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Abstract: Crop water productivity (CWP), irrigation water productivity (IWP), actual seasonal
basal crop coefficient (K;p,), and actual crop evapotranspiration (ET,) are essential parameters for
accurate estimation of crop water requirement to prevent irrigation water waste. These parameters
were evaluated by conducting three experiments using a drought-tolerant maize hybrid and a
non-drought-tolerant (‘standard’) maize hybrid receiving 50, 100, and 150% of the recommended
optimal nitrogen (N) fertilizer rate and grown under well-watered conditions, drought stress from
the 14 leaf collar maize phenological stage (V14) to maize physiological maturity (R6), and drought
stress from the blister maize phenological stage (R2) to R6. Across hybrids, ET, decreased with
increased duration of drought stress. The drought-tolerant hybrid had 7 and 8% greater CWP and
IWP, respectively, compared to the standard hybrid when drought stress began at V14. Mid-season
Kap was 1.08, 0.89, and 0.73 under well-watered conditions and when drought stress began at R2 and
V14, respectively. These results reveal that (i) maize achieved more effective physiological acclimation
with earlier exposure to drought stress, (ii) grain yield of the drought-tolerant hybrid was unchanged
by earlier, compared to later, onset of drought despite a 10% decrease in ET,, and (iii) two phases
of acclimation were identified: Maize K}, declined upon exposure to drought but stabilized as the
crop acclimated.

Keywords: crop coefficient; drought stress; evapotranspiration; maize; water productivity

1. Introduction

Climate change is associated with increased frequency of drought, which is predicted to be
more severe and widespread in the future [1]. According to DeLucia et al. [2], the irrigated area of
the U.S. Corn Belt will need to expand at least three-fold into areas where rain usually suffices to
maintain U.S. maize production at the same level (10.7 Mg ha™!). Drought adversely affects cereal
yields worldwide, with maize (Zea mays L.) having greater sensitivity to drought stress than wheat
(Triticum aestivum L.) [3,4]. Crop yield loss due to drought stress can be mitigated by irrigation, but the
amount of water available for irrigation is limited. Therefore, judicious management of irrigation
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water requires accurate estimation of the factors used to determine water application [5]. There is great
opportunity to improve the efficiency of agricultural water management through enhanced knowledge
of crop water use or water productivity (WP) [6-9]. Crop water productivity (CWP) and irrigation
water productivity (IWP) are measures of grain production per unit of crop transpiration and volume
of irrigation, respectively [9-11].

The effects of drought stress on maize have been studied extensively across a wide range of
growing environments [12-14]. Much of the research has investigated WP of maize under different
water regimes [15-17]. Reduced CWP under dry conditions is often associated with relatively high
water uptake but low grain yield [8]. Greater WP can be achieved when there is maximal soil water
absorption for transpiration and minimal water loss through soil evaporation [18].

Compared to conventional irrigation, wherein water is applied as needed to reduce
yield loss due to drought stress, deficit irrigation can limit unnecessary evaporation, runoff,
and leaching [8]. Compared to irrigation at 100% of evapotranspiration requirement, irrigation at 75%
of evapotranspiration requirement has been shown to increase CWP of maize with 20% less actual crop
evapotranspiration (ET,) [13]. Djaman and Irmak [14] reported that CWP of maize was maximized
at 93 and 100% of ET, of the fully irrigated treatment, while Panda et al. [15] concluded that deficit
irrigation should be based on a 45% maximum allowable depletion of available soil water to achieve
high maize grain yield and field water (precipitation plus irrigation) productivity. The phenological
stage of crop development affects the amount and timing of water needed for deficit irrigation
and thereby influences maize grain yield and WP [19,20]. With drought conditions throughout the
reproductive phase of maize, irrigation at the milk and dough stages of kernel development has a
greater beneficial effect on grain yield of maize than irrigation at later stages [19].

Maize WP increases with increasing nitrogen (N) supply for both deficit and full irrigation up
to the N level required to achieve yield potential at that condition, beyond which an increase in N
supply does not provide additional yield benefit [21]. Adequate N supply improves WP in maize in
part by increasing the crop canopy, which facilitates greater interception of solar radiation and reduces
soil evaporation [22]. Compared to no N fertilization, the application of 120 kg N ha~! to maize was
reported to have no effect on WP in water-limited conditions, but it increased WP by increasing the net
photosynthetic rate when ample water was available [16].

Accurate estimation of reference evapotranspiration (ET,), crop evapotranspiration (ET.), and the
crop coefficient (K.) is vital for calculating the irrigation requirement. Reference ET is evapotranspiration
from a grass reference surface under well-watered conditions, and ET, is water loss from a cropped
field as a combination of soil surface evaporation and crop transpiration with agronomic management
for full production potential [23]. Dual K. improves the accuracy of ET. estimation because it separates
the two independent factors representing the basal crop coefficient (Ky,) and evaporation coefficient
(Ke). The K, is the ratio of ET. to ET, when the surface soil layer is dry, but when the subsurface
layer beyond the zone of evaporation has adequate moisture for transpiration to occur at maximum
potential [24]. When crops are grown under environmental stress, a stress coefficient (Ks) is used to
calculate ET, [23]. The soil water balance approach, which is an assessment of the influx and efflux of
water into the crop root zone during a period of time, can be used to estimate ET, [6,14,19]; however,
ET, and K, vary with crop phenological stage, cultivar, plant-available soil water, and environmental
conditions [6,7].

Regional and crop-specific ET, and K. allow greater precision in crop water management [7,12,25].
Previous estimates of ET, and WP in maize have been based on full irrigation during the entire growing
season, water limitation after the blister stage of maize phenological development (R2), and rainfed
conditions, with little emphasis on K. [14,15,26-28]. There is limited information available on K. by the
phenological development stage for maize under drought stress [25,29], and to our knowledge none
exists for drought-tolerant maize hybrids. Globally, drought stress in maize occurs most frequently
during the reproductive stages of development, and in some cases begins as early as the late vegetative
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stages [30-33]. Water requirements of maize are greatest during the late vegetative to early reproductive
stages, with drought stress during these stages causing severe yield loss [34,35].

