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Abstract

In the Texas High Plains (THP), groundwater resources for irrigation are declining because of
aquifer depletion and reduced well yield. Inability to meet peak water demands of maize under
constrained irrigation capacities decreases yield and profitability. The MOPECO crop model,
calibrated for the THP, was adapted to simulate maize water use and yield under center pivot
irrigation to evaluate water allocation strategies under limited irrigation. Simulations were
carried out over a range of irrigation capacities (3 — 12 mm d for a 50.9 ha area), initial soil
water contents, and application depths with irrigation allocated to a fraction (0.5 — 1.0) of the
pivot area. Fractional water allocations were achieved by withholding irrigation from circular
sectors or from outer spans with unirrigated fractions in fallow or planted to dryland cotton.
These strategies were evaluated for growing seasons characterized by typical meteorological
years with average (TMY1), average to above average (TMY2), and below average (TMY3)
precipitation. Preseason irrigation had little to no influence on grain yield at irrigation capacities
>5 mm d1. At irrigation capacities <6 mm d* under TMY1, marginally greater yields 50.9 ha
were simulated when a fraction was irrigated. For irrigation capacities <8 mm d* under TMY1,
reducing the irrigated area was the most prudent option to optimize net returns. As irrigation
capacities increased from 4 to 8 mm d, the irrigated fraction that maximized net returns
increased from 0.5 to 0.9. Concentrating water generated greater net returns because of greater
irrigation water productivities and lower seed and fertilizer costs. Compared with fallow,
planting cotton in the unirrigated portion increased net returns except in years with a seasonal
drought (TMY 3). Because greater irrigation volume did not always increase net returns, there is
an opportunity to both increase profitability and conserve water by irrigating a fraction of the
area.

Keywords: Limited Irrigation, MOPECO, Sprinkler Irrigation, Typical Meteorological Year,
Water Productivity, Zea mays L.
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1. Introduction

The High Plains aquifer is a major source of water for irrigation, industrial uses, and drinking
water throughout the U.S. Great Plains and extends from the Texas High Plains (THP) to
Nebraska and South Dakota. Approximately 24 billion m*® was pumped from the aquifer in 2005
of which 97% was used for irrigation on roughly 6.3 million ha of farmland (McGuire, 2009). In
the southern portion of the High Plains aquifer, pumping has greatly exceeded recharge rates
resulting in declines in saturated thickness exceeding 46 m in extensive areas of southern Kansas
and the THP since predevelopment (McGuire, 2017). Decreases in saturated thickness increase
the pumping cost but more importantly reduce the well yield. Declining well flow capacities
reduces both crop yield and profitability because peak water use usually coincides with crop
reproductive stages when water stress results in the greatest yield reductions (Scanlon et al.,
2012; Foster et al., 2015; Schwartz et al., 2020a). Because of the severity aquifer depletion,
water management strategies such as changing crop type, irrigation scheduling, and conversion
to dryland are being evaluated for economic feasibility and effectiveness in prolonging the life of
irrigated agriculture in the THP (Crouch et al., 2020).

Maize (Zea mays L.) accounts for approximately 50% of pumping for irrigation (Colaizzi et al.,
2009; Schlegel et al., 2012; Xue et al., 2017) and has seasonal water requirements ranging from
670 to 970 mm in the THP (Howell et al., 1995b, 1996; Schneider and Howell, 1998; Schwartz
et al., 2020a). Because of maize sensitivity to water deficits, marginal well capacities that reduce
irrigation allocations during critical growth stages can result in considerable reductions in grain
yield (Howell et al., 1996; Schwartz et al., 2020a).

In 2000, for approximately 72% of the irrigated area in the THP, water was delivered to crops
using center pivot irrigation systems (Colaizzi, et al., 2009). From 1958 to 2000, the number of
wells in the THP doubled however during this same time period, the seasonal volume of water
pumped per well and the area irrigated per well was cut in half (Colaizzi et al., 2009). With an
average irrigated area per well of 18 ha in 2000, typically three wells are required to irrigate a
quarter section (~51 ha). When adding more wells is not an option or cost prohibitive, the
operator runs the system at reduced flow rates, which oftentimes requires changing nozzles to
lower flow rates or turning off a certain number of nozzles to maintain system pressure. Flow
rates of 1.68 m™> h™ ha* (3 gal min'* ac!) are common in the region. Because a flow rate of 1.68
m= h?t ha? can only deliver 4.0 mm d, operators slow down the pivot speed to increase the
application volume resulting in a period of over 6 days to apply 25 mm irrigation. Given daily
reference evapotranspiration (ETo) values of 8 mm and often exceeding 10 mm a day combined
with unreliable precipitation, it is obvious that these flow rates are insufficient to meet water
requirements of maize throughout much of the growing season. Scheduling irrigation to maintain
soil water above a certain stress threshold is usually not attainable under these conditions except
during periods of above average precipitation (Mahan and Lascano, 2016). Preseason irrigation
(Schlegel et al., 2012) and irrigating above crop requirements during the early vegetative stage
are common strategies that producers use to build plant available water in the deep soils
characteristic of the region. Stored soil water is used later in the growing season during peak
water use periods to partially offset insufficient irrigation capacity.

An evaluation of maize yield and profit as influenced by limited irrigation capacities should
consider the wide inter-annual variabilities in growing season precipitation and ET,. Considering
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these constraints, the principal management option producers have available to them is how to
distribute water spatially within a field, managing a portion under deficit or full irrigation with
the remaining area planted to a dryland crop or left fallow. Secondary management
considerations include (i) varying the pivot speed to adjust the depth of application and
consequently the time between irrigations and (ii) choosing how to reduce the irrigated acreage
by either supplying water only to a sector of the pivot circle (e.g. Baumhardt et al., 2017) or by
shutting off nozzles on the outer spans of the pivot and thereby reducing radius of the irrigated
area. Crops suitable for dryland production may also be planted on acreage that is not irrigated.

The objective of this study is to utilize a calibrated crop water use and yield model to optimize
planted acreage and management practices that would maximize long-term total maize yield and
profitability for a center pivot irrigated 50.9 ha field over a range of irrigation capacities. A
secondary objective is to determine optimal management interventions to mitigate losses in years
with extended seasonal drought.

2. Methodology

2.1. Climate Data and Analysis

Climatic data extending from 1993 to 2018 at the USDA-ARS Conservation and Production
Research Laboratory (Bushland, TX, 1170 m asl; 35°11° N, 102°6” W) were used in these
evaluations. The weather station is centered within an irrigated cool season grass surface
described by Howell et al. (1995a). Solar irradiance, wind speed, air temperature, dew point
temperature, relative humidity, and barometric pressure were monitored at this weather station
throughout the year and precipitation were measured with tipping bucket rain gages over the
grass surface. In these analyses, the years 2012, 2013, and 2015 were omitted because of
uncertainties in the quality of data during the growing season. Using this weather data, ET, was
calculated using the ASCE standardized reference evapotranspiration equation for a short
reference crop at a 24-h time step (ASCE, 2005).

In the THP, maize is typically planted from late April to mid-May and the initiation of the dough
stage (R4) for a crop planted in mid-May will typically occur on 28 August based on mean
growing degree days for the period of record. Consequently, climatic data for a growing season
extending from 1 May to 28 August is the most crucial for determining irrigation requirements
and maize yield potential. Precipitation and weather conditions extending from R4 to
physiological maturity (~17 Sept.) has a comparatively minor influence on the yield potential
(Schwartz et al., 2020a). From 1939 to 2018, mean precipitation at the Bushland research station
for the period 1 May to 28 August was 264 mm (S.D. = 95.6 mm) and the data exhibits a strong
normal distribution (Shapiro-Wilk p = 0.661 (Fig. 1a). From 1993 to 2018, mean precipitation
and ET, was 231 and 874 mm, respectively, during this critical time period.

