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Water-Use Efficiency and Productivity Improvements in Surface Irrigation Systems
Reprinted from: Agronomy 2020, 10, 1759, doi:10.3390/agronomy10111759 . . . . . . . . . . . . . 185

Roman Rolbiecki, Stanisław Rolbiecki, Anna Figas, Barbara Jagosz, Piotr Prus, Piotr

Stachowski, Maciej J. Kazula, Małgorzata Szczepanek, Wiesław Ptach, Ferenc Pal-Fam,

Hicran A. Sadan and Daniel Liberacki

Response of Chosen American Asparagus officinalis L. Cultivars to Drip Irrigation on the Sandy
Soil in Central Europe: Growth, Yield, and Water Productivity
Reprinted from: Agronomy 2021, 11, 864, doi:10.3390/agronomy11050864 . . . . . . . . . . . . . . 197

Tewodros T. Assefa, Temesgen F. Adametie, Abdu Y. Yimam, Sisay A. Belay, Yonas M. Degu,

Solomon T. Hailemeskel, Seifu A. Tilahun, Manuel R. Reyes and P. V. Vara Prasad

Evaluating Irrigation and Farming Systems with Solar MajiPump in Ethiopia
Reprinted from: Agronomy 2021, 11, 17, doi:10.3390/agronomy11010017 . . . . . . . . . . . . . . 213

vi



About the Editor

Aliasghar Montazar is currently Irrigation and Water Management Advisor with the University

of California Cooperative Extension in Southern California. He has a PhD in Irrigation and Drainage

and more than 20 years of research, extension, teaching, and technical consulting experience and has

served in several leadership positions in agricultural water management and irrigation engineering

in California and abroad. Before joining University of California in 2011, he was associate professor

at the Department of Irrigation Engineering, University of Tehran. He has a well-developed applied

research and training program on irrigation and soil–water-related issues. His focus is sensor-based

irrigation management, water conservation, evapotranspiration, and the best irrigation and nutrient

management practices.

vii





agronomy

Editorial

Irrigation Tools and Strategies to Conserve Water and Ensure a
Balance of Sustainability and Profitability

Aliasghar Montazar

Citation: Montazar, A. Irrigation

Tools and Strategies to Conserve

Water and Ensure a Balance of

Sustainability and Profitability.

Agronomy 2021, 11, 2037. https://

doi.org/10.3390/agronomy11102037

Received: 18 September 2021

Accepted: 8 October 2021

Published: 11 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

UC Cooperative Extension Imperial County, University of California Division of Agriculture and Natural
Resources, 1050 East Holton Road, Holtville, CA 92250, USA; amontazar@ucanr.edu; Tel.: +1-442-265-7707

1. Introduction

Efficient management and conservation practices for agricultural water use are es-
sential for adapting to and mitigating the impacts of the current and future discrepancy
between water supplies and water demands. The importance of water conservation in
agriculture is fundamental to ensuring a balance of sustainability and profitability. While
profitability is a primary concern in any sustainable enterprise, farmers typically adopt new
tools and practices that result in higher profits or reduced risks. Irrigation management
practices that reduce water use with acceptable impacts on production would be viable
strategies and cost-effective tools to cope with diminished water supplies and generate
new sources of water to transfer for other agricultural uses and urban and environmen-
tal demands.

The water conservation measures may reduce crop water use and/or improve effi-
ciency, and consist of advanced irrigation scheduling, deficit irrigation, on-farm irrigation
system conversion and improvement, tailwater recovery systems, precision irrigation, and
crop rotation and alternative low water use cropping systems. This Special Issue focuses
on “Agricultural Water Conservation: Tools, Strategies, and Practices”, which aims to bring
together a collection of recent cutting-edge research and advancements in agricultural
water conservation.

2. Deficit Irrigation Strategies

Several studies investigated the effect of mid-summer irrigation cut-off (no irrigation
after June until the following spring) on alfalfa yield [1–3]. Moderate deficit irrigation
strategies applying 12.5–33% less irrigation water than farmers’ normal irrigation practices
during the summer period were evaluated in the low desert of California [4]. This strategy
demonstrated a promising and decent amount of water conservation and simultaneously
generated desirable hay yields and quality. Implementation of the proposed summer deficit
irrigation strategies on alfalfa could provide a reliable source of seasonally available water
as well as sustain the economic viability of agriculture in the region. These strategies might
be sustainable as an effective water conservation tool if such measures provide adequate
economic incentives to the participating farmers. Incentive programs to farmers must offset
the risk of implementing the proposed practices, as a tool for adopting water conservation
practices.

The effect of drip irrigation integrated with partial root drying (PRD) and soil mulching
was studied on squash plants [5]. The PRD strategy improved both the squash yield and
water use efficiency (WUE). Soil mulching enhanced the physiological properties of the
squash plants, fruit quality, squash yield, and WUE. This study reported that sowing
squash plants in the winter season, applying water to compensate 50% of evapotranspira-
tion, and using plastic mulch as water-saving strategies could be used as a water-saving
strategy without reducing yields.

Agronomy 2021, 11, 2037. https://doi.org/10.3390/agronomy11102037 https://www.mdpi.com/journal/agronomy
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3. Water-Conserving Irrigation Practices in Row-Crops

A survey conducted among row-crop farmers in Mississippi [6] showed that the
amount of irrigated area, years of education, perception of a groundwater problem, and
participation in conservation programs are positively associated with practice adoption,
while the number of years farming, growing rice, and pumping cost are negatively as-
sociated with adoption. However, not all factors are statistically significant for all water
conservation practices. Survey results indicated that only a third of growers are aware
of groundwater problems at the farm or state level; this lack of awareness is related to
whether farmers noticed a change in the depth to water distance in their irrigation wells.
The study recommended adopting more efficient irrigation technology and practices and
precision agriculture technologies, such as soil moisture sensors and irrigation automation.

4. Accurate Estimates of Evapotranspiration for Irrigation Scheduling

Various methods of evapotranspiration measurement have been discussed by several
researchers [7–9]. The most common methods for evapotranspiration (ET) measurement
may be categorized as hydrological approaches (soil water balances and lysimeter measure-
ments), micrometeorological approaches (eddy covariance, surface renewal, and Bowen
ratio energy balances), and plant physiology approaches (chamber systems and sap flow
measurements) [7]. In recent decades, satellite-based ET estimates using vegetation indices
and scintillometer systems were developed as a result of rapid advances in instrumentation,
data acquisition, and remote data access. The surface renewal method may estimate the sur-
face fluxes at a relatively low cost, ultimately improving calculations of evapotranspiration
and providing an economical tool for improving crop water management [10].

Remote sensing-based ET estimation is considered a promising tool for irrigation
water management; however, uncertainties associated with satellite-based ET estimation
still exist, especially with various remotely sensed platforms due to variations in spatial and
temporal resolution [11]. In a study, satellite-based ET was evaluated using Landsat under
semi-arid conditions in Texas under irrigated and dryland conditions. The Landsat-based
ET overestimated the measured ET early and late in the growing season and underesti-
mated ET during the peak of the growing season. More satellite-based ET assessment
under arid and semi-arid conditions is required, where the magnitude and frequency of
precipitation are erratic, and irrigation is the only source under arid conditions to replenish
crop water needs [11].

5. Water Efficient Crop Management

A study was conducted to determine the optimum irrigation levels, row spacing, and
tillage to maximize WUE while maintaining stable forage production [12] in pearl millet (a
warm season C4 grass well adapted to semiarid climates) in the semi-arid region of the
Southern Great Plains, USA. The greatest average forage production was achieved with
the highest irrigation level; however, the greatest WUE was attained in tilled soil due to
greater LAI, light interception, and plant growth than in no-till [12]. While the application
of water increases the forage production, low LAI values increase E (soil evaporation) and
reduce WUE, especially without adequate nutrient application.

The adoption of integrated management strategies will be useful for growing tolerant
genotypes under saline water conditions and increasing water use efficiency. For the
sustainable management of crop growth in saline environments, soil–crop–water man-
agement interventions consistent with site-specific conditions need to be adopted [13]. A
study conducted in Tunisia [14] recommended that farmers with higher salinity water
for irrigation should grow tolerant barley genotypes, allowing them to reduce the cost,
on average by 30%. Changing cropping patterns is also regarded as a useful strategy for
the rehabilitation and management of saline soils, especially when only saline water is
available for irrigation [15,16].

Postharvest drip irrigation of asparagus cultivated in very light sandy soil significantly
contributed to an increase in crop productivity. A significant increase in the height, number,
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and diameter of summer stalks, as well an increase in the marketable yield, weight, and
number of green spears were observed for several American asparagus cultivars [17].

Ground-based remote sensing data of NDVI and canopy temperature along with soil
moisture and ET-based smart controllers were assessed for efficient irrigation management
of hybrid bermudagrass and tall fescue turfgrass in central California [18,19].

6. Irrigation with Wastewater

Irrigation with wastewater may contribute to the reduction of water abstraction in
agriculture with an especial interest in arid and semiarid areas. The results of a study
conducted in Italy [20] suggested that low-diluted hydrocyclone filtered digestate liquid
fractions could directly be injected in a drip irrigation system with few drawbacks for
the system. It may significantly contribute to water conservation since such wastewater
are available from the late spring to the early fall when water requirements are high in
the region [20].

7. Surface Irrigation Improvements

The results of a study conducted in Mexico showed that an efficient design and opera-
tion of surface irrigation considering initial irrigation tests and evaluation, characterization
of irrigation plots, and calculation of the optimal flow rate using an analytical formula may
considerably reduce irrigation-applied water [21]. The study demonstrated that irrigation
application efficiencies increased more than 100% in some cases, while the WUE increased
by 27, 38, and 47% for sorghum, barley, and corn, respectively [21].

8. Improvements in Small-Scale Irrigation Systems

Solar-powered drip irrigation using solar MajiPump along with conservation agricul-
ture (CA) farming systems were found to be efficient to expand small-scale irrigation and
improve productivity and livelihoods of smallholder farmers in Ethiopia [22]. Compared
to the farmers’ practices, water productivity was significantly improved under the CA
farming and drip irrigation systems for both irrigated vegetables (garlic, onion, cabbage,
potato) and rainfed maize production.

Funding: This research received no external funding.

Conflicts of Interest: The author declare no conflict of interest.
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Abstract: Irrigation management practices that reduce water use with acceptable impacts on yield
are important strategies to cope with diminished water supplies and generate new sources of water
to transfer for other agricultural uses, and urban and environmental demands. This study was
intended to assess the effects of moderate water deficits, with the goal of maintaining robust alfalfa
(Medicago sativa L.) yields, while conserving on-farm water. Data collection and analysis were
conducted at four commercial fields over an 18-month period in the Palo Verde Valley, California,
from 2018–2020. A range of deficit irrigation strategies, applying 12.5–33% less irrigation water than
farmers’ normal irrigation practices was evaluated, by eliminating one to three irrigation events
during selected summer periods. The cumulative actual evapotranspiration measured using the
residual of energy balance method across the experimental sites, ranged between 2,031 mm and
2.202 mm, over a 517-day period. An average of 1.7 and 1.0 Mg ha−1 dry matter yield reduction
was observed under 33% and 22% less applied water, respectively, when compared to the farmers’
normal irrigation practice in silty loam soils. The mean dry matter yield decline varied from 0.4
to 0.9 Mg ha−1 in a clay soil and from 0.3 to 1.0 Mg ha−1 in a sandy loam soil, when irrigation
water supply was reduced to 12.5% and 25% of normal irrigation levels, respectively. A wide
range of conserved water (83 to 314 mm) was achieved following the deficit irrigation strategies.
Salinity assessment indicated that salt buildup could be managed with subsequent normal irrigation
practices, following deficit irrigations. Continuous soil moisture sensing verified that soil moisture
was moderately depleted under deficit irrigation regimes, suggesting that farmers might confidently
refill the soil profile following normal practices. Stand density was not affected by these moderate
water deficits. The proposed deficit irrigation strategies could provide a reliable amount of water
and sustain the economic viability of alfalfa production. However, data from multiple seasons are
required to fully understand the effectiveness as a water conservation tool and the long-term impacts
on the resilience of agricultural systems.

Keywords: Colorado River Basin; drought; irrigation management strategy; water deficit;
water productivity

1. Introduction

Due to recurring droughts and altered weather patterns, the Colorado River Basin is facing
increasing uncertainty concerning water supplies. Hence, implementing impactful agricultural water
conservation tools and strategies might have a significant value to the resiliency and profitability

Agronomy 2020, 10, 1640; doi:10.3390/agronomy10111640 www.mdpi.com/journal/agronomy5
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of agricultural systems in the low desert region of California and Arizona. It is likely that water
deficits will be the reality for agriculture in the future, mostly affecting agronomic crops such as alfalfa
(Medicago sativa L.), which accounts for about 28% of the crops grown in the area [1] and is the dominant
water user in the region.

Currently, efficient use of irrigation water and improved irrigation management strategies are the
most cost-effective tools to address water conservation issues. While more than 95% of California’s low
desert alfalfa (nearly 80,000 hectares) is currently irrigated by surface irrigation systems [2], one strategy
to enhance water-use efficiency and on-farm water conservation in alfalfa fields is through improved
technology of water delivery. Improved systems, such as subsurface drip irrigation, overhead linear
move sprinkler irrigation, automated surface irrigation, and tailwater recovery systems might enable
more precise control of irrigation water. Many of these technologies were already adopted by local
farmers, although the process of adoption is continuing.

Another strategy is deficit irrigation of alfalfa, applying less water than the full crop water
requirements for a season. Deficit irrigation was investigated as a valuable and sustainable crop
production strategy over a wide variety of crops, including alfalfa, to maximize water productivity
and to stabilize—rather than maximize—yields while conserving irrigation water [3–7].

The overall effect of deficit irrigation highly depends on the type of crop and adopted irrigation
strategy. Although alfalfa is frequently criticized for its high seasonal water requirements, it has positive
biological features, environmental benefits, and greater yield potential than many other crops under
water stressed conditions [8], such as deep-rootedness, high yield and harvest index, contribution to
wildlife habitat, and ability to survive a drought. If water allotments to alfalfa are significantly curtailed,
it will result in reduced evapotranspiration (ET), CO2 exchange, symbiotic N2 fixation, and dry matter
yield [9]. There is a positive relationship between alfalfa yield and its ET [10,11], but alfalfa yields are
not always reduced in direct proportion to the reduction in applied water during droughts [12,13].
Non-stressed total season ET values are greater than most crops because of long periods of effective
ground cover. Alfalfa, being a herbaceous crop, exhibits rapid growth characteristics and its yield is
linearly related to ET [3,14], under optimum growing conditions. Dry matter per unit of water used in
alfalfa is compared favorably with other C3 plants.

Several studies investigated the effect of mid-summer irrigation cut-off (no irrigation after June
until the following spring) on alfalfa yield. Ottman et al. [15] found that alfalfa yield under mid-summer
deficit irrigation in Arizona was very low and did not recover in sandy soil, but summer irrigation
termination had less effect on sandy-loam soils. At a site in the San Joaquin Valley of California,
yields of a mid-summer irrigation treatment were 65% to 71% of that of a fully irrigated alfalfa, over a
2-year period [16]. Mid-summer deficit irrigation in the Imperial and Palo Verde Valleys of California
reduced yields to 53–64% [17] and 46% [18], relative to a fully irrigated alfalfa. Studies in multiple
environments of California showed reductions in alfalfa yield, significant conservation of water, and the
consistent ability of the crop to recover after drought [3]. In long-term studies conducted on the western
slope of the Rocky Mountains of Colorado, researchers determined that late-season deficits impacted
yields in some cases, but not all, and that full recovery in the year following re-watering occurred in
most cases [19]. In a study conducted in Nevada, significant yield reductions occurred from deficit
irrigation over a three-year period, but yields were recovered under adequate irrigation during the
fourth year [20]. Another study conducted in Kansas [21] showed no yield reductions in alfalfa hay
yields, under 20% and 30% sustained deficit subsurface drip irrigation over the season. The researchers
suggested that rainfall had a major contribution to the crop water use, with precipitation contributing
to about 25% of seasonal crop water use between June and October, for the Kansas experiment.

The main purpose of this study was to identify and optimize moderate summer deficit irrigation
strategies with profitable and sustainable alfalfa forage production, while conserving water under
limited water conditions. The study intended to develop a dataset that could serve as a reference for
further studies and an opportunity to better understand this underutilized water conservation strategy
in the desert environment.
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2. Materials and Methods

2.1. Field Experiments

Studies were conducted at four commercial alfalfa fields (designated “sites A1” through “A4”) in
the desert environment of the Palo Verde Valley, CA, USA. The study area had a true desert climate
with an annual average air temperature, total annual precipitation, and ETo of 21.4 ◦C, 78.2 mm,
and 1782 mm, respectively (Table 1). Soil characteristics for all experimental sites pertaining to four
generic horizons are provided in Table 2. Dominant soil type ranged from loams at sites A1 and A2,
to clay at site A3, and sandy loam at site A4. Soil cation exchange capacity (CEC) ranged between 7.9
and 12.7 meq/100 g at site A4 to between 9.2 and 22.4 meq/100 g at site A3. The Colorado River was the
source of irrigation water with an average pH of 8.1 and an average electrical conductivity (ECw) of
1.1 dS m−1 for all fields.

Table 1. Monthly mean long-term (10-year, 2009–2018) climate data for Blythe, CA, USA, data from
CIMIS (California Irrigation Management Information System) station NE #135.

Month
Rain
(mm)

Solar Radiation
(W m−2)

Average Air
Temp. (◦C)

Average Dew
Point Temp. (◦C)

Average Wind
Speed (m s−1)

Total ETo

(mm)

Jan 13.4 126.4 11.1 2.8 2.1 65.2
Feb 10.2 171.9 13.5 4.2 2.2 86.2
Mar 6.4 228.8 17.5 5.4 2.4 144.0
Apr 1.3 282.3 21.0 5.8 2.8 188.7
May 2.3 322.3 24.3 8.8 2.7 227.5
Jun 0.0 331.2 29.4 13.6 2.3 232.4
Jul 8.3 295.0 32.3 19.5 2.3 221.5

Aug 9.0 275.7 32.1 20.0 2.2 202.4
Sep 5.6 232.0 28.4 17.1 2.0 157.8
Oct 6.0 186.9 22.0 11.2 1.9 122.9
Nov 3.2 140.9 14.9 5.4 1.9 76.3
Dec 12.5 111.7 10.5 2.7 2.0 58.0

Table 2. Physical and chemical properties of the soil of the four experimental sites. CEC represents the
cation exchange capacity (meq/100 g). A1, A2, A3, and A4 represent alfalfa experimental sites.

Experimental Site Generic Horizon (m)
Soil Texture

Organic Matter (%) CEC (meq/100 g) pH
Sand (%) Clay (%) Silt (%)

A1

0–0.3 44.2 11.1 44.7 1.7 20.6 8.0
0.3–0.6 46.9 8.1 45.0 0.8 17.4 8.1
0.6–0.9 41.7 7.7 50.5 0.9 18.6 8.2
0.9–1.2 47.8 5.9 46.3 0.7 16.3 8.2

A2

0–0.3 39.7 20.6 39.7 2.3 22.4 8.1
0.3–0.6 50.1 11.9 37.9 0.7 14.1 8.0
0.6–0.9 75.0 5.1 19.9 0.9 8.0 8.2
0.9–1.2 83.7 4.1 12.2 0.8 7.2 8.2

A3

0–0.3 31.5 13.2 55.3 1.3 18.1 8.0
0.3–0.6 26.1 18.7 55.2 0.8 22.4 8.1
0.6–0.9 88.6 2.8 8.6 0.5 10.1 8.2
0.9–1.2 94.8 1.4 3.8 0.5 9.2 8.4

A4

0–0.3 69.3 13.1 17.6 1.7 12.7 7.9
0.3–0.6 91.9 2.8 5.3 0.8 8.1 8.2
0.6–0.9 82.0 8.3 9.7 1.2 8.7 8.1
0.9–1.2 85.9 5.7 8.4 0.9 6.4 8.3

All four fields were planted in October 2018. Low desert alfalfa fields are typically harvested in a
28-day to 33-day cycle during spring and summer, while a total of 8–10 harvests per year is common in
the region. Eleven harvest cycles were investigated in this study.

The experimental fields represent soil types (a wide range from sandy loam to clay) and irrigation
management practices in the low desert region of California. The surface irrigation practices consisted of
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straight border irrigation (sites A3 and A4) and graded furrow irrigation (sites A1 and A2). An average
of 75% may be assumed as the irrigation efficiency of the irrigation systems [22]. Sites A2 and A4 were
divided into three individual sections (large plots) and sites A1 and A3 were divided into six individual
plots. Five irrigation strategies were studied within the experimental plots, including normal farmer
irrigation practice (NI, as control strategy) and four summer deficit irrigations (DI1, DI2, DI3, DI4;
Table 3). The deficit irrigation strategies were implemented by eliminating irrigation events during
summer harvest cycles. For the harvest cycles of July–September, three irrigation events per cycle is
common irrigation practice in the Palo Verde Valley. Three plots were accommodated for each of the
deficit irrigation strategies.

Table 3. Description of irrigation management strategies imposed at the experimental sites over the
study period (18-month).

Site
Number of Irrigation Events

Description of Irrigation Management Strategies
NI DI1 DI2 DI3 DI4

A1 30 27 28 - - DI1: irrigation events were eliminated 20 July 2019, 23 August 2019, and 26 September 2019
DI2: irrigation events were eliminated 23 August 2019 and 26 September 2019

A2 31 28 29 - - DI1: irrigation events were eliminated 21 July 2019, 24 August 2019, and 26 September 2019
DI2: irrigation events were eliminated 23 August 2019 and 26 September 2019

A3 24 - - 22 23 DI3: irrigation events were eliminated 31 July 2019 and 2 September 2019
DI4: irrigation event was eliminated 2 September 2019

A4 25 - - 23 24 DI3: irrigation events were eliminated 19 July 2019 and 24 August 2019
DI4: irrigation event was eliminated 24 August 2019

NI: following normal farmer irrigation practice over the study period
DI1: 33% less applied water than corresponding NI strategy during selected summer period
DI2: 22% less applied water than corresponding NI strategy during selected summer period
DI3: 25% less applied water than corresponding NI strategy during selected summer period
DI4: 12.5% less applied water than corresponding NI strategy during selected summer period

2.2. ET Monitoring and Data Processing

The actual evapotranspiration (ETa) was measured using the residual of energy balance (REB)
method with a combination of surface renewal (SR) and eddy covariance (ECov) techniques. The SR
and ECov are well-recognized methods to estimate the sensible heat flux density (H) and to calculate
the latent heat flux density (LE), using the REB approach [23–28].

A full flux density tower was set up in the plots under normal farmers’ irrigation practice at each
of the experimental site, totaling four towers (Figure 1). In each tower, several sensors were set up.
An NR LITE 2 net radiometer (Kipp & Zonen, Ltd., Delft, The Netherlands) was used to measure
net radiation (Rn). Two 76.2 μm diameter, type-E, chromel-constantan thermocouples model FW3
(Campbell Scientific, Inc., Logan, UT, USA) were used to measure high frequency temperature data
for computing uncalibrated sensible heat flux (H0), using the SR technique. An RM Young Model
81000RE sonic anemometer (RM Young Inc., Traverse City, MI, USA) was used to collect high frequency
wind velocities in three orthogonal directions at 10 Hz, to estimate H for the latent heat flux density
calculations using the ECov technique.

