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Abstract: Many studies have examined individual water-saving management practices for corn
(Zea mays L.), but few studies have looked at how combinations of practices might further enhance
water optimization. The research objectives of this paper were to evaluate the impact of irrigation
technology, irrigation rate, and crop genetics, as well as their interactions, on silage corn yield and
forage quality. Trials were conducted in three Utah locations from 2019 through 2021. The results from
five site-years indicated that the best water optimization practices varied by site-year. Low-elevation
sprinklers commonly applied water more efficiently, with four of the five site-years having improved
or equivalent yield compared to mid-elevation sprinklers. Irrigation rate reductions and yield losses
were not proportional, as a 25% irrigation reduction resulted in better silage quality and a 7% average
yield loss across site-years. Further, targeted deficit irrigation (less water during vegetation and
more during maturation) was inferior to a uniform deficit during all growth stages. Drought-tolerant
genetics often maintained but did not improve yield in extreme water stress environments compared
to non-DT genetics. No cumulative benefits were observed when combining irrigation technology,
rate, and DT genetics. Irrigation technology had the greatest potential of the three factors to optimize
water use in silage corn production in the Western U.S. region.

Keywords: silage corn; water resource management; irrigation methods and tools; drought-tolerant
crop genetics; plant–water relations

1. Introduction

Agriculture is the largest consumer of diverted water in most of the Western U.S. [1].
Increases in urban growth, less projected winter snowpack, watershed depletions, and
persistence in drought continue to point toward the need to optimize and conserve water
used for agriculture [2–4]. Agricultural producers have several potential options to optimize
water use. Crop hybrids or cultivars with drought tolerance, reduced tillage to enhance
soil moisture, cover crops to reduce runoff velocity from rainfall or snowmelt, alternative
irrigation sprinkler technologies, alternate crops, fallowing, and deficit irrigation strategies
are a few techniques [5–7]. With several options available and significant investments
needed for some practices, growers, water managers, and policymakers often struggle to
prioritize which practices should be promoted and adopted. Though implementing them
all into a single production setting is impractical, knowing which combinations offer the
greatest reduction in water use could lead to greater acceptance and use of these practices.

Growers may optimize water use by refining irrigation systems and management
with the use of center-pivot or lateral-move systems and more modern sprinkler options.
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Advanced systems have been developed to reduce evaporation, wind drift, and runoff.
Some of the most notable alternative systems to the conventional mid-elevation spray
application (MESA) sprinklers include low-energy precision application (LEPA), low-
elevation sprinkler application (LESA), and mobile drip irrigation (MDI). Numerous studies
show these technologies’ water-saving abilities compared to on top or MESA systems, and
they are more cost effective compared to subsurface drip [8–10]. For LESA, a study in
the Pacific Northwest with grower cooperation found that using LESA sprinklers led to
better corn (Zea mays L.) stand uniformity than MESA [11]. In a similar area, a three-year
study found on average 21% more of the irrigation water from a LESA system reached
the ground compared to MESA [12]. Furthermore, most comparisons of LEPA, LESA, and
MDI to MESA are conducted at full irrigation rates, which does not allow for the testing of
enhanced production efficiency with less applied irrigation. Thus, the ability of advanced
irrigation systems to maintain production with reduced irrigation needs to be documented.

Deficit irrigation can be defined as any irrigation strategy that does not meet the full
evapotranspiration (ET) demand of a crop. Many studies have investigated the use of
deficit irrigation and found that it can substantially minimize yield loss and increase water
use efficiency if applied correctly at critical crop growth stages [5,13,14]. Many of these
studies were conducted in the Midwest or South, where irrigation is often not as critical for
corn production as the Intermountain West. Irrigation might also be a strategic choice in
some cases for income through water markets, where conservation payments or program
incentives support cutting back on the practice. Whether intentional or not, deficit irrigation
will often cause yield, quality, and profit loss. In many cases, deficit irrigation strategies
with varying effectiveness can be employed to maximize production and profit. These
strategies can include modifying irrigation schedules, concentrating irrigation to critical
crop growth stages, reducing rates, terminating irrigation early, or increasing irrigation
efficiency in various ways, with some providing economic benefits [15]. These previous
studies suggest the functionality of using deficit irrigation strategies but rarely compare
how uniform deficit irrigation compares to targeted deficit irrigation strategies for corn
silage, specifically in arid areas.

Achieving water conservation with drought-tolerant crops can be accomplished with
varieties that utilize water more efficiently to produce biomass and grain. Both breeding
and genetic modifications that have enhanced corn drought tolerance and became com-
mercially available in 2011 for commercial and in 2012 for genetically engineered crops
focused in the U.S. Corn Belt region [16]. Conventional breeding efforts for drought-tolerant
hybrids have drought-minimizing yield mechanisms such as leaf area reduction, lighter
dry weights of shoots, more developed root systems, and ear size based on water avail-
ability [17]. Drought-tolerant (DT) varieties were developed by DuPont Pioneer (Pioneer
Hi-Bred International, Johnston, IA, USA) as AquaMax® and premerger Monsanto (Bayer
Crop Sciences, Leverkusen, Germany) as DroughtGard®. Trials involving hybrids with
these traits in water-limited environments have documented higher yields with DT corn
hybrids compared to conventional varieties [18–20]. When DuPont Pioneer released their
conventional breeding option, these varieties exhibited higher grain yield than regular
hybrids in both drought and non-drought environments [21]. The Monsanto DT hybrids
were developed using gene suppression, allowing corn to have a yield advantage in water-
stressed environments. The early United States and Chile pre-release tests showed the
hybrid was able to maintain the same quality parameters as the conventional hybrids in
different limited irrigation environments [22]. Results from these various studies found
no statistical difference in yield under irrigated situations and significantly higher yield in
dryland situations.

Limited studies have been conducted to compare DT corn varieties to their non-DT
counterparts in arid U.S. West regions under irrigation treatments with silage as the end
use. Most DT hybrid trials have been conducted in the U.S. Corn Belt or High Plains. In
these regions, mixed grain yield responses occurred with variability in drought-tolerant
genetics, handling drought stress better than their conventional counterparts and not being
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able to determine water conservation [23–25]. Knowing drought-tolerant corn hybrids
may better handle the limited irrigation environment in the Texas High Plains or the
Corn Belt is essential but not transferrable to the soil types, elevation, and climate of the
Intermountain West.

The Intermountain West has had limited testing of irrigation systems, deficit irrigation,
and DT genetics in silage corn production. Further, no studies in this region or elsewhere
have combined these factors to determine how combining them might provide cumulative
or additive water conservation benefits. Thus, the objectives of this research were to
evaluate the impact of irrigation technology, irrigation rate, and crop genetics, as well as
their interactions, on silage corn yield and forage quality.

2. Materials and Methods
2.1. Site Characteristics

Trials were conducted in Logan, Utah in 2019 and 2020, Vernal, Utah in 2020 and 2021,
and Cedar City, Utah in 2021. Soil classifications were obtained from the University of
California-Davis SoilWeb [26] (Table 1), and soil texture, pH, and salinity were measured at
the Utah State University Analytical Lab (Logan, UT, USA) using standardized protocols.
pH values were found with a saturated paste extract protocol in which the soil is brought
to saturation with deionized water and a pH probe placed directly into the sample. Soil
samples were taken at a depth of 0.3 m for tests. The Logan and Cedar City sites have
sandy loam soils, and the Vernal site has clay loam soil. Soil organic matter varied among
sites, and Vernal had the greatest levels and Cedar City the lowest (Table 1).