Because the U.S. Southern Great Plains is prone to extreme droughts, it is important to
differentiate years that exhibit lower than normal precipitation from years with normal to above
average precipitation. Combined with reliable drought forecasts, the assessment of irrigation
requirements in these years could provide actionable information for producers and also crop
insurance providers to adjust the planted acreage, reduce crop failures, reduce unproductive
water consumption, and increase profit. The Oceanic Nifio Index temperature anomaly
associated with La Nifia is not a good predictor of summer droughts in the southern U.S. Great
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Plains (Pu et al., 2016) and this observation is supported by the climatic data at the Bushland
station with only 2 of 5 La Nifia years exhibiting cumulative precipitation for the period 1 May
to 28 Aug that could be considered to be a seasonal drought (Fig. 1b). More importantly, for the
climatic data at Bushland (1993 — 2018), the Oceanic Nifio Index temperature anomaly for May-
July is uncorrelated (r = 0.002; slope = -0.0005) to the precipitation/ET, ratio (not shown), an
indicator of seasonal irrigation requirements.

We consider drought within the growing season as those years with precipitation falling within
the 0.8 to 1.0 exceedance probabilities as evaluated using the long-term precipitation record in
Bushland (Fig. 1b). This threshold also corresponds to a standardized precipitation index (x —
X)/c of <-0.84 utilized by Agnew (2000) to identify years with at least a moderate to severe level
of drought. More importantly, this threshold segregates years that exhibit elevated temperatures
and evaporative demands that, in addition to below normal precipitation, are associated with
droughts in the region. In normal to wet years with exceedance probabilities <0.80, ET, varied
little with respect to seasonal precipitation averaging 820 mm and increasing 0.3 mm for every 1
mm decline in precipitation (p = 0.08; Fig. 1c). Above this threshold, ET, increased 2.6 mm for
every 1 mm decline in precipitation (p < 0.001; Fig. 1c). The relationship between increasing ET,
with decreasing precipitation is characteristic of droughts in the Southern U.S. Great Plains and
is a product of the coupling of land surface soil moisture and precipitation. Soil moisture deficits
in the spring increase sensible heating and surface temperatures thereby increasing evaporative
demands and oftentimes leading to convective inhibition and a reduction in precipitation
(Fernando et al., 2020).

Use of a typical meteorological year (TMY) is useful for planning and assessing irrigation
requirements because of the great degree of uncertainty in year to year forecasted precipitation
during the growing season (Dominguez et al., 2013). A TMY consists of one year of climatic
data chosen from a long time series typically spanning more than 10 years (Hall et al., 1978).
Using the 1993 to 2018 climatic data in Bushland, TX, TMY’s were constructed using (i) all
years to evaluate the mean response (TMY1), (ii) years with precipitation exceedance
probabilities less than 0.8 and regarded as growing seasons with normal to above average
precipitation (TMY2), and years with precipitation exceedance probabilities greater than 0.8 and
regarded as growing seasons with a pronounced drought (TMY 3). Each of these three scenarios
were developed using climatic data extending from 1 May to 31 October with each of the
“typical” months chosen by Finkelstein-Schafer statistical comparisons of candidate monthly
periods with long-term cumulative distribution frequencies of maximum and minimum
temperatures, precipitation, and ET, (Dominguez et al., 2013).
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Figure. 1. (a) Precipitation exceedance probability from 1939 — 2018 in Bushland, TX and the
normal cumulative probability function for the mean (264 mm) and standard deviation (95.6
mm); (b) Precipitation exceedance probability from 1993 — 2018 in Bushland, TX in relation to
the Oceanic Nifio Index (ONI) anomalies averaged over May through July (El Nifio <-0.5°C; -
0.5 < Neutral < 0.5; La Nifia > +0.5°C). Also shown is the threshold established to identify
seasonal droughts for the period of 1 May to 28 Aug; (c) Relationship between seasonal
precipitation and reference ET (ET,) at the Bushland, TX station from 1993 to 2018.
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2.2. Crop water use and yield model

The crop water use and yield model MOPECO (model for the economic optimization of
irrigation water) (Ortega et al., 2004) with the modifications introduced by Schwartz et al.
(2020a) was used to simulate maize water use and yield in response to center pivot irrigation
scenarios in the THP. MOPECO uses the FAO-56 crop coefficient — reference ET approach
(FAO, 1998) in conjunction with an empirical crop water production function to predict grain
yield. The yield function is based on the work of Stewart et al. (1977) and Doorenbos and
Kassam (1979) that considers water deficits at different crop growth stages in a multiplicative
relationship (Rao et al., 1988; Dominguez et al., 2012a,b).

The crop model was calibrated and validated using 18 site-years that consisted of detailed water
use monitored throughout each growing season determined with a soil water balance approach
and a neutron gage to evaluate changes is stored soil water (Schwartz et al., 2020a). Maize yields
of the calibration data set ranged from 0 to 19.3 Mg ha with crop water use that ranged from
310 mm (dryland) to 770 mm. Crop phenological growth stages associated with crop coefficients
(Schwartz et al., 2020a; Fig. 1c) were estimated using growing degree days (GDD) for each
TMY. Growing degree days were evaluated using daily maximum and minimum temperatures
with a 10 °C base temperature and an upper temperature threshold of 30 °C using Method 2 of
McMaster and Wilhelm (1997). In this study, we used the fixed and fitted parameters for the
nonlinear crop water stress function (Schwartz et al., 2020a; Optimization 3) to simulate maize
water use and yield. Soil water retention and other parameters used in these simulations are for a
Pullman clay loam (Fine, mixed, superactive, thermic Torrertic Paleustoll) (Schwartz et al.,
2020a) and, along with two other soils series with nearly identical properties, represent the
prinicpal soil groups used for maize production in the THP,

Crop water use and yield simulations of MOPECO were implemented in an Excel spreadsheet
with a fixed planting date of 16 May. Redistribution of water from infiltrated precipitation, P,
and irrigation, I, within the rooting zone occurs instantaneously, and drainage out of the rooting
zone occurs when the soil water content exceeds field capacity. The maximum rooting depth of
the maize, attained at inflorescence, was set equivalent to 1.4 m. The initial water content was set
equivalent to 0.278 m*® m™ for the entire profile, which was based on the mean of initial water
contents in the data sets evaluated by Schwartz et al. (2020a). Runoff depth, R, from daily
precipitation depth, P, was estimated using the original curve number approach (Rallison, 1980),

R J(P=L)/(P=1+8) P>, O
0 P<I,

where S is the potential retention due to soil water storage or infiltration, whichever is the least,
and the depth of initial abstraction, I, is set to 15 mm. Because near surface soil water content
could not be approximated using the Excel spreadsheet redistribution algorithm of MOPECO as
in Schwartz et al. (2020a), S, was set to a constant value of 23.1 mm. This assumes that the
upper 0.2 m of the profile had an initial water content equivalent to 75% plant available water,
which was similar to observed values for irrigated maize (Schwartz et al., 2020a). Net irrigation,
In, was estimated as in Schwartz et al. (2020a) by multiplying the gross application depth, Ig, by
an application efficiency, AE;, of 0.90 (Howell, 2003). If the gross application depth was less
than a threshold do = 25 mm, then net irrigation was estimated as Ic — do-(1 — AE)) to account for
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diminishing application efficiencies associated with evaporative losses with shallow application
depths (Schwartz et al., 2020a).

The crop water use and yield simulations use the weather data of the TMY’s that reflect growing
seasons with average, normal to above average, and below average (drought) growing season
precipitation. As such, these simulations reflect the expected mean response over the long-term.
A limited number of crop model simulations were also carried out for all climatic data (1993-
2018) to validate the TMY approach in the southern U.S. Great Plains environment and also to
provide an assessment of the variability of the predicted yield response and net returns. In each
year of these simulations, crop developmental stages were based on growing degree days
calculated from daily minimum and maximum temperatures in each of the growing seasons. In
addition, yield response was scaled based on the accumulated solar radiation after pollination in
each year, with a scalar of unity for the average solar radiation accumulation for all years. As
with the simulations using the TMY’s, we completed these simulations using a planting date of
16 May.