Each tower also consisted of three HFT3 heat flux plates (REBS Inc., Bellevue, WA, USA)
inserted at a 0.05 m depth below the soil surface, to measure soil heat storage at three different
locations; three 107 thermistor probes (Campbell Scientific, Inc., Logan, UT, USA) to measure soil
temperature at three depths in the soil layer above the heat flux plates; three EC5 soil moisture sensors
(METER Groups Inc., Pullman, WA, USA) to measure soil volumetric water content at soil depths
and locations near the heat flux plate and the thermistor probes; EE181 temperature and RH sensor
(Campbell Scientific, Inc., Logan, UT, USA) to measure air temperature and relative humidity; an SP
LITE 2 Pyranometer (Kipp & Zonen, Ltd., Delft, The Netherlands) to measure solar radiation; and a
TE525MM tipping-bucket rain gauge with magnetic reed switch to measure precipitation.

8
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Figure 1. A fully automated surface renewal and eddy covariance evapotranspiration (ET) tower in the
plot under normal farmer irrigation practice (NI) at site A3.

Except for the soil sensors, all other sensors were set up at 1.8 m above the ground surface.
The data were recorded using a combination of a Campbell Scientific CR1000X data logger and a
CDM-A116 analog input module. Direct two-way communication with each monitoring flux tower was
possible using a cellular phone modem model CELL210 (Campbell Scientific, Inc., Logan, UT, USA).
The data of the sonic anemometer and fine wire thermocouples were collected at a 10 Hz sampling rate
and the data of the other sensors were sampled once per minute. Half-hourly data were archived for
later analysis.

Both the EC and SR techniques were individually employed to determine sensible heat flux
density. The available energy components, Rn and G (ground heat flux density) were also measured
throughout the study period. After acquiring the half-hourly H0 data, a calibration factor (α) was
established by determining the slope through the origin H values from the ECov technique versus
H0 from the SR technique, separately for the positive and negative values of H0. The calibrated SR H
value was finally estimated as H = α·H0. The SR H and the ECov H were used to determine the LE
values. The advantage from using both the ECov and SR methods was that they are independent and
similar results provide a high level of confidence in the data used [26,28,29]. Latent heat flux density
was calculated using the Residual of Energy Balance equation, as follows:

LE = Rn − G − H (1)

where LE, G, H are positive away from the surface, and Rn is positive towards the surface. G is the
ground heat flux density at the soil surface. It is assumed that Rn, G, and H are measured accurately.
While use of the full eddy covariance method often does not demonstrate closure, Twine et al. [30]
recommended that ECov results could be forced to have closure by holding the measured Bowen
ratio (H/LE) constant, and increasing the H and LE values until Rn − G = H + LE. Twine et al. [30]
also reported that using the REB method provides nearly the same accuracy as using the Bowen ratio
correction. After determining LE, ETa in mm d−1 was calculated by dividing the LE in MJ m−2 d−1 by
2.45 MJ kg−1, to obtain the ET values in kg m−2 d−1, which was equivalent to mm d−1.

A Tule sensor (Tule technologies, Inc., Oakland, CA, USA) was used in each of the deficit irrigation
plots at the experimental sites, to estimate ETa using a surface renewal technique. The estimated daily
ETa from the Tule sensors at each site was verified by comparing with the ETa measured from the full
flux density towers.

Using the daily ETa determined in each experimental site and the daily reference ET (ETo)
retrieved from the spatial CIMIS (California Irrigation Management Information System) data [31] for
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the coordinates of the monitoring station, the daily actual crop coefficient Ka (=Ks × Kc) was calculated
using Equation (2):

Ka = ETa/ETo (2)

The daily stress coefficient (Ks) represents water and salt stresses, management, and environmental
multipliers. To obtain the actual ET, Ks is needed to adjust crop coefficient (Kc). Spatial CIMIS combines
remotely sensed satellite data with traditional CIMIS stations data, to produce site-specific ETo on a
2-km grid, which provides a better estimate of ETo for the individual sites.

2.3. Canopy Temperature and Soil Moisture Monitoring

Two SI-411fixed view-angle infrared thermometers (IRTs, Apogee Instruments, Logan, UT, USA)
were used to measure canopy temperature in each experimental plot. The IRTs were installed on a
pole with a 47.5◦ angle below horizon, in opposite direction, viewing north and south to match for
consistency. The IRTs were installed 1.8 m from the ground surface. The average temperatures of
IRTs viewing north and south were considered to be the canopy temperatures. Canopy temperature
was scanned with the IRTs units every minute and readings were averaged over a 30-min interval,
using ZL6 cellular data logger (METER Groups Inc., Pullman, WA, USA).

Crop Water Stress Index (CWSI) was estimated using the difference between measured canopy
and air temperatures (dTm), using Equation (3):

CWSI =
(dTm − dTLL)

(dTUL − dTLL)
(3)

The dTm was compared against lower (dTLL) and upper (dTUL) limits of the canopy–air temperature
differential, which could be reached under non-water-stressed and non-transpiring crop conditions.
The Idso et al. approach [32] was used for estimating dTLL and dTUL.

Watermark Granular Matrix Sensor (Irrometer company, Inc., Riverside, CA, USA) was used to
measure soil water tension at multiple depths of 15, 30, 45, 60, 90, and 120 cm, on a continuous basis.
The data of Watermark sensors were recorded by a 900M Monitor data logger (Irrometer company,
Inc., Riverside, CA, USA), on a 30-min basis.

2.4. Soil Salinity Assessment

Soil properties were surveyed and characterized within an approximate footprint area of
200 m × 200 m, around the ET monitoring stations in each plot, to assess soil salinity following
deficit irrigation regimes. Surveys of apparent soil electrical conductivity (ECa) were conducted in
October 2019 (right after the alfalfa harvest), using mobile electromagnetic induction (EMI) equipment,
following the guidelines developed by the U.S. Salinity Laboratory of the United States Department
of Agriculture, for field-scale salinity assessment [33–36]. ECa measurements were taken with a
dual-dipole EM38 sensor (Geonics Ltd., Mississauga, ON, Canada), in horizontal (EMh) and vertical
(EMv) dipole modes, to provide shallow (0 to 0.75 m) and deep (0 to 1.5 m) measurements of ECa,
respectively. At each of the plots, soil cores at four distinct depth ranges (0–0.3, 0.3–0.6, 0.6–0.9,
and 0.9–1.2 m) were taken from 6 sampling locations, which were selected using the ESAP software
to reflect the spatial variability of root zone soil salinity. A comprehensive laboratory analysis was
conducted on all soil samples.

2.5. Yield Measurements and Plant Stand Evaluation

Yield sampling from the sub-plots was conducted on the same day or the day before, when the
participating growers scheduled to harvest the entire experimental fields. In each irrigation plot,
yield samples were taken from 12 sub-plots with a dimension of 1.5 m wide and 2.0 m long (Figure 1).
The sub-plots were harvested using a hand cutter. A portable PVC quadrate was used to accurately
sample uniform sub-plot sizes. Plant cutting height was 6–8 cm. Fresh weights of plants harvested
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within the quadrate was recorded, after which samples were dried for three days in conventional oven
at 60 ◦C and recorded for alfalfa dry matter (DM). The significance of deficit irrigation strategies on
mean dry matter yields was evaluated using a t-test.

Forage quality test for each collected sample was conducted using the Near Infrared Reflectance
Spectroscopy (NIRS) method [37], to determine Crude Protein (CP), Acid Detergent Fiber (ADF),
and Lignin percentage.

All irrigation plots were evaluated for plant stand density in February 2020, four months after
switching the deficit irrigated plots back to normal irrigation practices. A portable PVC quadrate of
0.6 m wide and 0.6 m long was used to count the number of plants from the center of the 12 sub-plots
that were used for yield measurements. Mean plant numbers per hectare were compared to the plots
under normal farmers’ irrigation practices.

2.6. Water Productivity

Two water productivity indices were calculated to compare the efficiency of irrigation water use
and actual ET, using Equations (4) and (5):

Irrigation water productivity (IWP) =
Al f al f a dry matter

Irrigation water applied
(4)

Evapotranspiration water productivity (ETWP) =
Al f al f a dry matter

ETa
(5)

where the unit of alfalfa dry matter is kg ha−1, and the units of irrigation water applied and ETa

are mm.

2.7. Statistical Analysis

The statistical significances of mean dry matter alfalfa yield and mean forage quality indices were
performed using t-tests.

3. Results

3.1. Weather Parameters

There was higher than normal rainfall between November 2019 and March 2020 (Figure 2 and
Table 1). Total precipitation was 105 mm over these five months. This precipitation amount was more
than a long-term annual rainfall of the study area. The average daily air temperature, dew point
temperature, solar radiation, and wind speed for the 2019 season (January 2019–December 2019)
were approximately 21.0 ◦C, 234.8 W m−2, 7.5 ◦C, and 2.3 m s−1, respectively. However, peak daily
temperatures of 30 ◦C to 42 ◦C during the late summer months when deficit treatments were imposed
were common for this desert environment (Figure 2). More windy days were observed during the
first half of the 2019 season, when compared with the 2020 season. The average daily wind speed was
nearly 9% higher from January–June 2019 than the same season in 2020, although maximum average
wind speed for the 2020 season, as recorded on 4th of February 2020 was 6.7 m s−1. During the 2019
season, the month of June had the highest average daily solar radiation of 334.1 W m−2, followed by
May (324 W m−2) and July (310 W m−2).

3.2. Applied Water

The cumulative applied water (irrigation water + rainfall) for the different irrigation strategies at
each site is shown in Figure 3. The total applied water was 3006, 2933, 2783, and 3125 mm in irrigation
strategy NI for sites A1, A2, A3, and A4, respectively, over the 2019 season. These amounts were 788,
897, 716, and 1007 for sites A1, A2, A3, and A4, respectively, during the study period of the 2020 season.
Although, most water amounts were provided by the irrigation events, the number of irrigation events
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were slightly different among the study sites. A total of 23 irrigation events occurred at sites A1 and
A2 during the 2019 season, in irrigation strategy NI. The number of irrigation events was 22 at site A3
and 21 in at site A4.

Figure 2. Daily weather data of the study area over the 18-month period of this experiment
(January 2019 to June 2020).

The total reduction in the water used in the deficit irrigation strategies (DI1 to DI4) when compared
with strategy NI was different at each of the experimental fields. For example, it was 314 mm in
strategy DI1 and was 203 mm in strategy DI2 at site A1. The reduction in applied water was 310 mm
in strategy DI1 at site A2, 185 mm in strategy DI3 at site A3, and 239 mm in strategy DI3 at site A4.
The results demonstrated that the greatest amount of water conservation with the proposed deficit
irrigation strategies was achieved under irrigation strategy DI1 at site A1, and the least amount was
conserved in strategy DI4 at site A3.

3.3. Soil Moisture Status and Crop Water Stress

The soil moisture sensors placed within the effective root zone (15–120 cm) provided a
representative condition of the soil water status. Figure 3 depicts the half-hourly soil water tension
for irrigation strategy NI at sites A2 and A4, from March 2019 to June 2020. Due to the necessity of
drying soils during and after alfalfa harvest, and to allow equipment to be used on alfalfa fields and for
drying of hay, irrigation events typically stopped approximately 4–5 days before cuttings and resumed
4–5 days after cuttings. Therefore, changes in soil water tension could be observed before and after
these dry-down periods (Figure 4). Soil water tension responded most within the top 60 cm depth,
while some responses were also observed at deeper soil depths over time. For example, water tension
values at site A4 sharply increased to more than 200 kPa at the topsoil (15–45 cm), before the first
irrigation events, right after the alfalfa harvests. Soil water tension readings below 60 cm indicated that
soil moisture was effectively maintained at a relatively uniform and desirable level during the study
period, even at site A4, with a sandy loam soil where soil water tension values were less than 25 kPa.

Soil moisture data indicated that the soil at site A2, which had a silty loam soil, was generally
not within the stressed range. However, alfalfa at site A4 might occasionally experience moderate
water stress around cuttings. The recommended average soil water tension levels within the effective
alfalfa root zone at which irrigation was triggered on loamy and sandy loam soil was at 60–90 kPa
and 40–50 kPa ranges, respectively [12]. The insufficient soil moisture levels at site A4 during
summer harvest cycles, from July through September (Figure 4) might have caused some mild alfalfa
water stress. Soil moisture was clearly impacted by irrigation strategy DI3 at this site (Figure 5).
However, additional potential mild water stress could have occurred in the middle of the harvest
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cycles due to halted irrigation water. For instance, soil water tension values increased to 134 and
93 kPa on 24 July 2019, at 30 and 60 cm of soil depth, as a result of eliminating the irrigation event on
19 July 2019 (Figure 5). Similarly, soil moisture readings for the same soil depths and dates at this site
was less than 28 kPa for irrigation strategy NI.

Alfalfa CWSI was estimated for different irrigation strategies at each site, based on canopy
temperature and air temperature measurements for three consecutive hourly periods of 1100–1200,
1200–1300, and 1300–1400 PST. The seasonal trend of midday CWSI estimated for the period of
early-June 2019 through mid-October 2019 for different irrigation strategies at site A4, is shown in
Figure 6. Average midday CWSI at site A4 for the period was estimated to be 0.13, 0.15, and 0.14 for
irrigation strategies NI, DI3, and DI4, respectively, suggesting a similar, but relatively lower CWSI
responses within the normal farmers irrigation practices. The CWSI values illustrated that moderate
short-term midday water stress occurred around the alfalfa cuttings (and mid-harvest cycles) of July
and August, thus, there was a good match between the findings obtained from the soil moisture data
and the CWSI analysis.

Figure 3. Cumulative applied water in each of the experimental irrigation strategies (NI, DI1–DI4) and
sites (A1–A4) over the study period.

3.4. Actual Evapotranspiration and Crop Coefficients

ETa was determined by calculating half-hourly latent heat flux density, using the REB approach
with the SR and EC techniques. The daily ETo, ETa from the SR calculations, and Ka values for the
irrigation strategy NI, at sites A1 and A4 are shown in Figure 7. The ETa varied widely for each
crop harvest cycle and throughout the experimentation seasons at both sites. For example, the ETa

13



Agronomy 2020, 10, 1640

at site A4 ranged between 3.4 mm d−1 after alfalfa cutting and 9.3 mm d−1 at midseason full crop
canopy, from June through August. The maximum and minimum ETa at site A1 were 2.6 mm d−1 and
0.3 mm d−1 during three-months of the study period, November 2019 to January 2020.

(a)

(b)

Figure 4. Half-hourly soil water tension (kPa) measured at multiple depths of 15 cm, 30 cm, 45 cm,
60 cm, 90 cm, and 120 cm in plots under normal farmer irrigation practice (NI) at—(a) site A4 and
(b) site A2, from March 2019 to June 2020. Cutting dates are demonstrated with circles on the x-axes.

Figure 5. Half-hourly soil water tension (kPa) measured at multiple depths of 15 cm, 30 cm, 45 cm,
60 cm, 90 cm, 120 cm in plots under (a) irrigation strategy DI3 at site A4 and (b) irrigation strategy DI4
at site A4, from March 2019 to mid-October 2019.

The cumulative ETa (CETa) in irrigation strategy NI at sites A1–A4, for a 517-day period (1 January
2019 to 31 May 2020) was 2202, 2187, 2031, and 2175 mm, respectively (Figure 8). For a one-season
12-month irrigation period (2019) for the same irrigation strategy, the cumulative ETa was 1596 mm at
site A1, 1582 mm at site A2, 1423 mm at site A3, and 1558 mm at site A4. Comparing the total applied
water and the cumulative ETa under normal farmer irrigation strategies indicated that the plots under
NI irrigation strategy remained over-irrigated during the whole study period. However, moderate
water stress was occasionally observed for the NI irrigation strategy, particularly at sites A3 and A4,
because of the dry-down around alfalfa harvests or the unprecedented delays in irrigation schedules.

The daily Ka values for the sites A1 and A4 (irrigation strategy NI) over the study period are
shown in Figure 7. The Ka value depended on alfalfa growth stages, ranging from smallest during
initial growth stage, just after each harvest, and reaching the maximum when the crop height was at
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mid and full canopy development stages, attained prior to each harvest cycle. Large Ka values were
attained at both sites during March and April (ranging from 0.47 after harvest to 1.24 at full canopy).
Growth of alfalfa in early season (January) and late season (November to December) was slower due
to cooler weather and lower solar radiation, in which lower Ka values were observed. The average
Ka values of alfalfa sites over the study period varied from 0.8 at site A3 to 0.87 at site A1 (Figure 8
and Table 4).

Figure 6. Daily crop water stress index (CWSI) values for the plots under different irrigation strategies
(NI, DI3, and DI4) at site A4. NI, DI3, and DI4 represent normal farmer irrigation practice, applying 25%
less water than NI, and applying 12.5% less water than NI, respectively.

Figure 7. Daily reference evapotranspiration (ETo), daily actual evapotranspiration (ETa), and daily
actual crop coefficient (Ka) at sites (A1) and (A4), from March 2019 to June 2020.

Average Ka values at harvest cycles (eight cuttings in 2019 and three cuttings in 2020) for each
experimental site are provided in Table 4. The results demonstrated seasonal variabilities in the harvest
cycle Ka values. With an average seasonal Ka value of 0.87 for the 2019 season at the site A1, the average
cutting cycle Ka values varied from 0.72 (cutting cycle 8) to 1.0 (cutting cycle 2). Average seasonal Ka

values for the 2019 season at sites A2, A3, and A4 were 0.86, 0.79, and 0.84, respectively. There was a
considerable increase in average Ka value (12.5%) at site A3 from the 2020 cropping season compared
to 2019. Lower Ka values in the first three harvest cycles of the 2019 season might have been due to
poor irrigation management. Site A3 received 424 mm water during the first three months of 2019,
which was the lowest amount of water applied amongst the experimental sites (Figure 3). While trivial
differences (an average of 5%) were found in the average Ka values at sites A1 and A2 during harvest
cycles of June–August (cutting cycles 4 to 6) at site A1 and A2, substantial differences (average of 20%)
were obtained in the mean Ka values of cutting cycles at sites A3 and A4.
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Figure 8. Cumulative reference evapotranspiration (Spatial CIMIS ETo) and cumulative actual
evapotranspiration (ETa) at each of the experimental sites (A1–A4). The cumulative ETa are provided
for the plots under normal farmer irrigation practices at each site. The average spatial CIMIS ETo of the
four sites is provided as ETo.

Table 4. Mean (±standard deviation) Ka values of harvest cycles for each experimental site (A1–A4)
determined from surface renewal measurements. The values are reported for the normal farmer
irrigation practices over eight cuts in the season 2019 (Year 1) and three cuts in the season 2020 (Year 2).

Cut—Year Number Harvest Time
Ka

A1 A2 A3 A4

Cut 1—Year 1 23 Mar–4 Apr 0.81 (±0.13) 0.81 (±0.14) 0.79± (0.16) 0.80 (±0.14)
Cut 2—Year 1 24 Apr–8 May 1.00 (±0.14) 1.03 (±0.15) 0.83 (±0.16) 1.01 (±0.11)
Cut 3—Year 1 1 Jun–12 Jun 0.94 (±0.13) 0.92 (±0.13) 0.78 (±0.14) 0.83 (±0.14)
Cut 4—Year 1 3 Jul–12 Jul 0.89 (±0.12) 0.87 (±0.13) 0.85 (±0.13) 0.98 (±0.12)
Cut 5—Year 1 5 Aug–16 Aug 0.88 (±0.14) 0.86 (±0.11) 0.83 (±0.10) 0.86 (±0.15)
Cut 6—Year 1 5 Sep–19 Sep 0.85 (±0.10) 0.82 (±0.11) 0.75 (±0.12) 0.77 (±0.11)
Cut 7—Year 1 9 Oct–29 Oct 0.78 (±0.12) 0.74 (±0.13) 0.74 (±0.11) 0.73 (±0.12)
Cut 8—Year 1 31 Dec–15 Jan 0.72 (±0.14) 0.73 (±0.14) 0.71 (±0.13) 0.70 (±0.15)
Cut 1—Year 2 4 Mar–30 Mar 0.78 (±0.16) 0.79 (±0.15) 0.83 (±0.17) 0.87 (±0.14)
Cut 2—Year 2 20 Apr–5 May 1.02 (±0.13) 0.93 (±0.15) 0.97 (±0.15) 0.94 (±0.15)
Cut 3—Year 2 22 May–14 Jun 0.90 (±0.14) 0.89 (±0.13) 0.90 (±0.12) 0.90 (±0.12)

Average - 0.87 (±0.10) 0.86 (±0.09) 0.82 (±0.07) 0.86 (±0.10)

The observed average Ka value from this study was lower than the value (0.95) suggested by
Doorenbos and Kassam [38] for dry climate and 0.99 reported by Hanson et al. [3] for the Sacramento
Valley. However, the average Ka value was about the same as what was found by Kuslu et al. [39].

3.5. Soil Salinity and Water Availability Features

It is well-known that salinity associated problems are a major challenge for global food production,
with particularly critical impact in the low desert region. Applications of excess water to control soil
root zone salinity is an important agricultural practice for these regions and considered a ‘beneficial use’
of water, since soils and crop production can only be sustained by controlling salinity. Buildup of
salinity might be considered a serious concern and likely a key limitation for any reduced water
demand strategies in the region. Therefore, it is important to understand the impact of deficit irrigation
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on potential soil salinity buildup and soil water balances, vis-à-vis evapotranspiration and devising
optimal irrigation management.

Spatially interpolated map of EMv at sites A1, A2, and A4 in late October of 2019, just before
all deficit irrigated plots were switched to normal farmer irrigation practice after the 1.5-year study,
is shown in Figure 9. The entire surveyed areas that were affected by the different irrigation
strategies at these sites exhibited small EMv measurements (11.13–174.57 mS m−1 or 0.11–1.17 dS m−1).
These measurements approximate the differences in EM values (which is affected by salinity, texture,
and moisture) in approximately the top 1.2 m of soil. Inconsequential differences were observed
among EMv values of the plots treated with different irrigation strategies. However, we should point
out that these were moderate deficit treatments, and more severe deficits might cause greater excess
salinity buildup.

Figure 9. Spatial distribution of ancillary variable EMv (electromagnetic induction measurement in the
vertical coil orientation) at sites (A1), (A2), and (A4). 100 m S m−1 is equal 1 dS m−1.

In this study, the mean ECe at the effective crop root zone (30–120 cm), across the experimental
sites in late October 2019, demonstrated that deficit irrigation strategies had some impacts on the soil
salinity (Figure 10), however, these values were always in the ‘acceptable’ range for alfalfa. A higher
level of ECe values were observed in plots under irrigation strategy DI1, in comparison to plots under
irrigation strategies NI and DI2, at sites A1 and A2 (furrow irrigated alfalfa fields). For instance,
the mean ECe at site A2 was 2.2 dS m−1 and 4.2 dS m−1 at 60 and 90 cm soil depths, respectively,

17



Agronomy 2020, 10, 1640

in irrigation strategy DI1. However, the values were 1.47 and 1.76 dS m−1 in irrigation strategy NI,
and were 1.45 and 2.2 dS m−1 in irrigation strategy DI2, at the corresponding depths, respectively.

Figure 10. Whole-soil profile representations of mean ECe (electrical conductivity of the saturation
extract) distribution of observed values in different irrigation strategies at four experimental sites.
The complete data (collected in late October 2019) from the six soil core sampling locations in plots
under different irrigation strategies at each site were used to plot ECe.

3.6. Alfalfa Yield Responses

Alfalfa dry matter values for eight seasonal cuttings 2019 (Y1) and the first three cuttings for 2020
(Y2) under each irrigation strategies of all experimental sites are illustrated in Figure 11. The results
indicated that the first four cuttings were the most productive for all sites in 2019. For instance,
mean DM yield at site A2 from irrigation strategy NI were 4.7, 4.0, 4.7, and 3.9 Mg ha−1 for first, second,
third, and fourth cuttings, respectively. For sites A1, A2, and A4, mean DM values for the first three
cuttings in 2020 were lower than the corresponding DM values in 2019. At site A3, alfalfa DM yields
were relatively lower than the other sites over the first three cuttings of the 2019 season.