Table 1. Site and soil properties for five trials in Utah from 2019 to 2021.

Nearest
Town Years GPS

Coordinates Elevation
Dominant Soil

Texture
(Classification)

Soil Organic
Matter

(%)
Soil pH Salinity

(dS m−1)

Logan 2019–2020 41.6617,
−111.9229 1365

Sandy loam (fine-silty,
mixed, mesic Aquic

Calciustolls)
2.7 7.4 0.57

Vernal 2020–2021 40.4620,
−109.5608 1667

Clay loam, loam
(fine-loamy, mixed,

superactive, calcareous,
mesic Typic

Torriorthents)

3.1 7.6 0.58

Cedar City 2021 40.4620,
−109.5608 1682

Sandy loam, silty clay
loam (coarse-loamy,
mixed (calcareous),

mesic Xeric
Torriorthents)

1.8 7.6 1.6

Daily weather data at the three sites were obtained from the Utah Climate Center
(Logan, UT, USA) and were used to calculate cumulative precipitation and growing degree
days for each season. The corn growing degree days (GDDs) were calculated using a base
air temperature of 10 ◦C and an upper threshold of 30 ◦C. These values are the standard
base temperature and upper limits for corn despite end use and were thus used for the
calculations. Measured cumulative precipitation and degree days were compared with their
respective 30-year normal (1991–2020) provided by the National Oceanic and Atmospheric
Administration (Silver Springs, MD, USA).

2.2. Treatments

The experimental design was a nested factorial with random factors. Irrigation rate
was nested within irrigation technology, as there was limited area in a four-to-five-span
lateral-move irrigation system, and randomization of various technologies was not possible
due to sprinkler spray patterns. The irrigation technologies were each randomly assigned
to one span (48–55 m) of the lateral at each site. This design was selected because random-
ization of sprinkler technologies was not feasible due to conflicting wetting diameters and
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available space on the lateral-move irrigation system. The irrigation system treatments
were similar but not identical at the three locations. Logan and Vernal had MESA, LESA,
MDI, and LEPA. Cedar City had MESA, LESA, and LEPA but had LENA (low-elevation
Nelson Advantage®, Nelson Irrigation, Walla Walla, WA, USA) instead of MDI. The LENA
system was also tested at the Logan site in addition to the other four systems because
it was a five-span lateral, and space existed. Each site’s lateral-move machine had set
operating m3 h−1 and pressures. Th system flows were 91.1, 99.9, and 145.4 m3 h−1, respec-
tively, for the Logan, Vernal, and Cedar City sites. The operating pressure for Logan and
Vernal was 30 PSI, and Cedar City’s was 40 PSI.

The irrigation rates at all sites were targeted for seasonal uniform applications of
full-of-deficit irrigation levels as a fraction of ET that included 100%, 75%, 50%, and 50%
prioritized application based on the crop growth stage. The prioritized or targeted rate’s
goal was to use 50% of the growing season’s ET allotment with varying rates over the
season. Germination, tasseling, and silking stages were noted as priority stages, whereas
late vegetation and seed fill were not for irrigation. The treatments were randomly assigned
to a quarter of each span. Irrigation rate treatments were accomplished by adjusting
nozzle sizes in each treatment. To reduce the overlap in rates between treatments, a pair of
directional sprinklers (semi-circular application patterns) were installed between plots in
MESA but not the other systems, because they had much smaller throw patterns and much
less overlap. At the beginning of each season at each site, a uniform depth of irrigation was
applied to the entire study area before planting (if necessary) and for the first irrigation
directly after planting to ensure uniform corn germination and emergence. Two irrigations
with extremely dry springs were uniformly applied after planting for the seasons before
rate treatments were implemented. The MESA system was the conventional treatment or
grower standard due to its widespread use.

The 100% or full irrigation rate was set in a variety of ways. To the extent possible,
full irrigation rates were based on ET estimates from the Irrigation Scheduler program [27].
This Irrigation Scheduler program used crop coefficient values based on the crop selected
and implements Kc values according to maturation stages. There is not a different Kc
recognized for silage corn than for grain corn. We also utilized the irrigation experience of
farm managers at each site. Some sites had limited ability to adjust irrigation timing, so
only applied depth could be adjusted to achieve the full irrigation treatment. This was most
apparent in Logan, where the surface water supply was on a preset turn-based schedule
approximately every two weeks. The Vernal site was also irrigated with surface water
but was on an order-based system, which allowed for more flexibility in irrigation timing
and rate. In 2021 at Vernal, irrigation ceased in July due to a water shortage caused by a
widespread and historic drought. The Cedar City site had the greatest irrigation flexibility,
as it was not limited by turns but by volume pumped.

The 50% targeted irrigation treatment was designed to receive 50% of the total irriga-
tion rate applied across the season, but with targeting of water to critical crop growth stages
rather than a uniform 50% rate reduction every irrigation. To accomplish this, nozzles were
switched back and forth from 100, 50, or 0% rates to create an average of 50%. Irrigation
was reduced or eliminated during the early vegetative stages, increased during tasseling
and silking, then reduced after silking. The targeted 50% reduction was not always a
50% reduction, but rather ranged from 50–87% due to water turn and water availability
uncertainties in some site years.

Two crop genetic treatments (DT vs. non-DT corn hybrids) were implemented and
replicated three times randomly within each irrigation system and rate treatment. Corn
genetic plots were 9.5 m long by 6.1 m wide (eight 76.2 cm-wide corn rows). Corn was
planted with commercial planters at each site at a seeding rate of 88,980 plants ha−1 at
5.1 cm deep in mid-May of each site-year. The two seed types planted in 2019 in Logan
were DKC 51–20 as the DT hybrid and DKC 50–84 as the non-DT hybrid. The hybrid pair
was changed to DKC 47–27 as the DT hybrid and DKC 46–36 as the non-DT hybrid in
2020 and 2021 at all three sites for the corresponding growing seasons, because the former
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hybrids were no longer commercially available. The traits, relative maturity, and other
characteristics of the two hybrid pairs each year were as similar as possible, except for the
DT variety having the DroughtGard® trait. All varieties had SmartStax® technology with
relative maturities of 95 and 96 days to ensure harvestability at all three sites with different
frost period lengths.

Tillage types varied slightly among sites according to local soil and site conditions.
Tillage typically included disking once or twice in the fall and then field cultivating once or
twice in the spring to prepare the seed bed. Chisel plows and rippers were used periodically
in the fall in Cedar City to alleviate compaction. Planting populations, fertilization, and pest
management operations were conducted uniformly across the entire plot area. Fertilizer
rates for the sites were based on soil tests conducted in the spring of each season and Utah
State University Extension Guidelines [28]. In 2019 for Logan, 2020 for Vernal, and 2021
Cedar City, N fertilizer was not applied, because it was first-year corn following alfalfa,
and no N response was expected [29]. In subsequent site-years, soil samples were taken
at a depth of 0.3 m to determine soil nitrate levels compared to university guidelines, and
they were fertilized accordingly to ensure fertilizer was not a limiting factor in this study.