Long-term estimates of maize WP in the western U.S. Corn Belt and China show improvements
in CWP over time, which have been attributed to improved cultivars and advances in soil, water, and
crop management [36,37]. Improvements in maize grain yield have been associated with enhanced
tolerance to drought stress [38,39], and drought-tolerant maize hybrids have potential to alleviate
drought-induced yield loss [40-43]. Drought-tolerant hybrids have had greater grain yield and WP than
standard hybrids with deficit irrigation at 50 and 75% of evapotranspiration requirements, although no
yield difference was observed in the absence of drought or under severe drought [15,44].

The present study was designed to compare ET,, WP, and K, of a drought-tolerant maize hybrid
and a standard maize hybrid under well-watered conditions and under moderate drought stress
imposed during advanced phenological stages that coincide with natural and increasingly likely
drought periods encountered in humid and sub-humid maize-producing regions across the globe.

2. Materials and Methods

2.1. Site Description, Experimental Design, and Cultural Practices

In 2013, three independent experiments were conducted at the University of Minnesota Sand Plain
Research Farm near Becker, MN (approximately 45°23’17” N, 93°53’20” W; 295 m above sea level).
The soil at the study sites was a Hubbord-Mosford loamy sand complex (sandy, mixed, frigid Entic
Hapludolls and sandy, mixed, frigid Typic Hapludolls). The soil texture was loamy sand for the
0- to 45-cm depth layers and sand for the 45- to 100-cm depth layers. The mean content of sand,
silt, and clay, respectively, was 860, 60, and 80 g kg~! for the 0- to 45-cm soil depth and 930, 10,
and 60 g kg~! for the 45- to 100-cm soil depth. The soil water content was 0.176 m® m~2 at field capacity
and 0.084 m® m~3 at permanent wilting point within the 0- to 45-cm depth, and 0.105 m® m~3 at field
capacity and 0.035 m® m~2 at wilting point within the 45- to 100-cm soil depth [45].

The three experiments were established in close proximity in the same year to make use of
spatial and temporal uniformity to increase the accuracy of the results. This enabled precise and
timely irrigation application to simulate the drought stress conditions as desired in all three fields
without the confounding effects of differences in weather and soil. Each experiment was planted
to maize following different previous crops, which were three-year-old alfalfa (Medicago sativa L.),
soybean [Glycine max (L.) Merr.], and winter rye (Secale cereale L.) following soybean. Alfalfa and
winter rye were terminated with herbicide 10 days before maize planting. All experiments were
moldboard plowed seven days before maize planting, then field cultivated and culti-packed on the
day of planting. Each experiment evaluated all combinations of three durations of drought stress, two
maize hybrids, and three N fertilizer rates using a split-plot arrangement of these 18 treatments in a
randomized complete block design with four replications. Main plot treatments were a duration of
drought stress and subplots were a factorial arrangement of hybrid and N fertilizer rate. Each main
plot was 6.0 m wide by 11.9 m long, and each subplot was 3.0 m wide by 4.0 m long, with maize planted
in rows spaced 76 cm apart. The three durations of drought stress were: (i) a well-watered control,
restoring soil water content to field capacity at frequent intervals throughout the growing season;
(ii) sustained moderate drought stress from the 14 leaf collar maize phenological stage (V14) to maize
physiological maturity (R6); and (iii) sustained moderate drought from R2 to R6. Sustained moderate
drought stress in this study resulted in maize leaf rolling beginning around mid-day on nearly every
day during the drought-stress period, except on days immediately following irrigation or precipitation.
The V14 and R2 stages were selected for the onset of drought stress because maize is most sensitive to
drought during the late vegetative to early reproductive stages [34,35], and drought commonly begins
around these stages in maize growing regions worldwide [30-33]. Two maize hybrids were used:
(i) a designated drought-tolerant hybrid, NK Brand N42Z-3011A, reported to have non-transgenic
drought tolerance with a relative maturity rating of 99 and maximum yield potential in all growing
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environments; and (ii) a comparable standard hybrid, NK Brand N36A-3000GT, reported to have a
relative maturity rating of 96 and maximum yield in optimum growing conditions.

The three N fertilizer rates were sub-optimal, optimal, and supra-optimal, representing N rates
that were 50, 100, and 150%, respectively, of the expected economically optimum N rate for grain yield.
Optimum N fertilizer rates for grain yield were 123, 168, and 213 kg N ha™! for maize following alfalfa,
soybean, and winter rye, respectively, based on research summarized by Rehm et al. [46,47] and Kaiser
et al. [48] for highly productive irrigated sandy soils. Nitrogen was applied as NH4;NO3, with 45 kg N
ha~! broadcast immediately after planting and the remaining amount sidedressed as a surface band
10 cm to the side of each maize row at the six leaf collar maize phenological stage.

Maize was planted on 23 May 2013 in all the experiments. A plant density of 81,500 plants ha™!
was achieved by hand thinning at the one leaf collar maize phenological stage. Preemergence and
postemergence herbicides were used to control weeds. Additional details on the experimental sites
and cultural practices are provided by Ao et al. [49].

2.2. Soil Water Content Measurement and Irrigation Management

The soil water content was measured for the 0- to 20-, 20- to 40-, 40- to 60-, 60- to 80-, and 80-
to 100-cm soil layers using a time domain reflectometry soil moisture sensor (TRIME-PICO IPH/T3,
IMKO GmbH, Ettlingen, Germany) that was inserted into polyvinylchloride access tubes (Schedule 40,
5.25 cm id). The instrument was calibrated using bulk soil samples collected within the experimental
plot area where maize followed soybean [49]. Five days after planting, the access tubes were inserted
1.0 m deep into the soil after boring holes with a reverse-taper bit on a hydraulically-driven soil tube
(Giddings Machine Co., Windsor, CO, USA). Within a plot, the tubes were positioned between the
center two maize rows at 9.5 and 28.5 cm from one of the rows. Due to time constraints for tube
placement and frequent measurement of soil water content throughout the season, the access tubes
were placed in the selected treatments that were chosen based on their potential to provide meaningful
treatment comparisons. In the experiment where the previous crop was soybean, access tubes were
placed in all replications of treatments of both hybrids receiving the optimal N rate and all three
durations of drought stress. In the experiments where the previous crop was alfalfa or winter rye,
access tubes were placed in all replications of treatments of the drought-tolerant hybrid receiving the
optimal N rate and all three durations of drought stress, and in the treatment combination representing
the optimal N rate, standard hybrid, and drought stress from V14 to Ré6.

