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Estimating actual
evapotranspiration of various
agricultural water optimization
practices using the soil moisture-
based evapotranspiration model
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Accurate estimation of actual evapotranspiration (ET,) is important for optimizing
agricultural water use. A recently developed soil moisture-based ET (SMET) model
allows estimation of ET, in small plot trials. This study evaluated how four
irrigation technologies [low-elevation Nelson Advantage (LENA®), low-elevation
precision application (LEPA), low-elevation spray application (LESA), and mid-
elevation spray applicators (MESA)], two irrigation levels (100% and 50% of ET.),
three crops [alfalfa (Medicago sativa), silage corn (Zea mays L.), and small grain
forage (SGF) (Triticum aestivum, Hordeum vulgare, and Secale cereale x Triticum
aestivum)], drought-tolerant (DT) genetics, no-till (NT), and cover cropping (CC)
in some crops affect ET,, crop water productivity (WP.), and irrigation water
productivity (WP;). The field trials were conducted at Vernal and Cedar City, Utah,
during 2022-23. Soil moisture sensors were installed at 15, 45, and 75 cm depths
at both sites in each treatment. Results from the study show that low-elevation
sprinkler technologies (i.e., LEPA, LESA, LENA®) had higher WP, and WP; com-
pared to MESA in alfalfa, small grain forage, and grain corn, while MESA was higher
in silage corn when averaged across irrigation levels and management treatments.
Deficit irrigation at 50% of ET. has mixed effects on WP, and WP;, while deep
sensor installation is required for precise ET, estimations. The DT genetics of
alfalfa improved WP, and WP; compared to the non-DT genetics; however, no-till
in SGF and the combined effect of DT genetics, NT, and CC in silage or grain corn
reduced WP. and WP, likely due to lower crop stands under NT. These findings
suggest that low-elevation irrigation technologies, moderate deficit irrigation, and
DT genetics can improve WP, and WP;.

KEYWORDS

actual evapotranspiration, cover cropping, crop water productivity, deficit irrigation,
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Estimation of actual evapotranspiration of various agricultural water optimization practices
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GRAPHICAL ABSTRACT

1 Introduction

In arid and semi-arid regions of the world, water scarcity
contributes to major crop production reductions. In the Western
US, agriculture is the largest consumer of water in a region that
faces increasing urban growth and less projected winter snowpack
(Siirila-Woodburn et al., 2021). One of the largest irrigation sources
in this region is the Colorado River Basin, which diverts water to
seven Western US states. This basin has experienced six major
multi-year droughts between 1906 and 2015. Looking forward, the
upper half of the basin has a predicted reduction in average water
flow from 6-31% if there is a 1-4°C temperature increase scenario
(Woodhouse et al., 2021). Similarly, the Great Salt Lake Basin is also
facing major scarcity issues, as from 1989 to 2022, the lake’s water
level declined by 0.1 m per year, with agriculture accounting for
71% of water depletion, and 80% of the water in agriculture is
consumed to raise alfalfa and grass hay (Richter et al,, 2025). In
addition to surface water challenges, the Parowan-Cedar Valley
groundwater basin faces over-withdrawals as groundwater levels
have declined by 30 m over the past 50 years, with a land surface
subsidence rate of 5 cm every year (Smith et al, 2023). These
hydrologic pressures highlight the need for management strategies
that improve water use without compromising crop productivity.

A key component for evaluating such strategies is actual
evapotranspiration (ET,), defined as the total water flux from the
crop-soil system to the atmosphere through plant transpiration and
soil evaporation under prevailing atmospheric and soil-moisture
conditions (Ahmad et al, 2025). Unlike potential or reference
evapotranspiration, ET, reflects the water actually consumed by
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the crop-soil system and therefore provides a direct measure of crop
water use (FAO, 2025). These distinctions are important in com-
paring agricultural water-optimization strategies, as improvements
in yield or irrigation efficiency do not necessarily indicate reduced
consumptive water use. Management practices may alter the
timing, magnitude, or partitioning of water loss while producing
similar agronomic outcomes. Quantifying ET, is therefore essential
for irrigation scheduling, crop water assessment, interpretation
of water productivity, and evaluation of management practices
intended to conserve water under water-limited conditions
(Salman et al., 2025).

Multiple agricultural water optimization strategies are being
used, including improved sprinkler packages, deficit irrigation,
drought-tolerant genetics, and conservation-related soil and crop
management. Among irrigation technologies, low-elevation systems
such as low-energy precision application (LEPA), low-elevation
sprinkler application (LESA), and low-elevation Nelson
Advantage (LENA®) have demonstrated superior water application
efficiency, varying between 88-95%, compared to 78% in conven-
tional mid-elevation spray application (MESA) systems (Sarwar
et al., 2019; Sullivan et al., 2023; Crookston et al., 2025). Deficit
irrigation is also widely used in water-limited environments to
reduce irrigation inputs below full crop water demand to maintain
acceptable yields and improve water productivity. Deficit irrigation
at 25, 50, and 75% of estimated ET resulted in equivalent sweet corn
(Zea mays var. saccharata) yield compared to full irrigation, and
application of 25% of full irrigation had the highest crop water use
efficiency of 53.5 kg m™ among treatments in a trial in Florida
(Teshome et al., 2023). In Colorado, three deficit irrigation
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2" Previous studies have largely emphasized yield, forage quality, or

strategies (stop irrigation after 1% cutting, stop irrigation after
cutting, spring and fall irrigation) decreased alfalfa yield by 3.1, 3.5,  irrigation efficiency for individual practices, with few ET,-based
and 6.5 Mg ha™'; consumptive water use (ET) by 282, 272 and  comparisons across multiple management strategies within a
482 mm, while increasing crop water use efficiency from 32.7,31.1,  common experimental framework. Therefore, the study aims to use
and 35.1 kg ha™' mm’', respectively compared to full irrigation  the soil moisture-based evapotranspiration (SMET) model as a low-
(Lindenmayer et al., 2008). In Tirkiye, deficit irrigation increased  cost, plot-scale method for ET, estimation in treatment-intensive field
crop water use efficiency and irrigation water use efficiency to 0.27-  settings. The SMET model uses volumetric water content and tall
0.56 and 0.46-1.77 kg m>, respectively (Er and Kuslu, 2025; Er and ~ reference ET (ET,) data to estimate ET, (Hargreaves, 2023). The
Kuslu, 2026). Drought-tolerant (DT) genetics offer another method ~ objective of this study was to quantify the effects of irrigation
for water optimization as they may enhance resilience by modulat-  technologies, irrigation levels, crop genetics, no-tillage, and cover
ing physiological and molecular responses, such as stomatal regu-  cropping on ET,, crop water productivity (WP.), and irrigation
lation, root architecture, and stress-responsive signaling pathways,  water productivity (WP;) in alfalfa, corn, and small-grain forages
to optimize water use (Wei et al.,, 2025). Corn plants under water ~ under the same management in the Intermountain West, US. The
stress conditions have shown an improved total root length and  results will help strengthen agricultural water balance assessments in
total root surface area at the seedling stage, suggesting a valuable  water-limited irrigated systems.

genetic resource for drought tolerance (Li et al., 2015). Depending

on the resilience mechanisms, some DT corn hybrids have dem-

onstrated a 6.5% yield increase under drought conditions and a2 Materials and methods