2.3. Crop Yield and Quality

Corn was harvested at the dent stage (R5) in late September of each site-year using
a GEHL pull-type two-row harvester (GEHL, Marllete, MI, USA). Corn was cut roughly
15 cm above the ground and the length (8 m) of the center two rows of each plot. Corn
was blown from the harvester into a pull-type weigh wagon to collect bulk weights. A
subsample (~0.45 kg) was pulled from bulk samples, weighed, and dried at 60 ◦C until
constant mass and processed. In 2021, the Cedar City site was hand-harvested due to
limited equipment availability. For each plot, plants were cut 15 cm above the soil surface
in 3 m of the center two rows of each plot. All cut plants were weighed in the field, and a
subsample of four plants from each plot were chipped in an Echo Beat Cat SC3206 Chipper
Shredder (Crary Industries, West Fargo, ND, USA). Subsamples of chipped corn (~0.50 kg)
were weighed and then dried in a forced-air oven at 60 ◦C until constant mass. Dried
samples from all sites were weighed, ground to pass through a 1 mm screen using a Thomas
Wiley Laboratory Mill Model 4 (Thomas Scientific, Swedesboro, NJ, USA) and analyzed for
forage quality.

Forage quality analysis occurred at the Utah State Analytical Laboratories (Logan,
UT, USA) with near-infrared reflectance spectroscopy (NIRS) using a FOSS DS2500F (Foss
North American Inc., Eden Prairie, MN, USA). The 2019, 2020, and 2021 unfermented
corn NIRS consortium equations (NIRS Forage and Feed Consortium, Berea, KY, USA)
were used to estimate dry matter, ash, fat, crude protein (CP), acid detergent fiber (ADF),
neutral detergent fiber (NDF), starch, total digestible nutrients (TDN), and 48 h digestible
NDF (NDFD48). All values reported are in percentages. TDN was calculated using the
following equation.

TDN = 0.98[100 − (NDF − 2 + CP + 2.5 + Ash)] + 0.93CP + 0.97(2.25)(Fat − 1) +
NDFD(NDF − 2)

100
− 7

2.4. Statistical Analysis

All statistical analyses were performed by site at p ≤ 0.05 using the MIXED procedure
of SAS (SAS Version 9.4, SAS Institute Incorporated, Cary, NC, USA). Each site was analyzed
separately, because the treatments varied slightly among sites. In all analyses, main effects
and most interactions of irrigation technology, irrigation rate, and crop genetics were
considered fixed factors. The exception was the interaction of irrigation technology and
irrigation, which was treated as a random factor with the block nested within the interaction.
Residuals were evaluated for homogeneity of variance and normality using scatterplots
of residuals versus predicted values with the UNIVARIATE procedure of SAS. All mean
separations were conducted using Fisher’s protected LSD at α = 0.05 using the PDIFF
option of the MIXED procedure.
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3. Results
3.1. Weather, Soil Productivity, and Irrigation

The total growing season (1 May to 30 September) precipitation for Logan was 196 mm
in 2019 and 104 mm in 2020. These values were 28% more and 26% less than the 30-year
normal of 141 mm in 2019 and 2020, respectively (Figure 1). Cumulative growing degree
days (GDD) in Logan was 2213 degree days for 2019 and 2427 for 2020, which was below
the 30-year normal of 2375 for 2019 and above it for 2020. Vernal had a total growing season
precipitation of 47 mm in 2020 and 120 mm in 2021. The 2020 precipitation was much
lower than the 30-year average of 107 mm and, despite a major drought in 2021, there was
above average precipitation due to late-season monsoonal rain (Figure 1). Compared to the
30-year average GDD of 2481 growing degree days for Vernal, 2020 was 2653 and 2021 was
2770. These years were 6% and 10% higher than the 30-year normal, respectively. Cedar
City had a total growing seasonal precipitation of 161 mm in 2021, which was 22% higher
than the 30-year normal of 126 mm. The extreme monsoonal rains (107 mm) provided 84%
of the normal growing season (1 May to 30 September) moisture in a 21-day period, which
increased the overall precipitation amount for the season (Figure 2). The 2021 season at
Cedar City was also cooler than normal, with 144 degree days less than the 30-year normal
of 2737 degree days.

Agronomy 2023, 13, x FOR PEER REVIEW  6  of  20 
 

 

effects and most  interactions of  irrigation technology,  irrigation rate, and crop genetics 

were considered fixed factors. The exception was the interaction of irrigation technology 

and  irrigation, which was  treated as a random  factor with  the block nested within  the 

interaction. Residuals were evaluated for homogeneity of variance and normality using 

scatterplots of residuals versus predicted values with the UNIVARIATE procedure of SAS. 

All mean separations were conducted using Fisher’s protected LSD at α = 0.05 using the 

PDIFF option of the MIXED procedure. 

3. Results 

3.1. Weather, Soil Productivity, and Irrigation 

The total growing season (1 May to 30 September) precipitation for Logan was 196 

mm in 2019 and 104 mm in 2020. These values were 28% more and 26% less than the 30-

year normal of 141 mm  in 2019 and 2020, respectively  (Figure 1). Cumulative growing 

degree days (GDD) in Logan was 2213 degree days for 2019 and 2427 for 2020, which was 

below the 30-year normal of 2375 for 2019 and above it for 2020. Vernal had a total growing 

season precipitation of 47 mm in 2020 and 120 mm in 2021. The 2020 precipitation was 

much lower than the 30-year average of 107 mm and, despite a major drought in 2021, 

there was above average precipitation due to late-season monsoonal rain (Figure 1). Com-

pared to the 30-year average GDD of 2481 growing degree days for Vernal, 2020 was 2653 

and 2021 was 2770. These years were 6% and 10% higher than the 30-year normal, respec-

tively. Cedar City had a total growing seasonal precipitation of 161 mm in 2021, which 

was 22% higher than the 30-year normal of 126 mm. The extreme monsoonal rains (107 

mm) provided 84% of the normal growing season (1 May to 30 September) moisture in a 

21-day period, which increased the overall precipitation amount for the season (Figure 2). 

The 2021 season at Cedar City was also cooler than normal, with 144 degree days less than 

the 30-year normal of 2737 degree days. 

 

Figure 1. Weather conditions during the corn growing season (1 May–30 September) for five site-

years in Utah, including daily cumulative precipitation (mm) and daily cumulative growing degree 

days (GDD) with a base of 10 °C and upper threshold of 30 °C, compared to the 30-year climate 

normal (1991–2020). 

Figure 1. Weather conditions during the corn growing season (1 May–30 September) for five site-years
in Utah, including daily cumulative precipitation (mm) and daily cumulative growing degree days
(GDD) with a base of 10 ◦C and upper threshold of 30 ◦C, compared to the 30-year climate normal
(1991–2020).



Agronomy 2023, 13, 1194 7 of 19Agronomy 2023, 13, x FOR PEER REVIEW  7  of  20 
 

 

 

Figure 2. Cumulative tall reference evapotranspiration (ETr) calculated from the local weather sta-

tion data for each site-year. 

