectivenesssofithe
waterbalance at the core of the IDSS by comparing predsuédvatercontents based on

observed weather data to measigeitl watercontents intie field over the course of the
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season, and 2) investigate the sources of variation in the-figgdicularly soil compaction

in the shallow soil layers.

4.3 MATERIALS AND METHODS

4.3.1Site Description

The research field is a relatively flat, 4.4 ha field atGo@ningham Research Station
in Kinston, NC (35° 18' 3"N, 77° 34' 8" WPDominant soil series are Lynchburg sandy loam
(Finelloamy, siliceous, semiactive, thermic Aeric Paleaquatimmewhat poorly drained) and
Rains sandy loanF{ne-loamy, siliceous, semactive, thermic Typic Paleaquulfsoorly
drained) (USDANRCS, 2016)Figure4.1). The field is irrigated by three spans of a five
span Valley linear move irrigation system. The source of irrigation water is an onsite pond
(locaed approximately 650 m from the closest pointheffield). Irrigation water is supplied

via a series of hydrants along the edge of the travel path of the linear move irrigation system.

4.3.2Variable Rate Irrigation Retrofit

In the spring of 2013, the linearove irrigation system was retrofit to be a variable
rate irrigation (VRI) system by Advanced Ag Systems, Inc., Dothan, AL. VRI is a precision
agriculture technology that allows users to vary the amount of irrigation applied within
different areas of adid to precisely meet the individual water demands of each area (Evans
et al., 2013). An onboard global positioning system (GPS) and custom irrigation controller,
coupled with usedefined prescription map, determine the spatial variation of irrigation
under a VRI system. The VRI kit installed on the study irrigation sysligrdedthe linear

moveinto fifteen independently controllable irrigation zones (average width of 18 m), each
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of which could be varied in application rate every 11 m along the direcfitravel.
Prescription maps for the system can be generated by the Irrigation Manager software,
provide by Advanced Ag System, Inc. at the time of installation, and loaded onto the VRI
controller using a thumb drive. The VRI retrofit was performefdd¢ditate testing of

multiple irrigation strategies on the study field.

4.3.3Planned Irrigation Treatments

Three water management regimes were planned for the study. The first was a "smart"
irrigation schedule (Smart) as determined by the IDDS. The se@aithent was a routine
irrigation schedule (Routine), intended to mimic irrigation practices currently used by
growers that irrigate agronomic crops in North Carolina. The final treatment was a non
irrigated production regime (Rainfed), representativinefstill most common practice in
North Carolina and much of tls®utheasterb/nited States.

To reduce labor demands on research station staff and to mimic a realistic limitation
that growers may face, irrigation events were restricted to two days pkr(Menday and
Thursday). Corn is moderately tolerant to water stress during the early vegettgee
(Heinigeret al., 2000), while the greatest water demand and drought susceptibility is during
the reproductive stages, particularly between one weektp tasseling and two weeks after
silking (Heiniger et al., 2000). For this reason, many growers that irrigate corn in North
Carolina wait until June to start irrigating and cease irrigation by the end of July. Analysis of
historical weather data fno Kinston, NC and estimates of weekly crop evapotranspiration

for nonstressed corn, planted on April 15 (typical planting date for the region) revealed an
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average weeklpetirrigation requirement of 23 mm weéland 22 mm weekin June and
July, respectely. Using this information, The Routine treatment was scheduled to apply 25
mm weekK., split over two applications, each week during June and Wbather data used

in determining this schedule included historical monthly rainfall and reference
evapdranspiration (E{) estimatesrom the Cunningham Research Station weather station,
one of fortytwo Environment and Climate Observing Network (ECONet) weather stations
across the state of North Carolina maintained by the State Climate Office of Nartim&ar
(SCONC) (SCONC, 2016). Routine irrigationwas to be skipped only under the following
conditions: 1) a rainfall of 6 mm or greater within 24 hours prior to a scheduled irrigation
event, 2) forecast of an imminent rainfall event on the day of theeinlays to immediately
follow a scheduled irrigation, or 3) standing water in the field. Leeway was given to the
station staff in final determination of whether or not to forgo an irrigation event based on

their experience and knowledge of the studigfie

4.3.4Experimental Design

The study field was divided into nine plots, with each irrigation treatment regaicat
three timesin a 3 x 3 randomized block desigfiqure4.2). Each plot was 61 m by 46 m
(0.3 ha), with 19 m buffersatween plots along the direction of travel of the linear move
system (to allow the VRI system to fully transition from one application rate to another
between plots) and 8 m buffers between plots within each replication block (where the wheel

tracks for tke linear move system were able to paBg)ure4.3).
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4.3.5Instrumentation

In the spring of 2014, prior to planting, a mdoinductor communication cable was
buried between the center plot of each replication and the respectivaragigxterior plots
(Figure4.3). The cable was housed in 2 in. PVC conduit, buried 0.6 m deep to protect it
during field cultivation. At the center of each plot, the cable surfaced to a PVC junction box,
which served as a pratied connection node for multiple field sensors. Tipping bucket rain
gauges (Onset Computer Corp., Bourne, MA) and manual rain gauges were mounted 1.8 m
above the solil surface in the center of each plot to monitor rainfall and irrigation during the
study. Three Decagon 5TMoil moistureand temperature sensors (Decagon Devices, Inc.,
Pullman, WA) were connected at the junction node in each plot but were not installed in the
soil until after planting. Following planting, tiseil moisturesensors were gtalled at
depths of 75, 225, and 375 mm in a single vertical trench, offset approximately 300 mm from
the plant row near the center of each plot. Readings from these sensors were considered
representative of 150 mm thick soil layers at depths of 0,ar&0300 mm.

A CS451 pressure transducer (Campbell Scientific, Inc., Logan, UT) was wired to
each plot junction node for monitoring water table depth, but monitoring wells were not
installed until later in the season and the data from them was not usled &alysis
presented in this chapter. Both the 5TM and CS451 sensors afe $Dmpatible, which
allowed a single communication cable to be used bettimsedevices. All sensors in each
replication were connected to a Campbell CR206x data loggerdie! Scientific, Inc.,

Logan, UT), which was housed in a protective enclosure box in the center plot of each

replication and powered by a 12voitamphourbattery and 10 W solar panel. The data
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logger was programmed to take sensor readings everyrilieniand recorded hourly

averages fosoil moisture soil temperature, and water table depth and hourly totals for

rainfall. Each CR206x had a buwiit radio, which was used to transmit the data collected in
each replication back to a base station (CatiftR800 data logger; Campbell Scientific,

Inc., Logan, UT) located iplot 7 andequipped with a Campbell RF 401 900 MHz spread
spectrum radio transmitter (Campbell Scientific, Inc., Logan, UT) and a RavenXTV cellular
digital modem (Sierra Wireless, Ritlond, British Columbia, Canada). The CR800

collected hourly records from each of the three CR206x data loggers and combined them into
common data tables on the base station. Data stored on each of the data loggers was
transmitted to an offsite computéwcated on the North Carolina State University (NCSU)
campus, every four hours using Loggernet data logger support software (Campbell Scientific,
Inc., Logan, UT). This data was intended to be an input into the IDSS fdamneal

scheduling of irrigatiomluring 2014, but was instead used as the check for evaluating the
effectiveness of the IDS$il waterbalancewithout irrigationat matching the measuredil

watercontents in each plot.

4.3.6Crop Management

In 2013, prior to this research, the study fieldswéanted in ndill wheat followed by
no-till soybeans. Following the installation of the communication cable in the spring of
2014, the field was disked on 10 April and 33.6 kg bAN, 100.8 kg hdof K, and 35.3 kg
ha' Sulfer (336 kg hd&10-0-30 N-P-K with 10.5% Sulfur) was broadcast on 11 April. On 14

April, a rolling field cultivator was pulled through the field in final preparation for planting.
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On the same day, Pioneer P2089YHR field corn was planted at 70,600 $egddvamm
row spacingvith 91.5 kg ha N (234 L hat of 30-0-0 N-P-K liquid fertilizer) applied
slightly offset from the row center.

Heavy rainfall in the first 10 days after planting (DAP) resulted in water ponding in
the field and the development of a hard crust onahliesgrface. A rotary hoe was run
through the field on 25 April 2014 to loosen the soil surface crust and encourage
germination. Germination was observed on 28 April 2014 (14 DAP).

The corn was sprayed with 3.5 Lhatrazine, 2.3 L ha glyphosate, an@.3 L 80/20
surfactant per 378.5 L of water on 29 April to control weeds. A folipvherbicide
application of 1.8 L hidglyphosate and 2.3 L Hmmmonium sulfate was applied on 12
May. A final herbicide and fertilizer application was made togeth&7okay combining
374 L hat of 30% UAN (146 kg haN), 2.3 L hat Atrazine, and 110 mL haSteadfast Q
(Nicosulfuron—25.2%; Rimsulfuronr- 12.5%). It should be noted that more N was applied
during this last application than was intended due to a misazmication regarding the total
N that had been previously applied. The cumulative total N applied in 2014 ended up being

271 kg ha, 61% more than the intended total of 168 kg.ha

4.3.7Weather Data

Daily rainfall totals, maximum and minimum temperatuses] ET, were collected
from the Cunningham Research Station weather station, an ECONet station maintained by
the SCONC. The weather station is located approximately 340 m east of the study field and

is one of the stations that users of the IDSS camcts&$ea source for weather data. The data
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from all ECONet stations are available via the NC Climate Retrieval and Observations
Network of the Southeast (CRONOS) online database managed by thiHGCE&CONC,
2016). Weather data were used to monitor damts during the study period and as inputs
to thelIDSS soil waterbalancanodelthat was compared to measussd watercontents

from the field.

4.3.8Harvest

4.3.8.1Plant Sampling

Destructive plant samples were collected from four random locations near the center
of each plot on 18 September (157 DA®as®ss the effects of irrigation treatments on yield
and for comparison with soil water dynamics monitored in each plath sampling location
was chosen within approximately 15 m of the respegioesoil sensosin order to
minimize the impact of uplot spatial variability when relating measured water uptake to
plant growth

At each sampling location, three consecutive plants in the same row were harvested,
removing all biomass greater thah mm above the daurface. Individual plants were
tagged according to the location from which they were collected, then transported to an
offsite location where they were dried for 48 hoatr§0°C prior to processing. Following
drying, each plant was partitioned intalividual components (i.e. stalk, leaves, sheaves, and
ears), which were each weighed, counted, and measured as appropriate. Ears were further
subdivided into cobs, kernels, and husks. For the purposes of this chapter, only kernel

weights are presentedhich were converted to yield per area estimates by dividing the total
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kernel weight from the three plants at each sampling locations by the representative area
from which they were collected (0.14nbased on 70,600 seedrend 97 mm row

spacing).

4.3.8.2Combine Harvest

All plots were harvested on 23 September (162 DAP) using a commercialpfour
harvester equipped with a Trimble FmX Integrated Display and yield monitor (Trimble
Navigation Limited, Sunnyvale, CA). Each of the nine plots was harvestedualiy so
that total kernel weight from each plot could be measured and compared to yield estimates
from the plant sampling and the yield monitor. Yield monitor data were imported into
Farmworks (Trimble Navigation Limited, Sunnyvale, CA), which was teegEnerate a
point shapefile that could be imported in to ArcMap 10.2 (Esri Inc., Redlands, CA). An
interpolated yield map for the entire field was generated using the inverse distance weighting

(IDW) feature within the Spatial Analyst toolkit.

4.3.9Measurement of Soil Penetration Resistance

Over the course of the growing season and particularly during harvest, substantial
variability in plant stand, vigor, and yieldlas apparent across the field and even within plots.
Due to significant field traffic durinthe instrumentation phase of the project, heavy rains
that followed cultivation at planting, and visual evidence of limited root depths across the
field, it was speculated that much of the field may have been affected by compaction within

the normal roozone depth.
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Following harvest, but prior to any additional field traffic, a cone penetrometer linked
to atablet computer and modified to mount in the receiver hitch of a full size truck was used
to collect penetration resistance readings at depths frton3®0 mm across and beyond the
study field Figure4.4). A total of 51 locations were tested within the study field (5 per plot
and 6 sample locations in buffers between plots). Penetrometer readings at each location and
depthwere imported into ArcMap 10.2 and interpolated penetration resistance maps for 15
layers (from 0 to 350 mm, by increments of 25 mveje generatedsing the IDW tool in
the Spatial Analyst toolkit. Penetration resistance maps were used to visuallyaesas &
the field where root growth may have been limited due to compaction or other sources of
physical barriers in the shallow soil layers. Evidence of correlation between penetration
resistance maps and the yield map were also visually inspectexljgiitno formal test for

such was performed.

4.3.10Soil Sampling for Parameterization of the SimulatedSoil Water Balance

Three intact soil cores (75 mm diameter by 75 mm height) were collected from within
approximately 2 m of theoil moisturesensors in eachai, at depths of 75 mm, 225 mm,
and 375 mm (corresponding to the installation depths cfahenoisturesensors). These
samples were analyzed to determine representative volus@triaoisturecontents
associated with saturation, field capacity, aednanent wilting point to be used in the IDSS
soil waterbalance evaluation. All cores were analyzed intact using a tepkittnassembly
(Hillel, 2004) at pressures from 0 to 39 kPa for development of thepitessure portion of

individual soil waterrelease curves. Representative samples from each depth were subjected
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to a pressurplate apparatus (Hillel, 2004) to develop the kRigassure portion of theoil
waterrelease curves. Saturation volume was determined based on the total water extracted
from the samples over the course of the tenplate analysis, followingnitial saturation.

Field capacity and permanent wilting point were taken as the volumetric water contents

corresponding t@3and 1500 kPa, respectively.

4.3.11Evaluation of the IDSS FoecastSoil Water Balance

The accuracy of theoil waterbalance used by the IDSS for predicting daiyl
waterstatus was evaluated using measw@timoisturedata collected in study plots
throughouthe 2014 growing season. Measured volumetric vatetents in each layer were
converted to a representative daily deptsaf waterin the root zone by multiplying the
volumetric readings by calculated roopties in each respective layek maximum effective
rooting depth of 300 mmas assumed to beached 60 days after planting (i.e., linear
growth rate of 5 mm dayuntil 60 DAP; Evans et al., 1996) and the soil drainage rate
(SLDR) was set to 0.4 ddyased on drawdown rates recorded by field installed soil
moisture sensors.

Daily estimates o$al watercontent in the root zone were estimated using measured
weather data, soil parameter estimates, and the #db®aterbalance (sectioB.3.2.7
equation 3.4):

37 37 2' 7 )7 %4 0 2/ $0 [4.1]
where,

SWend= depth ofsoil waterin the root zone at the end of the day (mm)
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SWheg= depth ofsoil waterin the root zone at the beginning of the day (equal to

SWendfor previous day) (mm)

RGW = depth of theoil wateradded to theaot zone due to daily root growth (mm)

| = netirrigation (mm)

ETc adj= adjusted crop evapotranspiration (mm)

P = precipitation (mm)

RO = water loss to surface runoff (mm)

DP = water loss to deep percolation below the root zone (mm).

A single compositsadl waterbalance was used to represent the entire field, using
average values for saturation, field capacity, and permanent wilting point for each soil layer
as determined during trs®il waterretention analysis (secti@gh3.1Q. Measured rainfall
from the onsite weather station was used as an input to the SWB, assavd®didrence ET
was calculated using daily recorded minimum and maximum temperatures, solar radiation,
wind speed, and relative humidity based on the Fooddgnidultural Organization (FAO)

56 PenmaiMonteith equation (Allen et al., 1998) and using the-REfSoftware Version
4.1 (Allen, 2016). ET, was converted to ETusing a standard crop curve for corn (Allen et
al., 1998). To obtain Eg, ETc was adjuted using a daily calculated stress coefficien},(K
as describe i€hapter 3 Section3.3.2.7

The predicted dailgoil waterstatus for the field was plotted agaisetl moisture
data from alhine plots as well as the average values betwemn Goodness of fit between
the predictedoil watercontents and those observed in each plot andalmglotswere

assessed using the FITEVAbftware (Ritter and Mufie€arpena, 2013), which calculates
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the root mean square error (RMSE) and the Madliffe Efficiency coefficient (NSE)

(Nash and Sutcliffe, 1970) as:

B / 0
2-3% ——— [4.2]

and

0 2-3%

. 3%p [4.3]

where,

O = observed value

P = predicted value

N = sample size

/ = mean of observed values

SD = the standard deviation of the observed values.

4.4 RESULTS AND DISCUSSION

4.4.1Challenges Encountered

There were numerous challenges encountered during the 2014 gsaaswn that
prevented meeting the original objective of testing the IDSS versus routine irrigation and
rainfed conditions. Ranging from unforeseen hardware and software delays with the
irrigation system early in the season to extreme rainfall and unexipgoor drainage
conditions across the season, each of the challenges led to modifications of the season

objectives and overall outcomes.
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4.4.1.1Delays in Implementation of a Fully Functional IDSS

Although the foundational logic of the IDSS was in place at &ggniming of the 2014
growing season, the implementation of the logic in a fully functional web application was
not. The sources for weather data and weather forecast had been identifibe,
subroutines of the IDSS that allow for automated retrienvdlpgocessing of the data were
not completd. While the IDSS user platform was being completed, the daily weather
observations and sevelay weather forecast were collected and stored by a separate web
service running on a NCSU managed server. The intasto later usthesedata to
simulate any irrigation decisions that were missed while the IDSS was being completed;
however, an error that was not discovered in the web service until later in the season resulted

in much of the weather fecast data beghoverwritten.

4.4.1.2Irrigation System Hardware Failure

Testing of the linear move irrigation system and pumping station early in the growing
season, prior to need for irrigation, revealed a crack in one of the VRI control manifolds,
presumably due to entrappemster that froze during the previous winter. A replacement
manifold was ordered and installed by representatives from Advanced Ag Systems on 30
May 2014. During this same time frame, problems were discovered with the guidance
system of the linear move hich prevented the system from being able to traverse the entire
study field and prevented the VRI controller from functioning correctly. To increase
application rates and reduce overall run times, the guidance system was repaired and new
irrigation nozzés were installed on the linear move system indwide, just prior to the corn

entering the critical stage for moisture stréSgans et al., 1996; Heiniger et al., 2000)
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4.4.1.3Above Normal Rainfall

The 2014 corn growing season (taken as April through Augiast)the wettest on
record (933 mm) among eighteen years of continuous rainfall data at the Cunningham
Research Station ikinston Figure4.5) (SCONC, 2016). This was 33% more raitanthe
next wettest growing season (2013hieh received 703 mm of rain, and 84% more than the
average seasonal rainfall (521 mm).

Not only was the cumulativeainfall total exceedingly high in 2014ainfall was
evenly distributed over the growing seasbBiy(re4.6). Paticularly during the critical
moisturegrowth stages for corn, 60 to 90 days after planting, there was never more than a
six-day period without measurable rainfall. The only extended periods without rainfall were
between 32 and 52 DAP and 126 and 146 DBRring the former, the crop did begin to
show some signs of moisture stress; however, the hardware failures in the linear move
prevented irrigation during this time and the crop was still almost two weeks from tassel
appearance (65 DAP) when the drest would have been more critical. The latter dry
period was after the crop was fully mature and was senescing.

The timing of rainfall events meant there was no real need for irrigation during the
2014 growing season. The magnitude of the events (12setvet exceeded 40 mm from
planting to harvest) presented and revealed other challenges in various areas of the field. The
45 mm rainfall event 1 DAP, combined with the traditional tillage that was practiced before
planting, resulted in crusting of theilssurface, which delayed, and in some spots may have
prevented, emergence. The later, more continuous rainfall events highlighted poor drainage

conditions in much of the field, which lead to extended periods of pondingt-amnaear
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saturated conditianin the root zone. This lack of drainage was part of the impetus for

measuring the soil penetration resistance across the field following harvest.

4.4.1.4Field Variability

The drainage issues did not impact all areas of the field equally, which was reflected
in growth and yield of the crop across the field. Significant variability was evident from
early in the seaspwhen some areas of the field had nearly 100% emergence before other
areas had any. Certain plots, such as plot 7 and portions of plot 3, Vecte atbequately
drain the excessive rainfall, producing high yielding plants that were in excess of 2.3 m tall,
while other plots, such as 4, 5, and 9, had standing water for extended periods and produced
plants that were just over 1.5 m tall. Theseeddhces were reflected ot yields, which
arediscussed in sectioh4.5 The observed variability was not only from plot to plot, but
also within plots, which would have further complicated the identification of any teeatm
effectshad there been a greater need for irrigation. The variability was also appawiht in
moisturesensor data, indicatirgneed fomultiple sensors installed in various representative

locations across a field orderto manage irrigation eftdively.

4.4.2 Soil Water Holding Characteristics

Average field capacity values for the layers tested ranged fraid @D.243 mm®
mm3 (Table4.1) and the average permanent wilting point, considered representative of all
three layerswas 0.103 mmn3. This resulted in available water contents for the layers
ranging from (0L14to 0140, which are consistent with published values for both Lynchburg

and Rains sandy loams (USEMRCS, 2016). Despite the variability observedail waer

126



dynamics across the various plots during the season, there was minimal varikien in
measuredoil waterholding characteristics from different locations across the field. This
affirms thatsoil waterholding properties are mainly governed by sexture and may not
vary as much spatially as other properties such as bulk density, infiltration rates, and
hydraulic conductivities, each of which can also be more locally affected by different

management practices (e.g. field traffic that may lead igpeation).

4.4.3Predicted vs. Observedsoil Water Contents

Thesoil waterbalance used in the IDSS satisfactorily prestictbservedsoil water
contents irfour of the ninandividual plots (Table4.2; Figure4.7) and the averagsoil water
content across all plot3éble4.2; Figure4.8). The same plots that exhibited poor drainage,
low plant stands, or generally reduced growth and vigagr, (1-No, 5No, 6Smart, and 9
No), were also plots that had the least amount of fluctuations in obsenedtercontents
and subsequently were not very well predicted by the méagire4.7). Similarly, plot 7
(Routine), which was the bgs¢rforming plot across the season with regards to growth and
yield, was also the most closely predicted by the model (NSE84 argl RMSE 8.4mm,;
Table4.2).

