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Abstract 

Maize (Zea mays L.) hybrids reported as having tolerance to drought are expected to 

perform better than non-drought-tolerant (‘standard’) hybrids under drought stress, but 

few studies confirm this with a mechanistic justification. In addition, morpho-

physiological traits that may confer drought tolerance have not been compared 

extensively between drought-tolerant and standard maize hybrids. This study was 

conducted to assess whether drought-tolerant and standard varieties differ in agronomic 

and morpho-physiological traits associated with drought tolerance. Three experiments 

were conducted on loamy sand field soil in central Minnesota, in which a drought-

tolerant and a standard hybrid were compared under three levels of sustained moderate 

drought stress established using drip irrigation: no drought stress; 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. The three fertilizer N 

rate treatments: sub-optimal (50%), 50% of the expected economically optimum N rate; 

optimal (100%), 100% of the economically optimum N rate; and supra-optimal (150%), 

50% greater than the economically optimum N rate were applied to each combination of 

hybrid and drought stress. Grain yield was 10% greater for the drought-tolerant compared 

to the standard hybrid with drought stress from V14 to R6, but did not differ between 

hybrids when drought stress occurred from R2 to R6 or in the absence of drought stress. 

Grain and silage yields with the supra-optimal N rate were 7 and 12% greater for the 

drought-tolerant than standard hybrid, respectively. With drought stress from R2 to R6 

and V14 to R6, kernels per square meter were 6 and 23% greater and kernel mass was 3 
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and 10% less with the drought-tolerant than standard hybrid, respectively. Aboveground 

N uptake was 9% greater with the drought-tolerant than standard hybrid at the supra-

optimal N rate.  

Actual crop evapotranspiration (ETa) decreased with increasing duration of drought 

stress. Crop water use efficiency (CWUE) was 21% greater in the absence of drought 

stress compared to when drought stress occurred from V14 to R6 or R2 to R6. The 

drought-tolerant hybrid had 7 and 8% greater CWUE and irrigation water use efficiency 

(IWUE), respectively, than the standard hybrid with drought stress from V14 to R6. 

Irrigation water use efficiency for the standard and drought-tolerant hybrids was greater 

by 20 and 29%, respectively, with the supra-optimal than sub-optimal N rates. The basal 

crop coefficient (Kcb) during the mid-season was 1.08, 0.89, and 0.73, respectively, for no 

drought stress, drought stress from R2 to R6, and drought stress from V14 to R6 across 

hybrids in experiment where maize followed soybean with optimal N rate; and during the 

late season growth stage was 0.82, 0.61, and 0.61, respectively. Two phases of Kcb, an 

initial adaption phase with fluctuating Kcb followed by a response phase with stable Kcb, 

occurred when maize was exposed to drought stress. Compared to the standard hybrid, 

the drought-tolerant hybrid had a narrower anthesis-silking interval (ASI), greater leaf 

area index (LAI) for all N rates across experiments and drought stress at milk maize 

phenological stage, and lower leaf chlorophyll content in all levels of drought stress 

across experiments and N rates at silking and milk maize phenological stages. Drought 

stress and sub-optimal N rate increased ASI, and reduced LAI, leaf greenness, and leaf 

chlorophyll content. With drought stress from R2 to R6, photosynthesis (A) did not differ 
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between hybrids but transpiration (E) and stomatal conductance (gs) were greater for the 

drought-tolerant hybrid suggests greater stomatal aperture. In the absence of drought 

stress, the standard hybrid had greater A, E, and gs in the experiment when maize 

followed winter rye. The drought-tolerant hybrid had more root length density (RLD) that 

was 0.4 to 1.5 mm in diameter in the 0- to 15-cm soil depth. Fine roots with a diameter 0 

to 0.4 mm were more abundant in the entire sampled depth of 0 to 90 cm. Distribution of 

RLD was associated with water availability in the soil profile. Overall, the greater grain 

yield of the drought-tolerant maize hybrid when drought stress occurred from V14 to R6 

was associated with greater aboveground biomass, N uptake, and kernel number, which 

were strongly correlated to IWUE. Results demonstrated expression of multiple morpho-

physiological traits under drought stress; in particular, greater LAI, chlorophyll content, 

and stomatal conductance suggest that drought tolerant hybrids can conduct 

photosynthesis under drought stress conditions compared to standard hybrids. Further 

research is needed to enhance the knowledge of N management for drought-tolerant 

hybrids and the relationship of traits associated with drought tolerance, especially 

mechanisms related to photosynthetic carbon assimilation and crop water use.  
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Chapter 1: Drought Tolerance in Maize is Influenced by Time of Drought Stress 

 

INTRODUCTION 

 Drought-induced reduction in yield has an economic impact on maize-producing 

countries of the world including the United States, the world’s largest maize producer 

(Jones and Thornton, 2003; Campos et al., 2006; Lobell and Field, 2007; Jafari et al., 

2009). In five of the past 10 yr (2006-2015), drought during the grain filling period has 

reduced maize yield in large areas of the U.S. (National Drought Mitigation Center, 

2016). Several studies have investigated how water availability influences maize growth, 

production, and yield (Çakir, 2004; Kim et al., 2008; Kranz et al., 2008; Djaman and 

Irmak, 2012). Maize water requirements are low until about the 10 leaf collar 

phenological stage, after which water deficit and N deficiency can reduce kernel number 

and mass (Abendroth et al., 2011). Water use in maize is greatest, about 8 mm d
-1

, during 

the late vegetative through early grain-filling stages (Kranz et al., 2008). Reductions in 

maize grain yield due to drought stress are most severe when the stress occurs during 

pollination and early grain-filling, with yield losses as great as 6.8% d
-1

 (Bruce et al., 

2002; Çakir, 2004). Reduced grain yield resulting from drought at this time occurs 

primarily through a reduction in kernel number (Claassen et al., 1970; Otegui et al., 

1995). 

Most maize breeding programs have focused on increasing grain yield under 

unstressed conditions (Tollenaar and Lee, 2002). Recently, the more frequent occurrence 

of drought stress has resulted in increased emphasis on breeding for drought tolerance 



 

2 

 

(Edmeades et al., 1999; Campos et al., 2004; Lopes et al., 2011). Morphological and 

physiological traits associated with drought tolerance include yield stability across 

diverse growing environments, a narrower ASI, root proliferation at deep and shallow 

depths, enhanced water use efficiency, reduced stomatal conductance, and delayed leaf 

senesce (Bolaños and Edmeades, 1996; Tollenaar and Wu, 1999; Zaidi et al., 2004; 

Hammer et al., 2009; Lopes et al., 2011; Lynch, 2013; Carretero et al., 2014). In addition, 

drought stress responses are known to interact with N availability and uptake (Çakir, 

2004; Schlemmer et al., 2005; Kranz et al., 2008). For instance, there is a synergistic 

relationship between water availability and N use efficiency in maize (Kim et al., 2008). 

When N supply is limited, grain yield is more associated with N deficiency than drought 

stress, but with adequate N supply drought stress is the main yield-limiting factor (Eck, 

1984). Moreover, insufficient N supply combined with water deficit reduces per-plant 

kernel number and mass, total aboveground dry matter (DM) yield, and harvest index 

(HI) (Çakir, 2004; Boomsma et al., 2009; Chapuis et al., 2012).  

Some studies on the impact of drought on maize in different regions of the world 

reported drought-tolerant maize hybrids had less reduction in grain yield than non-

drought-tolerant (‘standard’) hybrids when subjected to drought stress (Bänziger et al., 

2006; Wesley, 2012). Recently released drought-tolerant hybrids tested under various 

environmental conditions, however, have showed inconsistent results when grown with 

or without drought stress. In Indiana, recent commercial hybrids designated as having 

drought tolerance did not perform better than standard hybrids under normal weather 

conditions or when grown under severe drought (Roth et al., 2013). Likewise, there was 
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no difference in grain yield between a transgenic drought-tolerant hybrid and a non-

transgenic isoline in moderate- and high-yielding growing environments in the North 

Central United States (Chang et al., 2014), or between a drought-tolerant and a standard 

maize hybrid in a semiarid environment in Texas (Mounce et al., 2016). In Ohio, 

drought-tolerant maize hybrids produced greater grain yield than standard hybrids, but 

only in growing environments where yield of the standard hybrid was <12.2 Mg ha
-1

 

(Lindsey and Thomison, 2016). In Texas, Hao et al. (2015) found that two of five 

drought-tolerant hybrids produced 9 to 12% and 19% greater yield than a standard hybrid 

with irrigation at 75 and 50% of evapotranspiration requirement, respectively. In on-farm 

strip-trials conducted across the United States, grain yield of drought-tolerant hybrids 

averaged 7 and 2% greater than industry-leading standard hybrids across 2006 water-

limited and 8725 favorable growing environments, respectively (Gaffney et al., 2015). 

This was confirmed in small-plot experiments conducted in the United States and Chile, 

where grain yield of six drought-tolerant hybrids averaged 5 and 3% greater than that of 

10 non-drought-tolerant hybrids across 53 water-limited and 502 favorable growing 

environments, respectively (Gaffney et al., 2015).  

Previous research comparing the agronomic performance of drought-tolerant and 

standard maize hybrids investigated the influence of growing environment (moderate 

compared to high yield) and seasonal irrigation amount, but to our knowledge no 

published research has directly compared treatments differing in the time of drought 

stress in the same growing environment. This study evaluated the response of a drought-

tolerant hybrid and standard hybrid to different timings of moderate sustained drought 
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stress by simulating natural drought conditions using controlled drip irrigation with 

varying fertilizer N rates. The objectives were to evaluate the agronomic performance of 

drought-tolerant and standard maize hybrids subjected to various durations and timing of 

drought stress, and whether this interacts with N supply. We hypothesized agronomic 

performance of the drought-tolerant hybrid would be greater than that of the standard 

hybrid under drought stress conditions depending on the stage of development when the 

stress occurs, and that this difference would be magnified when the duration of drought 

stress is longer and when there is low N supply. 

 

 

MATERIALS AND METHODS 

Site Description and Experimental Design 

Field experiments were conducted in 2013 at the University of Minnesota Sand Plain 

Research Farm near Becker, MN (45º
 
23′ N, 93º 53′ W). The soil was a Hubbard-

Mosford loamy sand complex (sandy, mixed, frigid Entic Hapludolls and sandy, mixed, 

frigid Typic Hapludolls). Soil texture was determined from soil samples collected in the 

spring of 2013 in 15-cm increments to a depth of 105 cm using a hydraulically-driven 

tube with a core diameter of 4.1 cm. Soil particle size separation and textural analysis 

was performed using hydrometer method (Bouyoucos, 1962). The soil was loamy sand to 

a depth of 45 cm and sand within the 45- to 105-cm depth. Three experiments located 

within 0.5 km of each other were established for this study. The previous crop differed 

for each experiment to create differences in soil N supply potential. Previous crops were 
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3-yr-old alfalfa (Medicago sativa L.), soybean [Glycine max (L.) Merr.], and winter rye 

(Secale cereale L.) grown following soybean.  

Each experiment had a split-plot arrangement of treatments in a randomized complete 

block design with four replications. Main plots were three drought stress treatments 

imposed to areas 6.0 m wide by 11.9 m long. Split-plots were a factorial arrangement of 

two maize hybrids and three fertilizer N rates in experimental units 3.0 m (four 76-cm 

rows) wide by 4.0 m long. A single-row border of maize was planted between each main 

plot to buffer adjacent treatment effects. The sub-optimal N rate treatment corresponding 

to the given experiment and no drip irrigation were applied to the single-row borders.  

The three drought-stress treatments included no drought stress, sustained drought 

stress from the V14 to R6, and sustained drought stress from R2 to R6. The treatment 

with no drought stress received full rates of drip irrigation throughout the growing season 

to achieve non-limiting water levels for maximum maize yield with limited leaching. The 

treatments with sustained drought stress from V14 to R6 and R2 to R6 received partial 

rates of drip irrigation. The drought stress in this study was moderate in severity and 

resulted in rolling of maize leaves beginning around mid-day on nearly every day during 

the drought-stress period, except on days immediately following irrigation or 

precipitation. Maize under drought stress recovered during each night and did not exhibit 

leaf rolling in the morning. The V14 to R6 and R2 to R6 durations of drought stress were 

selected to simulate likely drought stress scenarios for rainfed maize in the U.S. Corn 

Belt during extended periods of insufficient precipitation (National Drought Mitigation 

Center, 2016). 
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Two maize hybrids from Syngenta Seeds (Minneapolis, MN, USA) were used in this 

study. The hybrid designated as having drought-tolerance, Agrisure Artesian
TM

 NK 

Brand N42Z-3011A, is reported to have non-transgenic drought tolerance and maximum 

yield potential in all growing environments (Syngenta, 2015b). The comparative standard 

hybrid, NK Brand N36A-3000GT, is reported to produce maximum yield under optimum 

growing conditions (Syngenta, 2015a).  

The three fertilizer N rate treatments in this study were: sub-optimal (50%), 50% of 

the expected economically optimum N rate; optimal (100%), 100% of the economically 

optimum N rate; and supra-optimal (150%), 50% greater than the economically optimum 

N rate. The optimum N rates were set at 123, 168, and 213 kg N ha
-1

 for the experiments 

where maize followed alfalfa, soybean, and winter rye, respectively, based on research 

summarized in Rehm et al. (1989, 2008), and Kaiser et al. (2011). Nitrogen was split-

applied using NH4NO3. For each N treatment, 45 kg N ha
-1

 was surface broadcast 

immediately after planting, while the remaining amount was sidedressed at the six leaf 

collar maize phenological stage as a surface band placed 10 cm to one side of each maize 

row.  

 

Cultural Practices and Drought Stress Management 

During April 2013 prior to herbicide application or tillage, one composite soil sample, 

based on 15 cores that were 1.8 cm in diameter, was collected from the 0- to 20-cm depth 

from each replication within each experiment. Soil samples were analyzed for pH (1:1 

soil:water), Bray-1 phosphorus, ammonium acetate exchangeable potassium, calcium, 
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and magnesium, diethylenetriamine-pentaacetic acid extractable zinc, and monocalcium 

phosphate extractable sulfate-sulfur. Based on the soil-test results, the entire experimental 

area in each field was fertilized with recommended levels of all nutrients, except N, for a 

maize grain yield goal of 15 Mg ha
-1

 (Kaiser et al., 2011).  

Alfalfa and winter rye were terminated with herbicides 10 d before planting maize. 

Prior to termination, regrowth height was measured and biomass samples were collected 

from nine locations within each replication in the experiments where the previous crop 

was alfalfa and winter rye. Biomass samples were dried in a forced-air oven at 60°C until 

constant mass and then weighed. The height and DM for alfalfa and winter rye regrowth 

were 15 and 13 cm and 1660 and 250 kg DM ha
-1

, respectively. At 3 d after herbicide 

application, all fields were moldboard plowed, followed by field cultivating and culti-

packing on the day of planting. In each experiment, maize was planted 5 cm deep on 23 

May 2013 using a 2-row small-plot planter. A final maize density of 81,500 plants ha
-1

 

was achieved in all plots by hand thinning at the one leaf collar maize phenological stage. 

Weeds were controlled using preemergence and postemergence herbicides. 

Polyvinylchloride tubes (1.5 m long by 5.3 cm inner diameter) were used as access 

tubes for measuring soil moisture. A hydraulically-driven soil tube was used to prepare 1-

m deep access holes, using a smaller diameter standard taper bit to remove most soil, 

followed by a reverse taper bit to achieve the desired external diameter and remove 

compacted soil. Two tubes were centered 9.5 and 28.5 cm from either row between the 

two center rows of plots with the 100% N rate for all levels of drought stress and both 

hybrids in the experiment where maize followed soybean. In the experiments where 
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maize followed alfalfa and winter rye, access tubes were placed in the same manner in 

plots with the 100% N rate for all levels of drought stress for the drought-tolerant hybrid, 

and for only the V14 to R6 drought stress treatment for the standard hybrid. Following 

installation, access tubes were capped to prevent water entry, allowed to settle, cut 15 cm 

above the soil surface, and re-capped. Volumetric soil water content was calculated from 

measurements collected using a time domain reflectometry soil humidity sensor (TRIME-

PICO IPH/T3, IMKO GmbH, Ettlingen, Germany). Measurements were taken once or 

twice each week in 0.2-m increments to a depth of 1.0 m from each access tube. 

Equivalent soil moisture content for the 1.0-m depth was calculated according to Schmidt 

et al. (2011) and was used to estimate irrigation water requirement.  

Solid-set sprinkler irrigation was used from planting until 10 leaf collar maize 

phenological stage, after which a drip irrigation system was installed and used. The drip 

irrigation system included flow meters which allowed water supply to vary among 

drought-stress treatments at pre-determined amounts. Drip tape with emitters spaced at 

15-cm intervals (Aqua-Traxx PBX, Toro Micro-irrigation Business, Bloomington, MN) 

were centered 19 cm from each side of each maize row in all plots of each experiment. 

Drip irrigation was first applied at the 12 leaf collar maize phenological stage and 

continued until R6. Irrigation decisions were made twice each week following a modified 

checkbook method (Wright, 1991). Soil water deficit was calculated using measurements 

of volumetric soil water content, actual precipitation and pan evaporation from a weather 

station located within 0.5 km of each experiment, and anticipated daily precipitation and 

evapotranspiration prior to the next scheduled irrigation date. Volumetric soil water 
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content was measured on the driest day post irrigation. Each irrigation requirement was 

estimated using total plant-available water in the 0- to 1-m depth obtained from 

volumetric soil water measurement, daily pan evaporation from the weather station, the 

maize basal crop coefficient from Allen et al. (1998), and visual appearance of the 

stressed maize.  

 

Data Collection 

At R6, maize ears and stover were hand harvested from the center 2.4 m of the two 

center rows of each plot. Ears were dried in a forced-air oven at 60ºC to constant mass 

and then shelled, after which grain and cobs were weighed. Stover was measured from 

the same plants that had ears harvested, by cutting plants 15 cm above the soil surface, 

after which cut plants were weighed, grounded, subsampled (about 1.0 kg), and weighed 

in the field. Subsampled stover was dried in a forced-air oven at 60ºC to constant mass to 

determine DM yield. Maize grain and silage yields were calculated at 155 and 650 g kg
-1

 

moisture, respectively.  Kernel mass was determined by counting and weighing 300 

kernels following re-drying in a forced-air oven at 60ºC to constant mass. Kernel number 

per square meter was calculated as grain DM yield divided by kernel mass. Maize grain, 

cob, and stover samples were ground and analyzed for N concentration using near 

infrared spectroscopy (Foss Model 6500, Foss North America Inc., Eden Prairie, MN). 

Thirty samples each of grain, cob, and stover were selected using Win ISI III version 3.0 

(Intrasoft International, Port Matilta, PA) and analyzed by dry combustion (Elementar 

varioMax, Elementar Americas, Mount Laurel, NJ). Near infrared spectroscopy estimates 
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of N concentration were calibrated to N concentration measured with dry combustion 

using linear regression equations (n = 30, r
2
 ≥0.98, and P <0.001 for grain, cob and 

stover) developed with the REG procedure of SAS (SAS Institute, 2011). Total 

aboveground N uptake was calculated as the sum of the product of DM yield and N 

concentration for grain, cob, and stover. Aboveground HI of maize was calculated as the 

proportion of aboveground DM partitioned to grain at R6. Nitrogen HI (NHI) was 

determined as a ratio of grain N uptake to total aboveground N uptake (Ciampitti and 

Vyn, 2012). 

 

Growing Conditions and Water Supply 

Average daily maximum and minimum air temperatures during the growing season 

were 26 and 12ºC, respectively, with 10 d where maximum air temperature ranged from 

33 and 36ºC (Fig. 1). Because daily maximum air temperature never exceeded 38ºC, the 

threshold beyond which the maize experiences heat stress (Crafts-Brandner and Salvucci, 

2002), the environmental conditions during this study provided a unique opportunity to 

evaluate drought stress independent of heat stress. Cumulative precipitation plus 

irrigation from planting until harvest, averaged across experiments, was 654, 531, and 

487 mm for the treatments with no drought stress and drought stress from R2 to R6 and 

V14 to R6, respectively (Fig. 2). Intermittent precipitation occurred mainly during the 

early vegetative and late reproductive periods, and irrigation water was applied primarily 

during the remaining middle portion of the growing season. Averaged across 

experiments, cumulative precipitation plus irrigation at the start of the V14 to R6 drought 
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stress treatment was 286, 286, and 254 mm for the treatments with no drought stress and 

drought stress from R2 to R6 and V14 to R6, respectively. At the start of the R2 to R6 

drought stress treatment, cumulative precipitation plus irrigation was 399, 368, and 324 

mm for the treatments with no drought stress and drought stress from R2 to R6 and V14 

to R6, respectively. Water samples were collected at the time of irrigation and analyzed 

for NO3-N using colorimetric analysis by the cadmium reduction method (Wendt, 2000). 

The total amount of N applied with each irrigation event for each drought stress treatment 

within each experiment and was the product of irrigation water amount and NO3-N 

concentration. Irrigation water averaged 1.16 mg kg
-1

 NO3-N and total N supply from 

irrigation water during the growing season averaged 4, 3, and 2 kg NO3-N ha
-1

 for the 

treatments with no drought stress and drought stress from R2 to R6 and V14 to R6, 

respectively. 

 

Statistical Analysis 

Data were analyzed at P ≤ 0.05 using the MIXED procedure of SAS (SAS Institute, 

2011). Experiment, block (nested within experiment), and interactions with experiment 

and block were considered random effects, and drought stress treatment, hybrid, and N 

rate were considered fixed effects. The UNIVARIATE procedure of SAS and scatterplots 

of residuals versus predicted values were used to check for normality and homogeneity of 

variance (Kutner et al., 2004). Means were compared with pairwise t-tests using the 

PDIFF option of the MIXED procedure of SAS. Linear and nonlinear regression analyses 

were conducted across experiments using the REG and NLIN procedures of SAS, 
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respectively, to determine the response of maize grain yield to aboveground N uptake for 

each level of drought stress. Linear associations between grain yield and kernel number 

and kernel mass were evaluated across experiments for all combinations of drought 

stress, hybrid, and N rate with Pearson’s correlation coefficient at P ≤ 0.05 using the 

CORR procedure of SAS. 

 

RESULTS 

Grain and Silage Yields 

Grain yield was influenced by drought stress × hybrid, drought stress × N rate, and 

hybrid × N rate interactions (Table 1.1). When compared to no drought stress and 

averaged across N rates, grain yield of the standard hybrid was reduced by 30 and 36% 

when drought stress occurred from R2 to R6 and V14 to R6, respectively (Table 1.2). 

Grain yield of the drought-tolerant hybrid did not differ between drought stress 

treatments occurring from R2 to R6 or V14 to R6, but was reduced averaged 29% 

compared to when no drought stress. Grain yield of the drought-tolerant hybrid was 10% 

greater than that of the standard hybrid when drought stress occurred from V14 to R6, but 

grain yield did not differ among hybrids when drought stress occurred from R2 to R6 or 

in the absence of drought stress.  

Averaged across hybrids, grain yield was least with the sub-optimal N rate for each 

level of drought stress and the difference in grain yield between the sub-optimal and 

supra-optimal N rates was greatest when no drought stress occurred (Table 1.3). In the 

absence of drought stress, grain yield with the supra-optimal N rate was 5 and 40% 
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greater than the optimal and sub-optimal N rates, respectively, but with drought stress 

from R2 to R6 or V14 to R6, grain yield did not differ between the optimal and supra-

optimal N rates. Averaged across all levels of drought stress, the drought-tolerant hybrid 

produced 7% greater grain yield than the standard hybrid with the supra-optimal N rate, 

but grain yield did not differ between hybrids with optimal or sub-optimal N rates (Table 

1.4). Grain yield of the drought-tolerant hybrid was 6 and 31% greater with the supra-

optimal N rate compared to the optimal and sub-optimal N rates, respectively. Grain yield 

of the standard hybrid did not differ between the supra-optimal and optimal N rates and 

averaged 23% greater than the sub-optimal N rate.  

Silage yield was affected by drought stress × N rate and hybrid × N rate interactions 

(Table 1.1). For all levels of drought-stress, silage yield did not differ between the 

optimal and supra-optimal N rates and was less with the sub-optimal N rate (Table 1.3). 

Averaged across hybrids, silage yield with the sub-optimal N rate averaged 8% less than 

that with the optimal and supra-optimal N rates when drought stress occurred from R2 to 

R6 or V14 to R6 and by 18% when no drought stress occurred. Averaged across drought 

stress treatments, silage yield did not differ between hybrids at the sub-optimal N rate, 

but was 6 and 12% greater with the drought-tolerant hybrid at the optimal and supra-

optimal N rates, respectively (Table 1.4). There was no difference in silage yield between 

the optimal and supra-optimal N rates for the standard hybrid. For the drought-tolerant 

hybrid, silage yield was greatest with the supra-optimal N rate. The difference in silage 

yield between the supra-optimal and sub-optimal N rates was 10 and 19% for the 

standard and drought-tolerant hybrids, respectively.  
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Harvest index was influenced by drought stress × hybrid and drought stress × N rate 

interactions (Table 1.1). Averaged across N rates, HI was greatest in the absence of 

drought stress for both hybrids (Table 1.2). The standard hybrid had greater HI than the 

drought-tolerant hybrid in the absence of drought stress and when drought stress occurred 

from R2 to R6, but HI did not differ between hybrids when drought stress occurred from 

V14 to R6. Harvest index of the drought-tolerant hybrid was greater when drought stress 

occurred from V14 to R6 compared to R2 to R6 (0.52 vs. 0.50), but HI of the standard 

hybrid did not differ when drought stress occurred from R2 to R6 or V14 to R6. 