Different soil types and weather often lead to different irrigation needs, which is ev-

ident from irrigation totals (Table 2), reference ET (Figure 3), and yields for the 100% irri-

gation rate for each site. For 2019, the above-average precipitation year, 330 mm of irriga-

tion was used for the full  irrigation rate and yielded 19.5 Mg ha−1 across all treatments 

excluding rate. The drier year of 2020 at both Logan and Vernal displayed similar yields 

to one another, but required different irrigation amounts to reach those levels. Logan was 

irrigated with 350 mm and produced 26.6 Mg ha−1 of silage corn, and Vernal with 70 cm 

of irrigation to produce 26.3 Mg ha−1. These yields, irrigation amounts, and reference ET 

(Figure 2; Table 2) demonstrate that the soils in Vernal demand a higher quantity of irri-

gation compared to Logan. The difference in yield between 2019 and 2020 for Logan with 

roughly the same irrigation amounts is also noteworthy, though yield was limited for 2019 

by the shorter growing season, with the corn planted June 7th due to wet conditions in 

May. The Cedar City and Vernal sites were planted one day apart in 2021. Cedar City had 

a full irrigation supply, yielding 19.1 Mg ha−1 with 53 cm of irrigation. Vernal did not have 

a full irrigation supply due to drought, and the highest irrigation level yielded 15.1 Mg 

ha−1 with 290 mm of irrigation. 

Table 2. The amount of irrigation applied per site-year for each treatment. 

Irrigation   

Rate 

Logan 

2019 

Logan   

2020 

Vernal   

2020 

Vernal   

2021 

Cedar City 

2021 

  Total applied irrigation (mm) 

100  330  351  690  286  535 

75  248  263  517  215  401 

50  165  175  345  143  267 

T a  235  198  385  208  326 
a T, targeted deficit irrigation. All other deficit irrigation treatments included uniform reductions all 

season. The targeted reductions were as follows: 75%, 50%,50%, 87%, and 61%, respectively. 

Figure 2. Cumulative tall reference evapotranspiration (ETr) calculated from the local weather station
data for each site-year.

Different soil types and weather often lead to different irrigation needs, which is
evident from irrigation totals (Table 2), reference ET (Figure 3), and yields for the 100%
irrigation rate for each site. For 2019, the above-average precipitation year, 330 mm of
irrigation was used for the full irrigation rate and yielded 19.5 Mg ha−1 across all treatments
excluding rate. The drier year of 2020 at both Logan and Vernal displayed similar yields
to one another, but required different irrigation amounts to reach those levels. Logan was
irrigated with 350 mm and produced 26.6 Mg ha−1 of silage corn, and Vernal with 70 cm
of irrigation to produce 26.3 Mg ha−1. These yields, irrigation amounts, and reference
ET (Figure 2; Table 2) demonstrate that the soils in Vernal demand a higher quantity of
irrigation compared to Logan. The difference in yield between 2019 and 2020 for Logan
with roughly the same irrigation amounts is also noteworthy, though yield was limited for
2019 by the shorter growing season, with the corn planted June 7th due to wet conditions
in May. The Cedar City and Vernal sites were planted one day apart in 2021. Cedar City
had a full irrigation supply, yielding 19.1 Mg ha−1 with 53 cm of irrigation. Vernal did
not have a full irrigation supply due to drought, and the highest irrigation level yielded
15.1 Mg ha−1 with 290 mm of irrigation.

Table 2. The amount of irrigation applied per site-year for each treatment.

Irrigation
Rate

Logan
2019

Logan
2020

Vernal
2020

Vernal
2021

Cedar City
2021

Total applied irrigation (mm)
100 330 351 690 286 535
75 248 263 517 215 401
50 165 175 345 143 267
T a 235 198 385 208 326

a T, targeted deficit irrigation. All other deficit irrigation treatments included uniform reductions all season. The
targeted reductions were as follows: 75%, 50%,50%, 87%, and 61%, respectively.
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Figure 3. Silage corn yield for interactions of non-drought-tolerant corn genetics (non-DT) and
drought-tolerant corn genetics (DT) in five irrigation systems (MESA (mid-elevation spray applica-
tion), LESA (low-elevation spray application), MDI (mobile drip irrigation), LEPA (low-elevation
precision application), and LENA (low-elevation nelson advantage)). Error bars represent standard
errors. Letters above bars represent mean separations conducted by site-year with protected Fisher’s
LSD at α = 0.05. Letter format designates mean separation for each site-year, with uppercase as one
and lower case as the other.

Experiments were conducted at these three sites to capture differences across the state
in water use and soil quality. The Logan site had medium-textured sandy loam soil with
high organic matter and low salinity that created a high productivity environment. Cedar
City had a medium-textured soil with a mixture of sandy loam and silty clay loam, but
the combination of lower organic matter and higher salinity amounts led to a medium
productivity environment. The clay loam soil at Vernal was a heavy, fine soil with medium
salinity and high organic matter, but clay soils tend to retain more nutrients and not allow
them to be accessed by the crop. Because of the varying soil types and growing conditions
and the slight variation in experiment design at each site, the separation of sites for the
overall analysis and discussion was chosen (Table 3).

Table 3. Significance of F tests for the fixed effects of irrigation technology, irrigation rate, genetics,
and their interactions on silage corn yield and quality parameters (CP, crude protein; ADF, acid
detergent fiber; NDF, neutral detergent fiber; starch; TDN, total digestible fiber; NDFD48, NDF
digestibility in 48 h digestion). Differences were considered statistically significant when p ≤ 0.05.

Site-Year Effects Yield CP 1 ADF 1 NDF 1 Starch 1 TDN 1 NDFD48 1

Logan
2019

————————————- p > F ————————————–
T 2 0.125 0.144 0.125 0.002 0.327 0.009 0.078
R 3 <0.001 0.050 <0.001 <0.001 0.133 0.203 0.026
G 4 0.482 0.073 0.482 0.375 0.086 0.749 0.150

T × G <0.001 0.312 <0.001 0.134 0.172 0.051 0.364
R × G 0.196 0.371 0.196 0.186 0.271 0.625 0.254

Logan
2020

T 0.002 0.051 0.002 0.026 0.075 0.005 0.036
R 0.003 0.493 0.003 0.001 0.951 0.986 0.951
G 0.460 0.043 0.460 0.005 0.095 <0.001 0.113

T × G 0.202 0.757 0.202 0.255 0.310 0.03 0.086
R × G 0.010 0.149 0.010 0.023 0.046 0.752 0.076
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Table 3. Cont.

Site-Year Effects Yield CP 1 ADF 1 NDF 1 Starch 1 TDN 1 NDFD48 1

Vernal
2020

T <0.001 0.223 <0.001 0.004 0.308 0.001 0.430
R <0.001 0.087 <0.001 0.063 0.501 0.245 0.210
G 0.485 0.004 0.485 0.006 0.002 <0.001 0.921

T × G 0.040 0.655 0.040 0.141 0.842 0.763 0.286
R × G 0.04 0.004 0.043 0.013 0.039 0.565 0.337

Vernal
2021

T <0.001 0.819 <0.001 0.001 0.020 <0.001 0.819
R <0.001 0.004 <0.001 0.018 0.027 <0.001 0.004
G 0.077 <0.001 0.077 0.012 0.036 <0.001 <0.001

T × G 0.463 0.205 0.463 0.371 0.982 0.665 0.205
R × G 0.094 0.378 0.094 0.810 0.969 0.843 0.379

Cedar
City 2021

T <0.001 <0.001 <0.001 0.444 <0.001 <0.001 <0.001
R 0.010 0.004 0.010 0.761 0.008 0.050 0.004
G 0.880 0.207 0.880 0.001 0.157 0.203 0.205