1.9% increase under favorable conditions across 10,000 on-farm

locations in the corn belt of the US (Gaffney et al., 2015). 21 Experimental site characteristics
Conservation agriculture, such as No-till (NT) cultivation (avoid
tillage of the soil and retains 60-90% crop residue on the soil The study was conducted during the 2022 and 2023 growing
surface) and cover cropping (CC), helps improve soil water storage  sea50ns at established water-optimization research sites near Cedar
at shallow depths by increasing soil aggregation and organic matter. City and Vernal, Utah, USA. Site characteristics, soil physicochemical
Cover cropping can improve crop water use efficiency by 5%, but properties, and monthly climatic conditions are presented in Table 1
can decrease the profile soil water storage (Wang et al,, 2021). and 2. Soil texture, classification, and related soil property data were
Quantifying ET, in field experiments remains challenging. Direct  ghtained from SoilWeb based on the USDA-NRCS soil survey database
approaches such as lysimeter, Eddy Covariance, and remotely sensed  ((yGeen, 2023), whereas study-year weather data were obtained from
ET products are valuable, but they often have important limitations for o Utah Climate Center (Utah Climate Center, 2025) and 30-year
treatment-intensive small-plot studies. However, scale, cost, and/or  jimate normals from the NOAA National Centers for Environmental
feasibility constraints often limit their usage in small plot research trials. [, formation 1991-2020 U.S (NOAA National Centers for
Lysimeters and eddy covariance systems are costly and require g vironmental Information, 2021). The two sites differ with soil

technical skills, while satellite-based ET products are constrained by properties governing water retention and flow, with Cedar City

pixel size, mixed surface effect, and plot scale incompatibility in small

experimental fields (Abdelmajeed and Juszczak, 2024; Volk et al,  fiper textured soil with greater organic matter and available water

2024). Soil-water-balance approaches based on in situ moisture mea- capacity. Interannual and site-level differences in temperature and
surements offer a practical alternative, and recent work by Hess et al.

having coarser-textured, more conductive soil and Vernal having

precipitation further provided distinct environmental conditions for
(2021) has shown that soil moisture can provide a strong relationship

(R* = 0.88) between lysimeters and soil moisture sensors for ET
estimation when integrated appropriately with atmospheric demand. 2.2 Treatment desc ription
Despite growing interest in agricultural water-optimization strat-
egies, an important knowledge gap remains in understanding how The study was conducted to investigate strategies for water
these practices compare in terms of actual consumptive water use.  optimization, including irrigation technologies, irrigation levels, crop

evaluating crop water use responses across treatments.

TABLE 1 Site characteristics and soil physicochemical properties of the experimental locations at Cedar City and Vernal, Utah, USA.

NG GPS Soil texture and pH OM EC Saturated Available Carbonates
coordinates  classification (gecm™) (gkg™) (@Sm™)  hydraulic water (% of < 2 mm)
(elevation) conductivity  capacity
(mmhrld) (emcm?)
Cedar 37.66° N, 113.14° Sandy loam (Coarse- 8.5 1.5 18 1 102 0.12 13
City W (1682 m) loamy, mixed

(calcareous), mesic
Xeric Torriorthents)

Vernal | 40.46° N, 109.56° Clay loam (Coarse- 8.5 1.5 31 1 10 0.17 8
W (1667 m) loamy, mixed
(calcareous), mesic

Xeric Torriorthents)
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TABLE 2 Monthly and 30-year normals average air temperature (°C) and precipitation (mm) across Cedar City, Vernal, and Wellsville during the study

period (2019-2023).

Site Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Average air temperature (°C)
Cedar City 2022 1.3 -1.6 4.6 8.9 13.4 20.8 233 207 | 184 | 95 0.1 -1.1
2023 2.1 2.0 1.8 7.9 13.4 165 239 203 | 159 | 98 4.1 0.8
30-year 0.0 14 5.4 8.7 13.9 19.8 237 228 | 181 | 112 4.6 0.4
normal
Vernal 2022 42 4.0 34 7.8 12.3 19.6 235 224 | 186 | 9.1 -16 9.2
2023 8.6 -10.7 3.1 6.1 14.9 17.7 23.0 214 | 163 | 92 1.9 28
30-year 6.9 29 3.8 8.2 13.6 189 22.6 214 | 162 | 89 1.4 5.6
normal
Precipitation (mm)
Cedar City 2022 0 4 14 15 0 0 75 74 40 21 32 19
2023 37 7 43 7 5 23 4 36 37 4 18 5
30-year 20 28 36 31 25 13 34 33 22 34 27 29
normal
Vernal 2022 1 5 32 9 15 18 12 13 23 34 17 12
2023 63 8 25 4 1 9 3 14 9 4 3 0
30-year 16 14 17 19 26 15 14 21 31 29 13 16
normal

types, crop genetics, tillage, and cover cropping. At both sites, four
sprinkler irrigation technologies: LEPA, LESA, LENA®, and MESA,
were installed on a linear move irrigation system and were designed to
apply the same amount of irrigation water (Figure 1). The linear move
systems operated at a pressure of 280 kPa at Cedar City and 210 kPa
at Vernal.

Two irrigation treatments were applied in each of the four
technologies by adjusting sprinkler nozzle sizes to apply full and half

irrigation rates. The full-irrigation treatment received 100% of the
modeled crop evapotranspiration (ET.), whereas the deficit-irrigation
treatment received 50% of that amount. Irrigation was scheduled based
on modeled ET. using the crop coefficient method (ET.=ET,xK,) in
the Irrigation Scheduler program (Peters and Hill, 2022). Crop type
varies by location, year, and crop. Grain corn was planted in 2022
and followed by fall-planted SGF in 2023 at Cedar City, while at
the Vernal site, SGF was planted in 2022 and followed by silage corn in
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Lateral sprinkler system

Irrigation technologies

LEPA- low-energy precision application

LENA- low-elevation Nelson Advantage

LESA- low-elevation sprinkler application

MESA- mid-elevation spray application
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Tillage

Till- conventional practice

NT- No-till

CC- Cover cropping

SGF- small grain forage

O Sensor stations (ZL6 data logger)

— volumetric water content sensors
TEROS 10- 15, 45, 75 cm depths

0s [oot

VNI || KZEN

sz | oot | 05 [dos||dos| sz

I

0S |00L[dOS||dOS| SZ |0OL| OS
VSIW " Vs

SL

A0
1a
AUO)
1a

Field layout for irrigation technologies, irrigation levels, crop type, and crop management treatments (genetics, no-till, and cover cropping) at Cedar
City, Utah. The field setup was similar at Vernal except for the location of alternative crops. Treatments with sensor stations are highlighted in yellow
circles (data loggers), which were installed in the center of small plot treatments (6.7 x 9.5 m). Red arrows represent where sensors were installed at

three depths (15, 45, 75 cm) in each plot.
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2023 (Table 3). Alfalfa was planted in 2021 at each site. DT alfalfa
(Ladak II variety) and corn (DKC 47-27 hybrid) were planted to
compare with non-DT alfalfa (WL 319 HQ at Vernal and IFA 414 at
Cedar City) and corn (DKC 46-36 at both sites) varieties. Alfalfa
seeding rate for both varieties at each site was 21.1 kg ha™ (Cedar City)
and 22.4 kg ha™! (Vernal) and was planted at 13 mm depth. Corn was
planted at a seeding rate of 88,980 plants ha™* at 5.1 cm deep.

Irrigation technologies and levels were implemented similarly at
both sites for all crops, but genetics, tillage, and cover cropping
treatments varied by crop. In alfalfa, DT genetics were compared
with non-DT genetics. In SGF, tillage treatments were compared (till
and NT), while in corn, the combined effect of DT, NT, and CC was
compared to conventional (conv) control practices. The experiment
design and detailed description of treatments were reported by Sullivan
et al. (2023) and Crookston et al. (2025) in previous studies. Soil
moisture sensors were installed at 100% and 50% of full irrigation in all
irrigation technologies of each crop to estimate ET,. Sensor measure-
ments were recorded every 15 minutes in all treatments for two entire
growing seasons at each site for a total of four site-years of data for each
treatment. Replications of treatment data within site-year were not
possible due to resource limitations related to the initial cost of
equipment and the labor to maintain sensors. Treatments were
compared independently, considering one factor at a time. The yield
data collected from the respective plots where sensors were installed
were used to calculate crop water productivity (WP, Kg ha™ mm™)
and irrigation water productivity (WP, kg ha™ mm™), as mentioned in
Equations 1 and 2, respectively.