Averaged across hybrids, HI increased as N rate increased in the absence of drought 

stress, but HI did not differ between the optimal and supra-optimal N rates when drought 

stress occurred from R2 to R6 or V14 to R6 (Table 1.3). With the sub-optimal N rate, HI 

did not differ between drought-stress treatments occurring from R2 to R6 and V14 to R6. 

With the optimal and supra-optimal N rates, HI was greater when drought stress occurred 

from V14 to R6 compared to R2 to R6.  

 

Grain Yield Components 

Kernel number was affected by the drought stress × hybrid and drought stress × N 

rate interactions (Table 1.1). Averaged across N rates, kernel number was greatest in the 

absence of drought stress for both hybrids (Table 1.2). Kernel number
 
did not differ 

between the R2 to R6 and V14 to R6 drought stress treatments for the drought-tolerant 

hybrid, but kernel number for the standard hybrid
 
was 14% less when drought stress 

occurred from V14 to R6 compared to R2 to R6. Kernel number did not differ between 
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hybrids in the absence of drought stress, but when drought stress occurred from R2 to R6 

and V14 to R6 the drought-tolerant hybrid produced 6 and 23% more kernels than the 

standard hybrid, respectively. Averaged across hybrids, kernel number was greatest with 

the optimal and supra-optimal N rates and least with the sub-optimal N rate for all levels 

of drought stress (Table 1.3). For all N rates, kernel number was greatest in the absence 

of drought stress, intermediate with drought stress from R2 to R6, and least with drought 

stress from V14 to R6, although the reduction in kernel number when drought stress 

occurred from V14 to R6 relative to no drought stress was less with the sub-optimal N 

rate compared to the greater N rates. There was a positive linear association between 

kernel number and grain yield for all combinations of drought stress × hybrid (r = 0.75 to 

0.93, P < 0.001) and drought stress × N rate (r = 0.72 to 0.92, P < 0.001). 

Kernel mass was influenced by the drought stress × hybrid and hybrid × N rate 

interactions (Table 1.1). Averaged across N rates, kernel mass was greatest in the absence 

of drought stress for both hybrids (Table 1.2). Kernel mass of the standard hybrid was 3 

and 12% greater than that of the drought-tolerant hybrid when drought stress occurred 

from R2 to R6 and V14 to R6, respectively. Averaged across all levels of drought stress, 

kernel mass was greatest with the optimal and supra-optimal N rates for both hybrids 

(Table 1.4). Kernel mass was 7, 3, and 3% greater for the standard than drought-tolerant 

hybrid at the sub-optimal, optimal, and supra-optimal N rates, respectively. There was a 

positive linear association between kernel mass and grain yield for all combinations of 

drought stress × hybrid (r = 0.45 to 0.81, P = 0.006 to < 0.001) and hybrid × N rate (r = 

0.37 to 0.87, P = 0.028 to < 0.001).  
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Nitrogen Uptake 

Grain N uptake was affected by the interaction between drought stress and N rate 

(Table 1.1). Averaged across hybrids, grain N uptake was greatest in the absence of 

drought stress for all N rates (Table 1.3). Grain N uptake did not differ between the R2 to 

R6 and V14 to R6 drought-stress treatments for the sub-optimal and optimal N rates and 

averaged 15 and 42 kg N ha
-1

 less than that with no drought stress, respectively. With no 

drought stress, grain N uptake with the supra-optimal N rate was 8 and 63 kg N ha
-1

 

greater than that with the optimal and sub-optimal N rates, respectively. When drought 

stress occurred from R2 to R6 or V14 to R6 grain N uptake did not differ between the 

optimal and supra-optimal N rates and averaged 32 and 31 kg N ha
-1

 greater than that 

with the sub-optimal N rate, respectively.  

Aboveground N uptake by maize was influenced by drought stress × N rate and 

hybrid × N rate interactions (Table 1.1). Averaged across hybrids, aboveground N uptake 

increased with increasing N rate and was greatest in the absence of drought stress (Table 

1.3). With the supra-optimal N rate, aboveground N uptake was 43 and 56 kg N ha
-1

 

greater with no drought stress compared to when drought stress occurred from R2 to R6 

and V14 to R6, respectively (Table 1.3). With the optimal and sub-optimal N rates, 

aboveground N uptake did not differ between the R2 to R6 and V14 to R6 drought-stress 

treatments. Averaged across all levels of drought stress, aboveground N uptake was 18 kg 

N ha
-1

 greater with the drought-tolerant hybrid  compared to the standard hybrid for the 

supra-optimal N rate, but aboveground N uptake did not differ between hybrids with the 

optimal and sub-optimal N rates (Table 1.4). For the standard hybrid, aboveground N 
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uptake did not differ between the supra-optimal and optimal N rates and averaged 54 kg 

N ha
-1

 greater than that with the sub-optimal N rate. For drought-tolerant hybrid, 

aboveground N uptake was 211 kg N ha
-1

 with the supra-optimal N rate, 18 and 76 kg N 

ha
-1

 greater than with the optimal and sub-optimal N rates, respectively.  

Across hybrids and N rates, there was a linear relationship between maize grain yield 

and aboveground N uptake when drought stress occurred from R2 to R6 and V14 to R6 

(Fig. 1.3). The linear relationship between grain yield and aboveground N uptake differed 

between the R2 to R6 and V14 to R6 drought-stress treatments (P = 0.012). Grain yield 

increased by 0.27 and 0.36 Mg ha
-1

 with each 10-kg N ha
-1

 increase in aboveground N 

uptake when drought stress occurred from R2 to R6 and V14 to R6, respectively. The 

ranges of aboveground N uptake and grain yield were greater with no drought stress 

compared to when drought stress was imposed. Aboveground N uptake and grain yield 

were as great as 273 kg N ha
-1

 and 16.4 Mg ha
-1

, respectively, with no drought stress, 

compared to 234 kg N ha
-1

 and 12.8 Mg ha
-1

, respectively, when drought stress occurred. 

In the absence of drought stress, there was a quadratic relationship between grain yield 

and aboveground N uptake, with 90, 180, and 270 kg N ha
-1

 in aboveground N uptake 

corresponding to predicted grain yields of 6.6, 11.7, and 13.5 Mg ha
-1

, respectively. 

Nitrogen HI was affected by drought stress and the interaction between hybrid and N 

rate (Table 1.1). Averaged across hybrids and N rates, NHI was greater in the absence of 

drought stress (0.71) compared to when drought stress occurred from R2 to R6 or V14 to 

R6 (0.67) (P < 0.001). Averaged across drought stress treatments, NHI did not differ 

among N rates for the standard hybrid but was greater with the sub-optimal N rate 
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compared to the supra-optimal N rate (Table 1.4). Nitrogen harvest index did not differ 

between hybrids for the sub-optimal and optimal N rates, but was greater for the standard 

hybrid compared to the drought-tolerant hybrid for the supra-optimal N rate.  

 

DISCUSSION 

Grain and Silage Yields 

Greater grain yield of the drought-tolerant hybrid relative to the standard hybrid with 

sustained moderate drought stress from V14 to R6, compared to no difference in yield 

when drought stress occurred from R2 to R6 and in the absence of drought stress, could 

be attributed to enhanced physiological adaptation resulting from exposure to drought 

stress between V14 to R2. This exposure may have caused the drought-tolerant hybrid to 

modify its morpho-physiological characteristics to enhance rooting depth and delay 

senescence for more efficient resource capture (Tollenaar and Wu, 1999; Sinclair and 

Muchow, 2001; Soderlund et al., 2014) or use less water by reducing stomatal 

conductance (Lopes et al., 2011). With intense drought stress during pollination and grain 

filling, Roth et al. (2013) found no difference in grain yield between drought-tolerant and 

standard hybrids, suggesting that drought-tolerant hybrids may lack mechanisms to 

protect them from severe drought stress events although they can maximize yield when 

exposed to moderate drought stress (Mounce et al., 2016). The lack of difference in grain 

yield between hybrids when drought stress occurred from R2 to R6 was associated with 

modestly lower HI and overall greater silage yield for the drought-tolerant hybrid, 

suggesting that the drought-tolerant hybrid invested more resources during the grain-fill 
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period to maintain robust vegetative structures attained during vegetative development. 

Similar grain yield between hybrids in the absence of drought stress may have been due 

to the lack of exposure to the abiotic factors needed to elicit physiological changes of the 

drought-tolerant hybrid that enhance grain yield. Consistent with our findings, similar 

grain yield between drought-tolerant and standard hybrids in the absence of drought 

stress in Indiana was associated with no difference in leaf-level photosynthesis or 

transpiration among hybrids (Roth et al., 2013). Other research showed no difference in 

shoot and root architectures between drought-tolerant and standard hybrids when there 

was no difference in grain yield, and that yield loss due to water stress was positively 

correlated with higher root/shoot ratio (Chang et al., 2013).   

Greater grain and silage yields with the supra-optimal N rate compared to the sub-

optimal N rate for the drought-tolerant hybrid but not for the standard hybrid indicate a 

greater N requirement for the drought-tolerant hybrid. This supports Lindsey (2015), who 

reported a greater agronomic optimum N rate for grain yield of drought-tolerant hybrids 

compared to standard hybrids in Ohio. A greater N requirement may be attributed to 

delayed senescence and greater leaf chlorophyll content during the late grain-filling 

period, secondary traits associated with drought tolerance in tropical maize (Zaidi et al., 

2004). The greater difference in grain and silage yields between the supra-optimal and 

sub-optimal N rates in the absence of drought stress compared to when drought stress 

occurred support Kim et al. (2008), who reported enhanced N use efficiency of maize 

with greater water supply even though grain and biomass yields were not affected by the 

interaction between water and N supply. Greater grain yield with the supra-optimal 
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compared to optimal N rate when no drought stress occurred, as opposed to no difference 

in silage yield, corresponded to greater HI and is in agreement with Tollenaar and Lee 

(2006), who suggested that greater N supply allows greater utilization of photoassimilates 

for grain filling. 

Harvest index was greater in the absence of drought stress compared to when drought 

stress occurred, similar to findings from Roth et al. (2013) and Mounce et al. (2016). 

Contrary to Roth et al. (2013), who reported that HI was greater for drought-tolerant 

compared to standard hybrids when exposed to severe drought stress from the 12 leaf 

collar maize phenological stage through silking, HI in this study was greater for the 

standard compared to drought-tolerant hybrid in the absence of drought stress and with 

drought stress from R2 to R6, but did not differ between hybrids with drought stress from 

V14 to R6. Enhanced DM partitioning to grain by the drought-tolerant hybrid compared 

to the standard hybrid when exposed to sustained drought stress beginning at V14 

compared to R2 may be due to  greater stress tolerance, more efficient utilization of water 

and nutrients for grain production instead of vegetative parts, enhanced ability to 

maintain photosynthesis, greater DM accumulation at silking, and longer duration of 

grain filling for more efficient translocation of DM during the late reproductive stages 

(Tollenaar and Lee, 2002; Tollenaar and Lee, 2006; Sammons et al., 2014). Increased N 

rate contributed to greater HI in the absence of drought stress, as reported by Roth et al. 

(2013), but there was no difference in HI between the optimal and supra-optimal N rates 

with drought stress from R2 to R6 or V14 to R6, demonstrating that adequate supply of 

both water and N is necessary to maximize grain development. Lower HI with drought 
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stress from R2 to R6 compared to V14 to R6 for optimal and supra-optimal N rates 

implies larger investment of photoassimilates to maintain the greater vegetative biomass. 

 

Grain Yield Components 

Drought stress during the late vegetative and silking stages of maize reduces kernel 

number due to a narrower ASI and reduced pollen production; while drought stress 

during the early reproductive stages causes kernel abortion and obstructs DM partitioning 

to grain (Hall et al., 1982; Çakir, 2004; Tollenaar and Lee, 2006). No difference in kernel 

number between the drought-tolerant and standard hybrids in the absence of drought 

stress, and greater kernel number with the drought-tolerant hybrid with drought stress 

from R2 to R6 and V14 to R6, indicate greater ability of the drought-tolerant hybrid to 

maintain kernel number during drought stress. Roth et al. (2013) reported no difference in 

kernel number between standard and drought-tolerant hybrids in the absence of drought 

stress, and greater kernel number with standard compared to drought-tolerant hybrids 

when exposed to intense drought stress. Mounce et al. (2016) found no difference in 

kernel number between a drought-tolerant and a standard hybrid when exposed to full or 

deficit irrigation in Texas. In contrast, drought-tolerant hybrids produced more kernels 

than standard hybrids across three site-years in the eastern U.S. Corn Belt (Lindsey and 

Thomison, 2016).  

Averaged across hybrids, kernel number was less with sub-optimal compared to 

greater N rates, and this reduction in kernel number was more pronounced in the absence 

of drought stress. Similar reductions in kernel number in maize due to N deficiency and 
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drought stress have been reported and suggest that N use efficiency is reduced by water 

deficit (Uhart and Andrade, 1995; Andrade et al., 2002; Kim et al., 2008). When drought 

stress occurs, adequate N supply could maintain grain yield by preventing reduction in 

kernel number. Fewer kernels of greater mass with the standard hybrid compared to the 

drought-tolerant hybrid suggest greater investment of photoassimilates in maintaining 

kernels and greater sensitivity to drought stress, especially when drought stress 

encompassed silking. Additionally, fewer kernels with the standard hybrid suggests 

reduced fertility under drought and N stress and may also be associated with greater 

kernel abortion. 

For the drought-tolerant hybrid, although kernel mass was less than that with the 

standard hybrid, greater kernel number contributed to greater grain yield when drought 

stress occurred from V14 to R6. Previous research showed a strong association between 

grain yield and kernel number for maize exposed to various levels of drought stress 

(NeSmith and Ritchie, 1992; Campos et al., 2006; Monneveux et al., 2006). Greater grain 

yield of a drought-tolerant hybrid compared to a standard hybrid when exposed to 

extreme drought stress in Texas was attributed to greater resistance to erratic pollination 

failure (Becker et al., 2011). In the present study, a possible factor contributing to fewer 

kernels for the standard hybrid when drought stress encompassed silking could have been 

poor pollination or inviable pollen. In agreement with Roth et al. (2013), the sub-optimal 

N rate produced lighter kernels than greater N rates for both hybrids; however, unlike 

their findings kernel mass was greater for the standard hybrid than drought-tolerant 

hybrid. Heavier, but fewer, kernels for the standard hybrid when drought stress occurred 
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implies more resources per kernel were utilized to maintain kernels compared to the 

drought-tolerant hybrid. 

 

Nitrogen Uptake 

The results from this study show greater grain and aboveground N uptake by maize 

with increasing N supply, which has been associated with longer stay green and greater 

HI (Tollenaar and Lee, 2006). The increase in grain and aboveground N uptake with 

increasing N supply was greater in the absence of drought stress compared to when 

drought was imposed, supporting Kim et al. (2008) who found enhanced efficiency of N 

uptake with adequate water supply. The present study also demonstrates that the 

relationship between grain yield and aboveground N uptake was affected by the duration 

of drought stress. Grain yield increased with increasing aboveground N uptake and the 

rate of the increase in grain yield was greater in the absence of drought stress compared 

to treatments with drought stress imposed. Previous research in Nebraska and 

southeastern Asia has shown a similar relationship between maize grain yield and 

aboveground N uptake in the absence of drought stress (Setiyono et al., 2010). 

Additionally, grain yield in the absence of drought stress was greater than that with 

drought stress with equivalent N uptake, demonstrating enhanced efficiency of N uptake 

when water supply is adequate. Greater grain yield and aboveground N uptake with the 

supra-optimal compared to optimal N rate with the drought-tolerant hybrid but not the 

standard hybrid emphasizes a greater N requirement for the drought-tolerant hybrid. 

Greater NHI of the standard compared to drought-tolerant hybrid with the supra-optimal 
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N rate, however, indicates more efficient N partitioning for the standard hybrid with 

abundant N supply. Additional research on numerous hybrids is needed to better 

understand N requirements for drought-tolerant compared to standard hybrids.  

 

CONCLUSIONS 

 This research was conducted using precisely imposed drought-stress treatments 

simulating probable durations of drought-stress for rainfed maize in the Central U.S. and 

other sub-humid to humid regions of the world. The absence of extreme maximum daily 

air temperatures during this study allowed the findings to be attributed to drought stress 

without confounding from heat stress. Enhanced grain yield of the drought-tolerant 

hybrid compared to the standard hybrid was dependent on the timing of drought stress. 

The drought-tolerant hybrid produced greater grain yield than the standard hybrid only 

when moderate sustained drought stress occurred from V14 to R6, and grain yield was 

similar between hybrids in the absence of drought stress or when drought stress occurred 

from R2 to R6. Early exposure to drought may have enhanced morpho-physiological 

characteristic of the drought-tolerant hybrid to better adapt to impending drought stress. 

Greater grain yield with the drought-tolerant hybrid compared to the standard hybrid 

when drought stress occurred from V14 to R6 was associated with greater kernel number 

and aboveground N uptake. The drought-tolerant hybrid was able to maintain more 

kernels compare to the standard hybrid under drought stress both during late vegetative 

and grain filling stages; this may have been associated with enhanced success of 

pollination and reduced kernel abortion. Drought stress during late vegetative stages may 

prepare maize to adjust kernel number to a level capable of being maintained if drought 
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stress is sustained until R6. In comparison, delayed drought stress until early reproductive 

stages may lead to a greater susceptibility to kernel abortion. Grain and silage yields of 

the drought-tolerant hybrid increased with each increase in N rate here, but such yield 

increases were not observed with the supra-optimal compared to optimal N rate for the 

standard hybrid, suggesting a greater N requirement for the drought-tolerant hybrid. 

Further research is needed to enhance the knowledge of N management for drought-

tolerant hybrids. Drought-tolerant hybrids could reduce economic yield losses in the 

event of sustained moderate drought stress from late vegetative stages to R6, while 

allowing yield to be maximized in favorable growing environments. 
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Table 1.1. Significance for F tests for fixed effects of drought stress (D), hybrid (H), and N rate (N) on maize grain and silage yields, 

harvest index (HI), kernel number, kernel mass, grain and aboveground N uptake, and nitrogen harvest index (NHI). 

Source of 

variation 

Grain 

yield 

Silage 

yield 

HI Kernel 

number 

Kernel 

mass 

N uptake NHI 

Grain Aboveground 

 ────────────────────────────── P > F ────────────────────────────── 

D <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

H 0.006 <0.001 <0.001 <0.001 <0.001 ns
a 

0.014 0.046 

N <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 ns 

D × H 0.010 ns 0.007 <0.001 <0.001 ns ns ns 

D × N <0.001 <0.001 0.007 <0.001 ns <0.001 <0.001 ns 

H × N 0.031 0.003 ns ns 0.040 ns 0.005 0.047 

D × H × N ns
 

ns ns ns ns ns ns ns 
a
 ns, not significant. 
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Table 1.2. Maize grain yield, harvest index (HI), kernel number, and kernel mass for standard (ST) and drought-tolerant 

(DT) hybrids when there was no drought stress, 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 N rates 

and experiments. 

Drought 

stress 

Grain yield
a
 HI Kernel number Kernel mass 

ST DT ST DT ST DT ST DT 

 

─── Mg ha
-1

 ─── 

  

─── kernel m
-2

 ─── ── mg kernel m
-1

 ── 

None 13.2 aA
b
 13.1aA 0.56 aA 0.53 aB 4710 aA 4660 aA 237 aA 238 aA 

R2 to R6 9.2 bA 9.5 bA 0.51 bA 0.50 cB 3550 bB 3760 bA 220 cA 213 bB 

V14 to R6 8.4 cB 9.2 bA 0.52 bA 0.52 bA 3070 cB 3780 bA 230 bA 206 cB 
a 
Grain yield at 155 g kg

-1
 moisture. 

b 
Within a column, treatment means followed by the same lowercase letter are not significantly different (P ≤ 0.05). 

Within a row for a given dependent variable, treatment means followed by the same uppercase letter are not significantly 

different. 
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Table 1.3. Maize grain and silage yields, harvest index, kernel number, 

and grain and aboveground N uptake as affected by drought stress [none, 

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] and N rate [sub-optimal (50%), 

optimal (100%), and supra-optimal (150%)], across hybrids and 

experiments. 

Dependent 

variable
a
 

N rate, 

% 

Drought stress 

None R2 to R6 V14 to R6 

Grain yield,  

Mg ha
-1

 

50 10.6 cA
b
 8.4 bB 7.8 bC 

100 14.1 bA 9.6 aB 9.2 aB 

150 14.8 aA 10.0 aB 9.4 aC 

     

Silage yield,  

Mg ha
-1

 

50 50.9 bA 42.2 bB 38.5 bC 

100 61.8 aA 45.2 aB 41.5 aC 

150 62.3 aA 46.3 aB 41.9 aC 

     

Harvest index 50 0.50 cA 0.48 bB 0.49 bB 

100 0.56 bA 0.51 aC 0.54 aB 

150 0.57 aA 0.52 aC 0.54 aB 

     

Kernel number,  

kernels m
-2 

50 4120 bA 3520 bB 3280 bC 

100 4920 aA 3700 aB 3490 aC 

150 5010 aA 3750 aB 3490 aC 

     

Grain N uptake,  

kg N ha
-1 

50 103 cA 92 bB 85 bB 

100 158 bA 120 aB 113 aB 

150 166 aA 128 aB 118 aC 

     

Aboveground N 

uptake, kg N ha
-1 

50 146 cA 134 cB 128 cB 

100 225 bA 180 bB 168 bB 

150 235 aA 192 aB 179 aC 
a 
Grain and silage yields at 155 and 650 g kg

-1
 moisture, respectively. 

b
 Within a column for a given dependent variable, treatment 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. 
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Table 1.4. Maize grain and silage yields, kernel mass, aboveground N uptake, and nitrogen harvest index (NHI) for standard (ST) 

and drought-tolerant (DT) hybrids with three N rates [sub-optimal (50%), optimal (100%), and supra-optimal (150%)], across 

drought stress treatments and experiments. 

N rate, 

% 

Grain yield Silage yield Kernel mass Aboveground 

N uptake 

NHI 

ST DT ST DT ST DT ST DT ST DT 

 

────────── Mg ha
-1

 ────────── ── mg kernel
-1

 ── ── kg N ha
-1

 ── 

  50 8.9 bA
b
 9.0 cA 43.2 bA 44.5 cA 215 bA 199 bB 137 bA 135 cA 0.68 aA 0.69 aA 

100 10.9 aA 11.1 bA 48.2 aB 50.9 bA 233 aA 227 aB 189 aA 193 bA 0.69 aA 0.68 abA 

150 11.0 aB 11.8 aA 47.4 aB 52.9 aA 238 aA 232 aB 193 aB 211 aA 0.69 aA 0.66 bB 
a 
Grain and silage yields at 155 and 650 g kg

-1
 moisture, respectively. 

b
 Within a column, treatment means followed by the same lowercase letter are not significantly different (P ≤ 0.05). Within a row 

for a given dependent variable, treatment means followed by the same uppercase letter are not significantly different. 
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Fig.1.1. Maximum and minimum air temperature and daily precipitation from 

planting until harvest in 2013. Drought stress treatments were imposed at the 14 

leaf collar maize phenological stage (V14) and blister maize phenological stage 

(R2). 
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Fig.1. 2. Cumulative precipitation plus irrigation during the growing season in 

relation to maize phenological stage for three drought stress treatments: no drought 

stress (None), 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 (R2-R6). 
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Fig.1. 3. Relationship between maize grain yield and aboveground N uptake across 

experiments, hybrids, and N rates for treatments with no drought stress (None), 

drought stress from the 14 leaf collar maize phonological stage (V14) to maize 

physiological maturity (R6) (V14-R6), and drought stress from blister maize 

phonological stage (R2) to R6 (R2-R6). 
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Chapter 2: Time of Drought Stress Influences Evapotranspiration, Water Use 

Efficiency, and the Crop Coefficient of Maize Hybrids 

 

INTRODUCTION 

Climate change is associated with more frequent drought and is predicted to create 

severe and widespread drought events during the next several years (Dai, 2012). Drought 

adversely affects global crop yield, with maize showing greater sensitivity to drought 

stress than wheat (Triticum spp.) (Daryanto et al., 2015, 2016). Because, some 

economically significant agronomic crops are impacted by drought stress, there has been 

significant interest in agricultural water management and understanding crop water use 

(Djaman and Irmak, 2012; Cairns et al., 2013; Nair et al., 2013; Irmak et al., 2015; 

Kumar et al., 2015; Dietzel et al., 2016).   

Effects of drought stress on maize production under various growing environments 

have been studied extensively (Oteguie et al., 1995; Cavero et al., 2000; Sadler et al., 

2000; Panda et al., 2004; Djaman and Irmak, 2012; Cairns et al., 2013; Dietzel et al., 

2016). Much of this research investigated water use efficiency (WUE) of maize with 

different water regimes (Djaman and Irmak, 2012; Dietzel et al., 2015; Hao et al., 2015; 

Hernández et al., 2015; Tolk et al., 2016). Water use efficiency is the ratio of biomass 

production to the amount of water used to generate that biomass (Lambers et al., 2008). 