Alfalfa mean DM yields from the 5th to 7th cuttings in 2019 were much lower than the first four
cuttings even under full irrigation practices. Yields in late summer were moderately affected by deficit
irrigation strategies. For example, yield reduction at site A1 from cuttings 5, 6, and 7 in irrigation
strategy DI1, compared to irrigation strategy NI were 0.3, 0.8, and 0.6 Mg ha−1, respectively (Figure 11).
The reduction in DM yield was 0.5 Mg ha−1 for cutting 6 and was 0.4 Mg ha−1 for cutting 7 in irrigation
strategy DI2. Yields summed over the 11 cuttings, over 1.5 years, were reduced from 0.7% to 4.6%
(0.3 to 1.7 Mg ha−1) by the deficit irrigation practices at the four sites.
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Figure 11. Mean dry matter (DM) yields of each irrigation strategy (NI, DI1–DI4) at the experimental
sites (A1–A4) for eight cuttings in the season 2019 (Cu1-Y1 to Cut8-Y1) and three cuttings in the season
2020 (Cut1-Y2 to Cut3-Y2). The bars demonstrate the standard deviation of DM values.

3.7. Forage Quality

There was a trend for a small improvement in forage quality due to the deficit irrigation strategies,
but not at all sites (Table 5). A significant reduction in acid detergent fiber was observed in deficit
irrigation strategies DI1 at site A2 and DI2 at site A1, compared to normal irrigation practice (p values
of 0.001 for DI1 at site A2, 0.02 for DI2 at site A1). Significant crude protein increase was also found
from implementing deficit irrigation regimes DI1 at site A2 (p value of 0.04) and DI3 at site A4
(p value of 0.01), but not at other sites. No significant impact was observed on lignin percentage.
The improved forage quality might be attributed to a reduction in stem growth (increase % leaf) under
such irrigation practices. Small improvements in alfalfa forage quality under deficit irrigation regimes
was also reported by other researchers [5,40,41].
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Table 5. Mean forage quality indices (Acid Detergent Fiber (ADF), Crude Protein (CP), and Lignin) of
normal farmer irrigation practices against deficit irrigation strategies. The forage quality data of June
through September 2019 was used for this analysis (t-test).

Site
ADF (%) CP (%) Lignin (%)

NI DI1 DI2 DI3 DI4 NI DI1 DI2 DI3 DI4 NI DI1 DI2 DI3 DI4

A1 29.1 28.9 ns 27.8 * - - 21.0 20.7 ns 20.8 ns - - 5.2 5.1 ns 5.2 ns - -
A2 31.2 26.4 * 28.2 ns - - 19.6 22.5 * 21.2 ns - - 5.2 5.1 ns 5.1 ns - -
A3 27.6 - - 25.7 ns 27.5 ns 18.3 - - 19.4 ns 18.4 ns 4.5 - - 4.6 ns 4.7 ns

A4 31.2 - - 26.5 ns 30.0 ns 17.6 - - 20.6 * 18.3 ns 5.1 - - 4.9 ns 5.0 ns

ns Non-significant. * Significant at the 5% level of probability.

3.8. Water Conservation Versus Yield Reduction

Deficit strategies with alfalfa are primarily feasible due to the seasonal yield patterns of the crop,
with heavy yields during early season, and very light yields in late summer. Approximately 73–74% of
total alfalfa seasonal yield productivity at the experimental sites occurred by mid-July (20 July 2019),
right before starting summer deficit irrigation strategies (Figure 12). This finding is similar to results
from research reported for the Sacramento Valley of California [5,39]. The deficit irrigation strategies
could affect the 5th through 7th cuttings, while only 21–22% of the annual DM yield was produced
during this period.

Figure 12. Cumulative alfalfa yield percentage over the growing season 2019 at the experimental sites
(A1–A4). Results are provided for the normal irrigation practices at each site.

A significant DM reduction was observed in deficit irrigation strategies DI1 and DI2, compared to
normal irrigation practice at site A2 (p value of 0.0004 for DI1 and 0.002 for DI2). There was also a
significant yield reduction in deficit irrigation DI1 at site A1 (p value of 0.0005) (Table 6). No significant
DM reduction was affected by deficit irrigation regimes DI3 and DI4 at sites A3 and A4; and deficit
irrigation DI2 at site A2. The findings suggest an average of 1.7 Mg ha−1 and 1.0 Mg ha−1 dry matter
yield reduction in deficit irrigation strategies DI1 and DI2 at sites A1 and A2, respectively (Table 6).
The average DM yield reduction at sites A3 and A4 was nearly 1.0 Mg ha−1 in deficit irrigation strategy
DI3 and 0.4 Mg ha−1 in deficit irrigation strategy DI4.

The total amount of conserved water across the experimental sites varied from 83 mm (3.0%) at
site A3 to 314 mm (10.5%) at site A1, relative to what was used under seasonal water applied in normal
irrigation practice. Summer deficit irrigation strategies enhanced the IWP values, but not the ETWP
values (Table 7). For instance, irrigation strategies DI1 and DI2 at site A2 improved the IWP value
by 0.5 and 0.4 kg ha−1 mm−1, respectively, compared to the irrigation strategy NI (with an IWP of
8.9 kg ha−1 mm−1).
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Table 6. The total mean dry matter yield (Mg ha−1) for different irrigation management strategies and
total mean dry matter yield in normal irrigation practice at the experimental sites (18-month period).
The significance of independent t-tests is provided.

Site Normal Irrigation Practice (NI)
Deficit Irrigation Strategy

DI1 DI2 DI3 DI4

A1 36.2 34.6 * 35.4 ns - -
A2 36.6 35.0 * 35.5 * - -
A3 33.5 - - 32.6 ns 33.1 ns

A4 34.3 - - 33.2 ns 34.0 ns

ns Non-significant. * Significant at the 5% level of probability.

Table 7. The irrigation water productivity (IWP) and actual evapotranspiration (ET) water productivity
(ETWP) values in different irrigation strategies (NI, DI1–DI4) at each of the experimental sites (A1–A4).

Site Irrigation Strategy
IWP

(kg ha−1 mm−1)
ETWP

(kg ha−1 mm−1)

A1
NI 8.9 16.6
DI1 9.3 16.1
DI2 9.3 16.4

A2
NI 8.9 16.4
DI1 9.4 16.1
DI2 9.3 16.3

A3
NI 8.4 16.1
DI3 8.6 15.8
DI4 8.6 16.1

A4
NI 8.0 15.9
DI3 8.3 15.6
DI4 8.2 15.9

4. Discussion

Alfalfa was historically reported to be a moderately sensitive crop to salinity, with estimated yield
declines above a saturated soil extract (ECe) of 2.0 dS m−1 [42]. However, more recent reports and
experiments in California confirmed that alfalfa has a much higher tolerance of salinity. Field and
greenhouse experiments estimated tolerance of alfalfa varieties up to approximately 6.0 ECe or
higher [43]. The findings from this study suggest that the proposed deficit irrigation strategies might
cause salt accumulation at the crop root zone (particularly for furrow irrigated alfalfa fields) and
this practice might elevate soil salinity class from a non-saline soil (0–2 dS m−1) to slightly saline
(2–4 dS m−1) condition. Soil salinity can be managed by switching to farmer irrigation practices in
early fall (mid- to late-October), with no need for the excessive water to leach salts.

The deliberate re-filling of the soil profile with irrigation water after implementing summer deficits
should be considered, both in terms of water availability, salinity management, and water-use policy.
The continuous soil moisture readings in this study verified that there was insignificant soil moisture
depletion from deficit irrigations to require some recharge (Figures 4 and 5). As can be seen from the
soil water tension data plots, the average soil water tension was kept constant at about 88 kPa, at the
top 30 cm, and maintained at about 15 kPa, for the 45–120 cm soil depth. Consequently, farmers might
confidently refill the soil profile after implementing summer deficit irrigation strategies and switching
to their normal irrigation practices with little excessive water needs in the fall.

At sites A1–A4, the total mean annual DM yield in irrigation strategy NI for 2019 was 26.2, 26.5,
23.2, and 25.0 Mg ha−1, respectively (Figure 11). These alfalfa yield values from the long-seasoned low
desert sites are generally higher than the average alfalfa yield in California, which ranges from 14.6 to
16.1 Mg ha−1, and a thirty-year (1984–2013) statewide average yield of 15.3 Mg ha−1 [44]. Dry matter
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yields of 11.2 Mg ha−1 was reported in an earlier deficit study that imposed severe water deficits,
restricting applications to 1,249 mm seasonal water use in the Imperial Valley [3].

Alfalfa plant stand evaluation conducted on 18 February 2020 showed no significant differences in
the plant population between the deficit irrigation strategies and normal irrigation practices, suggesting
that there is no evidence of losing the alfalfa plant density from the implemented deficit irrigation
strategies. For instance, plant population per hectare at site A1 was estimated to be 103 × 106, 105 × 106,
and 102× 106 in the plots under irrigation strategies NI, DI1, and DI2, respectively. Additionally, no yield
reduction was observed from the summer deficit irrigation strategies within the first three harvest
cuttings of the 2020 season (Figure 10), indicating a full recovery of the crop upon re-watering.

None of the deficit irrigation strategies produced severe water or salinity stress at the experimental
sites. Soil water availability in non-sandy soils (sites A1–A3) was retained at a desired level during
and after summer irrigation strategies. At site A4 (sandy loam soil), the residual soil moisture below
the depth of 45 cm was consistent at a non-stressed level, and supplied enough water for alfalfa,
suggesting that this might be a primary reason why there was only a small reduction in total ETa

of deficit irrigated plots. The maximum ETa reduction (54 mm) was observed in irrigation strategy
DI1 at site A2, when compared with strategy NI. The findings revealed that ETa was not directly
reduced in relation to the level of reduction in applied water. This might be part of the reason why
no improvement was gained in the ETWP values from moderate deficit irrigation strategies. Further
measurement is necessary to provide a more solid conclusion on the impact of the deficit irrigation
strategies on ETa. Overall, the ETWP values computed for the normal farmer irrigation practices and
deficit irrigation trials at the experimental sites (an average of 16.1 kg ha−1 mm−1) were as high as the
values predicted by Montazar et al. [45] for alfalfa fields, under subsurface drip irrigation in the low
desert of California.

Imposition of summer water deficits is likely to result in yield reductions, a finding that was
similar to other researches [3–7,17]. The findings suggest that conserving 0.083–0.314 (ha.m) ha−1 water
through summer deficit irrigation strategies might result in 0.3–1.7 Mg ha−1 yield loss in California’s
low desert alfalfa production system. Therefore, while insignificant yield reduction is unpreventable,
the proposed management strategies could serve as an effective water conservation tool. The hay
yield reduction might be a consequence of reduced water distribution uniformity caused by the deficit
irrigation regimes. Large-scale farming systems in the low desert, along with the use of surface
irrigation methods, resulted in lower water distribution uniformity values (over time and space) with
deficit irrigation strategies. Results expected from these deficit irrigation strategies would likely be
more favorable in more efficient irrigation systems such as subsurface drip irrigation systems or
advanced overhead sprinkler systems.

The practice of filling the soil profile so that it holds as much water as possible would be an
effective early-season alfalfa irrigation strategy. Such practice might allow alfalfa to take full advantage
of the available water and promote its rapid, early season growth, when the yield potential was
highest, and when soil and water temperatures were not likely to be high enough to stress the crop
and limit crop productivity. Consequently, combining full irrigation in winter-spring with moderate
deficit irrigation during summer could be an efficient approach in conserving water than continuously
irrigating (or over irrigating) for the entire season.

5. Conclusions

This study aimed at assessing the effectiveness of moderate deficit irrigation strategies during
summer harvest cycles (less applied water than normal farmers’ irrigation practices) on conserving
water and maintaining a robust hay production.

The proposed deficit irrigation strategies conducted showed a promising and decent
amount of water conservation and simultaneously generated desirable hay yields and quality.
However, yield penalties of this practice must be considered. These moderate deficit irrigation
practices resulted in an average of 1.47 Mg ha−1 and 0.31 Mg ha−1 hay yield reduction, but used
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33% (≈0.31 (ha.m) ha−1) and 12.5% less applied-water than normal farmer practice over the summer
(≈0.10 (ha.m) ha−1), respectively.

Several cautionary notes need to be considered with the data reported and the analysis provided
in this study:

• The ET and crop coefficient values reported herein are referred to as observed or actual values,
which are limited by water deficits and salinity, and the ‘dry down’ required for frequent harvests.
The maximum crop ET (ETc) is limited only by energy availability to vaporize water and not soil
hydrology or salinity, or droughts imposed by harvest scheduling. Imposed stress, such as this,
is common to almost all alfalfa growing regions.

• Although stand density under desert conditions decays more rapidly than other locations,
there were negligible differences between different deficit irrigation strategies and normal farmers’
irrigation practices in this study after one year of water deficits. However, it is uncertain whether
multiple years of summer irrigation strategies might threaten the long-term viability of the crop
stand and yields.

• Although, it might be unlikely to prevent salinity buildup due to summer water deficits,
salinity issues are likely to be managed through irrigation practices that flush salts in the months
after implementing deficit irrigations. Continuous monitoring of soil salinity is recommended to
ensure flushing/leaching salts out of root zone over multiple deficit irrigation seasons.

• The importance of re-filling of the soil profile with water, in the year after implementing summer
irrigation strategies, need to be considered both in terms of water availability, crop production,
and policy. Such practices might enable shifting water demand to water-rich time periods in
early spring. This practice would benefit both early season growth and salinity management in
subsequent years. In this study, continuous soil moisture readings verified that soil moisture was
insignificantly depleted in the deficit irrigation fields. However, data from multiple irrigation
seasons are required to fully certify this conclusion.

• Implementation of the proposed summer deficit irrigation strategies on alfalfa could provide a
reliable source of seasonally available water as well as sustain the economic viability of agriculture
in the region. These strategies might be sustainable as an effective water conservation tool if such
measures provide adequate economic incentives to the participating farmers. Incentive programs
to farmers must offset the risk of implementing the proposed practices (even trivial production
loss), as a tool for adopting water conservation practices.
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Abstract: This article identifies irrigated row-crop farmer factors associated with the adoption
of water-conserving practices. The analysis is performed on data from a survey of irrigators in
Mississippi. Regression results show that the amount of irrigated area, years of education, perception
of a groundwater problem, and participation in conservation programs are positively associated with
practice adoption; while number of years farming, growing rice, and pumping cost are negatively
associated with adoption. However, not all factors are statistically significant for all practices. Survey
results indicate that only a third of growers are aware of groundwater problems at the farm or state
level; and this lack of awareness is related to whether farmers noticed a change in the depth to water
distance in their irrigation wells. This evidence is consistent with a report to Congress from the
Government Accountability Office (GAO) that recommends policies promoting the use of: (1) more
efficient irrigation technology and practices and (2) precision agriculture technologies, such as soil
moisture sensors and irrigation automation.

Keywords: irrigation; groundwater; alluvial aquifer; water conservation adoption; row crops;
Mississippi Delta; precision agriculture; Lower Mississippi River Valley

1. Introduction

The Mississippi River Valley Alluvial Aquifer (MRVAA) sustains irrigated agriculture in the
Mississippi Delta. Almost 22,000 permitted wells [1] withdrawing more than 370 million m3 of water
per year [2] continue to reduce the stock of groundwater available in the MRVAA at an unsustainable
rate [3]. A shortage of irrigation water would be a critical challenge to agricultural production in
the region [4]. To address this threat, researchers, regulators, and conservation agencies promote the
adoption of water-conserving practices in irrigated agriculture. However, little is known about what
drives growers in Mississippi to adopt water conservation practices that improve irrigation efficiency.

Profitability is a primary concern in any sustainable enterprise. Hence, farmers would adopt
new practices that result in higher profits or reduced risks. However, profitable practices are not
universally adopted; which suggests there are other factors related to the farmers and their ecosystem
that influence their choice of agricultural practices. This implies that the combination of practices
adopted and the factors that influence their adoption vary by practice and location [4]. In some cases,
factors such as farmer age or the practicality of the technology are more important than monetary
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factors [5]. Recent literature identifies factors likely to be associated with the adoption of certain
water management and conservation practices at the state (for example, Nian et al. [4] for Arkansas)
and national level [6]. However, no recent study examines the factors driving conservation practice
adoption in Mississippi.

This article describes water conservation practices that have the potential to profitably reduce the
rate of depletion of the MRVAA and identifies social, economic, and environmental factors associated
with the adoption of those practices among irrigators in Mississippi. The adoption of conservation
practices and farmer characteristics are identified from a comprehensive survey of irrigators in
Mississippi that achieved 148 valid responses. A choice model estimated using probit regression
on the dataset identifies which factors have a statistically significant association with each of the
practices considered.

The predominant irrigation method in the Delta region of Mississippi is continuous flow furrow
irrigation [7] on row-crops. This is a modified gravity irrigation system that employs pipes with
holes aligned to deliver the flow of water on the furrows. The system is better suited to the relatively
flat Delta area than it would be for other regions. Elevation goes from 62.5 m above sea level in the
northern tip just south of Memphis, TN, to 24.4 m above sea level at the southern tip in Vicksburg,
MS, while the center of the Delta averages an elevation of 38 m between Greenville and Greenwood.
Furthermore, the fields are often precision leveled, which results in less “pooling of water” on the
fields and more uniform irrigation. Consequently, the baseline case is a relatively inefficient gravity
system in terms of costs and irrigation performance. The conservation practices assessed in this article
are modifications, “add-ons”, or substitutes to this baseline prevalent system.

There is compelling evidence that even minor modifications to existing irrigation and agronomic
practices in the Mid-South USA region can result in noticeable water savings while achieving similar
yields at harvest [7–10]. As anticipated, the practices evaluated in those studies and considered here
are not universally adopted in the area. Despite the expected profitability of adoption, the costs of these
practices occur at the time of adoption while their benefits accrue over time. Consequently, producers
may require generous incentives or returns to the cost of investing in conservation practices to adopt
them [11] or the assurance of witnessing several years of neighboring farmers employing them.

The adoption of conservation practices in the Delta area of Mississippi is partially driven by
regulatory mandate. All wells drilled in the area with a casing diameter of 15 cm or greater are required
to have a permit. The permits must be renewed every five years and require crop producers to file an
Acceptable Agricultural Water Efficiency Practices (AAWEP) form. Irrigators must claim to employ a
high efficiency irrigation system, such as a sprinkler irrigation system; or claim the use or proposed use
of three water conservation practices; see [12] for the permit application and list of acceptable practices.

1.1. Conservation Practices

This article considers practices that show potential to profitably conserve irrigation water,
are accepted in the AAWEP form, and have been adopted by multiple respondents in the 2016
Survey of Mississippi Irrigators. Although many irrigators may decide on adopting several practices
simultaneously, this article analyzes adoption practice by practice in order to maximize the number of
valid observations for each case.

Soil Moisture Sensors (SMS) are used in irrigation event decision scheduling to prevent
yield-limiting water deficit stress on a given crop. SMS gives producers the knowledge of the moisture
within the soil profile to make informed and confident irrigation initiation and termination decisions [8]
that typically result in increased irrigation efficiency [7,13].

The simplest and most inexpensive (free) upgrade to the baseline irrigation system is
Computerized Hole Selection (CHS). Instead of punching uniform holes in layflat poly-tubing, CHS
calculates relatively larger holes for parts of the field with long irrigation runs, while shorter parts of
the field receive smaller holes to allow water to uniformly reach the end of the field and minimize
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water runoff [8]. On-farm studies in the Delta area found that CHS achieves water savings of 20 to 25
percent in most situations [14].

“If it can be measured, it can be managed” goes the adage. Pumping flow-meters (meters) are
are an important irrigation water management tool compatible with all irrigation systems. Although
they do not provide an intrinsic ability to conserve water, they are crucial components, for example,
to calculate the optimal size of the holes with CHS [15]. They are also required for cooperator farmers
participating in NRCS conservation contracts.

Surge irrigation (surge) allows fields to be divided in two in order to deliver a higher flow rate
of water to each half. Water surges down one half of the field until the surge valve flips to deliver
water to the other side of the field [8]. The wetting and soaking cycles reduce surface runoff and
deep percolation loss while improving water application efficiency by up to 25 percent on the baseline
systems with improved infiltration rates documented in sealing silt loam soils [16].

On-Farm Water Storage systems (OFWS) are irrigation water storage structures that are typically
designed by NRCS in the Mississippi Delta with the capacity to apply 77 mm of water per hectare
per season and meet irrigation requirements for eight out of 10 years [17]. Depending on seasonal
conditions, storage capacity, and farmed area, these systems can completely substitute groundwater
pumping in some years. NRCS provides technical and financial assistance to producers interested in
building OFWS, but many producers face a high opportunity cost to retire productive land to be used
for water storage.

The Tailwater Recovery System (TWS) collects irrigation and storm water runoff on the farm in a
reservoir (OFWS). TWS increases the amount of water available to irrigation compared to an OFWS
filled only by precipitation. This allows OFWS to occupy a smaller surface area and more hectares to
be farmed. NRCS estimates that TWS by itself can reduce groundwater pumping by 25 percent.

Micro-irrigation (micro) is a low pressure, low volume, frequent application of water directly
to the plant’s root zone [18]. It can increase yields and decrease water use by drastically reducing
non-beneficial evaporation and virtually eliminating irrigation water runoff. Micro-irrigation is rarely
found in the Delta where the soil types and the water quality make the emitters (i.e., nozzles) prone
to clogging.

Center pivot-irrigation (pivot) is a type of irrigation that delivers water through sprinklers that
create artificial precipitation and are attached to a wheel-driven frame that rotates radially (the arm
pivoting on the center). They are highly configurable for a variety of field and crop requirements.
Most center pivot systems in the Delta were installed in the 1980s and designed for cotton [19].
However, the original designs are inappropriate to meet the maximum water demands of corn and
soybeans. Consequently, there is both adoption of and migration away from center pivot irrigation in
the Delta. Similar to micro-irrigation, the soil types and water quality in the Delta present challenges
in the form of nozzle clogging and wheels getting stuck in mud.

Pump timers (timer) are a mechanism to program the time or amount of water at which a pump
is shut-off. As it helps to automatically or remotely turn the pumps off, it conserves the excess water
that might otherwise be pumped, particularly at night [2]. Timers can be employed across irrigation
systems for a variety of crops.

Cover crops (cover) are plants that are typically planted during the off season to cover the soil
rather than for the purpose of being harvested. They can help sustain and improve soil health [20],
microbial populations, and water infiltration, as well as provide benefits in terms of weed control [21].
This is the only conservation practice being analyzed that is not part of AAWEP.

1.2. Factors Affecting Conservation Practices

This article analyzes data from a regional Crop Irrigation Survey that collected 148 valid
observations and include data on farmer practices, perceptions and attitudes, and socio-economic
status. The factors selected are irrigated area in the operation, Groundwater (GW) use in irrigation,
crop choice (rice), number of years farming, years of formal education, whether the farmer perceives a
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GW problem at the farm or state level, average pumping cost in the county of residence, participation
in a conservation program, and annual income levels. These factors obtained a sufficient number of
valid responses in the sample and were mentioned in two recent comprehensive reviews of the
literature [6,22] that identified factors associated with the adoption of agricultural conservation
practices or in a recent study of conservation practice adoption in Arkansas [4].

The empirical analysis consists of testing how these factors correlate with adoption of the
identified practices. The hypotheses with respect to this association are drawn from the existing
literature. Specifically, we draw from a study using similar data in an adjacent area by Nian et al. [4],
a comprehensive review of 102 papers in the agricultural conservation practice adoption literature
by Prokopy et al. [22], and a 129 page Government Accountability Office report to Congress on
Irrigated Agriculture by Pearsons and Morris [6]. In terms of the signs of the regression coefficients,
the hypotheses are as follows:

(a) Irrigated area: positive;
(b) (GW) use: positive;
(c) rice farming: negative (most conservation practices are geared towards row-cropping, so their

adoption appears less likely for rice farmers.);
(d) years farming: negative;
(e) education: positive;
(f) GW problem: positive;
(g) pumping cost: positive;
(h) conservation program: positive;
(i) cracking soils: negative for surge irrigation, undetermined for other practices; and
(j) income: positive.