_ marketable  yield (Y, kg ha™)
" actual evapotranspiration (ET,, mm)

1)

10.3389/fagro.2026.1836461

_ marketable yield (Y, kg ha™")
" irrigation water applied (I, mm)

)

2.3 SMET model description

The ET, was estimated for each treatment using a soil moisture-
based evapotranspiration (SMET) model. The SMET model, devel-
oped by Hargreaves (2023) and published as Hashemi et al. (2025),
was previously calibrated and validated using eddy covariance
measurements from a tower located adjacent to the Vernal study
site. This site-specific calibration enhances model performance for
estimating ET, under the soil, climate, and management conditions
represented in the present experiment. The SMET model estimates
ET, as a function of ET, and soil moisture depletion (AB) as
presented in Equation 3:

ET, =

a

3)

20ETr if AB>0— A6 =0

{oc (ETr-AQ) if A8 <0— ETr* =0

Where ET,, ET,, and A0 are in mm day’l, and o is a
dimensionless calibration constant. The A& accounts for soil
water extraction during the drying period. The ‘o’ acts similarly
to a crop coefficient depending on the calibration dataset. Eureqa
software helped in the initial guess of 0.30 for alpha, which was
optimized using the SMET model fitting process, yielding a value of
0.43. For the final ET, calculations, alpha (0.43) was multiplied by
the difference between the ET, and the absolute value of the A®
when the change in soil moisture is negative; however, when the
change is positive, twice the value of alpha is multiplied by the ET,.

TABLE 3 Cropping sequence, genetics, irrigation levels, and management treatments across sites and years at Cedar City and Vernal, UT, USA during

2022-23.
Genetics Irrigation level Tillage
treatment
Cedar 2022-2023 Alfalfa DT (Ladak II) vs. non-DT 2022-740 mm (100%) and - -
City (IFA 414) 370 mm (50%)
2023-624 mm (100%) and
312 mm (50%)
2022 Grain corn DT (DKC 47-27) vs. non-DT 765 mm (100%) Till vs. NT Included
(DKC 46-36) 383 mm (50%) (with DT +
NT
treatment)
2023 Small grain forage - 712 mm (100%) Till vs. NT -
356 mm (50%)
Vernal 2022-2023 Alfalfa DT (Ladak II) vs. non-DT 2022-556 mm (100%) and - -
(WL 319 HQ) 278 mm (50%)
2023-360 mm (100%) and
180 mm (50%)
2022 Small grain forage - 710 mm (100%) Till vs. NT -
355 mm (50%)
2023 Silage corn DT (DKC 47-27) vs. non-DT 500 mm (100%) Till vs. NT Included
(DKC 46-36) 250 mm (50%) (with DT +
NT
treatment)
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2.4 Data extraction

Volumetric soil water content was measured using 96 TEROS
10 sensors (Meter Group, Pullman, WA, USA) connected to 16 ZL6
data loggers at each site, with data accessed via the Zentra Cloud
platform. All the sensors were factory calibrated according to
mineral soils. The sensors were installed at depths of 15, 45, and
75 c¢m in each experimental plot with sensors. For quality assurance
and control, the soil moisture sensor data were screened to be
within a certain threshold. To maintain the continuity of the data,
any single missing value that was between two known values in time
was gap-filled using the average of those adjacent values. If there
were multiple consecutive missing values, they were denoted as
missing data. The model requires one soil moisture measurement
per day, for which midnight soil water content data were used. The
midnight water content was converted into total water depth for the
entire soil profile by multiplying it by the corresponding soil depth
range and summing for the full sensor set. Meteorological data were
obtained from the nearest Utah Climate Center weather stations
with coordinates of 37.67° N, -113.13° W (Cedar City) and 40.45°
N, -109.56° W (Vernal) (Utah Climate Center, 2025). ET, was
computed using the American Society of Civil Engineers (ASCE)
Standardized Reference Evapotranspiration as presented in
Equation 4 (Allen et al., 2005).

5 _ OA0BAR, - G) + Y s (e — e,)
r A+Y(1+ Cyuy)

(4)

Where ET, is reference evapotranspiration (mm d'), R, is the
net solar radiation (MJ m2d™), G is soil heat flux (MJ m>d™"), T
mean daily (°C), u, mean daily wind speed (m sh), e, saturation
vapor pressure (kPa), e, mean actual vapor pressure (kPa), A is the
slope of the saturation vapor pressure-temperature curve (kPa C),
yis the psychometric constant (kPa °C™"), C, numerator constant
that changes with reference type and calculation (K mm s> Mg d™")
and C4 denominator constant that changes with reference type and
calculation time step (s m™).

2.5 Crop coefficient

Crop ET (ET.) was estimated using the mean crop coefficient
method following FAO 56 (Allen et al,, 1998). The K. values were
obtained from FAO 56 with initial, development, middle, and late
season lengths as provided in Table 12 of FAO 56. The parameters
Keinp Kemids Keenas start day, Lini, Laey> Linid» and Liye for both crops,
across both years and sites are presented in Figures 2a, b. FAO 56 does
not provide initial K. estimates for small-grain forage, restricting its
usage for further correlation analysis with the SMET model. The ET,
was used as a cross-comparison to the ET, from SMET because of the
uncertainty associated with the empirical nature of both methods.

2.6 Statistical analysis

Statistical analyses were conducted to evaluate the effects of
irrigation technologies, irrigation levels, crop genetics, and site-year
variability on actual evapotranspiration, crop water productivity,
and irrigation water productivity in alfalfa. Paired two-sample
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t-tests were used to assess differences between treatment groups.
Statistical significance was evaluated at o. = 0.05, and all tests were
conducted using two-tailed hypotheses. Comparisons were per-
formed both across site-years and within individual sites
where applicable.

3 Results
3.1 Reference evapotranspiration

The ET, data for both sites for the growing season from 2022-
2023 are presented in Figure 3 as reported from the Utah Climate
Center. Cedar City had greater ET, than Vernal during the growing
season in both years. However, ET, in 2023 was greater than in 2022
at both sites. At Cedar City, ETr ranged from 2-18 mm in 2022 and
between 2-13 mm during 2023, while it ranged between 2-13 mm
in 2022 and 2-12 mm in 2023 at Vernal from the end of the winter
to the peak of the growing season during June to July.

3.2 Performance of the SMET model

The SMET model was developed for full-season assessments.
The daily 100% irrigation level estimated ET, across irrigation
technologies using the SMET model followed the general pattern
of FAO 56 ET.. In 2022, the model demonstrated a strong
correlation with FAO 56 with R* values of 0.98 and 0.99 at Cedar
City and Vernal, respectively. Similar results were observed at
Vernal in 2023, where the model maintained a correlation of 1.0,
indicating perfect predictive accuracy. Daily comparisons of SMET
also showed a strong correlation (R* ranging from 0.80 to 0.87), as
shown in Figure 4. The findings suggest that the SMET is similar to
ET. models and can be used to estimate ET,.

3.3 SMET estimated evapotranspiration

In alfalfa, ET, varied significantly across sites, years, irrigation
levels, and genetic treatments. Across sites, ET, was significantly
greater at Cedar City than at Vernal (p = 0.0039). Over the years,
ET, in 2022 was significantly higher than that in 2023 (p = 0.0038).
During 2022, the combined ET, for all crops averaged at both sites
was 574 mm compared to 480 mm in 2023. Between sites, Cedar
City (596 mm) had greater ET, than Vernal (466 mm) due to the
prevailing climatic conditions at each site (Figure 5). For alfalfa, ET,
was greater during the first cut than subsequent cuttings in 2022 at
both sites. However, in 2023, the second cutting had more ET, than
other cuttings at both sites except for 50% LEPA (DT, conv),
LENA® (100 and 50%), LESA 100% (DT), and MESA (100% and
50% conv) at Cedar City. The variation in ET, between the first and
later cuttings ranged from 1 mm to 150 mm during 2022 across
both sites.