Several researchers reported increased WUE with increasing nitrogen availability and 

with adequate water supply, but not with deficit irrigation (Ogola et al., 2002; Hernandez 

et al., 2015; Wang et al., 2015). Reduced WUE with drought stress often is associated 
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with high water uptake but low grain yield (Dietzel et al., 2016). Previous studies found 

greater crop water use efficiency (CWUE) with deficit irrigation compared to full 

irrigation (Djaman and Irmak, 2012; Singh et al., 2014). This could be associated with 

greater tolerance of new maize cultivars to drought stress and judicious water 

management, among other factors (Blum, 2009; Tolk et al., 2015).  

Several studies showed CWUE of maize is greater with deficit irrigation application 

of 25 to 40% of the optimum plant water requirement compared to full irrigation (Panda 

et al., 2004; Djaman and Irmak, 2012; Hao et al., 2015). An 18-yr assessment of field-

level maize grain yield in the central United States found an increasing trend in yield with 

time, no change in yield sensitivity to drought stress with time, and greater sensitivity of 

yield to drought-induced vapor pressure deficit (VPD) (Lobell et al., 2014). This was 

reaffirmed by Ort and Long (2014), who suggested increases in VPD during the next 50 

yr will increase CWUE. Other studies have reported that excess water in the soil profile 

at a given time results in percolation losses of water and nutrients beyond the active root 

zone (El-Hendawy and Schmidhalter, 2010; Hokam et al., 2011). Deficit irrigation is 

based on the critical water requirement by phenological stage of crop development 

(Bausch et al., 2011). When compared to conventional irrigation methods, this limits 

unnecessary evaporative loss of water, runoff, and nutrient leaching (Dietzel et. al., 

2016). Timing of irrigation is important for maize and can affect maize grain yield and 

WUE (Payero et al., 2009). With drought stress during reproductive stages of maize, 

irrigation at the milk and dough stages of kernel development was more positively 
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correlated with grain yield compared to irrigation applied at later stages (Payero et al., 

2009).   

Accurate estimation of reference evapotranspiration (ETo), crop evapotranspiration 

(ETc), and the crop coefficient (Kc) are vital for calculating adequate irrigation rate. 

Reference ET is evapotranspiration from a hypothetical grass reference surface at well-

watered conditions and ETc is water loss from a cropped field as a combination of soil 

surface evaporation and crop transpiration produced with agronomic management for full 

production potential for the given growing environment (Allen et al., 1998). Dual Kc, 

with factors representing transpiration as basal crop coefficient (Kcb) and an evaporation 

coefficient (Ke), is relevant for more accurate estimation of ETc. The basal crop 

coefficient is the ratio of ETc to ETo 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 the maximum potential (Allen et al., 2000). When crops are grown under 

environmental stress, a stress coefficient (Ks) is used to calculate the actual crop 

evapotranspiration (ETa) (Allen et al., 1998). The soil water balance approach, which is 

the assessment of influx and efflux of water into the crop root zone over a given period of 

time, can be used to estimate ETa (Payero et al., 2009; Djaman and Irmak, 2012; Irmak et 

al., 2015), although ETa and Kcb varies with crop phenological stage, cultivar, plant-

available soil water, and environmental conditions (Irmak et al., 2015; Kumar et al., 

2015). Regional and crop specific ETa and Kc allow greater precision of crop water 

management (Sadler et. al., 2000; Payero et al., 2009; Piccinni et al., 2009; Irmak et al., 

2015; Kumar et al., 2015).  
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Most recent estimates of ETa and WUE in maize were based on the amount of water 

applied during the growing season and with little emphasis on Kc (El-Hendawy et al., 

2008; Djaman and Irmak, 2012; Hao et al., 2015; Lindsey, 2015). There is limited 

published research on phenological development stage-specific estimation of Kc for 

maize under drought stress (Kang et al., 2003; Piccinni et al., 2009), and to our 

knowledge none exists for drought-tolerant maize hybrids. In the central United States, 

drought stress in maize occurs most frequently during the reproductive stages of 

development and in some cases beginning as early as the late vegetative stages, with 

drought predicted to be more frequent in the future worldwide (Dai, 2012; Lobell et al., 

2014; National Drought Mitigation Center, 2016). Water requirements of maize are 

greatest during the late vegetative to early reproductive stages, with drought stress during 

these stages causing severe yield loss (Çakir, 2004; Kranz et al., 2008). Maize 

performance studies in the past seven decades showed association between grain yield 

and tolerance to drought stress (Lopes et al., 2011; Edmeades, 2013). Maize hybrids 

developed for drought tolerance have potential to alleviate drought-induce yield loss 

(Edmeades et al., 1999; Tollenaar and Lee, 2002; Campos et al., 2004; 2006). Recent 

drought-tolerant hybrids have had greater grain yield and WUE than standard hybrids 

with deficit irrigation at 50 and 75% of evapotranspiration requirements, although no 

yield differences were observed in the absence of drought or in severe drought 

environments (Roth et al., 2013; Hao et al., 2015).   

This study was designed to evaluate maize with drought stress imposed during 

phenological stages with high water requirements that also coincide with natural drought 
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periods often encountered in the central United States. The objectives were to determine 

ETa, CWUE, irrigation water use efficiency (IWUE), and the Kcb for a drought-tolerant 

and a standard maize hybrid with drought stress imposed from late vegetative and early 

reproductive stages of phenological development to physiological maturity and in the 

absence of drought stress. We hypothesized that ETa, CWUE, and IWUE of the drought-

tolerant hybrid would be greater than that of the standard hybrid when under drought 

stress, that Kcb would be reduced when maize experienced drought stress, and that Kcb 

would be greater for the drought-tolerant compared to standard maize hybrid when under 

drought stress. 

 

MATERIALS AND METHODS 

Site Description, Experimental Design, and Cultural Practices 

In 2013 three experiments were conducted at the University of Minnesota Sand Plain 

Research Farm near Becker, MN. The soil at the study sites was a loamy sand complex 

with an average slope of 1.6%. Soil texture and particle size were determined for the 0- to 

15-,15- to 30-, 30- to 45-, 45- to 60-, 60- to 75-, 75- to 90-, and 90- to 105-cm depth 

layers using the hydrometer method (Bouyoucos, 1962). The soil texture was loamy sand 

for the 0- to 45-cm depth layers and sand for the 45- to 105-cm depth layers with an 

average sand, silt, and clay content for the entire sampled depth of 860, 60, and 80 g kg
-1

, 

respectively. Within the 0- to 1.0 m depth, soil water content was 0.134 m
3 

m
-3

 at field 

capacity and 0.054 m
3 

m
-3

 at permanent wilting point (USDA-Natural Resources 

Conservation Service, 2016). Each experiment was planted to maize following a different 
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previous crop. The previous crops were 3-yr-old alfalfa, soybean, and winter rye 

following soybean____. Each experiment evaluated three durations of drought stress, two 

maize hybrids, and three fertilizer N rates using a split-plot arrangement of treatments in 

a randomized complete block design with four replications. Main plot treatments were 

duration of drought stress and the sub-plots were a factorial arrangement of hybrid and 

fertilizer N rate. Each experimental plot 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: no 

drought stress with adequate irrigation simulating soil water content at field capacity 

throughout the growing season, sustained moderated drought stress from V14 to R6, and 

R2 to R6. The 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. A designated drought-

tolerant maize hybrid, NK Brand N42Z-3011A, and a comparable standard maize hybrid, 

NK Brand N36A-3000GT, were used (Syngenta, 2015a; 2015b). The three fertilizer N 

rates were: sub-optimal, 50% below the expected economically optimum N rate; optimal, 

100% of the economically optimum N rate; and supra-optimal, 50% greater than the 

economically optimum N rate. The expected economically optimum fertilizer N rates 

were set at 123, 168, and 213 kg N ha
-1

 for maize following alfalfa, soybean, and winter 

rye, respectively, based on research summarized by Rehm et al. (1989, 2008) and Kaiser 

et al. (2011). Fertilizer N treatments were applied as NH4NO3, with 45 kg N ha
-1

 surface 

broadcast immediately after planting and the remaining amount applied as a surface band 

to one side of the maize row at the six leaf collar maize phenological stage.  
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Alfalfa and winter rye were terminated with herbicides 10 d before planting maize. 

All experiments were moldboard plowed 7 d before maize planting and field cultivated 

and culti-packed on the day of planting. Maize was planted on 23 May 2013 in all the 

experiments and a plant density of 81,500 plants ha
-1

 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 experiment sites and 

cultural practices are provided in Chapter 1. 

 

Soil Water Content Measurement and Irrigation Management 

Soil water content was measured using a time domain reflectometry soil moisture 

sensor (IMKO GmbH, Ettlingen, Germany). Five days after planting, polyvinylchloride 

access tubes (50 cm i.d.) were inserted 1 m deep into the soil using a hydraulically-driven 

soil tube. In the experiment where the previous crop was soybean, access tubes were 

placed in all replications of treatments representing all combinations of the optimal N 

rate, both hybrids, and all levels of drought stress. In the experiments where the previous 

crop was alfalfa or winter rye, access tubes were placed in all replications of treatments 

representing the optimal N rate, the drought-tolerant hybrid, and all levels of drought 

stress, and also in treatments representing the optimal N rate, standard hybrid, and V14 to 

R6 duration of drought stress. Soil water content was measured once or twice per week 

unless precipitation occurred, in which case measurements were postponed to the driest 

day after precipitation or the day before irrigation. Total soil water content in the 0- to 

1.0-m soil profile was used to calculate irrigation water supply starting from 10 leaf 
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collar maize phenological stage until R6 and for estimating ETa throughout the measured 

period (Allen et al., 1998, 2005; Schmidt et al., 2011).  

Daily air temperature and precipitation data were obtained from an onsite weather 

station. Solar radiation, wind speed, and relative humidity data were obtained from the 

nearest USDA-Natural Resources Conservation Service Soil Climate Analysis Network 

weather station at Crescent Lake, MN (45°
 
25′ N, 93°

 
57′ W) about 7 km from the 

experiment sites. Irrigation was applied using solid-set sprinkler from planting until the 

10 leaf collar maize phenological stage, and using a drip irrigation system afterward. A 

modified checkbook method (Wright, 1991) was used to determine the irrigation amount 

applied once or twice each week. Additional details on the drip irrigation system and 

drought stress management are described in Chapter 1. 

 

Volumetric Soil Water Content Calculation 

Volumetric soil water content was determined for each 20-cm increment within the 0- 

to 100-cm depth. The equivalent depth of soil water, θp (cm), for the entire measured 

depth of the soil profile was calculated according to Eq. 1 from Schmidt et al. (2011):  

θp = 20(θ20 + θ40 + θ60 + θ80 + θ100) (1) 

where θ20, θ40, θ60, θ80, and θ100 (mm
3 

mm
-3

) are the volumetric soil water contents for the 

0- to 20-, 20- to 40-, 40- to 60-, 60- to 80-, and 80- to 100-cm depths, respectively. These 

calculations were used along with ETo, ETc, precipitation, and irrigation water to estimate 

drainage, soil water storage, and ETa. 
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Time Domain Reflectometer Calibration 

The time domain reflectometer, (TRIME-PICO IPH/T3; IMKO GmbH, Ettlingen, 

Germany), used to measure for soil water content is sensitive to soil bulk density >1.7 g 

cm
-3

 and soil-specific calibration is recommended for improved accuracy (Laurent et al., 

2005; Evett et al., 2006; IMKO, 2010). Bulk soil samples were collected by multiple 

representative sampling within the experiment where maize followed soybean, using a 

hydraulically-driven soil tube with an inner diameter of 6.5 cm, from the 0- to 20-, 20- to 

40-, and 40- to 100- cm increments. These soil layers were chosen to represent layers 

within which soil texture and soil bulk density were similar in these experiments. Soil 

samples were dried in a forced-air oven at 60°C until constant mass. A 25-cm long 

polyvinylchloride cylinder with an inner diameter of 30 cm and an inner-graduated scale 

with 5-cm increments was used to pack the soil. A smaller polyvinylchloride tube of the 

same length with an inner diameter of 6 cm was placed in the center of the cylinder 

before packing the soil and was used as an access tube for measuring volumetric soil 

water content with the TRIME-PICO IPH/T3 device to be calibrated. Soil was packed to 

achieve bulk densities of 1.50, 1.60, and 1.75 g cm
-3

 representing those of the 0- to 20-, 

20- to 40-, and 40- to 100-cm depth increments, respectively. These bulk density values 

were selected to represent the average bulk density across the three experiment sites. 

Calibration of TRIME-PICO IPH/T3 was performed separately for each depth increment. 

The first measurement was obtained using oven-dried soil assumed to be at 0% moisture. 

After each measurement, soil was removed from the tube, water was added to the 

unpacked soil and mixed to achieve homogeneous soil moisture, and the tube was 
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repacked with soil. Soil packing was performed on 5-cm increments by weighing the 

required volume of soil for each 5-cm depth separately. For each measurement of 

volumetric soil moisture content, the amount of water added after each measurement was 

1, 2, 4, 6, 8, 11, 14, and 17% of the remaining soil. At the time of each measurement 

following homogenization of soil, representative samples of soil were taken to determine 

gravimetric soil water content. Volumetric soil water content measured using the 

TRIME-PICO IPH/T3 and actual volumetric soil water content obtained from the 

gravimetric water content measurement multiplied by soil bulk density were used to 

develop a linear regression equation for calibration of the field data (Laurent et al., 2005; 

Evett et al., 2006). Linear calibration equations were obtained using the REG procedure 

of SAS (SAS Institute, 2011). Based on the linear calibration equations (Fig. 2.1), 

volumetric soil water measurements were adjusted before calculating total soil water 

content and soil water storage at approximately weekly intervals for the entire growing 

season. 

 

Soil Water Balance, Evapotranspiration, and Crop Coefficient 

Daily grass reference evapotranspiration was calculated using air temperature and 

precipitation data from an onsite weather station and solar radiation, wind speed, and 

relative humidity data from the USDA-Natural Resources Conservation Service Soil 

Climate Analysis Network weather station at Crescent Lake, MN, using the Penman-

Monteith equation (Allen et al., 1998; 2005): 
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ETo = 

0.408 ∆ (𝑅𝑛−𝐺)+ 𝛾
900

𝑇+273
 𝑢2(𝑒𝑠−𝑒𝑎)

∆+ 𝛾 (1+0.34 𝑢2)
                                           (2) 

 

where ETo is grass reference ET (mm d
-1

), Rn is net radiation at the crop surface (MJ m
-2

 

d
-1

), G is soil heat flux density (MJ m
-2

 d
-1

, assumed as zero for daily calculation), T is 

daily average air temperature (°C), u2 is wind speed at a 2-m height (m s
-1

), es is 

saturation vapor pressure (kPa), ea is actual vapor pressure (kPa), es-ea is saturation vapor 

pressure deficit (kPa), Δ is the vapor pressure curve slope (kPa °C
-1

), and γ is the 

psychrometric constant (kPa 
°
C

-1
).  

Actual ETa was calculated on 6- to 8-d intervals using the soil water balance 

equation: 

ETa = P + I – R – D + C± ΔSF ± ΔS                                                                        (3) 

where P is precipitation, I is irrigation, R is surface runoff, D is deep percolation below 

the measure crop root zone, C is capillary rise, ΔSF is change in horizontal subsurface 

water flux within the root zone, and ΔS is change in soil water storage during the 

measured time interval. All terms are in millimeter per unit time. 

Deep percolation was estimated using the soil water balance method described by 

Djaman and Irmak (2012). Daily ETc was the product of the Kc (adjusted value in Table 

17 based on climatic variable (Allen et al., 1998)) and ETo. 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 were used to calculate deep 

percolation. Deep percolation was calculated as: 

Dj = max (Pj + Ij – Rj – ETcj – ΔCDj-1, 0)                                         (4) 
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where Dj is deep percolation on day j, Pj is the precipitation on day j, Ij is irrigation on 

day j, Rj is precipitation and/or irrigation runoff from the soil surface on day j, ETcj is 

crop evapotranspiration on day j, and ΔCDj-1 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 CN = 75 

based on land use and soil properties of the sites (USDA-Natural Resources Conservation 

Service, 2004).  

For the experiment sites it was assumed that subsurface water flux and capillary rise 

were negligible and the soil water balance equation for ETa calculation was reduced to: 

ETa = P + I – R – D ± ΔS                                                              (5) 

Crop coefficient was calculated using the dual Kc approach, accounting for the water-

stress coefficient (Ks). Dual Kc is the sum of Kcb and Ke, reduced by water stress with 

drought conditions: 

Kc = Kcb × Ks + Ke (6) 

where Kcb is basal crop coefficient, Ks is water stress coefficient, and Ke is soil 

evaporation coefficient. All terms are unitless. 

Basal crop coefficient was calculated for three phases of maize phenological 

development: initial, mid-season, and late season growth stages as Kcb ini, Kcb mid, and Kcb 

end, respectively (Allen et al., 1998). The values for Kcb ini, Kcb mid, and Kcb end from Allen 

et al. (1998) were used to calculate ETc. When the mean minimum relative humidity was 

different from 45% or where wind speed (u2) at 2 m was larger or smaller than 2.0 m s
-1

, 

Kcb mid  and Kcb end values were adjusted as:  
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Kcb = Kcb(Table) + [0.04(u2-2) – 0.004 (RHmin – 45)] (h/3)
0.3

   (7) 

where Kcb(Table) is the value for Kcb mid or Kcb end (if ≥0.45) from Table 17 by Allen et el. 

(1998), u2 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
-1

) for 1 m s
-1

 ≤ u2 ≤ 6 m s
-1

, RHmin is mean daily 

minimum relative humidity during the mid- or late season growth phase (%) for 20% ≤ 

RHmin ≤ 80%, and h is mean height of maize during the mid- or late season phase (m) for 

20% ≤ RHmin ≤ 80%. The Ks was calculated as: 

Ks =  
(𝑇𝐴𝑊−𝐷𝑟)

(1−𝑝) 𝑇𝐴𝑊
 (8) 

where Ks 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), Dr 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 soil evaporation coefficient describes the evaporation components of ETc. When 

surface soil is wet following rain or irrigation Ke is maximum, and when surface soil is 

dry Ke is small or zero. The Ke was determined by: 

Ke = min (Kr (Kc max –Kcb),  few Kc max) (9) 

where Kr is dimensionless evaporation reduction coefficient, Kc max is the maximum value 

of Kc following precipitation or irrigation, and few is the portion of the soil that is both 

exposed to solar radiation and wetted.  

The seasonal basal crop coefficient for Kcb ini, Kcb mid, and Kcb end was calculated on 6- 

to 8-d intervals using ETa calculated after subtracting evaporation water loss from the 

evaporation depth of soil surface as: 
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Kcb = ETa/ ETo (10) 

where ETa is actual crop ET (mm d
-1

) and ETo is reference ET (mm d
-1

). 

Additional details regarding these equations used for calculating Kcb, Ke, and Ks are 

provided by Allen et al. (1998; 2005).   

In the experiment where the previous crop was soybean, total seasonal ETa was 

calculated for treatments representing all combinations of the optimal N rate, both 

hybrids, and all levels of drought stress. In the experiments where the previous crop was 

alfalfa or winter rye, total seasonal ETa was calculated for treatments representing the 

optimal N rate and drought-tolerant hybrid for all levels of drought stress, and also for the 

treatment representing the optimal N rate, standard hybrid, and V14 to R6 duration of 

drought stress. This ETa, along with maize grain yield, was used to calculate CWUE of 

maize for the same treatments. Irrigation WUE was calculated using seasonal irrigation 

amount for each drought stress treatment and grain yield. At maturity, maize ears were 

harvested from the center 2.4 m of the two center rows of each plot. Ears were shelled 

after oven dried at 60ºC to constant mass and grains and cobs were weighed. Maize grain 

yield was calculated at 155 g kg
-1

 moisture. Water use efficiency of maize was calculated 

according to Payero et al. (2009): 

CWUE = GY / ETa                                                                  (11) 

IWUE = GY / I  (12) 

where CWUE is crop WUE expressed in  kg m
-3

, GY is maize grain yield (g m
-2

), ETa is 

actual crop evapotranspiration (mm), IWUE is irrigation WUE in kg m
-3

, and I is 

seasonal irrigation (mm). 
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Growing Conditions and Water Supply 

Monthly average air temperature, relative humidity, wind speed, incoming solar 

radiation, vapor pressure deficit, and monthly total precipitation are listed in Table 2.1. 

With the exception of precipitation, these variables were within the range for favorable 

maize growth (Crafts-Brandner and Salvucci, 2002), 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 was 

29.0°C in between July and August. Average seasonal relative humidity was 71%, 

monthly average wind speed did not exceed 2 m s
-1

 except in June, and greatest average 

vapor pressure deficit was 1.1 kPa between July and August. Total seasonal ETo was 

estimated as 469, 452, and 456 mm for treatments with no drought stress, drought stress 

from R2 to R6, and drought stress from V14 to R6, respectively. This difference is 

because of the difference in time of maize physiological maturity. The total amount of 

precipitation from maize emergence to R6 was 258 mm. Shortage of precipitation 

coincided with late July to August when maize was in the late vegetative to early 

reproductive stages of development. Irrigation was applied from the three leaf collar 

stage of maize phenological development until the middle of dent stage of maize 

phenological development, after which no irrigation was required. Monthly irrigation 

applied in each experiment and drought stress treatment is listed in Table 2.2. Averaged 

across experiments, total irrigation was 346, 223, and 179 mm for no drought stress, 

drought stress from V14 to R6, and drought stress from R2 to R6, respectively. 

Additional details on growing conditions and water supply are provided in Chapter 1. 
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Statistical Analysis 

Statistical analysis was performed for four datasets based on the treatments sampled, 

which represent: (i) all levels of drought stress, both hybrids, and the optimal N rate from 

the experiment where maize followed soybean; (ii) all levels of drought stress, the 

drought-tolerant hybrid, and the optimal N rate from all experiments; (iii) drought stress 

from V14 to R6, both hybrids, and the optimal N rate from all  experiments; and (iv) all 

levels drought stress, both hybrids, and all N rates from all experiments. Actual crop 

evapotranspiration, CWUE, IWUE, grain yield, and Kcb were analyzed for datasets (i), 

(ii), and (iii). Analysis for dataset (iv) was performed only for IWUE and grain yield. 

Reference evapotranspiration, ETa, Kcb, CWUE, and IWUE (Eq. 2, 5, 10, 11, and 12) 

were calculated from maize emergence to R6 using a spreadsheet software program 

(Microsoft Excel 2010, Microsoft Corp., Redmond, WA, USA).The date of emergence 

was 31 May for all treatments and the date of R6 was 24, 19, and 20 September for the 

treatments with no drought stress, drought stress from R2 to R6, and drought stress from 

V14 to R6, respectively. The Kcb ini was 0.15 for all experiments and durations of drought 

stress because drought stress was not imposed at this phase and therefore not included for 

data analysis. For analysis of datasets (i), (ii), and (iii), average Kcb mid and Kcb end were 

used. A separate analysis was performed to determine growth stage-specific Kcb using Kcb 

calculated at 6- to 8-d intervals from V10 to R6 from the experiment where maize 

followed soybean. Data were analyzed using the MIXED procedure of SAS (SAS 

Institute, 2011) at P ≤ 0.05. Block (nested within experiment) and interactions with block 

were considered random and experiments, levels of drought stress, hybrid, N rate, and 
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phase of Kcb were considered as fixed, and phase of Kcb as repeated measurement. The 

UNIVARIATE procedure of SAS and scatterplots of residuals versus predicted values 

were used to check for normality and homogeneity of variance (Kutner et al., 2004). 

Mean comparisons were performed with pairwise t-tests using the PDIFF option of the 

MIXED procedure of SAS. Linear regression analyses were conducted using the REG 

procedure of SAS to relate IWUE to maize grain yield for each level of drought stress, 

across experiments, hybrids, and N rates. 

 

RESULTS 

  Actual Crop Evapotranspiration 

In the experiment where maize followed soybean, seasonal ETa for treatments with 

the optimal N rate was affected by drought stress but not by hybrid or the interaction 

between drought stress and hybrid (Table 2.3). Averaged across hybrids in the 

experiment following soybean, seasonal ETa in the absence of drought stress was 68 and 

102 mm greater compared to seasonal ETa when drought stress occurred from R2 to R6 

or V14 to R6, respectively (Table 2.4). Seasonal ETa for drought-tolerant hybrid with the 

optimal N rate was influenced by the main effect of drought stress, but not by previous 

crop or the interaction between previous crop and drought stress (Table 2.3). Averaged 

across experiments, seasonal ETa of the drought-tolerant hybrid was 72 and 106 mm 

greater in the absence of drought compared to when drought stress occurred from R2 to 

R6 and V14 to R6, respectively. When drought stress from V14 to R6 with the optimal N 

rate, seasonal ETa did not differ between hybrids but was influenced by previous crop. 
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Averaged across hybrids for the treatment when drought stress from V14 to R6 with the 

optimal N rate, seasonal ETa was 3 and 8 mm greater in the experiment where maize 

followed soybean compared to the than experiments where maize followed alfalfa and 

winter rye, respectively (Table 2.4). Maize grain yield is presented in Tables 2.3 through 

2.6 for interpretation of ETa, CWUE, and IWUE. Detailed description of grain yield in 

this study is provided in Chapter 1 and is not repeated here. 