2. Materials and Methods

2.1. Data

The data were from a survey of irrigators in Mississippi conducted by the Survey Research
Laboratory at the Social Science Research Center at Mississippi State University [23]. A telephone-based
survey secured a total of 148 completed interviews in Mississippi from a total 2216 telephone numbers
acquired (861 were disconnected or inaccessible after 10 attempts) with an overall cooperation rate
of 27.6 percent. The sample is representative of the Delta area of Mississippi with 131 respondents
residing in the area and 3 more in neighboring counties. The survey instrument contained questions
on growers’ characteristics, cultural practices, irrigation management practices, and perceptions and
attitudes regarding groundwater availability.

Except for irrigated area, years of education, and pumping cost, the variables included in the
analysis were coded as categorical or indicator (dummy) variables. The pumping cost is calculated
as [24]:

p = θe ped, (1)

where pe is the price of the energy source for the power unit, d is depth to water used as a proxy for
pumping lift, and θe is the amount of energy from source e needed to lift a cubic meter of water a
distance of one meter. The distance to water was obtained from the U.S. Geological Survey [25] based
on the respondent’s claimed county of residence. Average energy prices were obtained from the U.S.
Energy Information Administration (EIA).

Cracking soils is the percentage of soils with clay content dominated by smectite. Such soils crack
on the surface when a moist soil shrinks due to drying. The data on soil composition is accessible
through the USDA-NRCS Websoil survey [26]. This is an important control variable. For example,
surge irrigation programs are more difficult to manage in this type of soil because the programming of
the alternating cycles is more complicated. The typical program relies on visual cues to switch from
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one side of the field to the next based on the time water takes to reach the tail of the section. In cracking
soils, water infiltrates through the cracks, and actual wetting occurs by 3 or more meters ahead of the
wetting on the surface. The program is still applicable and carries the same water savings potential,
but becomes harder for the farmer to realize.

Number of years of education was calculated based on a question that was originally categorical.
The assigned values were as follows: 10 for less than completed high school, 12 for completed H.S.,
13 for some college or vocational program, 14 for completed Associate’s degree, 16 for completed
Bachelor’s, 18 for completed Master’s, and 20 for more than Master’s. This transformation is helpful
in the estimation and interpretation of regression results with a sample that is small relative to the
number of variables considered.

The variable GW problem is a dummy variable based on the combination of categorical responses
to two different questions in the survey: “In your opinion, do you have a groundwater shortage
problem on your farm?” and “In your opinion, do you have a groundwater shortage problem in your
state?” Lastly, conservation program is a dummy variable based on the combination of responses to
four different questions that would have otherwise yield 19 response categories (see Appendix A).

2.1.1. Choice Model

There are several ways to motivate the empirical strategy. Due to the nature of the survey and
structure of the data, a scenario that allows for irrigators to adopt a single practice or a number of them
simultaneously is needed. Hence, a model of individual practice adoption is adequate. An irrigator i
adopts a water conservation practice w if the grower expects to receive a greater utility from using
the practice (Uiw) than they would not using it (UiNg). The probability of adopting practice w is the
probability that y∗iw = Uiw − UiNg > 0 and depends on a vector of n identified factors Xi. Following
Maddala [27], y∗i is a latent, unobservable variable defined by the regression relationship:

y∗iw = β′Xi + ui (2)

where ui is the error term. The variable that is actually observed is whether a practice is adopted
(y = 1) or not (y = 0).

From these relationships, the probability that any given practice w is adopted can be estimated
using probit with the assumption that ui follows a normal distribution:

Pr(yw = 1) = Pr

(
∑

j
β jwXj > 0

)
= Φ

(
∑

j
β jwXj

)
, (3)

where Φ(·) is the cumulative normal distribution function.
To predict the effect a change in the value of a variable would have on the probability of adopting

a given practice, the marginal effects are calculated as:

∂

∂xik
Φ
(
X′

i β
)
= φ

(
X′

i β
)

βk, (4)

where φ(·) is the normal probability density function. This marginal effect is denoted as dy/dx in
the results.

3. Results and Discussion

3.1. The Sample

The survey instrument contained questions on growers’ characteristics, cultural practices,
irrigation management practices, and perceptions and attitudes regarding groundwater availability.
Table 1 summarizes the information gathered on growers’ land tenure, education, and income.
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Responses were considered to be representative of irrigators operating in the Delta because 88.5
percent of respondents resided in that area and additional respondents lived in neighboring counties.
Cracking soils were present in 83.1 percent of the counties where irrigators claimed residence with an
average of 27.6 percent of soils classified as cracking.

Table 1. Summary statistics of farmer characteristics from an irrigation survey conducted in the
Mississippi Delta in 2016.

Farmer Characteristics N %

Delta 131 88.5
Cracking soil 123 83.1

Avg. percentage 27.6
Operator 31 20.9
Landowner and operator 117 79.1

Education:
Less than high school 5 3.4
Completed high school or GED 23 15.5
Some college 22 14.9
Completed Associate’s 18 12.2
Completed Bachelor’s 66 44.6
Completed Master’s 11 7.4
Beyond Master’s 2 1.4
Agriculture-related 63 42.6

Income per year:
Less than USD50,000 13 8.7
USD50,000 to USD100,000 41 27.7
USD100,000 to USD150,000 17 11.5
USD150,000 to USD200,000 9 6.1
USD200,000 to USD250,000 6 4.1
USD250,000 to USD300,000 5 3.4
More than USD300,000 10 6.8
Unsure or no response 47 31.7

Almost 80 percent of respondents were land-owner operators, and the remaining growers were
operators only. Nearly two-thirds of the farmers completed a post-secondary degree (65.6 percent),
and 42.6 percent of respondents indicated that part of their formal education was related to agriculture.

Growers also identified the range of income they had achieved the previous year. A total of
101 valid responses were recorded with 31.7 percent of respondents refusing to provide an answer
or being unsure with respect to which income bracket they belonged. Amongst the valid responses,
fifty-three-point-five percent of farmers claimed an annual income of less than USD100,000. The median
income in the sample was between USD75,000 and USD100,000 per year.

Income level is expected to be positively correlated with the adoption of conservation
practices [4,6]. Also, the level of farmer education positively influences the adoption of
irrigation-related precision agriculture practices [6].

3.1.1. Farming Practices

Data on growers’ agricultural experience and practices are summarized in Table 2. In terms of
farming experience, respondents represented a wide range of experience, from as little as three years
to as much as 80 years of farming experience. Every measure indicated that these were seasoned
farmers. On average, growers had 28 years of farming experience with a median and mode of 29
and 30 years of experience, respectively. More than 84 percent of farmers had 10 years or more of
farming experience. Approximately two-thirds of the sample were farmers with more than 20 years of
experience. The number of years farming was expected to be negatively associated with the adoption
of agricultural innovations.
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Table 2. Summary statistics of cultural practices.

N % Min Max Mean Std. Deviation

Years farming 148 100 3 80 28.03 14.761

(Min, Max, and Mean in ha)

Irrigated area (ha, all) 148 100.0 0 6070 896 1007

Irrigated crops
Corn 106 71.6 2.02 1821 305 337.7
Cotton 49 33.1 18.1 2833 490 546.7
Rice 41 27.7 32.4 1558 373 407.2
Soybeans 131 88.5 27.1 3804 671 700.2
Cover crop 45 30.4 4.05 1335 - -

Land leveling 124 83.8
Zero grade 26 17.6 2.02 971 177 239.6
Precision grade 116 78.4 3.24 4654 733 848.5
Warped or OptiSurface 33 22.3 10.12 1619 266 385.9
Not leveled 76 51.4 4.05 1714 202 240.3

Conservation programs 111 75
CRP 58 39.2 - - - -
EQIP 87 58.8 - - - -
RCPP 14 9.5 - - - -
CSP 31 20.9 - - - -
NRCS 8 5.4 - - - -
Other 8 5.4 - - - -

Note: CRP is NRCS Conservation Reserve Program; EQIP is NRCS Environmental Quality Incentives Program;
RCPP is NRCS Regional Conservation Partnership Program; CSP is NRCS Conservation Stewardship Program;
NRCS is USDA Natural Resources Conservation Service unspecified program.

The size of the farming operation is an important factor in deciding the adoption of agricultural
practices in general. The average operation involved 896 ha of irrigated farmland with a median of
567 ha and as much as 6070 irrigated ha. More than three-fourths of the responding growers operated
1133 ha or less. Hence, the number of irrigated hectares was expected to be positively correlated with
the adoption of conservation practices.

Crop choice is oftentimes associated with the choice of irrigation technology [28,29]. The largest
number of growers reported producing irrigated soybeans (n = 131), which occupied the largest
cultivated area among the irrigated crops reported: 671 ha on average and as much as 3804 ha.
Irrigated corn was the second most popular crop choice with 106 farmers reporting an average of
305 ha and as much as 1821 ha of irrigated farmland dedicated to that crop. Cotton is a traditional
crop in the Delta region of Mississippi. About a third of the respondents grew cotton with irrigation
dedicating an average of 490 ha and as much as 2833 ha to its production. These are typically row-crops
that employ the same or similar irrigation setups when the fields are prepared for furrow irrigation.

Kebede et al. [2] reported that irrigated rice consumes more water than any other crop in the
region. Growers in this sample reported an average of 373 ha of irrigated rice farmland with as much
as 1558 ha of rice under irrigation. Rice production was expected to be negatively correlated with the
conservation practices considered in this article, which were better suited for row-crop irrigation.

Cover crops are typically not harvested. Consequently, these crops were not considered as part
of crop choices, but rather as a conservation practice in this article. Nearly a third (30.1 percent) of
growers in the sample claimed to plant cover crops. Responses to the survey varied widely in terms of
crop and area matching. Wheat and radishes received the highest reported area of 1335 ha, while the
least was reported for Asian mustard greens (4 ha). The adoption of this practice was tested against
the identified explanatory factors.

Land leveling is a relatively common practice in the area with 84 percent of growers reporting
having at least a part of their fields land-leveled in some way. It is also no surprise that 51.4 percent of
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the participating growers reported that some fields were not leveled because the Delta in Mississippi is
unusually flat. Precision grade was the most common land leveling method with 78 percent of growers
employing it on an average of 733 ha and in up to 4654 ha of their operation.

Awareness and participation in conservation programs were expected to positively influence
the adoption of irrigation water conservation practices [4,6]. Three-fourths of the growers claimed
participation in a conservation program. The program most commonly cited was the NRCS
Environmental Quality Incentives Program (EQIP) with 59 percent participation.

3.1.2. Irrigation and Water Conservation Practices

Grower irrigation practices are summarized in Table 3. Groundwater was the principal source of
water for irrigation with 93 percent of respondents identifying it as a source. On average, eight-hundred
eighty-nine hectares were irrigated with groundwater with a maximum of 4856 ha relying on that
source for irrigation. Surface water was also employed for irrigation including streams and bayous,
which are the source for 178 ha on average. The surface sources can also be complemented with
OFWS, 11.5 percent of responses, and TWS in 14.2 percent of responses. Some growers built OFWS
and TWS capable of fully supplying the irrigation water needs for some of their fields. Producers
relying on groundwater from a depletable aquifer were expected to be more inclined to adopt water
conservation practices.

The predominant irrigation practice was furrow irrigation for row-crops, which was employed by
86 percent of respondents on an average of 823 ha. Practices that improve the performance of furrow
irrigation are deep tilling, employed by 71 percent of the respondents, computerized hole selection
(CHS), adopted by 59 percent of growers, and surge irrigation, adopted by 24 percent of farmers
in the sample. The last two are considered water-conserving practices for which we sought to find
determining adoption factors. Irrigation systems with higher application efficiency are also considered
water conservation practices. Micro irrigation was very rare with only 3.4 percent of respondents
employing it on an average of 65 ha; while center pivot sprinkler use was more widespread with 60
percent of respondents having used it on an average of 370 ha.

Irrigation scheduling is a crucial component of irrigation water management. The use of Soil
Moisture Sensors (SMS) for scheduling has the potential to save as much as 50 percent of total water
applied [30]. Agronomic studies in the area showed that SMS could help improve water use efficiency
in furrow irrigated soybeans [7] and corn [10] by reducing water use without reductions in yields
when compared to conventional farmer-managed scheduling.

Flow-meters at the irrigation wells are another important management tool. Nearly 70 percent of
participant growers owned them. A voluntary metering program in Mississippi encourages their use,
and participation in NRCS incentive programs makes participation in that program mandatory for
their cooperators. Another pump accessory is the pump timer, which allows the irrigation events to
be started or stopped automatically. Almost 44 percent of respondents employed pump timers on an
average of 11 pumps.

Finally, the energy source for the pump power units varied with most growers having more than
one type of energy source. Electricity was the most common energy source with 85 percent of farmers
claiming it. Diesel was the second most common source with almost 80 percent of respondents using
it. The energy source mix is important in calculating irrigation pumping costs. The average cost of
pumping was estimated at USD 0.0538 per megaliter.
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Table 3. Summary statistics of irrigation practices.

N % Min (ha) Max (ha) Mean (ha) Std. Dev.

Irrigation by source of water
Groundwater 137 92.6 2.83 4856 889 909
Stream or bayou 39 26.4 7.69 599 178 142
Stream or bayou and OFWS 17 11.5 2.02 977 182 253
Stream or bayou and TWS 21 14.2 16.2 707 178 185
No outside source w/OFWS/TWS 16 10.8 4.45 304 81 84

Irrigation by practice
Flood (row-crops) 69 46.6 6.07 4047 737 939
Furrow (row-crops) 127 85.8 1.62 4452 823 942
Deep till (furrow) 104 70.7 1.62 2428 512 522
Computerized hole selection 87 58.8 1.62 3462 734 706
Surge 35 23.6 12.1 607 140 146
Border (row-crops) 26 17.6 10.1 769 158 274
Micro (row-crops) 5 3.4 2.02 223 65 106
Pivot (row-crops) 88 59.5 2.43 2428 370 391

Irrigation scheduling
Soil moisture sensors 72 48.6 0.4 6070 554 1027
Visual crop stress 103 69.6 - - - -
Computerized scheduling 5 3.4 80.9 243 146 102
Routine 29 19.6 - - - -
Probe/feel 27 18.2 - - - -
ET or Atmometer 4 2.7 0 202 99 84
Watch other farmer 6 4.1 - - - -

Min (units) Max (units) Mean (units) Std. Dev.

Irrigation pumps 146 98.6 1 120 21 24.0
Pump timers 65 43.9 1 90 11 16.6
Flow-meters 103 69.6 1 46 8 7.9

Power unit
Electric 126 85.1 1 80 11 14.8
Diesel 117 79.1 1 85 13 14.0
Propane 24 16.2 1 45 7 9.3
Natural gas 3 2.0 1 5 3 2.0

Pumping cost (USD/ML) 94 - 0.02 0.088 0.054 0.022

Note: OFWS is On-Farm Water Storage; TWS is Tailwater Recovery System.

3.1.3. Grower Perceptions and Attitudes

The data collected on farmer perceptions and attitudes towards groundwater availability issues
are summarized in Table 4. Less than one-third of growers observed a change in their wells’ depth to
water while over two-thirds of respondents indicated they perceived there was not a problem with the
groundwater supply at their farm or in the state. A test of independence in these responses indicated
that they had a statistically significant dependence: those who perceived there had been a change in
their wells depth to water were more likely to believe there was a groundwater problem in their farm
or at the state level.

The U.S. Geological Survey (USGS) has recently published a map of the Potentiometric Surface
of the Mississippi River Valley Alluvial Aquifer for the Spring 2016 [25] that shows the location and
gradient of the aquifer’s cone of depression. A cross-tabulation of farmer perceptions and their location
in the center of the cone of depression is presented in Table 5. A Pearson test of independence of the
responses showed evidence that farmers located in the cone of depression were more likely to observe
a change in their well levels and think there was a groundwater problem at the farm or state level.
Half of those located in the center of the cone of depression believed there was a groundwater problem
as opposed to 29 percent amongst those located outside that area. Similarly, forty-six percent of those
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in the cone of depression area observed a change in the depth-to-water in their wells while only 26
percent of those outside the area noticed such a change.

Table 4. Summary statistics of farmer perceptions and attitudes.

Thinks There Is a GW Problem

Frequency No Yes Total

Well Depth to Water:
No change 60 24 84
Increased 9 11 20
Decreased 12 13 25
Do not know 16 2 18
Refused 1 0 1
Total 98 50 148

Percentage No Yes Total

Change in Depth to Water:
No/cannot tell 51 17 68.9
Changed 14 16 30.4
Refused 1 0 0.7
Total 66.2 33.8 100

Pearson χ2
4 = 13.4 with Pr = 0.009.

Note: GW is Groundwater.

Table 5. Aquifer “cone of depression” and farmer perceptions and attitudes.

Cone of Depression

Percentages No Yes Total

Depth to Water:
No change 56 14 69
Changed 20 11 31
Total 76 24 100

Pearson χ2
1 = 4.3 with Pr = 0.038

Groundwater Problem:
No 54 12 66
Yes 22 12 34
Total 76 24 100

Pearson χ2
1 = 5.6 with Pr = 0.018.

3.2. Probit Regression Analysis

The estimated models of practice adoption fit the data relatively well with pseudo-R2

(McFadden’s) ranging between 0.156 to 0.545. Except for micro-irrigation (only five adopters),
the conservation practices being analyzed had at least one factor with a statistically significant
coefficient. The probit regression coefficients are detailed in Table 6 for all factors except cracking soils
and income, which are detailed in Table 7.

Tailwater Recovery System (TWS) adoption was positively and significantly influenced by the
farmers perception that a groundwater problem existed (GW prob.). The marginal effect (dy/dx)
indicated that a producer who becomes aware of the groundwater problems in the Delta area would
be associated with a 25 percent higher likelihood of adopting TWS. The data indicated that farmers
who do not use groundwater for irrigation have not adopted TWS.

For OFWS, the number of irrigated hectares under operation (Irr.area) was positively and
significantly associated with the adoption of OFWS. The calculated marginal effect indicated that
for an additional 40 hectares of farmed land, the probability of a farmer adopting OFWS was 0.8
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percent higher. The data indicated that farmers who did not use groundwater for irrigation have not
adopted OFWS.

Table 6. Results from probit regressions (coefficients by income level in Table 7). Irr, Irrigation.

Irr. Area GW Use Rice Years Farm Educ. GW Prob. P. Cost Cons.pr.

TWS 0.0001 (a) −0.398 0.009 0.177 0.857 ** 0.464 0.691
s.e. (0.0001) (0.435) (0.015) (0.132) (0.448) (1.052) (0.588)
dy/dx 0.00003 −0.115 0.003 0.051 0.25 ** 0.134 0.199
McFadden’s R2 = 0.228

OFWS 0.0003 ** (a) −0.007 0.027 0.214 0.779 1.45 0.186
s.e. (0.005) (0.507) (0.018) (0.159) (0.54) (1.18) (0.67)
dy/dx 0.00008 *** −0.002 0.006 0.052 0.189 0.353 0.045
McFadden’s R2 = 0.324

CHS 0.0002 * 0.59 −0.176 −0.01 0.153 1.13 ** −0.58 −0.24
s.e. (0.0001) (1.11) (0.49) (0.015) (0.124) (0.51) (1.03) (0.495)
dy/dx 0.00005 * 0.16 −0.048 −0.003 0.041 0.30 ** −0.157 −0.065
McFadden’s R2 = 0.271

Surge 0.00007 (a) −0.516 −0.019 0.258 1.172 * −2.462 ** 0.735
s.e. (0.00011) (0.508) (0.017) (0.151) (0.601) (1.23) (0.76)
dy/dx 0.00002 −0.116 −0.004 0.058 ** 0.26 ** −0.55 ** 0.165
McFadden’s R2 = 0.362

SMS 0.0009 ** (a) −2.72 ** −0.016 0.03 -0.81 −1.1 2.45 **
s.e. (0.0003) (0.94) (0.019) (0.168) (0.9) (1.31) (1.06)
dy/dx 0.0002 *** −0.5 *** −0.003 0.005 −0.15 −0.204 0.45 **
McFadden’s R2 = 0.545

Micro −0.00003 (a) (b) 0.02 0.47 (b) −4.42 (a)
s.e. (0.0004) (0.05) (0.63) (10.6)
dy/dx 0.0003 0.009 −0.074
McFadden’s R2 = 0.464

Pivot 0.0001 (a) −0.622 0.0005 0.24 * −0.028 1.28 −0.29
s.e. (0.0001) (0.471) (0.015) (0.13) (0.48) (1.08) (0.58)
dy/dx 0.00003 −0.18 0.001 0.068 ** −0.0087 0.363 −0.083
McFadden’s R2 = 0.156

Timer 0.0003 ** (a) −0.84 0.003 −0.14 1.67 ** −0.43 (b)
s.e. (0.0001) (0.52) (0.016) (0.13) (0.54) (1.23)
dy/dx 0.00006 ** −0.2 * 0.001 −0.034 0.41 *** −0.1
McFadden’s R2 = 0.355

Flow-meter 0.0005 ** 0.181 −0.43 0.017 0.167 0.932 −0.56 0.33
s.e. (0.0003) (1.15) (0.61) (0.016) (0.143) (0.67) (1.26) (0.56)
dy/dx 0.0001 ** 0.037 −0.09 0.004 0.034 0.19 −0.12 0.068
McFadden’s R2 = 0.34

Cover 0.0001 −0.76 0.43 −0.04 ** 0.068 −0.44 −0.015 0.78
s.e. (0.0001) (1.55) (0.47) (0.018) (0.125) (0.50) (0.96) (0.59)
dy/dx 0.00003 −0.21 0.12 −0.011 ** 0.02 −0.12 −0.004 0.22
McFadden’s R2 = 0.21

Note: Educ. is years of formal education; GW Prob. is an indicator variable for perception of a groundwater problem
at the farm or state level; P. Cost is the cost of pumping; and Cons. pr. is participation in a conservation program.
Standard errors are in parentheses. *,**,***: significant at p < 0.1, p < 0.05, p < 0.01, respectively. (a) negative cases
predict failure; (b) positive cases predict failure.

Computerized Hole Selection (CHS) was positively and significantly associated with the number
of irrigated hectares, the perception of the existence of a groundwater problem, and having an income
between $100,000 and $150,000. The marginal effects indicated a 0.5 percent higher probability of
CHS adoption for an additional 40 ha of land irrigated, and the probability of adoption increased by
30 percent when a farmer realized there was a groundwater problem at the farm or state level.
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Table 7. Results from probit regressions (continued) on “cracking” soils and income levels.