3.3.1 Irrigation technologies

Irrigation technologies did not significantly affect ET, among
crops, sites, and years, irrespective of irrigation levels, genetics, and
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Crop coefficient for alfalfa (a) and grain & silage corn (b) based on local climatic conditions, depending on crop developmental stages at Cedar City

and Vernal from 2022-23.

conservation practices at either site, but followed a particular trend.
The LESA system had higher ET, for three of the four site-years of
alfalfa, increasing ET, by 37 mm (2022 Vernal), 47 mm (2023 Cedar
City), and 40 mm (2023 Vernal), while LEPA had higher ET,
(14 mm) during 2022 at Cedar City compared to MESA for the
whole growing season (Figure 6). Similar results were observed in
SGF, where LENA® had higher ET, at Vernal in 2022 (514.6 mm),
while LESA had higher ET, at Cedar City in 2023 (560 mm)
compared to MESA (481 and 549 mm, respectively). However, in
grain corn, MESA (673 mm) had higher ET, compared to low
elevation sprinklers, with LENA® (665 mm) having the most similar
ET, to MESA, while for silage corn, LEPA (556 mm) had higher ET,
than MESA (546 mm) and other systems. It is important to note that
volumetric water content data were missing from June 17 to July
12" for corn in LEPA in 2022 at Cedar City, which led to variation in
ET, estimations; therefore, the ET, estimates for the treatment
should be interpreted cautiously. In general, although numerical
differences in ET, were observed among irrigation technologies,
these differences were not statistically significant and were not
consistent across crops and site-years. Therefore, the observed
responses are presented as descriptive site- and crop-specific pat-
terns rather than definitive effects of irrigation technology on ET,.
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3.3.2 Irrigation levels

Irrigation level significantly influenced ET,, with full irrigation
resulting in greater ET, than DI (p = 0.0023). In 2022 at Cedar City,
ET, increased from 657.2 to 714.6 mm in alfalfa and from 611.2 to
666.3 mm in corn under 50% and 100% ET,, respectively (Figure 7). At
Vernal in 2022, ET, increased from 491.7 to 534.1 mm in alfalfa and
from 471.6 to 483.7 mm in SGF. In 2023 at Cedar City, ET, increased
from 484.2 to 526.2 mm in alfalfa and from 538.6 to 561.0 mm in SGEF,
while at Vernal it increased from 319.1 to 355.2 mm in alfalfa and from
530.0 to 546.1 mm in corn. Overall, the reduction in ET, under deficit
irrigation ranged from 12.1 to 57.4 mm across site-years and crops. Full
irrigation consistently produced greater ET, than deficit irrigation
across crops and site-years, highlighting that the 50% ET. treatment
reduced seasonal crop water use. However, the magnitude of this
reduction varied among crops and site-years.

3.3.3 Drought-tolerant genetics, tillage, and
cover cropping

Genetics, tillage, and cover cropping treatments varied by crop.
Alfalfa had two genetics (DT vs non-DT) treatments, SGF had
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Tall reference evapotranspiration (ET,) data from Utah Climate Center for Cedar City (a) and Vernal, Utah, USA (b).

tillage treatments, and corn had two treatments (DT, NT, and CC vs
control) as a conventional non-treated treatment (Figure 1;
Table 3). The DT genetics of alfalfa had higher ET, than conven-
tional varieties (p = 0.035), with Vernal (p = 0.0084) showing
significant differences, while at Cedar City, there were no significant
differences observed. The DT alfalfa treatment had higher ET,
compared to conventional varieties, ranging from 7 to 24 mm
(Figure 8). In alfalfa, the DT treatment consistently had greater ET,
than the conventional treatment across all site-years, increasing
from 669.9 to 693.7 mm at Cedar City in 2022, from 507.5 to
518.3 mm at Vernal in 2022, from 504.5 to 511.9 mm at Cedar City
in 2023, and from 331.6 to 342.7 mm at Vernal in 2023. In SGF,
conventional tillage had 16 mm greater ET, than NT at Vernal in
2022, and 4 mm greater at Cedar City in 2023. In corn, the
combined NT + DT + CC treatment reduced ET, relative to control
at Cedar City in 2022 (632.7 vs. 644.7 mm), but increased ET, at
Vernal in 2023 (549.9 vs. 526.1 mm). Overall, treatment effects were
consistent in alfalfa and SGF, where DT alfalfa and conventional
tillage in SGF had higher ET,, but inconsistent in corn, where the

Frontiers in Agronomy

combined NT + DT + CC treatment decreased ET, at Cedar City
and increased it at Vernal.

3.4 Crop yield

Yield responses varied across site-years, crops, irrigation tech-
nologies, and management treatments. In alfalfa, yield was higher
under the 100% ET. treatment than under 50% ET, ranging from
3365 to 5757 kg ha™ under 100% ET, and from 1710 to 5427 kg ha™*
under 50% ET. across sites, years, technologies, and genetics
(Supplementary Table 1). Drought-tolerant alfalfa produced yields
comparable to or greater than the conventional treatment, with
values ranging from 2017 to 5757 kg ha™! for DT and from 1710 to
5524 kg ha™! for the conventional treatment. In annual crops, yield
responses were more variable, with grain and silage corn yields
ranging from 285 to 8115 kg ha™ in the treatment and from 581 to
10311 kg ha! in the conventional treatments, with conventional
management outperforming the treatment plots (Supplementary
Table 2). In SGF, yields ranged from 944 to 5604 kg ha™ in the
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represents all the estimates at the 100% irrigation level from all irrigation technologies and crop management treatments.
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The effect of irrigation technologies: low-elevation Nelson Advantage® (LENA), low-elevation precision application (LEPA), low-elevation spray
application (LESA), and mid-elevation spray application (MESA) on actual evapotranspiration (ET,) for different crops [alfalfa, corn grain at Cedar City
and silage at Vernal, and small grain forage (SGF)]. Note: Volumetric water content data were missing from June 17" to July 12*" for grain corn in

LEPA in 2022 at CC, which led to variation in estimated ET,.

treatment plots and from 1680 to 7472 kg ha™ in the conventional
plots, although treatment plots exceeded the conventional treat-
ment under some irrigation technologies and irrigation levels.
Across crops, low-elevation irrigation systems had numerically
greater yields than MESA in alfalfa and SGF, whereas corn
responses were less consistent. Overall, the yield data indicates
that agronomic responses to irrigation and crop management were
strongly crop and site-specific.

3.5 Crop water productivity

The Crop water productivity (WP.) in alfalfa varied signifi-
cantly across sites, years, irrigation technologies, irrigation levels,
and genetic treatments. Across sites, WP, was significantly (p =
0.0105) greater at Vernal (24.6 kg ha' mm™) than at Cedar City
(15.5 kg ha' mm™). Interannual differences were also observed,

where 2023 had significantly higher WP, than 2022 (p = 0.0147),
with 23.3 kg ha mm™ and 16.8 kg ha”! mm™ WP,, respectively
(Tables 4, 5).