T × G 0.591 0.662 0.591 0.602 0.499 0.551 0.663
R × G 0.691 0.423 0.691 0.088 0.565 0.434 0.424

1 Tested feed quality parameter, 2 irrigation technology, 3 irrigation rate, 4 crop genetics.

3.2. Silage Corn Yield
3.2.1. Irrigation Technology × Genetics Interaction

Two of the five site-years had a significant interaction between irrigation technology
and corn genetics for dry matter yield (Table 3). For the 2019 growing season in Logan,
DT corn genetics affected silage corn yield in two irrigation systems (MESA and LENA).
In MESA, the DT corn hybrid yielded 27.4 Mg ha−1 and improved silage yield by 16%
compared to the non-DT hybrid (Figure 2). In LENA, the DT hybrid decreased yield by
13% or 3.5 Mg ha−1 compared to the non-DT hybrid. Yield was equivalent between corn
genetics for the remaining three irrigation systems (LEPA, LESA, and MDI). The yield of
the non-DT hybrid was greater in MDI, LEPA, and LENA compared to MESA and LESA.
This yield reduction may have been related to less overall plant-available water caused
by lower uniformities from lower application efficiencies in MESA and LESA [8] due to
wider spacing and higher elevation of sprinklers. The second site-year with a significant
interaction between irrigation technology and crop genetics (Table 3) was Vernal in 2020.
Results for this site-year were largely consistent with those for Logan in 2019. The DT
hybrid only affected yield in MESA, with the DT hybrid yielding 11% more than the non-
DT counterpart (Figure 2). Yield of the non-DT hybrid in MESA was lower than LESA,
equivalent to LEPA, and greater than MDI. This suggests water stress in MESA may not be
the major causal factor in why the DT hybrid yielded a better outcome in MESA. Rather, it
may relate more to differences in water distribution patterns in MESA compared to other
systems with more uniform water distributions from tighter spacing and lower elevation
sprinklers or drip, as distributing water uniformly through a corn canopy has often been
a challenge.

Collective results from all five trials indicate that DT corn rarely improved silage corn
yield, especially when irrigation uniformity improved with systems other than MESA. The
infrequent (two of five site-years) and inconsistent (one of two years at two sites) benefit of
the DT hybrid in MESA suggests that DT hybrids may only be beneficial in some cases. At
$65.57 Mg−1 for a market price of silage corn and $3.44 ha−1 (price paid in 2020) for the
additional cost of the DT hybrid seed compared to the non-DT hybrid, the 11% and 16%
increases in corn yield would have paid for the additional seed cost. Thus, DT corn could
be an economic option for some producers using MESA systems. However, more data
are needed to identify environmental conditions (site, soils, climate) that cause economic
advantages to utilizing DT genetics.

3.2.2. Irrigation Rate × Genetics Interaction

Two of the five site-years had significant irrigation rate × corn genetics interactions for
dry matter yield (Table 3). Both occurred in 2020 at the Logan and Vernal sites. In Logan, DT
genetics increased yield by 10% over the non-DT genetics (41.2 compared to 37.5 Mg ha−1)
at the 100% irrigation rate (Figure 4). However, DT genetics did not improve silage corn
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yield in the three reduced irrigation treatments in which the benefits of DT genetics should
be more pronounced. This suggested few to no benefits of the DT genetics in water-stress
or drought conditions. However, regardless of corn genetics, the reduced irrigation rates
rarely reduced silage corn yield. Despite our best effort to stress corn that year (about
180 mm of irrigation in the 50% irrigation rates compared to 350 in the full irrigation), the
low irrigation rates still provided sufficient water to match full irrigation quantity. Thus,
drought conditions were not prevalent in that site-year and likely contributed to the lack of
response to DT genetics.
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Figure 4. Silage corn yield for interactions of non-drought-tolerant corn genetics (non-DT) and
drought-tolerant corn genetics (DT) at four irrigation rates (100%, 75%, 50%, and 50% of estimated
evapotranspiration). One 50% rate was a uniform reduction in every irrigation, and the targeted 50%
was adjusted to apply more irrigation at critical crop stages and no or less irrigation at other times.
Error bars represent standard errors. Letters above bars represent mean separations conducted by
site-year with protected Fisher’s LSD at α = 0.05. Letter format designates mean separation for each
site-year, with uppercase as one and lower case as the other.

In contrast to Logan, water stress was apparent in Vernal in 2020, as yield across genet-
ics decreased from an average of 33.5 Mg ha−1 in the 100% and 75% rates to 25.3 Mg ha−1

in the two 50% irrigation rates. Despite water stress, the DT corn genetics only improved
silage corn yield by 13% (from 23.2 to 26.2 Mg DM ha−1) in the 50% targeted irrigation rate
(Figure 3). Results do not indicate why the DT genetics improved yield under the targeted
irrigation reduction and not the uniform reduction despite both yielding similarly. First,
it was indicated that there was no benefit in this site-year to a targeted deficit irrigation.
Second, the benefit of the DT genetics in the targeted rate may be related to the timing of
water stress. The uniform deficit was water stressed nearly all season, whereas the targeted
had intermittent periods of full irrigation, which may have allowed the DT genetics to
better handle water stress. This benefit of DT genetics was not consistent, though, as DT
had no impact on silage yield at three other site-years with water stress.

3.2.3. Irrigation Technology

The main effect of irrigation technology was highly significant for all site-years except
Logan in 2019, where high spring precipitation may have diluted the effects. At Logan in
2020, LESA and LEPA produced equivalent silage corn yield as the grower standard of
MESA, but yield decreased by 9 and 18% with LENA and MDI, respectively, compared
to MESA (Figure 5). The main effect of irrigation technology at Vernal 2020 could not be
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assessed because of the significance of the interaction of irrigation technology and crop
genetics. It is still instructive to note that for that site-year, LEPA and LESA were statistically
similar to MESA, but MDI produced 50% less silage corn yield than the average of those
three systems (21.3 compared to 32 Mg ha−1). Vernal in 2021 had a similar trend as 2020,
with LESA being slightly higher but statistically equivalent to MESA, and MDI performing
the worst. LEPA yielded 38% less than MESA, and MDI yielded 55% less than MESA. In
Cedar City in 2021, MESA yielded 15.2 Mg ha−1, which was 59% lower than the average
(24.2 Mg ha−1) of the three alternative technologies that were all equivalent.
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Figure 5. Silage corn yield as impacted by five irrigation systems (MESA (mid-elevation spray
application), LESA (low-elevation spray application), MDI (mobile drip irrigation), LEPA (low-
elevation precision application), and LENA (low-elevation Nelson Advantage®)). Error bars represent
standard errors. Letters above bars represent mean separations conducted by site-year with protected
Fisher’s LSD at α = 0.05. Letter format designates mean separation for each site-year, with uppercase
as one and lower case as the other.