Cracking 50 k to 100 k 100 k to 150 k 150 k to 200 k 200 k to 250 k 250 k to 300 k ≥300 k

TWS 0.18 −0.49 −0.5 −1.195 0.302 (dropped) 0.604
s.e. (0.02) (0.6) (0.637) (1.02) (1.063) (1.185)

dy/dx 0.005 -0.14 −0.144 −0.345 0.087 0.174

OFWS −0.008 −1.021 −0.7 (dropped) 0.615 (dropped) 0.186
s.e. (0.03) (0.684) (0.676) (1.33) (0.671)

dy/dx −0.002 −0.248 −0.17 0.15 0.045

CHS 0.035 0.611 1.325 * 0.59 0.273 0.613 1.33
s.e. (0.02) (0.625) (0.694) (0.878) (1.05) (1.25) (1.24)

dy/dx 0.009 0.165 0.358 ** 0.159 0.074 0.166 0.359

Surge 0.028 −1.26 * −0.241 0.66 (dropped) (dropped) 1.44
s.e. (0.03) (0.766) (0.669) (0.963) (1.165)

dy/dx 0.006 −0.28 * −0.05 0.148 0.324

SMS 0.014 0.99 2.48 ** −0.496 0.258 −0.019 −1.38
s.e. (0.03) (0.95) (1.06) (0.982) (1.091) (1.26) (2.0)

dy/dx 0.003 0.183 0.458 ** −0.092 0.048 −0.004 −0.255

Micro −0.052 (dropped) (dropped) (dropped) (dropped) (dropped) (dropped)
s.e. (0.06)

dy/dx -0.001

Pivot 0.021 −0.45 −0.49 −0.365 (b) 0.548 (a)
s.e. (0.02) (0.64) (0.64) (0.927) (1.183)

dy/dx 0.06 −0.13 −0.14 −0.1 0.156

Timer 0.046 −0.486 −0.129 0.421 −0.028 (c) (c)
s.e. (0.029) (0.711) (0.78) (0.9) (1.03)

dy/dx 0.01 −0.12 −0.03 0.1 −0.01

Flow meter 0.03 −0.88 0.09 −1.15 (c) (c) (c)
s.e. (0.03) (0.78) (0.87) (1.07)

dy/dx 0.005 −0.18 0.02 −0.24

Cover −0.003 0.15 0.55 0.36 1.97 * 0.57 1.23
s.e. (0.019) (0.68) (0.68) (0.94) (1.06) (1.15) (1.16)

dy/dx −0.001 0.041 0.155 0.1 0.554 ** 0.16 0.34

Note: base income is $50,000 or less; k represents thousands of dollars. Standard errors are in parentheses. *,**:
significant at p < 0.1, p < 0.05, respectively. (a) negative cases predict failure; (b) positive cases predict failure; (c)
positive cases predict success.

The adoption of surge irrigation (surge) was positively and significantly associated with the
perception of the existence of a groundwater problem and negatively by the pumping cost. The negative
influence of the pumping cost variable was a departure from the hypothesized relations in the GAO
report. Because this variable is a combination of various data with a fundamental rooting in the county
of residence claimed by the farmer, there may be confounding of factors, the identification of which is
beyond the scope of this study. However, the result was driven in part by the fact that nobody claiming
to reside in the cone of depression (highest pumping cost) used surge irrigation. Surge irrigation is
harder to manage in the cracking clays that are a common soil type in that area , but this effect did
not appear statistically significant in this regression. The marginal effect calculations suggested that
the probability of adoption of surge increased by 0.2 percent for an additional 40 hectares of irrigated
land added to the operation, but an increase of one percent in the cost of pumping would decrease the
adoption probability by 0.55 percent. The data indicated that farmers who do not use groundwater for
irrigation have not adopted surge.

The use of SMS was significantly associated with irrigated area (positive at five percent), rice
production (negative at five percent), participation in a conservation program (positive at five percent),
and increasing income (from the baseline to the $100 k to $150 k income bracket, positive at five percent).
The estimates suggested that an increase of 40 hectares in irrigated land would result in a two percent
higher probability of adopting SMS; the choice of growing rice would reduce that probability by 50
percent, and the participation in a conservation program would add 45 percent to the SMS adoption
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probability. The data indicated that farmers who do not use groundwater for irrigation have not
adopted SMS.

With respect to micro-irrigation, the probit regressions did not find statistically significant effects.
This may be due in part to the relatively few respondents who claimed to practice it. For center pivot
irrigation, however, there was enough variability to show a statistically significant and positive effect
of the number of years of farmer formal education. For every additional year of formal education
completed, the farmer was 0.68 percent more likely to adopt center pivot irrigation. The data indicated
that farmers who do not use groundwater for irrigation have not adopted center pivot.

The adoption of a pump timer was positively and significantly associated with the number of
irrigated hectares and the perception that a groundwater problem existed at the farm or state level.
An additional 40 hectares or irrigated land was associated with a 0.6 percent higher probability of
adoption, and the realization that a problem with groundwater stock existed in the state implied a 41
percent higher probability of employing a pump timer. All farmers in the sample with incomes above
$250,000 used pump timers.

Flow meter adoption was also positively and significantly associated with the number of irrigated
hectares. An additional 40 hectares or irrigated land were associated with a one percent higher
probability of adoption. All farmers in the sample with incomes above $200,000 used flow meters.

Growing cover crops was negatively and significantly associated with farmer experience as
represented by the number of years farming and positively associated with the $200,000 to $250,000
income bracket. An additional year of farming experience was associated with a 1.1 percent lower
probability of growing cover crops. Since the agronomic benefits of cover crops payoff over a longer
time-horizon, a farmer getting closer to retirement may be less eager to invest in a practice for which
she/he will not see most of the benefits.

In terms of identifying factors that are associated with the adoption of conservation practices,
the results indicated the following: irrigated area (positive), GW use (positive), rice (negative),
years farming (negative), education years (positive), perception of GW problem (positive), pumping
costs (negative), conservation program participation (positive), and income (positive). These results
confirmed the stated hypotheses with respect to factor association except for the effect of pumping
cost, which was expected to have a positive association with the adoption of conservation practices.
It is not clear from the data what drives this result, which is limited to the adoption of surge irrigation
only and does not appear statistically significant for other practices.

4. Discussion

Promoting the adoption of water conservation practices in irrigated agriculture has been a
principal initiative to slow down the decline of the Mississippi River Valley Alluvial Aquifer (MRVAA).
Ongoing agronomic research from scientists at Mississippi State University’s Delta Research and
Extension Center (DREC) and the USDA Agricultural Research Service in Stoneville, MS, continue
to show the potential for these practices to reduce water use while maintaining farm yield and
revenue levels. The Mississippi Department of Environmental Quality and the Yazoo Mississippi
Delta Joint Water Management District require the use of a minimum number of these practices to
issue groundwater well drilling and use permits in the area. Grower associations such as the Delta
Farmers Advocating Resource Management (F.A.R.M.) sponsor and promote the use of these practices
among their members. Financial and technical assistance from USDA Natural Resource Conservation
Service (NRCS) is geared towards minimizing farmer risk exposure associated with the implementation
of these conservation practices. However, little is known about the farmer factors that drive their
decision to adopt any given conservation practice. This article provides insights that help identify and
understand the determinants of conservation practice adoption in the Delta region in Mississippi.

The regression analyses indicated that no single factor consistently predicted the adoption of
every conservation practice, but many factors influence a farmer’s decision to adopt a given practice.
The size of the farming operation is an important factor in deciding the adoption of agricultural
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practices in general. Indeed, it is the factor with the most statistically significant coefficients (positive)
in the regression analyses. From an economic perspective, this may be attributed to the fact that
practices that are marginally beneficial on a per hectare basis may not be worth the managerial cost to
small operations, but could add-up to significant economies of scale for larger operations in which
fixed and overhead costs associated with a practice can be spread over more hectares.

Results from the 2016 Mississippi Irrigation Survey indicated that groundwater is a source for
irrigation for almost 93 percent of growers in the sample. Yet, only a third of the growers think there is
a groundwater problem at the farm or state level. The analysis presented suggests that this lack of
awareness is significantly related to whether the growers observe a change in the depth to water in
their wells or not.

Perception of the existence of a GW problem at the farm or state level was the second most
important factor identified. This is an encouraging finding because the results show a strong influence
of this variable on the probability of the adoption of several adoption practices and because this is,
essentially, an awareness issue. Perception of water quantity issues in regions of high rainfall can be
difficult to overcome. This suggests that additional incentives are necessary to bring those who do not
perceive a problem to the realization that it actually exists.

Increasing producer awareness is a task that fits, for example, the mission of university extension
services, which can aid the communications efforts of federal and state research and regulatory entities
in that regard. Regulatory agencies and universities can work together to have a consistent message
regarding the projection of groundwater in the state and to increase grower awareness of the issue with
a focus on county-based expected changes in wells’ depth-to-water distances. However, such efforts
have been carried out by these organizations, which suggests there is a need for an additional signal to
help convince farmers of the seriousness of the situation.

At nearly 70 percent of respondents, this sample far surpasses the national average of 30 percent
flow-meter use [31]. However, only 10 to 15 percent of permittees report individual water-use every
year. There is promising evidence from areas with mandatory water use reporting that producers
become better informed and more concerned with the health of the aquifer.

For example, growers near Sheridan county in Kansas widely supported a self-imposed Local
Enhancement Management Area to create a five year allocation of groundwater that resulted in a
26 percent reduction in water use [32]. A similar case where the threat of regulation from the state
level induced irrigators to form the Groundwater Subdistrict No. 1 in the San Luis Valley of Colorado
and “formulate a homegrown governance response” that reduced water use by 33 percent in the
district [33].

The survey results in our study indicated that farmers may require stronger signals that the
aquifer problem is real and important. Furthermore, the experience documented in the aforementioned
studies suggested that aquifer problem awareness, resulting largely from individual water use
monitoring, and the threat of top-down regulation can induce more active farmer participation
in water conservation.

Although participation in conservation programs was a statistically significant factor for only
one of the practices (SMS), Figure 1 shows how NRCS expenditures [34] and practice adoption in the
region track similar time trends. In particular, the rate of adoption of CHS, SMS, and surge starting
in 2009 are noteworthy. This suggests there is an effect of NRCS technical and financial assistance in
terms of adoption. However, perhaps due to insufficient data, this association cannot be validated
empirically in this study.

These results can inform policy makers, regulatory entities, university extension services, and
producers about the salient aspects of conservation practice adoption in Mississippi. Conservation
agencies can use the insights in this study to better target their incentive programs, for instance focusing
on incentivizing relatively young farmers to adopt practices with long-term benefits such as cover crops.
Similarly, further research, extension, and incentives are necessary to devise incentives and training
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to facilitate practice adoption by smaller farms. Lastly, periodic surveys (2–5 year intervals) may be
necessary to track trends and assess the effectiveness of conservation practice adoption programs.

Our results are largely consistent with the most recent literature [4,6,22]; see Table 8 for a
comparison. The GAO report in particular describes policy options at the federal level including
their benefits and challenges. With respect to irrigation technology, it recommends that policy
makers promote: (1) the use of more efficient irrigation technology and practices, in conjunction
with appropriate agreements to use the technology and practices to conserve water; and (2) the use of
precision agriculture technologies, in conjunction with appropriate agreements to use the precision
agriculture technologies to conserve water. These recommendations are consistent with the ongoing
efforts mentioned above, and this study lends empirical validity to the recommendations for the case
of Mississippi.
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Figure 1. Timeline of the adoption of conservation practices and USDA-NRCS EQIP expenditures in
the MS Delta area.

Table 8. Impact of conservation practice adoption factors compared to existing literature.

Factor Results Nian et al. Prokopy et al. Pearsons and
Morris (2020) (2019) (2019)

Irrigated area Pos Pos Pos Pos
GW use Pos Pos Pos
Rice farming Neg Mix
Years farming Neg Neg Neg Neg
Education Pos Mix Pos
Perceives GW problem Pos Pos Pos Pos
Pumping cost Neg Pos Neg
Participation in conservation programs Pos Pos Pos Pos
Cracking soils Mix Neg
Farmer income Mix Pos Pos Pos

Note: Pos denotes a Positive influence of the factor on adoption; Neg denotes a Negative influence of the
factor on adoption; Mix denotes Mixed or undetermined influence of the factor on adoption.
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The main limitation of this study is the small sample relative to the number of practices and
factors being considered. This limitation determined the choice of probit regression models rather
than multivariate and sequential modeling. There is evidence that practices, especially add-ons to
furrow irrigation, are adopted in bundles. This feature is not incorporated in this study and constitutes
a promising avenue for future research.
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Abbreviations

The following abbreviations are used in this manuscript:

AAWEP Acceptable Agricultural Water Efficiency Practices
AWEP Agricultural Water Enhancement Program
ARS USDA Agricultural Research Service
CHS Computerized hole selection
CRP Conservation Reserve Program
DREC Mississippi State University Delta Research and Extension Center
EIA U.S. Energy Information Administration
EQIP NRCS Environmental Quality Incentives Program
F.A.R.M. Delta Farmers Advocating Resource Management
FSA Farm Service Agency
GAO Government Accountability Office
GW Groundwater
MRVAA Mississippi River Valley Alluvial Aquifer
NRCS USDA Natural Resources Conservation Service
OFWS On-Farm Water Storage
RCPP Regional Conservation Partnership Program
SMS Soil Moisture Sensors
TWS Tailwater Recovery System
USACE U.S. Army Corps of Engineers
USDA U.S. Department of Agriculture
WRP Wetlands Reserve Program

Appendix A. Conservation Programs in Mississippi

The Delta region in Mississippi has a diversity of habitats in which urban, agricultural,
and wildlife habitat landscapes coexist. Growers and landowners in the area actively seek guidance in
attaining land and water resource stewardship. Hunting and fishing clubs are among the highest
priced memberships in the areas. Agricultural land and water projects often include wildlife habitat
enhancing features that further increase the value of such clubs. The National Wildlife Federation
work in the area focuses on protecting and restoring healthy rivers and estuaries, conserving wetlands,
springs, and aquifers, and protecting wildlife habitats. These goals overlap with producer interests
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and are prominent features in existing conservation programs in the area. Table A1 contains a list
and brief description of the conservation programs in which survey respondents claimed to participate.

Table A1. List and brief description of the conservation programs in which survey respondents claimed
to participate.

Program Sponsor Description

AWEP NRCS Agricultural Water Enhancement Program is a conservation initiative
that provides financial and technical assistance to agricultural
producers to implement agricultural water enhancement activities on
agricultural land for the purposes of conserving surface and groundwater
and improving water quality.

CRP FSA Conservation Reserve Program is a land conservation program to
remove environmentally sensitive land from agricultural production
and plant species that will improve environmental health and quality.

CSP NRCS Conservation Stewardship Program participants earn performance-based
CSP payments: higher payment to higher performance.

Delta F.A.R.M. Public-private Farmers Advocating Resource Management is an association of growers
partnership and landowners that strive to implement recognized agricultural

practices, which will conserve, restore, and enhance the environment.

EQIP NRCS Environmental Quality Incentives Program provides incentive payments
and cost-sharing for conservation practice adoption.

RCPP NRCS Regional Conservation Partnership Program promotes coordination of
NRCS conservation activities with partners that offer value-added
contributions to expand their collective ability to address on-farm,
watershed, and regional natural resource concerns.

Rice stewardship Public-private USA Rice-Ducks Unlimited Rice Stewardship Partnership provides
partnerships financial assistance for conserving water and wildlife in ricelands.

Soil erosion Unspecified Unspecified

Unspecified USACE The U.S. Army Corps of Engineers may enroll farmers adjacent to their
projects as part of environmental or habitat enhancement features.

WRP NRCS Wetlands Reserve Program offers landowners the opportunity to
protect, restore, and enhance wetlands on their property.
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Abstract: Evapotranspiration (ET) is one of the largest data gaps in water management due to
the limited availability of measured evapotranspiration data, and because ET spatial variability is
difficult to characterize at various scales. Satellite-based ET estimation has been shown to have great
potential for water resource planning and for estimating agricultural water use at field, watershed, and
regional scales. Satellites with low spatial resolution, such as NASA’s MODIS (Moderate Resolution
Imaging Spectroradiometer), and those with higher spatial resolution, such as Landsat (Land Satellite),
can potentially be used for irrigation water management purposes and other agricultural applications.
The objective of this study is to assess satellite based-ET estimation accuracy using measured ET from
large weighing lysimeters. Daily, seven-day running average, monthly, and seasonal satellite-based
ET data were compared with corresponding lysimeter ET data. This study was performed at the
USDA-ARS Conservation and Production Research Laboratory (CPRL) in Bushland, Texas, USA.
The daily time series Landsat ET estimates were characterized as poor for irrigated fields, with a
Nash Sutcliff efficiency (NSE) of 0.37, and good for monthly ET, with an NSE of 0.57. For the dryland
managed fields, the daily and monthly ET estimates were unacceptable with an NSE of −1.38 and
−0.19, respectively. There are various reasons for these results, including uncertainties with remotely
sensed data due to errors in aerodynamic resistance surface roughness length estimation, surface
temperature deviations between irrigated and dryland conditions, poor leaf area estimation in the
METRIC model under dryland conditions, extended gap periods between satellite data, and using the
linear interpolation method to extrapolate daily ET values between two consecutive scenes (images).

Keywords: BEARS; bushland; climate; evapotranspiration; groundwater management; irrigation
water management; Ogallala aquifer region; remote sensing; lysimeter ET assessment

1. Introduction

Evapotranspiration (ET) is an important component of the water cycle and the surface energy
balance, where water changes phase from liquid to vapor, and a change in energy takes place [1].
The development of reliable long-term estimates of ET is needed to improve agricultural water use
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efficiency (WUE). WUE is defined as the assimilated carbon amount as biomass/grain produced per
consumed unit of water by a crop. Paulson [2] reported that climate elements and wind conditions
affect regional and seasonal ET estimates. For the irrigation scheduling decision-making process,
knowledge of ET variability is important for proper water resources management. This is especially
true in arid regions, where crop water requirements exceed rainfall, and irrigation is essential for
crop production.

To sustain agricultural production in regions that are dependent on irrigation, blue water (surface
water) is extracted from streams and aquifers (groundwater) to help sustain the crop and to meet
water demand. Over time, farmers are required to dig deeper wells and extract water from deeper
aquifers to ensure adequate water supply for their irrigation needs [3]. Unfortunately, the recharge
rate of some aquifers is not sufficient to meet this demand, and historical declines in underground
water table have occurred due to extensive water withdrawal [4]. In some cases, this has resulted
in land subsidence and localized infrastructure damage [3]. ET is the main driver in irrigation
water management and planning. The more accurate the ET estimates, the more likely associated
management strategies are to achieving potential crop yields. ET is also an important component in
estimating soil water to facilitate improved water use efficiency.

Remote sensing-based ET models are effective for crop water requirement estimations at the field
and regional scales [5]. Several ET algorithms have been developed to utilize airborne and satellite
data for irrigation scheduling and management purposes. ET can be measured over a surface using
the Bowen ratio (BR), the eddy covariance (EC), and lysimeter systems at the field-scale. In all of these
cases, spatial variability does not apply, since each method represents a very small scale measurement
(typically less than 150 m in an agricultural setting). In addition, these methods only provide a single,
averaged value that may not adequately capture the variability across a region. Satellite-based ET
models produce regional-scale crop water use [6]. Many remote sensing-based ET algorithms have
been developed, assessed, and widely used for estimating regional ET [6–9].

Park et al. [10], Jackson [11], and Choudhury et al. [12] reported that regional and watershed-scale
spatially distributed ET can be better represented using remote sensing compared to traditional ET
estimation methods. There are typically two approaches that are used to provide remote sensing
ET estimates: (1) the land surface energy balance (EB) approach, and (2) the reflectance-based crop
coefficient (Kc) and reference ET approach. The first approach is based on ET being a change of the
state of water, using available energy in the environment for vaporization [13].

Multiple satellite platforms are available to use with energy balance ET models, such as Land Satellite
(Landsat), The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), Geostationary
Operational Environmental Satellite (GEOS), moderate resolution imaging spectroradiometer (MODIS),
and others, based on surface energy balance [14]. However, the spatiotemporal resolution is complex
and cannot be combined with only one satellite. For daily estimates of ET with a high spatial resolution
(field-scale), results depend on data assimilation, model applicability, and accuracy [15]. ET calibration
based on remote sensing ET estimates has been conducted for a single source method such as the
Surface Energy Balance Algorithm for Land (SEBAL) and the Mapping Evapotranspiration with
Internalized Calibration model (METRIC) [16,17], and two source methods such as the Two-Source
Energy Balance model (TSEB) [18,19]. Energy balance models based on thermal remote sensing include
TSEB [18,20], SEBAL [8], METRIC [6,17], and several others [7,21].

A detailed assessment of existing EB models [7,22] stated that daily ET estimates varied 3 to 35% in
comparison to Bowen ratio and EC ET measurements. Error sources included (a) modeling uncertainties,
and (b) measurement errors and discrepancies in model-measurement scales. Other studies that
assessed multiple airborne high-resolution sensor platforms indicated good agreement with measured
ET [23].

The BEAREX08 experiment [15] was a robust remote sensing experiment that involved mass
balance measurements of ET using four weighing lysimeters [24,25]. A wide array of instrumentation
was installed for supportive data, including neutron probe (NP) access tubes for soil water
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measurements, multi-level canopy temperature measurements, and above and below canopy
irradiance measurements. The purpose of these measurements was to provide as many measured
data as possible to reduce estimations and provide more points of comparison. These data were
used to address the lack of studies where EB model estimates of ET are compared with mass balance
measurements, reducing uncertainty sources in EB models. Gowda et al. [7] reported that few remotely
sensed ET estimates are used in irrigation scheduling and in-field management due to the absence
of daily data with field-scale resolution. Many methods have been proposed to overcome this issue,
such as use of infrequent, high spatial resolution data, including Landsat with 60 m spatial resolution,
16-day temporal resolution, in combination with lower spatial resolution and more frequent data, such
as the Moderate Resolution Imaging Spectroradiometer (MODIS) with 1000 m spatial resolution and
1-day temporal resolution. The Disaggregated Atmosphere-Land Exchange Inverse (DisALEXI) model
demonstrated this concept [14,26,27], but no evaluation of this approach for management has been
successful thus far.

Spatial and temporal resolution problems could be resolved using aircraft. However, cost,
data processing, and lack of experienced users have prevented their widespread use in providing such
platforms as potential imagery sources for water management. The EB method typically provides an
instantaneous value of ET, and interpolated to daily ET using the evaporative fraction method, [28],
or reference ET approach [6,29]. Each ET estimation approach has its uncertainties; however,
measurement data quality assessment and quality control reduce such modeling uncertainties [30,31].
Multi-time scale remotely-sensed ET estimation accuracy is essential for water management and
irrigation planning. Extensive studies have been conducted to assess the METRIC model performance
on irrigated fields [32–35]; however, none of these studies evaluated the model performance under
dryland conditions for extended periods with various crops and temporal resolutions [36]. This study
assessed daily interpolated ET estimation accuracy using the linear interpolation method on dryland
and irrigated lysimeters for a ten year period with various crops at multiple time scales. Such assessment
is crucial for water management policies, researchers, hydrologists, and irrigators when using such
technologies for real time irrigation decisions.

The objective of this research was to assess the daily, seven-day running average, monthly,
and seasonal satellite-based ET estimation accuracy versus large weighing lysimeter ET measurements
in the Texas High Plains under irrigated and dryland conditions during the growing and
non-growing seasons.

2. Materials and Methods

2.1. Study Site

Data used in this study from 2001–2010 were obtained at the USDA-ARS Conservation and
Production Research Laboratory (CPRL) in Bushland, Texas, USA (35.19◦ N, 102.10◦ W). Four square
fields were selected for this study; each field was ~4.7 ha. Four large precise weighing lysimeters were
installed towards the center of each field [24,25]. Two lysimeters were managed as irrigated (NE and
SE), and the other two lysimeters were managed as dryland (NW and SW). The irrigated lysimeter
field was equipped with a linear-move irrigation system with Nelson sprinklers (Nelson Irrigation
Corporation, Walla Walla, WA, USA) [37]. Irrigation scheduling was performed using neutron probe
data, and in 2001 50% of crop water requirements (CWR) was replenished for cotton (deficit irrigation),
and 100% of CWR was added for the remaining study period. Crop management data were collected
and summarized by the CPRL [38,39].

Leaf area index (LAI) data were collected from the study site between 2001 and 2010. Plant samples
were collected from locations within fields near the lysimeters biweekly during the growing season
through destructive plant sampling. Leaves were separated from stems, and the average LAI values
were obtained from at least three samples. Plant samples were not collected from the lysimeters, as the
sampling was destructive and would impact lysimeter ET measurements. A digital scanning bed leaf
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area meter (model LI-3100) was used to measure the leaf area index of the leaf samples. The LAI values
were calculated as the ratio of the upper side leaf area (m2) to the ground area (m2) [22,40].