Irrigation technology also significantly (p = 0.0237) influenced
WP, with LEPA (22.5 kg ha' mm™) resulting in higher WP,
compared to MESA (17.8 kg ha™ mm") across site-years. At Cedar
City, the LEPA (17.1 kg ha™' mm™) had significantly (p = 0.0073)
higher WP than MESA (13.8 kg ha! mm™), but the difference was
non-significant at Vernal (Tables 4, 5). In general, LEPA had the
greatest WP, in three of four site-years in alfalfa, while the trends
were mixed for SGF, with LENA having higher WP, at Cedar City
in 2023 and LESA with higher WP, at Vernal in 2022. Corn
harvested as grain at Cedar City in 2022 had greater WP, in
LENA, while harvested as silage had greater WP, in MESA
technology. Irrigation level also had a higher WP, in full irrigation
(17.0 kg ha' mm™) than DI (14.0 kg ha™! mm™) at Cedar City (p =
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Corn | Alfalfa
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FIGURE 7
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Effect of irrigation levels (50% or 100% of ET.) on actual evapotranspiration (ET,) of alfalfa, corn, and small grain forage (SGF) at Cedar City and

Vernal, UT during 2022-23.
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Effect of crop genetics [conventional and drought-tolerant (DT)] of alfalfa, no-till (NT) of small grain forage (SGF), and the combined effect of NT, DT
genetics, and cover cropping (CC) of grain corn at Cedar City and silage corn at Vernal on actual evapotranspiration (ET,) during 2022-23.

0.0294), while no significant differences were observed at Vernal
(Tables 4, 5). In SGF and corn, trends were also consistent with full
irrigation having higher WP, than DI, except LENA (grain corn,
Cedar City-2022) and LESA (SGF, Cedar City-2023).

The DT genetics of alfalfa (20.8 kg ha™! mm™) had significantly
(p = 0.0042) higher WP, than conventional varieties (19.3 kg ha!
mm™), but no significant results were observed among sites
(Tables 4, 5). In general, DT genetics of alfalfa had higher WP,
than conventional varieties for 6 out of 8 irrigation level treatments
under four technologies across all site-years. In SGF, the conven-
tional treatment had a greater WP, than NT in 63% of times
compared to NT practice among all technologies and site-years.
Similar results were observed in corn, where the combined effect of
DT, NT, and CC also had less WP, than conventional practices due
to a lower crop stand under NT treatments.

3.6 Irrigation water productivity

Irrigation water productivity (WP;) in alfalfa was influenced by
irrigation technology and irrigation level. Among irrigation tech-
nologies, LEPA (28.3 kg ha™ mm™) had significantly (p = 0.0274)
higher WP; compared to MESA (22.7 kg ha! mm™). In general,
trends for WP; were more consistent across sites and years than
WP,, where low-elevation (LENA®, LEPA, and LESA) irrigation
technologies performed better for alfalfa, SGF, and grain corn
across all site-years, while MESA had greater WP; than other
technologies in silage corn (Tables 4, 5).

Irrigation level also had a significant effect, with DI (33.1 kgha™
mm™") having significantly (p = 0.0427) higher WP; than full
irrigation (19.8 kg ha™ mm™) across site-years, while no significant
effects were observed within sites (Tables 4, 5). The DT genetics of
alfalfa did not significantly affect WP; but were numerically higher
in DT than conventional varieties for all site-years except LEPA
50% (Vernal, 2022), LESA 50% (Cedar City, 2023), and MESA 50%
(Cedar City, 2023) (Tables 4, 5). Results for WP; for NT in SGF and
the combined effect of DT, NT, and CC for corn were also not
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significant, but conventional practices had higher WP; than con-
servation practices numerically among all sites and years
(Tables 4, 5).

4 Discussion

The greater ET, observed at Cedar City than at Vernal indicates
that higher atmospheric demand and local hydroclimatic conditions
control seasonal crop water use. This study shows that irrigation
technology, irrigation level, and crop-management strategy influenced
ET,, WP, and WP;, but the magnitude and direction of response
depended strongly on crop and site-year. A key pattern observed
was that low-elevation sprinkler packages generally improved water
productivity in alfalfa, SGF, and grain corn, whereas responses in
silage corn were less consistent. At the same time, DI reduced applied
water more than it reduced ET,, and DT alfalfa increased both ET,
and WP, relative to the conventional cultivars.

4.1 Low-elevation sprinkler technologies
shifted more water toward productive
transpiration

Although irrigation technology effects on ET, were not statis-
tically significant, the directional trends were agronomically mean-
ingful. In alfalfa, SGF, and grain corn, low-elevation technologies
produced higher ET, and higher water productivity than MESA.
This pattern is consistent with previous irrigation-efficiency studies
showing that LESA, LEPA, and related low-elevation application
systems reduce wind drift (2-5%) and spray losses relative to MESA
(15-20%) under advective conditions (Sarwar et al., 2019). Molaei
et al. (2023) further showed that wind drift and spray losses are
much larger in MESA than in LESA, and they can temporarily
suppress ET by cooling and humidifying the canopy boundary
layer. The greater ET, observed under low-elevation packages likely
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LENA® (low-elevation Nelson Advantage), (LEPA) low-elevation precision application, (LESA) low-elevation spray application, (MESA) mid-elevation spray applicators, DT- drought-tolerant, and Conv- conventional. AT Cedar City, in LESA, the 100% irrigation level

(2022) and 50% irrigation level (2023) sensor data were unavailable and designated as ‘.
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reflects greater delivery of water to the soil-plant system and a larger
fraction of water routed to transpiration rather than to non-
beneficial atmospheric loss. The weaker response in corn is also
biologically plausible because taller canopies can intercept spray
and reduce the relative aerodynamic disadvantage of MESA. Yield
results during earlier years from the study area also align with the
ET,, where MESA had higher or comparable yield with low
elevation technologies at 3 of the 4 site-years (Sullivan et al,
2023). Mattar et al. (2022) also showed that wind drift and
evaporation losses in sprinkler irrigation are strongly controlled
by wind speed, operating pressure, nozzle diameter, and riser
height, highlighting the importance of sprinkler configuration in
determining effective water delivery.

4.2 Deficit irrigation reduced ET,

Deficit irrigation at 50% ET. moderately reduced ET, relative to full
irrigation. Since DI in our study was applied based on ET,, and 50% of the
full irrigation level was applied to crops, the reductions in ET, ranged from 2-
17% below full irrigation. This does not follow the general trends of reduced
ET, with less applied water, suggesting the ET,. model may have been an
overestimation. It is also possible that SMET overestimated ET, under deficit
soil conditions, possibly due to water use below the deepest sensor (75 cm).
For example, both the 50% and 100% irrigation levels had similar soil water
storage in the zone, while water in 100% level may have moved below 75 cm,
which was not captured with SMET and might have reduced the ET,
estimations. Because ET, was estimated from soil moisture measurements
limited to 75 cm, this interpretation should be treated cautiously under deficit
irrigation, where deeper water extraction may have occurred. These results
emphasize the potential of DI as a water-saving practice, but more precise
ET, measurements would require deeper sensor installations. Similar
outcomes have been reported in both alfalfa and maize, where moderate
deficit irrigation reduced irrigation water more strongly than seasonal ET
and sometimes improved water productivity when yield losses remained
limited (Montazar et al, 2020; Jiao et al, 2024). In China, applying a
moderate water deficit during the branching and budding stages of alfalfa
growth resulted in a reduction of 150 mm in ET compared to full irrigation
throughout the season (Liu et al, 2022).

4.3 Drought-tolerant alfalfa increased ET,
and WP,

The consistent increase in ET, and WP_ under DT alfalfa indicates
that drought tolerance was expressed not as reduced water use, but as
more effective water acquisition and conversion into biomass.
Drought-adapted genotypes can differ in root system architecture,
hydraulic function, osmotic adjustment, and stomatal regulation, all
of which influence water uptake and biomass maintenance under stress
(Li et al, 2015; Mega et al, 2019; Lombardi et al., 2021). This
mechanism is relevant for alfalfa, where root system architecture
strongly affects both resource capture and post-harvest regrowth,
where selection for root traits has been linked to improved biomass
performance and environmental adaptation (Bucciarelli et al.,, 2021;
Pan et al,, 2023). Thus, the greater ET, and WP, observed in DT alfalfa
aligned with previously reported drought-adaptation mechanisms
related to root function and plant water relations.
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TABLE 5 Effect of irrigation technologies, levels, and no-till for small grain forage (SGF) and combined effect of crop genetics/no-till/cover cropping for corn (grain corn at Cedar City and silage corn at Vernal) on

crop water productivity (WP,), i.e., plant biomass produced (kg ha™) per unit ET (mm™3) and irrigation water productivity (WP}), i.e., plant biomass produced (kg ha™) per unit water applied (mm™) at Cedar City and
Vernal during 2022-23.