In general, soil water contents measured by the soil moisture seves@r less
responsive to rainfall and evapotranspiration than those predicted by th¢HIQG®s 4.7
and 4.8) Shallow restrictive layers observed in parts of the frallyhave prohibited
effectiveroot growth from reaching the maximum assumed dep®d@ mm or prevented

infiltration to deeper layersccounting for some of this lack of responsivenédant stands
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were also substantially reduced in several areas across the field, particularly around some of
the sensor locations (e.glots ENo, 5No, and 6Smart). High field traffic in these

locations during instrumentati@ndlogistical challenges iplantingnear the instrument
clustersmay have contributed to these reduced plant stafadscanopy closur@eever

occuredin thesdocations which likely lowered actual Ecl and depressed drawdowate
compared tahatpredicted by theoil waterbalancanodel

Even so, as a whole the model was able to predict fluctuations in and the relative
magnitude of theoil watercontent across the fieldithin plus or minus one standard
deviation of the average values observed acrasshof the growing seasorfrigure4.8).

The modehlccuratelypredicted that soil water content remained above field capacity for
much of the seas, which was consistent with field observations that indicated water
logging in some cases and even standing water in plot 3 on multiple occasions. This was
reflected by the soil water trace in plotRdure4.7) that remainedear saturation for
extended periods in tHatterthird of the growing season.

The maintime when the model did not perform well in all pletas early in the
seasonwhenthere were twenty consecutive dayishout rainfall (between 32 and 52 DAP;
Figure4.6) andmodelpredicted drawdown and plant stregsre greatethan what was
measured by theoil moisturesensors. This could be attributed to model gorediction of
ETc during the developmental stage of the crop, @oskibl couldbe improved by adjusting

the K: values used in constructing the crop curve.
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4.4.4lrrigation Applications

Due to excessive rainfall during the 2014 growing season and the additional
challenges previously discussed (secdohl), minimal irrigation was applied by any of the
irrigation treatmentsTable4.3). A test irrigation application of approximately 8 mm was
applied on 4 June 201d all Smart (2, 6, and 7) and Routine (3, 4, an@I8)s toconfirm
thatthe VRI system and all other irrigation system components were functional. Irrigation
was also applied on 18 June (13 mm on the Routine plots) and 7 July (11 mm on the Routine
plots and 8 mm on the Smart plots); howeteere was no evidenoé any benefit from
these irrigations Fieldconditions (particularly how wet much of the soil surface was prior to

irrigation and even standing water in places) suggestethésdirrigations were not needed

4.4.5Yield

Just aghere wawariability in soil waterdynamics and crop growth over the course
of the seasorso toowastheresubstantial variability in crop yield across the study field
(Figures 4.9-4.11). Plots that received no irrigation (1, 5, and 9) averaged 35% less yield
4,277 kg ha) thanthe Smart plots (6,588 kg thaand 31% less than the Routine plots (6,229
kg hat) (Table4.3); however, these yield differences were not likely a result of the irrigation
treatments. Plants randomly assigned to the No Irrigatiats displayed substantially less
vigor and stature in growth very early in the season compared to plants in many of the Smart
and Routine plots, well before any irrigation was applied. This weakness persisted through
the season and harvest and wastrkaly dueto preexisting soil limitations in these plots,

which arediscussed furthan section4.4.6on soil penetration resistance.
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Dry yields recorded by the yield monitor ranged from pockets of greater than 13,040
kg ha' in plots 7 and 8 to large areas with less than 3,260 kgFigure4.9). Composite
yields from each plot were equally varidddure4.10) and showed the same general spatial
trends evidenced on timore detailed yield monitor map. The average yield in plot 7 (9,506
kg ha') was more than double the yields for plots 2, 5, and 9 (4,470; 3,906; and 3,680 kg ha
! respectively). Plot yields in thekmver-yielding regions were substantially impacted b
weak plant stands and reduced growth that was evident very early in the season and only
compounded as the season progressed. Many plants in these platgogidtiehind in
growth at the last fertilizer and herbicide application (27 May; 43 DAP) sdffiediar
damage from spray drift because of Iplantheight and never recovered as the season

progressed.

Yield estimates from the plant samplirigdure4.11) reflected the high yields of
plots 7 and 8, but also probably misregented the performance of plots 5 (9,561 kY ha
and 9 (7,400 kg h9. These high yielding, random samples compared to the generally low
overall yields of the plots from which they were colledtkastratesthe within plot
variability that was erauntered. Essentially every plot had localized areasiblaiedwell
and others thatid not and twelve plants selected from four locations near the center of each

plot simply could not fully encompass the magnitude of the variability.

Figure4.12 shows the distinct variability that was present even in the consecutive
plants from within the same row. It should be noted that one reason for the plant sample

estimated yields being higher than both other measures of yield ieethat masses were
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converted to mass per area estimates (i.e., Kpthadividing by the representative area that
three consecutive plants would fall in at a seeding rate of 70,600 staddh87 mm row
spacing with 100% stand (0.14)ywhile in realty the stands were much reduced in certain

areas of the field.

4.4.6Soil Penetration Resistance

There was distinct evidence of a restrictive layer in the soil profile at around 250 mm
(Figure4.13). Research has shown that root groedh be completely impeded at
penetration resistances as low as 2,000 kPa (Blanchar et al., 1978; Duiker \2408%
above thisvere observedt depthsas shallow as 50 mm in sorsampldocations. While
speculative to assuntleat no roots grew deepran 50 mm in these locations, it is
reasonable to conclude that root growth was likely substantially impeded across much of the
field at depths greater than 150 mm with penetration resistances mod®thdethe 2,000
kPa at this depth in many locatgnlt is also reasonable to conclude that this restrictive layer
affectedsoil waterdynamics, particularly drainage from shallow to deeper layers, and may
explain the ponding and inundated conditions that were observed in much of the field over
the growng season.

Thespatialvariation of soil penetration resistance at depths ranging from 0 to 350
mm, by increments of 25 mrare presenteth Figure4.14. Again, it can be seen that
penetration resistances across much of the éetéeded 2,000 kPa@depthsas shallow as
100 mm Figure4.14E). As depthincreasedeyond 300 mmKigure4.14M), penetration

resistance quicklgroppedacross all plotbut6 and 9, indicating that ¢hrestrictive layer
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wasmostly confined to the upper 300 cm of the profilde spatial variability of penetration
resistance values from depths of 22575 mm Figure4.14J—L) alsocloselymatchedhe

spatial variability of yeld across the fieldRigure4.9). The samevastrue for the

relationship between yield and the maximum penetration resistance measured across the field
(Figure4.15). Penetration resistances in exoefss,000 kPa were exceeded across much of

plots 6 and 9, corresponding to areas where yields were mostly under 4,890 kg ha

4.5 SUMMARY AND CONCLUSIONS

Numerous challenges were encountered in attempting to field test the IDSS against
other irrigation stratgies, but insightful information was gleaned as well. Hardware failures,
delays in the software components of the IDSS, and an exceptionally wet growing season
resulted in minimal opportunities and essentially no need to irrigate. Seasons with minimal
or no irrigation requirements are common in humid regions, for which the IDSS is intended;
thus, the IDSS must be able to not only correctly recommend how much irrigation and when
to apply it during dry periods, but also reliably notify the user wieirigation is needed
due to wet conditions. Otherwise, crops could be subjected to undue moisture stress or
nutrient leaching from excess water.

The IDSSsoil waterbalance was able to predict with reasonable accura@vtitage
observedsoil watercontent neasured across the research field (NSE 68) RSME =9.3
mm), except for early in the season when it over predistéldvaterstress. It also tended to
overpredict the rate of dradown during drying periods and in some cases over predicted

refilling following rainfall compared to measursdil watercontentshowever the

132



variability in plant vigorandshallow restrictive layeracross the study field may account for
these discrepancies in paRunning individual soil water balances for each pliih

calibrated root depths and adjustedp curve to reflect reduced plant stands could improve
model predictions; however, it would require more extensive parameterizationstérated
for the IDSS.

Much of the variability observed in the study appedodoe closely associated with
compaction issues across the field. Penetration resistances in excess of 2,000 kPa, sufficient
to severely if not entirely impede root growth, were observed across much of the study field
at depths as shallow as 100 mm. Thidraulic properties of this restrictive layer could
potentially be improved with appropriately targetkptillage practicegpreferably when
the soil is dry)reduced field trafficandreducedsurfacetillage.

Despite having to adjust several of g#tedy objectives to accommodate challenges
that arose, this study beneficially highlights many of the practical challenges that growers in
thesoutheasterbinited States face when investing in irrigation. It also reveals several
potential future improvenmgs for the IDSS, such ascountingor poor drainagand
reduced plant standihich would make the tool more robust and widely applicable. The real
potential benefit of the IDSS will eeterminedhrough multiple years of field trials and
optimizationof inputs,preferablywith a mixture of growing conditions, representing various
soils and rainfall patterns. Using a modified version of the IDBnjunction with existing
crop modelgo conduct simulation studies could be useful in evaluating amuiaptg the

IDSS, and wouldhelpguide futurefield studies.
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4.8 TABLES

Table 4.1. Averagesoil water holding characteristics used for the IDSSsoil
water balance for each layer based osoil water retention analysis on
intact soil cores.

Depth Parameter Average Standard Deviation
(mm) (mm® mm®) (mm® mm®)
0-150 Saturation 0.355 0.020
Field Capacity 0.21 0.015
150-300 Saturation 0.314 0.051
Field Capacity 0.217 0.027
300-450 Saturation 0.342 0.032
Field Capacity 0.243 0.028

Note: Summary statistics calculated usimg 9samples foupper two layers

and n = 8 for the deepest layekveragepermanent wilting poinand standard
deviation for the four total cores analyzed for such were 0.103 and 0.033 mm
mm3, respectively.

Table 4.2. Goodness of fit values between predicted and observeail water
contents from each plot and across all.

Plot NSE RMSE (mm) Goodnesf-fit
1 0.522 13.2 Unsatisfactory
2 0.647 15.6 Unsatisfactory
3 0.750 13.9 Acceptable

4 0.825 9.7 Good

5 0.578 11.5 Unsatisfactory
6 0.620 11.0 Unsatisfactory
7 0.884 8.4 Good

8 0.653 10.7 Acceptable

9 0.524 12.3 Unsatisfactory
All 0.808 9.3 Good

Note: Goodnessf-fit classification based on default outputs from FITEVAL: Very
good (NSE = 0.906 1.000), Good (NSE = 0.8000.899), Acceptable (NSE = 0.650
0.799), andJnsatisfactory (NSE < 0.650).

NashSutcliffe Efficiency coefficient

’Root Mean Square Error
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Table 4.3. Average irrigation applied and yield for each irrigation treatment.

Treatment Irrigation Applied (mm)  Average Yield (kg hd)
No Irrigation 0 4,277
Smart 16 6,588
Routine 32 6,230
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4.9 FIGURES

D Plot Boundaries

D Field Boundary
D Soil Series Boundaries
Soil Series:

Ra —Rains sandy loam
Ly — Lynchburg sandy loam

Fiure 4.1. Plot diagram overlaid with soil series map.
(Note: Each plot was 61 m x 46 m.)
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Fiue 4.2. Experimntal ayout of irrigation treatments.
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D Plot Boundaries

D FieldBoundary

—— Linear Move Tire Tracks
® Sensor Nodes
® CR206x Data Loggers
O CR800 Base Station

—— Communications Cable

Figure 4.3. Plot diagram overlaid with instrumentation
layout.
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D Plot Boundaries
D Field Boundary

© Penetrometer Sample

Figure 4.4. Penetrometer sampling points.
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Figure 4.5. Eighteen years of growing season rainfall (taken as April through
September) at the Cunningham Research Station in Kinston, NC.
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Figure 4.6. Dalily rainfall at the Cunningham Research Station in Kinston, NC during
the 2014 growing season. Note: Planting date was 14 April, 2014.
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Figure 4.7. Predictedtotal soil water contentin root zone (by the IDSSsoil water balance

solid line) vs. observedsoil water content in each plot(dashed line) Note: Sat. = saturation,
FC = field capacity, p = depletion factor, and PWP = permanent wilting point.
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Figure 4.8. Predictedtotal soil water contentin root zone (by the IDSSsoil water
balance) vs. average observesbil water content across all plots. Note: Sat. =
saturation, FC = field capacity, p = depletion fator, and PWP = permanent wilting
point.
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Figure 4.9. 2014 corn in (yield monitor).
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Figure 4.10.
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2014 corn yield based on total combine harvest weighy plot.
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Figure 4.11. 2014 corn yield based on plant sampling by plot.
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Figure 4.12. Ears from plant samples collected on 18 Sptembr 2014. Note: $des are ordered by plot from 1 to
9, left to right, top to bottom. (4 sample locations per plot x 3 plants per location)
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Figure 4.13. Penetration resistance vs. depth lb@w the soil surface. Note:The dashed
red line represents the theoretical threshold penetration resistance, above which root
growth may becompletely impeded Duiker, 2002).
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Figure 4.14. Soil penetrationesistance measur after haest at dephs of 0 to 350 mm at intervals of 25 mm.
Corresponding depths in mm for each map are: A) 0, B) 25, C) 50, D) 75, E) 100, F) 125, G) 150, H) 175, I) 200, J) 225,
K) 250, L) 275, M) 300, N) 325, and O) 350.
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Figure 4.15. Maximum penetration resistance measured from 0 to 350 mm below the

soil surface.
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CHAPTER 5- SENSITIVITY ANALSYIS AND COMPARISON OF
IDSS-SCHEDULED IRRIGATIONTO NON-IRRIGATED AND
ROUTINELY IRRIGATED CORN IN EASTERN NORH CAROLINA
USING DSSAT V4.6

5.1 ABSTRACT

Supplemental irrigation for crops such as ca@ea mgsL.) in the humid Coastal
Plain of thesoutheasterbnited States has increased in recent years as growers seek to
capitalize on yield potential of improved varieties and to redis&eof detrimental yield loss
often caused by shetérm dry periods during the growing season. Despite seasonal rainfall
oftenmatching orexceeding crop water demands in the regioayseextured soils with low
water holding capacitiesombined withphysical and chemical barriers that tend to limit root
growth, mean that even a few days without rainfall can result in-sg@eldcing stress. This
study was conducted to assess the sensitivity to model inputs of a proposed irrigation
decision support sysm (IDSS) that incorporates crop growth stage, current soil water status
of the root zone, and sheadrm weather forecast into calculation of daily irrigation
recommendations (Chapter 3) and to evaluate water use and yield effects of implementing
IDSS-scheduled irrigation (Smart) compared to Aamgated (Nolrr) and routine scheduled
irrigation (Fixed) in corn. Simulations were conducted across three planting dates (1, 15, and
30 April) using six years (20092014) of archived daily weather forecastsl &istorical
weather observations from five locations (Kinston, Lewiston, Lumberton, Rocky Mount, and
Whiteville) across the Coastal Plain of North Carolina. IDSS outputs were used with the
CERESMaize model in DSSAT to assess water use and yield patensix irrigation

treatments (noirrigated; three levels of fixed irrigation on a routine schedule; and two
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smart” treatments based on [ShAe]ahddite Sther o ne

based on observed weatth’erf oi@eRed)ssFuskds t i t ut ed

schedules were based on 100 (Fix100), 77 (Fix77), and 50% (Fix50) eklongalculated
irrigation requirements. Sensitivity indices (S) indicated year (S = 0.54) and the interaction
between year and location (S 24) acounted for most of the variation in seasonal

irrigation recommendations across simulated seadonggards to variations in IDSS
generated irrigation recommendations;raterepresentationf the soil water reservoir was
more critical in seasons witligher rainfall totals and the timing of rainfall events was more
important than the cumulative rainfall total in many cases. There was no difference in
average simulated seasonal yields between SmAct (9,114'kauhéh SmPerf (9,120 kg B
treatmentswhich both yielded 4% more than the highest yielding Fixed treatment (Fix100;
8,762 kg ha) and 82% more than Nolrr (5,010 kg'ha SmAct and SmPerf also had less
variation in yieldwithin and across seasons compared to either Fixed or Nolrr treatment
Seasonal irrigation for both Fix100 (223 mm) and SmAct (222 mm) was about 10% higher
than the SmPerf treatment (200 mm); however, SmAct irrigation was much more varied from
seasofto-season and locatiet-location in response to rainfall variationhaeveas the

Fixed treatments applied essentially the same depths of irrigation for each season and
location. Simulation resultsuggest that IDSScheduled irrigatioimcorporated with

improved fertility management could raisernyieldsin eastern NortiCarolinaby as much

as 168%compared to current production practices
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5.2INTRODUCTION

The challenges of agricultural water management in the hsmidheasteri/nited
States has been well document€dmp et al., 198&adler et al., 2003; Stone et al.p80
Stone et al., 2I0). Seasonal and spatial variability in rainfall means that growers and their
management strategies must be prepared to quickly adapt to changing and localized
environmental conditions, be it excess rainfallamught. Coarsetextured soils with
physical and chemical barriers that often limit root growth are typical of much of the
agricultural land under productiam the southeaster@oast Plain This meanss few agive
to sven days without rainfall can result in yigkeducingdroughtstresqLambert, 198Q)
particularlywhen it occurs at a critical stage of crop developme&hgere is a need to address
these challenges with reliable asichply-implemented management strategies that minimize
drought risk, maximize crop produatipand efficiently use water resources.

Irrigated acreage in treoutheastertnited States has steadily increased over the past
ten to fifteen yearsncludinga 71%increase acros&labama, Georgia, North Carolina, and
South Carolina from 2002 to 2012$DA-NASS, 2003; 2013) This increase can be
attributed to a number of factors, including commodity prices, desire to reduce production
risks, and efforts to maximize yields given increased yield potential of improved hybrid
varieties. Since 2000, averagannual corn yields for the state of North Carolina have ranged
from 4,137 kg hato 7,532 kg ha (overall average of 5, 859 kg Ha(USDA-NASS, 20186,
with fluctuations reflecting variations in seasonal rainfall. Over the same time span
(excluding mssing data from 20123¥tatewide corn yield contest winners in dryland and

irrigated categories averaged 15,475 kg &iad 16,254 kg hi respectively ideiniger and
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Boerema, 2014 evidence that intensive management and well tiragdall or irrigationcan
increase yields as much as thfekl. As growers pursue and invest in irrigati@common
dilemmaremains how to manage ttse systemgiven dynamic irrigation requirements that
change within and across seasons and locatibnsther words, grers are continually
faced with questions ovhen and how mucirigation waterto apply.

Severalfield studies have documented the yieftectsof irrigationon corn inthe
southeastertnited Stateswhile investigatindbestmanagemerpracticedor sud irrigation.
A subsurface drip irrigation (SDI) study conducted in the Piedmont of North Carolina from
2002 to 2005 found no statistical difference in corn yields between drip line spacings of
every other row (13,900 kg Hpor every third row (13,920¢khat) and sprinkler irrigation
(14,910 kg ha); however, all irrigation treatments yielded significantly higher thamon
irrigated comparison (11,880 kgHaGrabowet al., 2011).Estimated seasonal crop
evapotranspiration (EJ ranged from 4210t498 mm and seasonal applied irrigation ranged
from 112 to 309mmin the sprinkler treatment and 134 to 350 mm in the SDI treatmeits.
similar SDI study near Florence, South Carolm2003 and 200fbund no yield benefits
from 300 mm of irrigation ggied to corn, which had a calculated total seasonal water
demand of 620 mr{Stoneet al., 2008); however, research at a nearby location from 1999 to
2001producedaveraged yields of 10,300 kg-hand 10,000 kg hafor irrigation applied at
150 and 75% foa calculatedrrigation base rat€IBR), respectively, compared to 7,2K@
ha? for rainfed corn Gtoneet al, 2010).Seasoal irrigations ranged from 134 to 214 mm in
the 75% IBR treatment and 252 to 428 mm in the 150% IBR treatriievi earlier stu@s,

conducted in the 1980s and companmagous levels oirrigation scheduled using
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tensiometers, evapation pans, and computetased water balanceund80% higher
yields with irrigation compared to nerrigated yields of 4,760 kg Ha(Campet al, 1988)
and 6,700 kg h&(Campet al., 1984), but no significant differences in yields among
irrigation treatmentsSeasonal irrigations ranged from 121 to 333 mm (Camp et al., 1988)
and 113 to 448 mm (Camp et al., 1985). The seasonal variatiorigatiam requirements
reflected in these studidhistratethe challenges of irrigation scheduliimgthe southeastern
United Statesind that yield benefits from irrigation vaagpending on seasonal rainfdtlis
interesting to note that none of thedits reported yield differences among irrigation
treatmentgexcluding nonrrigated) despite different levels of water being applied. This
suggests the need for improved methods of precisely estimating crop water demands
throughout growing seasons, wiicould result in further reductions in water applied with
no negative impacts on yield.

To that end, aeattime irrigation decision support system (IDSS) has been developed
(Chapter 3) that incorporates crop growth stage, current water status of then®oand
shortterm weather forecast into daily irrigation recommendations. Thebaséd
scheduling tool was designed with the intent of providing flexibibtthe user, while
minimizing input requirementsvith the hope that it would be robust enbugr research
applications, but practical enough for eayday use in commercial operations. The model
functions on a soil water balance (SWB) based on Food and Agriculture Organization (FAQO)
Irrigation and Drainage Paper Number 56 (FBE) (Allen et al, 1998), using daily short

term weather forecasts of temperature, rainfall, and reference evapotranspiragjdo (ET
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predict crop water deficits before they ogaitowing users to irrigate proactively instead of
reactively.

