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ABSTRACT. Corn (Zea mays L.) for grain continues to be an important crop for livestock feed in the Texas High Plains 
(THP) region despite lackluster prices. It offers greater crop water productivity compared with other crops grown in the 
region but also has a relatively high water requirement, which must be met by irrigation. The sole water resource in the 
region is the Ogallala Aquifer, which is declining because withdrawals exceed recharge, and this is of major concern. 
Producers are interested in the performance of drought-tolerant (DT) corn, but data on DT crop production functions are 
limited. From 2015 to 2017, studies of DT corn response to different irrigation treatments were conducted in the THP at 
Bushland, Texas. Results showed that grain yields, seasonal evapotranspiration (ETc), and crop water use efficiency (WUE) 
varied significantly between seasons and among different DT hybrids. Comparisons between a mid-season (MS) and an 
early-maturing (EM) hybrid showed: (1) at the severe deficit irrigation treatment level, grain yields were low, but the EM 
hybrid produced 400% more grain; (2) at the moderate deficit irrigation treatment level, grain yields and ETc were similar; 
and (3) at the full irrigation treatment level, the EM hybrid required 75 mm less water, but it produced 24% less grain. Non-
hail damaged MS DT corn produced grain yields that were numerically greater than conventional corn grown in the THP 
in an optimal year. However, during drought seasons, DT hybrid response was not improved over conventional hybrids 
under severe deficit irrigation. This study demonstrated that MS DT corn hybrid P1151AM, irrigated at a level that fully 
met evapotranspiration demand, resulted in grain yield and WUE levels that were near the upper limits for corn produced 
in the THP. Further research is needed to determine the constancy of response among different DT hybrids under favorable 
and drought conditions. 

Keywords. Center pivot, Deficit irrigation, Early-maturing corn, Hail damage, Mid-season corn, Variable-rate irrigation, 
Water use efficiency. 

n the Texas High Plains (THP) region, grain production 
for livestock is a major driver for irrigated agriculture, 
and corn remains the main crop for cattle feed. How-
ever, corn requires more water than other major crops 

grown in the area to maximize grain yields and water use 
efficiency. Corn yields in the region are highly variable from 

season to season depending on several factors, including soil 
type, the amount of water stored in the soil, the timing and 
amount of seasonal precipitation and irrigation, evaporative 
demand, severe weather, and cultivar response (Lyle and 
Bordovsky, 1995; Howell et al., 1998; Tolk et al., 1998; 
Klocke et al., 2011). Irrigation helps to stabilize corn yields 
(Klocke et al., 2007); however, large withdrawals from the 
Ogallala Aquifer are of major concern, and producers are un-
der pressure to irrigate more efficiently and use less water 
for agriculture (Wagner, 2012; Weinheimer et al., 2012). 
Undoubtedly, irrigation application efficiency has improved 
since the conversion from furrow to sprinkler irrigation, and 
now more than 77% of irrigated acres in Texas are served by 
center-pivot sprinklers (USDA-NASS, 2014), while in the 
THP region that percentage is greater than 85%. Producers 
in the region are known for using low-pressure center-pivot 
systems designed for efficiency (Amosson et al., 2014) and 
application methods intended to minimize evaporative 
losses to surface evaporation, wind, and high temperatures, 
such as low-elevation spray application (LESA) and low-en-
ergy precision application (LEPA) (Colaizzi et al., 2004). 

Drought-tolerant (DT) corn hybrids became available in 
2011 with the release of Pioneer Optimum AQUAmax and 
Syngenta Artesian, traditionally bred product lines based on 
experiments that demonstrated long-term improvement of 
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grain yield under drought conditions (Mannion and Morse 
2012; Cooper et al., 2014; Gaffney et al., 2015). A third DT 
corn hybrid, and the only DT corn biotechnology product on 
the market, was Genuity DroughtGard from Monsanto 
(Nuccio et al., 2018). Gaffney et al. (2015) reported that AQ-
UAmax hybrids yield greater (6.5%) than industry-leading 
hybrids under water-limited conditions during flowering or 
grain-fill, and AQUAmax hybrids yielded 1.9% greater un-
der favorable conditions. Data were accumulated from re-
search trials conducted in different locations within the U.S. 
Corn Belt from 2008 to 2010 and from on-farm testing from 
2010 to 2012. Adee et al. (2016) reported yield advantages 
of 5% to 7% for DT hybrids (AQUAmax and DroughtGard) 
grown alongside non-DT hybrids in medium to high ET en-
vironments within the Central High Plains. 