3.2.4. Irrigation Rate

The main effect of the irrigation rate on yield was significant for three of the five
site-years (Logan 2019, Vernal 2021, and Cedar City 2021). The full irrigation rate for
each of these site-years produced the greatest yields. In Logan 2019, the 75% rate was
statistically similar to the 100% rate and the uniform 50% rate (Figure 5). The uniform 50%
rate reduced yield by 9% compared to full irrigation, and the targeted deficit rate (average
of 75% irrigation over the growing season) performed the worst, yielding a 23% lower
outcome than the 100% treatment. Targeting the irrigation application did not provide a
benefit over either of the uniform reductions, as it yielded an 18% lower outcome than the
uniform 75% rate and an 11% lower outcome than the uniform 50% rate. Vernal in 2021
showed a split between two sets of treatments, with the 100% rate and 75% rate performing
statistically similar and the 50% uniform reduction and the targeted reduction (average of
81% irrigation over the season) performing statistically similar (Figure 6). Compared to
the 100% rate, yield was reduced by 52% with the 50% rate and 36% with the 81% targeted
rate. For Cedar City in 2021, any reduction in irrigation reduced yield significantly, as
the 75% rate lowered yield by 18%, the 50% uniform rate lowered yield by 30%, and the
61% targeted rate lowered yield by 24%. These results illustrated that irrigation cuts did
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not always provide a proportionate yield loss, and that deficit irrigation did not always
reduce silage corn yield. Some of the lack of response could have been due to imperfect
estimates of evapotranspiration to schedule irrigation and restrictions of irrigation timing
that could not be avoided. The study results are evidence that targeted deficit irrigation
did not improve silage corn yield above unform irrigation reductions.
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Figure 6. Silage corn yield at four irrigation rates that included 100, 75, and 50% of estimated
evapotranspiration, along with a targeted reduction at 50–87% of estimated evapotranspiration
(target was 50%, but it varied with year; Table 2). The 75% and 50% rate treatments were uniform
reductions of every irrigation. The targeted reduction was adjusted to apply more irrigation at critical
crop stages and no or less irrigation at other times. Error bars represent standard errors. Letters
above bars represent mean separations conducted by site-year with protected Fisher’s LSD at α = 0.05.
Letter format designates mean separation for each site-year, with uppercase as one and lower case as
the other.

3.3. Silage Corn Forage Quality

Unlike some other forages, silage corn quality values do not have standard quality
ranges that are used for marketing silage corn, because it is often fed on farm or sold to a
nearby farm by weight and not quality. However, forage quality of silage corn is important
for balancing rations on the farm, especially for dairy cattle. Six quality parameters were
selected for comparison in this study and included ADF, NDF, CP, starch, TDN, and
NDFD48. Lower ADF and NDF values indicate higher forage quality through improved
feed consumption, and elevated CP, starch, TDN, and NDFD48 are considered higher
quality, as they improve nutrition and digestibility of the forage.

3.3.1. Irrigation Technology × Genetics

The interaction between irrigation technology and crop genetics only influenced ADF
and TDN, and for these, only for three of five site-years (Supplemental Table S1). At Logan
in 2019, silage corn ADF was the lowest and more favorable among the treatments that
yielded the least—LESA with non-DT corn and LENA with DT corn. The highest, most
unfavorable, ADF value (21.2%) occurred in the highest-yielding treatment of MESA and
DT genetics. Similarly, in 2020 at the Vernal site, the lowest-yielding system (MDI) with both
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genetics produced more favorable (i.e., lower) ADF values than other irrigation systems.
Though yield was not significantly affected by the interaction of technology and genetics in
Logan 2020 (Table 3), the TDN values were greater with non-DT corn compared to the DT
corn in all irrigation systems except MESA. The largest difference in TDN among irrigation
systems occurred in LEPA, in which the non-DT hybrid had 17% more TDN than the DT
hybrid. In MESA, the DT hybrid had greater TDN than the non-DT hybrid (24.1% versus
23.6%). These collective results from the three sites indicate that few benefits in silage corn
quality were present with DT genetics. The DT hybrids had equivalent CP, starch, NDF,
and NDFD48 as the non-DT hybrids in most cases and often more ADF and less TDN.
Benefits of DT hybrids on silage quality were sometimes more prevalent with MESA than
other systems, which corroborates the yield results that indicate that DT genetics may do
best with MESA.

3.3.2. Irrigation Rate × Genetics

The irrigation rate and genetics interaction were only significant for Logan and Vernal
in 2020 (Supplemental Table S2). Acid detergent fiber, NDF, and starch were impacted at
both sites, and CP was also impacted in Vernal in 2020. Crude protein levels generally
declined as irrigation decreased for both hybrids in Vernal in 2020. The DT hybrid main-
tained CP levels at the 100% and 50% irrigation rates but had CP levels that were 1.3 and
2.6 percentage points greater than the non-DT hybrid for the 75% and targeted 50% rates,
respectively. These results demonstrate that the DT hybrid can sometimes improve CP
under deficit irrigation. However, the benefit was not consistent, because DT genetics only
improved CP at one site-year, and not all the deficit irrigation rates had elevated CP with
DT genetics.

The impacts of irrigation rate × crop genetics on ADF and NDF values were somewhat
consistent at Logan and Vernal in 2020 (Supplemental Table S3). Drought-tolerant genetics
had elevated ADF (lower forage quality) at a single irrigation rate at each site. The DT
hybrid had 2.8 or 2.3 percentage points more ADF than the non-DT hybrid in the full
irrigation at Logan and the targeted 50% rate in Vernal, respectively. By contrast, the DT
hybrid decreased NDF by 0.53, 0.44, and 1.8 percentage points compared to the non-DT
hybrid at the 100% and 50% rates in Logan and the 50% targeted rate in Vernal, respectively.
These cumulative results indicate that DT hybrids may reduce NDF and improve feed
quality for some full and deficit irrigation rates, but the benefits were not consistent.

Starch levels never increased with DT genetics in Logan in 2020, and starch decreased
by 6.1 percentage points with DT corn compared to non-DT corn at the 75% irrigation rate.
By contrast, starch levels increased by 3.2 and 4.2 percentage points for DT corn vs. non-DT
corn in the 75 and 50% targeted irrigation rates, respectively, for Vernal 2020. These results
were consistent with CP, ADF, and NDF and are evidence that DT genetics rarely and
inconsistently impacted silage quality at full or deficit irrigation rates. The most consistent
benefit observed among sites with DT genetics was reduced NDF at some of the deficit
irrigation rates.

3.3.3. Irrigation Technology

All five site-years had at least one feed quality parameter affected by the main effect
of irrigation technology (Supplemental Table S4). However, the impacts of irrigation
technology on forage quality varied by site and by year. The most inconsistent response to
the various forage parameters occurred at the Logan site. In 2019, with the abnormally wet
spring, LEPA decreased forage quality with greater NDF (8.7% vs. 8.2%) than all four other
systems and less TDN (21.8% vs. 24.9%) than all systems besides LESA (23.6%). This was
not the case in the drier year of 2020. Few consistent differences in quality occurred among
systems for this site. The MDI and LENA produced the most favorable ADF values, LESA
and LENA the most favorable NDF, and LESA, MDI, and LEPA the greatest NDFD48 values.
These results did indicate that the alternative irrigation systems often but sporadically
improved silage quality parameters at this site in a year with average spring rainfall and
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greater irrigation needs. Corn in Vernal in both years was heavily stressed by low spring
precipitation and limited irrigation, with the 2021 growing season being shortened to
mid-July due to drought. The largest and most consistent difference among systems at this
site were for the MDI compared to the other three systems that were often equivalent or
similar. The MDI system had on average 1.5% points more NDF and 5% points less TDN
than other systems in both years (Supplemental Table S5). More forage parameters were
influenced in 2021, and MDI provided quality improvements, excluding the much lower
ADF (6.2% vs. 10.1–14.4%), which included 3% points greater starch content than the other
three systems. As mentioned previously, MDI irrigation rates were often restricted due
to filtration challenges. Water stress was evident in this system at Vernal. Extreme water
stress sometimes provided forage quality benefits, but this came with a sacrifice of yield.
Irrigation technology at the Cedar City site in 2021 had consistent effects on silage corn
quality parameters—MESA stressed the corn and did not yield as high an output as the
three low-elevation systems and subsequently almost always (except NDF) had different
forage quality (data not shown). At this site, MESA improved some aspects of forage
quality (CP and starch were 13% higher, ADF was 37% lower) but decreased other aspects
(TDN and NDFD48 were 19% lower) compared to all three low-elevation systems. The
quality improvements with MESA were a result of lower yield with MESA and less fibrous
and more digestible forage. However, this came at a significant yield loss and indicates
that MESA did not perform as well as other systems in a windy area with comparatively
coarse soils.