 

Water Use Efficiency 

Crop WUE and IWUE were influenced by the drought stress treatments in the 

experiment where maize followed soybean with drought stress treatment and hybrid as 

independent variables and for the drought-tolerant hybrid with experiments and drought 

stress treatments as independent variables (Table 2.3). Across hybrids in the experiment 

where maize followed soybean, CWUE averaged 21% greater in the absence of drought 

stress compared to when drought stress occurred from R2 to R6 or V14 to R6, and 

CWUE did not differ between the R2 to R6 and V14 to R6 durations of drought stress 

(Table 2.4). Irrigation WUE averaged 23% greater across hybrids in the experiment 

where maize followed soybean when maize was exposed to drought stress from V14 to 

R6 compared to no drought stress or drought stress from R2 to R6, and IWUE did not 

differ between treatments with no drought stress and drought stress from R2 to R6. 

Across experiments for the drought-tolerant hybrid, CWUE was 16 and 24% greater with 

no drought stress compared to drought stress from V14 to R6 and R2 to R6, respectively, 

while IWUE with drought stress from V14 to R6 averaged 26% greater than that with no 
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drought stress or drought stress from R2 to R6. Across experiments for the treatment with 

drought stress from V14 to R6, CWUE and IWUE were 7 and 8% greater for the 

drought-tolerant hybrid compared to the standard hybrid, respectively. 

 

Influence of Nitrogen Rate on Irrigation Water Use Efficiency 

Irrigation WUE was affected by  previous crop × hybrid, drought stress treatment × 

hybrid, previous crop × N rate, drought stress treatment × N rate, and hybrid × N rate 

interactions (Table 2.5). Mean separation results for these interactions are provided in 

Table 2.6, but only the drought stress treatment × N rate and hybrid × N rate interactions 

are discussed because the previous crop × hybrid and drought stress treatment × hybrid 

effects were evaluated with analyses presented in Table 2.3 and the previous crop × N 

rate interaction is beyond the objective of this discussion. Averaged across previous crops 

and hybrids, IWUE was greatest when drought stress occurred from V14 to R6 for all N 

rates (Table 2.6). Irrigation WUE in the absence of drought stress was less compared to 

when drought stress occurred from R2 to R6 for the sub-optimal and optimal N rates, but 

not for the supra-optimal N rate. Averaged across experiments and drought stress 

treatments, IWUE was 3 and 8% greater with the drought-tolerant compared to standard 

hybrid for the optimal and supra-optimal N rates, respectively, and did not differ between 

hybrids at the sub-optimal N rate. For the standard hybrid, IWUE was greatest with the 

optimal and supra-optimal N rates, averaging 20% greater than that with the sub-optimal 

N rate. For the drought-tolerant hybrid, IWUE was greatest only with the supra-optimal 
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N rate, at which it was 6 and 29% greater than that with the optimal and sub-optimal N 

rates, respectively. 

There was a linear relationship between IWUE and maize grain yield for all levels of 

drought stress, across experiments, hybrids, and N rates (Fig. 2.2). This linear 

relationship differed within each drought stress treatments (P <0.001). Irrigation WUE 

increased by 0.29, 0.44, and 0.57 kg m
-3

 with each 100-g m
-2

 increase in grain yield in the 

absence of drought stress and when drought stress occurred from V14 to R6 and R2 to 

R6, respectively. The range in IWUE was similar among drought stress treatments, while 

the range in grain yield was greater with no drought stress compared to when drought 

stress was imposed. Irrigation WUE and grain yield, respectively, ranged from 1.87 to 

4.74 kg m
-3

 and 652 to 1639 g m
-2

 with no drought stress, 3.08 to 6.08 kg m
-3

 and 566 to 

1077 g m
-2

 with drought stress from V14 to R6, and 3.07 to 5.71 kg m
-3

 and 677 to 1289 

kg m
-2

 with drought stress from R2 to R6, respectively. 

 

Basal Crop Coefficient 

In the experiment where maize followed soybean, Kcb for treatments with the optimal 

N rate was influenced by the interaction between drought stress treatment and phase of 

maize development, but not by hybrid or interactions with hybrid (Table 2.3). Averaged 

across hybrids in the experiment following soybean, Kcb mid was greater than Kcb end for all 

durations of drought stress (Table 2.7). There was a decline in Kcb mid as the duration of 

drought stress increased. The Kcb end was greatest in the absence of drought stress and did 

not differ between treatments with drought stress from V14 to R6 and R2 to R6. For the 
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drought-tolerant hybrid receiving the optimal N rate, Kcb was affected by drought stress 

treatment × phase of maize development and drought stress treatment × previous crop 

(Table 2.3). Across experiments for the drought-tolerant hybrid with the optimal N rate, 

the response of Kcb to drought stress treatment and phase of maize development was 

consistent with that across hybrids for the experiment where maize followed soybean 

(Table 2.7). Across phases of maize phenological development, Kcb in the experiment 

where maize followed winter rye was 3 and 4% less for treatments with drought stress 

from R2 to R6 and V14 to R6, respectively,  compared to the mean Kcb in the 

experiments where maize followed alfalfa and soybean. With drought stress from V14 to 

R6 for the optimal N rate, the main effects of previous crop and phase of maize 

development influenced Kcb (Table 2.3). Across hybrid and phases of maize 

development, Kcb was 0.02 greater for the experiment where maize followed winter rye 

compared to the mean Kcb (0.66) for the experiments where maize followed alfalfa and 

soybean. Across experiments and hybrids, Kcb mid was 0.71 and Kcb end was 0.59. 

Growth stage-specific Kcb in the experiment where maize followed soybean for 

treatments with the optimal N rate was influenced by the interaction between drought 

stress treatment and phase of maize development (P < 0.001). At each stage of maize 

phenological development from V10 to R6, Kcb was greatest in the absence of drought 

(Table 2.8). Basal crop coefficient for the treatment with drought stress from V14 to R6 

was less than that for the treatment with no drought stress from the 12 leaf collar maize 

phenological stage until R6, while the Kcb for the treatment with drought stress from R2 

to R6 was less than that for the treatment with no drought stress at tasseling and from R2 
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to R6. Within each drought stress treatment, Kcb differed among stages of maize 

development, especially for the treatments with drought stress imposed. The relationship 

between Kcb and Ks is shown in Fig. 2.3 across hybrids for the optimal N rate in the 

experiment where maize followed soybean.   

 

DISCUSSION 

Maize Evapotranspiration  

Results from this study support the hypothesis that standard and drought-tolerant 

hybrids do not differ in total seasonal ETa in the absence of drought but reject the 

hypothesis that ETa differs between standard and drought-tolerant hybrids when under 

drought stress. Duration of drought stress impacted ETa of the maize hybrids in this study. 

Across experiments, ETa of the drought-tolerant hybrid with the optimal N rate ranged 

from 358 to 464 mm for treatments with drought stress from V14 to R6 and no drought 

stress, respectively. In the absence of drought stress, seasonal ETa of 400 to 450 mm was 

reported to be the minimum threshold for optimum maize production in Iowa (Dietzel et 

al., 2016), similar to the ETa for the treatment with no drought stress in this study. These 

values of ETa are within the range, 356 to 566 mm with seasonal precipitation of 225 to 

279 mm, reported for a deficit irrigation of 100, 75, and 50% of field capacity in a 

temperate climate in Serbia (Kresociv et al., 2016). A similar deficit irrigation study in 

Nebraska reported a greater ETa range of 587 to 627 mm with seasonal total rainfall of 

495 mm (Djaman and Irmak, 2012). This larger difference may be due to a shorter 

growing season here and less precipitation that exposed maize to greater drought stress. 
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When compared to the treatment without drought stress, ETa was less with drought stress 

from R2 to R6 and V14 to R6, which was associated with reduced grain yield. The 

reduction in ETa when compared to the control was greater when the duration of drought 

stress was longer and encompassed the anthesis-silking period, although there was no 

difference in grain yield between treatments with drought stress from R2 to R6 and V14 

to R6. The lack of difference in grain yield between treatments with drought stress from 

R2 to R6 and V14 to R6, even when total seasonal ETa was less when drought stress 

occurred from V14 to R6, could be due to more effective physiological adaptation of 

maize hybrids with earlier exposure to drought stress, thereby enhancing the efficiency of 

water use for grain production (Chapter 1). A similar pattern of reduced ETa with deficit 

irrigation supply and reduced grain yield with a decrease in ETa has been reported by 

others (Payero et al., 2009; Djaman and Irmak, 2012). A separate evaluation across both 

hybrids for the experiment where maize followed soybean showed a similar trend of 

reduced ETa with increased duration of drought stress, and markedly close ranges of ETa 

for all levels of drought stress. Across hybrids for the treatment with drought stress from 

V14 to R6, the 3- to 8-mm difference in ETa among experiments could be due to slight 

differences in irrigation application, previous crop, and site conditions such as soil 

particle size distribution. Having a previous cover crop before planting can reduce 

surface runoff and enable greater infiltration; however, with reduced seasonal 

precipitation a cover crop can deplete water availability for the main crop (Unger and 

Vigil, 1998; Balkcom et al., 2007). Total seasonal water withdrawn by maize through ETa 

was 77, 82, and 82% of the growing seasonal total precipitation and irrigation amount for 
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treatments with no drought stress and drought stress from R2 to R6 V14 to R6, 

respectively. In comparison, 88 to 103% water uptake through ETa by maize with 50% 

deficit irrigation and full irrigation in Nebraska (Djaman and Irmak, 2012). The greater 

percentage of water uptake in the Nebraska study was likely due to differences in climatic 

variables, a longer growing season, and differences in the time of the drought stress 

(Payero et al., 2009; Hao et al., 2015). This also implies that not all irrigation water is 

effectively withdrawn by maize when exposed to drought stress. Growing season ETa in 

this study is less than reported from Nebraska by Payero et al. (2009), the 544 to 638 mm 

reported from Nebraska by Djaman and Irmak (2012), but was within the range of 257 to 

691 mm reported from a deficit irrigation study in Nebraska (Payero et al., 2006).   

 

Water Use Efficiency 

Results from this study support the hypothesis that the drought-tolerant hybrid has 

greater CWUE and IWUE when drought stress occurs, although this was confirmed only 

when drought stress occurred from V14 to R6. The lack of difference in CWUE and 

IWUE between hybrids when drought occurred from R2 to R6 is likely due to several 

reasons. In this study, CWUE ranged from 2.37 to 3.09 kg m
-3

. Crop WUE values 

ranging from 1.29 to 2.58 kg m
-3

 have been reported for maize grown with various water 

management regimes across the United States (Howell et al., 1997; Payero et al., 2009; 

Djaman and Irmak, 2012; Hao et al., 2015) and a simulation study for the western Corn 

Belt reported 3.7 kg m
-3

 (Grassini et al., 2009). In deficit irrigation studies, maize WUE 

ranged from 2.37 to 3.90 kg m
-3

 in Serbia (Kresovic et al., 2016) and 3.03 to 3.37 kg m
-3
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in Spain (Couto et al., 2013). In these European studies, large values for CWUE were 

attributed to greater maize yield achieved through greater radiation use efficiency and 

milder air temperatures (Couto et al., 2013; Kresovic et al., 2016). Maize WUE in this 

study, which was greater than that reported from other studies in the United States, could 

be due to favorable weather conditions during the growing season, a shorter duration of 

growing season for measuring seasonal ETa, the use of shorter-season hybrids, and 

differences in soil texture (Djaman and Irmak, 2012; Hao et al., 2015; Kresovic et al., 

2016; Tolke et al., 2016). Maize produced on finer-textured soil has been shown to have 

greater WUE than maize produced on coarser-textured soil, primarily due to less 

evaporative loss in the early season and less ETa (Tolke et al., 2016). Crop WUE is 

influenced by both ETa and grain yield (Howell et al., 1997; Hao et a., 2015). Across 

hybrids in the experiment where maize followed soybean, greater ETa in the absence of 

drought stress contributed to greater grain yield and hence greater CWUE. Conversely, 

greater ETa with drought stress from R2 to R6 compared to V14 to R6 did not contribute 

to greater CWUE. This was associated with no difference in grain yield between these 

treatments, suggesting a greater influence of grain yield on CWUE than ETa for maize 

under drought stress. The lack of difference in CWUE between treatments with drought 

stress from R2 to R6 and V14 to R6 suggests greater utilization of water by maize with a 

longer duration of drought. Payero et al. (2009) reported that equitable distribution of 

water from late vegetative through reproductive stages of maize contributes to greater 

grain yield and CWUE compared to deficit irrigation applied around silking or during 

grain fill. Long-term estimates of maize WUE in Nebraska and China have shown greater 
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CWUE over time, which was attributed to improved cultivars and advances in soil, water, 

and crop management (Sharma et al., 2015; Lu et al., 2016). Across experiments for the 

drought tolerant hybrid, greater CWUE when drought stress occurred from V14 to R6 

compared to R2 to R6 was likely due to lower seasonal ETa without a reduction in grain 

yield. Greater CWUE with reduced grain yield and substantial reduction in ETa under 

deficit irrigation has been reported for other studies (Howell et al., 1997; Colaizzi et al., 

2010; Aydinsakir et al., 2013; Hao et al., 2015). Across experiments with drought stress 

from V14 to R6 in this study, greater CWUE of the drought-tolerant compared to 

standard hybrid, although there was no difference in ETa between hybrids, is attributed to 

greater grain yield for the drought-tolerant hybrid. Tolk et al. (2016) also found greater 

WUE for drought-tolerant compared to standard hybrids, and this was associated with 

greater grain yield with less ETa for the drought-tolerant hybrids. Hao et al. (2015) also 

found that some recent drought-tolerant hybrids have greater CWUE than standard 

hybrids when produced with high plant density and deficit irrigation.  

Irrigation WUE had an inverse relationship with irrigation amount for treatments 

experiencing drought stress in this study. A similar relationship between IWUE and 

irrigation amount has been reported by others (Aydinsakir et al., 2013; Kresovic et al., 

2016). The lack of difference in IWUE between treatments with no drought stress and 

drought stress from R2 to R6 suggests a limitation to water application beyond which 

there is no further increase in IWUE. Differences in IWUE with increases in irrigation 

amount among other studies have been attributed to differences in the method and time of 

water application (Howell et al., 1997; Payero et al., 2009; Singh et al., 2014). Djaman 
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and Irmak (2012) reported that IWUE of maize in Nebraska ranged from 8.71 to 16.07 kg 

m
-3

 with 89 to 178 mm of irrigation and 426 mm of precipitation during the growing 

season. In comparison, IWUE in this study ranged from 3.94 to 5.32 kg m
-3

 with 179 to 

364 mm of irrigation and 258 mm of precipitation. The difference in IWUE between the 

two studies could be due to differences in seasonal precipitation and water management; 

treatments in the study reported by Djaman and Irmak (2012) focused on deficit irrigation 

without water stress to maize, while this study purposely imposed drought stress to 

maize. Additionally, IWUE generally is greater with less seasonal precipitation (Djaman 

and Irmak, 2012). Results from this study are more comparable to those reported by 

Payero et al. (2009) for maize grown under drought stress, in which IWUE ranged from 

7.21 to 8.64 kg m
-3

 and 5.06 to 7.57 kg m
-3

 with 150 mm of irrigation in both years and 

252 and 270 mm precipitation, respectively. Differences in IWUE between two growing 

seasons with the same irrigation amount and similar precipitation was attributed to 

differences in grain yield resulting from differences in the time of irrigation with respect 

to maize phenological development. Irrigation WUE of maize in Serbia was similar to 

that in this study with similar precipitation (Kresovic et al., 2016), while IWUE was 

much less than that of this study with greater irrigation and low rainfall in a 

Mediterranean climate in Turkey (Aydinsakir et al., 2013). Overall, these findings 

indicate that maize has greater IWUE when it experiences drought stress. Greater IWUE 

with less irrigation water could be due to reduced evaporative losses and efficient 

transpiration at or near water potential, along with relatively high grain yield with 

reduced irrigation amount (Irmak, 2015). Across experiments for the treatment with 
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drought stress from V14 to R6, IWUE was greater with the drought-tolerant than standard 

hybrid, in agreement with Aydinsakir et al. (2013), who found greater IWUE for a maize 

hybrid with greater drought tolerance.  

 

Influence of Nitrogen Rate on Irrigation Water Use Efficiency 

In this study, IWUE was greatest with the longest duration of drought stress, 

regardless of N rate. For the sub-optimal and optimal N rates, IWUE increased as the 

duration of drought stress decreased, but with the supra-optimal N rate IWUE did not 

differ between treatments having no drought stress or drought stress from R2 to R6, 

indicating enhanced efficiency of water utilization by maize with greater N supply.  

Greater IWUE with drought stress from V14 to R6 compared to R2 to R6 could be due to 

less vegetative biomass (Chapter 1). Mansauri-Far et al. (2010) found that IWUE was 

greater with increased N rate when single deficit irrigation was applied during maize 

vegetative development, but not when single deficit irrigation was applied during maize 

reproductive development or when irrigation was applied at both vegetative and 

reproductive stages. Enhanced IWUE with greater N supply in this study could be due to 

enhanced transpiration and use of photosynthetically active radiation (Hernandez et al., 

2015). These results are inconsistent with previous findings that increased N rate affected 

maize water use efficiency in the absence of drought stress (Ogola et al., 2002; 

Hernandez et al., 2015). Across experiments and levels of drought stress, the drought-

tolerant hybrids had greater IWUE than the standard hybrid for the optimal and supra-

optimal N rates. Greater IWUE of the drought-tolerant hybrid could be due to more 
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efficient extraction of water from the soil (Ogola et al., 2002). Unlike the drought-tolerant 

hybrid, which had increased IWUE as N rate increased from sub-optimal to supra-

optimal, IWUE for the standard hybrid did not differ between the optimal and supra-

optimal N rates. This implies a greater range of N utilization by the drought-tolerant 

hybrid and perhaps a greater N requirement for effective IWUE. Result from this study 

support Mansouri-Far et al. (2010), who reported greater IWUE under deficit irrigation 

with increased N rate for a hybrid with enhanced drought tolerance.   

  

Basal Crop Coefficient 

Results from this study support the hypothesis that Kcb mid is reduced with increased 

duration of drought stress. When compared to the treatment with drought stress from R2 

to R6, the treatment with drought stress from V14 to R6 resulted in smaller plants with 

less leaf area for transpiration, and more occasions of low ETa, which likely contributed 

to lower Kcb mid. Greater Kcb mid with drought stress from R2 to R6 compared to V14 to R6 

and smaller Kcb mid compared to no drought stress was more likely due to reduced leaf 

area for transpiration in drought stress from R2 to R6 due drought stress-induced leaf 

rolling and shorter duration of exposure to drought stress. In the absence of drought 

stress, Kcb mid in this study was 0.07 less than that reported by Allen et al. (1998), 0.35 

less than that reported by Kang et al. (2003), similar to that reported by Howell et al. 

(2006), and Piccinni et al. (2009). The greatest Kcb reported by Piccinni et al. (2009) was 

1.20, which occurred at the milk and dough stages of maize phenological development. 

The relatively small Kcb mid for treatments with drought stress from R2 to R6 and V14 to 
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R6 compared to Kcb mid of no drought stress was associated with less total available water 

in the effective root zone that reduced the Ks, which limits evapotranspiration and 

reduces ETa (Allen et al., 1998). Payero et al. (2009) reported a stronger positive 

correlation between grain yield and Ks during the milk and dough stages of maize 

phenological development compared to other reproductive stages, suggesting a greater 

reduction in Kcb when drought stress occurs during these stages (Payero et al., 2009). 

Smaller Kcb mid in this study compared to previous reports could be attributed to less ETa 

and differences in precipitation during the growing season. Greater Kcb end of 0.82 for the 

treatment with no drought stress compared to 0.5 ± 0.2 range reported by Allen et al. 

(1998) is likely because maize with this treatment senesced slowly and had greater than 

50% green leaf area at R6. The Kcb end for drought stress from R2 to R6 and V14 to R6 

from this study is within the range of 0.50 ± 0.2 reported by Allen et al. (1998). The     

Kcb end in this study is comparable to that reported by Kang et al. (2003) and Piccinni et 

al. (2009) for maize grown with full irrigation. The lack of difference in Kcb end between 

treatments with drought stress from R2 to R6 and V14 to R6 was likely due to the same 

time period for this phase, combined with an observed delayed but more rapid process of 

leaf senescence when drought stress occurred from R2 to R6. This confirms the 

hypothesis that Kcb decreases with increased duration of drought stress; however, there 

was no difference among hybrids. This lack of difference between hybrids was likely due 

to similar ETa. Further research using a larger and more diverse set of hybrids would 

provide enhanced understanding of variability in Kcb between standard and drought-

tolerant hybrids. 
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Growth stage-specific values of Kcb for this study exhibit greater fluctuation 

throughout the growing season for when maize was exposed to drought stress. A smaller 

Kcb at beginning at 12 leaf collar maize phenological stage for the treatment with drought 

stress from V14 to R6 compared to the other drought stress treatments was due to 

reduced irrigation beginning at around 11 leaf collar maize phenological stage in order to 

create moderate drought stress at V14. Similarly, the 6% reduction in Kcb at tassel maize 

phenological stage compared to the 16 leaf collar maize phenological stage and R2 in the 

treatment with drought stress from R2 to R6 represents judicious management of 

irrigation in preparation for moderate drought stress at R2. Variation in Kcb between the 

12 and 16 leaf collar maize phenological stage for the treatment with drought stress from 

V14 to R6, along with a reduction in Kcb at the R2 stage compared to earlier stages in the 

treatment with drought stress from R2 to R6, coincides with the gradual decline in Ks 

beginning at V14 and R2 for treatments with drought stress from V14 to R6 and R2 to 

R6, respectively (Fig. 2.3). The results from this study suggest that change in Kcb over the 

drought stress period occurred during two phases of transition that can be categorized as 

adaptation and response phases. During the adaptation phase, initial decline and 

fluctuation in Kcb occurred prior to the onset of sustained moderate drought stress, during 

which maize began to adapt to a decline in water supply. Following the adaptation phase, 

maize acclimatized to the sustained moderate drought stress and had a more stable Kcb for 

the remainder of the duration of drought stress, which lasted until R6.   
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CONCLUSIONS 

This study was conducted to understand whether ETa, CWUE, IWUE, and Kcb differ 

between a drought-tolerant and a standard maize hybrid when subjected to drought stress 

from late vegetative and early reproductive stages of phenological development to R6 and 

in the absence of drought stress. Maize ETa and CWUE were reduced with drought stress. 

When compared to the treatment with drought stress from R2 to R6, drought stress from 

V14 to R6 resulted in greater CWUE with less ETa and no difference in grain yield, 

indicating greater efficiency of maize tolerance to drought. Irrigation WUE was greatest 

with drought stress from V14 to R6 and the least amount of irrigation, and there was no 

difference between treatments with no drought stress and drought stress from R2 to R6. 

Greatest IWUE was achieved with supra-optimal, optimal, and optimal N rates for 

treatments with no drought stress, drought stress from R2 to R6, and drought stress from 

V14 to R6, respectively. The drought-tolerant hybrid had greater IWUE than the standard 

hybrid at optimal and supra-optimal N rates. Irrigation WUE was greatest with the 

optimal and supra-optimal N rates for the standard hybrid, but only with the supra-

optimal N rate for the drought-tolerant hybrid, suggesting a greater N requirement for the 

drought-tolerant hybrid. The Kcb was reduced by drought stress. Under both durations of 

drought stress, two phases of Kcb occurred. There was an initial adaption phase 

represented by fluctuating Kcb, followed by a response phase with stable Kcb for the 

remainder of the drought stress period until R6. This suggests that two subdivisions of 

Kcb mid may be necessary for accurate estimation of irrigation water application for maize 

grown under drought stress. 
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Table 2.1. Average monthly air temperature maximum (Tmax) and minimum (Tmin), relative humidity maximum 

(RHmax) and minimum (RHmin), wind speed, solar radiation, vapor pressure deficit, reference evapotranspiration 

(ETo), and monthly total rainfall during the growing season of 2013. 

Month Tmax Tmin RHmax RHmin 

Wind 

speed 

Solar 

radiation 

Vapor 

pressure 

deficit ETo 

Total 

precipitation 

 

── °C ── ─── % ─── m s
-1

 MJ m
-2

 d
-1

 kPa mm d
-1

 mm 

June  28.8 14.3 94.3 44.1 2.3 18 0.9 4.2 111 

July 27.6 13.3 97.5 48.0 1.9 21 1.1 4.5 61 

August 29.9 14.4 93.8 47.2 1.3 20 1.1 4.1 23 

September 23.0 8.1 95.0 44.3 1.7 14 0.9 3.0 62 
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Table 2.2. Total monthly irrigation 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. 

Month 

Alfalfa   Soybean   Winter rye 

None R2-R6 V14-R6   None R2-R6 V14-R6   None R2-R6 V14-R6 

 

─────────────────────────── mm ──────────────────────────── 

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 
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Table 2.3. Significance of F tests for fixed sources of variation involving previous 

crop (C), drought stress treatment (D), hybrid (H), and phase of maize phenological 

development (P) on maize seasonal actual evapotanspiration (ETa), grain yield, crop 

water use efficiency (CWUE), irrigation water use efficiency (IWUE), and basal 

crop coefficient (Kcb) for treatments with the optimal N rate. 