If DT corn hybrids produce yields similar to conventional 
(CONV) hybrids in the THP, then coupling efficient irriga-
tion design with DT corn and prudent irrigation scheduling 
could aid producers in reducing irrigation amounts while 
maintaining profitable yields. Yield responses for DT corn 
hybrids grown in the THP have shown mixed results relative 
to CONV corn hybrids. Mounce et al. (2016) reported no 
significant difference in grain yields at Bushland, Texas, be-
tween Pioneer varieties P0876HR (DT hybrid) and 33Y75 
(CONV hybrid) grown in 2013 (a relatively dry year) and 
2014 (an optimal year with plentiful in-season precipitation 
and low maximum air temperatures). However, direct soil 
water measurements for each hybrid demonstrated that the 
mean cumulative irrigation amounts required by the DT hy-
brid in the 2013 and 2014 growing seasons were less (25 to 
50 mm) compared with the CONV hybrid at each irrigation 
treatment level. Hao et al. (2015a) reported that two 
(P1151HR and P1564HR) of four AQUAmax hybrids 
(P1151HR, P1324HR, P1498HR, and P1564HR) grown dur-
ing three drought years (2011-2013) in Etter, Texas (located 
in the northern part of the THP region) consistently produced 
significantly greater grain yields and WUE in treatment plots 
irrigated at 50% of full ETc. Yield advantages ranged from 
8% to 21% as compared with CONV Pioneer hybrid 33D49. 
In 2012 and 2013, these same DT hybrids produced signifi-
cantly greater yields and WUE at irrigation treatments of 
75% of ETc. At full irrigation, grain yields were similar 
among DT and CONV hybrids. In a subsequent study, Hao 
et al. (2016) reported that yields from DT corn hybrid 
P1151HR grown in the relatively wetter year of 2014 out-
performed grain yields produced by CONV hybrid 33D49 
by 19% and 40% at irrigation treatment levels of 100% and 
50% of ETc, respectively. In studies conducted in 2014 and 
2015 in Etter, Zhao et al. (2018) reported that DT hybrids 

P1151AM and N75H produced grain yields similar to those 
of CONV hybrids 33D53AM and N74R irrigated at 100% of 
ETc in 2014 and 2015. In 2014, the grain yield and WUE 
were significantly greater for P1151AM than for both 
CONV hybrids. Greater grain yield was attributed to greater 
biomass, harvest index, kernel weight, and kernel number. 

While the performance of DT corn hybrids relative to 
CONV hybrids is mixed, these studies help allay concern 
that DT hybrids will underperform in moderate- to high-
yield environments, a topic investigated by Chang et al. 
(2013) and Lindsey and Thomison (2016). However, more 
information is needed to determine if early-maturing DT hy-
brids provide substantial savings in irrigation without signif-
icant yield penalties compared with mid-season DT corn hy-
brids, and whether there is consistency in DT corn grain 
yield and WUE performance at mild-deficit irrigated levels 
for corn produced in the THP region. In this study, we used 
direct soil water measurements from each type of hybrid 
treatment plot to determine how much water to apply to each 
different hybrid during a seven-day period, as described by 
Mounce et al. (2016). This method of irrigation scheduling 
is unique compared to other studies of DT corn in the THP 
region. The objectives of this article are to: (1) summarize 
the crop response, yield, ETc, and WUE of mid- and early-
season DT corn hybrids grown in Bushland, Texas, over the 
past three years; and (2) compare these recent data to histor-
ical information for corn grown in the region. 

MATERIALS AND METHODS 
The experiments were conducted at the USDA-ARS Con-

servation and Production Research Laboratory (CPRL) in 
Bushland, Texas (35° 11 N, 102° 6 W, elevation 1190 m 
above mean sea level). The soils are Pullman clay loam (fine, 
superactive, mixed, thermic torretic Paleustoll; USDA-
NRCS, 2010). All corn hybrids were of Pioneer Optimum 
AQUAmax variety with comparative relative maturity 
(CRM) ranging from 96 to 115 days. The planting dates, 
seeding rates, and irrigation treatment levels are presented in 
table 1. The field capacity (0.33 m3 m-3) and wilting point 
(0.19 m3 m-3) water contents were assumed uniform across 
the center-pivot field. The climate is semi-arid with an aver-
age annual precipitation of 470 mm. 

Corn was planted under variable-rate irrigation (VRI) 
center-pivot systems (six-span and three-span) outfitted with 
zone control, as described by O’Shaughnessy et al. (2013). 
The VRI system allowed randomized irrigation treatments in 
radial and arc-wise directions. For each season, only one-
half of the field was planted, allowing rotation of the crop to 

Table 1. Summary of corn hybrids planted, planting dates, planting rates, and irrigation treatment levels for the 2015-2017 growing seasons in 
Bushland, Texas. 

Year 
Hybrid 

(DuPont Pioneer) 

Drought 
Tolerance 
Rating[a] 

Comparative 
Relative Maturity 

(days) Planting Date 
Seeding Rate 
(seeds ha-1) Irrigation Levels[b] 

2015 P0157AM (DT) 9 101 June 23 (DOY 174) 79,000 100%, 75%, 50% 
P9697AM (DT) 9 96 June 23 (DOY 174) 79,000 100%, 75%, 50% 

2016 P1151AM (DT) 9 111 May 13 (DOY 134) 79,000 100%, 80%, 50%, 30%, 0% 
P0157AM (DT) 9 101 June 16 (DOY 168) 79,000 100%, 80%, 50%, 30% 

2017 P1151AM (DT) 9 111 May 17 (DOY 137) 84,000 100%, 80%, 50%, 30%, 0% 
[a] Dupont Pioneer Corn Seed Guide (2015-2017) (https://www.pioneer.com/home/site/us/products/corn/seed-guide). 
[b] Replenishment of soil water depletion to field capacity 



62(3): 1365-1375  1367 

the fallowed half the following season. Seed was planted in 
concentric rows spaced 0.76 m apart, with plots at least 
12 rows wide and arranged in a split-plot design with hybrid 
and irrigation treatment levels as main effects. Cultural prac-
tices were comparable to those of producers in the region 
practicing conventional tillage. Nitrogen and phosphorous 
were applied prior to bed preparation to obtain target yields 
of 1.42 kg m-2 (225 bushels per acre) after composite soil 
sample analyses were performed in the early spring of each 
year by a commercial company. 