A field study was implemnted in 2014 on corn grown in Kinston, North Carolina to
test the effectiveness of the IDSS with regards to yield and water use compared to routine
irrigation and no irrigation (Chapter 4). Limited information was gleaned regarding the IDSS
— other tharcomparing soil water contents estimated by the SWB to those measured using
soil moisture sensorsdue to abnormally wet growing conditions, unanticipated field
drainage problems, as well as hardware and software delays in implementing the complete
“ s marngation system. Thedgpes of challenges are inherent to field work and are some
of the reasons that computesised simulation studies are beneficial in evaluating crop
management strategies.

Field studies tend to lexpensive, time&onsuming, an@rovide results that are
specific to the time and location in which they were condyethith may not apply to other
situationg(He et al., 2012) On the other hand, crop models allow for rapid assessment of the
effectsof various combinations of soillimate, weather, and crop management factors on
crop growth, development, and yiel@Haffariet al., 2001).Such models cannot replace
field experiments entirely and in fact rely upon them for calibration and validationtéith,
1996); however, they arideal for identifying preferred management strateddestfikeyan
et al., 1996) and significant factoiSgdleret al., 2000), which can then be implemented in
field studies to follow.

The Decision Support System for Agrotechnology Transfer (DSSATgglenal.,

2003; Hoogenboom et al., 2015)kisoftware application compriseflvarious crop
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simulationmodels(CSMs)designed for over twengightdifferentcrops. One of those

models is th€Crop Environment Resource Synthelsiaize model (CERE®/aize) (Jones

and Kiniry, 1986, incorporated into DSSATn a modular forras CSMCERESMaize
CERESMaizehas been used to simulate agricultural applications all over the world (Jones et
al., 2003), includinghe effects of different irrigation strategies arrcgrowth,

development, and yieldgJonge et al., 2010; He et al., 2012; Kisekka et al., 2015; Salazar et
al., 2012; Saseendran et al., 2PD0ORisekka et al. (2015)sedCSM-CERESMaize in

DSSAT v4.6 to determine optimumanagement allowed depletion (\DAthresholdgor

initiating irrigation as well as to assett®e effects of soil water depletion at plantar late
season termination of irrigation on corn grown in Garden City, Kansas from 2005 to 2012.

In their assessment of MAD thresholdsey fourd initiating irrigation at 50% depletion of

plant available water to be the optimum setting to maximize net ret@inslarly,

maintaining soil water depletion between 0 2686 at planting maximized yields and net
returns compared to higher levels opligion at plantingalthoughit also resultedh more
extractable soil water at the end of the season (i.e. water not used by the crop). When
irrigation was terminated 90 or 95 days after planting (DAP), net returns were maximized
and thdeastamount ofextractable soil water remained at physiological mataritpng
termination dates considere8aseendraat al. (2008used CERE®aize to optimize

allocation of limited irrigation between vegetative and reproductive growth stages and to
determine depl@in levels for triggering such irrigation Mortheastern ColoraddAlso in

Northeastern Colorad@eJongeet al. (2010) used CERBHSaize to estimatgseasonal
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evapotranspiration (ET), crop growth, yield, water use efficiency (WUE), and irrigation use
efficiency (IUE) between full and limited irrigation.

CERESMaize has also been used for irrigation applications isdl¢heastern
United States. He et al. (2012) reported that irrigation frequency had a significant effect on
sweet corn yield itNorth Florida, and that water stressd yieldreductions were
experienced when MAD exceeded 60%alazar et al. (2012) simulated irrigation for 58
years across 88 counties in South Georgia and found seasonal irrigation ranged from 136 to
281 mm, with an average 827 mm. These results were integrated into a stetie water
plan for sustainable management of Georgia water resources through 2050 (EPD/DNR,
2009), indicating hoverop modeling can be a beneficial tool for policy malkersddition to
helping growersmprove farm managemedécisions.

The overall goal of this study was to evaluate the potential of the IDSS proposed in
Chapter 3 to increase crop production, while managing water resources in an
environmentally sustainable manner. Specific objectives:wBréo assess the sensitivity of
the IDSS to uncertainty in input parameters under different weather conditions with regards
to seasonal irrigation recommendations for corn grown in Eastaith Barolinaand 2)
using a multiyear simulation study with @®M-CERESMaize in DSSAT v4.6, to assess the
potential water use and yield impacts of implementing H38%duled irrigation compared
to nonirrigation and fixed irrigation schedules on camrEastern North Carolina. A
secondary objective was to estimtte potential yield increases that could be achieved if

improved fertility management was combined with irrigation.
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5.3MATERIAL AND METHODS

5.3.1Modification of the Irrigation Decision Support System
The IDSS described in Chapter 3 was modified to allow for stinglgpast growing
seasons, instead of operating in a-teaé mode. This modification allows users to simulate
a single configuration of the IDSS irrigation settings over multiple soil types, locations, root
depths, planting dates, and years in a singte Additionally, a fixed irrigation option was
added to mimic a calendar based irrigation schedule in which a grower would apply a fixed
depth of irrigation on predetermined dates during the growing season.
The fixed irrigation option operates indepently of the soil water and crop growth
statuses estimated by the model and requires four inputs:
1. Days after planting (DAP) or day of year (DOY) for fixed irrigation to
occur: a list of days during the growing season selected by the user to apply a
fixed depth of irrigation.
2. Fixed irrigation depth: the amount of irrigation to be applied during each
irrigation.
3. Previous day rain bypass threshold minimum depth of rainfall required on
the day prior to a scheduled fixed irrigation event to bypass irrigatio
4. Probability of precipitation (POP) bypass threshold minimum forecasted
probability of precipitatiomequiredon a scheduled fixed irrigation day to

bypass irrigation.
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The bypass options (3 and 4) were added since it is unlikely that a grower would
irrigate the day after a substantial rainfall or on a day when imminent rainfall is forecasted,

even when using a fixed schedule.

5.3.1.1Input Requirements

The input requirements for the modified IDSS remained the same as with the real
time version, with the except of how observed weather data, daily weather forecasts, and
the daily soil water status are obtained. Whereas théimealDSS automatically retrieves
the most recently observed weather data and the current weather forecasts from online
application pogram interfaces (APIs), simulating past conditicetpuires obtaining
historical weather data and historical forecasts, a feature that is not presently built into the
reattime IDSS. Likewise, soil moisture sensor data is unlikely to be available in a
simulation scenarie-and even if it were available, it would not provide an accurate
representation of the soil water status over the course of the season unless the exact same
irrigation schedule were used as predicted by the IDSS, in which case a simudatine
would be unnecessary.

Observed weather data and daily weather forecasts are provided to the modified IDSS
via comma separated value (CSV) files stored
weather and forecast files are required for eachtlon by yeasimulated Observed weather
files must contain daily observed minimum and maximum temperati@gsdinfall (mm)
and reference evapotranspiration g{lnm) for each day of the year, and must be structured

asin the example input file praded inAppendixC. Weather forecast files must contain
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daily forecasted minimum and maximum temperatui€sof K; specified by user),

forecasted EJ(mm), forecasted POP (%), and forecasted quantity of precipitation (QOP)
(mm) as generated each ddyttee year for as many days ahead as the user desires for the
IDSS to forecast. An example of a weather forecast file when using dailyddwyderecasts

is provided inAppendixC. The weather forecast file must contain data for at least as many
forecas days ahead as the maximum interval between any subsequent irrigation opportunities
to prevent errors when the IDSS is calculating irrigation requirements based on the
forecasted soil water balance. Missing data in either observed weather or forecfitsdat

can be indicated using a missing data ident.i

5.3.1.2Calculations

Weather observations and forecast data are used by the modified IDSS in the same
manner as in the reime IDSS to estimate the crop growth stage # forecast the soil
water status for aserspecified number of days ahead for each simulated day. Whereas the
reattime IDSS uses soil moisture sensor data provided by the user to estimate current soil
water status in the crop root zome a daily bais the modified IDSS relies upon a running
soil water balance to estimate this value. The soil water bataodelused to estimate daily
soil water status throughout the season by the modified IDSS is the same one used in both
versions of the IDSS irofecasting the soil water statubhe equation for the soil water
balance is:

37 37 2' 7 )Z %4 0 2/ $0 [5.1]

where,
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SWenda= depth ofsoil waterin the root zone at the end of the day (mm)

SWheg= depth ofsoil waterin the root zone at the beginning of the day (equal to

SWendfor previous day) (mm)

RGW = depth of theoil wateradded to the roaone due to daily root growth (mm)

| = netirrigation (mm)

ETc adj= adjusted crop evapotranspiration (mm)

P = precipitation (mm)

RO = water loss to runoff (mm)

DP = water loss to deep percolation below the root zone (mm).

Further explanation of the inddual components of the soil water balance and how
they are calculated is presented in secB@n?2.7(Forecasted Soil Water Balance
Components). The irrigation term of the daily soil water balance used in the simulation
verson of the IDSS is assumed equal to the daily irrigation recommendation calculated for
that day by the model.

In the event that temperature or&iataaremissing from the observed weather data,
the model assumes the values for the parameters fromatfieys day for any subsequent
calculations for the simulation day. If rainfall dat@missing, the rainfall for that day is
assumed to be zero. If any forecamtiablesare missing for a given day of the simulation
routine, the forecast soil water bate for the coming days is not generated and the irrigation
recommendation for that day is based on the soil water status frendlod theprevious
day. In such case, if the ending soil water status from the previous day was less than the

managementli@wed depletion (MAD) level for that day and the present day is an irrigation
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opportunity, then the model calculates the irrigation recommendation for the present day as

the amount of irrigation required to return the soil profile to field capacity (FC).

5.3.1.30utputs

The modified IDSS generates a single CSV output file each time the model is run.
This file contains inputs and values calculated by the model for each simulation day of every
combination of soil type by location by root depth by planting dateshy gonsidered in the
simulation routine. Tésedata can be used to compare the irrigation use and soil water
dynamics between scenarios with the IDSS, or used as inputs to a crop growth model, such as

those iINDSSAT, to be used in evaluating yield difaces between irrigation strategies.

5.3.2Sites and Simulation Years

Two sets of simulation scenarios were considered for this study. The first was
designed to assess the sensitivity of the IDSS émnatanset of irrigation settings to
various inputvariadesand weather patterns with regards to irrigation recommended by the
model. The second set of simulations was conducted to compare irrigation water use and
crop yield, as predicted @ySM-CERESMaize inDSSAT, among noirrrigated production,
fixedirrigat i on schedul es, and “smart” irrigation
were conducted for corn grown in five locations in the Coastal Plain of Eastern North
Carolina (Kinstor{KINS], Lewiston[LEWI], LumbertonLUMB], Rocky Mount [ROCK],
andWhiteville [WHIT]) (Figure5.1) over six growing seasons (2002014). These
locations were selected for the following reasons: i) they represent some of the most

agriculturally productive areas of North Carolina; ii) observedtiver dataverereadily
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available for each of them; iii) and they are close enough to expect similaoyesar

variation in rainfall, yet sufficiently far apart to likely receive different-tiaygay rainfall

patterns and intensities within any givewging season. Three planting datb©{ 91,

105, and 120; corresponding to 1 April, 15 April, and 30 April, except in 2012), spanning the

month when the majority of corn is planted in North Carolina, were simulated in each year.

5.3.30bserved Weather Data

Daily observed weather data for each simulation locatimetluding minimum and
maximum temperatures, rainfall, solar radiation, dew point, average wind speed, and relative
humidity — were retrieved from weather stations within the Climate Retrieval and
Obsevations Network of the Southeast (CRONOS) Database supported by the State Climate
Office of North Carolina (SCONC) (Table5.1). Preference was given to data collected from
NC Environment and Climate Observing Network (ECONBY) Hational Weather Service
(NWS) Automated Surface Observing System (ASOS) stations; however, in some periods of
missing or erroneous data from the preferred stations, rainfalve@ataeplaced using data
from nearby NWS Cooperative Observer (Coop)atatand satellite estimated solar
radiation,obtainedrom the NASA Prediction of Worldwide Energy Resource (POWER)
Climatology Resource for Agroclimatology, was used instead. DaifyeEflmates were
calculated from weather data using the ASBRRI Standardized EjJmethod (ASCE

EWRI, 2005) option in the R&ET Software v4.1 (Allen, 2015).
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5.3.4Historical Weather Forecast Data
Daily, threedayweatherforecass for each location and simulation year were
downloaded from the National Oceanic and Atmosgh&dministration (NOAA) National
Operational Model Archive and Distribution System (NOMADRB){ledgeet al., 2006).
NOMADS serves as central access portal to national archives of various weather and climate
models, including the NWS National Digital Foest Database (NDFDJ{ahn and Ruth
2003). NDFD data generated after 5 October 2008 are directly accessible through the
NOMADS interface
Archived NDFD data consisted of thrday forecasts of temperature, QOP, POP,

wind speed, percent cloud cover, aleiv point temperature for the coordinates of each
primary weather station used for the five simulation locations. Temperature, dew point
temperature, wind speed, and percent cloud cover forecasts were returnedhotnree
incrementsi(e., each forecastay had eight temperatiforecasts representing thiteeur
blocks from the beginning to the end of the day), while POP forecasts were ia-hoealv
increments and QOP forecasts were infoour increments. These sdhily forecasts were
converted to dily forecast values as follows:

1. Forecast average daily dew point temperature, wind speed, and percent cloud

cover were calculated as the average of the six-tiwaeforecast values
provided for each day for each parameter.
2. Forecast daily minimum and miaxum temperatures were taken as the

minimum and maximum threleour temperature forecasts, respectively.
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3. Forecast daily POP was taken as the maximum twedwe POP forecast for
each forecast day.

4. Forecast daily QOP was calculated as the sum of the fatlipar QOP
forecasts provided for each day.

Forecast daily percent sunshine was estimated by subtracting daily forecast percent
cloud cover from 100%. Daily forecast values for minimum and maximum temperatures,
percent sunshine, wind speed, and dew fgemperature were used to calculate daily
forecast EF using the ASCEEWRI Standardized BImethod (ASCEEWRI, 2005) option

in RefET.

5.3.5IDSS Sensitivity Analysis

A sensitivity analysis of the IDSS was conducted to assess which input parameters
and interactins among them had the most effect on seasonal irrigation recommendations by
the model under various weather conditions. Such analysis is beneficial during model
development to determine if the model can be simplified, to guide users in knowing which
inputvariablesneed to be measured or estimated most accurately, and to evaluate the
performance of the model under various environmental and climatic condirots( et al.,
2013 Monod et al., 2006)It was not the intent of this analysis to evaluateetfects of
uncertainties in weather forecasts, variations in crop development parameters (e.g., growth
stage versus cumulative growing degree relationship), or various combinations of irrigation
settings (e.g. MAD and rainfall probability thresho]&$T] for each growth stage) on the

outputs of the IDSS, although such analysis would be beneficial as the development and
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testing of the IDSS is furthered. Rather, the goal was to determine for a given set of
irrigation settings and perfect weather forecastsy other inpuvariableswould affect the

irrigation recommendations.

5.3.5.1IDSS Inputs

Seven factors were completely crossed with each other for the sensitivity analysis
(Table5.2). Three soils (representing low, medium, and higdilable water), five soil
drainage rates (SLDR) (ranging from excessively well drained, 1.00, to very poorly drained,
0.05), three maximuraffectiveroot depths (RRay (300, 450, and 600 mm), attttee
irrigation intervals (1, 2, an8 days between irragion opportunities) were simulated across
each combination of the three planting dates, five locations, and six year combinations for a
total of 12,150 simulation scenarios.

MAD was set at 50% for the entirety of the growing season in the IDSS, the
minimum irrigation threshold was set at 10 mm (icalculated irrigation recommendations
less than 10 mm were ignored), and the minimal irrigation option was selected (i.e.
recommended irrigation depths were calculated as the minimal depth of irrigatiaedequi
avoid a forecasted deficit in the days to come, versus irrigating to a set point, such as field
capacity). Days to max rooting depth was set independently for eagh Bi3ed on a root
growth rate of 15 mm# Growing degree requirements usedeach growth stage and
values used to construct the crop coefficien) ¢arve are shown in Tables 5.3 and 5.4,
respectively.The entire crop curve is presentedrigure5.2. “* Per f ect ” weat her

files were created foeach location by year using observed weather data so that any
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variations in irrigation recommendations would be based on other factors and not forecast

uncertainty that could vary from yetryear or locatiofto-location.

5.3.5.2Analysis of Outputs

Main effecs of the input variables on seasonal irrigation recommendations were
assessed visually using boxplots and statistically using analysis of variance (ANOVA).
Simple sensitivity indices were calculated across and within all simulation years for each
main efect and all possible interaction effects using the ANOVA procedure described by

Monod et al. (2006), such that:

3 3 3f 3 33 [5.2]
33 33 '
and
33
3 33 [5.3]
where,

S: and S = sensitivity indices for main effextl and 2

SS and S$= sum of squares attributable to main effects 1 and 2

SSr = total sum of squares

S12 = sensitivity index for interaction effect between factors 1 and 2

SS» = sum of squares attributable to the interaction between factors 1 and 2.

Variations in seasonal rainfall and crop evapotranspiratiog) (Mmpared to
seasonal irrigation recommendations wevaluatedyraphically using boxplots and scatter

plots. The same procedure was used to assess the relas@mbimseasonailrrigation
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recommendationandcalculatedET., andmeasuredainfall from the months of June and
July, when corn water demand and drought sensitivity are typically at their peak.

A subset of twelve growing seasons (plant date by year by location) was selected
based orseasonal rainfall totals to represent low (four), average (four), and high (four)
seasonal rainfall totals=ffectsof all RDmaxandSLDR combinationsvere explored
graphically within these seasons to see how they varied under dry, normal, and weg growin
conditions. The daily SWBs predicted by the modified IDSS for these seasons were also
investigated to assess the effects of timing and magnitude of individual rainfall events on

seasonal irrigation recommendations.

5.3.6Comparison of Simulated Irrigation Strategies
A second simulation study was conducted using the modified IDSS@kH
CERESMaize withinDSSAT version 4.6.1.0 (Jones et al., 2003; Hoogenboom et al., 2015)
to compare water use and yield differences in corn grown in the Coastal Plain of North
Cxolina under no irrigation (Nolrr), three f
irrigation schedules based on the modified IDSS (Smart). Crop yields were simulated in
DSSAT based on fertility levels representative of North Carolina soilsament fertility
management practices of North Carolina growers as well as with full fertility levels to
estimate the potential combined impact of adding irrigation and improved fertility to corn

production in the region.
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5.3.6.1lrrigation Treatments

The sixirrigation treatments considered are presentedabl€5.5). A single non
irrigated treatment represented dryland production, which is still the most common practice
used in North Carolina corn production.

Three Fixed irrigatio treatments were used and based on average weekly irrigation
requirements for the months of June (23 mm) and July (22 mm) calculated using long term
precipitation and EJdata from Kinston, North Carolina. A full irrigation treatment (Fix100)
was set tapply 13 mm of irrigation two times per week over thewsek period beginning
45 days after planting. This depth of irrigation was chosen because it is a common target
application depth used with center pivot irrigation systems and applied twice gleitwe
would closely meet the calculated irrigation requirement during this period. The second
Fixed treatment (Fix77) was set to apply 10 mm of irrigation two times per week during the
same time frame, while the third Fixed treatment (Fix50) was septp &p mm of
irrigation once per week during tienweekperiod. Fixed treatments were simulated using
the modified IDSS, with a previous day rainfall bypass threshold of 13 mm and POP bypass
threshold for the scheduled irrigation day of 75%.

Two Smartirigation treatments were scheduled using the full functionality of the
IDSS (i.e., incorporating current soil water status, crop growth stageshorterm weather
forecastnto the irrigation recommendation). The difference between the Smart tremtment
was the type of forecast data used. Forecast files for the first Smart treatment (SmPerf) were
based on observed weat her d-dayfarecastdatafromthe per f e

NWS was used for the other Smart treatment (SmAct). Irrigagdtings for both Smart
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treatments were the same as used in the sensitivity analysis (MAD of 50%, minimum
irrigation threshold of 10 mm, and irrigation recommendation calculations set to minimal) as
were growth calculation parameters (Tables 5.3 and=gdre5.2). Irrigation opportunities

were set on threedayinterval, beginning at planting and running throwgbp maturity.

5.3.6.2Experimental Design

All six irrigation treatments were simulated for two maximefiectiverooting
depths (300 and 450 mm), representing the range of typed@mumeffective rooting
depths expected for corn @asterrNorth Carolina (USDANRCS, 2010) and seven different
soil types Tableb5.6), representative of typical sofisund in the counties of the simulation
locations and across the Coastal Plain of North Caroliabl€5.7). Irrigation simulations
were conducted across the same years, locations, and planting dates used for the sensitivity
andysis for a total of 1,260 simulated seasons (6 years x 5 locations x 3 planting dates x 2
RDmax X 7 soils) for each irrigation treatment (7,560 total).

Soil survey data from the National Resour
Survey Geographic (SSWHO) database (USDAIRCS, 2010) were used to create the seven
soil profiles used in the simulationable5.6). Permanent wilting point (PWP), field
capacity (FC), and saturation water contents, along with saturated hydradlictoity
(Ksap and bulk density were calculated for each layer based on soil texture using procedures
described by Saxton et al. (1986)sat@nd bulk density were not needed for the IDSS
simulations; however, they were required for generating thdilssilused in DSSAT
simulations. Additional soil properties required by DSSAT (e.g., runoff curve number

[SLRO] and albeddSALB]) were calculated using the Soil Data Editing Program (Sbuild)

172



(Wilkens et al., 2004) included with the DSSAT software. $laghustments were made to
some calculated layer properties based on experience (Dr. Gail Wilkerson, personal
communication, 2016) and to better reflect water holding capacities reported in the soil
surveys. SLDRs were assigned to each soil based ondpented drainage class as follows:
well drained (SLDR = 0.8), moderately well drained (SLDR = 0.6), and poorly drained
(SLDR = 0.4). These assignments were made with the assumption that poorly drained soils
would necessitate some form of artificial drage before being used for agricultural
production, effectively improving the soil drainage rate. Soil root growth factors (SRGF)
were set at 1 or O for each layer depending on thea&br that run. The soil fertility factor
(SLPF), which is a generdartility factor representing soil nutrient availability

(Hoogenboom et al., 2010), was set to 0.65 in nutrient limited production and 1.00-for non
limited production for each soil. SLPF of 0.65 was selected to reflect current soil fertilities
and managaent practices common in North Carolina, based on calibration routines using

average county yields for the simulation years, which is described in the following section.