2.3. Adaptation of the crop water use and yield model for selected scenarios

Crop water use, yield response, and net returns were evaluated using the crop water use and yield
model and four center pivot irrigation scenarios or strategies for a quarter mile (402 m) long
pivot or approximately 50.9 ha (Table 1). These evaluations were carried out using the three
TMY s reflecting growing seasons with average, normal to above average, and below average
(drought) growing season precipitation. For the typical management (Strategy 1 “S1”) we
considered 10 irrigation capacities (3, 4, 5..., 12 mm d™) generated by a single well or a group of
wells for the irrigation of the entire area of a standard center pivot system. These irrigation
capacities were evaluated in conjunction with three initial profile water contents (0.278 + 0.0278
m® m=) representing the mean and +1 standard deviation, respectively, of 18 site-years of studies
presented by Schwartz et al. (2020a). An incremental increase in initial profile water content
from 0.278 to 0.306 m*® m™3 was considered representative of sufficient pre-irrigation to increase
stored soil water at planting by 38.9 mm and achieved through three irrigations of 25 mm several
weeks before planting. A net increase of 25 mm stored soil water with 50 mm of irrigation
applied is characteristic of the fine-textured soils in the region (Tolk et al., 2015). The standard
management strategy (S1) was compared with the other strategies to determine if yield and
profitability could be improved (Table 1).

A second strategy considered (S2) varies the irrigation application depth from 15 to 35 mm at the
10 irrigation capacities with application depth constant throughout the entire growing season
(Table 1). This strategy permits an evaluation of how different application depths influence crop
yield. Smaller application depths permit the crop to receive irrigation over smaller time intervals
but this comes with the disadvantage of reduced application efficiency.

Besides irrigating the entire circle, producers have the option of leaving a fraction of the circle
unirrigated when irrigation capacities become limiting (Baumhardt et al., 2007, 2009). The
unirrigated area can be left fallow or planted to a dryland crop. Strategy 3 (S3) reduces the area
irrigated by the pivot by supplying water to all nozzles but withholding irrigation to one or more
sectors of the circle (Table 1). This strategy permits an increase in the irrigation frequency;
however, irrigation is delayed by the time it takes for the pivot to travel through the unirrigated
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Table 1. Evaluated irrigation strategies and conditions for a center pivot with 10 circular sectors.

The shape of the irrigated area is shown for an irrigated fraction of 0.7 for both strategy S3
(reducing number of sectors irrigated) and strategy S4 (reducing the irrigated radius).
Strategy S1 S2 S3 S4
Pivot area, ha 50.9 50.9 50.9 50.9
Irrigation capacities, 3to 12 3to 12 3to 12 3to 12
mm d?2
Flgwlcapacities, 63.6 to 254.3 63.6 to 254.3 63.6 to 254.3 63.6 to 254.3
m°h-?
Decline in capacity (%) 0 and 15 0 and 15 0 and 15 0and 15
Initial Water Content, 0.250, 0.278, 0.278 0.278 0.278
mém3 0.306
Application depth, mm 25 15, 20, 25, 30, 25 25
35
Irrigated Fraction 1.0 1.0 0.5t01.0 1.0
(Sector)®
Irrigated Fraction 1.0 1.0 1.0 0.5t01.0
(Radius)®
Crop Production Irrigated Maize Irrigated Maize Irrigated Maize, Irrigated Maize,
Dryland Cotton, Dryland Cotton,
Fallow Fallow

10

(shaded) %

Shape of irrigated area

Y
77

3Irrigation capacities examined were 3, 4,5, 6, 7, 8, 9, 10, 11, and 12 mm d™* equivalent to 63.6
to 254.3 m® h't and 2.2 to 8.9 gal min* ac™.
bIrrigated fractions examined were 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0.

sectors at its maximum speed (100%), assumed here as one full rotation per day (0.083 rad h-1)
or 1.76 m min-1 at the outermost nozzle. In Scenario 3, irrigating in different directions is
avoided and the irrigation system must travel across the non-irrigated area to commence
irrigation on the first sector.

A fourth strategy (S4) reduces the irrigated area by turning off nozzles on the outer spans of the
pivot (Table 1). In this case, the nozzle flow rates, travel speed, and irrigation frequency are
increased in order to maintain a selected application depth. All strategies are evaluated with
regard to seasonal irrigation requirements, grain yield, and irrigation water productivity with
respect to the maize crop. Evaluation of net returns requires inclusion of how the unirrigated
fraction is cropped and managed under strategies 3 and 4.
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2.4. Irrigation scheduling simulations for a center pivot

Decisions to irrigate must reflect the available irrigation capacity, the speed of the center pivot
drive, the irrigated area, and if there is sufficient water holding capacity near the surface to store
the water applied. To simplify the simulation process, the irrigated area is divided into 10 sectors
for all strategies (Table 1). A daily water balance and likewise a crop water stress level are
maintained throughout the entire growing season in each of the 10 sectors. Irrigation is first
applied to the first sector and then to the remaining sectors and always in the same order.
However, if precipitation and/or ET, are favorable and the irrigation capacity is more than
sufficient to meet crop water requirements, irrigation is applied only when stored crop available
water is <70% of available water at field capacity associated with the maximum rooting depth of
the crop. Although at times, the system may be applying more than is required by the crop,
producers use this strategy to store water that could be used later in the growing season when
ET, is greater. Irrigation is also not applied within one week prior to black layer. Because a mean
water balance is maintained in each of the sectors, crop yield is also simulated for each of these
sectors.

During the growing season, groundwater levels in observation wells will typically decline by two
to four meters (North Plains Groundwater Conservation District, 2020; Stout, 2018), reaching a
minimum in August and rebounding to near initial levels later in the growing season. These
declines in groundwater levels are principally driven by irrigation decisions of producers with
nearby actively pumped wells. Such seasonal perturbations can be considered as a temporary
decline in the saturated thickness of the aquifer in the immediate vicinity and is largely
responsible for reduced pumping capacities during the growing season as experienced by
producers in the region. Within the model, we assume a linear reduction in irrigation capacity by
15% from emergence to the beginning of August and a constant reduction of 15% thereafter,
extending to maturity, to account for these seasonal changes in groundwater levels. This
magnitude of decline during the growing season is representative of many wells in the North
THP that draw water from the aquifer (Personal communication, Dale Hallmark, North Plains
Groundwater Conservation District). To our knowledge, these types of limits on well yield have
never been incorporated into a crop model during the growing season.

Irrigation at the prescribed depth is triggered when plant available water is less than or equal to
70% of plant available water and when the center pivot is positioned at the beginning of the first
sector. This can be written as

Spa <£0.7-S,,
Irrigate = True if <and )
®=0
False otherwise

where Spa is the plant available soil water within the profile (mm) associated with the maximum
rooting depth, and St is the plant available soil water at field capacity (mm). The angular
position of the pivot is described by ® (rad) with the area of sector 1 circumscribed between 0
and 27/10. Based on the fraction of the pivot that is irrigated under strategy 3 (Table 1), a
contiguous circular sector of the pivot area beginning with sector 1 is designated as a subset of
irrigated sectors with the remaining area designated as a subset of unirrigated sectors. The gross
irrigation depth, lg, is fixed throughout the growing season; however, irrigation capacity restricts
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the volume of irrigation applied in a single day. The volume of irrigation (m?3), Vi, applied to
sector i (Si) is calculated as

®<2n-(s;,-1)/n, and © > 2x-s, /n,

or

0 if T=>1

V. = or ©)
S, < unirrigated sectors

Min[lO-A- I -(i—%j,ﬂ-(l—ﬂl)}
n f

s 2n r

The volume applied Vi is spread over the surface area at a depth of I that may not comprise the
entire area of the sector if there is insufficient capacity within a day to complete irrigation of a
given sector. Here, ns is the number of sectors (10), q is the irrigation capacity (mm dt) for the
total area of the pivot (A = 50.9 ha), and f; is the fraction of the area that is irrigated when the
reduction of irrigated area is achieved by turning off nozzles in the outer spans (Strategy 4; Table
1). In this case, the area associated with decreased radius increases the effective irrigation
capacity to g/fr. In addition, Ti.1 and ®;.1 are the time (d) and angular position (rad), respectively,
prior to initiation of irrigation in sector s;. Assuming that irrigation has been triggered and there
is time remaining within the day, the pivot applies irrigation to the subsequent sector and so on
until T =1 upon which T is reset to zero for the next day of simulations. Cumulative time, Ti,
after the pivot has traveled within a sector s;is