Irrigation treatments were based on replenishment of a 
percentage of soil water depletion to field capacity in the top 
1.5 m of soil and based on weekly neutron probe (NP) read-
ings. In 2015, the three treatment levels were full, mild def-
icit, and moderate deficit, designated I100, I75, and I50, respec-
tively. In 2016 and 2017, there were five irrigation treatment 
levels, including a mild deficit irrigation treatment level that 
was slightly different at I80, a severe deficit treatment (I30), 
and a rainfed treatment (I0). The treatment designations were 
labeled Ix, where x indicates the percent replenishment of soil 
water depletion to field capacity. The NP meters (model 
503DR1.5, Instrotek, Campbell Pacific Nuclear, Martinez, 
Cal.) were field-calibrated using methods described by Evett 
(2008). The NP access tubes were placed in the center of 
each plot to a depth of 2.3 m so that changes in the soil water 
profile (ΔS) could be accurately determined within the root 
zone. 

Weather data were collected from standalone weather sta-
tions located in each center-pivot field. Measurements in-
cluded solar irradiance by a pyranometer (model LI-200R, 
LI-COR Biosciences, Inc., Lincoln, Neb.), air temperature 
and relative humidity by an encapsulated sensor (model 
HC2S3, Rotronic Instrument Corp., Hauppauge, N.Y.), pre-
cipitation by a tipping-bucket rain gauge (model TE525, 
Texas Electronics, Dallas, Tex.), and wind speed by a cup 
anemometer (Wind Sentry 03101, Campbell Scientific, Lo-
gan, Utah). Data were sampled every 5 s and averaged and 
stored every 1 min with a datalogger (model CR1000, Camp-
bell Scientific). This information was used to calculate ref-
erence evapotranspiration (ETo; ASCE, 2005). The soil wa-
ter balance method was used to calculate crop water use 
(ETc) for each cropping season using equation 1: 

 ETc = I + P + F – ΔS – R (1) 

where I is the amount of irrigation water applied (mm), P is 
precipitation (mm), F is flux across the lower boundary of 
the control volume, and R (mm) is runoff. The value of F 
was set to zero because NP data from the bottom two meas-
urement depths indicated negligible soil water flux. All stud-
ies were arranged in a split-plot design in which whole plots 
were hybrids planted in a concentric pattern and subplots 
were irrigation treatments. Furrows were diked for rainfall 
retention and to mitigate runoff, so that R = 0 (Lyle and 
Dixon, 1977). 

In 2015, the field was planted on June 23 with two early-
maturing (EM) corn hybrids (P0157AM and P9697AM). 
The crop was irrigated using low-elevation spray application 
(LESA), with the drops spaced in every other furrow and the 
nozzles approximately 0.33 m above the ground. Similar to 

the previous study, there were five replications of each hy-
brid by irrigation treatment, and the irrigation treatment lev-
els were I100, I75, and I50. 

To investigate the differences in crop response between a 
mid-season (MS) DT hybrid (P1151AM) and an EM DT hy-
brid (P0157AM), the two hybrids were planted in the same 
year (2016) but approximately 30 days apart. The MS DT 
hybrid was planted under the three-span VRI system in mid-
May, and the EM hybrid was planted under the six-span VRI 
system in mid-June (table 1). The irrigation treatment levels 
were I100, I80, I50, I30, and I0 for the MS hybrid and I100, I50, 
and I30 for the EM hybrid. Both fields were irrigated using 
LESA, and there were six replications for each type of treat-
ment plot. 

Finally, in 2017, MS DT hybrid P1151AM was planted a 
second year in mid-May under the three-span VRI system 
and irrigated using LESA at the same five treatment levels 
as in 2016. Crop response between the two seasons for this 
MS DT hybrid was compared between the two years. 

Water use efficiency (WUE) was defined as: 

 
Economic yield

WUE
ETc

  (2) 

where economic yield is the wet-basis grain at 15.6% mois-
ture, and ETc spans from planting to harvest (Howell, 2001). 

Growing degree days (GDD) were calculated as (McMas-
ter and Wilhelm, 1997): 

 
 

GDD
2

max min
base

T T
T


   (3) 

where Tmin (minimum daily air temperature) and Tmax (max-
imum daily air temperature) were constrained at 10°C and 
30°C, respectively, and Tbase is the crop-specific baseline de-
velopment temperature (10°C for corn; Gilmore and Rogers, 
1958). 

Mean crop responses, grain yield, ETc, and WUE were 
analyzed for differences using the mixed linear model pro-
cedure of PROC MIXED (Littell, 2006) (SAS ver. 9.4, SAS 
Institute, Inc., Cary, N.C.). Main effects were hybrid and ir-
rigation treatment levels. Student’s t-test was used to com-
pare mean values. 

RESULTS 
CLIMATIC CONDITIONS 

Annual and within-season precipitation (June through 
October) was less than average in 2016 and greater than av-
erage in 2015 and 2017 (table 2). Hailstorms occurred on 
13 June and 8 July 2015, 13 June 2016, and 2 July 2017. ETo 
was greatest in June and July for each of the three years. In 
2015, precipitation in June, July, and October was above av-
erage. Drought conditions prevailed in May through early 
August of 2016 and in May and June of 2017. 