5.3.6.3CSM-CERESMaize Model Descriptionand Calibration

Crop simulations were conducted ups@SM-CERESMaize in DSSAT v4.6 (Jones
et al., 2003; Hoogenboom et al., 2015) using the cultivar Novartisli®755enetic
coefficients for Novartis N732 grown in North Carolina were previously estimated and
validated using DSSAT v4.0 (Jones et al., aBYang (2008). Genetic coefficients
related to phenological development (P1, P2, P5, and PHINT) and the grain fill rate (G3)
were used as reported by Yang (2008) for this stlidble€5.8). The maximum number of

kernels per lant (G2) was increased from 600 (Yang, 2008) to 625 to reflect continued

173



genetic improvements since 2008 and based on recent calibration work using DSSAT v4.6 by
Wilkerson and Buol (unpublished manuscript, 200€ihg county average yield data from
acrosNorth Carolina. For these same reasons, the radiation use efficiency (RUE), which
directly affects the model calculated conversion of photosyn#iigtactive radiation (PAR)
into dry matter (Jones and Kiniry, 1986), was set to 5.4.

Baseline simulationwithout irrigation were conducted across all simulation
locations, years, planting dates, soils, and root depths to confirm that ren@8ihg
CERESMaizesetting were properly set for yield predictions in the locations of interest. In
the absence of taled yield data from each location and year, average county yields
reported bySDA-NASS (2016) were used for comparison with simulated yields.
Adjustments were made to temperature thresholds affecting grain fill and SLPF until a
satisfactory fit betwaemodeled and predicted yields was achieved based on visual
inspection. The goal of the calibration procedure was to achieve a DSSAT configuration that
would provide reasonable estimates of seasonal yields and that was responsive to seasonal
fluctuationsin moisture availability. Final RUE, grain fill temperature settings, and SLPF
selected are presentedTiable5.8.

Three additional baseline scenarios were simulated using theClME€ERES
Maize configurations, but 1) assumimg moisture stress (i.e., fully irrigated), 2) assuming
an SLPF of 1.00 (i.e., full fertility), but no irrigation, and 3) assuming no moisttessand
an SLPF of 1.00. The scenarios were meant to simulate theoretical maximum yields that
could be achieed by adding irrigation only, improving fertility only, and by adding

irrigation and improving fertility. The full fertility and fully irrigated simulations were
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compared with state wide irrigated corn yield winners from each year (Heiniger and

Boerema2014) to ensure that such estimates were reasonable.

5.3.6.4CSM-CERESMaize Simulations of Irrigation Treatments

Corn yields were predicted using the calibrai&@M-CERESMaize model for each
of the six irrigation treatments across all years, locations, plagéites, soil types, and
maximumeffectiverooting depths listed in sectidn3.6.2(1,260 simulations) with limited
and full soil fertility levels (SLPF = 0.65 and 1.00, respectively), resulting in 15,120 total
simulation runs x 1,260 x 2). Individual DSSAT management files (FileXs) were created
for each irrigation treatment by year by plant date by root depth combination. Every FileX
consisted of thirtyfive experimental treatments, one for each irrigation schedule getherate
by the modified IDSS for every location (n = 5) by soil (n = 7) combination. DSSAT
irrigation simulations were conducted in four batch runs, one for each combination of

maximumeffectiverooting depth and SLPF.

5.3.6.5Statistical Analysisof Irrigation Simulations

Irrigation treatment effects on simulated yield and irrigation were tested using a
mixed effect modevia PROC MIXED SAS Version 9.4; SAS Institute, Inc., Cary, NC
Irrigation treatment was modeled as a fixed effect and soil, RDmax, locationplgeariate
nested within year, location nested within the interaction between plant date and year, and the
interaction between treatment and location nested within the interaction between plant date
and year were modeled as random effects. The LSMEAX&sent was used to test for

treatment mean differenceentrolling for Type | error rate @ =  @oxj@ldis.were
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constructed to assegariation inirrigation treatment effects on yield and irrigation within
and across simulation seasons.

IDSS smulated daily root zone soil water contents for the SmAct treatment based on
observed weather data were comparegstonates based dorecast weather datsing
linear regressioto assess the efficacy pfedicting root zone soil water content one, two,
andthree days in advanc&oodness of fit between simulated soil water contents based on
forecast versus observed weather data were assessed using the Fi3d&WAale (Ritter
and MufiozCarpena, 2013), which calculates the root mean square error (RMSEgand th

NashSutcliffe Efficiency coefficient (NSE) (Nash and Sutcliffe, 1970) as:

I
2. 3% v Y [5.4]

and

YO YO

C

B 0
. 3% p B 5 G p [5.5]

where,

O = obsered value

P = predicted value

N = sample size

/ = mean of observed values

SD = the standard deviation of the observed values.
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5.4 RESULTS AND DISCUSSION

5.4.1Sensitivity Analysisof IDDS Irrigation Outputs

Year accounted for the greatest proportion of varidhicgeasonal IDSS
recommendedrigation depthg(S = 0.54) among all seven main factors (year, plant date,
location, irrigation opportunity interval, RDmax, SLDR, and available water) and their
possible interactions, based on the ANOVA generated sensitidityes Figure5.3). The
interaction between year and location (S = 0.24), SLDR (S = 0.07), and RDmax (S = 0.03)
had the next highest sensitivity indices, with the remaining factors and interactions combined
accounting for onlyL2% of the variation in seasonal irrigation (no single factor or interaction
having an S greater than 0.02).

The prominent effects of year and year by location are most likely attributable to
variations in rainfall from yeato-year Figure5.4) and within season from locatido-
location (evidenced by the tall rainfall boxplotsHigure5.4). Seasonal Eclremained
relatively constant, compared to rainfall, ranging from 442 mm RUE3BT-91; labeling
convention is yealocationplant day of year) to 574 mm (201.UMB-105) and on average
was greater than rainfall during the first three simulated seasons<{2009) and less than
rainfall during the last three simulated seasons (20A@14). Seasond#frigation depth
recommended by the IDSS followed an inverse relationship to seasonal rainfall (Figures 5.
andFigure5.5A); however, there was substantial variatiorhwatthis relationshipRigure
5.5A). For example, there were simulation seasons with 597 mm of rainfall that applied no

irrigation for one combination of input factors and over 200 mm of irrigation for another
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combination of inputs. This supports the assertion that irrigation scheduhognid
climates is not only dependent on rainfall quantityt,other factors, such as the timing of
rainfall events throughout the growing seasBartip et al., 1985; Camp et al., 1988SS
recommended seasonal irrigation depths were also invertaigd¢o total rainfall received
during the peak water use and drought sensitive months of June a@iguitg5.5B). This
relationship displayed a high degree of variability as well.

The relationships between seasonal irrmgaand the six other factors (excluding
year) across all simulation seasons are shovigire5.7. Despite visually evident trends
such as decreased average seasgmiedirrigation as maximuneffectiverooting depth or
sadl available water increased, increased irrigation as soil drainage rate increased, and
decreased irrigation as the planting date was delayleere were large variations in seasonal
irrigation not well a-geauht mdcohsstenaviatiytbea sy o f
sensitivity indices previously referred tokigure5.3. This does not suggest, however, that
these factors did not have a substantial effect on irrigation recommendations within
individual simulation seass(i.e., there was evidence of interaction effects between year
and some of these factars)

Sensitivity indices within each simulated seadeigre5.8) reveal how the effects of
these nofyear factors on irrigation varied froseasorto-season, depending largely on the
weather within the season. Locat@aecountedor the majority of the variation in seasonal
rainfall during the first four simulation seasppresumably due to varied rainfall patterns at
the different simulatio locations within those years. While still important, location did not

account for as much of the variation in irrigation in 2013 and 2014, in which average rainfall
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across all locations and planting dates (419 and 363 mm, in 2013 and 2014, respadcsa/ely)
greater thatn the earlier seasonki@ure 5.9). In these wetter seasons, factors such as

SLDR, planting date, and RDmax accounted for substantial portions of the variation in IDSS
irrigation recommendations. Similarly, 2010, the driest simulation year (172 mm rainfall
across all locations and planting dates), SLDR (S = 0.13), RDmax (0.05), and available water

(0.04) accounted for 22% of the total variation in irrigation.

5.4.1.1Select Simulations Examined More Closely

This vared response of the IDSS to different weather patterns was further evident
upon closer examination of twelve of the ninety simulated growing seasons: four
representativeeasons with low rainfall, four with average rainfall, and four with high
rainfall (Table5.9). Seasons in each rainfall category with similar rainfall totals had
drastically different recommended irrigation totals. The 2R@ECK-91 growing season
received 238 mm of rainfall, similar to 20KINS-91 (245 mm); havever, on average
(across all RDmax by SLDR by soil available water by irrigation opportunity interval
combinations) the IDSS recommended 24% more irrigation in-RONE-91 (322 mm) than
in 2009ROCK-91 (260 mm). The discrepancy was even greater betiweeof the seasons
with high rainfall totals. Nearly four times as much irrigation (141 mm) was recommend in
the 2014LEWI-91 season (763 mm of rainfall) as in the 20¥B/IT-105 growing season
(36 mm of irrigation; 754 mm of rainfall) across all combioa$ of sensitivity analysis
factors.

The differences in irrigation totals between seasons with similar total rainfall were

primarily due to the timing and magnitudes of individual rainfall events, as can be seen in the
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daily SWBs of the simulation seasdns a given combination of RDmax (450 mm), SLDR
(0.60), soil available water (0.13 Mmm?3), and irrigation opportunity interval (3 days)
(Figures 510—-5.12). The 2011KINS-91 growing season received several moderate
rainfalls during the first 28 DAFHgure5.10B), but only had one day with greater than 10
mm of rainfall between 28 DAP and 72 DAP, just four days before the model predicted
tasseling, meaning the crop was near its maximum daily water use rate and suscéptibility
dry stresses. On tlegherhand, the 200ROCK-91 season received 125 mm of rainfall over
16 different days during the same time sgaigyre5.10A). Rainfall taperedff after 80

DAP in this simulated season, at the time wttee crop water demand was decreasing as
well. The 2014.UMB-91, 2013WHIT-105, and 2014 EWI-91 growing seasons, which
received three, five, and six rainfall events in excess of 40 mm, respectively (Figlis 5.1
5.12A, and 5.2B), were examples of hohigh magnitude rainfall events coupled with the
timing of such events can significantly affect the irrigation schedule.

The importance of properly setting model parameters that defined the soil water
reservoir (RDmax, SLDR, and available water) durindhssgasons was highlighted in 2014
LEWI-91, when many of the rainfalls were of high magnitude, yet the time intervals between
rainfall events were relatively long. The average irrigation recommended for this season
across all three irrigation opportunitytérvals ranged from 71 mm (RDmax, SLDR, and
available water set to 600 mm, 0.05, and 0.17, respectively) to 217 mm (same parameters set
to 300 mm, 1.00, and 0.10, respectivelig(re5.13). While these conditions represent
extreme opposite ends of the spectrum for how a user could parameterize the model for a

site, nonetheless they highlight the importance of accurately setting these values in years with
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scatteredhigh-intensity rainfall events precisely the type of weathtirat characterizes

much of the humidoutheastertnited States, particularly during the summer mon8G@

NC, 201§. These soil water reservoir parameters had less impact on seasonal irrigation
during dry seasons, such as 2KINS-105 (Figure5.14), when the irrigation demand was
driven almost entirely by the evapotranspiration demand and there was minimal rainfall to
store. In such a scenario, the soil parameters may affect frequency of irrigation events
needed and their inddual magnitudes, but not the overall thepf irrigation for the season.
These relationships can be seen in plots of seasonal irrigation @&pgendixE) and
frequenciegAppendixF) across all combinations of RDmax, SLDR, and available water for

thetwelve locatons that were closely examined.
5.4.2IDDS and DSSAT Simulated Irrigation Treatments

5.4.2.1DSSAT Calibration and Baseline Scenarios

Simulations using thealibratedCSM-CERESMaizewith no irrigation and an SLPF
of 0.65 did not closely match observed aalncounty average yieldgigure5.15); however,
the overall level of agreement between predicted and observed county yields was deemed
acceptable for the scope of this study. The model most closely matched observed yields in
Bertie County (R = 0.70; RMSE = 1,473 kg Ha (Figure5.15) and most poorly in
Columbus (R = 0.28; RMSE = 1,468 kg Hxand Lenoir (R= 0.55; RMSE = 1,833 kg
counties. There was visual evidence that some points mayblameutliers, but such
points were not removed due to the limited size of the data set. Stricter calibration standards

could have been used had the observed versus predicted data set covered more years and

181



locations, and if multiple configurations 6SM-CERESMaizehad been considered for
individual county locations. For example, simulated yields for the seven soil types, three
planting dates, and two maximum rooting depths were weighted equally in calculating
predicted yields for each county. Theséraates could possibly be improved by considering
more orfewersoil types and planting dates in each county, or by weighting average yield
predictions based on factors such as occurrence of soil types in the county or recorded
percentages of the crop ptad by certain dates in the county. It should also be noted that
predicted yields were based on weather observations representing a single location within
each county, whereas the county yields were a function of weather patterns across the county.
A well timed rainfall or extended drought in one portion of a county for a given growing
season could significantly skew the average observed county yield for that year (Yang et al.,
2008) and unfortunately no measure of variability is provided with the U&pérted

county yielddUSDA-NASS, 2016)

Thegoal of the calibration procedure was to configQ&V-CERESMaize within
DSSATv4.6such that reasonable yield estimates were predicted and the model was
responsive to environmental variations within and acgoswing seasons, particularly the
availability of water (be it from rainfall or irrigation)}igure5.16A showsthat the
calibrated, nosirrigated DSSAT model did reflect locational variations in weather within
each growing seas, and closely reflected the seasonal variations in average observed yields
across the simulation counties. Figure$B,15.16C, and 5.86D reflect the theoretical yields
that could have been achieved with full irrigation (irrigated; SLPF = 0.65) efillitfyy (no

irrigation; SLPF = 1.00), and both full irrigation and fertility (irrigated; SLPF = 1.00),
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respectively. The simulated yields at full irrigation and fertility were comparable with
statewide highest recorded yields of irrigated corn for eattiese seasons (Heiniger and
Boerema, 2014). Predicted yields in the irrigated scenarios were also much less variable
across and within seasons as the dependency on rainfall was reduced. The yields presented

in Figure5.16 represented baselines for the irrigation simulations that followed

5.4.2.2Estimated Yields and Water Ugemong Irrigation Treatments

Irrigation treatment had a significant effect on simulated yields and seasonal
irrigation predicted by the IDSS. Irrigation, of a@imym, resulted in significantly higher
average estimated yields than the Nolrr treatment (5,010 Rghable5.10 andFigure
5.17), which was comparable to the average reported yields for the sonutatinties
during the same time span (5,337 khph@JSDA-NASS, 2016). The SmPerf and SmAct
treatments had the highest average seasonal yields (9,120 &gh8,114 kg ha
respectively), followed by Fix100 (8,762 kghgTable5.10). Although this yield increase
from the Smart treatments compared to the Fix100 treatment was only about 4% averaged
across all simulated seasons, the increase was more evident in years with less rainfall (e.qg.,
8% in 2010 and 2011) and theriaion in yields was less in the Smart treatments than in any
of the other treatments in each season, with the degree of variation increasing substantially as
the level of irrigation decreased progressively from Smart to Fixed to Nagure5.17).

The significance of the reduced variation in yields in the Smart treatments cannot be
understated. While the overall mean yields may only suggest a minimal yield benefit from
the Smart systems compared particularly to the Fix10@veed, the distributions of yields

among treatments suggest that the risk of substantially reduced yields is much greater for an
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individual grower using any of the Fixed systems than with the Smatrt treatments, as
indicated by the minimum bars on the boatplFigure5.17) and yield standard deviations
presented iTable5.10. A grower would stand to lose much less yield falling into the lower
guartile of the SmAct treatment yields than in that of amhefFixed or Nolrr treatments.
Within the Smart treatments, there was no evidefeeyield effect between IDSS

scheduled irrigation based on actual forecasts versus observed weather data, substituted as

perfect forecasts. veldpmyoSandtage 2 minlessat ment
seasonal irrigation (200 mm) than the SmAct treatment (222 ab)g5.11 andFigure

5.18). Averaged across all seasons, there was no difference in seasonal irrigatien fo
Fix100 (223 mm) and the SmAct (222 mm) treatments, which applied the greatest amounts
of irrigation among all treatments. While this lack of a difference may seem discouraging at
face value, it is a product of how the Fix100 schedule was deteramgeshould be

expected if considering amply representative irrigation seasons. The Fix100 schedule was
based off of the longerm calculated irrigation requirement, while the IDSS seeks to match
the irrigation requirement in reime. They are in prinpal based on the same theory, but

on much different time scales. This nuanced differénegidenced by the seasonal

variation in irrigation among the Fixed and Smart treatméntgi(e5.18). Total irrigation
applied by the Bied treatments did not vary substantially from sedeeseason, nor within
season, as indicated by the narrow distributions of the respective boxplots. On the other
hand, the Smart treatments varied seasoniifu¢e5.18), in response to seasonal rainfall

(Figure5.4), and within season, as indicated by the wide distributions in the Smart irrigation

boxplots Figure5.18). The within season variation was due to the IDSS axtouufor
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other simulation factors (e.g. soil and RDmax), not the least of which was presumably
weather variations among simulation locations and planting dates.

It should be noted that because the depth of irrigation applied by the Fix100 treatment
remaired essentially constant across seasons and locations the net result was either under
(Figureb.19) or overirrigation (Figure5.20) in many cases. When the latter occurred,
particularly on less well draed soils, the soil water content remained at or above field
capacity for extended days, which could have led to nutrient leaching and or hypoxic (low
oxygen) conditions in portions of the root zone. Boote and Jones (2013) documented that
one of the limiations ofthe DSSAT suite of modelss the inability to predict yield
depression from excess moisture stress, which in this case means the Fix100 yields may have
been over estimated in seasons wlees-irrigation occurred. In fairness, if this did ocgur
then all treatment yields were likely overinflated in 2013 and 2014 when heavy and frequent
rainfalls kept the less well drained soils above field capacity for multiple days at time, the
difference being this was due to rainfall and not irrigatkigire5.20).

Simulated yields by irrigation treatment and year based on assumed full fertility
(SLPF = 1.00) are presentedrigure5.21. The relationship among yields by irrigation
treatments was the sammeder full fertility as for SLPF = 0.65; however, the magnitudes of
the yields increased by about 47% for each treatment. These yield estimates under such
conditions for the SmAct (13,435 kg Haand SmPerf (13,444 kg tptreatments were
similar to thebaseline yields estimated during the calibration routiigufe5.16D). This
suggests that implementing ID®&sed irrigation scheduling along with more intensive

fertility management could result in as much as 168% increaseemage seasonal yields.
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Adding irrigation alone could result in an 82% increase in average seasonal yields, while also

reducing seasonal and spatial yield variations.

5.4.2.3Simulated Soil Water Content Based on Observed vs. Forecast Weather Data

IDSS simulatd daily root zone soil water contents based on forecast weather data
were similar tahose simulated based on observed weather data across all years, locations,
planting dates, soil types, maximum effective root depths, and soil drainagd-igtes (
5.22). Root zone soil water contents predicted usorgdasiveather data from one day in
advanceFRigure5.22A) most closely matchesbil water contents based on observed weather
data (NSE = 0.953, RMSE6:389 mm, R= 0.954); however, estimates based on two
(Figureb.22B) and three dayHigure5.22C) in advance forecasts wereasonablalso (NSE
= 0.906, RMSE = 9.078 mm,?R 0.914 and NSE = 0.864, RMSF10.895 mm, and R=
0.892, respectively) Normalizingacrossnaximum effective root depths (i.e., 300 and 450
mm), RMSE valuesanged from 1.4 to 3.6%. As the forecast lead time increased, soil water
content predictions tended to slightly under estémanat was calculated based on observed
data. This can be attributed to increasing uncertainty as lead time increases, particularly in
precipitation forecasts. Nonetheless, these slajgest that theeday forecasts can be useful

in irrigation schedulig.

5.5 SUMMARY AND CONCLUSIONS

The realtime IDSS proposed in Chapter 3 was modified to operate in a simulation
mode, using historical weather observations and archived daily farasasputs. A

sensitivity analysis on the effects of seven IDSS inpwar(focation, plant date, RDmax,
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SLDR, soil available water, and irrigation opportunity interval) was conducted to assess the
effects of each factor and all possible combinations on season irrigation recommendations for
corn grown in Eastern North Caradin A simulation study was also conducted to estimate

the yield and wateuseeffects of six irrigation treatments using the CER#&ze model

within DSSATV4.6, which was calibrated using reported average county corn yields for the
simulation locations All simulations were run across six years (26d@14), three planting

dates (1, 15, and 30 April), and five locations from across the Coastal Plain of North Carolina
(Kinston, Lewiston, Lumberton, Rocky Mount, and Whiteville).