At the time of maize emergence, three soil cores per block (i.e., replication) in each experiment
were collected from the 0- to 1.0-m depth using a hydraulically driven soil tube with an inner diameter
of 4.1 cm. Each soil core was separated into 20-cm increments and gravimetric soil water content was
determined using the oven-drying method [50]. Gravimetric soil water content was then converted to
volumetric soil water content and the sum of the values from the 0- to 1.0-m depth was considered as soil
water storage at maize emergence. From the 12 leaf collar maize phenological stage (V12), prior to the
application of different irrigation amounts to the drought stress treatments, until R6, soil water content
was measured from plots with access tubes once per week unless precipitation occurred, in which
case measurements were postponed to the day before the scheduled irrigation (six- to eight-day
intervals). Total soil water content in the 0- to 1.0-m soil profile was used to calculate soil water deficit
to determine irrigation water application from the 10 leaf collar maize phenological stage until R6,
and for estimating ET, throughout the period of measurement [23,51,52] as described in the following
sections. A sampling depth of 1.0 m was used for this study because (i) in these sand-dominated soils,
the effective root zone is <1.0 m; and (ii) sand content in the 80- to 100-cm soil layer was 93% with a
field capacity of 68 g kg™! and a wilting point of 17 g kg™!; thus, plant available water is minimal in this
soil layer and also in those below it. Actual crop evapotranspiration, Kg,, and CWP were calculated for
the selected treatments containing access tubes for measurement of soil water content, while IWP was
determined for all experimental treatments, representing all combinations of three water treatments,
three N rates, and two hybrids in each experiment.
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Uniform irrigation was applied in all drought stress treatments using a solid-set sprinkler system
from the 3 to 10 leaf collar maize phenological stages, and using an on-surface drip irrigation system
from V12 to the mid-dent maize phenological stage (R5.5) [53]. The drip irrigation system for each
experiment had an automated shut-off valve to apply the precise amount of water in each treatment.
The drip tapes were connected to polyethylene header pipes (3.85 cm id) spaced 11.9 m apart and
located at the front of each main plot (i.e., drought stress treatment). There was one line of drip tape
on each side of every maize row. Each line of drip tape was placed 19 cm from the maize row and
had emitters spaced at 15 cm intervals to achieve uniform distribution of water. One maize row was
planted between each pair of adjacent main plots to mitigate edge effects resulting from differential
water application. These buffer rows were fertilized with the 50% N rate and did not receive drip
irrigation. For treatments with drought stress beginning at V14 and R2, irrigation was limited prior to
V14 (21 July) and R2 (12 August), respectively, to achieve the desired moderate drought stress at V14
and R2. Compared to the well-watered control, the treatments with drought stress commencing at V14
and R2 received reduced amounts of water through drip irrigation beginning at the 12 and 16 leaf
collar maize phenological stages, respectively.

A modified checkbook method [54] was used to determine the irrigation amount to apply
twice each week. Daily potential crop evapotranspiration was estimated using reference ET, [23],
weekly volumetric soil moisture data, precipitation, and previous irrigation amounts. At each irrigation
event, the amount of water applied in the well-watered treatment brought the soil moisture level back
to field capacity, and the amount of water applied in the treatments with drought stress was 60 to 70%
of that applied in the well-watered control [49]. Additionally, for every irrigation decision, a visual
observation of maize and the weather forecast of the following few days were taken into consideration.
Additional details on drip irrigation management for the treatments are described by Ao et al. [49].

2.3. Volumetric Soil Water Content Calculation

Volumetric soil water content was determined for each 20-cm increment within the upper 1.0 m of
soil. The equivalent depth of soil water, 0, (cm), for the entire measured depth of the soil profile was
calculated as follows [52]:

Bp =20 (820 + 640 + B0 + Og0 + O100) 1)

3 mm™3) are volumetric soil water content for the 0- to 20-, 20- to

where 029, 040, 060, 080, and 8190 (mm
40-, 40- to 60-, 60- to 80-, and 80- to 100-cm depths, respectively. This, along with ET., precipitation,

and irrigation application, were used to estimate drainage, soil water storage, and ET,.

2.4. Crop Coefficient, Soil Water Balance, and Evapotranspiration

Daily grass reference evapotranspiration was calculated using the Penman-Monteith equation [23,
51]. Daily air temperature and precipitation were obtained from an onsite weather station, maintained
and managed by the University of Minnesota. Solar radiation, wind speed, and relative humidity
were obtained from the nearest USDA-Natural Resources Conservation Service Soil Climate Analysis
Network (SCAN) weather station [55,56] located 6.4 km away at Crescent Lake, MN (SCAN Site
Crescent Lake #1; 45°25" N, 93°57” W; 299 m above sea level) [57]. Vegetation at this SCAN weather
station site is grass and the soil is classified as Hubbard sandy loam (sandy, mixed, frigid Entic
Hapludolls). The soil texture is sandy loam for the 0- to 23-cm depth layer, loamy sand for the 23- to
38-cm depth layer, and sand for the 38- to 203-cm depth layers. The SCAN weather stations receive
annual preventative maintenance and sensor repair [55]. Incoming hourly data from SCAN weather
stations are automatically validated, and values occurring beyond pre-established limits are identified
and subsequently evaluated for accuracy based on plots of data over time and comparisons with data
for other weather variables from different sensors [56].

Daily ET. was estimated as the product of (KsK, + Ke) and ET,, [19,23], and was used to calculate
deep percolation in the water balance equation. The K4, was calculated using the dual K. approach,
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accounting for the water-stress coefficient (Ks). Dual K¢ is the sum of K and K, reduced by water
stress with drought conditions:
Ke =Ko X Kg + Ke 2)

where K, is the basal crop coefficient, Ks is the water stress coefficient, and K, is the soil evaporation
coefficient. All terms are unitless.