COMPARISON OF TWO EARLY-MATURING  
DT CORN HYBRIDS 

In 2015, 50% (264 mm) of total precipitation for the 
growing season occurred during the vegetative growth stage, 
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while 16% (89 mm) occurred during the reproductive stages, 
and 27% occurred after physiological maturity. Harvest was 
delayed until early November because of difficulty entering 
the muddy fields. 

Cumulative seasonal irrigation amounts were 254, 190, 
and 127 mm for the P0157AM hybrid and 290, 218, and 
145 mm for the P9697AM hybrid in the I100, I75, and I50 irri-
gation treatment levels, respectively. The P0157AM hybrid 
required 36 and 28 mm less at the I100 and I75 irrigation treat-
ment levels, respectively, while producing similar mean 
yields. The first irrigation event was applied at the 10-leaf 
stage, and then two weeks later at tassel, and then every 3 to 
5 days throughout the reproductive stages. Irrigation for both 
hybrids was terminated after September 23 (DOY 266) when 
P0157AM was in the early dent stage and P9697AM was in 
the late dent stage. Average plant-available water in the top 
1.5 m profile at the time of termination in the I100 treatment 
was 166 and 160 mm for P0157AM and P9697AM, respec-
tively. 

Overall mean biomass, kernels per ear, and kernel weight 
were similar between hybrids; however, harvest index (HI) 
(ratio of biomass to grain mass) was greater for the 
P0157AM hybrid. Grain yield response to ETc was linear for 
both hybrids (fig. 1). Data analyses indicated that overall 
grain yield and WUE were similar between hybrids; how-
ever, overall mean ETc was significantly greater for the 
P9697AM hybrid. At the I100 and I75 treatment levels, grain 
yields and WUE were similar between hybrids. However, at 
the I50 treatment level, grain yield and WUE were signifi-
cantly greater for the P9697AM hybrid (table 3). Seasonal 
ETc was significantly greater for the P9697AM hybrid at the 
I75 treatment level. Grain yield and WUE for the EM hybrids 
in the current study were less than the values reported by 
Mounce et al. (2016) for DT hybrid P0876HR (i.e., yield of 
0.99 and 1.32 kg m-2 and WUE of 1.98 and 2.63 kg m-3 for 
2013 and 2014, respectively) at the CPRL. WUE values 
were much smaller in this study due to the large amounts of 

Table 2. Mean meteorological data reported monthly for growing seasons 2015-2017 at Bushland, Texas. 

Year and Month 

Cumulative 
Precipitation 

(mm) 

Air Temperature 

 

Relative Humidity Solar 
Irradiance 

(MJ m-2 d-1) 

Wind 
Speed 
(m s-1) 

Reference 
ET (ETo)[a] 
(mm d-1) 

Maximum 
(°C) 

Minimum 
(°C) 

Maximum 
(%) 

Minimum 
(%) 

2015 June 74 30.6 17.0  94.5 38.0 23.4 4.1 6.1 
 July 227 32.6 24.4  94.8 35.1 23.5 3.3 5.5 
 Aug. 65 31.7 24.0  90.3 36.5 22.6 2.9 4.9 
 Sept. 21 30.0 22.4  87.6 32.8 19.4 3.3 5.2 
 Oct. 128 22.4 15.9  95.0 46.0 12.8 3.0 2.5 
2016 May 31.5 25.3 9.3  88.8 30.8 24.3 4.7 5.9 
 June 35 33.0 17.2  90.2 27.1 26.2 3.9 7.0 
 July 23 36.0 19.2  83.0 22.7 25.8 3.7 7.5 
 Aug. 178 31.0 17.0  97.4 36.3 20.7 3.0 4.7 
 Sept. 21 28.9 14.4  96.4 39.0 19.5 3.3 4.1 
 Oct. 0 27.2 8.9  81.9 22.9 15.9 4.7 5.6 
2017 May 15.6 27.4 8.0  87.8 21.5 25.3 4.3 5.5 
 June 44.2 33.7 15.1  96.0 39.6 24.6 4.1 6.4 
 July 107.6 35.1 18.0  91.4 33.0 23.4 3.4 5.7 
 Aug. 189.4 29.8 16.3  98.5 49.9 20.6 3.0 3.8 
 Sept. 40.4 27.9 12.7  90.7 41.3 17.1 3.5 3.4 
 Oct. 84.0 23.0 6.4  94.9 42.2 15.0 4.4 3.4 
[a] Reference evapotranspiration (ETo) was calculated using standardized methods (ASCE 2005). 

 

Figure 1. Grain yield (adjusted to wet basis of 15.6%) plotted against seasonal crop water use for DT corn hybrids P0157AM and P9697AM grown 
in Bushland, Texas, in 2015. 
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precipitation received after the crop had reached physiolog-
ical maturity. Precipitation totals through harvest (Novem-
ber 2015) were used to calculate seasonal ETc. However, our 
results for dry grain yield and WUE were similar to the crop 
responses described by Zhao et al. (2018) for MS DT hybrids 
P1151AM (yield of 0.92 kg m-2 and WUE of 1.28 kg m-3) 
and N75H (yield of 0.83 kg m-2 and WUE of 1.13 kg m-3) 
grown in 2015 in the THP. The planting date for that study 
was June 4 (DOY 156). 