Year (S = 0.54) and the ariaction between year and location (S = 0.24) accounted
for the greatest proportion of variation in seasonal irrigation. Within seasons, location had
the highest sensitivity index of any factor in five of the six simulated years. While irrigation
generdly decreased with seasonal rainfall, the relationship was highly variable, with several
seasons having similar cumulative rainfall totals yet differing in seasonal irrigation by as
much as 163% (e.g., 201€WI-91 vs. 2013VHIT-105). In such cases, thentng and
magnitude of individual rainfalls was more important than the seasonal rainfall total. This
reiterates the well documented challenges that temporal and spatial rainfall variations present
to irrigation scheduling in the humsbutheasterbnited States (Sadler et al., 2003).

Factors characterizing the soil water reservoir (e.g., SLDR, RDmax, and soil available
water) were more important predictors of irrigation as seasonal rainfall increased (e.g., 2012
—2014) because they govern the amount ioffall that can be stored in the soil, and thus the
amount that remains available to the plant versus being lost to runoff or drainage. The

allowance for soil water storage above field capacity beyond the day of or one day following
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a rainfall event is gquently omitted in SWBs; however, this study suggests that accounting
for this water, such as with the SLDR term, is important to premesirrigationin soils
with even moderately reduced drainage, as is common of many Coastal Plain soils.

The simulaibn study revealed that irrigation treatment had a significant effect on both
average seasonal yield and average seasonal irrigation. At fertility levels representing typical
soils and management practices in North Carolina (SLPF = 0.65), both Smareirsat
increased average seasonal yields 82% compared to the Nolrr treatment (5,0 0akgiha
4% compared to the highest yielding Fixed treatment (Fix 100; 8,762%g While this
yield increase was modest averaged over all seasons, the increagedobgvthe Smart
treatments was more pronounced in drier years. Perhaps even more importantly, the SmAct
and SmPerf treatments reduced the variation in simulated yields frortoygzar and within
season compared to the other treatments. This sudigaisesther Smart treatment could
reduce the risk of substantial yield loss due to drought compared to the other treatments
considered.

There was no difference yneld predictions between IDS&heduled irrigation using
actual forecasts instead of perfémtecast; however, on average, the SmPerf treatment
applied about 10% less irrigation (200 mm) seasonally than the SmAct treatment. There was
no difference between the overall average irrigation applied by the Fix100 (223 mm) and
SmAct (222 mm) treatmesitbut the Smart irrigation totals fluctuated from yeayear and
within year, in response to the changes in rainfall, while the Fix100 schedule remained
relatively constant from seastmrseason and within, causing ovgrgationin some years

and undeirrigation in others. In a field setting, thaserirrigation could lead to nutrient
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leaching and even hypoxia conditions within the root zone. Nutrient leaching was not
accounted for in this study and it has been documented that DSSAT does nobdgabg
of accounting for the effects of excess water stress (Boote and Jones, 2013). Studies have
reported the need for improvement in DSSAT estimations of soil water and nitrogen
interactions (Garrison et al., 1999; Sadler et al., 2000) and the conmvaokd
DRAINMOD-DSSAT has been created specifically for this purpose (Negm et al., 2014). It
is plausible that corn yields for the Fix100 treatment were-presticted in some simulated
seasons based on these reasons, which suggests that the yieldcdiffietsveen the Fixed
and Smart treatments could be even greater than the 4% reported in this study.

The results also suggest that implementing B8l$eduled irrigation in the Coastal
Plain of North Carolina could reduce seasonal and locational variatigredds that
currently exist due to similar variations in rainfall. Additionally, adopting the system alone
could increase yields by 82% from current, fioigated production, or by 168% if
implemented with intensive, improved fertility managemertis Btudy should be beneficial
in guiding future simulation and field studies with the IDSS, which are necessary and
recommended as the system has displayed promising potential for addressing yield
limitations and water management challenges facing gropartscularly in the humid
southeastertnited States.

A financialanalysis at the farm level would be helpfubuantifying net increase in
returns versus annualized costsmeplementing smart irrigationPotential regional and
statewide yield increaes that could be achieved with widespread transitions from rainfed to

rainfedirrigated, hybrid cropping systems shoaldo be assesseth addition to
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considering any economic impacts, such an analysis should also include an estimate of the

water thatvould be needed to implement such changes andt@ngsustainability.
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5.7 TABLES

Table 5.1. Weather stations from which observed weather data wasbtained for
simulation studies (via CRONOS Database of #hState Climate Office of NC).

Simulation Nearby Weather Statisn

Location Name(ID) Network Coordinates
Lewiston Peanut Belt Research Station (LEWS) ECONet 36.132,-77.176
Lewiston Lewiston (314962) COOP 36.133,-77.17F
Lumberton Lumberton Munigpal Airport (KLBT) ASOS 34.6109-79.059
Kinston Cunningham Research Station (KINS) ECONet 35.303,-77.573
Rocky Mount Upper Coastal Plain Research Station (ROC ECONet 35.893, -77.68)°
Rocky Mount Tarboro 1 S (318500) COOP 35.885°-77.539°
Whiteville Border Belt Tobacco Research Station (WHI ECONet 34.413°-78.792°
Whiteville Whiteville 7 NW (319357) COOP  34.409°-78.791°

Note: Preference was given to ECONet and ASOS stations as data sources. COOP stations
were used to supplement periodsmssing or erroneous data, as were satellite estimates of
solar radiation from NASA Prediction of Worldwide Energy Resource (POWER)

Climatology Resource for Agroclimatology.

Table 5.2. Variables and levelsusedin the sensitivity analysis.

Parameter Levels

PlantAvailable Water (mfimm3) 0.10, 0.13, 0.17

Soil Drainage RateSLDR) 1.00, 0.80, 0.60, 0.40, 0.05
Maximum Effective Root Depth RDmay) (mm) 300, 450, 600

Irrigation Opportunity Interval (cys) 1,2,3

Plant Date (DOY) 91, 105, 120

Location KINS, LEWI, LUMB, ROCK, WHIT
Years 2009, 2010, 2011, 2012, 2013, 201
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Table 5.3. Cumulative growing degree day requirements for each
growth stage and respective management allowed depletions and
rainfall probability thresholds used by the IDSS in the study

simulations.

Growth Stage Stage No. Cum GDD (°C)
PreEmerge 0 0
VE-Emergence 1 56
V1 2 100
V2 3 150
V3 4 200
V4 5 250
V5 6 300
V6 7 350
V7 8 400
V8 9 450
V9 10 500
V10 11 550
V11 12 581
V12 13 611
V13 14 642
V14 15 672
V15 16 703
V16 17 733
V17 18 764
V18 19 792
VT-Tasseling 20 822
R1-Silking 21 836
R2-Blister 22 964
R3-Milk 23 1058
R4-Dough 24 1222
R5 - Dent 25 1389
R6-Phys Maturity 26 1556
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Table 5.4. Parameters used to
develop the IDSS crop curve.

Parameter Value
Kc ini 0.3
Kc mid 1.2
Kc end 0.6
Lini 20
Ldev 35
L mid 40
Llate 30

Note: L indicates the lengthfo
development stage i in days

Table 5.5. Irrigation treatments considered in the simulation study.
Irrigation Treatment Description

Nolrr No irrigation

Fix100! Fixed irrigation of 13 mmtwice aweek oer 13week period
beginning 45 DAP

Fix77* Fixed irrigation of D mm, twice aweek over 18wveek period
beginning 45 DAP

Fix50 Fixed irrigation of B mm, 2 x per week over iWeek period
beginning 45 DAP

SmPerf Irrigation scheduled by modified IDSS ugiperfect forecast date
(i.e., replaced with observed weather data)

SmAct Irrigation scheduled by modified IDSS using actual tidag

weather forecast from the NWS
!Previous day rainfall bypass threshold of 13 mm and POP bypass threshold for théedchedu
irrigation day of 75%.
MAD of 50% across the growing season.
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Table 5.6. Soil physical properties for soil types used in irrigation simulation study.

Layers

Depth  Thickness OsaAT Orc Bpwp
Soil Series SLDR (mm) (mm) (mm*mm?3)  (mm® mm3)  (mm® mm?3)
Rains fine sandy loam 0.40 0 180 0.418 0.237 0.097
(RAFS) 180 270 0.418 0.222 0.097
Goldsboro loamy sand 0.60 0 300 0.364 0.188 0.063
(GOLS) 300 150 0.364 0.148 0.063
Goldsboro sandy loam 0.60 0 300 0.409 0.213 0.088
(GOSL) 300 150 0.409 0.173 0.088
Norfolk loamy sand 0.80 0 450 0.364 0.148 0.063
(NOLS)
Pocalla loamy fine sand  0.80 0 450 0.381 0.167 0.072
(PLFS)
Roanoke fine sandy loar  0.40 0 300 0.435 0.275 0.105
(ROFS) 300 150 0.507 0.328 0.153
Wagram loamy sand 0.80 0 450 0.374 0.161 0.068
(WALS)
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Table 5.7. Predominant soil series by county of each simulation location.

County Percent of County
(Sim. Location)  Soil Series Soil Composition (%
Bertie Leaf loam 13.6

(LEWI) Craven fine sandy loam 8.3
Roanoke fine sandy loam 6.6
Goldsboro sandy loam 5.5
Rains sandy loam 5.2
Lynchburg sandy loam 2.5
Columbus Lynchburg fine sandy loam 9.4
(WHIT) Norfolk loamy fine santl 7.4
Goldsbao fine sandy loarh 6.3
Grifton fine sandy loam 6.7
Rains fine sandy loam 5.8
Edgecombe Norfolk loamy sand 14.3
(ROCK) Rains fine sandy loam 10.3
Roanoke loarh 9.4
Goldsboro fine sandy loam 7.6
Wagram loam sarfd 5.4
Lenoir Norfolk loamy sad* 15.2
(KINS) Pocalla loamy sarfd 10.3
Rains sandy loam 7.1
Goldsboro loamy sarid 5.2
Lynchburg sandy loam 4.7
Wagram loamy sartd 4.9
Robeson Norfolk loamy sand 13.5
(LUMB) Johnston soils 12.4
Rains sandy loam 11.8
Wagram loamy sartd 96
Goldsboro loamy sarid 7.6
Lynchburg sandy loam 5.2
Pocalla loamy sartd 1.8

*Denotes soil series that was represented in simulation study.
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Table 5.8. DSSAT input parameters by file type.

Parameter Description Value
Cultivar File (.CUL)
P1 Degree days from emergence to end of juvenile phase 265.0
P2 Photoperiod sensitivity coefficient (01.0) 0.450
P5 Degree dayfrom silking to physiological maturity 930.0
PHINT Degree days beteen eaf tip appearances (plbghron interval) (base 8 °C) 38.90
G2 Potential kernel number 625.0
G3 Potential kernel growth rate 9.00
Ecotype File ((ECO)
TBASE Base temperature below which no development occurs 8.0
TOPT Temperature at which maximum devahoent rate occurs during vegetative stag 34.0
ROPT Temperature at which maximum development rate occurs for reproductive st¢ 34.0
P20 Daylength below which daylength does not affect development rate 12.5
DJTI Minimum days from end of juvenile stagetassel initiation if the cultivar is not 4.0
photoperiod sensitive
GDDE Degree days per cm seed depth required for emergence 6.0
DSGFT Degree days from silking to effective grain filling period 170
RUE Radiation usefficiency 5.4
KCAN Canopy lightextinction coefficient for daily PAR 0.85
Species File (.SPE)
RGFIL-TBASE Base temperature below which no grain filling occurs 5.5
RGFIL-TOP1 Lower optimum temperature for grain filling rate 16.0
RGFIL-TOP2 Upper optimum temperature for graiflifig rate 29.0
RGFIL - TMAX Maximum temperature above which no grain filling occurs 37.0
Soil File (.SOL)
SLPF(limited) Soil fertility factor, (0— 1.0) 0.65
SLPF (full) Soil fertility factor, (0—1.0) 1.00

Note: All degree days calculated usiragb of 8C
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Table 5.9. Season rainfall and irrigation for selected growing seasongth low,
average, and high rainfall totals relative to all simulated growing seasons

Seasonal Rair Plant Rairfall Irrigation StDev Irrigation
Category Year Location DOY (mm) (mm) (mm)
Low 2009 ROCK 91 238 260 19
Low 2011 KINS 91 245 322 14
Low 2010 WHIT 91 299 243 25
Low 2011 KINS 105 303 301 15
Avg 2009 WHIT 105 496 94 30
Avg 2014 LUMB 91 507 207 50
Avg 2012 LUMB 91 509 150 46
Avg 2013 LEWI 105 516 93 45
High 2013 WHIT 105 754 36 35
High 2014 LEWI 91 763 141 43
High 2014 KINS 91 850 106 46
High 2014  KINS 105 917 65 45

Abbreviations: Avg = Average, StDev = Standard Deviation
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Table 5.10. Means and standard deviations of yield by irrigation treatment and year at limited fertility levels (SLPF =

0.65).
Yield (kg hat)
Nolrr Fix50 Fix77 Fix100 SmAct SmPerf

Year Mean Std. Dev Mean Std. Dev Mean Std. Dev. Mean Std. Dev Mean Std. Dev Mean Std. Dev
2009 4,938 1,872 8,220 1,401 9,029 1,021 9,375 827 9,529 821 9,554 825
2010 3,403 1,501 6,283 1,317 7,549 1,226 8,329 965 9,027 595 9,031 595
2011 3,826 1,512 5,606 1,735 6,993 1,336 7907 1,039 8,581 671 8,688 667
2012 3,622 1,550 6,226 1,656 7,727 1,495 8,442 1,064 8,851 647 8,872 659
2013 6,965 1,031 7,875 727 8,210 581 8,337 530 8,406 509 8,397 490
2014 7,308 2,492 8,982 1,647 9,933 1,064 10,182 814 10,289 737 10,279 738
Overall 5,010e 2,334 7,199 ¢ 1,900 8,240 ¢ 1,516 8,762t 1,179 9,114 ¢ 922 9,120¢ 922
Note: Overallmeansvi t h simil ar | etters are not statisticall

Abbreviations: SLPF = soil fertility factor, Std. Dev. = stamtdeviation

y
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Table 5.11. Means and standard deviations of seasonal irrigation by irrigation treatment and year at limited fertility
levels (SLPF = 0.65).

Seasonal Irrigation (mm)

Nolrr Fix50 Fix77 Fix100 SmAct SmPerf
Year Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.
2009 0 0 115 10 174 20 226 26 205 50 185 55
2010 0 0 116 14 171 20 223 26 289 42 267 44
2011 0 0 117 183 9 237 11 284 42 268 49
2012 0 0 112 177 10 231 13 216 38 196 38
2013 0 0 109 21 167 17 217 23 148 43 127 41
2014 0 0 91 22 157 15 204 20 194 58 156 54
Overall Oe 0 110d 17 171 c 18 223a 23 222 a 68 200 b 71
Note: Overa | means with similar | etters are not statisti

Abbreviations: SLPF = soil fertility factor, Std. Dev. = standard deviation
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5.8 FIGURES

Figure 5.1. Map of locations used in simulatin study. Abbreviationsare: LEWI
(Lewiston), LUMB (Lumberton), KINS (Kinston) , ROCK (Rocky Mount), and WHIT

(Whiteville).
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Figure 5.2. Crop curve based on IDSS inputs used in the sensitivity analysis
and simulation study.
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Figure 5.3. ANOVA basedmain-effect and interactionsensitivity indicesfor the 12,150
combinations of severfactors considered in the sensitivity analysis. Note: Only the

twenty largest sensitivity indicesare presented.
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Figure 5.10. Simulatedtotal soil water, rainfall, and irrigation for the A) 2009-ROCK -
91 and B) 2011KINS-91 growing seasonsNote: Scenario based on RDmax = 450 mm,
SLDR = 0.60, soil available water = 0.13 mfrmm-3, and irrigation opportunity interval

= 3 days.
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Figure 5.11. Simulated total soil water, rainfall, and irrigation for the A) 2009WHIT -
105 and B) 2014_.UMB -91 growing seasonsNote: Scenario based on RDmax = 450

mm, SLDR = 0.60, soil available water = 0.13 m#frmm3, and irrigation opportunity
interval = 3 days.
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Figure 5.12. Simulatedtotal soil water, rainfall, and irrigation for the A) 2013WHIT -

105 and B) 2014_EWI -GOLS growing seasonsNote: Scenario based on RDmax = 450
mm, SLDR = 0.60, soil available water ©.13 mn? mm, and irrigation opportunity
interval = 3 days.
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Figure 5.13. Average seasonal irrigation recommended by the IDSS across all irrigation opportunity intervals for
each combination of SLDR, RDma, and available water for the 2014.EWI -91 growing season.
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Figure 5.14. Average seasonal irrigation recommended by the IDSS across all irrigation opportunity intervals for
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Figure 5.15. Predicted nonirrigated corn yield with SLPF = 0.65 vs. average observed county yields from 2009 to
2014 in Bertie (LEWI), Columbus WHIT), Edgecombe (ROCK), Lenoir (KINS), and Robeson (LUMB) counties.
Note: Error bars represent plus or minus one standard deviation.
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2014

Dry Yield (kg ha)

Dry Yield (kg ha')

2009 2010 2011 2012 2013 2014
Year

D)

2009 2010 2011 2012 2013 2014
Year

[T KINS (Lenoir)

[ LEWI (Bertie)

[ LUMB
(Robeson)
[ ROCK
(Edgecombe)
[ WHIT
(Columbus)
—A—County
Averages
—&—State Yield

Winners (Irrigated)

218



rTIT TTH e
100001 | ll T i
8000 lHilii i gil | L .U R 5888;: a Lt
~ H LT M e gL AT
@ B AU THEY s ALl %w@gg L
o i° : 1 : : : |: J:_@ :
= 6000 ||| HiR Ve VL 'S !
o ! K Bl A (¥ 1o !
@ | |||@ H 1 ! 1 i sl
> 1 . H = ! DL
& I:J_ :J_ 1 i
4000 ! B i i i = Nolrr
: H | B Fix50
| n + & Fix77
I + B Fix100
2000 | .
n ! ! = SmAct
H + B SmPerf
2009 2010 2011 2012 2013 2014

Year
Figure 5.17. DSSAT simulated seasonal yields by irrigation treatment and yeaacross
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depthsbased on limited fertility levels (SLPF = 0.65) calibrated to represent typical
North Carolina soils under current management practices.Note: Dots represent
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219



4001 B Nolr  ® Fix100
B Fix50 ® SmAct
T T 8 Fix77 = SmPerf
. 3001 T3 l ' i} H
E ! : [ T
E . . I . I L P
c b i m: i L T L
o L L L ' H B
5 % | %: | s % BT !
= 2001 T sl EEJ P E Lt B :
g §¢: g g1 R TN %O | EL.
2 T s en , oF » .
o 8 i 8 SR BT IR
100 o L L H L i i 8 | g
: oo . D
R
e 5 |
0 E a3 - > - B3 © .3
2009 2010 2011 2012 2013 2014

Year
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APPENDIX A T |IRRIGATION TREATMENT LAYOUT, DRIP IRRIGATION
CONFIGURATION , AND SENSOR PLACEMENT FOR 2013SWEETPOTATO STUDY
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Figure A.1. Plot layout and drip irrigation configuration during

normal operation (Irrigation Mode).
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Figure A.2. Plot layout and drip irrigation configuration during

fertigation events (Fertigation Mode).
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Figure A.3. Treatment layout and sensor placement f&2013.
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APPENDIX BT SWEETPOTATO CROP AND IRRIGATION MANAGEMEN T RECORDS
FOR 2013AND 2014

2013

Soil:
May 10— 8 soil cores collected (top of ring @ 6 in.)

Crop:
June 10- Warhawk (same as Lorsban) applied @ 4 pt/acre
Command applied @ 1.75 pt/acre
Valor applied @ 2.5 oz/acre
1) Applied Herbicide
2) Cultivated Twice
3) Formed Bed
4) Spray Valor on Top of Bed
Warhawk Chlorpyrifos (44.9% Al)
0O,GDiethyl O(3,5,6trichloro-2-pyridyl) phosphorothioate
Command: Clomazone (31.1% Al) Z2-Chlorophenyl)methy#, 4dimethy}3-
isoxazolidinone)
Valor: Flumioxazin (51% Al)
2-[7-fluoro-3,4-dihydro-3-oxo-4-(2-propynyl}2H-1,4- benzoxazir6-yl] - 4,5,6,7
tetrahydrelH-isoindole 1,3(2H)dione
June 12- Planted G2s from Vick Faily Farms
July 8— Plowed and applied 400 Ib/acre ofQ5- 38 (to all)
Aug 23— Poast applied @ 1.5 pt/ac + 1 gt crop oil/acre to control annual and perennial
grasses (not broadleaf or sedge)

Irrigation:

June 13, 17, 18 Finished installing drip tapéay flat, valves, sensors, etc.

Juy8-changed rain switch setting from 0.5” to
Juy8-1 saw timer treatment running.. believe I

(presumably wet)
July 11— Charles turned controller OFF after 3:25 pm (Timer imaye been running based
on time)

Fertilizer:

Top Dress
July 8—Plowed and applied 400 Ib/acre ofQ5— 38 (to all plots)

July 10— 105 Ib/acre of N (390-0)

Fertigated think each ran for 1 hr 36 min total unless noted otherwise; lesser minuss equ
fert time)
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July 16- First fertigation event (~40 min; 1.4 gal of-09D; 10 Ib N/ac)

July 22- Second fertigation event (~38 min; 2.1 gal of(0; 15 Ib N/ac)

July 29- Third fertigation event (~67; 2.1 gal of -080; 15 Ib N/ac)
**Lots of issues (se field notes). Some plots got 1 hr 7 min water, some got 1 hr 16
min, some got both (~2.5 hrs). Prob just use 1:36 again here and go with it.