T, + Y if s, cirrigatedsectors
A-n -q

T =

4)
2T

T.,+Min { fio0 (;—'—&J ,1—Til} if s, < unirrigatedsectors
S

where Ti.1 is the time at the completion of the previous sector, q is the irrigation capacity (mm d-

1, f100 is the maximum rotational frequency (d!) associated with movement of the pivot over

unirrigated surfaces, and @i.1 is the radial position of the pivot after completing movement

through the previous sector or, if there was insufficient time to complete irrigation in the

previous day, the position within the current sector. The radial position of the pivot at time T is

\YAY . L
O, , i fT s, c irrigated sectors
A-lg-ng

0, = 5)

: 2n-(T. —T. . o
Q@LM if s, < unirrigatedsectors

f100

We note that the irrigation capacity q is constant for a given day but can decline on subsequent
days because of the simulated reduced pumping capacities later in the growing season (Table 1).
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2.5. Economic analysis

The application of the crop water use and yield model within a center pivot field facilitates the
evaluation of potential producer net returns as influenced by irrigation capacity under the
conditions of TMY’s that reflect growing seasons with average, normal to above average, and
below average (drought) growing season precipitation. Calculated net returns, NR, ($ ha') were
based on modeled water inputs and cost estimates:

NR :%'(Ym ) HPm AI +Yc| ) HPcI ) AJI +ch ) HPcs 'AJI _AI 'Cvm _AJI 'Cvc _AJI 'Cvf )_ IGA'CW (6)
where NR reflects the weighted average net returns across the center pivot field (A = 50.9 ha),
including both irrigated and dryland portions. Here Yr, is maize yield (kg ha*) in the irrigated
area of the field, A, HPn is the harvest sale price of maize ($ kg™t) assuming a 15.5% moisture
content, Ye is dryland cotton lint yield (kg ha™) on the unirrigated area of the field, Aui, which
receives irrigation only for establishment, and HPg is the harvest price of cotton lint ($ kg™).
Also, Ycsis cotton seed yield (kg hat), assumed here as 1.2- Y¢, and HPg is the harvest price of
cotton seed ($ kgl). Here Cym, Cuc, and Cys represent variable costs ($ hat) associated with maize
production, dryland cotton, and fallow, respectively, including crop insurance. Lastly lga is the
cumulative irrigation volume applied by the irrigation system for pre-irrigation and during the
growing season (m® ha'!) averaged over the entire pivot area and Cy, is the per unit pumping cost
for irrigation water ($ m). Based on a study at the location (Schwartz et al., 2020b), cotton was
assumed to yield 2.5 kg ha® lint per mm total precipitation received from 1 May to 30 Sep.,
which corresponds to 575, 788, and 305 kg ha for TMY1, TMY2, and TMY 3, respectively.

The net returns for this analysis represent net returns above variable costs and include only
variable costs of production (Table 2) such as fertilizer, seed, herbicide and insecticide
applications, crop consulting, and custom harvest. Fixed costs (e.g. depreciation and interest on
equipment investment) are not considered in this analysis. Irrigation costs are calculated based
on the fuel or energy costs to pump the applied water volume of gross irrigation. Irrigation repair
and labor costs are also considered. Crop prices, production costs, and other production
enterprise assumptions used in this study reflect three year averages (2019-2021) (Benavidez et
al., 2019 and 2020; Jones et al., 2018). Nitrogen fertilizer applications for maize were based on
grain yields predicted using the 50% upper confidence interval of yield (Yso, Mg ha't) for the
linear regression of yield with irrigation and seasonal precipitation using the data of Schwartz et
al. (2020a)

Y, = MIN(0.02745-(1, +P,,, ) —4.398,19) ©)

ave
where Ig is cumulative gross irrigation of the area planted to maize (mm ha™) and Paye is mean
seasonal (1 May to 28 Aug) precipitation (264 mm). A 50% upper confidence interval for yield
is used to estimate N applications to avoid risk associated with low application rates in years
with abundant precipitation. The yield expectations are restricted to a maximum of 19 Mg ha™.
Based on these assumptions, applied N (Na, kg hal) was calculated as
N, =Y, -17.86-50 (8)
assuming a nitrogen rate of 17.86 kg N Mg™ grain (1.1 Ib N bu?) and available soil N of 50 kg
ha™l. Assuming an N:P ratio in maize grain of 6.2:1, phosphorus fertilizer applications rates were
calculated as
P, =Max(N,/6.2,11) 9)
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with a minimum of 11 kg P ha* (25 kg P-Os ha) for starter fertilizer. Fertilizer rates for dryland

cotton were assumed to be 25 kg P,0s ha™ and 33 kg N ha (1.2 kg seed kg™ lint - 788 kg lint

hal - 35 g N kg seed). For strategies where a portion of the acreage is planted to dryland cotton,

we include the costs of a single irrigation of 25 mm at the beginning of the growing season to

guarantee establishment (Table 2).

Table 2. Crop production revenue and variable costs.

Crop production “Maze  Coton  Fallow
Revenue from sale
Harvested grain, $ Mg? 165.00
Lint, $ kg 1.50
Cotton seed?, $ kg 0.22
Variable Costs
Seed?, $ hat 296.25 167.19
Herbicide, $ ha'* 111.20 97.75 59.58
Harvest aid (defoliant), $ ha* 24.71
Insecticide and fungicide, $ ha* 55.67 25.23
Fertilizer, pre-plant N, $ kg* 1.10 1.10
Fertilizer, UAN (32-0-0), $ kg™* 0.97
Fertilizer, pre-plant P,0s, $ kgt 1.06 1.06
Pre-plant fertilizer application, $ ha* 13.02 13.02
Custom harvest and hauling grain, $ Mg 8.27
Stripping, module, and ginning cotton, $ bale! (226.8 kg) 46.35
Irrigation pumping costs (energy), $ 100-m= 3.50 3.50
Irrigation labor, $ ha 44.73
Machinery labor, $ ha* 32.54 49.95 8.54
Diesel fuel and gasoline, $ ha* 33.30 32.51 5.13
Repairs and maintenance, $ ha 254.05 55.67 11.42
Crop consulting, $ ha* 20.34
Crop insurance, $ ha* 99.21 61.78
Boll weevil assessment, $ ha 1.83
Interest on credit line, $ ha* 31.23 20.04 2.89

1 Cotton seed yield was set equivalent to 1.2 x lint yield.

2 Planting rate was set equal to 79,000 and 125,000 seeds ha* for maize and cotton, respectively.
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3. Results

3.1. Evaluation of the Typical Meteorological Years

The effective growing season precipitation (precipitation less runoff from planting to
physiological maturity) for the typical meteorological years were 158, 268, and 100 mm for
TMY1, TMY2, and TMY3, respectively. Crop water requirements during this same period
(3ETm) did not differ substantially among the TMY’s (781, 727, and 795 mm for TMY1, TMY2,
and TMY3, respectively) and fell within the observed range for the THP for maize (670 to 970
mm).

Predicted maize grain yield as a function of seasonal crop evapotranspiration (ETa) from 1993 —
2018 exhibited a wide swath of points for each TMY (Fig. 2) with years segregated as either
TMY2 or TMY3 (Fig. 1c) and noting that all years corresponds to TMY1. These data were
generated using simulations in each year (1993 — 2018) with an initial profile water content of
0.278 m* m™3, reductions of seasonal irrigation capacities by 0 and 15%, and by varying irrigation
capacities from 3 to 12 mm d™. Grain yields and approximate seasonal ET are also shown for
producer fields in the North THP (North Plains Groundwater Conservation District, 2012) in
2012, a drought year with an average of 137 mm precipitation during the growing season. These
independent data show a similar pattern and fall within the range delineated by TMY3
simulations representing years with a seasonal drought.