A comparison of mean yield components between hy-
brids indicated that biomass, kernels per ear, and kernel 
weight were similar; however, HI was significantly greater 
for the P0157AM hybrid. Comparisons between hybrids at 
the same irrigation level showed that mean biomass, kernels 
per ear, and kernel weight were similar at the I100 and I75 
treatment levels. However, kernel weight was significantly 
greater for the P9697AM hybrid in the I50 treatment, and HI 
was significantly greater for the P0157AM hybrid across all 
three irrigation treatment levels (table 3). Overall, the 

P0157AM hybrid required less cumulative irrigation to pro-
duce grain yields similar to the P9697AM hybrid and was 
more efficient in producing economic yield. 
COMPARISON OF RESPONSES OF MID-SEASON  
AND EARLY-MATURING DT HYBRIDS 

The MS hybrid (P1151AM) and EM hybrid (P0157AM) 
were planted in 2016 in the 3-span and 6-span VRI fields, 
respectively. Uniform irrigations of the MS hybrid were ini-
tiated on May 19, 2016, six days after planting, to establish 
the plant stand. Differential irrigation treatments were 
started on DOY 160 (June 6) at the V6 stage. Post-plant irri-
gations were initiated on DOY 169 (June 17) for the EM hy-
brid, and differential treatments were started on DOY 177 
(June 25). Monthly cumulative rainfall for May, June, and 
July (DOY 122 to 213) was 35 mm or less, and the greatest 
evaporative demand occurred in late June through July 
(DOY 174 to 213). The MS hybrid was in the VT (tasseling) 
stage on DOY 197, while the EM hybrid was in the vegeta-
tive stages during this hot dry period (fig. 2). The EM hybrid 

Table 3. Mean crop response between drought-tolerant hybrids Pioneer P0157AM and P9697AM grown in 2015 at Bushland, Texas. Mean values 
followed by the same letter are not significantly different at p < 0.05. 

Treatment 
Dry Grain Yield 

(kg m-2) 
ETc 

(mm) 
WUE 

(kg m-3) 
Biomass 

(g) 
Kernels 
per Ear 

Kernel Weight 
(mg) 

Harvest 
Index 

Hybrid        
 P0157AM 0.87 a 783 b 1.11 a 2951 a 449 a 240 a 0.59 a 
 P9697AM 0.91 a 797 a 1.14 a 2819 a 445 a 242 a 0.52 b 
Hybrid  Irrigation        
 P0157AM  I100 0.99 a 845 a 1.17 a 3147 a 457 a 267 a 0.62 a 
 P9697AM  I100 1.01 a 857 a 1.18 a 3032 ab 453 ab 265 a 0.54 b 
 P0157AM  I75 0.90 b 782 c 1.15 a 3050 ab 450 ab 248 b 0.60 ab 
 P9697AM  I75 0.91 b 805 b 1.13 a 2815 bc 447 ab 239 b 0.51 c 
 P0157AM  I50 0.73 d 721 d 1.01 b 2656 c 429 b 205 d 0.55 b 
 P9697AM  I50 0.81 c 729 d 1.11 a 2612 c 447 ab 223 c 0.52 c 

Figure 2. Daily precipitation and calculated reference evapotranspiration (ETo; ASCE, 2005) crop water use (ETc = ETo  Kc, where Kc values 
were derived from Bushland, Texas, by Howell et al., 2006) for the mid-season (MS) corn hybrid P1151AM and early-maturing (EM) corn hybrid 
P0157AM in the 2016 growing season. 
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did not reach the VT stage until DOY 224. Sixty-two percent 
of seasonal rainfall occurred in August. Irrigations for both 
hybrids were terminated on DOY 231 (August 18), at which 
time the MS hybrid was in the R5 (dent) stage and the EM 
hybrid was entering the R3 (milk) stage. The average soil 
water depletion for the I100 EM hybrids was <6% in the top 
1.5 m on DOY 253, when the crop was in the R4 (dough) 
stage, and <10% when the crop was in the R5 (dent) stage 
on DOY 264, indicating adequate plant-available water in 
the root zone (data not shown). 

The MS DT hybrid was harvested on DOY 286 (Octo-
ber 12), and the EM DT hybrid was harvested on DOY 298 
(October 24). Mean cumulative irrigation amounts of 445, 
396, 254, 157, and 10 mm were applied to the MS hybrid in 
the I100, I80, I50, I30, and I0 irrigation treatments, respectively. 
For the EM DT hybrid, mean cumulative irrigation amounts 
were 368, 304, 229, and 178 mm were applied in the I100, I80, 
I50, and I30 irrigation treatments, respectively. Environmental 
conditions were more favorable for the EM DT hybrid, i.e., 
lower evaporative demand and rainfall occurred during the 
reproductive growth stages. 

A statistical analysis of the crop response was performed 
separately for each hybrid (table 4), showing that irrigation 
treatment significantly affected the crop response for both 
hybrids. Deficit irrigation treatments (<I80) resulted in sig-
nificant decreases in grain yield and ETc in the EM DT hy-
brid. Mean WUE was numerically greatest at the moderate 

deficit treatment level (I50) but only significantly greater 
compared with the I30 treatment level. An analysis of yield 
components demonstrated that deficit irrigation at the mod-
erate (I50) and severe (I30) levels significantly reduced bio-
mass and kernels per ear compared with the I100 treatment. 
The I30 treatment also negatively impacted HI. We did not 
establish I0 treatment plots for the EM DT hybrid. However, 
our assumption was that some grain would have been pro-
duced because the mean initial soil water readings for all 
plots across the field on June 29 (13 days after planting) was 
nearly full (488 10 mm), and consistent precipitation oc-
curred in early August when the EM DT hybrid entered the 
early reproductive stage. 