WP, (kg ha™* mm™ of ET)

Site-Year Crops LEPA LENA® LESA MESA
100% ET. 50% ET. 100% ET, 50% ET. 100% ET. 50% ET. 100% ET. 50% ET.
Trt Conv Trt Conv Trt Conv Trt Conv Trt Conv Trt Conv Trt Conv Trt Conv
Cedar City-2022 Grain corn 4.0* 12.1* 35 6.2 5.7 6.4 4.7 9.9 4.0 4.7 3.7 4.0 32 4.2 1.0 2.2
Cedar City-2023 SGF 215 19.5 17.0 225 - - 20.7 29.4 22.0 17.8 19.5 235 20.7 17.8 18.8 15.8
Vernal-2022 SGF 9.9 153 7.9 9.1 13.1 9.1 6.9 10.4 15.8 13.8 9.6 11.1 7.9 . 15.1 4.9 11.1
Vernal-2023 Silage corn 232 26.4 14.1 11.1 21.7 343 16.3 252 9.9 29.6 7.7 17.3 36.8 44.5 6.4 215
WP; (kg ha* mm™ of irrigation water applied)

Cedar City-2022 Grain corn 1.5* 4.9* 5.4 10.4 5.7 6.4 4.7 9.9 3.7 4.0 6.2 6.4 2.7 4.0 1.7 3.7
Cedar City-2023 SGF 15.3 14.1 259 36.3 - - 32.6 45.0 19.5 14.6 29.6 321 15.8 14.8 26.7 254
Vernal-2022 SGF 6.2 9.9 10.1 11.6 9.4 7.2 9.1 15.1 114 8.6 12.1 14.6 52 10.1 6.7 15.3
Vernal-2023 Silage corn 24.9 26.2 35.6 245 23.0 348 338 50.6 12.1 30.6 143 356 39.5 . 50.1 13.6 457

LENA® (low-elevation Nelson Advantage), (LEPA) low-elevation precision application, (LESA) low-elevation spray application, (MESA) mid-elevation spray applicators, (Trt)- It's a combined effect of drought-tolerant genetics, no-tillage, and cover cropping for corn and NT
in small-grain forage. *In the LEPA 100% irrigation-level Trt and Conv treatment plots at Cedar City (2022) for corn, volumetric water content (VWC) data were missing from June 17th to July 12th, leading to variation in the estimated ET from soil moisture-based

evapotranspiration (SMET). The LENA® 100% DT/NT/CC treatment VWC data was missing due to sensor errors.
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4.4 Lower ET,, WP., and WP; under NT-
based annual systems

In SGF and corn, conventional management resulted in greater
WP, and WP; than NT or the combined NT + DT + CC treatment.
The concurrent reductions in ET,, WP, and WP; under these
treatments suggest that lower plant stand and weaker early-season
establishment under no-till conditions, as surface residue can
reduce seed-soil contact, interfere with furrow closing, and delay
emergence, thereby limiting early growth and subsequent biomass
accumulation (Aikins et al., 2019; Rogovska et al., 2016). In maize-
based systems, cooler and wetter seed-zone conditions under
residue-retaining tillage can further delay emergence and early
development, which may contribute to reduced seasonal perfor-
mance (Boomsma et al., 2010). This interpretation is consistent
with evidence that NT effects on crop productivity are strongly site
specific and can be neutral or negative when management is not
fully adapted to local soil, climate, residue, and fertility conditions
(Pittelkow et al., 2015). Cover crops may improve near-surface soil
water storage and water-use efficiency, but their effects on profile
water availability and yield are variable and depend on termination
timing, biomass production, and climate (Wang et al., 2021). While
long-term conservation practices can enhance soil structure and soil
health, these benefits often require multiple years to develop and
may not be expressed in short-term annual productivity responses
(Mitchell et al., 2024). Therefore, the lower performance of the NT
and CC based treatments observed in the study should be inter-
preted as a short-term, site-specific response rather than a general
conclusion about conservation practices.

4.5 Study limitations and future research
needs

This study provides a critical understanding of a wide range of
water optimization practices on ET,, WP, and WP; under the same
management conditions. Future research should refine treatment-
level ET, estimates at the farm scale using remote sensing tools to
cover the replication effects of practices. Further improvement in
deficit irrigation should be made by extending soil moisture
measurements deeper in the profile and accounting for drainage.

5 Conclusion

The actual evapotranspiration varied across crops, irrigation
technologies, and years, with alfalfa generally exhibiting the highest
ET,. Irrigation technologies did not significantly affect ET,, how-
ever, low-elevation systems showed numerically greater ET, than
MESA. Deficit irrigation strategies did not reduce much ET,, which
might be due to overestimates of the ET. model used for irrigation
levels, the SMET predicted ET,, or partial root-zone coverage (<75
cm) with the installed soil moisture sensors. The DT genetics of
alfalfa had a marginally greater ET, than conventional, while for
corn and SGF, reduced crop stands under NT likely reduced the ET,
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compared to conventional practices. Alfalfa, SGF, and grain corn
were the most water-productive crops in terms of WP, and WP;
under all three low-elevation sprinkler systems, while silage corn
was more water productive under mid-elevation sprinkler systems.
Deficit irrigation had mixed effects on WP, and WP;, but often had
greater water productivity than full irrigation. In general, DT
genetics improved water productivities in alfalfa, while the conven-
tional treatment had greater productivity compared to tillage and
combined genetics, tillage, and cover crop treatment in SGF and
corn, respectively. Overall, these findings highlight that optimizing
irrigation technology and crop management can improve water
productivity, but outcomes are influenced by crop type and local
conditions and should be considered with caution in terms of
replication. Integrating low-elevation systems with appropriate
management practices offers a practical pathway to enhance water
productivity. These results provide insights for producers and water
managers to refine irrigation strategies under increasing water
scarcity in their regions.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

TSi: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Validation, Visualization, Writing -
original draft, Writing - review & editing. MH: Conceptualization,
Data curation, Validation, Visualization, Writing — review & editing.
MY: Conceptualization, Data curation, Funding acquisition,
Methodology, Project administration, Resources, Supervision,
Validation, Visualization, Writing - review & editing. TSu:
Conceptualization, Data curation, Visualization, Writing — review &
editing. AT-R: Conceptualization, Investigation, Methodology,
Supervision, Validation, Visualization, Writing - review & editing.
BB: Conceptualization, Supervision, Validation, Visualization,
Writing - review & editing. CR: Conceptualization, Data curation,
Visualization, Writing - review & editing.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This research was supported by the
Foundation for Food & Agriculture Research (FFAR) through the
Water Optimization Program and Western Sustainable Agriculture
Research and Education (WSARE). Additional support was pro-
vided by Utah State University Extension and Utah Agricultural
Experiment Station (approved as journal paper number 9874).

frontiersin.org


https://doi.org/10.3389/fagro.2026.1836461
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

Singh et al.

Acknowledgments

The authors thank the technical assistance of Utah State
University, extension staff, and students who contributed to field
sampling and data management. Their support was essential to the
successful completion of this research.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial

References

Abdelmajeed, A. Y. A, and Juszczak, R. (2024). Challenges and limitations of remote
sensing applications in northern peatlands: Present and future prospects. Remote Sens
16, 591. doi: 10.3390/RS16030591

Ahmad, S., McElwain, J., Nair, R., and Gill, L. (2025). Comment on “on the use of the
term ‘evapotranspiration™ by Miralles et al). Water Resour. Res. 61, €2024WR038835.
doi: 10.1029/2024WR038835

Aikins, K. A., Antille, D. L., Jensen, T. A., and Blackwell, J. (2019). Performance
comparison of residue management units of no-tillage sowing systems: A review. Eng
Agric. Environ. Food 12, 181-190. doi: 10.1016/j.eaef.2018.11.001

Allen, R. G,, Pereira, L. S, Raes, D., and Smith, M. (1998). Crop evapotranspiration:
Guidelines for computing crop water requirements (Rome, Italy: FAO). Available
online at: https://www.fao.org/4/x0490e/x0490e00.htm. FAO Irrigation and Drainage
Paper No. 56 (Accessed March 2, 2024).