The basal crop coefficient was calculated for three phases of maize phenological development,
representing initial (from the date of emergence to the three leaf collar stage), mid-season (from the
10 leaf collar stage to R5.5), and late-season (from R5.5 to R6) growth phases (Ka ini, Kb mid, and Kep ends
respectively) according to Allen et al. [23]. In all experiments, the maize canopy covered >80% of the
soil surface at the 10 leaf collar stage of maize phenological development, supporting the use of this
crop stage as the beginning of the mid-season growth phase [23]. During rapid canopy development,
which in this study was taken from the 3 to 10 leaf collar maize phenological stages, K, is assumed
to increase linearly between K ini and K, mig, at which time the full canopy cover reduces K to
minimum values [23]. The values for K ini, Keb mid, and Kgp eng from Allen et al. [23] were used to
calculate ET.. When the daily mean minimum relative humidity was different from 45% or when wind
speed (1) at 2 m was different from 2.0 m 571, Kb mig and Kgp eng values were adjusted as:

Kab = Kep (Table) + [0.04 (12 = 2) = 0.004 (RHmin, = 45)] (/3)"* ©)

where K¢, (Table) is the value for K, mig or Kep end (if 20.45) from Allen et al. [23], u, is the mean value
for daily wind speed at a 2-m height over grass during the mid- or late-season growth phase (m s™!)

for1ms™t

<up <6ms~ !, RHy,y, is the mean daily minimum relative humidity during the mid- or
late-season growth phase (%) for 20% < RHp,in < 80%, and h is the mean height of maize during the mid-

or late-season phase (m) for 20% < RHpin < 80%. The K was estimated according to Allen et al. [23] as:
Ks = (TAW - Dy)/[(1 - p) TAW] 4

for D; > (p)TAW, where K is a dimensionless transpiration reduction factor based on soil water content
(0-1), TAW is total available soil water in the crop root zone (mm), D; is root zone depletion (mm),
and p is fraction of TAW that a crop can extract from the root zone without suffering water stress.
The value of p was assumed to be 0.59, based on the recommendation of Allen et al. [23] for maize on
coarse-textured soils.

The soil evaporation coefficient describes the evaporation components of ET.. When surface soil
is wet following rain or irrigation, Ke is maximum; when surface soil is dry, K¢ is small or zero. The K¢
was determined as [23]:

Ke = min (K; (Ke max = Kab), few Ke max) )

where K; is the dimensionless evaporation reduction coefficient, K¢ max is the maximum value of K.
following precipitation or irrigation, and fe is the portion of soil that is exposed to solar radiation and
wetted. Additional details regarding these equations used for calculating K, Ke, and Ky are provided
by Allen et al. [23,51].

Actual ET, was calculated on six- to eight-day intervals using the water balance equation [23]:

ET,=P+I1-R-D+C+ASF + AS (6)

where P is precipitation, I is irrigation, R is surface runoff, D is deep percolation below the measured
crop root zone, C is capillary rise, ASF is change in the horizontal subsurface water flux within the
root zone, and AS is change in soil water storage during the measured time interval. All terms are in
millimeters per unit time. The AS was determined using gravimetric soil moisture content measured
at maize emergence and volumetric soil moisture content measured at regular intervals from V12 to R6
according to Equation (1).
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Deep percolation was estimated using daily precipitation, soil water content at the time of planting,
dates and amounts of irrigation water supplied, effective crop rooting depth, crop phenology, and soil
properties. Deep percolation was calculated as follows [15]:

D] = max (P] + Ij - Rj - ETC]' - ACDj.l, 0) 7)

where D; is deep percolation on day j, P; is precipitation on day j, ; is irrigation on day j, R; is
precipitation and/or irrigation runoff from the soil surface on day j, ET; is crop evapotranspiration on
day j, and ACD; is cumulative depletion depth in the root zone at the end of day j-1. All terms are in
millimeters per unit time. Surface runoff from the experimental sites was estimated using the curve
number method, with a curve number of 75 based on land use and soil properties of the sites [58].

It was assumed that subsurface upward water flux and capillary rise were negligible in the sand
and loamy sand soil. Therefore, the soil water balance equation for ET, calculation was reduced to:

ET,=P+I-R-D=AS (8)

For comparative purposes, actual seasonal basal crop coefficient (K,5) was determined following
a modified approach used by previous researchers for K, calculation under deficit irrigation [59,60].
The K, was calculated on six- to eight-day intervals using estimated ET, and evaporation (E) according
to the equations from Allen et al. [23], and ET, was calculated from the field data for the well-watered
control and the two treatments with sustained moderate drought stress as:

Kap = Ka X Ky = (ET, — E)ET, ©)

where ET, is actual crop ET (mm d~!) and ET, is reference ET (mm d™1). Field-based K¢ was computed
using calculated ET, and estimated ET. based on K, and Allen et al. [23] as:

Ks = (ETa - E)/(ETc - E) (10)

Crop water productivity and IWP of maize were calculated using modified equations from
Payero et al. [19]:
CWP = GY/ET, (11)

IWP = GY/I (12)

where CWP is crop water productivity (kg m=3), GY is maize grain yield (g m~2), ET, is total seasonal
actual crop evapotranspiration (mm), IWP is irrigation water productivity (kg m=2), and I is total
seasonal irrigation for a given drought stress treatment (mm).

The date of emergence was 31 May for all treatments and the date of R6 was 24, 20, and 18 September
for the well-watered control and the treatments with drought stress beginning at V14 and R2, respectively.
Reference evapotranspiration, ET,, average Kop miq, CWP, and IWP were calculated using a spreadsheet
software program from maize emergence to 24 September for all three durations of drought stress.
Additionally, we calculated growth-stage-specific Kyp, using Ky, computed at six- to eight-day intervals
from the 10 leaf collar maize phenological stage to R6 from the experiment where maize followed
soybean. All possible precautions were taken to achieve precision in the measurement of soil water
content and calculation of water balance components [61,62]. However, this study used the soil water
balance approach to estimate ET,, which is based on calculations that are reliant upon book values and
assumptions. A more direct approach of measuring the influx and efflux of soil water into the crop
root zone, such as weight-based lysimetry, may produce more representative estimates of ET, [61].
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2.5. Maize Grain Yield Measurement

At R6, maize ears were harvested from the center 2.4 m of the two center rows of each plot and
oven dried at 60 °C until constant mass, followed by shelling and weighing of grain. Maize grain
yield was calculated at 155 g kg~! moisture. A detailed summary of the results of maize grain yield
and yield components was reported by Ao et al. [49]. The grain yield data used in this manuscript
were (i) analyzed for the treatment combinations with calculated ET,, (ii) used to determine CWP for
these same treatment combinations, and (iii) used with the irrigation amount to calculate IWP for all
experimental treatments.