For analysis simplicity, one lysimeter was selected for each management condition (irrigated
and dryland). Statistical assessment was achieved for the estimated ET values for the dryland lysimeter
(NW) and the irrigated lysimeter (NE). The soil characteristics for the study field are deep, well-drained
Pullman silty clay loam (fine, mixed, superactive, thermic torrertic paleustoll) [40]. The local climate is
classified as semi-arid, with large daily air temperature variations. Cotton, soybean, grain, and silage
sorghum, sunflower, and cotton were the predominant crops for the research fields during the ten year
study period [38,41].

2.2. Bushland Evapotranspiration and Agricultural Remote Sensing (BEARS)

Bushland Evapotranspiration and Agricultural Remote Sensing (BEARS) is an image processing
and geographic information system (GIS) software developed by researchers at the USDA ARS
CPRL in Bushland, TX, used for deriving hourly, daily, and seasonal ET maps, and other energy
exchanges between land and atmosphere using Landsat 5,7, and 8 [42]. It is an open-source
Java software, Version 1.0.1 available for download at: https://data.nal.usda.gov/dataset/bushland-
evapotranspiration-and-agricultural-remote-sensing-system-bears-software. The software allows
for custom models and equations but provides the option to select one of five default energy
balance-based ET methods: Mapping Evapotranspiration at High Resolution with Internalized
Calibration (METRIC), Surface Energy Balance Algorithm for Land (SEBAL), Surface Energy Balance
System (SEBS), Two-Source Model (TSM), and Simplified Surface Energy Balance (SSEB) [42].

2.3. Image Analysis

In this study, the METRIC model was used to analyze Landsat satellite imagery, producing ET
time-series datasets for the study period. The METRIC model description and required inputs based on
Landsat satellite datasets are summarized in the literature [6,41]. Several hourly and daily outputs were
obtained at the completion of each image analysis. Four daily outputs were obtained including daily
ET (mm day−1), evaporation fraction (EF) (unitless), leaf area index (LAI) (m2 m−2), and normalized
difference vegetation index (NDVI) (unitless). Hashem et al. [41] assessed hourly estimation accuracy
for ET (mm hr−1), net radiation (Rn) (W m−2), soil heat flux (Go) (W m−2), and surface air temperature
(Ts) (◦C). A detailed description of the hourly assessment procedure was summarized [38,41].

2.4. Landsat Satellite Dataset and Processing

Landsat 5 TM cloud-free images were selected for analysis, which were obtained through Earth
Explorer (https://earthexplorer.usgs.gov/), with Paths 30 and 31 and Row 36 from 2001 to 2010. A total
of 129 images were analyzed with a spatial resolution of 30 m and a temporal resolution of 16 days.
The number of clear images vary from year to year based upon geographic location. For this study site,
2001 had the lowest number of annual clear images, with six images, and 2008 had the highest number
of clear images with 16 images, as summarized in Table 1. Processed image date and day of the year
(DOY) are summarized in Table 1.
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2.5. Landsat ET Gap Filling

Linear interpolation methods were used to estimate the satellite-based ET during the gap period
using the satellite-based daily evaporation fraction between consecutive images. The gap between
consecutive images was split equally into two periods of eight days; the first eight days used the first
image evaporation fraction value, and the second eight-day period used the next image evaporation
fraction value.

To estimate the actual ET time series, the evaporation fraction (kc) for each day was multiplied by
the reference ET [43]. The daily reference ET was estimated using the ASCE−2005 [44] standardized
reference evapotranspiration equation. Hourly ET was calculated for the study period, and the daily
ET was obtained by accumulating the hourly ET in a given day. The average frequency and the
maximum gap periods (days) were calculated using Equations (1) and (2), respectively. The year of
2006 had the longest average frequency with 52 days, and 2008 had the shortest average frequency
with 23 days. The longest and shortest maximum gap period was 184 days and 40 days for 2004 and
2008, respectively, as shown in Table 2. Areas of interest (AOIs) of 3 by 3 grids (30 m spatial resolution),
with a total of 9 pixels and a surface area of 8100 m2 each, were created, and each lysimeter was located
at the center of each AOI. ArcGIS 10.2.2 model builder tool software was utilized to extract the average
ET for each AOI.

Average f requency =
Number o f days in the growing season (April to October)

Number o f clear images used in the analysis
(1)

Average f requency =
Number o f days in the entire year (January to December)

Number o f clear images used in the analysis
(2)

Table 2. Average frequency and maximum gap each year for the study site.

Year
Average

Frequency (Days)
Maximum
Gap (Days)

Dates of Maximum Gap
DOY of

Maximum Gap

2001 30 70 March 12–May 22 DOY 71 To DOY 142

2002 41 99 September 23–December 31 DOY 266 To DOY 365

2003 37 86 January 13–April 10 DOY 13 To DOY 100

2004 46 184 May 30–December 1 DOY 151 To DOY 336

2005 33 102 March 7–June 18 DOY 66 To DOY 169

2006 28 63 February 13–April 18 DOY 44 To DOY 108

2007 52 141 August 19–December 31 DOY 231 To DOY 365

2008 23 40 June 10–July 21 DOY 162 To DOY 203

2009 30 56 August 16–November 11 DOY 228 To DOY 315

2010 28 118 January 1–April 29 DOY 1 To DOY 119

The years 2004 and 2007 were omitted from the analysis due to limited clear image availability. Day of the
year (DOY).

2.6. Dry and Wet Pixel Determination

Obtaining the most accurate wet (cold) and dry (hot) agricultural pixels is a significant step that is
essential to produce accurate ET maps [34,45]. Wet and dry pixels represent the extreme conditions
per scene. The manual selection method was used, along with the surface temperature and NDVI
histogram distribution, to obtain these pixels for each image. NDVI and surface temperature threshold
values are summarized in Table 3 to obtain the hot and dry pixel characteristics. The hot pixel is defined
as bare agricultural soil with high temperature and low ET value, and the cold pixel is defined as
cultivated agricultural soil with low temperature and high ET value [6,46]. The histogram distribution
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for surface temperature and NDVI help to determine the range of temperature and NDVI values
per image.

Table 3. Hot and cold pixel conditions.

Pixel
Constraint

Condition
Ts NDVI

Hot (dry) High ≤0.2 Bare agricultural soil

Cold (Wet) Low ≥0.7 Cultivated agricultural soil

2.7. Statistical Analysis

Statistical comparisons were performed including multiple statistical coefficients, including
the coefficient of determination (R2), regression line slope and intercept, root mean square error
(RMSE), percent of root mean square error (% RMSE error), mean bias error (MBE), and Nash Sutcliff
efficiency (NSE), between the measured and the calculated satellite-based ET. A detailed description of
each coefficient and its range and interpretation of values were provided [38,41,47]. The mean bias
error (MBE) and % MBE provided a means to determine the deviation between the measured and
satellite-based estimates, with MBE = 0 indicating no bias in the estimation within the satellite data.
The MBE and % MBE were calculated using Equations (3) and (4), respectively.

MBE =

∑n
i=1 ( yt − ŷt )

n
(3)

where yt = the ith measured value, ŷt = the ith simulated value, and n= the total number of observations.

%MBE =
MBE
xobs

× 100 (4)

where xobs is mean of measured values.

3. Results

3.1. Dryland Lysimeter ET Estimation

The northwest dryland lysimeter daily measured ET, Landsat ET, and seven-day running average
values were plotted from 2001 to 2005, as shown in Figure 1a, and from 2006 to 2010 as shown in
Figure 1b. The seven-day running average was used for visual comparison. The 1:1 graph between
the daily measured and calculated Landsat ET can be seen in Figure 2, and the daily and monthly
summary statistics are summarized in Table 4. The monthly average ET values were plotted, as shown
in Figure 3. Detailed growing and non-growing season summary statistics are reported in Table 5.

Table 4. Daily and monthly summary statistics for the NW dryland lysimeter with Landsat ET.

Daily Monthly

RMSE (mm) 1.8 1.2

% RMSE error 144.3 105.7

NSE −1.38 −0.19

Measured average ET (mm d−1) 1.3 1.1

Landsat average ET (mm d−1) 1.7 1.4

Regression R2 0.01 -

Slope 0.09 -
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Figure 1. Daily and seven-day running average measured and Landsat evapotranspiration (ET) from
(a) 2001–2005, and (b) 2006–2010 for the northwest (NW) dryland lysimeter. The years 2004 and 2007
had limited clear remote sensing observations during the growing season.
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Figure 2. Daily 1:1 graph of measured and Landsat ET for NW dryland lysimeter. The years 2004 and
2007 were omitted from the analysis due to limited clear image availability.

Figure 3. Monthly average measured and Landsat ET for the NW dryland lysimeter. The years 2004
and 2007 had limited clear remote sensing observations during the growing season.

Table 5. Seasonal summary statistics for the NW dryland lysimeter with Landsat ET.

Crop RMSE (mm) % RMSE Error
Measured Average

ET (mm d−1)
Landsat Average

ET (mm d−1)

Cotton
2001 GS 1.7 83.4 2.0 1.1

2001 NG 1.2 123.1 0.9 0.9

Fallow
2002 GS - - - -

2002 NG 2.5 288.4 0.9 2.0
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Table 5. Cont.

Crop RMSE (mm) % RMSE Error
Measured Average

ET (mm d−1)
Landsat Average

ET (mm d−1)

Sorghum 2003 GS 1.9 71.4 2.7 1.7

2003 NG 1.4 171.0 0.8 1.5

Fallow
2005 GS - - - -

2005 NG 1.7 143.6 1.2 2.0

Sorghum 2006 GS 1.3 48.9 2.7 2.6

2006 NG 0.8 104.5 0.8 0.7

Cotton
2008 GS 1.8 70.5 2.5 2.6

2008 NG 1.5 177.6 0.8 1.4

Fallow
2009 GS - - - -

2009 NG 1.8 144.3 1.2 1.

Soybean 2010 GS 3.3 99.1 3.3 2.0

2010 NG 2.2 215.9 1.0 2.0

GS: growing season, NG: non-growing season. The years 2004 and 2007 were omitted from the analysis due to
limited clear image availability.

The measured mean ET was 1.3 mm d−1, and the mean Landsat ET was 1.7 mm d−1. Due to the
daily ET value deviations, the summary statistics provided a poor match during the comparison period
with an R2 value of 0.01, NSE value of −1.38, RMSE of 1.8, and an RMSE error of ~144.3%, which is
considered a high error value. These statistical parameters indicated that there was no correlation
between measured and calculated values [48].

The growing season dryland measured LAI was plotted versus calculated Landsat estimates
for the days where Landsat images were available, as shown in Figure 4. It can be clearly seen
that the Landsat LAI underestimated the LAI during the study period for all cultivated crops.
Dryland conditions in Bushland, TX typically have much less vegetation than irrigated areas. The lower
amounts of plant biomass allow the soil background to be more prominent at the Landsat spatial
resolution. The increased soil background can skew the reflectance and LAI, causing lower values.
Another potential source of errors is due to uncertainties with the remotely sensed datasets under
dryland conditions, due to surface roughness length and ET extrapolation methods that have been
incorporated in the METRIC model [32,38,49]. Chavez et al. [7] reported that the METRIC model
estimation error was (0.7 ± 0.9 mm d−1), explaining that the variations were due to errors associated
with the surface roughness length and aerodynamic resistance. Another potential source of uncertainties
is that the METRIC model uses a SURFACE NDVI vs. LAI relationship, where it is generated by
fitting a generalized equation to six LAIs compared to NDVI functions [35], defined in the MODIS LAI
backup [45], indicating a higher source of LAI estimation under dryland conditions.
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Figure 4. Measured and calculated Landsat leaf area index (LAI) for the NW dryland lysimeter.
The year 2004 graph omitted because Landsat LAI values were not available.

3.2. Irrigated Lysimeter ET Estimation

Figure 5a,b presents the northeast irrigated lysimeter daily measured ET, Landsat ET, and seven-day
running average from 2001 to 2010. The 1:1 graph between the daily measured and calculated Landsat
ET is shown in Figure 6, and the daily and monthly summary statistics are summarized in Table 6.
The growing and non-growing season summary statistics are reported in Table 7. The daily 1:1 graph
is shown in Figure 6, and the monthly ET is shown in Figure 7.

Table 6. Daily and monthly summary statistics for the NE irrigated lysimeter with Landsat ET.

Daily Monthly

RMSE (mm) 2.1 1.5

% RMSE error 86.4 56.7

NSE 0.37 0.57

Measured average ET (mm d−1) 2.4 1.9

Landsat average ET (mm d−1) 2.4 1.9

Regression R2 0.38 -

Slope 0.86 -

The years 2004 and 2007 were omitted from the statistical analysis due to limited clear image availability.
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Figure 5. Daily and seven-day running average measured and calculated Landsat ET from (a) 2001–2005,
and (b) 2006–2010 for the northeast (NE) irrigated lysimeter. The years 2004 and 2007 had limited clear
remote sensing observations during the growing season.

Table 7. Seasonal summary statistics for the NE irrigated lysimeter with Landsat ET.

Crop RMSE (mm) %RMSE Error
Measured Average

ET (mm d−1)
Landsat Average

ET (mm d−1)

Cotton
2001 GS 2.0 66.2 3.1 2.1

2001 NG 1.4 132.1 1.1 0.5

Cotton
2002 GS 3.5 81.9 4.2 4.0

2002 NG 1.8 156.3 1.1 1.9

Soybean 2003 GS 2.7 55.2 4.9 4.0

2003 NG 1.4 156.0 0.9 1.8

58



Agronomy 2020, 10, 1688 13 of 21

Table 7. Cont.

Crop RMSE (mm) %RMSE Error
Measured Average

ET (mm d−1)
Landsat Average

ET (mm d−1)

Sorghum 2005 GS 1.8 53.4 3.4 3.6

2005 NG 1.1 114.2 1.0 1.3

Forage corn 2006 GS 2.7 62.3 4.3 3.1

2006 NG 1.3 138.4 0.9 0.9

Cotton
2008 GS 2.7 56.1 4.9 3.3

2008 NG 1.8 186.9 0.9 1.8

Sunflower
2009 GS 3.9 75.7 5.1 3.8

2009 NG 1.4 139.9 0.9 1.4

Cotton
2010 GS 3.5 87.8 3.9 3.9

2010 NG 1.8 185.5 0.9 1.8

GS: growing season, NG: non-growing season. The years 2004 and 2007 were omitted from the analysis due to
limited clear image availability.

Figure 6. Daily 1:1 graph of measured and Landsat ET for the NE irrigated lysimeter. The years 2004
and 2007 were omitted from the analysis due to limited clear image availability.
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Figure 7. Monthly average measured and Landsat estimated ET for the NE irrigated lysimeter. The years
2004 and 2007 had limited clear remote sensing observations during the growing season.

The daily mean ET was 2.4 mm d−1 and 2.4 mm d−1 for the Landsat and measured, respectively.
The summary statistics improved with the irrigated field and provided a weak correlation with an R2

value of 0.38, NSE of 0.37, RMSE of 2.1, and RMSE ~86.4%.
The growing season irrigated measured LAI was plotted versus Landsat estimates for the days

where Landsat images were available during the year, as shown in Figure 8. Landsat better estimated
LAI under irrigated conditions compared to the dryland conditions. Consequently, higher NDVI
values were obtained [38], producing higher LAI values for irrigated fields, and resulted in better
ET estimates.
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Figure 8. Measured and Landsat leaf area index (LAI) for the NE irrigated lysimeter. The year 2004
graph omitted because Landsat LAI values were not available.

4. Discussion

4.1. Dryland Daily ET Comparison

The relationship between measured and Landsat ET for the dryland lysimeter showed significant
deviation with periods of both over and underestimation of ET throughout the year for the entire
study period. The satellite-based LAI was assessed versus the measured LAI (Figure 4), and the LAI
assessment summary is summarized in Hashem [38]. The daily time series ET deviations were related
to errors in LAI estimation [38,41,47], where Landsat LAI estimates were significantly lower than
measured LAI during the growing season for the dryland lysimeter. The higher the NDVI values,
the more the LAI values increase, resulting in greater ET values.
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In 2002, 2005, and 2009, the lysimeter field was fallow, and Landsat overestimated ET in each of
the three years (Figure 1), and these results agree with Allen et al. [46]. Cotton was cultivated in 2001
and 2008, and Landsat estimates of ET closely matched the measured ET at the beginning of each year.
However, towards the end of 2001, Landsat significantly underestimated ET due to low NDVI values
and, consequently, underpredicting LAI [38]. ET data in 2004 and 2007 were omitted from the analysis,
as the Landsat data overestimated the ET compared to the measured ET due to the large gap period
in Landsat data and linear interpolation method used to fill the gap. In 2003, when sorghum was
cultivated, the satellite-based-ET overestimated measure ET in both the beginning and towards the
end of the year, and underestimated towards the middle of the growing season.

A detailed statistical analysis was performed for the growing and non-growing seasons (Table 5),
where the growing season was defined as the days between planting and harvest. Monthly statistics
showed better statistical performance, with monthly RMSE and NSE of −0.19 and 1.2 compared
to values of −1.38 and 1.8 mm for the daily assessment [38,46,50]. The RMSE during the growing
season was greater compared to the non-growing season (Table 5), with values almost double for
the growing season compared to the non-growing season due to low measured ET values during
the non-growing season. Hence, there was less variation between the measured and satellite-based
ET values. However, the %RMSE error was higher during the non-growing season than the growing
season, and these results agree with Allen et al. [46].

The satellite was able to distinguish between bare soil and vegetation in the field, providing useful
information on when the field was fallow versus when a crop was growing. However, the overall LAI
estimation from Landsat was lower than the measured LAI for all cultivated crops during this study
under dryland conditions. Potential reasons for the LAI undercalculations are the water stress during the
growing season producing low NDVI values under dryland conditions, uncertainties with aerodynamic
resistance surface roughness length [36], long gap periods, and using the linear interpolation method
to generate daily ET time series [38].

4.2. Irrigated Daily ET Comparison

The relationship between measured and Landsat ET for the irrigated lysimeter provided overall
better agreement compared to the dryland field [38,41,51,52]. The Landsat ET estimates were
closely matched most of the year, except the middle of the growing seasons, during the peak crop
water requirements. The satellite-based approach underestimated ET toward the middle of the growing
season for cotton and soybeans, and overestimated the ET early and late during the growing season.

A detailed statistical analysis was performed for the daily and monthly ET (Table 6). The irrigated
daily ET estimates were considered poor with an NSE of 0.37, RMSE of 2.1 mm d−1, and %RMSE
of 86.4%. However, there was a statistical improvement with the monthly ET values with an NSE
of 0.57, RMSE of 1.5 mm d−1, and % RMSE of 56.7%. Similar to the dryland lysimeter, the RMSE
during the growing season was greater compared to the non-growing season (Table 7), with values
almost double for the growing season compared to the non-growing season due to low ET measured
values during the non-growing season. Hence, there was less variation between the measured and
satellite-based ET values. However, the %RMSE error was higher during the non-growing season
than the growing season, and these results agree with Allen et al. [46]. Allen et al. [6] illustrated that
the use of reference ET considers the advective effects on a METRIC model performance, which can
make the METRIC ET overestimate the ET from irrigated fields, exceeding daily net radiation in arid
and semi-arid conditions. Allen et al. [46] reported that daily ET had the largest differences due to ET
fluctuating the most during the growing season, and the monthly and season ET lumped most of the
daily variations [38,46], and this is in agreement with the current study results.

Similarly, for the dryland lysimeter, the deviation between Landsat and measured ET was
related to higher LAI estimation [32,36,38,47], advective condition effects under irrigated conditions [6,
36], and extended gap periods [38]. In addition, most of the studies conducted evaluated the
ET on the current scene (image) days with minimal EB closure errors [36,49,53], and no studies
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evaluated the extrapolated daily ET assessment for dryland conditions with clumped crops [36].
However, the irrigated field difference magnitude was far less than for the dryland field.

Landsat LAI estimates were better for the irrigated lysimeter, as the METRIC model performance
was affected with the wet and cold pixel determination, and the METRIC model performed better
with full canopy (full irrigated), compared to dryland (partial canopy) [32,36,38,49]. As irrigated fields
produced more vegetation vigor, higher NDVI values were obtained [36,38], and consequently higher
estimates of LAI were obtained and resulted in better estimates of Landsat ET for areas managed under
irrigated conditions (Figure 8) [32,36,38,41].

The overall Landsat LAI estimation somewhat matched the measured LAI for most cultivated
crops from 2001 to 2010 (2004 and 2007 omitted due to large gaps in clear Landsat data during the
growing season). Three indicators that the satellite imagery was able to differentiate between irrigated
(full canopy) and dryland fields (partial canopy) as well as identify the growing season were as follows:

1. The estimated LAI values for the irrigated field were much larger than that of the dryland field.
2. All LAI values were zero in the beginning and end of each year, and this reflects that the field was

bare soil. However, there were LAI values recorded during the growing season for the same field,
providing useful information on when the field was fallow versus when a crop was growing.

3. The magnitudes of NDVI values for irrigated fields were higher than those for the dryland
fields [36,38].

The reason behind this is likely that LAI is better estimated for the irrigated field than the dryland
field [36,38] due to more vegetation coverage, resulting in higher NDVI values and consequently
ET values. In 2007 and 2009, when forage sorghum and sunflowers were cultivated, respectively, the
LAI estimated using Landsat was slightly lower than the measured LAI for the irrigated lysimeter.

5. Conclusions

Remote sensing-based ET estimation is considered a promising tool for irrigation water
management. However, uncertainties associated with satellite-based ET estimation still exist, especially
with various remotely sensed platforms due to variations in spatial and temporal resolution. In this
study, satellite-based ET was evaluated using Landsat under semi-arid conditions in Texas under
irrigated and dryland conditions.

Ten years of lysimeter measured ET data were used in this study. The Landsat-based ET
overestimated the measured ET early and late in the growing season and underestimated ET during
the peak of the growing season. The daily and monthly ET for the dryland lysimeter was unacceptable
with negative NSE (−1.38 and −0.19), indicating there was no correlation between the estimates and
measured ET; however, the daily and monthly ET for the irrigated lysimeter values showed better
statistics with an NSE of 0.37 and 0.57, respectively. Seasonal ET showed more variations during the
growing season compared to the non-growing season, because higher ET values were estimated during
the growing season.

Under dryland conditions, there was significant LAI underestimation compared to the measured
LAI values due to water stress during the growing season. LAI plays a significant role in
evapotranspiration; where greater values of NDVI were obtained, consequently greater LAI was
obtained under irrigated conditions, resulting in more ET for irrigated conditions. There are several
reasons behind uncertainties of LAI and ET estimation, including the following: (1) METRIC model
uncertainties with partial canopy estimates, (2) dryland plants’ rapid modification of LAI based
on available soil water (partial canopy), and (3) uncertainties with aerodynamic resistance surface
roughness length as well as surface temperature deviations between irrigated and dryland conditions.

Extended gap periods are another significant challenge, and the selection of the filling method
can account for ET estimation errors. In this study, gap periods reached up to 184 days in 2004, and the
minimum was in 2008 with 40 days. The linear interpolation method was utilized to extrapolate the
daily ET estimates between every two consecutive images in this study.
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More satellite-based ET assessment under arid and semi-arid conditions is required, where the
magnitude and frequency of precipitation are erratic, and irrigation is the only source under arid
conditions to replenish crop water needs. With advances in remote sensing, more frequent satellite
imagery will be available, with high spatial resolutions. Other extrapolation methods should be
considered to generate daily time-series ET datasets. This would likely improve overall ET estimation
accuracy by improving the overall spatial and temporal resolution.