3.3.4. Irrigation Rate

The irrigation rate impacted silage corn CP, ADF, and NDFD48 (Supplemental Table S6)
at three site-years (Logan 2019, Vernal 2021, and Cedar City 2021). The other three quality
parameters (NDF, starch, and TDN) were also impacted by the irrigation rate at one or
two of these same three site-years. Crude protein was the greatest in the 100% treatment
in 2019 in Logan (25.6%) and decreased by 0.86% points with the 75% rate, 1.6% points
with the 75% targeted rate, and 1.8% points with the 50% rate. Vernal in 2021 had the
greatest CP with the 75% irrigation rate (25.1%) and decreased by 5% with the 100% rate,
10% with the 50% rate, and 5% with the targeted 81% rate. The targeted rate was not as
severely stressed nor as properly timed due to water restrictions for the site-year, making
the comparison more challenging. Cedar City in 2021 also had the greatest CP level, in the
75% rate (22.4%), with reductions in the other treatments of 8% for the 100% rate, 5% for
the 50% rate, and 12% with the targeted 61% rate. The relatively consistent results across
these three site-years are evidence that deficit irrigation often reduced CP, and targeting
the deficit did not improve CP levels.

The impact of the irrigation rate on ADF was relatively consistent at the three re-
sponsive site-years (Logan 2019, Vernal and Cedar City 2021). The 100% irrigation rate
resulted in the greatest, most unfavorable ADF, and irrigation reductions decreased ADF.
For two of the site-years (Vernal and Cedar City 2021), the 50% reduction resulted in the
best ADF values, which were 7.6 and 6.3 percentage points lower than the 100% treatment,
respective to site-years. Uniformly decreasing the irrigation rate was often better (lower
ADF) than targeting rate reductions, except in Logan 2019, where the 75% targeted rate
performed the best with 3.1% points less ADF than the 75% uniform rate. As was the
case with ADF, the response of NDFD48 to the irrigation rate was similar across the three
responsive site-years. The highest NDFD48 values for Logan 2019 and Logan 2020 were
produced with the uniform 50% rate and targeted deficit rates, which were statistically
similar. The Cedar City 2021 site-year had the targeted 61% treatment produce the highest
NDFD48 value. For two of the three site-years, the NDFD48 values were higher under
larger irrigation deficits (50% vs. 75%).

Silage corn NDF values were affected by the irrigation rate in Logan in 2019 and
Vernal in 2021 (Table 3), with the 50% uniform rate producing the largest, or least favorable
values, and greater irrigation rates causing slight decreases in NDF. The best NDF values
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were produced in the 100% rate, but they were often statistically similar to the other rates.
The most unfavorable values were produced in both site-years by the uniform 50% rate.
Targeting the reduction did not positively affect the parameter over a simple reduction over
the season.

Starch values were the highest with both the 75 and 50% uniform rates in Ver-
nal 2021 and Cedar City 2021 compared to the full irrigation or targeted reductions
(Supplemental Table S7). Starch increased by 3.4% points in Vernal 2021 and 3.3% points
in Cedar City 2021 with the 100% rate vs. the 75% rate. The targeted irrigation rate reduc-
tions produced less starch than the uniform reductions, though it was hard to make a full
comparison, as the rates did not equal either of the seasons’ uniform reductions. Further,
silage corn TDN was affected by the irrigation rate only in Vernal in 2021, where TDN was
greatest at the full irrigation rate and decreased by 4.3, 5.9, and 4.6% points with the 75%,
50%, and 87% targeted irrigation rate treatments, respectively. Results illustrated a common
feed of more favorable feed quality parameters under more stress-inducing factors such
as reduced irrigation rates, but the differences were not proportionate to the decreases in
irrigation amounts. Silage CP values tended to be lower in irrigation rate reductions, as
there is a correlation between nitrogen uptake and irrigation rates, and nitrogen is the key
nutrient needed for protein production.

3.3.5. Genetics

Crude protein was affected by genetics in Logan 2020 and Vernal 2021 (Supplemental Table S8),
with DT producing greater CP than the non-DT (0.6% and 2.1% point difference, respec-
tively, for each year). Silage NDF values were affected in Vernal 2021 and Cedar City 2021,
with the lower, more favorable value produced by the DT genetics (1 and 0.54% point
difference, respectively). Starch values were affected by genetics in Vernal 2021, where
the DT produced 1.2 percentage points more starch compared to the non-DT. Silage TDN
was affected in Logan and Vernal in 2020, where both sites had non-DT producing 2.3 or
2.7% points more TDN than the DT hybrids, respectively (Supplemental Table S9). The
values of NDFD48 were affected by corn genetics in Vernal 2021, with the non-DT hybrid
producing 1.4 percentage points more NDFD48 than the DT hybrid. These results indicated
that DT genetics had no consistent silage corn quality improvements across site-years and
parameters.

4. Discussion
4.1. Combinations of Irrigation Technologies, Rate, and Crop Genetics on Corn Silage Yield

One purpose of this study was to examine how interactions between an irrigation
system, the irrigation rate, and crop genetics impact silage corn production, and whether
there were any cumulative water optimization benefits when combining or stacking several
factors. Due to the restricted experimental design, we were not able to test three-way
interactions of the irrigation system, rate, and crop genetics. The interactions and main
effects that we were able to test demonstrated that the irrigation rate had the greatest
effect on yield, followed by irrigation systems, and then drought-tolerant genetics. These
results suggest that the greatest potential for water optimization, while maintaining yield,
would likely involve refining irrigation rates to best match the full evapotranspiration
demand of silage corn. Further, the results also indicated that few benefits were observed
for targeted deficit irrigation and drought-tolerant genetics in the alternative irrigation
systems. Drought-tolerant genetics may be a feasible and inexpensive way to improve
water utilization in MESA sprinkler systems, in which irrigation application efficiencies are
lower than low-elevation systems.

Collective results from the five site-years indicate that alternative irrigation systems
(LEPA, LESA, LENA) can often improve silage corn yield, but that the results are weather
and site dependent. The MDI irrigation technology never improved the yield in any
site-year during the study. This indicates that caution should be used when designing
and installing various irrigation systems to ensure that the ideal system is selected. The
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advanced systems together were statistically different than the MESA in Cedar City. Much
of the benefit of these alternative systems was likely due to improved irrigation uniformity
resulting from closer nozzle spacing within the crop canopy. Peters et al. (2015) found
in testing of LESA systems in the Pacific Northwest that they applied irrigation more
uniformly than MESA in corn.