For the MS hybrid, a significant reduction in grain yield 
and WUE occurred at irrigation treatment levels <I80. Sea-
sonal ETc was significantly different for each irrigation treat-
ment level. The drought conditions and high temperatures 
suppressed grain production in the I0 irrigation treatments. 
The yield component analysis showed that deficit irrigation 
treatments <I80 significantly reduced biomass. Kernels per 
ear, kernel weight, and HI were significantly reduced at the 
I30 treatment level. 

Grain yield as a function of ETc was linear for both hy-
brids (fig. 3). Mean plant density (9 plants m-2) was the same 
for both hybrids (data not shown); however, mean biomass 
and kernel weight were numerically greater for the MS hy-

Table 4. Mean crop response between drought-tolerant hybrids Pioneer P0157AM (EM) and P1151AM (MS) grown in 2016 at Bushland, Texas.
Mean values followed by the same letter are not significantly different at p < 0.05. 

Treatment 
(Hybrid  Irrigation) 

Dry Grain Yield 
(kg m-2) 

ETc 
(mm) 

WUE 
(kg m-3) 

Biomass 
(g) 

Kernels 
per Ear 

Kernel Weight 
(mg) 

Harvest 
Index 

P0157AM  I100 1.08 a 646 a 1.67 ab 3049 a 484 a 254 b 0.58 a 
P0157AM  I80 1.04 a 604 b 1.72 ab 2952 ab 471 a 268 a 0.57 a 
P0157AM  I50 0.95 b 535 c 1.78 a 2846 b 430 b 254 b 0.57 a 
P0157AM  I30 0.81 c 505 d 1.60 b 2523 c 395 c 256 b 0.55 b 
P1151AM  I100 1.53 a 706 a 2.17 a 3578 a 489 a 316 ab 0.61 a 
P1151AM  I80 1.45 a 670 b 2.16 a 3755 a 511 a 323 a 0.59 a 
P1151AM  I50 1.01 b 548 c 1.84 b 2887 b 439 a 313 b 0.55 a 
P1151AM  I30 0.22 c 445 d 0.49 c 1547 c 162 b 283 c 0.17 b 
P1151AM  I0 0.00 d 251 e 0.00 d 393 d 0 d 0 d N/A 

 

 

Figure 3. Relationship between grain yield and seasonal crop water use for the early-maturing hybrid P0157AM and the mid-season hybrid 
P1151AM grown in 2016 at Bushland, Texas. 
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brid, while mean kernels per ear and HI were similar be-
tween hybrids at the I100 and I80 irrigation levels (table 4). 
Although environmental conditions were more favorable for 
the EM DT hybrid during the crop’s reproductive stages, the 
EM DT grain yields were at least 29% less compared with 
the MS hybrid yields at the I100 and I80 treatment levels. 
Bonelli et al. (2016) found that grain weight and grain num-
ber for Pioneer hybrid P39B77 (CRM of 92 days) were pro-
portionally lower as the sowing date was delayed, indicating 
that the EM hybrid was prone to limitations in assimilate 
availability during the grain filling stages. 

This study demonstrated potential advantages and disad-
vantages of planting an EM hybrid relatively late in the 
growing season. At the I30 treatment level, grain yield for the 
EM DT hybrid was 400% greater (0.82 kg m-2) than grain 
yield for the MS hybrid, which produced low values of dry 
grain yield (0.2 kg m-2) at the same treatment level. In con-
trast, at the I100 treatment level, grain yield for the MS DT 
hybrid (1.53 kg m-2) was 41% greater than grain yield for the 
EM DT hybrid. However, approximately 75 mm of water 
was saved in managing the EM hybrid at 100% replenish-
ment of soil water depletion to field capacity, as compared 
with the MS DT hybrid. Planting later in the growing season 
can help producers with adaptation strategies for climate 
change or with fields that have limited well capacity by shift-
ing peak seasonal evaporative demand away from the repro-
ductive growth stages. Planting EM DT hybrids late in the 
growing season may also be a strategy to sustain a profit if a 
producer is confronted with replanting. Producers must con-
sider the potential yield of the existing stand compared with 
the yield potential of the late-planted EM hybrid. The down-
side of EM hybrids, as shown in this study, is that they pro-
duce less grain yield compared with MS or full-season hy-
brids, even at irrigation treatment levels that match full ETc 
requirements; this is a typical characteristic of EM hybrids 
(Angel et al., 2017). Howell et al. (1998) also found grain 
yields to be 15% less for a fully irrigated EM hybrid (Pioneer 
3737) planted on the same day as compared to a fully irri-
gated full-season hybrid (Pioneer 3245) at the CPRL. 