Aug 5—Fourth fertigation event (2.8 gal of -I80; 20 Ib N/ac)- 2 hrs of water

Aug 12— Fifth fertigation eent (2.1 gal of 19-0; 15 Ib N/ac)- 1:36

Aug 19- Skipped fertigation due to Rain

Aug 26— Sixth fertigation event (2.1 gal of 4B0; 15 Ib N/ac)- 1:36

Sep 3- Seventh (final) fertigation event (2.1 gal ofQ®; 15 Ib N/ac) **1 hr run time

Soil andPlant Tissue Samples:

July 16— Collected first soil and plant tissue samples
Aug 12-second set collected

Sep 11-took last set

Harvest:
Sep 11-First Harvest; Oct 2 Second Harvest; Oct 21Last Harvest

2014

Crop:
June 2 Warhawk (same as Ldyan) applied @ 4 pt/acre
Command applied @ 1.75 pt/acre
Valor applied @ 2.5 oz/acre
1) Applied Herbicide
2) Cultivated Twice
3) Formed Bed
4) Spray Valor on Top of Bed

June 9-Planted G2s from Vick Family Farms, installed drip tape, sensors & data loggers
June25-Plowed and applied 400 Ib/acre ofQ5- 38 (to all)

Irrigation:

July 1—Wired up controller and irrigation system was functional, ready to go for the first

time

July 3— Charles turned controller OFF in anticipation of Hurricane Arthur

Juy7-1 rrigation controller back to ON around
irrigation event would have run)

July 21— 1 turned controller OFF after fertigation

July 23— 1 turned controller back ON
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July 29— Turned controller back to ON
Aug 18- Turned controller to OFF
Aug 26— Controller was in ON position when | arrived

Fertilizer:

Top Dress
July 1— Applied 105 Ib N/ac via 349-0 @ 309 Ib/ac

Fertigated

*times for 2014 were shorter than 2013; only ran long enough to apply fertizer

July 7— First fertigation event (~35 min starting @ 4:15 pm; 1.4 gal 6018 10 Ib N/ac)

July 14— Second fertigation (~50 min; Charles ran; 2.1 gal 6018 15 Ib N/ac)

July 21— Third fertigation (~30 min run time; 2.1 gal of-090 ; “5 i nches”; 15
July 29— Fourth fertigation (~30 min run time; 2.8 gal of-Q®; 20 Ib N/ac)

Aug 5- Skipped fertigation opp due to wet conditions

Aug 12— Fifth fertigation (~30 min; 2.1 gal of 19-0; 15 Ib N/ac)

Aug 18- Sixth fertigation (~35 min; 2.1 gal of 480; 15Ib N/ac)

Aug 26— Seventh and final fertigation (~50 min; 2.1 gal of®0; 15 Ib N/ac)

Soil and Plant Tissue Samples:

July 1- First set of samples collected

July 21— Second set of samples collected
Aug 18- Third set of samples collected

Sep 10- Fouth/Final set of samples collected

Harvest:
Sep 10-First Harvest; Sep 29 Second Harvest; Oct 20Last Harvest
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APPENDIX CT SAMPLE INPUT FILES FOR IDSS SIMULATIONS

Weather Forecasts File:

Note: Each file contains daily values for one year andasaion

KINS,35.30288, - 77.57306,,,,111110111s
Year, DOY Tmax_0,Tmin_ O ETo_0,POP_0,QOP_0,Tmax_1,Tmin_1,ETo_1,POP_1,Q0P_1,Tmax_2,Tm
in_2,ETo_2,POP_2,Q0P_
2009,1,278.7,269.3,1.56,0, 0 284.3,272,1.75,7,0,283.1,274.8,1.03,37,0.51
0,0.

2009,2,284.8,270.4,1.44,0,0.25, 286.5,276.5,1.24,26,0.51,287.6,277,1.31,14,0.59
2009,3,286.5,275.4,1.12,8,0,290.4,279.3,1.19,14,0.51,289.8,284.8,1.36,40,0.75
2009,4,287,279.3,0.98,28,3.22,290.9,282.6,1.33,57,3.39,288.1,279.3,1.57,60,7.87
2009,5,290.9,282.6,1.07,14,0,288.1,282.6,1.18,80,1 1.94,289.8,285.9,1.48,80,1.78
2009,6,289.8,285.9,1.06,80,13.8,292,287,2.02,80,8.89,286.5,279.3,2.52,68,2.03
2009,7,292,288.7,1.98,14,7.87,285.9,279.3,2.41,74,5.33,282.6,271.5,1.63,14,0
2009,8,283.7,278.7,2.31,20,0.25,282.6,272.6,1.71,23,0,288.1,274.8,2.2,1 3,0
2009,9,281.5,272,1.79,5,0,288.7,274.3,2.15 ,13,0 283. 7,279.3,1 15,50,8.89
2009,10,289.3,273.7,1.81,5,0,286.5,283.1,1.98.60,10.16,282.6,273.7,1.13,18,0
2009,11,287,285.4,2.08,79,5.33,282,275.4,1.28,53,0,283.7,274.8,1.43,12,0.13
2009,12,282.6,274.3,1.53,1 4 0,283.7,272.6,1.2,13,0.76,279.3,271.5,1.61,24,0.76
2009,13,280.4,273.7,0.9,23,6.6,278.7,272,1 25 ,75,4.32,281.5,272.6,1.66,10,0
2009,14,278.1,272,1.36,28,0.25,279. 3 272,1 78,10,0,273.1,266.5,1.5,14,0
2009,15,278.7,272.6,1.75,0,0,273.1,265.9,1.46,0,0,275.9 263.1,0.95,5,0
2009,16,272,265.9,1.46,0,0,273.7,262,0.88,3,0,280.9,268.1,1.5,3,0
2009,17,273.7,263.1,0.86,0,0,280.4,269.3,1.48,0,0,278.7,272.6,1.02,35,0.25
2009,18,280.4,269.3,1.25,0,0,278.7,273.1,1.09,55,5.08,277.6,271.5,1.41,11,0
2009,19,280.4,273.7,0.9 6,52,0.76, 276. 5,271.5,1.26,25,0.4,277.6,268.1,1.4,25,0.11
2009,20,274.8,271.5,0.69,90,10. 27 274. 8 267, 1. 19, 90 3. 64 282 268.7,1.6,7,0

€ (lines removed for breV|ty)
2009,365,284.8,276.5,0.92,99,9.9,283.1,279.8,0.94,52,2.28,276.5,272,1.47,31,0

Observed Weaer File:
Note: Each file contains daily values for one year and one location

KINS,35.303, -77.573, ,,
Year,DOY,Tmax,Tmin,Rainfall,ETo
2009,1,3.7, -4.5,0,1.04

2009,2,13.6, -4.7,0.3,0.95
2009,3,14.8,0.3,0,0.72
2009,4,13.3,3.7,2,0.47
2009,5,17.6,11.8,0.3,0.67
2009,6,17.1,10.5,23.9,0.36
2009,7,21.7,8.5,2,3.21
2009,8,12.1,3.8,0,1.99
2009,9,9.1, -1.4,0,1.07
2009,10,17.5, -0.4,0,1.87
2009,11,15.6,7.4,4.8,1.1
2009,12,8.1,0.6,0,1.03
2009,13,5.1,0.7,10.4,0.23
2009,14,5.8, -1,0.3,0.96
2009,15,8.5, -2.9,0,1.54
2009,16, -2.7, -7.4,0,1.24
2009,17,1.2, -10.9,0,1.02
2009,18,5.8, -1.1,9.4,0.6
2009,19,10.8,1,0.3,0.78
2009,20,5.5, -6.6,0.5,0.41
é (Iines removed for brevity)

2009,365,10,2.2,18.8,0.42
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APPENDIX D T SOIL FILE S USED IN DSSAT SIMULATIONS FOR
DEPTH AND FERTILITY LEVEL COMBINATION

I# RDmax = 30 cn 0.65 #

IRAFS (Orig. SLDR, SLRO, and SLPF: 1.00, 83, 0.56)
*NCBE160004 NRCS SALO 135. Rains fine sandy loam, Bobby

COUNTRY....  LAT LONG SCSFAMILY ....c.ccovmiiiriiiniininiiineanenns

BE- Bertie C NC Location 35.640 - 77.398 fine - loamy, siliceous, semiactive, thermic Typic P
@ SCOM SALB SLU1  SLDR SLRO SLNF SLPF SMHB SMPX SMKE

-99 0.13 3.0 0.40 83. 1.00 0.65 1B001 IBO01 IBOO1
@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM

3. -990.097 0.237 0.418 1.000 2.028 1.54 3.50 12.0 17.0 -99 5.8
10. -990.097 0.237 0.418 1.000 2.028 1.54 3.50 12.0 17.0 -99 -99 538 -99
18. -99 0.097 0.237 0.418 1.000 2.028 1.54 3.50 12.0 17.0 -99 -99 5.7 -99
30. -99 0.097 0.222 0.418 1.000 2.028 1.54 0.75 12.0 17.0 -99 -99 5.6 -99
45, -99 0.097 0.222 0.418 0.000 2.028 1.54 0.75 12.0 17.0 -99 -99 5.6 -99
50. -990.126 0.281 0.447 0.000 0.786 1. 47 0.75 19.0 15.0 -99 -99 5.0 -99
65. -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 5.0 -99
75. -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 438 -99
95. -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 4.8 -99
110. -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 438 -99
125. -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 438 -99
135. -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 47 -99

IGOLS (Orig. SLDR, SLRO, and SLPF: 0.4, 76, 1.00)
*NCRO160002 NRCS LOSA 165. Golds
@SITE....... COUNTRY.... LAT LONG SCSFAMILY
RG Robeson NC Location 34.627 - 79.025 fine
@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF S

-99 0.13 3.0 0.60 76. 1.00 0.65 1B001 IB001 IBOO1

boro loamy sand, Bobby
ine - loamy, siliceous, subactive, thermic Aquic Pa
MHB SMPX SMKE

@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC

3. -990.0630.188 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99
10. -990.0630.188 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99
20. -990.0630.188 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99
30. -990.0630.1 880.364 1.0006.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99
38. -990.063 0.148 0.364 0.000 6.360 1.69 1.25 5.0 16.5 -99 -99 -99 -99
45. -990.063 0.148 0.364 0.000 6.360 1.69 1.25 5.0 16.5 -99 -99 -99 -99
50. -990.146 0.286 0.465 0.000 0.462 1.42 -99 240 16.0 -99 -99 -99 -99
60. -990.146 0.286 0.465 0.000 0.462 1.42 -99 240 16.0 -99 -99 -99 -99
75. -990.146  0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99
90. -990.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99

114. -990.146 0.286 0.465 0.000 0.460 1.42 -99 24.0 16.0 -99 -99 -99 -99
135. -990.157 0.274 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99
150. -990.157 0.274 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99
165. -990.1 570.274 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99

IGOSL (Orig. SLDR, SLRO, and SLPF: 0.4, 76, 1.00)
*NCRO160001 NRCS SALO 165. Goldsboro sandy loam, Bobby
@SITE....... COUNTRY.... LAT LONG SCSFAMILY. e

RG Robeson NC Location 34.627 -79.025 fine - loamy, siliceous, subactive, thermic Aquic Pa
@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE

-99 0.13 3.0 0.60 76. 1.00 0.65 IBO0O1 IB001 IBOO

@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC

3. -990.088 0.213 0.409 1.000 2.723 1.57 1.25 10.0 20.0 -99 -99 -99 -99
10. -990.088 0.213 0.409 1.000 2.723 1.57 1.25 10.0 20.0 -99 -99 -99 -99
18. -990.088 0.213 0.409 1.000 2.723 1.57 1.25 10.0 20.0 -99 -99 -99 -99
30. -990.088 0.213 0.409 1.000 2.723 1.57 1.25 10.0 20.0 -99 -99 -99 -99
33. -990.088 0.173 0.409 0.000 2.720 1.57 1.25 10.0 20.0 -99 -99 -99 -99
45. -990.088 0.173 0.409 0.000 2.720 1.57 1.25 10.0 20.0 -99 -99 -99 -99
50. -990.146 0.286 0.465 0.000 0.462 1 42 -99 24.0 16.0 -99 -99 -99 -99
65. -99 0.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99
80. -990.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99

102. -990.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99
120. -990.157 0.312 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99
135. -990.157 0.312 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99
150. -990.157 0.312 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99
165. -990.157 0.312 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99

INOLS (Orig. SLDR, SLRO, and SLPF: 0.6, 76, 1.00)
*NCRO160005 NRCS LOSA 178. Norfolk loamy sand, Bobby
@SITE....... COUNTRY.... LAT LONG SCSFAMILY...
RO Robeson NC Location 34.627 -79.025 fine
@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE

-99 0.13 3.0 0.80 76. 1.00 0.65 1B001 IBOO1 IBOO1

@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLN

, thermic Typic Kandiudults

3. -990.063 0.148 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99
10. -99 0.063 0.148 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99
23. -990.063 0.148 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99
30. -99 0.063 0.148 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99

SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC
-99 -99

EACH ROOT

| SLHW SLHB SCEC SADC

-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
-99 -99
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36. -990.063 0.148 0.364 0.000 6.360 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99 -99
45, -990.063 0.148 0.364 0.000 6.360 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99 -99
50. -99 0.156 0.296 0.475 0.000 0.385 1.39 -99 26.5 20.0 -99 -99 -99 -99 -99 -99
65. -990.1560. 296 0.4750.0000.385 1.39 -99 26.5 20.0 -99 -99 -99 -99 -99 -99
80. -99 0.156 0.296 0.475 0.000 0.385 1.39 -99 26.5 20.0 -99 -99 -99 -99 -99 -99
97. -990.156 0.296 0.475 0.000 0.390 1.39 -99 26.5 20.0 -99 -99 -99 -99 -99 -99
120. -990.178 0.318 0.490 0.000 0.277 1.35 -99 315 225 -99 -99 -99 -99 -99 -99
135. -990.178 0.318 0.490 0.000 0.277 1.35 -99 315 225 -99 -99 -99 -99 -99 -99
150. -990.178 0.318 0.490 0.000 0.277 1.35 -99 315 225 -99 -99 -99 -99 -99 -99
165. -990.178 0.318 0.490 0.000 0.277 1.35 -99 315 225 -99 -99 -99 -99 -99 -99
178. -990.178 0.318 0.490 0.000 0.277 1.35 -99 315 225 -99 -99 -99 -99 -99 -99

IPLFS (Orig. SLDR, SLRO, and SLPF: 0.75, 71, 1.00)
*NCLE160001 NRCS LOSA 203. Pocalla loamy fine sand, Bobby
@SITE....... COUNTRY... LAT LONG SCSFAMILY...
LE- Lenoir C NC Location 35.197 - 77.543 loal Y, ubactive, thermic Arenic Plinth
@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE
-99 0.13 3.0 0.80 71. 1.00 0.65 1B001 1B0O1 IBOO1

@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SB DM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC

3. -990.0720.167 0.381 1.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
10. -990.072 0.167 0.381 1.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
20. -990.072 0.167 0.381 1.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
30. -990.072 0.167 0.381 1.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
35. -990.072 0.167 0.381 0.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
45. -990.072 0.167 0.381 0.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
58. -990.072 0.167 0.381 0.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
65. -990.121 0.241 0.434 0.000 0.921 1.50 0.50 17.5 5.0 -99 -99 -99 -99 -99 -99
78. -990.121 0.241 0.434 0.000 0.921 1.50 0.50 17.5 5.0 -99 -99 -99 -99 -99 -99
91. -990.121 0.241 0.434 0.000 0.9 20 1.50 0.50 17.5 5.0 -99 -99 -99 -99 -99 -99
105. -990.064 0.144 0.368 0.000 6.271 1.68 0.50 6.0 6.5 -99 -99 -99 -99 -99 -99
117. -990.064 0.144 0.368 0.000 6.270 1.68 0.50 6.0 6.5 -99 -99 -99 -99 -99 -99
135. -99 0.140 0.255 0.460 0.000 0.538 1.43 0.50 22.5 16.5 -99 -99 -99 -99 -99 -99
150. -990.140 0.255 0.460 0.000 0.538 1.43 0.50 22.5 16.5 -99 -99 -99 -99 -99 -99
165. -990.140 0.255 0.460 0.000 0.538 1.43 0.50 22.5 16.5 -99 -99 -99 -99 -99 -99
183. -990.140 0.255 0.460 0.000 0.540 1.43 0.50 22.5 16.5 -99 -99 -99 -99 -99 -99
203. -99 0.140 0.255 0.460 0.000 0.540 1.43 0.50 22.5 16.5 -99 -99 -99 -99 -99 -99

IROFS (Orig. SLDR, SLRO, and SLPF: 0.05, 84, 1)
*NCRO160006 NRCS SALO 183. Roanoke fine sandy loam, Bobby
@SITE....... COUNTRY.... LAT  LONG SCSFAMILY ....cutiiiiiiiiieiiiieeniiriees s
RG Robeson NC Location 34 .627 - 79.025 fine, mixed, semiactive, thermic Typic Endoaquults
@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE
-99 0.13 3.0 0.40 84. 1.00 0.65 1B001 IBO01 IBOO1

@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC
3. -990.1050.275 0.435 1.000 1.540 1.50 2.00 14.0 26.0 -99 -99 -99 -99 -99 -99
10. -990.1050.275 0.435 1.000 1.540 1.50 2.00 14.0 26.0 -99 -99 -99 -99 -99 -99
18. -990. 1050.2750.4351.000 1.540 1.50 2.00 14.0 26.0 -99 -99 -99 -99 -99 -99
30. -990.105 0.275 0.435 1.000 1.540 1.50 2.00 14.0 26.0 -99 -99 -99 -99 -99 -99
36. -990.153 0.328 0.507 0.000 0.674 1.31 -99 27.5 60. 0 -99 -99 -99 -99 -99 -99
45. -990.153 0.328 0.507 0.000 0.674 1.31 -99 27.5 60.0 -99 -99 -99 -99 -99 -99
50. -990.153 0.298 0.507 0.000 0.674 1.31 -99 27.5 60.0 -99 -99 -99 -99 -99 -99
65. -99 0.1530.298 0.507 0.000 0.674 1.31 -99 27.5 60.0 -99 -99 -99 -99 -99 -99
75. -990.153 0.298 0.507 0.000 0.674 1.31 -99 27.5 60.0 -99 -99 -99 -99 -99 -99
90. -990.153 0.298 0.507 0.000 0.670 1.31 -99 275 60.0 -99 -99 -99 -99 -99 -99
105. -990.271 0.416 0.531 0.000 0.204 1.24 -99 475 325 -99 -99 -99 -99 -99 -99
120. -990.271 0.416 0.531 0.000 0.200 1.24 -99 475 325 -99 -99 -99 -99 -99 -99
137. -990.271 0.416 0.531 0.000 0.200 1.25 -99 475 325 -99 -99 -99 -99 -99 -99
150. -990.159 0.249 0.481 0.000 0.378 1.38 -99 275 25.0 -99 -99 -99 -99 -99 -99
165. -990.159 0.249 0.481 0.000 0.378 1.38 -99 27. 5 25.0 -99 -99 -99 -99 -99 -99
183. -990.159 0.249 0.481 0.000 0.380 1.38 -99 275 25.0 -99 -99 -99 -99 -99 -99
IWALS (Orig. SLDR, SLRO, and SLPF: 0.6, 68, 1.00)
ISDUL was 0.133 from Dr. Wilkerson; Raised to 0.161 based on NRCS Data
*NCRO160003 NRCS LOSA 190. Wagram loamy sand, Bobby
@SITE....... COUNTRY.... LAT  LONG SCSFAMILY ....coiiiiiiiiiiiee e
RG Robeson NC Location 34.627 - 79.025 loamy, kaolinitic, thermic Arenic Kandiudul ts

@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE
-99 0.13 3.0 0.80 68. 1.00 0.65 1B001 IBOO1 IBOO1
@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC

3. -990.068 0.161 0. 3741.0005.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99 -99 -99
10. -990.068 0.161 0.374 1.000 5.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99 -99 -99
18. -990.068 0.161 0.374 1.000 5.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99 -99 -99
30. -990.068 0.161 0.374 1.000 5.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99 -99 -99
36. -990.068 0.161 0.374 0.000 5.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99 -99 -99
45. -990.068 0.161 0.374 0.0005.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99 -99 -99
50. -990.068 0.161 0.374 0.000 5.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99 -99 -99
61. -990.068 0.161 0.374 0.000 5.450 1.66 1.25 6.0 155 -99 -99 -99 -99 -99 -99
75. -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99 -99 -99
90. -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99 -99 -99
110. -990.1400. 2800.4610.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99 -99 -99
130. -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99 -99 -99
150. -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99 -99 -99
165. -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99 -99 -99
180. -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99 -99 -99
190. -990.140 0.2800.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99 -99 -99
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4 RDmax = 30 cn LD # A s

#it

IRAFS (Orig. SLDR, SLRO, and SLPF: 1.00, 83, 0.56)

*NCBE160004 NRCS SALO 135. Rains fine sandy loam, Bobby

@SITE....... COUNTRY... LAT LONG SCSFAMILY...
BE- Bertie C NC Location 35.640 -77.39 8fin loamy,