Predicted grain yield response to ETa was obtained by fitting a regression line for simulated
results obtain for each TMY under S1 (Table 1). Yield response was nonlinear with a significant
quadratic response (P<0.001) for all TMY's (Fig. 2). The predicted trend of yield with seasonal
crop ET for TMY2 and TMY 3 falls near the mid-range of the respective model results for all
years (1993 — 2018) segregated by TMY grouping (Fig. 2). The TMY associated with above
average precipitation (TMY2) had a similar yield response slope but greater yields under the
same ETa compared with TMY1 and TMY3. This outcome is largely explained by the fact that
TMY2 had greater precipitation during July (82 mm) compared with TMY1 (48 mm) and TMY3
(25 mm) and ETx as a fraction of maximum ET without stress (ETm) could be maintained at
higher levels under TMY2 even with limiting irrigation capacities. During the month of July, the
crop is at the early reproductive stage and grain yield is more sensitive to water deficits.
Management that applies irrigation to achieve a constant fractional ETo/ETm among all growth
stages for a TMY 1 growing season resulted in greater predicted yields compared with
management restricted by irrigation capacity (Fig. 2). Consequently, past research that maintains
a constant ET fraction (ETa/ETwm), typically characteristic of irrigation studies in the U.S. Great
Plains, may not be particularly relevant to understanding the yield response of maize when
irrigation capacities are limited.

3.2. Calculated seasonal irrigation applied to the pivot

Seasonal crop water requirements (Y ETm) were calculated as 780, 727, and 795 mm ha* under
the typical meteorological years TMY1, TMY2, and TMY3, respectively. In contrast, calculated
net irrigation applications plus effective precipitation under S1 with initial profile water contents
of 0.274 m® m3 ranged from 451 to 743, 561 to 763, and 393 to 730 mm ha* for TMY1, TMY?2,
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and TMY 3. Consequently, there was considerable water deficit stress at the low irrigation
capacities under all TMY’s. Although irrigation at the high capacities could hypothetically meet
seasonal irrigation requirements, during the early reproductive phases when ET, was high (>9
mm d!) the calculated stress response function predicted water stress above plant available water
fractions Spa/Stc > 0.7 (Schwartz et al., 2020a). However, irrigation is not triggered until Spa/Stc <
0.7 (Eq. 2) thereby resulting in crop water requirements not fully met during this period even at
high irrigation capacities. Delaying irrigation is necessary to avoid difficulties with deep wheel
tracks and runoff associated with applying irrigation too frequently in the fine-textured soils of
the region. Seasonal gross irrigation application rates under S1 varied from 275 to 750 mm
depending on the irrigation capacity, TMY, and the initial profile water content (Fig. 3). At
irrigation capacities rates < 8 mm d, a 15% decline in capacity during the growing season
reduced the number of irrigations by one to three applications (25 — 75 mm) compared to
strategies with no decline. Increasing application depths from 15 to 35 mm under TMY1
increased seasonal gross irrigation by an average of 37 mm (Fig. 3; S2). Differences in seasonal
gross applications among higher application depths (25 — 35 mm) were, on average, negligible (6
mm) with application depths of 25 and 30 mm sometimes receiving greater total irrigation (Fig.
3) simply as a result of fortuitous timing that permitted an additional one or two revolutions.

Under strategies 3 and 4, only a fraction of the pivot area is irrigated to permit greater application
depths on a smaller area and with the remaining pivot area under dryland cotton or fallow. Gross
irrigation applications under these two strategies are presented in Fig. 3 as average volumes of
the entire area of the pivot and not just the irrigated area. Consequently, maximum seasonal
gross irrigation at high capacities obtained when only a fraction is irrigated is less than when the
entire area is irrigated. Nonetheless, maximum or near maximum application depths on a fraction
of the pivot area could be achieved at lower capacities. Under S4 and for irrigated fractions, fr,
less than 0.8, an additional one to two irrigation applications (25 to 50 mm) could be scheduled
compared with S3. This result is due to the delay in irrigation associated with moving the pivot
through the unirrigated sectors under S3.
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Figure 2. Predicted maize grain yield as a function of seasonal crop evapotranspiration (ETa)
from 1993 - 2018 by TMY grouping simulated for irrigation capacities ranging from 3 to 12
mm d, an initial profile water content of 0.278 m® m and both 0 and 15% reductions in
seasonal irrigation capacities. Also shown is the quadratic response for each TMY (dashed
lines). Yields and approximate seasonal ET are also shown for producer fields in the North
THP (North Plains Groundwater Conservation District, 2012) in 2012, a drought year with an
average of 137 mm precipitation during the growing season. Also shown is the yield response
to irrigation applied to achieve a constant fractional ETo/ETm among all growth stages (solid
line) for a growing season represented by TMY 1.
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Figure 3. Calculated gross irrigation applied to the center pivot area by irrigation strategy (rows
S1, S2, S3, and S4) and typical meteorological year (columns TMY1, TMY2, and TMY3). Gross
irrigation is the applied volume averaged over the entire area of the pivot and not just the
irrigated fraction in S3 and S4. Decline in irrigation capacity during the growing season was set
to 15% for all simulations.
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3.3. Yield response to irrigation strategies

Grain yield for irrigated maize was simulated for each of the 10 sectors of the pivot under all
strategies. Yield consistently declined with increasing angular distance from pivot sector 1
(Table 1), which was irrigated first, and resulted in a mean yield difference of 0.93 Mg ha™*
between sector 1 and 10 (Fig. 4). This yield decline is simply a result of irrigation delays with
increasing sector number and associated lower stored soil water throughout most of the growing
season that increased water stress and reduced crop ET. This demonstrates that yields at the field
scale will be considerably overestimated without considering the temporal-spatial dynamics
associated with irrigating. In the remaining discussion, all yield results reported reflect the
average of all irrigated sectors.

A 15% simulated decline in the irrigation capacity reduced simulated grain yields by an average
of 1.6 Mg ha™* for irrigation capacities <8 mm d (Fig. 5). At greater flow rates, declines in
irrigation capacity did not reduce the number of applications and consequently had an
insignificant effect on yield. We caution that these yield declines resulting from reduced
pumping could be underestimated because they do not consider reduced application uniformity
resulting from a degradation of system performance at lower pressures (Martin et al, 2019).
Because declines in irrigation capacity throughout the growing season is typical for the THP, all
subsequent results presented assume a 15% decline as detailed in the methods section.

The gross irrigation (Fig. 3) and precipitation received by the crop in combination with the TMY
and other factors analyzed in this study (Table 2) determined the overall simulated grain yield of
maize per unit of area of the center pivot (Fig. 6). As expected yield declined with reduced
irrigation capacity because of the increase in the revolution time of the pivot thereby causing
water deficits between irrigation events during some or all of the growth stages. These yield
declines are somewhat modified by variable ET demands and rainfall throughout the growing
season in combination with the timing of irrigation applications to each sector. Climatic
conditions represented by the TMY ’s affected the range of yields exhibited by differing
irrigation capacities. Thus, under strategy S1 with an initial water profile water content of 0.278
m® m and for growing seasons with normal to above average precipitation (TMY2) the yield
ranged from 9.5 to 18.0 Mg ha depending on the capacity (Fig. 6). The interval increased from
2.2 t0 17.2 Mg ha! under drought conditions (TMY3) decreasing potential yield by 4.3% at the
greatest irrigation capacity (Fig. 6). In contrast, when using the whole climatic data base for
developing the TMY (TMY1), the minimum yield associated with the lowest irrigation capacity
was intermediate (4.2 Mg ha) while maximum simulated yield was slightly lower than for
TMY3 (16.9 Mg ha) (Fig. 6). Similar effects can be observed in the other strategies. Preseason
irrigation of 75 mm, reflected in an increase in profile water content from 0.278 to 0.306 m3 m=,
had little to no influence on grain yield at irrigation capacities greater than or equal to 5 mm d*
(Fig. 6, S1). Irrigation capacities greater than 5 mm d* were sufficient to overcome soil water
deficits at the beginning of the growing season when crop water requirements were low.
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Simulated grain yield increased an average of 10% (1.0 Mg ha?) as irrigation application depth
increased from 15 to 35 mm under TMY1 (Fig. 6) principally because this facilitated greater
seasonal gross and net irrigation. For example, compared with a 15 mm application depth, a 35
mm application depth resulted in an additional 37- and 33- mm average gross and net irrigation,
respectively, during the growing season. Yield differences among application depths of 35, 30,
and 25 mm were negligible, averaging less than 0.1 Mg ha™ under TMY 1. Similar results were
obtained for TMY2 and TMY 3 for grain yield differences between 15 and 35 mm application
depths, averaging 0.8 and 1.1 Mg ha’l, respectively. Likewise, yield differences among
application depths of 35, 30, and 25 mm were negligible for TMY2 and TMY3 (<0.15 Mg ha™).
These simulated results assume equivalent irrigation application efficiencies for application
depths 25 - 35 mm. For fine textured soils, slow infiltration rates and poor distribution
uniformity (Nascimento et al., 2019) likely compromise these small yield advantages attributed
to greater application depths.