CROP RESPONSE OF MID-SEASON HYBRID  
P1151AM OVER TWO YEARS 

Corn hybrid P1151AM was again planted in 2017 under 
the 3-span VRI system on May 17 (DOY 137) following a 
mild spring, i.e., relatively low maximum air temperatures 
and 178 mm of precipitation from January through May. Af-
ter planting, minimal rainfall occurred for the next 22 days; 
therefore, four 25 mm irrigations were applied uniformly 
across all plots approximately every fifth day. Maximum and 
minimum daily air temperatures reached their highest values 
in this part of the growing season. A hailstorm hit on July 2 
and damaged leaves and corn stalks throughout the field. The 
corn was in the seventh leaf stage. The damage from the 
storm slowed crop maturity by approximately two weeks and 
resulted in a yield penalty of approximately 19% as com-
pared with 2016. Klocke et al. (2014) reported similar yield 
penalties in corn damaged by hail during wet years. Irriga-
tions resumed seven days after the hailstorm and terminated 
on August 7, when consistent precipitation events resumed. 
Mean cumulative irrigation amounts were 283, 228, 190, 97, 
and 43 mm for the I100, I80, I50, I30, and I0 levels, respectively. 
Total rainfall received from May through October was 80% 
of seasonal crop water use. 

For 2017, grain yield plotted as a function of cumulative 
seasonal ETc was curvilinear, and yield amounts in the I100 
and I80 treatments were reduced by at least 28% compared 
with grain yields in 2016 (fig. 4). Maximum potential yields 
for the 2017 growing season were limited by hail damage, 
biomass was reduced by 10% to 15% in the highest irrigation 
treatments compared with biomass production in 2016 for 
this hybrid, and WUE was decreased due to large amounts 
of precipitation received after mid-August. The reduction in 
grain yield was likely due to the leaf area loss and pitted 
stalks from the hail damage. Similar results from hail dam-
age were reported by Vasilas et al. (1990) and Mounce et al. 
(2016). Hail damage in the vegetative stage and heavy pre-
cipitation at the reproductive stage also nullified the irriga-
tion treatment effects on grain yield and WUE at the higher 
irrigation levels (I100, I80, and I50). At deficit levels (I30 and 

 

Figure 4. Grain yield of DT hybrid P1151AM plotted against seasonal crop water use (ETc) for the 2016 and 2017 growing seasons at Bushland, 
Texas, in 2016 and 2017. 
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I0), grain yield, WUE, biomass, kernels per ear, and HI were 
significantly reduced (table 5). The quality of the cobs and 
kernels in the lower irrigation treatments (I50 and I30) also 
had a greater susceptibility to fungal disease. The combina-
tion of water stress and disease may have further reduced 
grain yields (Fullerton et al., 1974; Kostandi and Soliman, 
1998; Robertson et al., 2011). Mean dry grain yield at the 
I100 treatment level for the P1151AM hybrid grown in this 
study in 2016 was numerically greater than for mid-season 
DT hybrid P0876HR (1.45 kg m-2) managed at the I100 treat-
ment level at the CPRL in 2014 (a highly favorable year), 
but WUE was slightly less for the P1151AM hybrid. Dry 
grain yields for the P1151AM hybrid managed at the I80 
treatment level in 2017 were similar to dry grain yields for 
the DT hybrid P0876HR managed at the I75 irrigation treat-
ment level in the more droughty year of 2013 (Mounce et al., 
2016), but mean WUE was again less for the P1151AM hy-
brid. Days to relative maturity for hybrid P0876HR was 108, 
and planting dates in 2013 and 2014 were also in mid-May. 

Grain yields and WUE in the I30 and I0 treatments were 
greater in 2017 (table 5) as compared to 2016 (table 4), de-
spite the negative impacts from hail and disease. These re-
sults were similar to those reported by Klocke et al. (2014), 
where grain yields for corn damaged by hail prior to tassel-
ing, and under deficit irrigation treatment, were greater than 
yields produced in dry years with no hail. The timing of pre-
cipitation and cooler air temperatures during the reproduc-
tive stages of crop development in 2017 likely aided in ker-
nel production and grain filling in these more deficit irriga-
tion treatments. 

DT HYBRID RESPONSE COMPARED WITH  
HISTORICAL CORN RESPONSE IN THP 

Although grain yields can be influenced by climate, soil 
type (Tolk and Evett, 2012), planting date (Tsimba et al., 
2013), experimental approach, irrigation application method 
(Schneider and Howell, 1998), irrigation management 
(Howell et al., 1989), and hybrid, plotting the relationship 
between historical corn grain yields and seasonal ETc for 
corn grown in the THP region gives an idea of the potential 
upper and lower limits for corn water productivity in the 
THP. This information is important to producers because it 
provides a range for potential grain yields as well as total 
water requirements for corn production under sprinkler irri-
gation in the THP region (fig. 5). Since the late 1980s, sprin-
kler irrigation systems have been used at the CPRL in Bush-
land, Texas, for irrigation studies. The corn hybrid studies in 
the THP region performed by Hao et al. (2015a, 2015b) and 
Zhao et al. (2018) were also managed under sprinkler irriga-
tion systems. Mean dry grain yield for CONV corn grown at 
Bushland and Etter and irrigated at 50% of ET or greater was 