2.6. Statistical Analysis

Statistical analysis was performed for three datasets based on the treatments sampled,
which represent: (i) all durations of drought stress for both hybrids at the optimal N rate from the
experiment where maize followed soybean; (ii) all durations of drought stress for the drought-tolerant
hybrid at the optimal N rate from all experiments; and (iii) drought stress from V14 to R6 for both hybrids
at the optimal N rate from all experiments. Actual crop evapotranspiration, CWP, IWP, maize grain
yield, and average K, mig were analyzed for datasets (i), (ii), and (iii), and growth-stage-specific Ky,
was analyzed for dataset (i).

Data were analyzed with mixed-effect linear models using the MIXED procedure of SAS [63] at
P <0.05. Block (nested within experiment), experiment (i.e., previous crop), and interactions with
block were considered random effects, duration of drought stress and hybrid were considered fixed
effects, and maize phenological stage for K, was considered a fixed effect with repeated measurement.
The UNIVARIATE procedure of SAS and scatterplots of residuals versus predicted values were used
to assess the normality and homogeneity of variance [64]. Means from significant fixed effects were
compared with pairwise t-tests using the PDIFF option of the MIXED procedure of SAS.

3. Results

3.1. Growing Conditions and Water Supply

With the exception of precipitation, weather conditions were within the range for favorable maize
growth (Table 1) [65], thereby allowing the imposed drought stress treatments to be evaluated in the
absence of other abiotic stresses. Seasonal average air temperature was 19.8 °C and maximum daily
average air temperature for July through August was 29.0 °C. Average seasonal relative humidity

was 71%, monthly average wind speed did not exceed 2 m ™!

except in June, and the average vapor
pressure deficit in July through August was 1.11 kPa. Total seasonal ET,, from maize emergence to R6
was estimated as 469 (Table 2). Compared to ET,, the estimated total seasonal ET. was 25 mm greater
for the well-watered control and 59 and 21 mm less for the treatments where drought stress began
at V14 and R2, respectively, when averaged across experiments. The range of ET, 409 to 494 mm,
estimated in this study was comparable to ET. under deficit irrigation estimated by Trout and DeJonge
in a more arid climate with lower relative humidity and ET,, [66].

Total precipitation from maize emergence to R6 averaged 258 mm across all treatments (Table 2).
Total precipitation from the 13 leaf collar maize phenological stage to the dough stage of maize
was 33 mm, with the highest daily amount of 9 mm near the tasseling stage (Figure 1). This low
amount of precipitation during this period of maize growth, coupled with judicious irrigation amounts,
enabled sustained moderate drought stress to be achieved in the treatments with drought stress from
V14 to R6 and R2 to R6. Irrigation was applied from the three leaf collar stage of maize phenological
development until R5.5 (Tables 2 and 3; Figure 1), although soil water deficits may have occurred
beyond this point (Figure 1). Averaged across experiments, total irrigation was 345, 224, and 177 mm
for the well-watered control and treatments with drought stress beginning at R2 and V14, respectively
(Table 2). A total of 105 mm of irrigation was applied from V14 to R6 in the treatment where drought
stress began at V14. In the treatment where drought stress began at R2, 67 mm of irrigation was
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applied from R2 to R6. The approximate deep percolation water loss beyond the effective root zone
was 150 mm in the well-watered control, and 35 and 31% less in the treatments where drought stress
began at V14 and R2, respectively. This study considered the effective root zone to be 0 to 1.0 m,
which is supported by the results of total root length density. Averaged across the experiments where
maize followed soybean and winter rye, the well-watered control and the treatment with drought
stress from V14 to R6, and both hybrids, total root length density of maize after harvest was 13.48,
10.04, 1.10, 0.44, and 0.10 cm cm™2 for the 0- to 15-, 15- to 30-, 30- to 45, 45- to 60-, and 60- to 90 cm soil
layers, respectively, and the value of 0.10 cm cm™ from the 60- to 90-cm soil layer was not significantly
different from zero (P = 0.439) [67]. However, the measurement of soil water content below the 1.0-m
depth in this study may have provided a more comprehensive assessment of soil water balance [14].

At the time of maize emergence, the soil was nearly at field capacity (only 9 mm soil water deficit)
for all three drought stress treatments (Table 2, Figure 1). Across experiments, the average change in
water storage from maize emergence to R6 was —18, —32, and —33 mm for the well-watered control
and the treatments where drought stress began at V14 and R6, respectively. During the period of
imposed drought stress, the average water storage was 75 and 72 mm, respectively, for the treatments
where drought stress began at V14 and R2, and these values were 23 and 19% of total available water
(Figure 1). During the milk stage of maize phenological development on 19 August and 26 August,
soil water storage for the well-watered treatment was slightly less than the threshold below which
evapotranspiration is reduced to less than potential values (90 mm). This occurred near the time when
precipitation was absent for about three weeks, and may have resulted in a slight underestimation
of irrigation amount to meet the crop evapotranspiration demand. The treatments with imposed
drought stress from V14 to R6 and R2 to R6 experienced soil water storage that was near the permanent
wilting point (57 mm) during the mid-R2 to early dent stages of maize phenological development from
16 August to 8 September. This may have caused maize in these treatments to experience more water
stress near this time compared to other times during the period of imposed drought stress. The estimated
cumulative growing season evaporation was 91, 98, and 98 mm for the well-watered control and
the treatments where drought stress began at V14 and R2, respectively (Table 2). These values are
comparable with the evaporation values reported by others from a semiarid area at the western edge
of the central U.S. High Plains [66,68]. Additional details on growing conditions and water supply
were reported by Ao et al. [49].
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Table 1. Monthly average maximum and minimum air temperature (Tmax and Ty, respectively), maximum and minimum relative humidity (RHmax and RHyip,
respectively), wind speed, solar radiation, vapor pressure deficit, and reference evapotranspiration (ET,), and monthly total precipitation during the growing season

of 2013.
Tmax Thin RHpmax RHin Wind Speed Solar Radiation Vapor Pressure Deficit ET, Total Precipitation
Month
°C °C % % ms1 MJm—2d-1 kPa mm d-1 mm
June 28.8 14.3 94.3 44.1 2.3 18 0.9 42 111
July 27.6 13.3 97.5 48.0 1.9 21 1.1 4.5 61
August 29.9 144 93.8 47.2 1.3 20 1.1 41 23
September 23.0 8.1 95.0 44.3 1.7 14 0.9 3.0 62

Table 2. Means and standard errors of cumulative water balance components from maize emergence to maize physiological maturity (R6) for plots with the optimal

nitrogen rate 1.