Future research opportunities that include the assessment of ET relationship with crop physiology,
yield, and yield components (number of flowers, grain quality, etc.) would provide potential information
on crop response under dryland and irrigated conditions. Economic analysis of commodity market
prices would be another research project due to groundwater decline in the Ogallala aquifer.
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Abstract: Freshwater scarcity and other abiotic factors, such as climate and soil salinity in the
Near East and North Africa (NENA) region, are affecting crop production. Therefore, farmers are
looking for salt-tolerant crops that can successfully be grown in these harsh environments using
poor-quality groundwater. Barley is the main staple food crop for most of the countries of this
region, including Tunisia. In this study, the AquaCrop model with a salinity module was used to
evaluate the performance of two barley varieties contrasted for their resistance to salinity in three
contrasted agro-climatic areas in Tunisia. These zones represent sub-humid, semi-arid, and arid
climates. The model was calibrated and evaluated using field data collected from two cropping
seasons (2012–14), then the calibrated model was used to develop different scenarios under irrigation
with saline water from 5, 10 to 15 dS m−1. The scenario results indicate that biomass and yield were
reduced by 40% and 27% in the semi-arid region (KAI) by increasing the irrigation water salinity
from 5 to 15 dS m−1, respectively. For the salt-sensitive variety, the reductions in biomass and grain
yield were about 70%, respectively, although overall biomass and yield in the arid region (MED) were
lower than in the KAI area, mainly with increasing salinity levels. Under the same environmental
conditions, biomass and yield reductions for the salt-tolerant barley variety were only 16% and 8%.
For the salt-sensitive variety, the biomass and grain yield reductions in the MED area were about
12% and 43%, respectively, with a similar increase in the salinity levels. Similar trends were visible
in water productivities. Interestingly, biomass, grain yield, and water productivity values for both
barley varieties were comparable in the sub-humid region (BEJ) that does not suffer from salt stress.
However, the results confirm the interest of cultivating a variety tolerant to salinity in environments
subjected to salt stress. Therefore, farmers can grow both varieties in the rainfed of BEJ; however,
in KAI and MED areas where irrigation is necessary for crop growth, the salt-tolerant barley variety
should be preferred. Indeed, the water cost will be reduced by 49% through growing a tolerant
variety irrigated with saline water of 15 dS m−1.

Keywords: salinity; environments; AquaCrop model; water productivity; scenarios; tolerant
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1. Introduction

The world food supply is affected by environmental abiotic stresses, which damages up to 70% of
food crop yields [1–3]. In the Near East and North Africa (NENA) region, physical water scarcity is
already affecting food production [4]. The NENA region is characterized by an arid climate with a total
annual rainfall much lower than the evapotranspiration of the field crops. In the Arab World, more
than 85% of the available water resources are used for agriculture [5]. Despite this high-water allocation
for the agriculture sector, about 50% of food requirements are imported [4]. Crop irrigation uses poor
quality groundwater, which is saline in nature. The uninterrupted application of groundwater for
irrigation is replete, which leads to a severe increase in soil salinity and reduction in crop yields.
Climate changes, namely the increase in global temperatures and the decline in rainfall, exacerbate soil
salinization, resulting in loss of production in arable lands [6]. According to recent estimates, one-fifth
of the irrigated lands in the world are affected by salinity. Every day, on average, 2000 ha of irrigated
land in arid and semi-arid areas is adversely affected by salinity problems [7]. The annual economic
loss due to these increases in soil salinity is about USD 27.3 billion [8].

Cereals are the main crops in the Mediterranean and NENA regions, contributing to food security
and social stability. Barley is one of these staple crops in the area. However, its production is constrained
by abiotic factors, such as the arid climate, low and erratic rainfall, and soil and water salinity.
The anticipated climate changes will further increase the negative impacts of these factors in the
future [9]. Barley (Hordeum vulgare L.) is a drought- and salt-tolerant crop with considerable economic
importance in Mediterranean and NENA regions since it is a source of stable farm income [10]. Indeed,
barley is a staple food for over 106 countries in the world [11]. Barley is characterized by its high
adaptability from humid to arid and even Saharan environments. Barley is grown in many areas of the
world and is used for feed, food, and malt production [2,12].

To improve barley production in these regions, plant scientists have adopted a strategy to identify
tolerant genotypes for maintaining reasonable yield on salt-affected soils [13]. Crops physiologists and
breeders are working to assess how efficient a genotype is in converting water into biomass or yield.
To do so, they use production parameters, with which measurement in field experiments is difficult
and time-consuming. However, these complex parameters can be determined with the help of crop
growth simulation models [6,13]. Dynamic simulation models describe the growth and development
of crops based on the interaction with soil, water, and climate parameters. Models can be used to
simulate soil and water salinity and crop management practices on the growth and yield of crops
under different agro-climatic conditions [6].

Models were used to test the impact of salinity on crops under different environmental conditions
and different fertilization practices [14,15].

AquaCrop is a water-driven dynamic model (Vanuytrecht et al., 2014). AquaCrop is a simulation
model to study crops’ water productivity. As crop-water-productivity is affected by climatic conditions,
it is crucial to understand water productivity’s response to changing rainfall and temperature patterns [9].

Among the available models, AquaCrop is preferred due to its robustness, precision, and the
limited number of variables to be introduced [16]. It uses a small number of explicit and intuitive
parameters that require simple calculation [16]. AquaCrop is a software system developed by the
Land and Water Division of FAO to estimate water use efficiency and improve agricultural systems’
irrigation management practices [17,18].

Water productivity (WP) can be described as the ratio of crops’ net benefits, including both rain
and irrigation.

According to [19], irrigation management organizations are interested in the yield per unit of
irrigation water applied, as they have to improve the yield through human-induced irrigation
processes. However, the downside is that not all irrigation water is used to generate crop production.
Therefore, FAO defines water productivity as a ratio between a unit of output and a unit of input.
Here, water productivity is used exclusively to indicate the amount or value of the product over the
volume or value of water that is depleted or diverted [20].
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This model was developed by the Food and Agriculture Organization (FAO) [16,21]. AquaCrop
simulates the response of crop yield to water and is particularly suited to regions where water is the
main limiting factor for agricultural production. The model is based on the concepts of crops’ yield
response to water developed by Doorenbos and Kassam [22]. The AquaCrop model (v4.0) published
in 2012 can estimate yield under salt stress conditions.

The AquaCrop model has been used to predict crop yields under salt stress conditions in different
parts of the world [23,24]. Kumar et al. [23] successfully used the AquaCrop model to predict the water
productivity of winter wheat under different salinity irrigation water regimes. Mondal et al. [24] used
AquaCrop to evaluate the potential impacts of water, soil salinity, and climatic parameters on rice
yield in the coastal region of Bangladesh. The AquaCrop model has also been widely used to simulate
yields of various crops under diverse environments. For example, barley (Hordeum vulgare L.) [5,25,26],
teff (Eragrostis teff L.) [5], cotton (Gossypium hirsutum L.) [27], maize (Zea mays L.) [28] wheat
(Triticum aestivum L.) [3].

In this study, the AquaCrop model (v4.0) is used to assess the performance of two barley genotypes
under three contrasted agro-ecosystems (soil, salinity, and climate). In these areas, groundwater is
primarily used for irrigation. The salinity of irrigation water ranges from 3 to 15 dS m−1. Farmers do
not know which barley variety is most tolerant to producing a reasonable yield under these saline
environments. Furthermore, model simulations were also performed to evaluate the impact of three
irrigation water salinity levels (5, 10, and 15 dS m−1) on the barley yield. A cost–benefit analysis was
performed to determine the economic returns of each level of salinity water irrigation and genotype
tolerance based on model simulation results. Those results should help recommend the farmers of
saline areas to enhance barley yield and economic return.

2. Materials and Methods

Description of Field Trial Sites

Field experiments were conducted during the 2012–2014 period in three contrasting locations
(Beja, Kairouan, Medenine) of Tunisia. The Beja site (36◦44′01.13′′ N; 9◦08′14.30′′ E) is sub-humid,
Kairouan (35◦34′34.97′′ N; 10◦02′50.88′′ E) is located in the semi-arid area of central Tunisia,
and Medenine (33◦26′54′′ N, 10◦56′31′′ E) is part of the South East arid region of Tunisia (Figure 1).
Two barley varieties (Konouz from Tunisia and Batini 100/1 B from Oman) were used for field
experiments. The Konouz variety is salt-sensitive [29,30], whereas Batini 100/1 B is salt-tolerant [29,31].

 

Figure 1. Location of field trial sites in different agro-climatic zones of Tunisia.
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In Kairouan (KAI) and Medenine (MED) field trial sites were divided into two sub-plots.
Each subplot was irrigated by one water salinity treatment (EC = 2 and 13 dS m−1). Three blocks were
defined perpendicularly to the sub-plots so that both treatments were observed in each block. As Beja
is located in the rainfed cereal growing area of Tunisia, no irrigation was applied.

The weather data characterize the trials sites related to temperature, and rain was described
by [29]. The irrigation water applied and reference evapotranspiration (ETo) registered in the trials
during the two growing seasons are presented in Table 1. The collected data from each site were used to
estimate the reference evapotranspiration (ET) according to the Penman-Monteith Evapotranspiration
FAO-56 Method, and then the total water supplied was determined for each site to obtain the water
barley requirement. Irrigation was applied using a drip system. To ensure water supply homogeneity,
line source emitters were installed at each planting row and 33-cm spacing between emitters on the
same row.

Table 1. Rainfall, irrigation water applied and evapotranspiration (ETo) in three trial sites.

Growing
Season

Rainfall (mm) Irrigation Water Applied (mm) ETo (mm)

Sites Sites Sites

Beja KAI MED Beja KAI MED Beja KAI MED

2012–2013 472.2 151.9 81.1 0 360 455 393.8 364.7 327.6
2013–2014 413.5 180.0 156.1 0 360 405 390.1 363.7 328.4

Soil samples were taken from the trial sites, and physico-chemical analyses were performed.
The site’s soil characteristics are diverse, from soil rich in clay and organic matter in BEJ to sandy soil
with impoverished organic matter continent in MED (Table 2).

Table 2. Soil properties in three field trial sites.

Site
Sand
(%)

Clay
(%)

Silt
(%)

OM
(%)

Na+ Content
(ppm)

K+ Content
(ppm)

Ca2+ Content
(ppm)

PWP
(% vol)

FC
(% vol)

Beja 15.0 57.5 27.5 4.7 10–20 250–300 100–110 32.0 50.0
KAI 14.8 45.1 40.1 4.0 230–270 390–550 90–140 23.0 39.0
MED 55.5 20.5 24.0 0.9 120–200 30–70 30–55 6.0 13.0

(OM: organic matter, PWP: permanent wilting point; FC: field capacity).

Crops were sown during the last week of November. Seeds were hand sown at the rate of 200 viable
grains per m2. Nitrogen, potassium and phosphorus were applied separately at 85, 50, and 50 kg/ha
rates, respectively.

At the five different stages, plants for each genotype, from three small areas (25× 25 cm) were taken
from each experimental unit and used to determine the biomass. At a final harvest stage, plot (1 × 2 m)
was used for biomass and grain yield assessment. Water productivity (WP) was calculated as the ration
between the collected yield expressed in kg ha−1 and the daily transpiration simulated by the model.

3. Description of the AquaCrop Model

The model describes soil, water, crop, and atmosphere interactions through four sub-model
components: (i) the soil with its water balance; (ii) the crop (development, growth, and yield); (iii) the
atmosphere (temperature, evapotranspiration, and rainfall), and carbon dioxide (CO2) concentration;
and (iv) the management, such as irrigation and crop fertilization soil fertility.

The AquaCrop model is based on the relationship between the relative yield and the relative
evapotranspiration [22] as follows

Yx −Ya

Yx
= Ky

( ETx − ETa

ETx

)
(1)
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where Yx is the maximum yield, Ya is the actual yield, ETx is the maximum evapotranspiration, ETa is
the actual evapotranspiration, and Ky is the yield response factor between the decrease in the relative
yield and the relative reduction in evapotranspiration.

The AquaCrop model does not take into account the non-productive use of water for separating
evapotranspiration (ET) into crop transpiration (T) and soil evaporation (E)

ET = E + Tr (2)

where ET = actual evapotranspiration, E = soil evaporation and Tr = the sweating of crop.
At a daily time step, the model successively simulates the following processes: (i) groundwater

balance; (ii) development of green canopy (CC); (iii) crop transpiration; (iv) biomass (B); and (v)
conversion of biomass (B) to crop yield (Y). Therefore, through the daily potential evapotranspiration
(ETo) and productivity of water (WP*), the daily transpiration (Tr) is converted into vegetal biomass
as follows

Bi = WP∗
(

Tri

EToi

)
(3)

where WP* is the normalized water productivity [32,33] relative to Tr. After the normalization of water
productivity for different climatic conditions, its value can be converted into a fixed parameter [34].
The estimation and prediction of performance are based on the final biomass (B) and harvest index
(HI). This allows a clear distinction between impact of stress on B and HI, in response to the
environmental conditions

Y = HI ∗ (B) (4)

where: Y = final yield; B = biomass; HI = harvest index.
During the calibration and testing of the model, we calculated water productivity (WP) as

presented by Araya et al. [5]

WP =

[
Y∑
Tr

]
(5)

where Y is the yield expressed in kg ha−1 and Tr is the daily transpiration simulated by the model.

3.1. Crop Response to Soil Salinity Stress

The electrical conductivity of saturation soil-past extracts from the root zone (ECe) is commonly
used as an indicator of the soil salinity stress to determine the total reduction in biomass production,
determines the value for soil salinity stress coefficient (Ks, salt).

The coefficient of soil salinity stress (Kssalt) varied between 0 (full effect of stress of soil salinity)
and 1 (no effect). The following equation determined the reduction in biomass

Brel = 100 (1 − Kssalt) (6)

Brel represents the expected biomass production under given salinity stress relative to the biomass
produced in the absence of salt stress. The coefficient is adjusted daily to the average ECe in the
root zone [35].

Then, the thresholds values are given for the sensitive and tolerant barley genotype and expressed
in dS m−1. This allows the estimation of the lower limit (ECen) to which the soil salinity stress begins
to affect the production of biomass and the upper threshold (ECex), in which soil salinity stress has
reached its maximum effect.

3.2. Soil Salinity Calculation

AquaCrop adopts the calculation procedure presented in BUDGET [36] to simulate the movement
and retention of salt in the soil profile. The salts enter the soil profile as solutes after irrigation
with saline water or through capillary rise from a shallow groundwater table (vertical downward
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and upward salt movement). The average ECe in the compartments of the effective rooting depth
determines the effects of soil salinity on biomass production.

To explain the movement and retention of soil water and salts in the soil profile, AquaCrop
divides the soil profile into 2 to 11 soil compartments called “cells”, depending on the type of soil
in each horizon (clay, sandy horizon) and its saturated hydraulic conductivity (Ksat in mm/day).
The salt diffusion between two adjacent cells (cell j and cell j+1) is determined by the differences in salt
concentration and expressed by the electrical conductivity (EC) of soil water.

AquaCrop determines the vertical salt movement in response to soil evaporation, considering the
amount of water extracted from the soil profile by evaporation and the wetness of the upper soil layer.
The relative soil water content of the topsoil layer determines the fraction of the dissolved salts that
moves with the evaporating water.

AquaCrop determines the vertical salt movement because of the capillary rise. Finally, the salt
content of a cell is determined by

Saltcell = 0.64 WcellECcell (7)

Saltcell is the salt content expressed in grams salts per m2 soil surface, Wcell its volume expressed
in liter per m2 (1 mm = 1 L/m2), and 0.64 a global conversion factor used in AquaCrop to convert
dS/m to g/L. The electrical conductivity of the soil water (ECsw) and of the electrical conductivity of
saturation soil-past extract (ECe) at a particular soil depth (soil compartment) is calculated as

ECsw =

∑n
j=1 Saltcell.j

0.64 (1000 θΔz)
{
1− Vol%gravel

100

} (8)

ECe =

∑n
j=1 Saltcell.j

0.64 (1000 θsatΔz)
{
1− Vol%gravel

100

} (9)

where n is the number of cells in each soil compartment; θ is the soil water content (m3/m3); θsat is the
soil water content (m3/m3) at saturation; Δz (m) is the thickness of the soil compartment and Vol%
gravel is the volume percentage of the gravel in the soil horizon of each compartment.

4. Model Calibration

4.1. Input and Output Variables of the Model

The model was calibrated using data from the growing season of 2012–2013 and evaluated using
data from 2013–2014. Determining parameters for crop development and production, as well as water
and salinity stress, was fundamental for calibrating the AquaCrop model. The parameters of climate,
soil, and crop management used for the model calibration are presented in Table 3.

Table 3. Climate, soil and crop parameters used for the simulation model AquaCrop.

Climate
- Daily rainfall, daily ETo, daily temperatures
- CO2 concentration

Crop Limited set Crop development and production parameters which
include phenology and life cycle

Crop parameters

- Harvest index
- Root zone threshold at the end of the canopy expansion
- Threshold root zone depletion for early senescence
- Time for the maximum canopy cover
- Maximum vegetation
- Flowering time
- Initial vegetative cover
- Depletion threshold root zone for stomata closure
- Extraction of water
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Table 3. Cont.

Field
- Soil fertility, mulch
- Field practices (surface runoff presence, ground bond)

Soil Soil profile

Characteristics of soil horizon (no of soil horizon, thickness,
Permanent Wilting Point (PWP), Field Capacity (FC),
Soil saturation (SAT), Ksat); soil surface (runoff,
evaporation); Restrictive soil layer capillary rise).

Soil water and groundwater Constant depth; variable depth; water quality.

4.2. Statistical Parameters Used for the Calibration and Evaluation of Model

Several statistical indices were used to evaluate the performance of the model on the field measured
data. These include Percentage Error (PE), Root Mean Square Error (RMSE), Model Efficiency (ME)
and Coefficient of Determination (R2).

Percentage Error (PE) was determined using the following equation

EP =
(Si −Oi)

Oi
× 100 (10)

where Si and Oi are simulated and observed values, respectively.
The root means square error (RMSE) [37] is presented by the following equation

RMSE =

√√
1
n

n∑
i=1

(Si −Oi)
2 (11)

with the values of RMSE close to zero indicate the best model fit.
The model efficiency (ME) [38] was applied to assess the effectiveness of the model. The ME

indicator compares the variability of prediction errors by the model to those of collected data from
the field. If the prediction errors are greater than the data error, then the indicator becomes negative.
The upper ME bound is at 1.

ME =

∑n
i=1(Oi − MO)2 –

∑n
i=1(Si −Oi)

2∑n
i=1(Oi −MO)2 (12)

The coefficient of determination (R2), as a result of regression analysis, is the proportion of the
variance in the dependent variable (predict value) that is predictable from the independent variable
(observed value) and is computed according to [35]

R2 =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
∑n

i=1

(
Oi −O

)(
Si − S

)
[∑n

i=1 (Oi −O)
2
]0.5 [∑n

i=1 (Si − S)
2
]0.5

⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭
2

(13)

R2 is between 0 and 1.

4.3. Parameters Used for Model Calibration

In total, 26 input parameters were used for the model calibration (Table 4). Out of these,
14 parameters were considered as “conservative” because they do not change with salinity and
are independent of limiting or non-limiting conditions. These parameters include normalized crop
water productivity and crop transpiration coefficient. The remaining 12 are site-specific (climate,
water, and soil salinity) and crop-specific (tolerant or sensitive). These input parameters were adjusted
during the calibration process to obtain better adequacy between the measured and simulation values.
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4.4. Development of Different Scenarios

After calibration and evaluation, the model was used to assess the performance of two barley
varieties under three water salinity conditions scenarios i.e., 5, 10, and 15 dS m−1, using the weather
data for the growing season 2013–2014.

4.5. The Economic Gain from the Use of a Unit of Water Consumed in the Tow Barley Varieties under Different
Climatic Conditions

The economic productivity of two barley varieties was estimated using the average unit cost of
one water cubic meter in Tunisia and the water use predicted by AquaCrop. The crop water economic
productivity of the tolerant and the sensitive barley varieties as the measure of the biophysical and
then economic gain from the use of a unit of water consumed were estimated by AquaCrop model in
grain yield production [20]. This is expressed in productive crop units of kg/m3 and money unit/m3.

5. Results

5.1. Biophysical Environments Variability of Experimental Sites

The experiments are conducted in adaptability trials set up in three contrasting biophysical
environments (from the sub-humid to the arid interior). These sites, namely Beja, Kairouan and
Medenine, were selected on a North–South transect (Figure 1). The soils of the trial sites are very
diverse, from soil rich in clay and poor in organic matter in BEJ to sandy soil with poor organic
matter continent in MED (Table 2). Beja’s sub-humid site received annual rainfall of 472 and 413 mm
respectively during the two cropping seasons. However, in the semi-arid and arid sites, low rainfall
was registered. The arid site of MED received an annual rainfall of 81 mm during the first cropping
season and 156 mm during the second. At Kairouan, the rainfall for the 2012/2013 and 2013/2014
seasons was 152 and 180 mm, respectively (Table 1). As Beja is located in the rainfed cereal-growing
area of Tunisia, no irrigation was applied. KAI and MED field trial sites, two different salinities (EC = 2
and 13 dS m−1) of water were used for irrigation.

Soil calcium and potassium content was higher in KAI as compared to MED. Soil sodium content
changes during the different experimentation period following irrigation with saline water in KAI
and MED, where sodium is the dominant element present in the saline irrigation water. The variation
between sites might be explained by the variation in the cationic exchange capacity of the sandy soil
and torrential character of the rainfall in this area (Table 2).

5.2. Biomass, Grain Yield, and Water Use Efficiency

The correlation between grain yield, biomass, and water productivity values for two barley genotypes
showed that the observed and simulated values are closely co-related, as evidenced by the high R2

values, i.e., 0.91, 0.93, and 0.89 for grain yield, biomass, and water productivity, respectively (Figure 2).

Figure 2. Cont.
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Figure 2. Correlation between observed and simulated (a) biomass yield; (b) grain yield; and (c) water
productivity compared with 1:1 line.

The correlation between observed and simulated values of biomass yield for two barley genotypes
at three locations showed proximity (Figure 3), which indicates the excellent ability of the AquaCrop
model to predict biomass yield under different agro-climatic conditions. The results also show that
the sensitive barley variety at MED produces the lowest biomass for both irrigation water qualities.
Similar trends were observed for grain yield, where the tolerant barley variety performed better than
the sensitive variety regardless of the location and the quality of irrigation water.

Figure 3. Cont.
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Figure 3. Simulated and observed biomass of (a) tolerant and (b) sensitive barley genotypes (dots
represent observations; simulations are represented by lines).

5.3. Canopy Cover (CC)

The maximum and minimum CC were 85% and 30% in the sub-humid and arid areas, respectively.
The salinity induces a 10% reduction in the CC in the sub-humid environment and 5–30% in the dry
climate of MED. CC reduction under saline irrigation water is less noticeable in the tolerant variety
than the sensitive variety for both salinity levels. However, in the rainfed area of Beja, the growth of
both varieties was comparable.

Figure 4 shows a strong correlation between measured and simulated CC values for both varieties
of barley (R2 = 0.91 and R2 = 0.93). In general, a good match between the observed and the simulated
CC was observed in all three locations. However, the model somewhat over-estimated CC in the
rainfed environment of Beja and slightly under-estimated it in the other two situations.

Figure 4. Cont.
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Figure 4. Simulated and observed canopy cover for (a) tolerant and (b) sensitive barley varieties.

5.4. Effects of Soil Salinity

The maximum soil salinity was in the arid and semi-arid areas irrigated with saline water,
respectively. The soil salinisation dynamic depends on the salinity of irrigation water. However, in the
rainfed area of Beja, we noted the absence of any salty issue.