In contrast to some of our results, a Kansas study compared corn grain yield with
MDI, LEPA, and LESA and noted no significant differences in yield, suggesting the water
savings were worth the MDI use [10]. The MDI system in our study did not perform as well
as the sprinkler systems in all cases. Despite the installation of automated fine-screened
filters and periodic chemical treatment of the water with highly concentrated chlorine, the
MDI system flow rates were consistently lower than the design rates. These filtration issues
were likely the main reason why MDI often reduced corn yield. Growers interested in
utilizing MDI should carefully consider filtration challenges and plan accordingly. Further,
additional studies are needed to identify site-specific conditions needed to optimize the use
of LEPA, LESA, LENA, and MDI. Key differences between our study and previous research
include the use of a lateral-move system to eliminate pressure differences that occur with a
center pivot between towers and drops and to compare the more advanced sprinklers with
one another and the grower standard.

The interaction between the irrigation system and rate was critical to examining
whether low-elevation nozzles or MDI could reduce irrigation requirements compared to
MESA due to their higher irrigation application efficiencies. This has rarely been examined
in irrigation system studies. We attempted to examine this, but the statistical design was
limited due to logistical challenges of replicating systems and rates when utilizing farm-
scale irrigation systems necessary for this type of testing. This limitation necessitated
that the interaction between the system and rate be considered a random effect. Despite
this, numerical examinations showed that the low-elevation and MDI systems at the 75%
irrigation rate could often maintain the yield of the full irrigation rate of MESA. Future
testing should examine replicated interactions of irrigation systems and rates to verify
when and how much irrigation rates can be reduced for low-elevation sprinklers and MDI.

There have been several studies that compare DT varieties to their conventional
counterpart, but few have been conducted in semi-arid conditions of the Western United
States and with various irrigation rates. In Kansas, researchers found DT corn commonly
increased yield compared to non-DT under both 100% and 50% irrigation rates in a silt
loam soil, though the increases (around 50 kg ha−1) were minimal [23]. A three-year study
in Mississippi compared two types of DT hybrids (DroughtGard® and AQUAmax) and
found that the yield benefit varied from year to year, and that irrigation stress did not
affect yield components [24] (Bruns, 2019). The present study confirms the variation in
previous studies and indicates that additional studies are needed to identify the infrequent
conditions under which DT hybrids improve yield in drought conditions, so that more
site-specific recommendations can be provided to growers.

Contrasting our study, researchers in Colorado found that stage-based (late vegetative
vs. during maturation or both) deficit irrigation influenced corn grain yield and yield
components [14]. In their study, deficit irrigation during maturation was more detrimental
to yield than during late vegetative stages, and the combination of deficit irrigation in
both stages decreased yield the most. They concluded that deficit irrigation should be
targeted to late vegetative stages, and available irrigation should be targeted to maturation
stages. Our targeted deficit was similar to their approach, in which corn was stressed most
during early vegetative stages and then at medium stress levels during late vegetation
with full irrigation during maturation stages. However, our results indicated no benefit
of the targeted stress compared to a uniform deficit all season. The difference in response
between our study and [14] could be related to harvest type (grain vs. silage) and dry
matter partitioning. In Nebraska, a study showed that deficit irrigation during the corn
maturation stage affected grain and cob yield but not stover [30]. Further, these authors
observed that optimal targeted deficit irrigation strategies varied by year and concluded
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that flexible targeted deficit irrigation should be utilized. Our results for silage corn in
the Western United States indicated that targeting deficit irrigation for silage corn was
never superior to uniform deficits. This being the case, deficit irrigation strategies could be
simplified to uniform reductions rather than a targeted deficit, which would be easier to
implement by growers.

However, the benefit of DT genetics was not realized in more efficient irrigation
systems or with deficit irrigation. In general, the drought-tolerant variety tested in our
study has not been historically the one tested by others, as DroughtGuard® is a transgenic
type compared to the traditionally bred AQUAmax ® and other similar varieties [16–18].
Many of these studies denote the differences in varieties, often improving yields, but due
to elevation, soil type, calcareous nature, and ET requirements, these comparisons are more
difficult to make across studies.

4.2. Combinations of Irrigation Technology, Rate, and Crop Genetics on Corn Silage Feed
Quality Parameters

Studies focusing on silage corn production are limited in scope due to the limitation
of hectares focused on silage cornproduction, as grain corn production dominates hectares
and research. Many studies looking at the various effects on grain corn production take final
yield and grain formation values that are not comparable to silage due to crop maturation.
Biomass measures are often made in these grain studies, but they do not often offer an
equal comparison to full season biomass compared to stage-based values [14,23–25].

In general, there were not frequent, large, or consistent differences in silage corn
quality parameters due to irrigation system, rate, or crop genetic treatments. Similar to
yield responses, there were rarely high-level treatment interactions that affected feed quality
parameters. The overall percent change for each parameter by factor were not consistent
among site-years. All the tested quality parameters were less affected by crop genetics than
the other factors, and the large range in forage quality changes with irrigation technology
or rate often came from Vernal in 2021. This site-year has been mentioned previously as
the one in which irrigation was not possible beyond halfway through the season due to
drought. In these extreme cases of water shortages, the quality often increases, but the
yield decreases substantially. This occurred in Vernal in 2021, and the silage corn quality
increases did not counter the value of the yield loss.

5. Conclusions

This research is the beginning of a long-term study to test the interacting effects of
irrigation systems, irrigation rates, and crop genetic treatments on silage corn production.
The results from the five site-years presented here are evidence that there was not a water-
saving technology that could always maintain silage corn yield and quality in all settings.
Furthermore, irrigation technologies, irrigation rates, and drought-tolerant genetics have
site-specific effects on corn production. The irrigation rate was the most common factor
that affected yield and feed quality parameters. The rate often had the largest negative
impact on yield. The reduction in rate often improved feed parameters, with less lignin
produced by smaller, stressed plants. However, these improvements would rarely justify
the yield loss. Targeted deficit irrigation was rarely superior to a uniform deficit irrigation,
supporting this research’s finding that the simpler uniform deficit irrigation might be
suitable during drought and in cases in which water is limited.

Drought-tolerant hybrids provided the most yield and forage quality benefits in the
MESA irrigation system. However, there were few and inconsistent benefits of DT genetics
across site-years at full or at reduced irrigation rates. This suggests that irrigation system
and rate changes have much larger impacts on corn water optimization than crop genetics.
Further, the benefits of DT hybrids may lessen as more efficient irrigation systems are used.
However, the combination of DT genetics and MESA irrigation technology could be a more
affordable option in terms of upfront capital if the MESA technology is already part of the
production system.
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The three low-elevation systems (LEPA, LESA, and LENA) were similar in yield to
MESA, though only statistically better in one site-year. The forage quality was inconsistent
and rarely improved with these advanced systems. No clear advantages were observed
for a single low-elevation system, as many performed the same or inconsistently benefited
yield or quality parameters among site-years. The MDI system often yielded less and had
better forage quality than the other systems, which was likely due to the restricted flow
rates from inadequate filtration and chemical treatment.

Our experiment was designed to minimize yield and quality losses while implement-
ing various water-saving practices. Results to date indicate that refining irrigation rates
and utilizing more efficient sprinkler technologies have the greatest potential to maintain
production with less applied water. Additional years of this study will lead to a better
understanding of not only the combinations of these practices but also the long-term effect
of prolonged use. Furthermore, impacts of irrigation technology, irrigation rate, and crop
genetics on water use, nutrient use, and energy use efficiencies will also be examined.
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