Irrigating a fraction of the center pivot area to increase crop water availability in selected sectors
(S3) increased average yield of the entire pivot area at the lowest irrigation capacity (3 mm d?)
for a year with average precipitation (Fig. 6; S3, TMY1). This slight yield advantage (X = 0.6 Mg
hat) at 3 mm d** occurred for all fractions (0.5 to 0.9) compared to when the entire pivot was
irrigated and peaked at 1.0 Mg ha! at an irrigated fraction of 0.7. At irrigation capacities from 4
to 6 mm d* and irrigated fractions of 0.7 to 0.9 there were only slight yield differences (0.4 — 0.6
Mg ha) compared to when the irrigation volume was spread out over the entire pivot area (Fig.
6; S3, TMY1). Under normal to above average precipitation (TMY2), average yield of the pivot
area increased with increasing irrigated fraction for all capacities (Fig. 6; S3, TMY?2).
Nevertheless, under a seasonal drought (TMY3) and low irrigation capacities (< 6 mm day?; 127
m? h1), irrigating the entire pivot area resulted in yield reductions (0.2 to 1.8 Mg ha) compared
to irrigating a fraction (0.6 to 0.9) (Fig. 6; S3, TMY3). At greater irrigation capacities (=7 mm
day?), greater yields could largely be attained by irrigating the total pivot area (Fig. 6; S3,
TMY3).

Decreasing the irrigated area by reducing the radius, shutting off nozzles within the final three
spans (S4), had a similar effect on yield response across a range of irrigation capacities (Fig. 6;
S4) as did irrigating a fraction of the sectors (S3) at all TMY’s. Yields associated with turning
nozzles off (S4) were greater compared with yields obtained by irrigating the same fraction by
omitting sectors (S3) at low irrigation capacities (< 6 mm day™) (Fig. 7). This is primarily due to
the irrigation delay associated with moving the pivot through the unirrigated sectors. Although
not simulated, improved yields for S4 may also result due to better distribution from maintaining
nozzle pressure in response to declines in well yields later in the season (Martin et al., 2019).



553

554
555
556
557
558

S1

s2

S3

S4

Yield (Mg ha!) Yield (Mg ha) Yield (Mg ha)

Yield (Mg ha'')

20.0
175
15.0
125
10.0
7.5
5.0
25
0.0

200
17.5
15.0
125
10.0
75
5.0
25
0.0

20.0

17.5 4

15.0
125
10.0
7.5
5.0
25
0.0

20.0
17.5
15.0
125
10.0
7.5
5.0
25
0.0

TMY1

0, (m*m)
4 0.250
®0.278

-a

m0.306

T T T T T
4 6 8 10 12
Irrigation Capacity (mm d)

11!
L.} g
e
A Application
Depth (mm)

]
A

A1l5
A20

e25
! |30
o35

4 6 8 10 12
Irrigation Capacity (mm d!)

Maize and Fallow

e > OEOe
= =l [e] ]
CrOmRO®
> ONEO®
e r0OMNOe
crPONO®

& D

=)

i Irrigated Fraction
A05 a06 007

m08 009 el0
T

4 6 8 10 12
Irrigation Capacity (mm d-!)

Maize and Fallow

=N =l Y ]
D ERO®
> OmRO®S®
> »0BO®
C»ORROS

el
[ sl ]

a Irrigated Fraction
A05 406 007
m08 009 @10

4 6 8 10 12
Irrigation Capacity (mm d-*)

Yield (Mg ha'!) Yield (Mg ha'l) Yield (Mg ha')

Yield (Mg ha!)

20.0
17.5
15.0
125
10.0
7.5
5.0
2.5
0.0

20.0
17.5

15.0 A

12.5
10.0
7.5
5.0
2.5
0.0

20.0

17.5 A

15.0
125
10.0
7.5
5.0
25
0.0

20.0
17.5
15.0
125
10.0
7.5
5.0
25
0.0

TMY2
4 s m =
p ¥
4 [ ]
|
E ]
?
1.
N 8, (m*m*)
i 40250
©0278
1 m0.306
T T T T T
2 4 6 8 10 12
Irrigation Capacity (mm d!)
J ' y ! i
| ! Application
- ! ! Depth (mm)
| a1s
420
E .25
1 30
oss
T T T . ;
2 4 6 8 10 12
Irrigation Capacity (mm d!)
Maize and Fallow e o o o
. ; o O © ©
1 g 2 g m 2 ® =
4 a " . p oooao
i E o f A A A A A &
i 2 Y a s & & & 8 &
T Irrigated Fraction
] A05 406 OO07
m08 009 @10
T T T T T
2 4 6 8 10 12
Irrigation Capacity (mm d!)
1 Maize and Fallow e s o "
. ; o © o o
7 L] 2 m = = ® =
- ﬂ E o 0o o o o g
] E ? A A A A A A a
i 2 s a A A A A A A
1 Irrigated Fraction
i 405 406 DOO7
m08 009 €10
2 6 8 10 12

4
Irrigation Capacity (mm d)

Yield (Mg ha?) Yield (Mg ha!) Yield (Mg ha')

Yield (Mg ha'')

20.0

17.5 A
15.0

125

10.0
7.5 1
5.0 1
2.5 A

0.0

20.0
17.5
15.0
125
10.0
75
5.0
25
0.0

20.0

17.5 A

15.0
125
10.0
75
5.0
2.5
0.0

20.0
17.5
15.0
125
10.0
7.5
5.0
25
0.0

TMY3

L
. ]
a
1 n
L]
P 0;(m*m)
40,250
[ ]
a 00278
! m0.306
T T T T T
2 4 6 8 10 12
Irrigation Capacity (mm d*!)
] ! ! ‘B
| 2
- A
.4 Application
E A Depth (mm)
| 5 a15
! 420
g 25
1 H w30
1 o3s
T ! . T T
2 4 6 8 10 12
Irrigation Capacity (mm d!)
Maize and Fallow
e ®
] ; ; o ©
e L momom
] .
H n O O o o
4 ' A A A 4 A a
' s A A& A A 2 2
1 ' Irrigated Fraction
J g 405 406 007
m08 009 @10
T T T T T
2 4 6 8 10 12
Irrigation Capacity (mm d1)
Maize and Fallow
J P
i ; o o ©
: m = mm
b g o oo oo
| ! A A A A & 4
Q A A A A A A A
1 é Irrigated Fraction
| A05 406 007
m08 009 10
2 6 8 10 12

4
Irrigation Capacity (mm d-!)

Figure 6. Grain yield (average of 10 sectors) response to irrigation scenario (rows S1, S2, S3, and
S4) and typical meteorological year (columns TMY1, TMY2, and TMY3). Yield is grain yield
averaged over the entire area of the pivot even though maize is grown on only the irrigated
fraction in S3 and S4. Decline in irrigation capacity during the growing season was set to 15%
for all simulations.
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Figure 7. Simulated yields associated with turning nozzles off in the outer spans (Scenario 4)
compared with omitting pivot sectors (Scenario 3) for an irrigated fraction of 0.6. Data were
generated assuming a 15% seasonal reduction in irrigation capacity.