Components of 

dataset  

Source of 

variation 

Dependent variable 

ETa 
Grain 

yield 
CWUE IWUE Kcb 

    ──────────── P > F ──────────── 

Experiment 

where maize 

followed 

soybean, three 

drought stress 

treatments, and 

two hybrids 

D <0.001 <0.001 <0.001 <0.001 <0.001 

H 0.575 0.509 0.401 0.163 0.345 

P 
 

   <0.001 

D ×  H 0.993 0.152 0.119 0.079 0.799 

D × P     <0.001 

H × P     0.822 

D × H ×  P     0.780 

 

Three 

experiments, 

three drought 

stress 

treatments, and 

the drought-

tolerant hybrid 

C 0.268 0.085 0.104 0.081 0.023 

D <0.001 <0.001 <0.001 <0.001 <0.001 

P     <0.001 

C ×  D 0.075 0.282 0.514 0.689 0.013 

C × P     0.386 

D × P     <0.001 

C × D ×  P     0.220 

 

Three 

experiments, 

the treatment 

with drought 

stress from 

V14 to R6, and 

two hybrids 

C <0.001 0.470 0.579 0.336 0.013 

H 0.179 0.019 0.034 0.020 0.222 

P     <0.001 

C × H 0.882 0.849 0.824 0.874 0.571 

C × P     0.347 

H × P     0.504 

C × H ×  P     0.578 
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Table 2.4. Maize actual crop evapotranspiration (ETa), grain yield, crop water use efficiency (CWUE), and irrigation water use 

efficiency (IWUE) for treatments with the optimal N rate as influenced by the main effect of drought stress treatment, previous 

crop, and hybrid. 

Components of dataset Treatment
a
 ETa Grain yield CWUE IWUE 

  
mm g m

-2
 ───  kg m

-3
  ─── 

Experiment where maize followed soybean, three 

drought stress treatments, and two hybrids 
None 462 a

b
 1374 a 2.97 a 3.94 b 

R2-R6 394 b 932 b 2.37 b 4.22 b 

V14-R6 360 c 920 b 2.55 b 5.01 a 

 

Three experiments, three drought stress treatments, 

and the drought-tolerant hybrid 
None  464 a 1434 a 3.09 a 4.14 b 

R2-R6 392 b 981 b 2.50 c 4.40 b 

V14-R6 358 c 954 b 2.67 b 5.32 a 

 

Three experiments (where maize followed alfalfa, 

soybean, and winter rye), the treatment with drought 

stress from V14 to R6, and two hybrids 

Alfalfa 357 b 
 

  

Soybean 360 a    

Winter rye 352 c    

ST 
 

885 b 2.49 b 4.94 b 

DT 
 

954 a 2.67 a 5.32 a 
a 
Alfalfa, experiment where maize followed alfalfa; DT, drought-tolerant hybrid; None, no drought stress; R2-R6, drought 

stress from the blister maize phenological stage to maize physiological maturity; Rye, experiment where maize followed winter 

rye; Soybean, experiment where maize followed soybean; ST, standard hybrid; V14-R6, drought stress from the 14 leaf collar 

maize phenological stage to maize physiological maturity. 
b 
Within a column for a given set of comparisons, treatment means followed by the same lowercase letter are not significantly 

different (P ≤ 0.05).  
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Table 2.5. Significance of F tests for fixed sources of 

variation involving previous crop (C), drought stress 

treatment (D), hybrid (H), and N rate (N) on maize 

grain yield and irrigation water use efficiency 

(IWUE) for the dataset including three experiments, 

three drought stress treatments, two hybrids, and three 

N rates. 

Source of 

variation 
Grain yield IWUE 

C 0.011 0.003 

D <0.001 <0.001 

H 0.001 <0.001 

N <0.001 <0.001 

C × D 0.485 0.324 

C ×  H 0.007 0.024 

D × H 0.001 <0.001 

C × N <0.001 <0.001 

D × N <0.001 <0.001 

H × N 0.005 0.017 

C × D × H 0.259 0.538 

C × D × N 0.022 0.552 

C × H × N 0.659 0.475 

D × H × N 0.205 0.496 

C × D × H × N 0.601 0.401 
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Table 2.6. Maize grain yield and irrigation water use efficiency (IWUE) as influenced by the interactions between N rate and 

previous crop, drought stress treatment, and hybrid, and by the interaction between previous crop and hybrid, for the dataset including 

three experiments, three drought stress treatments, two hybrids, and three N rates. 

Treatment
a
 

───────────── Grain yield ─────────────    ──────────── IWUE  ──────────── 

N rate, % of optimal   Hybrid 
 

N rate, % of optimal   Hybrid 

50 100 150 
 

ST DT 
 

50 100 150 
 

ST DT 

  ───────────── g m
-2

 ──────────── 
 

────────────  kg m
-3

  ──────────── 

Alfalfa 994 aB
b
 1130 aA 1151 aA 

 

 
 

 
4.15 aB 4.67 aA 4.77 aA 

 

  

Soybean 753 bC 1075 aB 1149 aA   
 

3.14 bC 4.39 bB 4.65 aA   

Winter rye 938 aB 1089 aA 1120 aA   
 

3.92 aB 4.46 abA 4.57 aA   

 

None 1062 aC 1414 aB 1481 aA 

 

  

 

3.07 cC 4.08 cB 4.28 bA 
 

  

R2-R6 844 bB 961 bA 1000 bA   3.78 bB 4.31 bA 4.48 bA 
 

  

V14-R6 779 cB 919 bA 938 cA   4.36 aB 5.13 aA 5.24 aA 
 

  

 

ST 894 aB 1087 aA 1098 bA 

 

  

 

3.70 aB 4.43 bA 4.48 bA 

 

  

DT 896 aC 1110 aB 1182 aA   3.77 aC 4.58 aB 4.85 aA   

 
Alfalfa    

 

1094 aA 1090 aA 

 

   

 

4.50 aA 4.56 aA 

Soybean    975 bA 1009 bA    3.97 bB 4.15 bA 

Winter rye    1010 bB 1088 aA    4.14 bB 4.49 aA 

 

None    

 

1324 aA 1314 aA 

 

   

 

3.82 cA 3.79 cA 

R2-R6    919 bA 950 bA    4.12 bA 4.26 bA 

V14-R6    835 cB 923 bA    4.66 aB 5.15 aA 
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a
 Alfalfa, experiment where maize followed soybean; DT, drought-tolerant hybrid; None, no drought stress; R2-R6, drought stress 

from the blister maize phenological stage to maize physiological maturity; Rye, experiment where maize followed rye; Soybean, 

experiment where maize followed soybean; ST, standard hybrid; V14-R6, drought stress from the 14 leaf collar maize 

phenological stage to maize physiological maturity. 
b 
Within a column for a given set of comparisons, treatment means followed by the same lowercase letter are not significantly 

different (P ≤ 0.05). Within a row for a given dependent variable, treatment means followed by the same uppercase letter are not 

significantly different.
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Table 2.7. Maize crop coefficient as influenced by the interactions between drought stress treatment and phase of maize 

phenological development and previous crop for treatments with the optimal N rate.
a
 

Components of dataset Treatment Kcb mid Kcb end ─────── Kcb ─────── 

        Alfalfa Soybean  Winter rye 

Experiment where maize followed soybean, 

three drought stress treatments, two 

hybrids, and two phases of Kcb 

None 1.08 aA
b
 0.82 aB 

   
R2-R6 0.89 bA 0.61 bB 

   
V14-R6 0.73 cA 0.61 bB       

 

Three experiments, three drought stress 

treatments, drought-tolerant hybrid, and 

two phases of Kcb 

None 1.08 aA 0.82 aB       

R2-R6 0.87 bA 0.60 bB 
  

 

V14-R6 0.72 cA 0.60 bB 
  

 

 

None 
  

0.94 aA 0.95 aA 0.95 aA 

R2-R6 
  

0.74 b AB 0.75 bA 0.73 bB 

V14-R6     0.66 cA 0.67 cA 0.64 cB 
a 
Kcb mid, basal crop coefficient during the mid-season growth stage; Kcb end, basal crop coefficient at end of the late season 

growth stage  Kcb, basal crop coefficient. 
b 
Within a column for a given set of comparisons, treatment means followed by the same lowercase letter are not significantly 

different (P ≤ 0.05). Within a row for a given dependent variable, treatment means followed by the same uppercase letter are 

not significantly different.
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Table 2.8. Basal crop coefficient (Kcb) by maize phenological stage of 

development 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 experiment 

where maize followed soybean  for the optimal N rate. 

Phenological stage of 

development
a
 

None R2-R6 V14-R6 

V10 0.93 dA
b
 0.93 cA 0.93 cA 

V12 1.13 abA 1.13 aA 1.02 bB 

V16 1.13 abA 1.13 aA 1.06 aB 

VT 1.12 abA 1.06 bB 0.81 dC 

R1 1.10 bA 1.13 aA 0.74 eB 

R2 1.13 abA 0.75 dB 0.61 fC 

R3 1.12 abA 0.70 eB 0.42 hC 

R4 1.11 bA 0.63 fgB 0.57 gC 

Early R5 0.84 eA 0.60 gB 0.60 fgB 

Mid-R5 1.15 aA 0.65 fB 0.59 fgC 

Late R5/R6
c
 0.99 cA 0.57 gC 0.63 fB 

R6
d
 0.64

e
 

  a
 V10, 10 leaf collar maize phenological stage; V12, 12 leaf collar maize 

phenological stage; V16, 16 leaf collar maize phenological stage; VT, 

tasseling maize phenological stage; R1, silking maize phenological stage; 

R3, milk maize phenological stage; R4, dough maize phenological stage; 

R5, dent maize phenological stage. 
b 
Within a column for a given set of comparisons, treatment means 

followed by the same lowercase letter are not significantly different (P ≤ 

0.05). Within a row for a given dependent variable, treatment means 

followed by the same uppercase letter are not significantly different.
 

c 
R6 maize phenological stage for duration of drought stress from R2 to 

R6 and duration of drought stress from V14 to R6.  
d
 R6 maize phenological stage for no drought stress treatment. 

e
 not included in statistical analysis.

 

 

 

 

 

 

 



 

74 

 

 
Fig. 2.1. Time domain reflectometer, TRIME-PICO IPH/T3, linear 

calibration equations for the 0- to 20-, 20- to 40-, and 40- to 100-cm soil 

depths. 
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Fig. 2.2. Relationship between irrigation water use efficiency (IWUE) and maize 

grain yield  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 experiments, hybrids, and N rates. 
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Fig. 2.3. Basal crop coefficient (Kcb) and water stress coefficient (Ks) of 

maize when there 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), along with precipitation and irrigation, across hybrids for the optimal N 

rate from the experiment where maize followed soybean.
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Chapter 3: Morpho-Physiological Traits Conferring Drought Tolerance Differs 

Between Maize Hybrids 

 

INTRODUCTION 

Drought poses a major threat to global food production (Zhao and Running, 2010). 

Worldwide, maize yield is negatively impacted by drought stress (Bruce et al., 2002; 

Jones and Thornton, 2003; Çakir, 2004). Maize grain yield has been evaluated in relation 

to shoot and root physiological attributes (Bennett et al., 1986; Lorens et al., 1987a; 

Bolaños and Edmeades, 1996; Lopes et al., 2011; Lynch, 2013). Because of the 

significant impacts of current, and likely increasingly frequent future drought stress 

events, identification of physiological traits for improved tolerance to drought stress is a 

focus of many maize breeding programs (Richards, 1996; Bruce et al., 2002; Campos et 

al., 2004; Duvick, 2005). Since the 1930s, maize yield has increased, in part due to 

enhanced drought tolerance (Tollenaar and Lee, 2006; Lynch 2013). Improvements in 

maize grain yield are associated with greater photosynthesis efficiency during the grain-

filling period, DM partitioning to kernels during early grain development, and HI. 

Morpho-physiological traits such as a narrower anthesis-silking interval, greater leaf area, 

and longer durations of grain filling and stay-green are contributing factors for increased 

DM accumulation and HI (Campos et al., 2006; Tollenaar and Lee, 2006; Lopes et al., 

2011; Ciampitti and Vyn, 2012; Ziyomo and Bernardo, 2013). Evaluation of these traits 

and their interactions with abiotic factors, specifically water and N availability, is 

important since these parameters influence physiological responses that translate to 
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increased grain yield (Tollenaar and Lee, 2002; Çakir, 2004; Tollenaar and Lee, 2006; 

Kim et al., 2008; Bernardo, 2010). 

Maize development and morpho-physiological processes are affected by the time 

when drought stress occurs. Drought during rapid vegetative growth of maize results in 

shorter plants with less leaf area (Çakir, 2004). In comparison, drought stress during the 

late vegetative stages can delay silking and increase the ASI (Herrero and Johnson, 1981; 

Edmeades et al., 1993), leading to poor pollination and kernel abortion (Herrero and 

Johnson, 1981; Bänziger et al., 2002; Campos et al., 2006). Drought stress at 

reproductive stages of maize can reduce kernel number and mass, and hasten senescence 

(Çakir, 2004; Campos et al., 2006). 

The relationship between photosynthesis, water supply, and N availability in maize 

has been studied extensively (Ghannoum and Conroy, 1998; Ghonnoum, 2009). Water 

stress and N deficiency in maize reduces leaf chlorophyll content, total leaf area, leaf 

stomatal conductance, and photosynthesis per unit leaf area (Schlemmer et al., 2005; 

Boomsma et al., 2009). With sufficient water supply, N deficiency reduces maize leaf 

area index, DM accumulation, and grain yield. Drought ultimately induces a decline in 

photosynthesis that is exacerbated by limited N supply (Markelz et al., 2011). Leaf 

rolling in response to drought stress also reduces photosynthesis due to a reduction in 

intercepted photosynthetically active radiation (Roth et al., 2013).  

Photosynthesis and transpiration in maize are affected by the interaction between N 

supply and soil water availability. Roth et al. (2013) found that N supply had a limited 

effect on photosynthesis and transpiration under severe drought stress from the late 
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vegetative through the flowering stage, but in a growing environment with moderate 

drought stress increased N supply enhanced photosynthesis and transpiration. With 

severe drought stress at vegetative and reproductive stages, a maize hybrid with increased 

drought tolerance had greater root length densities deep in the soil profile, maintained 

greater leaf water potential, and produced greater grain yield (Lorens et al., 1987a, b).  

Water and N availability play vital roles in root system architecture and development 

in maize (Dwyer et al., 1988; Lynch, 2013; York et al., 2015). A maize root system with 

predominantly shallow rooting and few long lateral roots enables efficient extraction of 

water and N during terminal drought conditions, as it facilitates uptake of water and N 

near the soil surface following intermittent small amounts of rainfall and from deeper in 

the soil (Lynch, 2013). Rooting depth in maize is typically greater with moderate drought 

stress compared to in the absence of drought stress, allowing more efficient uptake of 

water and nutrients from deeper in the soil, which increases biomass and grain yields 

(Robertson et al., 1980; Dwyer et al., 1988; Eghball and Maranville, 1993; Carretero et 

al., 2014). Increases in maize grain yield in the Central U.S. are more closely associated 

with deep rooting and efficient absorption of water than changes in canopy architecture 

and interception of photosynthetically active radiation (Hammer et al., 2009).  

The majority of previous research on morpho-physiological responses of maize to 

drought stress was conducted on standard maize hybrids and limited research has 

compared these responses for standard and commercial drought-tolerant hybrids (Roth et 

al., 2013; Lindsey, 2015). Roth et al. (2013) found greater ASI for drought-tolerant than 

standard hybrids and similar LAI, A, and E between hybrids when drought stress 
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occurred in 30-d period before and during flowering. Contrary to that, Lindsey (2015) 

reported a narrower ASI, greater LAI, and A for a drought-tolerant than a standard hybrid 

when drought stress was initiated from late vegetative stage. This study was conducted to 

evaluate morpho-physiological traits exhibited by a commercially available drought-

tolerant maize hybrid and a comparative standard hybrid when exposed to different 

durations of drought stress, and whether this is influenced by N supply.  

 

MATERIALS AND METHODS 

Site Description and Experimental Design 

Three field experiments were conducted in 2013 at the University of Minnesota Sand 

Plain Research Farm near Becker, MN (45º
 
23′ N, 93º

 
53′ W). Each experiment utilized a 

split-plot arrangement of treatments in a randomized complete block with four 

replications. Main plots were three durations of drought stress: no drought stress, 

moderate sustained drought stress from V14 to R6, and moderate sustained drought stress 

from R2 to R6. Split-plots were a factorial arrangement of two maize hybrids, a drought-

tolerant and a standard hybrid, and three fertilizer N rates. Nitrogen rate treatments were 

sub-optimal (50%), 50% of the expected economically optimum N rate; optimal (100%), 

100% of the economically optimum N rate; and supra-optimal (150%), 50% greater than 

the economically optimum N rate. Each experiment was in a different field with a 

different previous crop: a 3-yr-old alfalfa, soybean, and winter rye following soybean. 

Additional details on the site, experimental design, cultural practices, and drought stress 

management are provided in Chapter 1. 
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Data Collection 

Anthesis and silking dates and the ASI were recorded for 10 plants in each plot. 

Anthesis was considered the date when at least one anther started to shed pollen on a 

given plant. Silking was considered the date when at least one silk was visible from the 

husk of the primary ear on a given plant. Ribbons were used to mark 10 representative 

plants in each plot, with five plants in the central portion of each of the two middle rows. 

Per-plant ASI was calculated for the marked plants as the date of silking minus the date 

of anthesis. The same plants used to measure the ASI were used to measure plant height 

at R1. Plant height was determined by measuring the height of each plant from the soil 

surface to the collar of the uppermost leaf.  

Leaf area index was measured in all plots at milk maize phenological stage (R3) using 

a LI-COR LAI-2000 Plant Canopy Analyzer (LI-COR, Lincoln, NE). In each plot, an 

above-canopy measure was taken followed by four below-canopy measurements between 

the two central rows at 0, 25, 50 and 75% of the distance between the rows, with a 0.5-m 

gap between measuring points. An opaque mask with a 270º view restriction was used to 

block the operator from the sensor's field of view.  

Leaf chlorophyll was measured in all plots at R1, R3, and dent maize phenological 

stage (R5). A Minolta SPAD-502 chlorophyll meter (Konica Minolta, Osaka, Japan) was 

used to take measurements from 15 representative plants in each of the two center rows 

of each plot and the mean value from each plot was recorded. Measurements were taken 

from the primary ear leaf midway between the leaf base and the leaf tip, and midway 

between the midrib and leaf margin (Shapiro et al., 2006).  
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Leaf greenness ratings were made at R5 for all plots as an indicator of senescence. 

The same plants marked for ASI were used for leaf greenness ratings using modified 

procedures from Binford and Blackmer (1993). For each leaf with at least 20% green 

tissue, a value was given to indicate the percentage of green portion as: 0.25, 20 to <30%; 

0.35, 30 to <40%; 0.45, 40 to <50%; 0.55, 50 to <60%; 0.65, 60 to <70%; 0.75, 70 to 

<80%; 0.85, 80 to <90%; and 0.95, ≥90. Per-plant leaf greenness was the sum of all 

individual leaf ratings.  

Leaf-level A, E, gs, VPD, and leaf temperature were measured at R4, early R5, and 

late R5 on both hybrids with the optimal N rate and the R2 to R6 drought-stress treatment 

in the experiments where the previous crops were soybean and winter rye. The 

measurements were taken only at the given stages because of non-availability of 

instrument and all treatments were not included due to time constraint. All measurements 

were made on the same three plants in each plot. For each maize phenological stage, plots 

were sampled sequentially in four cycles between 1030 to 1500 h at least 2 d following 

irrigation on days when maize was expected to experience drought stress. Measurements 

were made using a LI-6400 (LI-COR, Lincoln, NE) following modified procedures from 

Roth et al. (2013),with the photosynthetic photon flux density set to 550 μmol photons  

m
-2

 s
-1

, the CO2 mixer set to 400 µmol CO2 mol
-1

 air, the air flow rate set to 300 μmol air 

s
-1

, and the temperature set to ambient. Measurements were made from the ear leaf 

midway between the leaf collar and leaf tip, and midway between the midrib and leaf 

margin.  
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 Access tubes were installed 5 d after planting for measurement of soil water content 

throughout the growing season. Soil water content reported in this chapter was measured 

from all drought stress treatments for both hybrids with the optimal N rate from the 

experiment where maize followed soybean. Soil water content measurements were taken 

starting from ten leaf collar maize phenological stage until R6. Measurements were taken 

weekly on the driest day after irrigation using a time domain reflectometry soil humidity 

sensor (TRIME-PICO IPH/T3, IMKO GmbH, Ettlingen, Germany). Soil water content 

was measured at 20-cm increments from the 0- to 100-cm soil layer. Additional details 

regarding the access tubes and measurement of soil water content are provided in 

Chapters 1 and 2. 

 After 10 d following harvest, root samples were collected at 5 and 19 cm from maize 

rows using a hydraulically-driven soil probe with a 0.041-m diameter. For each plot, 

three representative soil cores were collected, divided into 0- to 15-, 15- to 30-, 30- to  

45-, 45- to 60-, and 60- to 90-cm depth increments, and composited. Samples were 

collected from plots with standard and drought-tolerant hybrids with the optimal N rate 

for treatments with no drought stress and drought stress from V14 to R6 from the 

experiments where maize followed soybean and winter rye.  

A fine root extraction device was constructed according to Pallant et al. (1993) and 

used for extraction of fine roots with minimal damage to roots. Extracted roots were 

stored in 10% methanol at 4ºC prior to staining with toluidine blue O stain (0.1% w/v) for 

15 min (Costa et al., 2001) and scanning with a WIA-Microteck ScanMaker9800XL 

scanner (Microtek International Inc., Hsinchu, Taiwan). For the 0- to 15- and 15- to 30- 
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cm depths, which contained large amounts of roots, four subsamples were scanned rather 

than the full sample. Subsamples were obtained by cutting roots into 1.5- to 2.0-cm long 

segments, mixing thoroughly, and representatively sampling. Subsample size was such 

that roots could be dispersed without overlap in a 20- by 25-cm plexiglass tray that was 

used for scanning. Scanned images were obtained at a resolution of 600 dpi. Scanned 

roots and remaining unscanned samples were dried separately to constant mass at 65ºC 

and weighed to determine mass. The scanned images were analyzed to determine root 

length (RL) for seven root diameter classes, 0 to 0.05, >0.05 to 0.1, 0.1 to 0.2, > 0.2 to 

0.3, > 0.3 to 0.4, > 0.4 to 0.7, and > 0.7 to 1.5 mm. All analyses were performed using 

WinRHIZO
TM

 Pro V. 2005b software (Regent Instruments, Montreal, QC, Canada) 

which measured roots with maximum diameter interpolation using Tennant’s method and 

had image smoothing set to maximum, images >1 cm
2
 excluded, length/width ratio set as 

>4.  The ratio of root length to root mass of a subsample was used to calculate total RL in 

a given sample based on the total mass of scanned and un-scanned roots in a given 

sample. Root length per surface area (km m
-2

) for each sampled depth was calculated as 

total root length divided by cross sectional area of the soil core. The term RL represents 

RL for each diameter class and the total RL refers to the entire RL in a given depth. The 

root length density (RLD) (cm cm
-3

) for each sampled depth was calculated as the ratio of 

total root length to volume of sampled soil. 
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Statistical Analysis 

Statistical analyses were conducted at P ≤ 0.05 using the MIXED procedure of SAS 

(SAS Institute, 2006). Anthesis and silking dates, ASI, plant height, LAI, leaf greenness, 

leaf chlorophyll, A, E, gs, VPD, leaf temperature, soil water content, RL, RLD, and total 

RL were analyzed with experiment, block (nested within experiment), cycle (for A, E, gs, 

VPD, and leaf temperature) plant subsample (for anthesis, silking, ASI, plant height, A, 

E, gs, VPD, and leaf temperature), and interactions involving these factors considered 

random effects. Drought stress treatment, hybrid, and N rate, sampling depth, and 

sampling distance (for soil water content, RL, and RLD) were considered fixed effects. 

Sampling depth and sampling distance also were considered repeated measurements. 

Root length and RLD were analyzed separately by root diameter class. Additional 

analyses were performed for total RL after pooling across diameter classes by sampling 

depth, and after pooling across sampling depths by diameter class and considering 

diameter class a fixed effect. The UNIVARIATE procedure of SAS and scatterplots of 

residuals versus predicted values were used to evaluate residuals for normality and 

homogeneity of variance (Kutner et al., 2004). To meet these requirements, all root data 

were logarithm base 10 transformed prior to analysis. Means were compared by pairwise 

t-tests using the PDIFF option of the MIXED procedure of SAS. 
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RESULTS 

Anthesis-Silking Interval 

Anthesis, silking, and ASI were influenced by the main effect of hybrid and the 

interaction between drought stress treatment and N rate (Table 3.1). Averaged across 

experiments, drought stress treatments, and N rates, time from planting to anthesis and 

silking, respectively, were 67 and 69 d for the standard hybrid, compared to 70 and 71 d 

for the drought-tolerant hybrid. The corresponding ASI was 1.4 and 0.9 d for the standard 

and drought-tolerant hybrid, respectively. In the absence of drought stress, anthesis 

occurred at averaged 0.6 d earlier with the supra-optimal N rate compared to the sub-

optimal and optimal N rates (Table 3.2). With drought stress from V14 to R6, anthesis 

was on averaged 0.8 d later for the optimal N rate than with the sub-optimal and supra-

optimal N rates. With the sub-optimal and supra-optimal N rates, there was no difference 

in anthesis among drought stress treatments, but with the optimal N rate anthesis occurred 

1.1 d later with drought stress from V14 to R6 compared to drought stress from R2 to R6. 