Previous Crop Drought Stress 2 ET, 3 ET.* Precipitation Irrigation Surface Runoff AS> Deep Percolation ®  Evaporation 7
mm

Alfalfa None 469 494 258 345 8 -26(7) 158 (9) 91
R2-R6 469 448 258 24 6 ~28(2) 100 (3) 98

V14-R6 469 409 258 177 4 _35(2) 101 (1) 98

Soybean None 469 494 258 348 8 -8(2) 144 (2) 91
R2-R6 469 448 258 21 5 -38(3) 104 (2) 98

V14-R6 469 411 258 184 4 35 (3) 100 (2) 98

Winter rye None 469 494 258 346 8 -19 (9) 149 (7) 91
R2-R6 469 449 258 24 6 _33(5) 108 (7) 98

V14-R6 469 409 258 177 4 25 (2) 93 (1) 98

! In the experiment where the previous crop was soybean, the means are from all combinations of three drought stress treatments and both hybrids (standard and drought tolerant). In the
experiments where the previous crop was alfalfa and winter rye, the means are from three drought stress treatments with the drought-tolerant hybrid, and the treatment with drought
stress from the 14 leaf collar maize phenological stage (V14) to maize physiological maturity (R6) with the standard hybrid. Standard errors are within parentheses for those variables with
values that differed among replications due to variability in measured soil water content. 2 None: No drought stress; R2-R6: Drought stress from the blister maize phenological stage to R6;
V14-R6: Drought stress V14 to R6. 3 Reference evapotranspiration calculated using the Penman-Monteith equation [23]. 4 Estimated crop evapotranspiration according to Allen et al. [23].
5 Change in soil water storage during the measured time interval. ¢ Estimated deep percolation of water below the measured crop root zone. 7 Estimated evaporation from wet soil.
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Figure 1. Daily precipitation (Precip), irrigation (Irrig), estimated soil water storage (Storage),
and estimated crop evapotranspiration (ET.) from maize emergence (day 151) to maize physiological
maturity (R6, day 267) for treatments with no drought stress (None), drought stress from the 14 leaf collar
maize phenological stage (V14) to R6 (V14-R6), and drought stress from the blister maize phenological
stage (R2) to R6 (R2-R6) that received the optimal nitrogen rate, averaged across experiments. In the
experiment where the previous crop was soybean, the values for soil water storage are from all
combinations of three drought stress treatments and both hybrids (standard and drought tolerant).
In the experiments where the previous crop was alfalfa and winter rye, the values for soil water storage
are from three drought stress treatments with the drought-tolerant hybrid, and the treatment with
drought stress from V14 to R6 with the standard hybrid.

Table 3. Total monthly irrigation (mm) for treatments with no drought stress (None), drought stress
from the blister maize phenological stage (R2) to maize physiological maturity (R6) (R2-R6), and drought
stress from the 14 leaf collar maize phenological stage (V14) to R6 (V14-R6) for experiments where
maize followed alfalfa, soybean, and winter rye.

Alfalfa Soybean Winter Rye
Month
None R2-R6 V14-R6 None R2-R6 V14-R6 None R2-R6 V14-R6
June 33 33 33 33 33 33 33 33 33
July 115 118 61 118 115 68 116 118 62
August 138 50 61 139 50 60 138 50 60
September 58 23 23 59 22 23 58 23 22

3.2. Actual Crop Evapotranspiration

Actual crop evapotranspiration and related CWP, IWP, and K}, were evaluated for treatment
combinations where volumetric soil moisture measurement access tubes were placed (Tables 4 and 5).
In the experiment where maize followed soybean, seasonal ETj for the treatment with the optimal N
rate was affected only by drought stress (Table 5). Averaged across hybrids in the experiment following
soybean, seasonal ET, declined by 56 and 90 mm when drought stress began at R2 or V14 compared to
the well-watered control, respectively (Table 4). Seasonal ETj for the drought-tolerant hybrid with the
optimal N rate was influenced by drought stress (Table 5). Averaged across experiments, seasonal
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ET, of the drought-tolerant hybrid with the optimal N rate declined by 60 and 97 mm when drought
stress began at R2 and V14, respectively, compared to the well-watered control. When drought stress
commenced at V14 with the optimal N rate, seasonal ET, did not differ between hybrids and averaged
366 mm (Table 4). Maize grain yield is presented in Tables 4 and 5 to assist in the interpretation of ET,,
CWPD, and IWP. A detailed description of grain yield in this study was reported by Ao et al. [49].

Table 4. Maize actual crop evapotranspiration (ET,), grain yield, crop water productivity (CWP),
irrigation water productivity (IWP), and mid-season actual basal crop coefficient (Kyp miq) for treatments
with the optimal nitrogen rate, as influenced by the main effects of drought stress treatment and hybrid.

Components of Dataset Treatment ! ET, Grain Yield CWP IWP Kab mid
mm kg m—2 kgm3 kg m~3

Experiment where maize followed soybean, with None 462 a2 1374 a 297 a 3.94b 1.08 a
four replications of both hybrids subjected to R2-R6 406 b 0.932b 2.29b 422Db 0.89b
three drought stress treatments V14-R6 372c¢ 0.920 b 247b 5.01a 0.73 ¢
Three experiments, with four replications of the None 464 a 1.459 a 3.14a 422b 1.08a
drought-tolerant hybrid subjected to three R2-R6 404b 0.981 b 243 ¢ 440b 0.87b
drought stress treatments V14-R6 367 ¢ 0.954 b 2.60b 532a 0.72¢

Three experiments, with four replications of both ST 365 0.885b 243b 494b

hybrids subjected to drought stress from V14 to R6 DT 367 0.954 a 2.60 a 532a

1 DT: Drought-tolerant hybrid; None: No drought stress; R2-R6: Drought stress from the blister maize phenological
stage to maize physiological maturity (R6); ST: Standard hybrid; V14-R6: Drought stress from the 14 leaf collar
maize phenological stage to R6. 2 Within a column for a given dataset, means followed by the same letter are not
significantly different (P < 0.05).

Table 5. Significance of F tests (P > F) for fixed sources of variation involving drought stress treatment
(D) and hybrid (H) on maize seasonal actual crop evapotranspiration (ET,), grain yield, crop water
productivity (CWP), irrigation water productivity IWP), and mid-season actual basal crop coefficient
(Kab miq) for treatments with the optimal nitrogen rate.