3.4. Irrigation water productivity response to irrigation strategies

Irrigation water productivity (IWP) in terms of maize yield increased with capacity under all
scenarios and all TMY’s (Fig. 8). Climatic conditions significantly affected to the range of IWP,
which was wider for drought years (TMY3: 0.6 - 2.5 kg m™) compared with years with normal
(TMY1: 1.1 - 2.7 kg m™) to above average precipitation (TM2: 2.7 - 3.3 kg m™®). Under scenarios
S3 and S4 and under a given TMY, the lowest IWP was obtained with the lowest irrigation
capacity when irrigating the entire pivot area. Likewise, the greatest IWP was obtained with the
greatest capacity when irrigating half the pivot area.
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Figure 8. Irrigation water productivity (IWP) response to irrigation scenario (rows S1, S2, S3,
and S4) and typical meteorological year (columns TMY1, TMY2, and TMY3). Water
productivities are based on total maize yield of the entire pivot area divided by the total volume
of irrigation water applied irrespective of the irrigated fraction in S3 and S4. Decline in irrigation
capacity during the growing season was set to 15% for all simulations.
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3.5. Net Revenue under irrigation scenarios

Under long-term average climatic conditions (TMY1), irrigating the entire pivot area resulted in
negative net returns at irrigation capacities <5 mm d* (Fig. 9; TMY1, S1-S2). As expected, net
returns are less under TMY 3, with positive net returns obtained only for irrigation capacities > 6
mm d? (Fig. 9; TMY3; S1-S2). However, under TMY2 conditions, all the strategies generated
positive net returns regardless of the irrigation capacity (Fig. 9; TMY2; S1-S2).

Irrigating a fraction of the pivot area resulted in greater net returns at capacities < 8 mm d for
TMY1 and TMY3 under strategy S4 (Fig. 9). Response of net returns to irrigated fraction under
strategy S3 (not shown) were similar to S4 but with slightly lower returns at the lowest irrigation
capacity with diminishing differences as irrigation capacity increased. These differences are
largely a result of slightly greater maize yields under strategy S4 (Fig. 7). For TMY2 under
strategy S4, greater net returns were also attained by irrigating a fraction of the pivot area at
irrigation capacities <8 mm d! but only when the unirrigated fraction was planted to dryland
cotton. Planting the unirrigated area to cotton resulted in greater net returns under TMY'1 and
TMY2. In years with a drought during the growing season (TMY3), lint yields were insufficient
to offset variable costs associated with cotton production.

At or below the threshold irrigation capacity of 8 mm d* under TMY1, there existed an optimal
fraction that maximized net returns which declined with decreasing irrigation capacity (Fig. 10).
For example, at an irrigation capacity of 7 mm d*, an irrigation fraction of 0.75 optimized net
returns under strategy S4 when the unirrigated fraction was managed as fallow. Corresponding
fractions that optimized net returns for S4 with dryland cotton (Fig. 10b) and S3 with fallow
(Fig. 10c and 10d) were 0.7 and 0.74, respectively. Achievement of greater net returns by
concentrating the water is a consequence of lower yields and lower irrigation water
productivities (Fig. 8) combined with the high costs of seed and fertilizer ($535 to $721 hal) and
greater variable costs for irrigated ($992) versus fallow areas ($88) that are incurred when the
entire area is irrigated. The fraction at which the net returns were optimized depended primarily
on the growing season precipitation associated with each TMY and was relatively insensitive to
commodity prices and input costs. For example, increasing the maize price by 50% and fertilizer
costs by 100% for strategy S4 with fallow at an irrigation capacity of 7 mm d* caused the
fraction of the maximum of net returns to shift from 0.74 to 0.84 and 0.67, respectively.

Production risks associated with the irrigated fraction can be visualized by simulating net returns
for the 1993 — 2018 climatic data utilized to develop TMY1 (Fig. 10d). The 50% quantile
quadratic regression line for this data closely approximates the TMY1 trend. Quantile levels of
30% and 70% as well as the simulated net returns for the 1993 — 2018 data unambiguously
demonstrate that production risk increases with increasing irrigated fraction.
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Figure 9. Net returns in response to irrigation scenario (rows S1, S2, S4 (maize and fallow), and
S4 (maize and dryland cotton)) and typical meteorological year (columns TMY1, TMY2, and
TMY3). Net returns are based on revenue and variable costs associated with the entire pivot area.
Decline in irrigation capacity during the growing season was set to 15% for all simulations.
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Figure 10. Net returns for a range of irrigation capacities in response to irrigated fraction for typical
meteorological year TMY1 and (a) strategy S4 with unirrigated area managed as fallow; (b)
strategy S4 with unirrigated area planted to dryland cotton; and (c) strategy S3 with unirrigated
area managed as fallow. In (d) the TMY1 trend line for maize and fallow under strategy S3 is
shown for an irrigation capacity of 7 mm d* and the corresponding simulated net returns at this
capacity for the 1993-2018 climatic data. Also shown are the 50, 30, and 70% quantile levels for
this data set. The “X” shows the local maximum of the TMY1 trend line. Net returns are based on
revenue and variable costs associated with the entire pivot area. Decline in irrigation capacity
during the growing season was set to 15% for all simulations.

Maximum irrigation water productivity in terms of net return (IWP, $ ha') was attained under
TMY1 and TMY?2 across all irrigation capacities for strategies where half of the pivot area was
irrigated for maize production with the other half planted to dryland cotton (Fig. 11). For TMY3,
IWP was greater when the unirrigated area was left in fallow. In this case, irrigating only a
fraction of the pivot area resulted in the greatest IWP’s for all but the greatest irrigation capacity
(12 mm d?).
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Figure 11. Irrigation water productivity (IWP) response to irrigation scenario (rows S1, S2, S4
(maize and fallow), and S4 maize and dryland cotton) and typical meteorological year (columns
TMY1, TMY2, and TMY3). Water productivities are based on net revenue associated with the
entire pivot area divided by the total volume of irrigation water applied irrespective of the
irrigated fraction in S3 and S4. Decline in irrigation capacity during the growing season was set
to 15% for all simulations.
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Applying more seasonal irrigation water did not always generate greater economic benefits. For
example, at an irrigation capacity of 7 mm d-, irrigation of 70% of the pivot area with the
remaining area in fallow resulted in the application of 455 mm 50.9 ha* seasonal irrigation and
generated a net return of $644 ha™* (TMY1 S4). In contrast, irrigation of the entire pivot area
with an irrigation capacity of 7 mm d! resulted in the application of 600 mm 50.9 ha™* seasonal
irrigation and generated a net return of $458 ha*. Greater net revenues with less water volume
resulted in considerably greater irrigation water productivities ($ m=), especially when the
unirrigated area was planted to cotton in years with average (TMY1) and average to above
average (TMY?2) precipitation (Fig. 11).

4. Discussion

Delineating the minimum irrigation capacity for irrigated maize depends on the weather
conditions during the growing season, yield potential, and economic considerations (Lamm et al.,
2007). Results obtained from our analysis (S1 and S2) suggest that with a yield expectation of 13
Mg ha® (~200 bu ac™?) an irrigation capacity of 7 mm d* would be required for growing season
with an average amount of precipitation (TMY1). With lower irrigation capacities, simulated
yield declines rapidly along with irrigation water productivities. Likewise, a return on investment
of greater than 7% in an average growing season requires an irrigation capacity > 7 mm d*. This
threshold irrigation capacity is similar to that suggested by Lamm et al. (2007) for northwest
Kansas maize production. They simulated yield and net return for irrigated maize and
recommended gross irrigation capacities of at least 6.7 mm d! (50% exceedance level) to
achieve positive net returns.

Preseason irrigation of 75 mm (that increased profile water content at planting by ~37 mm)
resulted in a modest yield increase of 1.0 Mg ha* at a capacity of 3 mm d* but had little to no
influence on grain yield at irrigation capacities greater than or equal to 5 mm d*. Irrigation
capacities greater than 5 mm d* were sufficient to overcome soil water deficits at the beginning
of the growing season when crop water requirements were low and application efficiencies
greater. These results are similar to those of the study by Schlegel et al. (2012) in west central
Kansas that showed increased grain yields of 1.3 Mg ha™* with preseason irrigation at capacities
of 2.5 and 3.8 mm d. They concluded that preseason irrigation was unnecessary with irrigation
capacities of 5.0 mm d or greater.