Allen, R. G., Walter, I. A, Elliott, R. L., Howell, T. A., Itenfisu, D., Jensen, M. E., et al.
(2005). The ASCE Standardized Reference Evapotranspiration Equation (Reston, VA:
American Society of Civil Engineers).

Boomsma, C. R, Santini, J. B., West, T. D., Brewer, J. C., McIntyre, L. M., and Vyn, T. .
(2010). Maize grain yield responses to plant height variability resulting from crop
rotation and tillage system in a long-term experiment. Soil Tillage Res. 106, 227-240.
doi: 10.1016/j.5till.2009.12.006

Bucciarelli, B., Xu, Z., Ao, S., Cao, Y., Monteros, M. J., Topp, C. N,, et al. (2021).
Phenotyping seedlings for selection of root system architecture in alfalfa (Medicago
sativa L.). Plant Methods 17, 125. doi: 10.1186/s13007-021-00825-3

Crookston, B. S., Boren, D., Yost, M., Sullivan, T., Creech, E., Barker, B., et al. (2025).
Irrigation technology, irrigation dose, and crop genetic impacts on alfalfa yield and
quality. Agric. Water Manage. 311, 109366. doi: 10.1016/].AGWAT.2025.109366

Er, H,, and Kuslu, Y. (2025). Effect of integrated use of recycled wastewater and plant
growth-promoting rhizobacteria (PGPR) on the quality characteristics of safflower
(Carthamus tinctorius L.) under deficit irrigation in semi-arid conditions. J. Agric. Sci.
163, 625-636. doi: 10.1017/S0021859625100385

Er, H., and Kuslu, Y. (2026). Effect of plant growth promoting bacteria on water use
efficiency and yield of safflower (Carthamus tinctorius L.) under recycled wastewater
and deficit irrigation conditions. Irrig Sci. 44, 17. doi: 10.1007/s00271-025-01061-6

Food and Agriculture Organization (FAO) (2025). Conservation agriculture (Rome:
FAO). Available online at: https://www.fao.org/conservation-agriculture/en/ (Accessed
March 28, 2025).

Gaffney, J., Schussler, J., Loffler, C., Cai, W., Paszkiewicz, S., Messina, C., et al. (2015).
Industry-scale evaluation of maize hybrids selected for increased yield in drought-stress
conditions of the US Corn Belt. Crop Sci. 55, 1608-1618. doi: 10.2135/
CROPSCI2014.09.0654

Frontiers in Agronomy

15

10.3389/fagro.2026.1836461

intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fagro.2026.1836461/
full#supplementary-material

Hargreaves, O. H. (2023). Estimating seasonal crop water consumption in irrigated lands
using soil moisture and reference evapotranspiration (Logan, UT: Utah State
University). M.S. thesis.

Hashemi, M., Singh, T., Hargreaves, O., Torres-Rua, A., Yost, M., and Hipps, L. (2025).
“Soil moisture evapotranspiration (SMET): A low-cost method for determining
seasonal crop water demand,” in Research Square. preprint. doi: 10.21203/RS.3.RS-
7124239/V1

Hess, A., Wadzuk, B., and Welker, A. (2021). Evapotranspiration estimation in rain
gardens using soil moisture sensors. Vadose Zone J. 20, €20100. doi: 10.1002/
VZJ2.20100

Jiao, F.,, Ding, R, Du, T,, Kang, J., Tong, L., Gao, ], et al. (2024). Multi-growth stage
regulated deficit irrigation improves maize water productivity in an arid region of
China. Agric. Water Manage. 297, 108827. doi: 10.1016/j.agwat.2024.108827

Li, R, Zeng, Y., Xu, J., Wang, Q., Wu, F.,, Cao, M., et al. (2015). Genetic variation for
maize root architecture in response to drought stress at the seedling stage. Breed. Sci. 65,
298-307. doi: 10.1270/JSBBS.65.298

Lindenmayer, B., Hansen, N., Crookston, M., Brummer, J., and Jha, A. (2008).
“Strategies for reducing alfalfa consumptive water use”, in: Hydrology Days (Fort
Collins, CO: Colorado State University). Available online at: https://api.
mountainscholar.org/server/api/core/bitstreams/44adf238-98e4-4afe-a038-
054bb4dd58a2/content (Accessed April 15, 2025).

Liu, M., Wu, X,, and Yang, H. (2022). Evapotranspiration characteristics and soil water
balance of alfalfa grasslands under regulated deficit irrigation in inland arid regions.
Agric. Water Manage. 260, 107316. doi: 10.1016/]. AGWAT.2021.107316

Lombardi, M., De Gara, L., and Loreto, F. (2021). Determinants of root system architec-
ture for future-ready, stress-resilient crops. Physiol. Plant 172, 2090-2097. doi: 10.1111/
ppl.13439

Mattar, M. A., Al-Ghobari, H. M., Dewidar, A. Z., and Alazba, A. A. (2022). Prediction
of wind drift and evaporation losses from sprinkler irrigation systems using machine
learning techniques. Agric. Water Manag 268, 107529. doi: 10.1016/
j.agwat.2022.107529

Mega, R, Abe, F.,, Kim, J. S., Tsuboi, Y., Tanaka, K., Kobayashi, H., et al. (2019). Tuning
water-use efficiency and drought tolerance in wheat using abscisic acid receptors. Nat.
Plants 5, 153-159. doi: 10.1038/541477-019-0361-8

Mitchell, J. P., Cappellazzi, S. B., Schmidt, R., Chiartas, J., Shrestha, A., Reicosky, D., et al.
(2024). No-tillage, surface residue retention, and cover crops improved San Joaquin Valley
soil health in the long term. Calif Agric. 78, 52-63. doi: 10.3733/001C.94714

Molaei, B., Peters, R. T., Chandel, A. K., Khot, L. R, Stockle, C. O., and Campbell, C. S.
(2023). Measuring evapotranspiration suppression from wind drift and spray water
losses for LESA and MESA sprinklers. Water 15, 2444. doi: 10.3390/W15132444

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fagro.2026.1836461/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fagro.2026.1836461/full#supplementary-material
https://doi.org/10.3390/RS16030591
https://doi.org/10.1029/2024WR038835
https://doi.org/10.1016/j.eaef.2018.11.001
https://www.fao.org/4/x0490e/x0490e00.htm
https://doi.org/10.1016/j.still.2009.12.006
https://doi.org/10.1186/s13007-021-00825-3
https://doi.org/10.1016/J.AGWAT.2025.109366
https://doi.org/10.1017/S0021859625100385
https://doi.org/10.1007/s00271-025-01061-6
https://www.fao.org/conservation-agriculture/en/
https://doi.org/10.2135/CROPSCI2014.09.0654
https://doi.org/10.2135/CROPSCI2014.09.0654
https://doi.org/10.21203/RS.3.RS-7124239/V1
https://doi.org/10.21203/RS.3.RS-7124239/V1
https://doi.org/10.1002/VZJ2.20100
https://doi.org/10.1002/VZJ2.20100
https://doi.org/10.1016/j.agwat.2024.108827
https://doi.org/10.1270/JSBBS.65.298
https://api.mountainscholar.org/server/api/core/bitstreams/44adf238-98e4-4afe-a038-054bb4dd58a2/content
https://api.mountainscholar.org/server/api/core/bitstreams/44adf238-98e4-4afe-a038-054bb4dd58a2/content
https://api.mountainscholar.org/server/api/core/bitstreams/44adf238-98e4-4afe-a038-054bb4dd58a2/content
https://doi.org/10.1016/J.AGWAT.2021.107316
https://doi.org/10.1111/ppl.13439
https://doi.org/10.1111/ppl.13439
https://doi.org/10.1016/j.agwat.2022.107529
https://doi.org/10.1016/j.agwat.2022.107529
https://doi.org/10.1038/S41477-019-0361-8
https://doi.org/10.3733/001C.94714
https://doi.org/10.3390/W15132444
https://doi.org/10.3389/fagro.2026.1836461
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

Singh et al.