In the absence of drought stress, silking with the supra-optimal N rate was 0.5 and 1.2 d 

earlier compared to with the optimal and sub-optimal N rates, respectively. With drought 

stress from R2 to R6, silking averaged 0.75 d later with the sub-optimal N rate compared 

to the optimal and supra-optimal N rates. When drought stress occurred from V14 to R6, 

silking was 0.8 d earlier with the sub-optimal and supra-optimal N rates compared to the 

optimal N rate. With the sub-optimal N rate, silking did not differ between treatments 

when no drought stress and drought stress from V14 to R6. With optimal and supra-

optimal N rates, silking was 2.5 and 1.9 d later, respectively when drought stress occurred 
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from V14 to R6 relative to the other drought stress treatments. When drought stress 

occurred from V14 to R6, the ASI averaged 1.06, 1.53, and 1.61 d longer compared to no 

drought stress and drought stress from R2 to R6 for the sub-optimal, optimal, and supra-

optimal N rates, respectively. With the sub-optimal N rate, the ASI averaged 0.55 and 

0.51 d longer with no drought stress and drought stress from R2 to R6, respectively, 

compared to the optimal and supra-optimal N rates. The ASI, however, did not differ 

among N rates with drought stress from V14 to R6.  

 

Plant Height 

Maize plant height differed between standard and drought-tolerant hybrids and was 

affected by the drought stress × N rate interaction (Table 3.1). Plant height for standard 

and drought-tolerant hybrids was 206.1 and 217.0 cm, respectively, across experiments, 

drought stress treatments, and N rates. Across experiments and hybrids, maize was 

 shorter when drought stress from V14 to R6 by 30.8, 41.3, and 39.8 cm compared to 

average height of treatments when no drought stress and drought stress from R2 to R6 for 

sub-optimal, optimal, and supra-optimal N rates, respectively (Table 3.2). In the absence 

of drought stress and when drought stress occurred from R2 to R6, plant height averaged 

4.05 cm shorter with sub-optimal N rate compared to the optimal and supra-optimal N 

rates. With drought stress from V14 to R6, plant height averaged 5.7 cm taller with the 

sub-optimal N rate compared to the optimal and supra-optimal N rates. Maize was tallest, 

226.1 cm when no drought stress with optimal and supra-optimal N rate across 

experiments and hybrids. 
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Leaf Area Index 

Leaf area index of maize was influenced by drought stress treatment × N rate and 

hybrid × N rate interactions (Table 3.1). Averaged across experiments and hybrids, LAI 

was greater with no drought stress compared to treatments with drought stress imposed 

(Table 3.2). For the sub-optimal and supra-optimal N rates, LAI with no drought stress 

averaged 0.58 and 1.00 m
2 

m
-2

 greater, respectively, compared to treatments with drought 

stress from R2 to R6 and V14 to R6. For the optimal N rate, LAI of maize in the absence 

of drought stress was 0.72 and 1.07 m
2
 m

-2
 greater compared to treatments with drought 

stress from R2 to R6 and V14 to R6, respectively. In the absence of drought stress, LAI 

with the supra-optimal N rate was 0.18 and 0.42 m
2
 m

-2 
greater than that with the optimal 

and sub-optimal N rates, respectively. When drought stress occurred from R2 to R6, LAI 

did not differ among N rates. With drought stress from V14 to R6, LAI did not differ 

between sub-optimal and supra-optimal N rates and averaged 0.17 m
2
 m

-2 
greater than 

that with the optimal N rate. Across experiments and drought stress treatments, LAI of 

the drought-tolerant hybrid was 0.33, 0.13, and 0.37 m
2
 m

-2
 greater than that of the 

standard hybrid for the sub-optimal, optimal, and supra-optimal N rates, respectively. For 

the standard hybrid, LAI with the optimal and supra-optimal N rates averaged             

0.13 m
2
 m

-2
 greater than that with the sub-optimal N rate. For the drought-tolerant hybrid, 

LAI with the supra-optimal N rate average had 0.20 m
2 

m
-2

 greater than that with the sub-

optimal and optimal N rates. Greatest LAI was 3.65 m
2
 m

-2
 when no drought stress with 

supra-optimal N rate across experiments and hybrids. 
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Leaf Greenness 

Leaf greenness of maize at R5 was influenced by the interaction between drought 

stress treatment and N rate (Table 3.1). Across experiments and hybrids, leaf greenness 

was greatest in the absence of drought stress and did not differ between treatments with 

drought stress from V14 to R6 and R2 to R6 (Table 3.2). With no drought stress, leaf 

greenness with the optimal and sub-optimal N rates was reduced by 7 and 51% compared 

to the supra-optimal N rate, respectively. There was no difference in leaf greenness 

between the optimal and supra-optimal N rate when drought stress occurred from V14 to 

R6 and R2 to R6. Leaf greenness with the sub-optimal N rate was 46% less than that with 

the optimal N rate for treatment with drought stress from V14 to R6, and 48% less than 

that with the supra-optimal N rate for the treatment with drought stress from R2 to R6. 

With sub-optimal, optimal, and supra-optimal N rates, leaf greenness with no drought 

stress was 2.3-, 6.4-, and 6.7-fold greater than the average of that for treatments with 

drought stress from V14 to R6 and R2 to R6, respectively. 

 

Leaf Chlorophyll 

Leaf chlorophyll of maize was affected by N rate × maize phenological stage and 

drought stress treatment × hybrid × maize phenological stage interactions (Table 3.1). 

Leaf chlorophyll content reduced from silking to milk and from milk to dent maize 

phenological stages within each N rate, across experiments, drought stress treatments, 

and hybrids (Table A1). At the milk maize phenological stage, leaf chlorophyll was 

reduced by 14, 9, and 8% compared to at silking for the sub-optimal, optimal, and supra-
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optimal N rates, respectively. The reduction in leaf chlorophyll from the milk to dent 

maize phenological stages were 28, 17, and 15% for the sub-optimal, optimal, and supra-

optimal N rates, respectively. At silking, leaf chlorophyll content was greatest with the 

optimal and supra-optimal N rates, and averaged 11% greater than that with the sub-

optimal N rate. At the milk stage, leaf chlorophyll with the optimal and supra-optimal N 

rates was 18 and 21% greater than that with the sub-optimal N rate, respectively. 

Differences in leaf chlorophyll among N rates were greater at the dent stage compared to 

earlier maize phenological stages. Leaf chlorophyll at the dent stage with the optimal and 

supra-optimal N rates was 28% and 32% greater than that with the sub-optimal N rate, 

respectively. Across experiment and N rates, leaf chlorophyll of the standard hybrid was 

greater than that of the drought-tolerant hybrid for each drought stress treatment at the 

silking and milk maize phenological stages, and in the absence of drought stress at the 

dent stage. At silking, leaf chlorophyll did not differ between treatments with no drought 

stress and drought stress from R2 to R6 for both the standard and drought-tolerant 

hybrids, and averaged 11% greater than that with drought stress from V14 to R6 for each 

hybrid. At the milk and dent stages for both hybrids, leaf chlorophyll decreased as the 

duration of drought stress increased. 

 

Photosynthesis and Transpiration 

Photosynthetic CO2 assimilation rate, E, gs, leaf temperature, and VPD were 

influenced by the interaction between cycles of measurement × maize phenological stage 

(Table 3.3). Across hybrids and experiments where maize followed soybean and winter 
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rye and hybrids, for the treatment with drought stress from R2 to R6 and the optimal N 

rate, A was not influenced by the main effect of hybrid or interactions involving hybrid. 

In cycles 1 and 2, A was 4.6 and 3.8 μmol CO2 m
-2

 s
-1

 greater at R4 compared to the 

average of A for the early and mid-R5 stages, respectively (Table 3.4). Photosythetic CO2 

assimilation rate in cycle 3 was 1.3 μmol CO2 m
-2

 s
-1

 less at the early R5 stage compared 

to the average for the R4 and mid-R5 stages. At mid-R5 A in cycle 4 was 1.4 μmol CO2 

m
-2

 s
-1

 greater than the average that at the R4 and early R5 stages. At R4, A was greatest 

in cycles 1 and 2, and averaged 2.8 and 3.7 μmol CO2 m
-2

 s
-1

 greater than that in cycles 4 

and 3, respectively. At the early and mid-R5 stages, A was greatest with cycle 4 and less 

for earlier cycles. Averaged across experiments, maize phenological stages, and cycles of 

measurement, E and gs were 0.39 and 0.016 mmol H2O m
-2

 s
-1

 for the drought-tolerant 

hybrid, respectively, 22 and 23% greater than that for the standard hybrid, respectively. 

In cycle 1, E at the early and mid-R5 stages averaged 63% less than that at R4 (Table 

3.4). In cycle 2, E at early and mid-R5 was 69 and 47% less than that at R4, respectively. 

Leaf level transpiration at early R5 averaged 47% less than that at R4 and mid-R5, and 

there was no difference in E among maize phenological stages for in cycle 4. At R4, E 

was greatest for cycle 1 and least for cycles 3 and 4. Leaf level transpiration at early R5 

was greatest for cycle 4 and averaged 71% greater than that for earlier cycles, but did not 

differ among cycles at mid-R5. Maize gs in cycles 1 and 2 was greatest at R4, least at 

early R5, and intermediate at early R5, whereas in cycles 3 and 4 gs was greatest at mid-

R5, least at early R5, and intermediate at R4. Maize gs at R4 was greatest for cycle 1, 

least for cycles 3 and 4, and intermediate for cycle 2, and did not differ among cycles at 
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early and mid-R5. Maize VPD was greatest at early R5, least at mid-R5, and intermediate 

at R4 for all cycles of measurement. Maize VPD was greatest with cycles 3 and 4 at R4 

and cycle 4 at early and mid-R5, whereas VPD was least with cycle 1 at R4 and early R5 

and did not differ among cycles 1 through 3 at mid-R5. Leaf temperature decreased from 

R4 to mid-R5 in all cycles except in cycle 4 when leaf temperature was 0.5ºC greater at 

early R5 compared to R4. Leaf temperature was greatest in cycle 3 at R4 and in cycle 4 in 

early and mid-R5 stages, and was least in cycle 1 at each maize phenological stage.  

Across cycles of measurement for the treatment with no drought stress and the 

optimal N rate in the experiment where maize followed winter rye, A, E, and gs of the 

standard hybrid were greater than that with the drought-tolerant hybrid (Table A2). 

Across hybrids for the experiment where maize followed winter rye, A, E, and gs were 

greater in cycle 1 than cycle 2, whereas VPD was greater in cycle 2 than cycle 1. Across 

hybrids for the experiment where maize followed soybean, A, VPD, and leaf temperature 

were greater in cycle 2 than cycle 1. In contrast, VPD and leaf temperature were greater 

in cycle 1 than cycle 2 in the experiment where maize followed alfalfa. 

 

Soil Water Distribution and Root Length Density 

Soil water content was evaluated throughout the growing season for the treatments 

with no drought stress and drought stress from V14 to R6, both hybrids, two sampling 

distances from maize row, and multiple depths in the experiment where maize followed 

soybean for the optimal N rate (Table A3). Averaged across drought stress treatments and 

hybrids, soil water content on 18 July did not differ between the 0- to 20- and 20- to 40-
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cm depths and averaged 31 mm, and was less but not different among deeper depths: 21, 

17, and 16 mm for the 40- to 60-, 60- to 80-, and 80- to 100-cm depths, respectively. Soil 

water content was influenced by the interaction between drought stress treatment and soil 

depth for the remaining 10 sampling dates (Table 3.5). Averaged across hybrids and 

sampling distances from maize row, soil water content on all sampling dates from 22 July 

through 24 September was greater for the treatment with no drought stress than the 

treatment with drought stress from V14 to R6 for each 20-cm increment in the 0- to 80-

cm soil profile, but did not differ between drought stress treatments for the 80- to 100-cm 

depth (Table 3.5, Fig. 3.1). On 22 July and 8 August through 24 September for the 

treatment with no drought stress, soil water content for each 20-cm increment within the 

0- to 60-cm profile declined with increasing depth; on 29 July soil water content did not 

differ between the 0- to 20- and 20- to 40-cm depths and decreased with increasing depth. 

Soil water content for the treatment with no drought stress treatment in the 60- to 80- and 

80- to 100-cm increments did not differ on 22 July through 9 September, but was less in 

the 80- to 100-cm depth on 17 and 24 September. Soil water content showed greater 

fluctuation among depths within the treatment with drought stress from V14 to R6 

compared to the treatment with no drought stress. Averaged across hybrids and distances 

from maize row for the treatment with drought stress from V14 to R6, soil water content 

ranged from 19 to 24 mm and did not differ between the 0- to 20- and 20- to 40-cm 

increments on 22 and 29 July, 12 and 19 August, and 2 September. On the remaining 

sampling dates, soil water content for the treatment with drought stress from V14 to R6 

was greater in the 0- to 20-cm depth than the 20- to 40-cm depth. Soil water content in 
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the 40- to 60-, 60- to 80-, and 80- to 100-cm depths for the treatment with drought stress 

from V14 to R6 did not differ on 22 and 29 July and 8 August, on the remaining 

sampling dates soil water content did not differ between the 40- to 60- and 80- to 100-cm 

depths, and on 26 August and 2 and 9 September soil water content was less in the 60- to 

80-cm depth than the 40- to 60- and 80- to 100-cm depths. Soil water content was 

influenced by the interaction between hybrid and soil depth on 2 and 9 September (Table 

3.5). On both occasions, averaged across the treatments with no drought stress and 

drought stress from V14 to R6, soil water content with the drought-tolerant hybrid was 2 

to 3 mm greater than that with the standard hybrid in the 20- to 40-cm depth, but not in 

the other depths (Table 3.5). With the standard hybrid on 2 and 9 September, soil water 

content in the 0- to 20-cm depth was greater than that in the 60- to 80-cm depth, and soil 

water content did not differ between the 60- to 80- and 80- to 100-cm depths.  

Root diameter classes 1 (0 to 0.05 mm), 2 (>0.05 to 0.1 mm), and 3 (>0.1 to 0.2 mm) 

were influenced by the interaction between sampling distance from maize row and soil 

depth (Table A4). Across experiments where maize followed soybean and winter rye, 

treatments with no drought stress and drought stress from V4 to R6, and hybrids, RL and 

RLD for root diameter classes 1, 2, and 3 were greater at the sampling distance closest to 

the maize row by 40 to 51% for the 0- to 15-cm depth and 49 to 58% for the 15- to 30-cm 

depth, but there was no difference between sampling distances for the 30- to 45-, 45- to 

60-, and 60- to 90-cm depths (Table A5, Fig. 3.2). For root diameter classes 1, 2, and 3, 

RL and RLD decreased with increasing depth among 15-cm soil layers in the 0- to 45-cm 

profile, and did not differ between the 45- to 60- and 60- to 90-cm depths. 
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For root dimeter classes 4 (>0.2 to 0.3 mm), 5 (>0.3 to 0.4 mm), 6 (>0.4 to 0.7 mm), 

and 7 (>0.7 to 1.5 mm), RL and RLD were influenced by the interaction between drought 

stress treatment and soil depth (Table A5, Fig. 3.3). For these root diameter classes, RL 

and RLD in the 0- to 15- and 15- to 30-cm depths were greater in the treatment with no 

drought stress compared to the treatment with drought stress from V14 to R6, with 

differences ranging from 18 to 36% for the 0- to 15-cm depth and 43 to 72% for the 15- 

to 30-cm depth, and no difference between drought stress treatments for the 30- to 45-, 

45- to 60-, and 60- to 90-cm depths, averaged across experiments, hybrids, and sampling 

distances from maize row (Table 3.6, Table A5, Fig. 3.4). Root length within the 

treatments with no drought stress and drought stress from V14 to R6 decreased with 

increasing soil depth in root diameter classes 4, 5, 6, and 7 for the 0- to 45-cm profile, but 

did not differ between the 45- to 60-cm and 60- to 90-cm depths. Root length density 

within the treatments with no drought stress and drought stress from V14 to R6 decreased 

with increasing soil depth in the 0- to 45-cm profile but did not differ between the 45- to 

60- and 60- to 90-cm increments, with the exception that RLD did not differ within the 

three increments of the 30- to 90-cm profile for the treatment with drought stress from 

V14 to R6 for root diameter class 7. 

For root diameter class 6 (>0.4 to 0.7 mm), RL and RLD were affected by the 

interaction between hybrid and soil depth (Table A4). Across experiments, treatments 

with no drought stress and drought stress from V14 to R6, and both sampling distances 

from maize row, RL and RLD were 19% greater for the drought-tolerant hybrid 

compared to the standard hybrid in the 0- to 15-cm depth, but did not differ between 
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hybrids in deeper depths. The vertical distribution pattern of RL and RLD was similar for 

both hybrids, with decreasing RL and RLD with increasing depth in the 0- to 45-cm 

profile and no difference between the 45- to 60 and 60-90 cm increments (Table 3.6, 

Table A5, Fig. 3.4). For root diameter class 7 (>0.7 to 1.5 mm), RL and RLD were 

affected by the interaction among hybrid, sampling distance from maize row, and soil 

depth (Table A4). Averaged across experiments and treatments with no drought stress 

and drought stress from V14 to R6, RL and RLD for the sampling location nearest the 

maize row were 43% greater for the drought-tolerant than standard hybrid in the 0- to 15-

cm depth, but there was no difference between hybrids at deeper depths for either 

sampling distance from maize row (Table A6, Fig. 3.4). Root length and RLD differed 

between sampled distances from maize row for both hybrids in the 0- to 15-cm depth and 

for the drought-tolerant hybrid in the 15- to 30-cm depth; there was no difference in RL 

and RLD between distances from maize row for the deeper soil depth increments for 

either hybrid. Within each hybrid and distance from maize row, RL and RLD decreased 

with increasing soil depth within the 0- to 45-cm profile and there was no difference 

among the 30- to 45-, 45- to 60-, and 60- to 90-cm depths except in RL and RLD of 

standard hybrid where they were greater in the 30- to 45-cm depth compared to the 60- to 

90-cm depth. 

Total RL of all root diameter classes was affected by the main effects of sampling 

distance from maize row and soil depth (Table A7). Across experiments where maize 

followed soybean and winter rye, treatments with no drought stress and drought stress 

from V14 to R6, hybrids, and soil depths, total RL of all root diameter classes near and 
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far from the maize row was 8.6 and
 
6.6 km m

-2
, respectively. Total RL of all root 

diameter classes differed among all soil depths and was 20.2, 15.1, 1.6, 0.7, and 0.3 km 

m
-2

 for the 0- to 15-, 15- to 30-, 30- to 45-, 45- to 60-, and 60- to 90-cm depths, 

respectively, across experiments where maize followed soybean and winter rye, 

treatments with no drought stress and drought stress from V14 to R6, hybrids, and 

distances from maize row. Fractional RL for the 0- to 15-, 15- to 30-, 30- to 45-, 45- to 

60-, and 60- to 90-cm soil depths was 53.6, 39.9, 4.4, 11.8, and 0.4% of total RL of all 

root diameter classes, respectively. Total RL of all root diameter classes for the entire 0- 

to 90-cm sampled profile was affected by drought stress × root diameter class and 

sampled distance × root diameter class (Table A7). Across hybrids in the experiments 

where maize followed soybean and winter rye, the treatment with no drought stress had 

22 to 34% greater total RL than the treatment with drought stress from V14 to R6 for root 

diameter classes 3 (>0.1 to 0.2 mm), 4 (>0.2 to 0.3 mm), 5 (>0.3 to 0.4 mm), and 6 (>0.4 

to 0.7 mm) (Table 3.7). There was no difference in total RL between treatments with no 

drought stress and drought stress from V14 to R6 for root diameter classes 1 (0 to 0.05 

mm), 2 (>0.05 to 0.1 mm), and 7 (>0.7 to 1.5 mm). Within treatments with drought stress 

from V14 to R6 and R2 to R6, total RL was greatest for root diameter class 4 and least 

for root diameter classes 1 and 7 (Table 3.7). For the treatment with no drought stress, 

total RL per diameter class ranged from 1.5 to 13.2 km m
-2

, with fractional RL of 4, 6, 

23, 31, 16, 15, and 5% for root diameter class 1, 2, 3, 4, 5, 6, and 7, respectively. Total 

RL per diameter class for the treatment with drought stress from V14 to R6 ranged from 

1.3 to 10.4 km m
-2

 and fractional RL was similar to that for the treatment with no drought 
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stress, 4, 7, 24, 31, 16, 14, and 5% for root diameter class 1, 2, 3, 4, 5, 6, and 7, 

respectively. Total RL was 41 and 21% greater for the sampling distance closest to the 

maize row for root diameter classes 3 and 4, respectively, and did not differ with 

sampling distance from the maize row for the remaining root diameter classes. For the 

sampling distance closest to the maize row, total RL was greatest for root diameter class 

4 and least for root diameter classes 1 and 7. For the sampling distance farthest from 

maize row, total RL also was greatest for root diameter class 4 and was least for root 

diameter classes 1, 2, and 7.  

 

DISCUSSION 

Aboveground Morpho-Physiological Characteristics of Maize Hybrids 

In this study, narrower ASI of the drought-tolerant hybrid across experiments, 

drought stress, and N rates was associated with a 2-d early in silking compared to the 

standard hybrid. When maize is exposed to drought stress prior to anthesis and silking, 

silk growth is typically delayed more than tassel emergence is delayed, thereby 

increasing the ASI (Araus et al., 2012; Beyene et al., 2015). The narrower ASI of the 

drought-tolerant hybrid in this study could be due to narrower ASI being an inherent trait 

selected for during maize breeding for improved tolerance to drought (Bolaños and 

Edmeades, 1996; Ziyomo and Bernardo, 2013; Beyene et al., 2015). Narrower ASI of a 

drought-tolerant compared to a standard hybrid also was reported by Lindsey (2015). 

Narrower ASI of the drought-tolerant hybrid compared to the standard hybrid in this 

study may have contributed to its greater grain yield when exposed to drought stress from 



 

99 

 

V14 to R6, because narrower ASI under drought also was associated with increased 

kernel number (Chapter 1). Relative to well-watered conditions, water deficit before 

anthesis in maize was reported to reduce leaf size and internode length, delay flowering, 

and reduce DM accumulation during grain filling which ultimately led to grain yield that 

was 15 to 25% less (NeSmith and Ritchie, 1992). Drought stress during flowering in 

maize also can cause failure of spikelet primordia due to delayed silk emergence or 

abortion of fertilized kernels following fertilization (Westgate and Boyer 1986; 

Edmeades et al., 1993). Contrary to the finding in this study, Roth et al. (2013) reported 

that greater ASI of a drought-tolerant compared to a standard hybrid when grown under 

severe drought stress was associated with greater relative kernel failure that contributed 

to reduced grain yield. The agronomic value of a narrower ASI is generally much more 

important for maize when grown under drought stress compared to well-watered 

conditions (Bolaños and Edmeades, 1996; Chapman and Edmeades, 1999). In this study, 

optimal and supra-optimal N rates with full irrigation caused earlier anthesis and silking 

which translated to a narrower ASI compared to the sub-optimal N rate, which delayed 

silking and significantly increased the ASI. A narrower ASI with greater N supply has 

been hypothesized as being due to greater rooting depth that allows greater extraction of 

water from deeper in the soil (Roth et al., 2013). When drought stress was imposed in this 

study, sub-optimal and supra-optimal N rates resulted in earlier anthesis and silking 

compared to the optimum N rate but the ASI did not differ, indicating that N supply may 

influence the anthesis and silking process but not necessarily the ASI. 
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Greater plant height for the drought-tolerant hybrid compared to the standard hybrid 

in this study could have contributed to greater biomass production and leaf area of the 

drought-tolerant hybrid. Maize attains maximum height at about the tassel phenological 

stage (Abendroth et al., 2011). Drought stress beginning at V14 reduced plant height 

compared to the treatments with no drought stress or drought stress from R2 to R6, and 

this reduction in height was exacerbated with inadequate N supply. Mounce et al. (2016) 

reported a similar trend of reduced plant height with a decrease in irrigation amount, 

along with an increase in plant height with greater precipitation during the vegetative 

growth period. Maize height was reduced for all drought stress treatments with sub-

optimal N rate. Reduced height was associated with decreased LAI at R3, which can 

result in lower photosynthetic potential and lead to reduced grain yield (Johnson et al., 

1986; Duvick, 2005). 

Leaf area index of maize at R3 was greater with greater N supply in the absence of 

drought stress, consistent with findings under near-normal precipitation amounts in 

Indiana (Roth et al., 2013). Leaf area index was adversely affected by drought stress and 

the sub-optimal N rate. Although plant height did not differ between treatments with no 

drought stress and drought stress from R2 to R6, LAI was less with the latter, as drought 

stress reduced leaf area through leaf rolling which was apparent throughout the drought 

stress period for treatments where maize was subjected to drought stress. The lack of 

difference in LAI between treatments with drought stress from V14 to R6 and R2 to R6 

could be due to a lower requirement of water to maintain less vegetative biomass and 

subsequently less leaf rolling for the treatment with drought stress from V14 to R6. 
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Monneveux et al. (2008) suggested that leaf rolling in maize is more of a drought-

avoidance mechanism rather than a key trait associated with enhanced drought tolerance. 

Leaf rolling, however, was reported as a vital mechanism during drought stress that 

helped to maintain photosynthesis, stomatal conductance, and transpiration at greater 

rates in a drought-tolerant hybrid compared to a drought-sensitive hybrid (Saglam et al., 

2014). In this study, the drought-tolerant hybrid had greater LAI than the standard hybrid. 