calculated to be 1.09 kg m-2, and mean ETc was 683 mm. For 
DT corn hybrids grown in the THP region from 2011 to 2015 
(not including data from the current study), mean dry grain 
yields were 1.13 kg m-2, and mean ETc was 598 mm. Mean 
dry grain yield for all DT hybrids grown in this study (2015-
2017) and irrigated at treatment levels >I30 was 1.02 kg m-2, 
and mean ETc was 616 mm. Maximum historical grain yields 
and WUE occurred in 2014 for both CONV (Pioneer 33Y75, 
1.7 kg m-2 and 2.97 kg m-3, respectively) and DT (Pioneer, 
P0876HR, 1.6 kg m-2 and 2.98 kg m-3, respectively) corn hy-
brids. Precipitation during the 2014 growing season was 
greater than the average seasonal rainfall for the CPRL, and 
maximum daily air temperatures were moderate. For this 
study, the maximum mean grain yield (1.53 kg m-2) and 
WUE (2.17 kg m-3) occurred in 2016 in the MS DT hybrid 
(P1151AM). Minimum historical WUE in the CONV hy-
brids occurred in 1987 and 2013. The 2013 growing season 
was relatively droughty; however, there is no clear reason 
why WUE was minimal in 1987. For historical DT hybrids, 
the minimum WUE (1.08 kg m-3) occurred during the excep-
tional drought year of 2011 (Hao et al., 2015b). In this study, 
the minimum WUE occurred in the I30 treatment for the MS 
DT hybrid in 2016. The minimum historical WUE for higher 
levels of irrigation occurred in CONV corn in 1992 and 
1993. Seasonal precipitation in 1992 and 1993 was higher 
than normal (Howell et al., 1995), and precipitation in 1992 
interfered with fertilizer applications. Rainfed plots in 1994 
and 1995 yielded no grain, similar to the results in this study 
for the MS hybrid planted in 2016. Schneider and Howell 
(1998) reported limited rainfall in July 1994 and less than 
average rainfall throughout the 1995 growing season. The 
inadequate rainfall was likely the main factor limiting yields 
to values near the trendline shown in figure 5. With the ex-
ception of the EM DT corn hybrids planted in 2015, the 
WUE of moderately (I50) and well irrigated (>I50) DT corn 
hybrids in this study and of historical DT hybrids grown in 
the THP were near or above the trendline for corn grain 
yields plotted against total seasonal ETc (fig. 5). 

The ETc threshold for grain production (for all years 
shown) was in the ranges of 375 to 500 mm for CONV corn 
hybrids and 425 to 575 mm for DT hybrids grown in 2016 
and 2017. The recent thresholds for the DT hybrids are 
greater than those discussed by Howell et al. (1998) for 
sprinkler irrigation using low-energy precision application 
(LEPA) and for drip-irrigated corn grown at Bushland. Sim-
ilar to yield values, ETc thresholds vary with hybrid, irriga-
tion method, soil type (Tolk et al., 1998), and climate 
(Klocke et al., 2014). This indicates that DT hybrids do not 
have a yield advantage over CONV corn hybrids at severe 
deficit irrigation levels nor in rainfed treatments in times of 
drought. The comparison of grain yields as a function of ETc 

Table 5. Mean crop response for drought-tolerant hybrid P1151AM grown in 2017 at Bushland, Texas. Mean values followed by the same letter
are not significantly different at p < 0.05.  

Treatment 
(Hybrid  Irrigation) 

Grain Yield 
(kg m-2) 

ETc 
(mm) 

WUE 
(kg m-3) 

Biomass 
(g) 

Kernels 
per Ear 

Kernel Weight 
(mg) 

Harvest 
Index 

P1151AM  I100 1.08 a 675 a 1.60 a 3232 a 416 a 274 d 0.60 a 
P1151AM  I80 1.05 a 658 b 1.60 a 3204 a 396 a 280 cd 0.58 a 
P1151AM  I50 0.99 a 593 c 1.67 a 3068 a 353 b 297 b 0.57 a 
P1151AM  I30 0.65 b 555 d 1.17 b 2594 b 259 c 309 a 0.48 b 
P1151AM  I0 0.14 c 546 d 0.26 c 1055 c 72 d 293 bc 0.16 c 
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for DT and CONV corn hybrids grown in the THP does not 
indicate that DT yields outperformed CONV yields under 
drought conditions. However, figure 5 indicates that DT hy-
brids were able to consistently produce grain yields that were 
comparable to or better than yields produced by CONV hy-
brids grown in the same region. The commensurate perfor-
mance of DT hybrids in low-stress seasons in the THP region 
is in agreement with the findings of other studies for DT corn 
grown in different regions of the U.S. (Adee et al., 2016; 
Gaffney et al., 2015) and in the THP (Hao et al., 2015a, 
2015b, 2016; Zhao et al., 2018). 

CONCLUSION 
The data from this three-year study demonstrated that 

crop responses of drought-tolerant (DT) corn hybrids are in-
fluenced by climate variability, planting date, and hybrid 
type. Grain yields among the different DT hybrids irrigated 
at levels close to ET demand were similar to historical yields 
for CONV hybrids grown in the Texas High Plains (THP) in 
recent years, and greater than CONV hybrids grown in ear-
lier years (1987 and the 1990s). DT hybrids did not demon-
strate yield penalties during favorable growing seasons and 
may be beneficial in reducing cumulative irrigation require-
ments for corn in the THP region. However, during drought 
seasons, DT hybrid response was not improved over CONV 
hybrids under severe deficit irrigation. At smaller irrigation 
amounts, yields can be greater for EM corn hybrids com-
pared with mid-season and CONV hybrids. However, maxi-
mum yields for EM DT hybrids were less than for MS DT 
and CONV corn hybrids grown at the CPRL in Bushland, 

Texas. This study demonstrated that MS DT corn hybrid 
P1151AM, irrigated at a level to fully meet evapotranspira-
tion demand, resulted in grain yield and WUE levels that 
were near the upper limit for corn produced in the THP re-
gion. Further research is needed to determine the constancy 
of response among different DT hybrids under favorable and 
drought conditions. 
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