Dependent Variable
Components of Dataset Source of Variation
ET, Grain Yield CWP WP Kb mid
Experiment where maize followed soybean, with D <0.001 <0.001 0.001 <0.001 <0.001
four replications of both hybrids subjected to H 0.386 0.509 0.440 0.163 0.897
three drought stress treatments D xH 0.802 0.152 0.121 0.079 0. 986

Three experiments, with four replications of the
drought-tolerant hybrid subjected to three D <0.001 <0.001 <0.001 <0.001 <0.001
drought stress treatments

Three experiments, with four replications of both

hybrids subjected to drought stress from V14 to R6 H 0216 0010 0.0171 0.010 0.087

3.3. Water Productivity

Crop WP and IWP were influenced by drought stress (Table 5). Across hybrids in the experiment
where maize followed soybean, CWP averaged 25% greater under well-watered conditions compared
to when drought stress was imposed, and CWP did not differ between treatments with drought stress
from V14 to R6 and R2 to R6 (Table 4). Across hybrids in the experiment where maize followed soybean,
IWP averaged 23% greater when maize was exposed to drought stress beginning at V14 compared to
the well-watered control and the treatment where drought stress began at R2. Across experiments for
the drought-tolerant hybrid, CWP was 21 and 29% greater under well-watered conditions compared to
when drought stress began at V14 and R2, respectively, and IWP with drought stress commencing at
V14 averaged 23% greater compared to the well-watered control and the treatment with drought stress
beginning at R2. Across experiments for the treatment where drought stress began at V14, CWP and
IWP were 7 and 8% greater for the drought-tolerant hybrid than the standard hybrid, respectively, as a
result of yield differences because hybrid did not affect ET,.
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3.4. Basal Crop Coefficient

In the experiment where maize followed soybean and received the optimal N rate, K,p mig was
influenced by the drought stress treatment, but not by hybrid or interactions with hybrid (Table 5).
Averaged across hybrids in the experiment following soybean, K, miq declined as the duration of
drought stress increased (Table 4).

For the drought-tolerant hybrid receiving the optimal N rate, K, miq was affected by the drought
stress treatment (Table 5). Across previous crops for the drought-tolerant hybrid with the optimal N rate,
Kab mid Was greater under well-watered conditions than under drought stress (Table 4). Compared to
the well-watered control, K,p mig declined by 0.36 and 0.21 when drought stress began at V14 and
R2, respectively. With drought stress imposed at V14 and the optimal N rate, Kyp miq did not differ
between hybrids.

When maize followed soybean and received the optimal N rate, growth stage-specific Ky, was
influenced by the interaction between onset of moderate drought stress and phase of maize phenological
development (P < 0.001). At each stage of maize development from V12 to R6, K,, was greatest in
the absence of drought (Table 6). Both K, and Ks declined below those of the well-watered control
at the onset of each drought treatment (Figure 2). The field-based K .t was slightly higher than the
K estimated according to Allen et al. [23] during the period of sustained moderate drought stress.
Imposition of drought stress at V14 decreased K, more than drought stress imposed at R2 for most of
the subsequent phenological stages.

Table 6. Actual basal crop coefficient (K,},) by maize phenological stage for treatments with no drought
stress (None), drought stress from the blister maize phenological stage (R2) to maize physiological
maturity (R6) (R2-R6), and drought stress from the 14 leaf collar maize phenological stage (V14) to R6
(V14-R6), across hybrids in the experiment where maize followed soybean and received the optimal
nitrogen rate.

Maize Phenological Stage ! None R2-R6 V14-Ré6
V10 0.93 dA 2 0.93 cA 0.93bA
Vi2 1.13 abA 1.13 aA 1.02 aB
Vie 1.13 abA 1.13 aA 1.06 aB
VT 1.12 abA 1.07 bB 0.81 cC

R1 1.10 bA 1.13 aA 0.74 dB

R2 1.13 abA 0.75dB 0.61 efC

R3 1.12 abA 0.72 dB 0.44 hC

R4 1.11 bA 0.63 eB 0.57 gC
Early R5 0.84 eA 0.60 fB 0.60 efB
Mid-R5 1.15aA 0.65 eB 0.59 fgC
Late R5/R6 3 0.99 cA 0.57 gC 0.63 eB

R6* 0.64°

1V10: 10 leaf collar; V12: 12 leaf collar; V16: 16 leaf collar; VT: Tasseling; R1: Silking; R3: Milk; R4: Dough; R5: Dent.
2 Within a column, means followed by the same lowercase letter are not significantly different (P < 0.05). Within a
row, treatment means followed by the same uppercase letter are not significantly different. 3 Late R5/R6 represents
R5 for the treatment with no drought stress and R6 for the treatments with drought stress. * R6 maize phenological
stage for the treatment with no drought stress. > Not included in the statistical analysis.
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Figure 2. Actual basal crop coefficient (Kp,), estimated water stress coefficient (Ks) according to Allen
et al. [22], and the field-based calculated water stress coefficient (Ks act) of maize by day of year when
there was no drought stress (a), drought stress from the blister maize phenological stage (R2) to maize
physiological maturity (R6) (b), and drought stress from the 14 leaf collar maize phenological stage
(V14) to R6 (c), across hybrids for the experiment where maize followed soybean and received the
optimal nitrogen rate.