Others have found no difference between drought-tolerant and standard hybrids under 

severe drought stress (Roth et al., 2013). The range of LAI at R3 was greater in this study 

compared to that reported by Roth et al. (2013), most likely due to less extreme drought 

conditions in this study. Leaf area index of the standard hybrid did not differ between 

optimal and supra-optimal N rates across experiments and drought stress treatments, 

whereas the drought-tolerant hybrid had greater LAI with the supra-optimal N rate 

compared to the optimal N rate. Leaf area index influences interception of 

photosynthetically active radiation, water and carbon exchange (Bréda, 2003; Gitelson et 

al., 2003). Greater LAI in maize is associated with increased interception of radiation, 

which can result in greater grain yield (Birch et al., 1999; 2003; Teixeira et al., 2011). 

Water and N deficiency in maize reduces nutrient accumulation capacity due to reduced 

leaf turgor and LAI (Wolfe et al., 1988). In this study, greater LAI in the absence of 

drought stress compared to treatments with drought stress likely increased interception of 

radiation and contributed to greater grain yield (Chapter 1). 

Within each drought stress treatment, leaf greenness of maize at R5 decreased with 

each decrease in N rate, with a greater difference among N rates in the absence of 
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drought compared to when drought stress was imposed. This indicates a greater negative 

impact of reduced N supply in the absence of drought compared to when drought stress 

occurs. Similar behavior of earlier leaf senescence with reduced N supply was reported 

by Vos et al. (2005). Imposition of drought stress drastically reduced leaf greenness of 

maize at R5. The lack of difference in leaf greenness between treatments with drought 

stress from V14 to R6 and R2 to R6 suggests earlier leaf senescence in the treatment with 

drought stress from R2 to R6, since drought stress can cause earlier but not necessarily 

faster leaf senescence and senescence occurs quicker for smaller leaves compared to 

larger leaves (Combe, 2005). Although not significant for all N rates, greater LAI of 

maize at R3 with drought stress from R2 to R6 compared to V14 to R6 may have 

contributed to faster senescence of lower leaves as a result of lower radiation intensity 

(Birch et al., 2003). Although leaf stay-green is considered to be a functional trait 

conferring enhanced grain yield with late-season drought stress (Campos et al., 2004; Lee 

and Tollenaar, 2007), the lack of difference in leaf greenness between hybrids in this 

study indicates that stay-green was not a contributing factor to yield differences between 

hybrids. 

Leaf chlorophyll meter readings are a reliable method to predict leaf N content in 

maize (Shapiro et al., 2006). This study showed a gradual decline in leaf chlorophyll 

from the R1 to R5 maize phenological stages for each N rate. This pattern of leaf 

chlorophyll coincides with the pattern of N partitioning in maize described by Abendroth 

et al. (2011), which shows that leaf N content is greatest at R2, after which it declines as 

N is translocated to grain. In this study, leaf chlorophyll at R1 was greater with optimal 
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and supra-optimal N rates compared to the sub-optimal N rate. This could be because at 

R1 leaves are still accumulating N and acting as a source, and that translocation of N to 

grain is rather slow. Therefore, excess N supply at R1 may not contribute to greater leaf 

chlorophyll content. At R3 and R5, leaf chlorophyll content was greatest with the supra-

optimal N rate and least with the sub-optimal N rate. This was likely due to faster 

remobilization of N to rapidly developing grain at R3 and R5 compared to R1, along with 

the ear leaf at these stages acting as both a source and sink for N (Lee and Tollenaar, 

2007; Abendroth et al., 2011; Ciampitti and Vyn, 2012). The standard maize hybrid had 

greater leaf chlorophyll than the drought-tolerant hybrid and for all measured stages and 

drought stress treatments except at R5 for treatments with drought stress from R2 to R6 

and V14 to R6. The lack of difference in leaf chlorophyll between hybrids at R5 when 

drought stress was imposed may be due to greater ability of the drought-tolerant hybrid to 

stay green longer and effectively remobilize N to grain under drought conditions (Lee 

and Tollenaar, 2007; Ciampitti and Vyn, 2012). There was no difference in leaf 

chlorophyll at R1 between treatments with no drought stress and drought stress from R2 

to R6 because both received full irrigation through this time, but leaf chlorophyll was less 

for the treatment with drought stress from V14 to R6 because water was limited to 

generate drought stress beginning at V14. At R3 and R5, leaf chlorophyll was reduced for 

treatments with drought stress imposed and lowest values occurred with drought stress 

from V14 to R6. This could be due to more efficient uptake of N with adequate water 

availability. Greater leaf chlorophyll at R3 and R5 for the treatment with drought stress 

from R2 to R6 compared to V14 to R6 was likely due to greater assimilation of N prior to 
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drought imposition, but this does not necessarily imply more effective translocation of N 

to grain at maturity as indicated by greater grain yield of the drought-tolerant hybrid 

when drought stress occurred from V14 to R6 (Chapter 1). Coulter and Nafziger (2008) 

reported that leaf chlorophyll and LAI of maize at R2 were correlated with grain yield 

when precipitation during the growing season was adequate for moderate to high grain 

yield, but not in growing environments with low precipitation and grain yield. 

Photosynthetic CO2 assimilation rate did not differ between standard and drought-

tolerant maize hybrids, averaged across R4 and R5, but E and gs were greater for the 

drought-tolerant hybrid when drought stress occurred from R2 to R6. This indicates 

greater water utilization by the drought-tolerant hybrid with similar A. Greater E and gs of 

the drought-tolerant hybrid could be partially attributed to greater LAI of the drought-

tolerant hybrid at R3. Similar A between hybrids despite greater LAI for the drought-

tolerant hybrid could be due to marginally less chlorophyll, since photosynthesis is 

closely associated with N concentration per unit leaf area (Vos et al., 2005). Previous 

evaluation of standard and drought-tolerant hybrids grown under no drought stress and 

severe drought stress during V12 to R1 showed no difference in A and E at R4, but a 

drought-tolerant hybrid had greater A at R5 when exposed to severe drought stress (Roth 

et al., 2013). This could be due to low gs as a result of drought stress induced reduction in 

stomatal size and aperture, which decreases leaf transpiration and net photosynthetic rates 

(Zhao et al., 2015). Compared to Roth et al. (2013), A and E of maize at R4 and R5 in 

this study were less, but A at R5 was similar to values reported by Lindsey (2015). Also, 

gs in this study at R4 and R5 were lower than reported by Lindsey (2015). Differences in 
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A, E, and gs among studies could be due to variation in settings of the measurement 

device, mainly for photosynthetic photo flux density and air flow rate and may also be 

contributed by differences in maize hybrids. In the treatment with no drought stress, the 

standard hybrid had greater A, E, and gs than the drought-tolerant hybrid at late R5, 

suggesting more effective CO2 assimilation at the expense of a greater amount of water 

and with greater conductance. For the treatment with drought stress from R2 to R6, A and 

E declined from R4 to mid-R5 and the rate of A and E were greater during late morning 

to early afternoon at R4, but late afternoon measurements were greater at early and mid-

R5. This probably was due to recovery from stress toward the afternoon when radiation 

intensity was less. Stomatal conductance was greater at R4 compared to early and mid-

R5. Leaf VPD and temperature were associated with A, E, and gs. With drought stress 

from R2 to R6, VPD ranged from 2.1 to 2.4 and A, E, and gs were greater compared to 

when VPD was above and below this range. Photosynthetic CO2 assimilation rate, E, and 

gs, were greatest when leaf temperature was between 26.5 and 33.3°C and when VPD 

was not greater than 2.4. The combination of low leaf temperature and low VPD resulted 

in lower levels of A, E, and gs. Similar relationships among leaf temperature, VPD, A, E, 

and gs were reported by Roth et al. (2013). Leaf temperature and VPD in the absence of 

drought stress cannot be directly compared with those from the treatments where drought 

stress was imposed due to different timing of measurements in this study. At lower leaf 

temperature and VPD, A, E, and gs were greater when no drought stress. Greater leaf 

temperature and VPD resulted in lower A, E, and gs when drought stress occurred from 

R2 to R6. These results indicate that the effects of leaf temperature and VPD on A, E, and 
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gs are more accentuated with drought stress compared to treatment with no drought stress. 

With more frequent occurrence of drought anticipated in the near future, drought-induced 

elevated VPD is expected to impair maize yield through greater transpirational water loss 

(Lobell et al., 2014; Ort and Long, 2014). A low rate of transpiration under high VPD is a 

characteristic that enhances maize tolerance to drought stress (Shekoofa et al., 2015). 

More research is needed to better understand maize response to drought-induced elevated 

leaf temperature and VPD to reduce yield losses associated with drought. 

 

Maize Root Architecture and Distribution in Relation to Soil Water Content 

Soil water content was greater in the 0- to 40-cm soil depth compared to the 40- to 

100-cm depth on all dates of measurement. This pattern of distribution in soil water 

content was similar between the treatments with no drought stress and drought stress 

from V14 to R6, although soil water content was greater in the treatment with no drought 

stress. In the absence of drought stress, soil water content at all dates of measurement was 

greatest in the 0- to 40-cm depth, intermediate in the 40- to 60-cm depth, and least in the 

60- to 100-cm depth. With drought stress from V14 to R6, soil water content in the 40- to 

100-cm depth was much less than that in the 0- to 40-cm depth. Distribution of maize 

roots was related to water availability in the soil profile, with decreasing RL and RLD as 

water content decreased from the upper to lower layers of the soil profile. Root length 

and RLD were greatest in the 0- to 30-cm soil depth, where water content in the soil 

profile was greatest. When compared to the 0- to 30-cm depth, RL and RLD were less in 

the 30- to 45-cm depth.- Root length and RLD in the 45- to 60- and 60- to 90-cm depths 
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were similar but less than that in the 30- to 45-cm depth, reflecting less water deeper in 

the soil profile. There was a similar pattern of root distribution for each root diameter 

class at both near and far sampling distances from the maize row for treatments with no 

drought stress and drought stress from V14 to R6. The relationship between soil water 

content and maize root distribution is shown with estimated total RL, which exhibited 

greatest RL in the 0- to 30-cm depth, followed by a large decline in RL for the 30- to 45-

cm depth where soil water content was reduced, a gradual decline in RL for the 45- to 60-

cm depth, and the shortest RL for the 60- to 90-cm depth. Total RL in the 0- to 30-cm 

and 0- to 45-cm depths represented 93 and 98% of the total RL in the 0- to 90-cm depth, 

respectively. Greater RL in the 0- to 30-cm soil depth was similar for treatments with no 

drought stress and drought stress from V14 to R6. The soil-plant-water relationship in 

this study confirms the report by Kranz et al. (2008) that water uptake by maize is 

greatest from the topsoil and decreases with rooting depth. Laboski et al. (1998) reported 

a similar distribution of maize roots in a sandy soil, with 85 and 94% of total RL at the 

tasseling maize phenological stage in the 0- to 30- and 0- to 45-cm depths, respectively. 

More roots in the 0- to 30-cm depth compared to deeper depths in the absence of drought 

stress in this study could be due to the constant availability of sufficient water in the 

surface 40 cm, which did not promote root growth below this depth. When compared to 

the treatment with no drought stress, a reasonably large but less shallow roots and no 

difference in the quantity of roots deeper in the soil for the treatment with drought stress 

from V14 to R6, could allow maize to scavenge the small amounts of intermittent rainfall 

and irrigation water throughout the growing season while accessing water in the subsoil 
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(Lynch, 2013). More field investigation on the dispersion of shallow roots in topsoil 

would enhance understanding of the role of roots in tolerance to drought.  

Results from this study on root diameter class concur with reports from others on 

quantity and distribution of roots with the soil profile (Miller, 1981; Pallant et al., 1993; 

Costa 2002). The greatest amount of roots were >0.2 to 0.3 mm in diameter, followed by 

>0.1 to 0.2 mm in diameter; together, these root diameter classes represented 54% of the 

total RL. Roots that were >0 to 0.4 mm in diameter accounted for 80 to 81% of the total 

RL. This root distribution pattern was similar for treatments with no drought stress and 

drought stress from V14 to R6 and for both sampling distances from maize row. Pallant 

et al. (1993) found that field-grown maize at 8 to 12 wk after planting sampled within the 

rows at a 0- to 15-cm depth had more than 56% of roots with diameter less than 0.175 

mm and less than 24% of roots with diameter greater than 0.275 mm. For roots harvested 

at R1 from a greenhouse study, 95% of roots were 0.2 to 0.4 mm in diameter (Costa et 

al., 2002). With drought stress, smaller root diameters are suggested to be more efficient 

due to reduced metabolic investment to maintain small roots (Lynch 2007). Reduced 

metabolic cost for thinner-diameter roots is associated with fewer cortical cells, which 

leads to less root respiration and nutrient content (Miller, 1981; Chimungu et al., 2014).  

Miller (1981) reported that 99% of roots of hydroponically-grown maize were thinner 

than 0.4 mm in diameter, and suggested that thicker roots function more as conduits than 

absorptive organs. The drought-tolerant hybrid in this study had greater RL and RLD 

than the standard hybrid for roots that were 0.4 to 1.5 mm in diameter in the 0- to 15-cm 

soil depth. This suggests potentially greater channeling of water and nutrients from 
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absorptive tissue to aboveground biomass by the drought-tolerant hybrid, which is 

indicative of a faster resource transfer. This difference was not detected with analysis of 

pooled data, indicating the importance of root evaluation based on root diameter classes 

to capture subtle differences in root architecture. 

Root length and RLD for maize roots that were 0 to 0.2 mm in diameter were not 

affected by drought stress treatment but were less when distance from the maize row 

increased. This is in contrast to Qin et al. (2006), who reported that maize roots sampled 

at anthesis had more roots less than 0.3 mm in diameter and greater RLD as distance 

from the maize row increased. These differences among studies may be due to the time of 

sampling. In both studies, however, RLD decreased at deeper soil depths. The 

distribution and quantity of roots with diameter >0.2 to 1.5 mm was related to the 

availability of water, with greater RL and RLD for the treatment with no drought stress 

compared to the treatment when drought stress occurred from V14 to R6. Root length and 

RLD by diameter class for soil depths below 30 cm did not differ between the treatments, 

with no drought stress and drought stress from V14 to R6 or with distance from maize 

row. For maize recombinant inbred lines grown under drought stress and harvested at 41 

d after planting, reduced lateral root branching density was associated with less lateral 

root respiration, deeper rooting, and greater drought tolerance (Zhan et al., 2015). 

Consistent with this, the treatment with drought stress from V14 to R6 in this study had 

less RL and RLD, indicative of less lateral branching compared to the treatment with no 

drought stress; however, the amount of deep rooting did not differ between these 

treatments. In China, compared to traditional farmers’ practice, intensive agronomic 
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management based on high-yield strategies stimulated more fine maize roots with 

diameter less than 0.5 mm (Wang et al., 2015), which was suggested to provide greater 

surface area for greater uptake of N and water and to result in greater grain yield. The 

results from this study and others provide evidence that fine roots with diameter between 

> 0 to 0.4 mm play an important role in water and nutrient uptake. For future research, 

closer study of roots 0.4 to 1.5 mm in diameter and their relationship with finer roots of 

drought-tolerant and standard hybrids may provide essential information to better 

understand the response of roots to drought stress and the role of root development in 

drought tolerance.  

Many genomic analysis and breeding programs for maize focus on identifying genetic 

traits related to drought tolerance (Lebreton et al., 1995; Betran et al, 2003; Wang et al., 

2016). Through these studies, researchers have identified traits related to the ASI (Ribaut 

et al., 1996; 1997; Welcker et al., 2007), root architecture (Tuberosa et al., 2002), 

stomatal conductance, photosynthesis, and chlorophyll concentration (Lebreton et al., 

1995; Pelleschi et al., 2006) as traits associated with drought tolerance in maize. A 

quantitative trait loci mapping analysis for drought-tolerant traits in maize found a close 

relationship between xylem abscisic acid content and stomatal conductance, and that 

factors involved in photosynthesis were closely associated with leaf chlorophyll 

concentration (Lebreton et al., 1995). These results indicate that traits associated with 

drought tolerance are correlated and therefore should be studied concurrently (Tardieu et 

al., 2015).  
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CONCLUSIONS 

This study was conducted to evaluate differences in morpho-physiological traits 

between a drought-tolerant hybrid and a standard maize hybrid in response to different 

durations of drought stress and N rates. Results showed differences between hybrids in 

traits such as the ASI, plant height, LAI, leaf chlorophyll, A, E, gs, RL, and RLD. Leaf 

greenness, a characteristic reported to play an active role in drought tolerance, did not 

differ between hybrids, although it was affected by the interaction between drought stress 

and N rate. The drought-tolerant hybrid was taller with a narrower ASI than the standard 

hybrid. Plant height was reduced and ASI was increased by drought stress and with the 

sub-optimal N rate. For the drought-tolerant hybrid, LAI at R3 was greatest with the 

supra-optimal N rate. For the standard hybrid, LAI did not differ between the optimal and 

supra-optimal N rates, indicating perhaps a greater N requirement for the drought-tolerant 

hybrid. Leaf area index at R3, leaf greenness at R5, and leaf chlorophyll content at R1, 

R3, and R5 were reduced by sustained moderate drought stress from V14 to R6 and R2 to 

R6 compared to no drought stress. The standard hybrid had greater leaf chlorophyll 

content at R5 than the drought-tolerant hybrid and this likely contributed to greater A of 

the standard hybrid in the absence of drought stress. This supports the concept that 

photosynthetic radiation use is closely associated with leaf chlorophyll content. Although 

there was no difference in A between standard and drought-tolerant hybrids when 

subjected to drought stress, leaf E and gs were greater for the drought-tolerant hybrid. 

Photosynthetic CO2 assimilation rate, E, and gs were influenced by leaf temperature and 

VPD. Root distribution was greater in the 0- to 30-cm depth compared to deeper depths, 
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coinciding with greater water availability in this surface layer. There were more fine roots 

between >0 to 0.4 mm in diameter with greater RL and RLD for the treatment with no 

drought stress and near the maize row compared to the treatment with drought stress from 

V14 to R6 and far from the maize row. The drought-tolerant hybrid had greater RL and 

RLD for roots 0.4 to 1.5 mm in diameter than the standard hybrid for the 0- to 15-cm 

depth, indicating greater translocation of absorbed water and nutrients through a larger 

conduit of roots in this hybrid. Results from this study suggest that morpho-physiological 

traits such as ASI, LAI, leaf chlorophyll, RL, A, E, and gs associated with drought 

tolerance interact with one another. To better understand the mechanisms of these traits, a 

concerted approach that addresses multiple trait relationships is necessary.   
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Table 3.1. Significance for F tests for fixed effects of drought stress (D), hybrid (H), N rate (N), and 

stage of maize phenological development (S) on maize  anthesis, silking, anthesis-silking interval 

(ASI), plant height, leaf area index (LAI), leaf greenness, and leaf chlorophyll. 

Source of 

variation 

Anthesis Silking ASI Plant 

height  

LAI Leaf 

greenness 

Leaf 

chlorophyll 

 ───────────────────── P > F ───────────────────── 

D 0.546 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

H <0.001 <0.001 <0.001 <0.001 <0.001 0.123 <0.001 

N 0.026 0.000 <0.001 0.497 0.004 <0.001 <0.001 

S ─
 a
 ─ ─ ─ ─ ─ <0.001 

D × H 0.154 0.389 0.846 0.060 0.236 0.644 0.002 

D × N 0.003 0.001 0.016 <0.001 <0.001 <0.001 0.072 

H × N 0.493 0.422 0.083 0.945 0.013 0.237 0.394 

D × S ─ ─ ─ ─ ─ ─ <0.001 

N × S ─ ─ ─ ─ ─ ─ <0.001 

D × H × N 0.314 0.102 0.135 0.475 0.455 0.107 0.518 

D × H × S ─ ─ ─ ─ ─ ─ 0.015 

D × N × S ─ ─ ─ ─ ─ ─ 0.406 

H × N × S ─ ─ ─ ─ ─ ─ 0.897 

D × H × N × S ─ ─ ─ ─ ─ ─ 0.982 
a
 Not a source of variation for the dependent variable. 
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Table 3.2. Maize anthesis, silking, anthesis-silking interval (ASI), plant height, leaf 

area index (LAI), and leaf greenness as affected by drought stress and N rate across 

hybrids and experiments; and LAI as affected by hybrid by N rate, across drought 

stress treatments and experiments.
a
 

Dependent 

variable 

N rate, 

% 

Drought stress  Hybrid 

None R2-R6   V14-R6 ST DT 

Anthesis, day of 

year 

50 212.0 aA
b
 211.8 aA 211.7 bA   

100 211.8 aAB 211.4 aB 212.5 aA   

150 211.3 bA 211.6 aA 211.7 bA   

       

Silking, day of 

year 

50 213.0 aAB 212.8 aB 213.8 bA   

100 212.3 bB 212.0 bB 214.6 aA   

150 211.8 cB 212.1 bB 213.8 bA   

       

ASI, days 50 1.05 aB 1.01 aB 2.09 aA   

100 0.54 bB 0.58 bB 2.09 aA   

150 0.47 bB 0.43 bB 2.06 aA   

       

Plant height, cm 50 222.0 bA 220.6 bA 190.5 aB   

100 226.0 aA 224.6 aA 184.0 bB   

150 226.1 aA 224.7 aA 185.6 bB   

       

LAI, m
2
 m

-2
 50 3.23 cA 2.72 aB 2.58 aB 2.68 bB 3.01 bA 

100 3.47 bA 2.75 aB 2.40 bC 2.81 aB 2.94 bA 

150 3.65 aA 2.74 aB 2.56 aB 2.80 abB 3.17 aA 

       

Leaf greenness, 

unitless 

50 2.30 cA 0.33 bB 0.37 bB   

100 4.41 bA 0.52 abB 0.68 aB   

150 4.75 aA 0.64 aB 0.59 abB   
a
 DT, drought-tolerant hybrid; None, no drought stress; R2-R6, drought stress from 

the blister maize phenological stage (R2) to R6; ST, standard hybrid; V14-R6, 

drought stress from the 14 leaf collar maize phenological stage (V14) to maize 

physiological maturity (R6); 50, sub-optimal N rate, 100, optimal N rate; 150, supra-

optimal N rate. 
b 
Within a column for a given set of comparisons, means followed by the same 

lowercase letter are not significantly different (P ≤ 0.05). Within a row for a given set 

of comparisons, means followed by the same uppercase letter are not significantly 

different.  
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Table 3.3. Significance for F tests for fixed effects of hybrid (H), maize phenological stage (S), and cycle of 

measurement (C) for treatments with the optimal N rate on leaf level photosynthesis (A), transpiration (E), stomatal 

conductance (gs), vapor pressure deficit (VPD), and leaf temperature. 

Duration of drought stress 

and experiment 

Source of 

variation A E gs VPD 

Leaf  

temperature 

  ───────────────── P > F ───────────────── 

Drought stress from blister 

maize phenological stage to 

physiological maturity for 

experiments where maize 

followed soybean and winter 

rye 

H 0.100 0.049 0.033 0.743 0.095 

S <0.001 0.005 <0.001 <0.001 <0.001 

C <0.001 0.005 <0.001 <0.001 <0.001 

H × S 0.687 0.463 0.178 0.986 0.983 

H × C 0.651 0.769 0.878 0.966 0.941 

S × C <0.001 <0.001 <0.001 <0.001 <.0001 

H × S × C 0.850 0.937 0.770 1.000 0.981 

 

No drought stress for the 

experiment where maize 

followed alfalfa 

H 0.082 0.098 0.101 0.526 0.648 

C 0.584 0.456 0.893 0.010 0.004 

H × C 0.510 0.946 0.993 0.788 0.697 

 

No drought stress for the 

experiment where maize 

followed soybean 

H 0.275 0.363 0.304 0.511 0.815 

C 0.006 0.385 0.131 <0.001 <0.001 

H × C 0.234 0.888 0.793 0.902 0.919 

 

No drought stress for the 

experiment where maize 

followed winter rye 

H 0.039 0.036 0.038 0.215 0.826 

C 0.001 0.385 0.003 0.033 0.794 

H × C 0.242 0.511 0.365 0.825 0.939 
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Table 3.4. Maize leaf level photosynthesis (A), transpiration (E), stomatal 

conductance (gs), vapor pressure deficit (VPD), and leaf temperature across 

experiments  and hybrids for the optimal N rate and the treatment with drought stress 

from the blister maize phenological stage to maize physiological maturity.  