@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE
-99 0.13 3.0 0.40 83. 1.00 1.00 1B001 IB0O1 IBOO1

ous, semiactive, thermic Typic P

@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC
3. -990.097 0.237 0.418 1.000 2.028 1.54 3.50 12.0 17.0 -99 -99 538 -99 -99 -99
10. -990.097 0.237 0.418 1.000 2.028 1.54 3.50 12.0 17.0 -99 -99 538 -99 -99 -99
18. -990.097 0.237 0. 418 1.000 2.028 1.54 3.50 12.0 17.0 -99 -99 5.7 -99 -99 -99
30. -990.097 0.222 0.418 1.000 2.028 1.54 0.75 12.0 17.0 -99 -99 56 -99 -99 -99
45. -990.097 0.222 0.418 0.000 2.028 1.54 0.75 12.0 17.0 -99 -99 56 -99 -99 -99
50. -990.126 0.281 0.447 0.000 0.786 1.47 0.75 19.0 15.0 -99 -99 50 -99 -99 -99
65. -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 5.0 -99 -99 -99
75. -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 438 -99 -99 -99
95. -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 438 -99 -99 -99
110. -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 438 -99 -99 -99
125. -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 438 -99 -99 -99
135. -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 47 -99 -99 -99
IGOLS (Orig. SLDR, S LRO, and SLPF: 0.4, 76, 1.00)
*NCRO160002 NRCS LOSA 165. Goldsboro loamy sand, Bobby
@SITE....... COUNTRY.... LAT LONG SCSFAMILY ....cuviiiiiiiiiiiiiieeniieees s
RG Robeson NC Location 34.627 -79.025 fine - loamy, siliceous, s ubactive, thermic Aquic Pa
@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE
-99 0.13 3.0 0.60 76. 1.00 1.00 1B001 I1B0O1 IBOO1
@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC
3. -990.063 0.188 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99 -99
10. -990.063 0.188 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99 -99
20. -990.0630.188 0.364 1.000 6.358 1.69 1.2 5 5.0 16.5 -99 -99 -99 -99 -99 -99
30. -990.0630.188 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99 -99
38. -990.063 0.148 0.364 0.000 6.360 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99 -99
45, -990.063 0.148 0.364 0.000 6.360 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99 -99
50. - 99 0.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99 -99
60. -990.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99 -99
75. - 99 0.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99 -99
90. -990.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99 -99
114. -99 0.146 0.286 0.465 0.000 0.460 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99 -99
135. -990.157 0.274 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99 -99 -99
150. -990.157 0.274 0.481 0.000 0.398 1.3 8 -99 27.0 26.0 -99 -99 -99 -99 -99 -99
165. -990.157 0.274 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99 -99 -99
IGOSL (Orig. SLDR, SLRO, and SLPF: 0.4, 76, 1.00)
*NCRO160001 NRCS SALO 165. Goldsboro sandy loam, Bobby
@SITE....... COUNTRY.... LAT  LONG SCSFAMILY ....cooviiiiiiiiiiiiiiiiie i
RO Robeson NC Location 34.627 -79.025 fine - loamy, siliceous, subactive, thermic Aquic Pa
@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE
-99 0.13 3.0 0.60 76. 1.00 1.00 1B0O01 IBOO1 IBOO1
@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC
3. -990.088 0.213 0.409 1.000 2.723 1.57 1.25 10.0 20.0 -99 -99 -99 -99 -99 -99
10. -990.088 0.213 0.409 1.000 2.723 1.57 1.25 10.0 20.0 -99 -99 -99 -99 -99 -99
18. -990.088 0.213 0.409 1.000 2.723 1.57 1.25 10.0 20.0 -99 -99 -99 -99 -99 -99
30. -990.0880.2130 1409 1.000 2.723 1.57 1.25 10.0 20.0 -99 -99 -99 -99 -99 -99
33. -990.0880.173 0.409 0.000 2.720 1.57 1.25 10.0 20.0 -99 -99 -99 -99 -99 -99
45, -990.0880.173 0.409 0.000 2.720 1.57 1.25 10.0 20.0 -99 -99 -99 -99 -99 -99
50. -99 0.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99 -99
65. -99 0.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99 -99
80. -990.146 0.28 6 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99 -99
102. -990.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99 -99
120. -990.157 0.312 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99 -99 -99
135. -990.157 0.312 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99 -99 -99
150. -990.157 0.312 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99 -99 -99
165. -990.1570 .3120.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99 -99 -99
INOLS (Orig. SLDR, SLRO, and SLPF: 0.6, 76, 1.00)
*NCRO160005 NRCS LOSA 178. Norfolk loamy sand, Bobby
@SITE....... COUNTRY.... LAT LONG SCSFAMILY........ e
RG Robeson NC Location 34.627 -79.025 fine - loamy, kaolinitic, thermic Typic Kandiudults
@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE
-99 0.13 3.0 0.80 76. 1.00 1.00 1B001 IB0O1 IBOO1
@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC
3. -990.063 0.148 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99 -99
10. -990.0630.148 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99 -99
23. -990.063 0.148 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99 -99
30. -990.063 0.148 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99 -99
36. -990.063 0.148 0.364 0.000 6.360 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99 -99
45, -990.063 0.148 0.364 0.000 6.360 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99 -99
50. -990.156 0.296 0.475 0.000 0.385 1.39 -99 26.5 20.0 -99 -99 -99 -99 -99 -99
65. -990.156 0.296 0.475 0.000 0.385 1.39 -99 26.5 20.0 -99 -99 -99 -99 -99 -99
80. -990.156 0.296 0.475 0.000 0.385 1.39 -99 26.5 20.0 -99 -99 -99 -99 -99 -99
97. -990.156 0.296 0.475 0.000 0.390 1.39 -99 26.5 20.0 -99 -99 -99 -99 -99 -99
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120. -990.178 0.318 0.490 0.000 0.277 1.35 -99 315 225 -99 -99 -99 -99 -99 -99
135. -990.178 0.318 0.490 0.000 0.277 1.35 -99 315 225 -99 -99 -99 -99 -99 -99
150. -990.178 0.318 0.490 0.000 0.277 1.35 -99 315 225 -99 -99 -99 -99 -99 -99
165. -990.178 0.318 0.490 0.000 0.277 1.35 -99 315 225 -99 -99 -99 -99 -99 -99
178. -990.178 0.318 0.490 0.000 0.277 1.35 -99 315 225 -99 -99 -99 -99 -99 -99
IPLFS (Orig. SLDR, SLRO, and SLPF: 0.75, 71, 1.00)
*NCLE160001 NRCS LOSA 203. Pocalla loamy fine sand, Bobby
@SITE....... COUNTRY.... LAT LONG SCSFAMILY ...ooiiiiiiieieneeeee e
LE- Lenoir C NC Location 35.197 - 77.543 loamy, siliceous, subactive, thermic Arenic Plinth
@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE
-99 0.13 3.0 0.80 71. 1.00 1.00 1B0OO1 IBOO1 IBOO1
@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC
3. -990.072 0.167 0.381 1.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
10. -990.072 0.167 0.3811.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
20. -990.072 0.167 0.381 1.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
30. -990.0720.167 0.381 1.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
35. -990.072 0.167 0.381 0.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
45. -990.072 0.167 0.381 0.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
58. -990.0720. 167 0.3810.0004.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
65. -990.121 0.241 0.434 0.000 0.921 1.50 0.50 17.5 5.0 -99 -99 -99 -99 -99 -99
78. -990.121 0.241 0.434 0.000 0.921 1.50 0.50 17.5 5.0 -99 -99 -99 -99 -99 -99
91. -990.121 0.241 0.434 0.000 0.920 1.50 0.50 17.5 5.0 -99 -99 -99 -99 -99 -99
105. -990.064 0.144 0.368 0.000 6.271 1.68 0.50 6.0 6.5 -99 -99 -99 -99 -99 -99
117. -990.064 0.1440.368 0.000 6.270 1.68 0.50 6.0 6.5 -99 -99 -99 -99 -99 -99
135. -990.140 0.255 0.460 0.000 0.538 1.43 0.50 22.5 16.5 -99 -99 -99 -99 -99 -99
150. - 99 0.140 0.255 0.460 0.000 0.538 1.43 0.50 22.5 16.5 -99 -99 -99 -99 -99 -99
165. -990.140 0.255 0.460 0.000 0.538 1.43 0.50 22.5 16.5 -99 -99 -99 -99 -99 -99
183. - 99 0.140 0.255 0.460 0.000 0.540 1.43 0.50 22.5 16.5 -99 -99 -99 -99 -99 -99
203. -990. 140 0.2550.460 0.000 0.540 1.43 0.50 22.5 16.5 -99 -99 -99 -99 -99 -99

IROFS (Orig. SLDR, SLRO, and SLPF: 0.05, 84, 1)

*NCRO160006 NRCS SALO 183. Roanoke fine sandy loam, Bobby

@SITE....... COUNTRY.... LAT LONG SCSFAMIL Y

RO Robeson NC Location 34.627 - 79.025 fine, mixed, semlactlve thermic Typic Endoaquults

@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE

-99 0.13 3.0 0.40 84. 1.00 1.00 1B0O01 1B0O1 IB 001

@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC

3. -990.105 0.275 0.435 1.000 1.540 1.50 2.00 14.0 26.0 -99  -99 -99 -99 -99 -99

10.  -990.105 0.275 0.435 1.000 1.540 1. 50 2.00 14.0 26.0 -99  -99 -99 -99 -99 -99

18.  -990.105 0.2750.435 1.000 1.540 1.50 2.00 14.0 26.0 -99  -99 -99 -99 -99 -99

30.  -990.1050.2750.435 1.000 1.540 1.50 2.00 14.0 26.0 99  -99 -99 -99 -99 -99

36 -990.153 0.328 0.507 0.000 0.674 1.31 -99 27.5 60.0 99  -99 -99 -99 -99 -99

45.  -990.1530.328 0.507 0.000 0.674 1.31 -99 27.5 60.0 99  -99 -99 -99 -99 -99

50.  -990.1530.298 0.507 0.000 0.674 131 -99 275 60.0 -99  -99 -99 -99 -99 -99

65.  -990.1530.298 0.507 0.000 0.674 1.31 -99 27.5 60.0 -99  -99 -99 -99 -99 -99

75.  -990.1530.298 0.507 0.000 0.674 1.31 -99 275 60.0 -99  -99 -99 -99 -99 -99

90.  -990.1530.298 0.507 0.000 0.670 1.31 -99 27.5 60.0 99  -99 -99 -99 -99 -99

105.  -990.2710.416 0.531 0.000 0.204 1.24 -99 47.5 32,5 99  -99 -99 -99 -99 -99

120.  -990.2710.416 0.531 0.000 0.2 00 1.24 -99 47.5 325 99  -99 -99 -99 -99 -99

137.  -990.2710.416 0.531 0.000 0.200 1.25 -99 475 325 -99  -99 -99 -99 -99 -99

150.  -990.159 0.249 0.481 0.000 0.378 1.38 -99 275 25.0 -99  -99 -99 -99 -99 -99

165.  -990.159 0.249 0.481 0.000 0.378 1.38 -99 275 25.0 -99  -99 -99 -99 -99 -99

183.  -990.159 0.249 0.481 0.000 0.380 1.38 -99 27.5 25.0 99  -99 -99 -99 -99 -99
IWALS (Orig. SLDR, SLRO, and SLPF: 0 6, 68, 1.00)

ISDUL was 0.133 from Dr. Wilkerson; Raised to 0.161 based on NRCS Data
*NCRO160003 NRCS LOSA 190. Wagram loamy sand, Bobby
@SITE....... COUNTRY.... LAT  LONG SCSFAMILY ....coiiiiiiiiiiiee e
RG Robeson N C Location 34.627 - 79.025 loamy, kaolinitic, thermic Arenic Kandiudults
@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE
-99 0.13 3.0 0.80 68. 1.00 1.00 1B0O01 IBO01 IBOO1

@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SL CL SLSI SLCF SLNI SLHW SLHB SCEC SADC

3. -990.068 0.161 0.374 1.000 5.448 1.66 1.25 6.0 155 -99 -99 -99 -99 -99 -99
10. -990.068 0.161 0.374 1.000 5.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99 -99 -99
18. -990.068 0.161 0.374 1.000 5.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99 -99 -99
30. -990.068 0.161 0.374 1.000 5.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99 -99 -99
36. -990.068 0.161 0.374 0.000 5.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99 -99 -99
45. -990.068 0.161 0.374 0.000 5.448 1.66 1.25 6.0 155 -99 -99 -99 -99 -99 -99
50. -990.068 0.161 0.374 0.000 5.448 1.66 1.25 6.0 155 -99 -99 -99 -99 -99 -99
61. -990.068 0.161 0.374 0.000 5.450 1.66 1.25 6.0 15.5 -99 -99 -99 -99 -99 -99
75. -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99 -99 -99
90. -990.140 0.280 0.461 0.000 0.543 1.43 0. 50 22.5 17.5 -99 -99 -99 -99 -99 -99
110. -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99 -99 -99
130. -990.1400.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99 -99 -99
150. -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99 -99 -99
165. -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99 -99 -99
180. -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22,5 17.5 -99 -99 -99 -99 -99 -99
190. -99 0.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99 -99 -99
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# RDmax = 45 cn 0.65 # #itith

IRAFS (Orig. SLDR, SLRO, and SLPF: 1.00, 83, 0.56)

*NCBE160004 NRCS SALO 135. Rains fine sandy loam, Bobby
@SITE....... COUNTRY.... LAT LONG SCSFAMILY.......

BE- Bertie C NC Location 35.640 -77.398 fine - loamy, siliceous, s
@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE

-99 0.13 3.0 0.40 83. 1.00 0.65 1B001 IB0O1 IBOO1

@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC

3. -990.097 0.237 0.418 1.000 2.028 1.54 3.50 12.0 17.0 -99 -99 538 -99 -99
10. -990.097 0.237 0.418 1.000 2.028 1.54 3.50 12.0 17.0 -99 -99 538 -99 -99
18. -990.097 0.237 0.418 1.000 2.028 1.54 3.50 12.0 17.0 -99 -99 5.7 -99 -99
30. -990.097 0.222 0.418 1.000 2.028 1.54 0.75 12.0 17.0 -99 -99 56 -99 -99
45. -990.097 0.222 0.418 1.000 2.028 1.54 0.75 12.0 17.0 -99 -99 56 -99 -99
50. -990.126 0.281 0.447 0.000 0.786 1.47 0.75 19.0 15.0 -99 -99 50 -99 -99
65 -990.167 0.337 0.479 0.000 0.304 1.38 0 .75 29.0 17.0 -99 -99 5.0 -99 -99
75 -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 438 -99 -99
95 -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 438 -99 -99
110. -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 438 -99 -99
125. -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 438 -99 -99
135. -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 47 -99 -99
IGOLS (Orig. SLDR, SLRO, and SLPF: 0.4, 76, 1.00)
*NCRO160002 NRCS LOSA 165. Goldsboro loamy sand, Bobby
@SITE....... COUNTRY.... LAT  LONG SCSFAMILY .ccoviiiiiiiiiieiiieeeseeee
RG Robeson NC Location 34.627 -79.025 fine - loamy, siliceous, subactive, thermic Aquic Pa
@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE
-99 0.13 3.0 0.60 76. 1.00 0.65 1B001 1B0O1 IBOO1
@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC
3. -990.063 0.188 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
10. -990.0630.188 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
20. -990.0630.188 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
30. -990.063 0.188 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
38. -990.063 0.148 0. 364 1.000 6.360 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
45, -990.063 0.148 0.364 1.000 6.360 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
50. - 99 0.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99
60. -990.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99
75. -990.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99
90. -990.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99
114. -99 0.146 0.286 0.465 0.000 0.460 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99
135. -990.157 0.274 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99 -99
150. -990.157 0.274 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99 -99
165. -990.157 0.274 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99 -99
IGOSL (Orig. SLDR, S LRO, and SLPF: 0.4, 76, 1.00)
*NCRO160001 NRCS SALO 165. Goldsboro sandy loam, Bobby
@SITE....... COUNTRY.... LAT  LONG SCSFAMILY ....cooviiiiieiiiiiiiiiie e
RO Robeson NC Location 34.627 -79.025fine - loamy, siliceous, s ubactive, thermic Aquic Pa
@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE
-99 0.13 3.0 0.60 76. 1.00 0.65 1B001 IBO01 IBOO1
@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC
3. -990.088 0.213 0.409 1.000 2.723 1.57 1.25 10.0 20.0 -99 -99 -99 -99 -99
10. -990.088 0.213 0.409 1.000 2.723 1.57 1.25 10.0 20.0 -99 -99 -99 -99 -99
18. -990.088 0.213 0.409 1.000 2.723 1.57 1.2 5 10.0 20.0 -99 -99 -99 -99 -99
30. -990.0880.213 0.409 1.000 2.723 1.57 1.25 10.0 20.0 -99 -99 -99 -99 -99
33. -990.0880.173 0.409 1.000 2.720 1.57 1.25 10.0 20.0 -99 -99 -99 -99 -99
45, -990.0880.173 0.409 1.000 2.720 1.57 1.25 10.0 20.0 -99 -99 -99 -99 -99
50. -99 0.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99
65. -99 0.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99
80. -99 0.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99
102. -990.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99
120. -990.157 0.312 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99 -99
135. -990.157 0.312 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99 -99
150. -990.157 0.312 0.481 0.000 0.398 1.3 8 -99 27.0 26.0 -99 -99 -99 -99 -99
165. -990.157 0.312 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99 -99
INOLS (Orig. SLDR, SLRO, and SLPF: 0.6, 76, 1.00)
*NCRO160005 NRCS LOSA 178. Norfolk | oamy sand, Bobby
@SITE....... COUNTRY.... LAT  LONG SCSFAMILY ...ccutiiiiiiiiiiiiinie e
RG Robeson NC Location 34.627 -79.025 fine - loamy, kaolinitic, thermic Typic Kandiudults
@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SM PX SMKE
-99 0.13 3.0 0.80 76. 1.00 0.65 1B001 IB0OO1 IBOO1
@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC
3. -990.0630.148 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
10. -990.0630.148 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
23. -990.063 0.148 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
30. -990.063 0.148 0.36 41.0006.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
36 -990.063 0.148 0.364 1.000 6.360 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
45 -990.0630.148 0.364 1.000 6.360 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
50 -990.156 0.296 0.475 0.000 0.385 1.39 -99 26.5 20.0 -99 -99 -99 -99 -99
65. -990.156 0.296 0.475 0.000 0.385 1.39 -99 26.5 20.0 -99 -99 -99 -99 -99
80. -990.156 0.296 0 475 0.000 0.385 1.39 -99 26.5 20.0 -99 -99 -99 -99 -99
97. -990.156 0.296 0.475 0.000 0.390 1.39 -99 26.5 20.0 -99 -99 -99 -99 -99
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120. -990.178 0.318 0.490 0.000 0.277 1.35 -99 315 225 -99 -99 -99 -99
135. -990.178 0.318 0.490 0.000 0.277 1.35 -99 315 225 -99 -99 -99 -99
150. -990.178 0.318 0.490 0.000 0.277 1.35 -99 315 225 -99 -99 -99 -99
165. -990.1780.31  80.490 0.000 0.277 1.35 -99 315 225 -99 -99 -99 -99
178. -990.178 0.318 0.490 0.000 0.277 1.35 -99 315 225 -99 -99 -99 -99
IPLFS (Orig. SLDR, SLRO, and SLPF: 0.75, 71, 1.00)
*NCLE160001 NRCS LOSA 203. Pocalla loamy fine sand, Bobby
@SITE....... COUNTRY....  LAT LONG SCSFAMILY ....c.ccctmrairiiaiennainneaneees
LE- Lenoir C NC Location 35.197 - 77.543 loamy, siliceous, subactive, thermic Arenic Plinth

@ SCOM SALB SLU1 S LDR SLRO SLNF SLPF SMHB SMPX SMKE

-99 0.13 3.0 0.80 71. 1.00 0.65 1B001 IBOO1 IBOO1

@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC
-99 -99 -99 -99

3. -990.072 0.167 0.381 1.000 4.784 1.64 0 .50 7.0 12.0
10. -990.0720.167 0.381 1.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99
20. -990.0720.167 0.381 1.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99
30. -990.0720.167 0.381 1.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99
35. -990.072 0.167 0.381 1.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99
45. -990.072 0.167 0.381 1.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99
58. -990.072 0.167 0.381 0.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99
65. -990.121 0.241 0.434 0.000 0.921 1.50 0.50 17.5 5.0 -99 -99 -99 -99
78. -990.121 0.241 0.434 0.000 0.921 1.50 0.50 17.5 5.0 -99 -99 -99 -99
91. -990.121 0.241 0.434 0.000 0.920 1.50 0.50 17.5 5.0 -99 -99 -99 -99
105. -990.064 0.144 0.368 0.000 6.271 1 .68 0.50 6.0 6.5 -99 -99 -99 -99
117. -990.064 0.144 0.368 0.000 6.270 1.68 0.50 6.0 6.5 -99 -99 -99 -99
135. -990.140 0.255 0.460 0.000 0.538 1.43 0.50 22.5 16.5 -99 -99 -99 -99
150. - 99 0.140 0.255 0.460 0.000 0.538 1.43 0.50 22.5 16.5 -99 -99 -99 -99
165. -990.140 0.255 0.460 0.000 0.538 1.43 0.50 22.5 16.5 -99 -99 -99 -99
183. - 99 0.140 0.255 0.460 0.000 0.540 1.43 0.50 22,5 16.5 -99 -99 -99 -99
203. - 99 0.140 0.255 0.460 0.000 0.540 1.43 0.50 22.5 16.5 -99 -99 -99 -99
IROFS (Orig. SLDR, SLRO, and SLPF: 0.05, 84, 1)
*NCRO160006 NRCS SALO 183. Roanok e fine sandy loam, Bobby
@SITE....... COUNTRY.... LAT LONG SCSFAMILY ....cuviiiiiiiiiiiiiiee e
RG Robeson NC Location 34.627 - 79.025 fine, mixed, semiactive, thermic Typic Endoaquults
@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE

-99 0.13 3.0 0.40 84. 1.00 0.65 1B001 IBO0O1 IBOO1
@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC

3. -990.1050.2750.435 1.000 1.540 1.50 2.00 14.0 26.0 -99 -99 -99 -99
10. -990.1050.2750.435 1.000 1.540 1.50 2.00 14.0 26.0 -99 -99 -99 -99
18. -990.1050.2750.435 1.000 1.540 1.50 2.00 14.0 26.0 -99 -99 -99 -99
30. -990.1050 .2750.4351.000 1.540 1.50 2.00 14.0 26.0 -99 -99 -99 -99
36. -990.153 0.328 0.507 1.000 0.674 1.31 -99 27.5 60.0 -99 -99 -99 -99
45. -990.153 0.328 0.507 1.000 0.674 1.31 -99 27.5 60.0 -99 -99 -99 -99
50. -990.153 0.298 0.507 0.000 0.674 1.31 -99 27.5 60.0 -99 -99 -99 -99
65. -990.153 0.298 0.507 0.000 0.674 1.31 -99 27.5 60.0 -99 -99 -99 -99
75. -990.15 30.298 0.507 0.000 0.674 1.31 -99 27.5 60.0 -99 -99 -99 -99
90. -990.153 0.298 0.507 0.000 0.670 1.31 -99 27.5 60.0 -99 -99 -99 -99