4. Discussion

4.1. Maize Evapotranspiration

Results from our research support findings by many others that ET, is dependent on maize
physiological requirements, maize phenological stage at the onset of drought, and environmental
conditions. Our results for the well-watered treatment are consistent with those from Dietzel et al. [8],
who reported a minimum threshold of 400 to 450 mm of seasonal ET, for optimum maize growth in the
central U.S. Corn Belt, although this varies with seasonal ET,, which is influenced by climatic variables
including season length, air temperature, relative humidity, and solar radiation [69]. The range of ET,
in our experiments is also consistent with the range of 356 to 566 mm reported for a deficit irrigation
study of maize in a temperate climate in Serbia [70]. However, in a longer growing season in the
western U.S. Corn Belt with nearly twice as much rainfall, lower relative humidity, and higher solar
radiation, Djaman and Irmak [14] reported substantially higher ET, (587 to 627 mm). Both ET, and
maize grain yield were reduced by moderate drought, consistent with other reports [14,19]. However,
our experiments showed that the grain yield was similar for the two treatments with imposed drought
stress, despite lower ET, when drought stress began at V14 compared to R2. Thus, our results may
indicate that maize achieves more effective physiological acclimation with earlier exposure to drought
stress. This was especially apparent for the drought-tolerant hybrid, which produced a similar grain
yield with 367 mm of ET, over the longer period of drought stress compared to 404 mm of ET, with
later onset of stress. This implies that additional mid-season water application may not contribute to
increased WP. This result is unexpected since the late vegetative to early reproductive period is often
reported as the phase when maize is most sensitive to drought stress [34,35].
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4.2. Maize Water Productivity

As found in the experiment where maize followed soybean, greater ET, in the absence of drought
stress contributed to greater grain yield and greater CWP, supporting previous research showing that
CWP is greater when maize is grown under well-watered compared to water deficit conditions [71-73].
However, CWP can be maximized under moderate drought stress [14,70,74] when the relative reduction
in grain yield is less than the reduction in ET, under deficit irrigation [15,29,66]. In our experiments,
the drought-tolerant maize hybrid had greater yield and thus CWP and IWP than the standard hybrid
under drought stress, but only when drought was initiated at V14. When drought was delayed until R2,
prolonged vegetative growth increased ET, and subsequent drought stress impaired grain production
to a greater extent [49].

This difference between maize hybrids may reflect better physiological acclimation of the
drought-tolerant hybrid to reduced ET, under water deficit conditions [17]. For the particular
drought-tolerant hybrid in the present study, this occurred when extended moderate drought stress
began at a late vegetative stage, but not with the later onset of drought. Adaptation of this hybrid to
drought stress may have been due to greater stomatal conductance, higher radiation use efficiency, and
reduced transpiration rate [70,75], the benefits of which would be enhanced during late vegetative
growth [34]. Recognizing that the mechanisms of drought tolerance may differ among improved maize
hybrids, we infer that hybrids with similar mechanisms as the one we evaluated may allow farmers to
limit water application earlier in maize development than recommended by Payero et al. [19].

4.3. Basal Crop Coefficient

In the present study, Kyp miq of maize was reduced with the earlier onset (increased duration)
of drought stress. Compared to the treatment with drought stress beginning at R2, drought stress
beginning at V14 resulted in smaller plants with less leaf area for transpiration [76] and more instances
of lower ET,, which likely contributed to lower K,p mig- The treatment with later onset of drought
stress had lower K, mig compared to the well-watered control, possibly because the exposed leaf area
for transpiration was reduced by drought stress-induced leaf rolling that we observed in the field [34].
In the absence of drought stress, Kyp miq in this study (1.08) was similar to the values reported by
previous researchers [23,25,77], slightly higher than the range of 0.96 to 1.02 found by Facchi et al. [78],
and 0.18 lower than the grass-based crop coefficient of maize reported by Djaman and Irmak [59].
The lower K}, miq in the two drought stress treatments was associated with less total available water in
the 0- to 1.0-m soil layer, which limits evapotranspiration and reduces ET, [23].

Growth stage-specific values of K,, throughout the growing season in this study exhibited
greater fluctuation when maize was exposed to drought stress. The smaller K, at V12 for the
treatment with drought stress imposed at V14 compared to the other treatments was due to reduced
irrigation beginning at the 11 leaf collar maize stage in order to create moderate drought stress by
V14. Similarly, the 6% reduction in K}, at tasseling compared to the 16 leaf collar maize phenological
stage in the treatment with drought stress from R2 to R6 reflects judicious management of irrigation in
preparation for exposing maize to moderate drought stress at R2. The drop in K act for the well-watered
treatment during the late reproductive period was likely caused by soil water storage during the
milk stage of maize phenological development that was slightly less than the threshold below which
evapotranspiration is reduced to less than potential values, and may have caused some stress in the
well-watered treatment. For the treatments with imposed drought stress from V14 to R6 and R2 to R6,
Ks act was only moderately depressed compared to the estimated Ks. This may have been due to the
crop being able to physiologically adjust to reduce evapotranspiration [23].

The decline in Ky}, after imposition of drought stress coincided with the gradual decline in
calculated K in both drought stress treatments. However, K,, did not continue to decline with
numerous, periodic declines in K. These results suggest that change in K}, during the drought stress
period occurred in two phases that can be categorized as a transitional or intermediate phase and an
acclimated phase. During the transitional phase, K,;, declined as the crop acclimated to increasing crop
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water stress (Ks). Once acclimated, little change in K, occurred after sustained moderate drought
stress conditions were established, even though K varied widely around a mean. This finding from
the field supports the conclusions by Harb et al. [79], based on research conducted with Arabidopsis
under highly controlled conditions. The initial decline in K, could have been brought about by the
abrupt reduction in soil moisture content that reduced plant water potential, which in turn triggered a
physiological mechanism for stomatal control of transpiration and gradual acclimation of K}, to the
newly adjusted soil moisture condition [80].

An important determinant of ET, for making irrigation decisions is K}, which can vary depending
on crop phenological stage and growing environment. Our results contribute to better estimation of
Kap for more precise irrigation management, especially when maize experiences prolonged, moderate
drought stress.

5. Conclusions

This research was conducted under conditions that may well become more common as climate
change alters rainfall amounts and timing in many temperate, humid, and sub-humid areas. Using a
soil with relatively limited water holding capacity and a precision drip irrigation system allowed us to
control the severity of drought stress. We exposed a standard maize hybrid and a drought-tolerant
maize hybrid to extended periods of moderate drought stress, evidenced by midday leaf rolling that was
relieved overnight. Imposition of drought stress during late vegetative development improved CWP
compared to stress initiated during early reproductive development, even though these treatments
produced a similar grain yield. The drought-tolerant hybrid showed greater improvement in IWP
with a longer duration of drought stress than the standard hybrid.

We observed two phases of the crop coefficient, K,p,, in response to drought: an initial transitional
phase represented by declining K3, followed by an acclimated phase with stable K;},. If drought is
prolonged, two subdivisions of K,,, may be required to estimate irrigation requirements accurately.
In addition, it appears that maize can achieve a more effective physiological acclimation with earlier
exposure to drought stress, since grain yield did not differ between the shorter and longer drought
periods we imposed.
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