Dependent variable Cycle of 

reading
a
 

Maize phenological stage
b 

R4 Early R5 Mid-R5 

A, μmol CO2 m
-2

 s
-1

 1 7.8 aA
c
 3.1 bB 3.4 bB 

2 7.6 aA 3.4 bB 4.3 bB 

3 4.0 cA 2.8 bB 4.1 bA 

4 4.9 bB 4.3 aB 6.0 aA 

 

E, mmol H2O m
-2

 s
-1

 1 0.70 aA 0.20 bB 0.32 aB 

2 0.58 bA 0.18 bC 0.31 aB 

3 0.35 cA 0.18 bB 0.33 aA 

4 0.38 cA 0.32 aA 0.39 aA 

 

gs, mol H2O m
-2

 s
-1

 1 0.029 aA 0.006 aC 0.018 aB 

2 0.022 bA 0.005 aC 0.016 aB 

3 0.012 cB 0.004 aC 0.018 aA 

4 0.014 cB 0.007 aC 0.018 aA 

 

VPD, kPa 1 2.2 cB 3.5 dA 1.7 bC 

2 2.4 bB 3.8 cA 1.9 bC 

3 2.7 aB 4.3 bA 1.8 bC 

4 2.6 aB 4.5 aA 2.1 aC 

 

Leaf temperature, 

°C 

1 32.5 dA 29.9 dB 23.8 cC 

2 33.3 cA 31.3 cB 24.7 bC 

3 34.5 aA 33.8 bB 25.0 bC 

4 33.9 bB 34.4 aA 26.5 aC 
a
 Measurement cycles occurred from 1030 to 1500 h on each measurement day. 

b 
R4, dough maize phenological stage; R5, dent maize phenological stage. 

c 
Within a column for a given set of comparisons, means followed by the same 

lowercase letter are not significantly different (P ≤ 0.05). Within a row, means 

followed by the same uppercase letter are not significantly different. 
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Table 3.5. Soil water content as affected by drought stress treatment and soil depth across 

hybrids and distance from maize row; and by hybrid and soil depth across drought stress 

treatments and distance from maize row in experiment when maize followed soybean 

with the optimal N rate.
a
  

Date Soil 

depth 

None V14-R6 Date None V14-R6  ST DT 

 cm ─── mm ───  ─── mm ───  ── mm ── 

22 July 0-20 33 aA
a
 22 aB 26 Aug. 30 aA 21 aB    

20-40 30 bA 23 aB 27 bA 19 bB    

40-60 20 cA 15 bB 17 cA 12 cB    

60-80 17 dA 14 bB 12 dA 10 dB    

80-100 15 dA 15 bA 11 dA 12 cA    

 
29 July 0-20 36 aA 24 aB 2 Sept. 33 aA 20 aB  26 aA 27 aA 

20-40 35 aA 22 aB 29 bA 19 aB  23 bB 25 aA 

40-60 23 bA 14 bB 18 cA 12 bB  15 cA 14 bA 

60-80 17 cA 12 bB 12 dA 9 cB  11 dA 11 cA 

80-100 14 dA 13 bA 11 dA 12 bA  12 dA 10 cA 

 
8 Aug. 0-20 34 aA 22 aB 9 Sept. 33 aA 20 aB  27 aA 27 aA 

20-40 28 bA 20 bB 30 bA 18 bB  23 bB 26 aA 

40-60 19 cA 13 cB 17 cA 11 cB  14 cA 14 bA 

60-80 15 dA 11 cB 12 dA 9 dB  10 dA 10 cA 

80-100 14 dA 12 cA 10 dA 11 cA  12 dA 10 cA 

 
12 Aug. 0-20 31 aA 20 aB 17 Sept. 37 aA 29 aB    

20-40 28 bA 20 aB 35 bA 23 bB    

40-60 18 cA 12 bB 24 cA 11 cB    

60-80 14 dA 10 cB 17 dA 9 dB    

80-100 13 dA 11 bcA 12 eA 11 cdA    

 
19 Aug. 0-20 28 aA 20 aB 24 Sept. 37 aA 29 aB    

20-40 25 bA 19 aB 35 bA 23 bB    

40-60 16 cA 12 bB 24 cA 11 cB    

60-80 12 dA 9 cB 17 dA 9 dB    

80-100 11 dA 11 bcA 12 eA 11 cdA    
a
 DT, drought-tolerant hybrid; None, no drought stress; R2-R6, drought stress from the 

blister maize phenological stage (R2) to R6; ST, standard hybrid; V14-R6, drought 

stress from the 14 leaf collar maize phenological stage (V14) to maize physiological 

maturity (R6). 
b 
Within a column for a given sampling date, means followed by the same lowercase 

letter are not significantly different (P ≤ 0.05). Within a row for a given sampling date, 

means followed by the same uppercase letter are not significantly different.  
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Table 3.6. Maize root length across experiments when maize followed soybean and winter rye with the optimal N rate as affected 

by soil depth and distance from maize row (L) for three root diameter classes (DC), across drought stress (None and V14-R6) 

treatments and hybrids (ST and DT); soil depth and hybrid for root DC6 across drought stress treatments and L; and soil depth and 

drought stress treatment for four root DC across hybrids and L.
a
 

Soil 

depth 

DC1   DC2   DC3   DC6 

L1 L2   L1 L2   L1 L2   ST DT 

 cm ─────────────────────────────── km m
2
 ────────────────────────────── 

0-15 0.826 aA
b
 0.547 aB 

 

1.432 aA 0.961 aB 

 

5.167 aA 3.693 aB 

 

2.803 aA 3.323 aB 

15-30 0.733 bA 0.464 bB 

 

1.314 bA 0.837 bB 

 

4.526 bA 3.045 bB 

 

2.146 bA 1.873 bA 

30-45 0.067 cA 0.054 cA 

 

0.111 cA 0.094 cA 

 

0.392 cA 0.353 cA 

 

0.259 cA 0.255 cA 

45-60 0.025 cA 0.020 cA 

 

0.041 cdA 0.034 cA 

 

0.146 dA 0.122 dA 

 

0.125 dA 0.126 dA 

60-90 0.007 cA 0.011 cA 

 

0.012 dA 0.018 cA 

 

0.052 dA 0.067 dA 

 

0.062 dA 0.036 dA 

 

Soil 

depth 

DC4   DC5   DC6   DC7 

None V14-R6   None V14-R6   None V14-R6   None V14-R6 

cm ─────────────────────────────── km m
2
 ────────────────────────────── 

0-15 6.828 aA 5.768 ab 

 

3.645 aA 3.120 aB 

 

3.430 aA 2.696 aB 

 

1.340 aA 0.988 aB 

15-30 5.587 bA 3.904 bB 

 

2.813 bA 1.864 bB 

 

2.449 bA 1.571 bB 

 

0.648 bA 0.377 bB 

30-45 0.546 cA 0.460 cA 

 

0.281 cA 0.240 cA 

 

0.276 cA 0.238 cA 

 

0.095 cA 0.083 cA 

45-60 0.188 dA 0.188 dA 

 

0.108 dA 0.116 dA 

 

0.118 dA 0.132 cdA 

 

0.041 cdA 0.051 cA 

60-90 0.085 dA 0.093 dA 

 

0.046 dA 0.055 dA 

 

0.042 dA 0.055 dA 

 

0.013 dA 0.022 cA 
a
 DC1, 0 to 0.05 mm; DC2, >0.05 to 0.1 mm; DC3, >0.1 to 0.2 mm; DC4, >0.2 to 0.3 mm; DC5, >0.3 to 0.4 mm; DC6, >0.4 to 

0.7 mm; DC7, >0.7 to 1.5 mm; DT, drought-tolerant hybrid; L1, 5 cm from maize row; L2, 19 cm from maize row; None, no 

drought stress; ST, standard hybrid; V14-R6, 14 leaf collar maize phenological stage to maize physiological maturity. 
b 
Within a column for a given root DC, means followed by the same lowercase letter are not significantly different (P ≤ 0.05). 

Within a row for a given root DC, means followed by the same uppercase letter are not significantly different. Statistical analysis 

for all diameter classes is based on logarithm base 10 transformed data and back-transformed means are reported. 
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Table 3.7. Maize total root length across experiments when maize followed 

soybean and winter rye with the optimal N rate as affected by root diameter 

class (DC) and drought stress treatment across hybrids (ST and DT) and 

distance from maize row (L), and distance from maize row and root DC 

across drought stress (None and V14-R6) and hybrids (ST and DT) with 

the optimal N rate.
a
  

Root DC Drought stress treatment   Distance from maize row 

None V14-R6   L1 L2 

 ───────────── km m
-2

 ──────────── 

DC1 1.5 eA
b
 1.3 eA  1.7 eA 1.1 dA 

DC2 2.6 dA 2.2 dA  2.9 dA 1.9 dA 

DC3 9.6 bA 7.9 bB  10.3 bA 7.3 bB 

DC4 13.2 aA 10.4 aB  13.0 aA 10.7 aB 

DC5 6.9 cA 5.4 cB  6.5 cA 5.8 cA 

DC6 6.3 cA 4.7 cB  6.1 cA 4.9 cA 

DC7 2.1 deA 1.5 deA   2.4 deA 1.2 dA 
a
 DC1, 0 to 0.05 mm; DC2, >0.05 to 0.1 mm; DC3, >0.1 to 0.2 mm; 

DC4, >0.2 to 0.3 mm; DC5, >0.3 to 0.4 mm; DC6, >0.4 to 0.7 mm; DC7, 

>0.7 to 1.5 mm; DT, drought-tolerant hybrid; L1, 5 cm from maize row; 

L2, 19 cm from maize row; None, no drought stress; ST, standard hybrid; 

V14-R6, 14 leaf collar maize phenological stage to maize physiological 

maturity. 
b 
Within a column, means followed by the same lowercase letter are not 

significantly different (P ≤ 0.05). Within a row for a given dependent 

variable, means followed by the same uppercase letter are not 

significantly different. Statistical analysis for all diameter classes is based 

on logarithm base 10 transformed data and back-transformed means are 

reported. 
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Fig. 3.1. Soil water content at a depth of 20-cm increments from 0 to 100 cm soil 

profile throughout the growing season of 2013 across hybrids in no drought stress 

(None) and drought stress from 14 leaf collar maize phenological stage to 

physiological maturity (V14-R6) in experiment when maize followed soybean with the 

optimal N rate. Error bars represent the standard error. Mean comparisons are 

presented in Table A5. 
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Fig. 3.2. Maize root length density across experiments (when maize followed soybean 

and winter rye) with the optimal N rate as affected by soil depth (0-15 cm, 15-30 cm, 30-

45 cm, 45-60 cm, and 60-90 cm) and distance from maize row (L1, 5 cm from maize 

row; L2, 19 cm from maize row) across drought stress treatments (no drought stress and 

14 leaf collar maize phenological stage) and hybrids (ST, standard; DT, drought-tolerant) 

[ panels A, B, and C]; soil depth and hybrid across drought stress treatments (no drought 

stress and 14 leaf collar maize phenological stage) and distance (5 and 19 cm) from 

maize row [panel D]. Error bars represent the standard error. Statistical analysis for all 

diameter classes is based on logarithm base 10 transformed data and back-transformed 

means are reported. Mean comparisons are presented in Table A5. 
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Fig. 3.3. Maize root length density as influenced by drought stress (None, no 

drought stress and V14-R6, 14 leaf collar maize phenological stage to physiological 

maturity) and soil depth (0-15 cm, 15-30 cm, 30-45 cm, 45-60 cm, and 60-90 cm) 

across experiments (when maize followed soybean and winter rye), hybrids, and 

distance (5 and 19 cm) from maize row for the optimal N rate. Error bars represent 

the standard error. Statistical analysis for all diameter classes is based on logarithm 

base 10 transformed data and back-transformed means are reported. Mean 

comparisons are presented in Table A5.
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Fig. 3.4. Maize root length density for root diameter >0.7 to 1.5 mm as affected 

by hybrid (ST, standard; DT, drought-tolerant), soil depth (0-15, 15-30, 30-45, 

45-60, and 60-90 cm), and distance from maize row (L1, 5 cm; L2 19 cm), 

across two drought stress treatments (no drought stress and drought stress from 

the 14 leaf collar maize phenological stage to maize physiological maturity) for 

the optimal N rate. Within a soil depth, means followed by the same lowercase 

letter are not significantly different (P ≤ 0.05). Among soil depths for a given 

hybrid and distance from maize row, means followed by the same uppercase 

letter are not significantly different. Statistical analysis for all diameter classes 

is based on logarithm base 10 transformed data and back-transformed means 

are reported. 
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APPENDIX 

Table A1. Maize leaf chlorophyll content readings (unitless) as affected by maize 

phenological stage and N rate, across experiments, drought stress treatments, and 

hybrids; and by drought stress treatment, hybrid, and maize phenological stage, across 

experiments and N rates.
a
 

Hybrid Stage N rate, % Drought stress 

50 100 150 None R2-R6 V14-R6 

 Silking 49.7 aB
b
 55.0 aA 55.7 aA    

 Milk 42.5 bC 50.1 bB 51.4 bA    

 Dent 35.7 cC 45.8 cB 47.1 cA    

ST Silking    57.4 aA 57.0 aA 51.4 aB 

DT Silking    53.3 cA 53.6 bA 48.3 bB 

ST Milk    57.2 aA 48.4 cB 43.8 cC 

DT Milk    51.6 dA 45.1 dB 41.8 dC 

ST Dent    55.1 bA 39.8 eB 37.8 eC 

DT Dent       49.1 eA 38.6 eB 36.8 eC 
a
 DT, drought-tolerant hybrid; None, no drought stress; R2-R6, drought stress from 

the blister maize phenological stage (R2) to maize physiological maturity (R6); ST, 

standard hybrid; V14-R6, drought stress from the 14 leaf collar maize phenological 

stage (V14) to R6; 50, sub-optimal N rate, 100, optimal N rate; 150, supra-optimal 

N rate. 
b
 Within a column for a given set of comparisons, means followed by the same 

lowercase letter are not significantly different (P ≤ 0.05). Within a row, means 

followed by the same uppercase letter are not significantly different. 
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Table A2. Maize leaf level photosynthesis (A), transpiration (E), stomatal conductance (gs), vapor pressure deficit (VPD), and 

leaf temperature as affected by hybrid and cycle of measurement in experiments with maize following alfalfa (Alfalfa), soybean 

(Soybean), and winter rye (Winter rye) with no drought stress and the optimal N rate.  

Experiment Hybrid
a 

Cycle of 

reading 

A E gs VPD Leaf 

temperature 

      μmol CO2 m
-2

 s
-1

  mmol H2O m
-2

 s
-1

  mol H2O m
-2

 s
-1

 kPa °C 

Alfalfa  1 
 

  1.4 a
b
 22.3 a 

 
2    1.3 b 21.7 b 

        

Soybean  1 5.5 b   1.2 b 19.6 b 

  2 6.4 a   1.4 a 21.8 a 

        

Winter rye ST  5.9 a 0.57 a 0.039 a   

DT  4.6 b 0.37 b 0.024 b   

       

 1 6.5 a 0.59 a 0.041 a 1.4 b  

 
2 4.0 b 0.34 b 0.022 b 1.5 a  

a
 DT, drought-tolerant; ST, standard. 

b 
Within a column for a given set of comparisons, means followed by the same lowercase letter are not significantly different 

(P ≤ 0.05). 



 

137 

 

Table A3. Significance of F tests for fixed effects of drought stress (D), hybrid (H), distance from maize row (L), and soil depth (I) 

with the optimal N rate on soil water content in the experiment where maize followed soybean on 11 dates during the growing 

season of 2013. 

Source of 

variation 

18 July 22 July 29 July  8 Aug.  12 Aug.  19 Aug.  26 Aug.  2 Sept.  9 Sept.  17 Sept.  24 Sept.  

  ────────────────────────────── P > F ───────────────────────────── 

D 0.167 0.010 0.004 0.007 0.007 0.019 0.010 0.006 0.005 0.005 0.012 

H 0.570 0.883 0.791 0.956 0.875 1.000 0.939 0.729 0.749 0.670 0.891 

L 0.407 0.367 0.385 0.963 0.324 0.539 0.258 0.289 0.356 0.903 0.957 

I <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

D × H 0.492 0.456 0.631 0.442 0.516 0.510 0.740 0.924 0.892 0.884 0.857 

D × L 0.738 0.737 0.537 0.731 0.740 0.797 0.901 0.817 1.000 0.927 0.777 

H × L 0.449 0.288 0.353 0.395 0.406 0.598 0.505 0.435 0.434 0.386 0.369 

D × I 0.198 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.004 

H × I 0.051 0.127 0.081 0.201 0.094 0.075 0.109 0.035 0.024 0.118 0.167 

L × I 0.203 0.596 0.740 0.939 0.760 0.485 0.443 0.870 0.690 0.413 0.355 

D × H × L 0.747 0.843 0.842 0.972 0.933 0.796 0.917 0.920 0.910 0.711 0.926 

D × H × I 0.389 0.518 0.351 0.268 0.338 0.400 0.356 0.117 0.120 0.548 0.287 

D × L × I 0.836 0.729 0.868 0.816 0.750 0.903 0.871 0.855 0.796 0.950 0.820 

H × L × I 0.829 0.867 0.799 0.878 0.887 0.884 0.822 0.916 0.905 0.528 0.757 

D × H × L × I 0.950 0.964 0.976 0.980 0.926 0.960 0.943 0.920 0.852 0.939 0.954 
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Table A4. Significance of F tests for fixed effects of drought stress (D), hybrid (H), distance 

from maize row (L), and soil depth (I) on maize root length density (RLD) and root length (RL) 

for seven root diameter classes (DC), across experiments where maize followed soybean and 

winter rye for the treatment with the optimal N rate.
a
 

Source of 

variation 

Dependent 

variable DC1 DC2 DC3 DC4 DC5 DC6 DC7 

   ──────────────── P > F ─────────────── 

D RLD 0.189 0.176 0.105 0.062 0.064 0.035 0.013 

H 0.770 0.764 0.991 0.688 0.874 0.962 0.915 

L 0.001 0.001 0.003 0.068 0.173 0.040 <.0001 

I <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

D × H 0.645 0.643 0.607 0.513 0.515 0.532 0.514 

D × L 0.944 0.953 0.818 0.537 0.612 0.953 0.801 

H × L 0.514 0.555 0.571 0.667 0.847 0.954 0.549 

D × I 0.169 0.180 0.093 0.016 0.005 0.001 <0.001 

H × I 0.400 0.329 0.227 0.108 0.081 0.012 0.004 

L × I <0.001 <0.001 0.003 0.103 0.224 0.095 <.0001 

D × H × L 0.785 0.818 0.768 0.496 0.643 0.890 0.801 

D × H × I 0.891 0.912 0.888 0.913 0.915 0.772 0.655 

D × L × I 0.832 0.782 0.716 0.558 0.758 0.897 0.736 

H × L × I 0.964 0.990 0.980 0.977 0.973 0.524 0.006 

D × H × L × I 0.988 0.980 0.990 0.989 1.000 0.930 0.901 

 

D RL 0.193 0.184 0.126 0.065 0.067 0.040 0.014 

H 0.737 0.727 0.978 0.707 0.909 0.959 0.909 

L 0.001 0.001 0.003 0.075 0.175 0.042 <0.001 

I <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
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D × H 0.631 0.630 0.574 0.473 0.479 0.500 0.490 

D × L 0.971 0.993 0.910 0.620 0.667 0.901 0.806 

H × L 0.498 0.535 0.546 0.659 0.823 0.976 0.641 

D × I  0.162 0.177 0.107 0.024 0.006 0.001 <0.001 

H × I 0.356 0.294 0.219 0.108 0.079 0.015 0.007 

L × I <0.001 <0.001 0.004 0.129 0.250 0.120 <0.001 

D × H × L 0.870 0.929 0.617 0.375 0.531 0.743 0.924 

D × H × I 0.897 0.916 0.870 0.903 0.926 0.778 0.700 

D × L × I 0.831 0.779 0.651 0.502 0.708 0.856 0.676 

H × L × I  0.951 0.979 0.949 0.946 0.942 0.514 0.011 

D × H × L × I 0.989 0.979 0.982 0.983 0.998 0.914 0.890 
a
 DC1, root diameter from 0 to 0.05 mm; DC2, root diameter >0.05 to 0.1 mm; DC3, root 

diameter >0.1 to 0.2 mm; DC4, root diameter >0.2 to 0.3 mm; DC5, root diameter >0.3 to 0.4 

mm; DC6, root diameter >0.4 to 0.7 mm; DC7, root diameter >0.7 to 1.5 mm. Statistical 

analysis for all diameter classes is based on logarithm base 10 transformed data and back-

transformed means are reported. 
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Table A5. Maize root length density as affected by  soil depth × drought stress treatments [no drought stress (None), and drought 

stress from the 14 leaf collar maize phenological stage (V14) to maize physiological maturity (R6) (V14-R6)], root sampling depth × 

hybrids [standard (ST) and drought-tolerant (DT)], and root sampling depth × sampling distance [5 cm from the maize row (L1) and 

19 cm from the maize row (L2)] tested separately for seven root diameter classes (DC) in experiments when maize followed 

soybean and winter rye with the optimal N rate.
a
  

Sampling 

depth 

DC1 DC2 DC3 DC6 

L1 L2 L1 L2 L1 L2 ST DT 

cm ────────────────────────────── cm cm
-3

 ─────────────────────────────── 

0-15 0.551 aA
b
 0.365 aB 0.954 aA 0.641 aB 3.445 aA 2.462 aB 1.869 aB 2.215 aA 

15-30 0.489 bA 0.310 bB 0.876 bA 0.558 aB 3.017 bA 2.030 bB 1.431 bA 1.249 bA 

30-45 0.045 cA 0.036 cA 0.074 cA 0.062 bA 0.261 cA 0.236 cA 0.173 cA 0.170 cA 

45-60 0.016 cA 0.014 cA 0.027 cdA 0.023 bA 0.097 dA 0.082 dA 0.083 cdA 0.084 cdA 

60-90 0.002 cA 0.004 cA 0.004 dA 0.006 bA 0.017 dA 0.022 dA 0.021 dA 0.012 dA 

 

DC4 DC5 DC6 DC7 

 

None V14-R6 None V14-R6 None V14-R6 None V14-R6 

0-15 4.552 aA 3.846 aB 2.430 aA 2.080 aB 2.286 aA 1.797 aB 0.893 aA 0.659 aB 

15-30 3.725 bA 2.603 bB 1.875 bA 1.243 bB 1.632 bA 1.047 bB 0.432 bA 0.252 bB 

30-45 0.364 cA 0.307 cA 0.187 cA 0.160 cA 0.184 cA 0.159 cA 0.064 cA 0.055 cA 

45-60 0.125 dA 0.126 dA 0.072 dA 0.078 cdA 0.079 dA 0.088 cdA 0.027 cdA 0.034 cA 

60-90 0.028 dA 0.031 dA 0.015 dA 0.018 dA 0.014 dA 0.018 dA 0.004 dA 0.007 cA 
a
 DC1, 0 to 0.05 mm; DC2, >0.05 to 0.1 mm; DC3, >0.1 to 0.2 mm; DC4, >0.2 to 0.3 mm; DC5, >0.3 to 0.4 mm; DC6, >0.4 to 0.7 

mm; DC7, >0.7 to 1.5 mm; DT, drought-tolerant hybrid; L1, 5 cm from the maize row; L2, 19 cm from maize row; None, no 

drought stress; ST, standard hybrid; V14-R6, drought stress from the 14 leaf collar maize phenological stage (V14) to maize 

physiological maturity (R6).  
b 
Within a column for a given set of comparisons, means with the same lowercase letter are not significantly different (P ≤ 0.05). 

Within a row for a given diameter class, means with the same uppercase letter are not significantly different. Statistical analysis 

for all diameter classes is based on logarithm base 10 transformed data and back-transformed means are reported. 
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Table A6. Maize root length density (RLD) and root length (RL) for root diameter class, > 0.7 to 1.5 mm, showing the 

three-way interaction of hybrid [standard (ST) and drought-tolerant (DT)] × root sampling depth × sampling distance [5 

cm from the maize row (L1) and 19 cm from the maize row (L2)], across experiments [maize following soybean and 

maize following winter rye] and drought stress treatments [no drought stress (None), and drought stress from the 14 leaf 

collar maize phenological stage (V14) to maize physiological maturity (R6) (V14-R6)] for the optimal N rate.  

Soil 

depth 

RLD-DC7   RL-DC7 

ST DT   ST DT 

L1 L2  L1 L2   L1 L2  L1 L2 

cm ─────────── cm cm
3
 ────────────   ──────────── km m

2 
──────────── 

0-15 0.901 aB
a
 0.464 aC 1.286 aA 0.452 aC  1.351 aB 0.697 aC 1.930 aA 0.678 aC 

15-30 0.432 bA 0.293 bB 0.371 bAB 0.271 bB  0.647 bA 0.440 bB 0.557 bAB 0.406 bB 

30-45 0.087 cA 0.054 cA 0.049 cA 0.047 cA  0.131 cA 0.082 cA 0.074 cA 0.070 cA 

45-60 0.049 cdA 0.026 cA 0.021 cA 0.026 cA  0.074 cdA 0.039 cA 0.031 cA 0.039 cA 

60-90 0.006 dA 0.010 cA  0.005 cA 0.005 cA  0.017 dA 0.029 cA 0.015 cA 0.009 cA 
a 
Within a column for a given set of comparisons, means followed by the same lowercase letter are not significantly 

different (P ≤ 0.05). Within a row for a given dependent variable, means followed by the same uppercase letter are not 

significantly different. Statistical analysis for all diameter classes is based on logarithm base 10 transformed data and 

back-transformed means are reported. 
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Table A7. Significance of F tests for fixed effects of drought 

stress (D), hybrid (H), distance from maize row (L), soil 

depth (I), and root diameter class (DC) on total root length 

of maize hybrids, across experiments where maize followed 

soybean and winter rye for the optimal N rate.
a
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source of variation Total root length density 

 ────── P > F ────── 

D 0.127 0.041 

H 0.916 0.827 

L 0.021 0.001 

I <0.001 ─
b
 

DC ─ <0.001 

D × H 0.473 0.582 

D × L 0.966 0.605 

H × L 0.481 0.895 

D ×  I 0.081 ─ 

H ×  I 0.188 ─ 

L ×  I 0.171 ─ 

D × DC ─ 0.012 

H × DC ─ 0.764 

L × DC ─ <0.001 

D × H × L 0.260 0.928 

D × H ×  I 0.726 ─ 

D × L ×  I 0.615 ─ 

H × L ×  I 0.675 ─ 

D × H × DC ─ 0.994 

D × L × DC ─ 0.443 

H × L × DC ─ 0.149 

D × H × L ×  I 0.931 ─ 

D × H × L × DC ─ 0.731 
a 
Statistical analysis for all diameter classes is based on 

logarithm base 10 transformed data. 
b
 Not a source of variation for the dependent variable. 