105. -990.271 0.416 0.531 0.000 0.204 1.24 -99 475 325 -99 -99 -99 -99
120. -990.271 0.416 0.531 0.000 0.200 1.24 -99 475 325 -99 -99 -99 -99
137. -990.271 0.416 0.531 0.000 0.200 1.25 -99 475 325 -99 -99 -99 -99
150. -990 .159 0.249 0.481 0.000 0.378 1.38 -99 275 25.0 -99 -99 -99 -99
165. -990.159 0.249 0.481 0.000 0.378 1.38 -99 275 25.0 -99 -99 -99 -99
183. -990.159 0.249 0.481 0.000 0.380 1.38 -99 275 25 .0 -99 -99 -99 -99

IWALS (Orig. SLDR, SLRO, and SLPF: 0.6, 68, 1.00)
ISDUL was 0.133 from Dr. Wilkerson; Raised to 0.161 based on NRCS Data
*NCRO160003 NRCS LOSA 190. Wagram loamy sand, Bobby

@SITE....... COUNTRY.... LA T  LONG SCSFAMILY ...oooiiiiiiiiiiiieieeeceiee e
RG Robeson NC Location 34.627 - 79.025 loamy, kaolinitic, thermic Arenic Kandiudults
@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE
-99 0.13 3.0 0.80 68. 1.00 0.65 1B0OO1 1BOO1 IBOO1

@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC
3. -990.0680.161 0.374 1.000 5.448 1.66 1.25 6.0 155 -99 -99 -99 -99
10. -990.0680.1610.374 1 .0005.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99
18. -990.068 0.161 0.374 1.000 5.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99
30. -990.068 0.161 0.374 1.000 5.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99
36. -990.068 0.161 0.374 1.000 5.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99
45, -990.0680.161 0.374 1.000 5.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99
50. -990.0680.161 0.37 40.0005.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99
61. -990.0680.161 0.374 0.000 5.450 1.66 1.25 6.0 15.5 -99 -99 -99 -99
75. -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99
90 -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99
110. -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99
130. -990.1400.280 0 1461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99
150. -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99
165 -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99
180 -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99
190 -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99
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# RDmax = 45 cn =100 # S

IRAFS (Orig. SLDR, SLRO, and SLPF: 1.00, 83, 0.56)

*NCBE160004 NRCS SALO 135. Rains fine sandy loam, Bobby
@SITE....... COUNTRY.... LAT LONG SCSFAMILY....
BE- Bertie C NC Location 35.640 - 77.398 fine loamy, us, semiactive, thermic Typic P

@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE

-99 0.13 3.0 0.40 83. 1.00 1.00 1B001 IB0O1 IBOO1

@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC

3. -990.097 0.237 0.418 1.000 2.028 1.54 3.50 12.0 17.0 -99 -99 5.8 -99 -99
10. -990.097 0.237 0.418 1.000 2.028 1.54 3.50 12.0 17.0 -99 -99 538 -99 -99
18. -990.097 0.237 0.418 1.000 2.028 1.54 3.50 12.0 17.0 -99 -99 57 -99 -99
30. -990.097 0.2220 1418 1.000 2.028 1.54 0.75 12.0 17.0 -99 -99 56 -99 -99
45. -990.097 0.222 0.418 1.000 2.028 1.54 0.75 12.0 17.0 -99 -99 56 -99 -99
50. -990.126 0.281 0.447 0.000 0.786 1.47 0.75 19.0 15.0 -99 -99 5.0 -99 -99
65. -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 50 -99 -99
75. -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 438 -99 -99
95. -990.1670.33  70.4790.000 0.304 1.38 0.75 29.0 17.0 -99 -99 438 -99 -99
110. -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 438 -99 -99
125. -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 438 -99 -99
135. -990.167 0.337 0.479 0.000 0.304 1.38 0.75 29.0 17.0 -99 -99 47 -99 -99
IGOLS (Orig. SLDR, SLRO, and SLPF: 0.4, 76, 1.00)
*NCRO160002 NRCS LOSA 165. Goldsboro loamy sand, Bobby
@SITE.. ..... COUNTRY.... LAT LONG SCSFAMILY ...cooiiiiiiiiiiieeiiiie e
RG Robeson NC Location 34.627 -79.025 fine - loamy, siliceous, subactive, thermic Aquic Pa
@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE
-99 0.13 3.0 0.60 76. 1.00 1.00 1B0OO1 IBOO1 IBOO1
@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC
3. -990.063 0.188 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
10. -990.063 0.188 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
20. -990.063 0.188 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
30. -990.063 0.188 0.364 1.000 6.358 1.69 1. 25 5.0 16.5 -99 -99 -99 -99 -99
38. -990.063 0.148 0.364 1.000 6.360 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
45. -990.063 0.148 0.364 1.000 6.360 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
50. - 99 0.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99
60. -99 0.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99
75. -99 0.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99
90. -99 0.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99
114. - 99 0.146 0.286 0.465 0.000 0.460 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99
135. -990.157 0.274 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99 -99
150. -990.157 0.274 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99 -99
165. -990.157 0.274 0.481 0.000 0.398 1. 38 -99 27.0 26.0 -99 -99 -99 -99 -99

IGOSL (Orig. SLDR, SLRO, and SLPF: 0.4, 76, 1.00)

*NCRO160001 NRCS SALO 165. Goldsboro sandy loam, Bobby

@SITE....... COUNTRY.... LAT LONG SCSFAMILY ....ccoovvvviiiviiiiinecs

RO Robeson NC Location 34.627 -79.025 fine - loamy, siliceous, subactive, thermic Aquic Pa

@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE

-99 0.13 3.0 0.60 76. 1.00 1.00 1B001 IB0O1 IBOO1

@ SLB SLMH SLLL SDUL SS AT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC

3. -990.088 0.213 0.409 1.000 2.723 1.57 1.25 10.0 20.0 -99 -99 -99 -99 -99
10. -990.088 0.213 0.409 1.000 2.723 1.57 1.25 10.0 20.0 -99 -99 -99 -99 -99
18. -990.088 0.213 0.409 1.000 2.723 1.57 1.25 10.0 20.0 -99 -99 -99 -99 -99
30. -990.088 0.213 0.409 1.000 2.723 1.57 1.25 10.0 20.0 -99 -99 -99 -99 -99
33. -990.0880.173 0.409 1.000 2.720 1.57 1.25 10.0 20.0 -99 -99 -99 -99 -99
45. -990.0880.173 0.409 1.000 2.720 1.57 1.25 10.0 20.0 -99 -99 -99 -99 -99
50. -990.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99
65. -990.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99
80. -99 0.146 0.286 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99

102. -990.146 0.2 86 0.465 0.000 0.462 1.42 -99 24.0 16.0 -99 -99 -99 -99 -99
120. -990.157 0.312 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99 -99
135. -990.157 0.312 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99 -99
150. -990.157 0.312 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99 -99
165. -990.157 0.312 0.481 0.000 0.398 1.38 -99 27.0 26.0 -99 -99 -99 -99 -99

INOLS (Orig. SLDR, SLRO, and SLPF: 0.6, 76, 1.00)

*NCRO160005 NRCS LOSA 178. Norfolk loamy sand, Bobby

@SITE....... COUNTRY.... LAT  LONG SCSFAMILY....ccccrerimiriiniiniieiniennenns

RG Robeson NC Location 34.627 -79.025 fine - loamy, kaolinitic, thermic Typic Kandiudults

@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE

-99 0.13 3.0 0.80 76. 1.00 1.00 1B001 IB0O1 IBOO1

@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC

3. -990.0630.148 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
10. -990.063 0.148 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
23. -99 0.063 0.148 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
30. -99 0.063 0.148 0.364 1.000 6.358 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
36. -99 0.063 0.148 0.364 1.000 6.360 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
45. -990.0630.148 0.364 1.000 6.360 1.69 1.25 5.0 16.5 -99 -99 -99 -99 -99
50. -990.156 0.296 0.475 0.000 0.385 1.39 -99 26.5 20.0 -99 -99 -99 -99 -99
65. -990.156 0.296 0.475 0.000 0.385 1.39 -99 26.5 20.0 -99 -99 -99 -99 -99
80. -99 0.156 0.296 0.475 0.000 0.385 1.39 -99 26.5 20.0 -99 -99 -99 -99 -99
97. -99 0.156 0.296 0.475 0.000 0.390 1.39 -99 26.5 20.0 -99 -99 -99 -99 -99
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120. -990.178 0.318 0.490 0.000 0.277 1.35 -99 315 225 -99 -99 -99 -99 -99 -99
135. -990.178 0.318 0.490 0.000 0.277 1.35 -99 315 225 -99 -99 -99 -99 -99 -99
150. -990.178 0.318 0.490 0.000 0.277 1.35 -99 315 225 -99 -99 -99 -99 -99 -99
165. -990.178 0.318 0.490 0.000 0.277 1.35 -99 315 225 -99 -99 -99 -99 -99 -99
178. -990.178 0.318 0.490 0.000 0.277 1.35 -99 315 225 -99 -99 -99 -99 -99 -99
IPLFS (Orig. SLDR, SLRO, and SLPF: 0.75, 71, 1.00)
*NCLE160001 NRCS LOSA 203. Pocalla loamy fine sand, Bobby
@SITE....... COUNTRY.... LAT LONG SCSFAMILY ..o
LE- Lenoir C NC Location 35.197 - 77.543 loamy, siliceous, subactive, thermic Arenic Plinth
@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE
-99 0.13 3.0 0.80 71. 1.00 1.00 1B0O01 IBO01 IBOO1
@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SL NI SLHW SLHB SCEC SADC
3. -990.072 0.167 0.381 1.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
10. -990.0720.167 0.381 1.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
20. -990.0720.16 7 0.3811.0004.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
30. -990.0720.167 0.381 1.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
35. -990.072 0.167 0.381 1.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
45. -990.072 0.167 0.381 1.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
58. -990.072 0.167 0.381 0.000 4.784 1.64 0.50 7.0 12.0 -99 -99 -99 -99 -99 -99
65. -990.1210 .2410.4340.0000.921 1.50 0.50 17.5 5.0 -99 -99 -99 -99 -99 -99
78. -990.121 0.241 0.434 0.000 0.921 1.50 0.50 17.5 5.0 -99 -99 -99 -99 -99 -99
91. -990.121 0.241 0.434 0.000 0.920 1.50 0.50 17.5 5.0 -99 -99 -99 -99 -99 -99
105. -990.064 0.144 0.368 0.000 6.271 1.68 0.50 6.0 6.5 -99 -99 -99 -99 -99 -99
117. -990.064 0.144 0.368 0.000 6.270 1.68 0.50 6.0 6.5 -99 -99 -99 -99 -99 -99
135. -990.14 00.2550.460 0.000 0.538 1.43 0.50 22.5 16.5 -99 -99 -99 -99 -99 -99
150. - 99 0.140 0.255 0.460 0.000 0.538 1.43 0.50 22.5 16.5 -99 -99 -99 -99 -99 -99
165. -990.140 0.255 0.460 0.000 0.538 1.43 0.50 22.5 16.5 -99 -99 -99 -99 -99 -99
183. - 99 0.140 0.255 0.460 0.000 0.540 1.43 0.50 22.5 16.5 -99 -99 -99 -99 -99 -99
203. - 99 0.140 0.255 0.460 0.000 0.540 1.43 0.50 22.5 16.5 -99 -99 -99 -99 -99 -99
IROFS (Orig. SLDR, SLRO, and SLPF: 0.05, 84, 1)
*NCRO160006 NRCS SALO 183. Roanoke fine sandy loam, Bobby
@SITE....... COUNTRY.... LAT LONG SCSFAMILY ....cutiiiiiiiiiiiiiiee e
RG Robeson NC Location 34.627 - 79.025 fine, mixed, sem iactive, thermic Typic Endoaquults
@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE
-99 0.13 3.0 0.40 84. 1.00 1.00 1B0O01 IBO01 IBOO1
@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC
3. -990.1050.275 0.435 1.000 1.540 1.50 2.00 14.0 26.0 -99 -99 -99 -99 -99 -99
10. -990.1050.275 0.435 1.000 1.540 1.50 2.00 14.0 26.0 -99 -99 -99 -99 -99 -99
18. -990.1050.275 0.435 1.000 1.540 1 .50 2.00 14.0 26.0 -99 -99 -99 -99 -99 -99
30. -990.105 0.275 0.435 1.000 1.540 1.50 2.00 14.0 26.0 -99 -99 -99 -99 -99 -99
36. -990.153 0.328 0.507 1.000 0.674 1.31 -99 27.5 60.0 -99 -99 -99 -99 -99 -99
45. -990.153 0.328 0.507 1.000 0.674 1.31 -99 27.5 60.0 -99 -99 -99 -99 -99 -99
50. -990.153 0.298 0.507 0.000 0.674 1.31 -99 27.5 60.0 -99 -99 -99 -99 -99 -99
65. -990.153 0.298 0.507 0.000 0.674 131 -99 27.5 60.0 -99 -99 -99 -99 -99 -99
75. -990.153 0.298 0.507 0.000 0.674 1.31 -99 27.5 60.0 -99 -99 -99 -99 -99 -99
90. -990.153 0.298 0.507 0.000 0.670 1.31 -99 27.5 60.0 -99 -99 -99 -99 -99 -99
105. -990.271 0.416 0.531 0.000 0.204 1.24 -99 475 325 -99 -99 -99 -99 -99 -99
120. -990.271 0.416 0.531 0.000 0.200 1.24 -99 475 325 -99 -99 -99 -99 -99 -99
137. -990.271 0.416 0.531 0.000 0.200 1.25 -99 475 325 -99 -99 -99 -99 -99 -99
150. -990.159 0.249 0.481 0.000 0.378 1.38 -99 275 25.0 -99 -99 -99 -99 -99 -99
165. -990.159 0.249 0.481 0.000 0.378 1.38 -99 275 25.0 -99 -99 -99 -99 -99 -99
183. -990.159 0.249 0.481 0.000 0.380 1.38 -99 275 25.0 -99 -99 -99 -99 -99 -99
IWALS (Orig. SLDR, SLRO, and SLPF: 0.6, 68, 1.00)
ISDUL was 0.133 from Dr. Wilkerson; Raised to 0. 161 based on NRCS Data
*NCRO160003 NRCS LOSA 190. Wagram loamy sand, Bobby
@SITE....... COUNTRY.... LAT  LONG SCSFAMILY ...ccuutiiiiiiiiieniiiee e
RG Robeson NC Location 34.627 - 79.025 loamy, kaolinitic, thermic Arenic Kandiudults
@ SCOM SALB SLU1 SLDR SLRO SLNF SLPF SMHB SMPX SMKE
-99 0.13 3.0 0.80 68. 1.00 1.00 1B0O01 IBO01 IBOO1
@ SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC SADC
3. -990.068 0.1610.3741.0005.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99 -99 -99
10. -990.0680.161 0.374 1.000 5.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99 -99 -99
18. -990.068 0.161 0.374 1.000 5.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99 -99 -99
30. -990.068 0.161 0.374 1.000 5.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99 -99 -99
36. -990.068 0.161 0.374 1.000 5.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99 -99 -99
45, -990. 0680.1610.3741.0005.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99 -99 -99
50. -990.068 0.161 0.374 0.000 5.448 1.66 1.25 6.0 15.5 -99 -99 -99 -99 -99 -99
61. -990.0680.161 0.374 0.000 5.450 1.66 1.25 6.0 15. 5 -99 -99 -99 -99 -99 -99
75 -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99 -99 -99
90 -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99 -99 -99
110 -99 0.1400.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99 -99 -99
130 -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99 -99 -99
150 -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99 -99 -99
165 -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 17.5 -99 -99 -99 -99 -99 -99
180 -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 175 -99 -99 -99 -99 -99 -99
190 -990.140 0.280 0.461 0.000 0.543 1.43 0.50 22.5 175 -99 -99 -99 -99 -99 -99
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APPENDIX E T BOXPLOTS OF AVERAGE SEASONAL IRRIGATION FOR SELEC T LOCATIONS FROM [IDSS
SENSITIVITY ANALYSIS ACROSSSLDR, RDMAX , AND AVAILABLE WATER VALUES
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Figure E.1. Average seasonal irrigation recommended by the IDSS across all irrigation opportunity intervals for each
combination of SLDR, RDmax, and available water for the 200ROCK-91 growing season
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Figure E.2. Average seasonal irrigation recommended kthe IDSS across all irrigation opportunity intervals for each
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Figure E.3. Average seasonal irrigation recommended by the IDSS across all irrigation opportunity interisafor each
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Figure E.5. Average seasonal irrigation recommended by the IDSS across all irrigation opportunity intervals for each
combination of SLDR, RDmax, and available water for the 2009VHIT -105 growing season.
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Figure E.6. Average seasonal irrigation recommended by the IDSS across all irrigation opportunity intervals for each
combination of SLDR, RDmax, and available water for the 201-REWI -105 growing season.
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Figure E.7. Average seasonal irrigation recomended by the IDSS across all irrigation opportunity intervals for each
combination of SLDR, RDmax, and available water for the 201-2UMB -91 growing season.
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Figure E.8. Average seasonal irrigation recommended by the IDSS across all irrigation opportupiintervals for each
combination of SLDR, RDmax, and available water for the 2014 UMB -91 growing season.
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Figure E.9. Average seasonal irrigation recommended by the IDSS across all irrigation opportunity intervals for each
combination of SLDR, RDmax, and available water for the 2013WHIT -105 growing season.
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Figure E.10. Average seasonal irrigation recommended by the IDSS across all irrigation opportunity intervals for

each combination of SLDR, RDmax, and available water for the 201KINS -105 growingseason.

252



400

Irrigation {mrm)

400

Irrigation (mm)

4007

)
@
(=]

[rrigation (mm

300

200

1007

3004

2004

100

2004

100

SLDR = 1.00 SLDR = 0.80 SLDR = 0.60 SLDR = 0.40 SLDR = 0.05
/==
—_— T e e i — e
= == e
———— T
—
g w— =
= =
== — | T || B
= r— —
— = P = ==K —— ey,
—— ==

010 013 017

0 3 3
Axvail. Water (mm™ mm ")

010 013 017

. 3 3
Avail. Water (mm™ mm )

010 013 017

o 3 -3
Avail. Water (mm” mm )

2014-KINS-91

010 013 017

-~ 3 3
Avvail. Water (mm™ mm ")

010 043 047

4 3 -3
Avvail. Water (mm™ mm )

RD =300 mm

RD =450 mm

RD =600 mm

Figure E.11. Average seasonal irrigation recommended by the IDSS across all irrigation opportunity intervals for
each combination of SLDR, RDmax, and available water for the 201KINS-91 growing season.
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Figure E.12. Average seasonal irrigabn recommended by the IDSS across all irrigation opportunity intervals for

each combination of SLDR, RDmax, and available water for the 2014EW!I -91 growing season.
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APPENDIX FT BOXPLOTS OF AVERAGE NUMBER OF IRR IGATIONS RECOMMENDED PER SEASON FOR SELECT
LOCATIONS FROM IDSSSENSITIVITY ANALYSIS ACROSSSLDR, RDMAX , AND AVAILABLE WATER VALUES
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Figure F.1. Average number of irrigations recommended by the IDSS across all irrigation opportunity intervals for
each combination of SLDR, RDmax, and available wat for the 2009ROCK-91 growing season.
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Figure F.2. Average number of irrigations recommended by the IDSS across all irrigation opportunity intervals for
each combination of SLDR, RDmax, and available water for the 202@/HIT -91 growing season.
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Figure F.3. Average number of irrigations recommended by the IDSS across all irrigation opportunity intervals for

each combination of SLDR, RDmax, and available water for the 201KINS -105 growing season.
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Figure F.4. Average number of irrigations recommendd by the IDSS across all irrigation opportunity intervals for
each combination of SLDR, RDmax, and available water for the 201KINS-91 growing season.
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Figure F.5. Average number of irrigations recommended by the IDSS across all irrigation opportunitintervals for
each combination of SLDR, RDmax, and available water for the 2008/HIT -105 growing season.
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Figure F.6. Average number of irrigations recommended by the IDSS across all irrigation opportunity intervals for
each combination of SLDR, RDmaxand available water for the 2013LEW!I -105 growing season.
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Figure F.7. Average number of irrigations recommended by the IDSS across all irrigation opportunity intervals for
each combination of SLDR, RDmax, and available water for the 201RUMB -91 growing season.
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Figure F.8. Average number of irrigations recommended by the IDSS across all irrigation opportunity intervals for
each combination of SLDR, RDmax, and available water for the 2014UMB -91 growing season.
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Figure F.9. Average number of irigations recommended by the IDSS across all irrigation opportunity intervals for
each combination of SLDR, RDmax, and available water for the 2028/HIT -105 growing season.
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Figure F.10. Average number of irrigations recommended by the IDSS across alligation opportunity intervals for
each combination of SLDR, RDmax, and available water for the 201KINS -105 growing season.
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Figure F.11. Average number of irrigations recommended by the IDSS across all irrigation opportunity intervals for
each combiration of SLDR, RDmax, and available water for the 2014&KINS-91 growing season.
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Figure F.12. Average number of irrigations recommended by the IDSS across all irrigation opportunity intervals for
each combination of SLDR, RDmax, and available water for ta 2014LEW!I -91 growing season.
267