With irrigation capacities <8 mm d in a year with average growing season precipitation
(TMY1), reducing the irrigated area is the most prudent option for optimizing net returns under
maize production. Reducing the area of the irrigated circle by turning off nozzles in the outer
spans (S4) resulted in greater yields compared with omitting irrigation in sectors of the pivot area
(S3). This also has the advantage of maintaining system pressure and reducing problems with
application uniformity associated with supplying water to all spans under reduced flows (Martin
et al., 2019). Planting dryland cotton in the unirrigated fraction improved net returns under
TMY1 and TMY2 but not for a growing season with a drought (TMY3). Because greater
applications of seasonal irrigation water did not always generate greater economic benefits, there
is the opportunity for producers to both increase net returns and save water under reduced
irrigation capacities by irrigating a fraction of the pivot area.
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Evaluations of yield and net revenue response to irrigating a fraction of the land area compared
to the entire pivot area at fixed irrigation capacities are limited in the southern U.S. Great Plains.
Klocke et al. (2006) introduced a water allocation model for limited irrigation to a range of crops
but a detailed analysis of results for irrigated maize was not presented. Using AquaCrop (Raes et
al., 2009) to estimate yields over a range of irrigation capacities in southwestern Kansas, Araya
et al. (2017) inferred that maize yields could be optimized for a sandy clay loam by plating 75%
of the area of a typical center pivot system compared to 50 and 100% of the area for irrigation
capacities of 3.3 mm d* during a “dry” growing season (182 mm precipitation). For a silt loam
soil, yield optimization at 3.3 mm d* was obtained by planting the entire pivot area. Assuming
no seasonal decline in irrigation capacity as did Araya et al. (2017), our results indicate that yield
advantages of planting 50% of the pivot extended to 4 mm d for a growing season with a
drought (TMY3; 100 mm precipitation) in an environment with greater ET demand. For TMY?2
(growing precipitation = 158) yield was maximized at 0.7 to 0.8 of the area irrigated at a capacity
of 3 mm dL. In this case, our yield optimizations that occur at smaller fractions of the pivot area
at low capacities compared to that of Araya et al. (2017) for the silt loam soil reflect the greater
seasonal ET, in the THP compared to southwestern Kansas. Simulated yield declines in the THP
are steeper thereby penalizing the spreading of water. We also note that dryland maize
production is common in western Kansas yet considered unfeasible in the THP.

Foster et al. (2015) also modeled effects of maize yield and profitability using AquaCrop for the
Texas High Plains (Amarillo) to predict the optimum fraction of an irrigated area over a range of
irrigation capacities. For irrigation capacities of 3.8, 5.7, and 7.6 mm d%, net returns were
optimized at irrigated fractions of 0.32, 0.51, and 0.72. In contrast, our results indicated net
returns are optimized at similar irrigation capacities with greater irrigated fractions (e.g. at 4 and
6 mm d* net returns were optimized with irrigated fractions of 0.5 and 0.6, respectively). Our
results show that the transitional point where irrigating the entire pivot area became most
profitable occurred at 9 mm d* whereas this threshold was determined to occur at 11.4 mm d*
by Foster et al. (2015). Noting the relative insensitivity of the optimum fraction to maize prices
and costs discussed earlier, this apparent inconsistency with regards to our study is likely
explained by the fact that Foster et al. (2015) did not consider the timing of irrigation
applications to the entire pivot area. For example, 700 mm of seasonal irrigation to maize was
achieved with an irrigation capacity of 5 mm d* (Foster et al. (2015) whereas considering the
logistics of applying irrigation at this rate, our seasonal irrigation was limited to 525 mm. We
also note that the crop model used by Foster et al. (2015) was not calibrated for the region.
Clearly, the inability of previous modelling assessments at low irrigation capacities to explicitly
account for constraints associated with timing of irrigations and moving the pivot through
unirrigated sectors under restricted irrigation capacities may result in unreliable predictions of
yield and profitability.

The foregoing analyses assumes that well pumping capacities are limited as a result of aquifer
characteristics. However, in many areas of the High Plains Aquifer, annual well production
limits are established by groundwater districts or producer organizations. For instance, the Texas
High Plains Water District (High Plains Water District, 2020b) limits the total amount of
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production to 457 mm (18 inches) per contiguous land area per year. This level of production
equates to an irrigation capacity of approximately 7 —8 mm d* in a normal (TMY1) year for a
pivot contained with a quarter section (65 ha). Newly permitted wells in the THP for which well
production observations are available (High Plains Water District, 2020a) indicate that 83% had
pumping flow rates less than 60 m® h™* which is equivalent to an irrigation capacity of
approximately 2.8 mm d! if water was spread out over 50.9 ha. Obviously, within this
groundwater district, irrigation capacities greater than 7 mm d! are not common because of
limited well production relative to the land area available for irrigated cultivation. In such cases,
well production restrictions established by the groundwater district would not influence how
water allocation decisions are made to optimize net return using our analysis. In cases where the
producer has irrigation capacities that exceed limits on pumping set by established rules,
optimization of maize yield and net returns will need to consider the approach presented by
Dominguez et al. (2012a, 2017) or Bell et al. (2018) in which the volume of water pumped is
limited yet proportionately greater volumes of irrigation are applied during the early reproductive
phases that are most sensitive to water stress.

Because producers do not have the necessary knowledge of weather conditions and accurate
forecasts during the growing season in advance of planting, decisions will unavoidably involve
risks associated with the fraction of the area that is irrigated. Irrigating a smaller fraction can
result in significant opportunity costs if the year is wetter than average. Planting a larger area
with the expectation for a wetter season can result in significant economic losses when
precipitation is below normal. Our simulated results suggest that under limiting capacities,
opportunity costs can be minimized and net returns optimized for an average year (TMY1) by
planting dryland cotton in unirrigated areas. In years with seasonal droughts, forecasting well
before planting time (March) is necessary for producers to respond with appropriate irrigation
practices to mitigate potential losses. The proposed method using TMY 3 to assess irrigation
strategies in conjunction with drought forecasts being implemented by the Texas Water
Development Board (Fernando et al., 2020) would provide actionable information for producers
and also crop insurance provider’s to adjust the planted acreage, reduce crop failures, and
stabilize profit. The combination of optimizing spatial allocation of water to crops (Lépez-Mata
et al., 2016) with weather forecasting (Politi et al., 2018) is being promoted in other areas of the
world, as is the case of the SUPROMED project (www.supromed.eu) within the Mediterranean
basin.

5. Conclusions

The MOPECO crop model adapted to simulate maize water use and yield under center pivot
irrigation in conjunction with the Typical Meteorological Year approach was useful in
delineating the optimal irrigation strategies that maximized net return under limited irrigation
capacities. Inclusion of algorithms to schedule irrigation that considered actual constraints
associated with moving the pivot through a field resulted in lower but more realistic yields
compared with simulations without such restrictions.

Although maize yields for the entire pivot area in an average rainfall year were predicted to be
greater than or marginally less (1 Mg ha) when the entire pivot area was cropped compared to a
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fraction, reducing the irrigated area was the most prudent option for optimizing net returns under

maize production when irrigation capacity was limiting (< 8 mm d*). Greater net returns
achieved with concentrating the water was a consequence of greater irrigation water
productivities combined with the lower seed and fertilizer costs resulting from reduced maize-
cropped land area. Greater applications of seasonal irrigation water did not always generate
greater net returns and therefore there is an opportunity to both increase net returns and save
water by irrigating a fraction of the pivot area.

With the crop production revenue and variable costs used in this study, at an irrigation capacity
of 3 mm d%, net returns were on average negative even when only half the pivot area was planted
to maize. At irrigation capacities from 4 to 5 mm d, net returns were optimized when
approximately half the pivot area was irrigated. For an irrigation capacity of 7 mm d, typical of
the THP, net returns were optimized when approximately 75% of the pivot area was irrigated.
Planting cotton in the unirrigated portion increased net returns except in years with a seasonal
drought (TMY3). The optimal irrigated fraction that maximized net returns depended principally
on growing season precipitation and was relatively insensitive to maize prices and input costs.
Because of the potentially large economic losses under maize production that occur in years with
seasonal drought, accurate climatic forecasting would be indispensable in conjunction with these
simulations to determine optimum irrigation strategies well in advance of planting.
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