Montazar, A., Bachie, O., Corwin, D., and Putnam, D. (2020). Feasibility of moderate
deficit irrigation as a water conservation tool in desert alfalfa systems. Agronomy 10,
1640. doi: 10.3390/agronomy10111640

NOAA National Centers for Environmental Information (2021). U.S. Climate Normals
2020: monthly climate normals, (1991-2020). Available online at: U.S. Climate Normals
(Accessed April 10, 2026).

O’Geen, T. (2023). SoilWeb (Davis, CA: University of California). Available online at:
https://casoilresource.lawr.ucdavis.edu/gmap/ (Accessed March 25, 2025).

Pan, X., Wang, P., Wei, X,, Zhang, J., Xu, B, Chen, Y., et al. (2023). Exploring root
system architecture variability in alfalfa seedlings. BMC Plant Biol. 23, 449.
doi: 10.1186/s12870-023-04469-4

Peters, T., and Hill, S. (2022). Irrigation Scheduler Mobile (Washington State University
Extension). Available online at: http://weather.wsu.edu/ism/index.php?m=1 (Accessed
April 30, 2019).

Pittelkow, C. M., Linquist, B. A., Lundy, M. E,, Liang, X., van Groenigen, K. ], Lee, J.,
et al. (2015). When does no-till yield more? A global meta-analysis. Field Crops Res.
183, 156-168. doi: 10.1016/].FCR.2015.07.020

Richter, B. D., Fowler, K. F., Lamsal, G., Lant, C. L., Ripple, W. J., and Rushforth, R. R.
(2025). Reducing irrigation of livestock feed is essential to saving Great Salt Lake.
Environ. Challenges 18, 101065. doi: 10.1016/].ENVC.2024.101065

Rogovska, N., Laird, D., Cruse, R. M., Fleming, P., Parkin, T., and Meek, D. (2016).
Corn and soil response to biochar application and stover harvest under rainfed and no-
till management. Soil Tillage Res. 159, 38-48. doi: 10.1016/j.fcr.2015.12.013

Salman, A. K., Alhadeethi, I, Mohammed, A. M., and Sut-Lohmann, M. (2025).
Assessing irrigation system efficiency within the Water-Energy-Food Nexus: Introducing
energy performance metrics. Agric. Water Manage. 317, 109665. doi: 10.1016/
j.agwat.2025.109665

Frontiers in Agronomy

16

10.3389/fagro.2026.1836461

Sarwar, A., Peters, R. T., Mehanna, H., Amini, M. Z., and Mohamed, A. Z. (2019).
Evaluating water application efficiency under varying weather conditions. Agric. Water
Manage. 221, 84-91. doi: 10.1016/]. AGWAT.2019.04.028

Siirila-Woodburn, E. R,, Rhoades, A. M., Hatchett, B. J., Huning, L. S., Szinai, J., Tague,
C., etal. (2021). A low-to-no snow future and its impacts on water resources. Nat. Rev.
Earth Environ. 2, 800-819. doi: 10.1038/s43017-021-00219-y

Smith, R,, Li, J., Grote, K., and Butler, J. (2023). Estimating aquifer storage loss using water
levels and InSAR. Water Resour. Res. 59, €2022WR034095. doi: 10.1029/2022WR034095

Sullivan, T., Yost, M. A., Boren, D., Creech, E,, Kitchen, B., Violett, R, et al. (2023). Impacts
of irrigation technology and drought-tolerant genetics on silage corn. Agronomy 13, 1194.

Teshome, F. T., Bayabil, H. K, Schaffer, B., Ampatzidis, Y., Hoogenboom, G., and
Singh, A. (2023). Exploring deficit irrigation as a water conservation strategy. Agric.
Water Manage. 289, 108490. doi: 10.1016/J.AGWAT.2023.108490

Utah Climate Center (2025). Mesonet data (Logan, UT: Utah State University).
Available online at: https://climate.usu.edu/ (Accessed February 20, 2025).

Volk, J. M., Huntington, J. L., Melton, F. S., Allen, R., Anderson, M., Fisher, J. B, et al.
(2024). Assessing the accuracy of OpenET satellite-based evapotranspiration data. Nat.
Water 2, 193-205. doi: 10.1038/s44221-023-00181-7

Wang, J., Zhang, S., Sainju, U. M., Ghimire, R,, and Zhao, F. (2021). Meta-analysis of
cover crop impacts on soil water storage and yield. Agric. Water Manage. 256, 107085.
doi: 10.1016/].AGWAT.2021.107085

Wei, Y. S, Javed, T., Liu, T. T., Ali, A., and Gao, S. J. (2025). Mechanisms of ABA-mediated
plant defense responses. Plant Stress 15, 100724. doi: 10.1016/J.STRESS.2024.100724

Woodhouse, C. A., Smith, R. M., McAfee, S. A., Pederson, G. T., McCabe, G. J., Miller,

W. P,, etal. (2021). Colorado River Basin drought under warming scenarios. Clim. Serv
21, 100206. doi: 10.1016/J.CLISER.2020.100206

frontiersin.org


https://doi.org/10.3390/agronomy10111640
https://casoilresource.lawr.ucdavis.edu/gmap/
https://doi.org/10.1186/s12870-023-04469-4
http://weather.wsu.edu/ism/index.php?m=1
https://doi.org/10.1016/J.FCR.2015.07.020
https://doi.org/10.1016/J.ENVC.2024.101065
https://doi.org/10.1016/j.fcr.2015.12.013
https://doi.org/10.1016/j.agwat.2025.109665
https://doi.org/10.1016/j.agwat.2025.109665
https://doi.org/10.1016/J.AGWAT.2019.04.028
https://doi.org/10.1038/s43017-021-00219-y
https://doi.org/10.1029/2022WR034095
https://doi.org/10.1016/J.AGWAT.2023.108490
https://climate.usu.edu/
https://doi.org/10.1038/s44221-023-00181-7
https://doi.org/10.1016/J.AGWAT.2021.107085
https://doi.org/10.1016/J.STRESS.2024.100724
https://doi.org/10.1016/J.CLISER.2020.100206
https://doi.org/10.3389/fagro.2026.1836461
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

	Estimating actual evapotranspiration of various agricultural water optimization practices using the soil moisture-based evapotranspiration model
	1 Introduction
	2 Materials and methods
	2.1 Experimental site characteristics
	2.2 Treatment description
	2.3 SMET model description
	2.4 Data extraction
	2.5 Crop coefficient
	2.6 Statistical analysis

	3 Results
	3.1 Reference evapotranspiration
	3.2 Performance of the SMET model
	3.3 SMET estimated evapotranspiration
	3.3.1 Irrigation technologies
	3.3.2 Irrigation levels
	3.3.3 Drought-tolerant genetics, tillage, and cover cropping

	3.4 Crop yield
	3.5 Crop water productivity
	3.6 Irrigation water productivity

	4 Discussion
	4.1 Low-elevation sprinkler technologies shifted more water toward productive transpiration
	4.2 Deficit irrigation reduced ETa
	4.3 Drought-tolerant alfalfa increased ETa and WPc
	4.4 Lower ETa, WPc, and WPi under NT-based annual systems
	4.5 Study limitations and future research needs

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