Figure 5 shows that the simulated soil salinity trend in the root zone (up to a depth of 0.7 m)
corresponds very well with the measured values under different saline water regimes across different
environments throughout the growing season. The observed and modeled soil salinity correlated
well, with an R2 of 0.96. Figure 5 shows that the model reliably simulated average root zone salinity
when the crop is irrigated with low-salinity water (2 dS m−1). However, it slightly underestimated soil
salinity under higher saline water conditions (13 dS m−1), particularly for the late growing season.

Figure 5. Simulated and observed soil salinity in the testing-cropping season under different saline
water regimes and across different environments.

5.5. Statistical Indices for AquaCrop Model Evaluation

The statistical indices derived for evaluating the AquaCrop model’s performance in predicting soil
water content, yield, canopy cover percent, biomass, and water productivity (WP) of barley genotypes
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under different saline water regimes across different environments are given in Table 5. All statistical
parameters depict a strong correlation between simulated and observed values for model calibration
and evaluation periods. The correlation between all statistical parameters remained almost the same
for the calibration and evaluation period, which indicates the robustness of the model prediction.
Based on the model calibration and evaluation results, the model was found robust enough to calculate
different scenarios.

Table 5. Statistical indices values for different parameters obtained for model calibration.

Variable RMSE ME R2

Calibration

Grain yield (t ha−1) 0.40 0.89 0.91
Biomass (t ha−1) 0.87 0.96 0.93

water productivity (kg ha−1 mm−1) 0.15 0.84 0.89
Soil salinity 0.34 0.91 0.95

Canopy cover percent 1.5 0.89 0.91

Evaluation

Grain yield (t ha−1) 0.45 0.87 0.89
Biomass (t ha−1) 0.89 0.86 0.87

water productivity (kg ha−1 mm−1) 0.13 0.91 0.84
Soil salinity 1.25 0.91 0.96

Canopy cover percent 2.25 0.89 0.91

6. Development of Different Scenarios

Due to a shortage of surface water, farmers of KAI and MED regions have no option than to
use groundwater for irrigation. The quality of groundwater ranges from 4 to15 dS m−1 in these two
regions. Farmers are interested to know which barley varieties would be most suitable to grow under
these groundwater quality conditions. The calibrated and evaluated model was used to assess the
performance of two barley varieties under three water salinity conditions i.e., 5, 10, and 15 dS m−1,
and the results are presented in Table 6.

Table 6. Predicted values of biomass, yield, and water productivity of two barley varieties for
different scenarios.

BEJ KAI MED

Rainfed 5 dS m−1 10 dS m−1 15 dS m−1 5 dS m−1 10 dS m−1 15 dS m−1

Tolerant genotype

Biomass (t ha−1) 11.30 9.07 8.36 5.48 5.60 4.74 4.70

Yield (t ha−1) 4.70 3.65 3.44 2.20 2.29 2.13 2.10

WP (kg m−3) 1.73 1.29 1.19 0.85 1.25 1.18 1.00

Sensitive genotype

Biomass (t ha−1) 11.33 6.62 4.60 1.90 3.18 3.03 2.80

Yield (t ha−1) 4.64 2.70 1.90 0.80 1.40 1.30 0.80

WP (kg m−3) 1.65 1.12 0.85 0.45 0.74 0.72 0.51

The performance of both barley varieties in the KAI area is predicted to be much higher than MED
area under all salinity levels due to prevailing climatic conditions. In the KAI area, biomass and grain
yield reductions are much higher with the increasing water salinity for both varieties. For example,
the biomass and yield reductions in the KAI area were about 40%with an increase in salinity from 5 to
10 and 15 dS m−1. For the sensitive genotype, the biomass and yield reductions in the KAI area would
be above 72% with a similar increase in the salinity levels. Although overall biomass and grain yields
in the MED area were lower than in the KAI area, biomass and yield reductions for the salt-tolerant
barley variety were only 16% and 8%, with an increase in salinity from 5 to 15 dSm−1, respectively.
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However, for the sensitive genotype, reductions in biomass and yield were 12% and 43%, respectively,
with a similar increase in salinity levels. Similar trends are obtained for water productivities.

Without salt stress, both varieties have the same performance. However, the tolerant variety
performs better than the sensitive variety under salt stress. This is because it has better potential.
Therefore, farmers can grow both varieties in the rainfed areas of BEJ, while, in KAI and MED areas
where irrigation is necessary for crop growth, the salt-tolerant barley variety should be preferred.
The cultivation of the salt-sensitive barley variety in the MED area will be risky, as the yields will be
low, and the development of soil salinity over time will remain a challenge. This situation will be very
critical for long-term sustainable crop production in the area.

7. Economic Productivity of Barley Varieties under Different Climatic Conditions

The economic productivity of two barley varieties was estimated using the average unit cost of
one water cubic meter in Tunisia and the water use predicted by AquaCrop. The results show that the
production cost of 1 kg of barley is lowest in the BEJ area compared to those areas where it is irrigated
with saline water.

In the KAI region, the cost will be reduced by 13.28% 28.72% and 47.19% by growing the tolerant
variety irrigated with saline water of 5, 10, and 15 dS m−1, respectively. In the arid region of MED,
the benefit will be reduced by 40%, 38%, and 49% by growing the tolerant barley variety by irrigating
with saline water of 5, 10 and 15 dS m−1, respectively (Figure 6). However, in the sub-humid region of
BEJ, there is no significant difference between susceptible and tolerant genotypes. The results show the
economic interest for arid region farmers to grow the tolerant barley variety. This stresses the need for
appropriate breeding programs for the saline environments for optimizing crop production instead of
targeting potential yields.
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Figure 6. Economic productivity of two barley varieties under different climatic conditions.

8. Discussion

We evaluated the AquaCrop model for two barley varieties under contrasting environments and
different water salinity levels. The simulated model values were close to the field measurements
concerning biomass, yield and soil salinity. ME and R2 parameters were close to 0.9, showing the
model’s ability to simulate the behavior of sensitive and resistant cultivars in contrasting environments
and irrigation practices. Araya et al. [5] reported R2 values of 0.80 when simulating barley biomass
and grain yield using AquaCrop. El Mokh et al. [25] reported R2 values of 0.88 when simulating barley
yield under different irrigation regimes in a dry environment using AquaCrop. Mondal et al. [24]
reported a 0.12 t ha−1 root mean square error after simulating the yield response of rice to salinity stress
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with the AquaCrop model. Our results also show a correct prediction with an RMSE of 0.45 t ha−1

(Table 5). This shows that the AquaCrop model simulates biomass production for all environments
with an acceptable accuracy level.

AquaCrop model produces consistent simulation results for CC with an R2 of 0.89 and RMSE of
2.25 (Table 5). The model also simulated soil salinity satisfactorily for all environments (R2 = 0.96)
for all situations. The R2 values exceeding 0.8 are considered excellent for model performance [39].
The ability of AquaCrop to predict yield depends on the appropriate calibration of the canopy cover
curve [1,40]. Indeed, after simulation of soil water balance at a daily time step, the model simulates CC
and then simulates the transpiration of a crop, biomass above the soil, and converts biomass into yield.
Therefore, it is essential to make accurate predictions of the canopy cover by the proper calibration of
crop traits.

Therefore, through proper calibration, models can be used for additional solutions for the
quantification of salinity build-up in the root zone [41].

We also noted the overestimation of the soil salinity at the end of the growing season when saline
water is used for irrigation (Figure 5). This could be due to the excessive leaching of salts from the
soil profile through irrigation, as reported by Mohammadi et al. [42]. Over- or underestimation at the
end of the season could be the simplification of soil salt transport calculations in the model based
on some empirical functions, including the parameters of Ks and the drainage coefficient for vertical
downward salt movement. Furthermore, the occasional leaching of salts from the root zone using
relatively better-quality water is also recommended. Changing cropping patterns is also a useful
strategy for the rehabilitation and management of saline soils, especially when only saline water is
available for irrigation.

The AquaCrop model was also capable of predicting water productivity under sub-humid,
semi-arid, and arid environments and the effect of salinity. Plants subjected to salinity stress show
a varying response in WP. The sensitive genotype was more exposed to varying responses in WP.
Besides, heat stress induced by increased temperatures and the water deficit also decreases productivity,
as demonstrated by Hatfield [43]. The observed and predicted water productivities were directly
affected by climate aridity and the salinity of the irrigation water. However, the tolerant barley variety
was less affected by these factors. These results are in agreement with the earlier studies [16,44].

Water scarcity is already hampering agricultural production in the MENA region. Therefore,
the adoption of integrated management strategies will be useful for growing tolerant genotypes under
saline water conditions and increasing the water use efficiency. For the sustainable management of crop
growth in saline environments, soil-crop-water management interventions consistent with site-specific
conditions need to be adopted [41]. These may include cyclic or conjunctive saline water use and
freshwater through proper irrigation scheduling to avoid salinity development.

There are several traits available for screening genetic material for enhanced production and WP
under different climate scenarios. This study shows that, under different water salinity conditions,
sensitive barley genotype is more affected by the increasing water salinity than the tolerant barley
genotype. The crop yields for both genotypes under all water salinity levels were higher in KAI area
compared to the MED area. Therefore, this study recommends that farmers with higher salinity water
for irrigation should grow tolerant barley genotypes, allowing them to reduce the cost, on average,
by 30% (Figure 6). However, from a sustainability point of view, irrigation amounts should be kept to
a minimum to optimize crop yields instead of targeting potential yields [45]. This exercise will help
there be less accumulation of salts in the root zone. Besides, the occasional leaching of salts from the
root zone using relatively better-quality water is also recommended. Changing cropping patterns is
also regarded as a useful strategy for the rehabilitation and management of saline soils, especially
when only saline water is available for irrigation [46,47].
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9. Conclusions

The AquaCrop model with a salinity module was used to evaluate the agronomic performance
of two barley varieties for the three different agro-climatic zones in Tunisia. These zones represent
sub-humid, semi-arid, and arid climates. The model was calibrated and evaluated using field data
from two years (2012 and 2014). The excellent correlation between the simulated and measured data of
biomass, yield, and soil salinity confirms the ability of AquaCrop model to simulate crop growth under
different climatic conditions. The scenario results using the calibrated model indicate that farmers
with higher salinity water for irrigation should grow tolerant barley genotypes. However, from a
sustainability point of view, irrigation amounts should be kept to a minimum to optimize crop yields
instead of targeting potential yields.
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Abstract: Practical and sustainable water management systems are needed in arid regions due to
water shortages and climate change. Therefore, an experiment was initiated in winter (WS) and
spring (SS), to investigate integrating deficit irrigation, associated with partial root drying (PRD)
and soil mulching, under subsurface drip irrigation on squash yield, fruit quality, and irrigation
water use efficiency (IWUE). Two mulching treatments, transparent plastic mulch (WM) and black
plastic mulch (BM), were tested, and a treatment without mulch (NM) was used as a control. Three
levels of irrigation were examined in a split-plot design with three replications: 100% of crop
evapotranspiration (ETc), representing full irrigation (FI), 70% of ETc (PRD70), and 50% of ETc
(PRD50). There was a higher squash yield and lower IWUE in SS than WS. The highest squash yields
were recorded for PDR70 (82.53 Mg ha−1) and FI (80.62 Mg ha−1). The highest IWUE was obtained
under PRD50. Plastic mulch significantly increased the squash yield (34%) and IWUE (46%) and
enhanced stomatal conductance, photosynthesis, transpiration, leaf chlorophyll fluorescence, and
leaf chlorophyll contents under PRD plants. These results indicate that in arid and semi-arid regions,
soil mulch with deficit PRD could be used as a water-saving strategy without reducing yields.

Keywords: squash; partial root drying; water use efficiency; soil mulch; growing seasons; gas
exchange; fruit quality

1. Introduction

Increasing the consumption of water in the agricultural sector, and a lack of preven-
tative measures to permanently conserve water and avoid water shortages, make it vital
to manage water resources rather than develop new ways to supply water. Therefore,
the need to develop practical and sustainable management systems for water supply has
become a subject of intense discussion. Drip irrigation is a promising irrigation strategy
that reduces soil evaporation and deep drainage losses, while efficiently delivering water to
plant roots [1]. Compared with conventional methods, drip irrigation has shown its utility
for water-saving and the efficient use of fertilizers, especially fruit and vegetable crops [2].

Various methods are currently used to increase the efficiency of delivering water to
plants. One of these is subsurface drip irrigation (SSDI), which is primarily utilized to
decrease water loss during water delivery to plants. Compared with other drip irrigation
methods, SSDI has gained more acceptance in the irrigation sector in its ability to increase
crop yield and reduce plant diseases and soil erosion [3–5]. Other methods that are used
to efficiently managing water irrigation include deficit irrigation (DI) and soil mulching.
Ever since the focus of water irrigation shifted from increasing yield per planted area to
increasing yield per unit volume of water applied [6], DI has become an important strategy
in arid and semi-arid regions where water shortages are a major limitation to farming.
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Therefore, the optimal goal of using DI is to save water, either by reducing the number of
irrigation cycles or reducing the volume of water applied during each irrigation event [7].
Irrigation water use efficiency (IWUE) has been developed to indicate increasing crop
yield while using less water, or maximizing yield in limited water sources [8]. IWUE was
defined by the total yield to the total water applied [9,10]. In a physiological perspective,
IWUE is used to describe the amount of carbon to the water lost through transpiration [11].
However, agronomists primarily focus on maximizing yield per water applied [12].

Partial root drying (PRD) is an improved form of DI strategy that involves applying
water to the sides of a plant root zone, either by irrigating one side of the plant root (fixed
PRD) or alternately watering both sides of the root (alternating PRD) [13]. Adequate water
and nutrients are delivered to the plant on the wet side of the root, while the dry side is
stimulated and releases chemical hormones. These chemical hormones cause stomata to
partially close, which increases IWUE [13]. This strategy makes PRD more efficient than
DI [13–15]. Barideh et al. [16] reported that alternating PRD saves more water than fixed
PRD. Several studies have shown the advantages of DI and PRD over full irrigation (FI), in
terms of IWUE without the reduction of yield [17–20]. A number of researchers working
on different crops found that the PRD strategy increased IWUE by 38–53% compared
with FI without a significant reduction in yield [18,21,22]. Ors et al. [23] reported that
deficit irrigation (67%) had significantly reduced chlorophyll index value (7%), leaf water
content (42%), stomatal conductance (69%), transpiration (62%), photosynthesis (62%) of
squash. Al-Ghobari and Dewidar [24] indicated that deficit irrigation significant affected
the fresh leaf, stem weight of tomato, compared with full irrigation. In terms of fruit quality,
PRD preserved fruit quality, compared with deficit irrigation. Zhang et al. [25] reported
that PRD was not affected by soluble solid contents of strawberry, while deficit irrigation
considerably decreased soluble solid contents. Guang-Cheng et al. [26] indicated that both
PRD50 and DI50 strategies considerably decreased dry weigh of shoot and root pepper
compared with full irrigation. Furthermore, PRD50 reduced photosynthesis 19% while
DI50 decreased 22%. In chlorophyll fluorescence (FV/Fm) PRD50 reduced by 9.5% while
DI50 decreased 12.0%.

Another method that can increase IWUE is soil mulching, which can be used for
many purposes in the agriculture sector. However, preserving soil moisture, improving
soil physical properties, and controlling soil erosion are the most significant uses of soil
mulching in arid and semi-arid regions [27,28]. Mulching materials positively affect the
moisture of the soil by improving soil structure and soil retention, as well as decreasing soil
evaporation [27,29–31]. Yaghi et al. [32] reported that combining drip irrigation with plastic
mulch increased cucumber yield (45%) and IWUE (72%) compared with the treatment with-
out mulch during two successive growing seasons in the arid region. Abhivyakti et al. [33]
found that black plastic mulch increased the tomato yield by 30% compared with bare soil in
open field conditions. Abd El-Mageed et al. [34] also reported that soil mulching increased
both, the squash yield and IWUE by 26%, compared with the non-mulched treatments.
Experimenting on broccoli, Verma et al. [35] observed that mulching increased the photo-
synthetic rate, stomatal conductance, intercellular CO2 concentration, and transpiration
rate. Additionally, Lira-Saldivar et al. [36] found that plastic mulch significantly increased
photosynthetic activity in zucchini plants (17.9%) compared with non-mulched treatments.

In addition to water, growing season also influences both crop yield and IWUE.
Numerous studies on zucchini squash have reported that growing season has a significant
effect on crop yield and IWUE [9,34,37,38].

Despite numerous studies that have been conducted on SSDI, PRD irrigation and soil
mulching, as water management strategies, combined with arid regions with different
growing seasons, has not been fully investigated. Therefore, this study aimed to investigate
the effect of DI levels, associated with PRD strategy and plastic mulch on squash yield and
IWUE in winter and spring. This study also examined the combined effects of PRD, soil
mulch, and growing season on gas exchanges, chlorophyll fluorescence, and the chlorophyll
content index at different plant growth stages.
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2. Materials and Methods

2.1. Experimental Design and Growth Conditions

Two experiments were conducted in two consecutive growing seasons: the winter
season (WS) and spring season (SS) of 2018–2019 at the Educational farm, King Saud Uni-
versity, Riyadh, which is in an arid area. A meteorological station was set up to constantly
measure weather parameters, namely, air temperature, relative humidity, solar radiation,
evapotranspiration, and rainfall throughout the WS and SS (Figures 1 and 2). Field prepa-
rations were made, including plowing, grading, and leveling. Then, the irrigation layout
was implemented according to the experimental design, as shown in Figure 3.

Figure 1. Daily climate parameters in the winter and spring of 2018–2019 during the squash growing seasons: (a) Daily
maximum and minimum temperature, (b) solar radiation, (c) relative humidity, and (d) wind speed.
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Figure 2. Seasonal reference evapotranspiration (ETo) at the experimental field throughout the winter
and spring growing seasons.

Figure 3. Schematic diagram of the experimental fields under mulch treatments (black mulch-BM, transparent mulch-WM
and non-mulch- NM) and irrigation treatments (full irrigation-FI, partial root drying with 50% of evapotranspiration-
PRD50, partial root drying with 70% of evapotranspiration-PRD70).

Soil physical and chemical analyses were conducted by taking soil samples every 0.1 m
down to a depth of 0.5 m, as shown in Table 1. Soil physical parameters were determined,
including the field capacity (FC), wilting point (WP), saturated hydraulic conductivity (ks),
bulk density (ρb), and soil saturation (S). The experiment was conducted in a split-plot
design (Figure 3). Treatments were allocated three levels of irrigation and three mulching
treatments. The mulching treatments, transparent mulch (WM), black mulch (BM), and
without mulch (NM), were assigned as main plots, and the irrigation treatments, FI with
100% of crop evapotranspiration (ETc), irrigation with 70% of ETc (PRD70), and irrigation
with 50% of ETc (PRD50%) were allocated in subplots. The experimental plot area was
13 m in length by 0.70 m in row width (9.1 m2). A total of 27 plots were made by replicating
each treatment three times.
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Table 1. Soil physical and chemical properties.

Depth
(cm)

Particle Size (%)
Texture

FC
%

WP
%

ks

(mm/h)
S
%

ρb

(g cm−3)
Sand Silt Clay

0–10 82.90 8.80 8.30 sandy
loam 22.11 5.53 48.06 38.15 1.40

10–30 74.35 16.85 8.80 sandy
loam 21.30 4.72 18.10 35.00 1.51

30–50 70.32 20.8 8 8.80 sandy
loam 22.44 4.46 11.39 33.17 1.57

Depth
(cm)

pH
Cation (meq L−1) Anions (meq L−1)

Ca2+ Mg2+ Na+ K+ HCO3
− CO3

2− CI− SO4
2−

0–10 7.56 2.95 0.95 1.98 0.39 1.25 0.00 2.45 2.35
10–30 7.47 3.73 0.59 3.85 0.44 1.28 0.00 3.10 3.45
30–50 7.35 4.40 0.98 4.78 0.73 1.78 0.00 4.00 4.48

FC: field capacity; WP: wilting point; ks: saturated hydraulic conductivity; S: soil saturation; ρb: bulk density.

2.2. Applied Irrigation Water

Drip pipes were buried 15 cm below the soil surface and had 26 inline emitters, which
were spaced at intervals of 0.5 m, and had a discharge rate of 8 L h−1 at an operating
pressure of 100 kPa. In the FI experimental plot, one lateral was installed adjacent to the
crop rows, while in the PRD treatments, two laterals with two control valves were installed
0.4 m apart in each crop row. Irrigation in the PRD treatment was shifted between the
two sides of plants every five days.

A weather station (WS-PRO LT Weather Station, Rain Bird) was launched in the
experiment field. Daily reference evapotranspiration (ETo) was calculated from daily
climate data according to Allen et al. [39] using Equation (1),

ETO =
0.408Δ(Rn − G) + γ 900

T+273 u2 (eS − ea)

Δ + γ(1 + 0.34u2)
(1)

where ETo is reference crop evapotranspiration (mm day−1), Rn is net radiation at the
crop surface (MJ m−2 day−1), G is soil heat flux density (MJ m−2 day−1), T is mean daily
temperature at 2 m height (◦C), u2 is wind speed at 2 m height (m s−1), es is saturation
vapor pressure (kPa), ea is actual vapor pressure (kPa), Δ is the slope of the vapor pressure
curve (kPa ◦C−1), and γ is a psychrometric constant (kPa ◦C−1).

Irrigation was conducted every day using an automatic controller (ESP-LXME con-
trollers, Rain Bird Corporation, Tucson, AZ, USA), which was connected with a central
control (IQ v2.0, Rain Bird Corporation, Azusa, CA, USA). The IQ-software monitored and
adjusted watering schedules for the controller and site from a compatible Windows PC,
which was connected with the weather station to schedule irrigation automatically based
on ETc. The crop water requirements (ETc) were estimated using Equation (2),

ETc = ETo × Kc (2)

where ETc is the crop water requirement (crop evapotranspiration; mm day−1), and Kc is
the crop coefficient. The crop growth stages, initial, development, mid, and late stage, were
20, 30, 25, and 15 days, respectively, and Kc of 0.6, 1.0, and 0.75 were used for the initial,
mid, and late stage, respectively [39]. Moreover, the values of Kc were adjusted according
to Allen et al. [39] based on the relative humidity, wind speed at 2 m, percentage of wetted
soil surface in the experimental field using Equations (3) and (4),

Kc ini = fw Kc ini(Table) (3)
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where Kc ini is the adjusted value of initial Kc, fw is the fraction of surfaced wetted by
irrigation, and Kc ini(Table) is the value of initial Kc from Allen et al. [39].

Kc mid OR end = Kc mid OR end(Table) + [0.04(u2 − 2)− 0.004(RHmin − 45)]
(

h
3

)0.3
(4)

where Kc mid OR end is the adjusted values of mid Kc or end Kc, Kc mid OR end(Table) is the value
of of mid Kc or end Kc from Allen et al. [39], RHmin is the mean value for daily minimum
relative humidity during the mid-season growth stage or the end-season stage [%], and h is
mean plant height during the mid-season stage or the end-season stage [m].

At 20 days after sowing (DAS), PRD70 and PRD50 were applied until harvesting.

2.3. Plant Management

Two seeds of zucchini squash, Cucurbita pepo L., were hand-sown 10 cm apart on both
sides of the central line of the planting rows, and there was 0.5 m between plants within a
row. Seeds were planted on November 18, 2018 and terminated on 15 February 2019 in the
WS, and in the SS, seeds were planted on 23 March 2019 and terminated on 20 June 2019.
Chemical fertilization was applied at the recommended rate for squash production in this
area: 5.1 g N/plant, 5.1 g P2O5/plant, 16.8 g K2O/plant, 37.5 g Ca(NO3)2/plant, 28.5 mL
H3PO4/plant, 14.52 mL HNO3/plant, and 1.41 g humic acid/plant. Pest management and
disease control were conducted based on local squash protection procedures.

2.4. Soil Moisture Measurements

Capacitance probes (EnviroSCAN®, Sentek Sensor Technologies, Stepney, Australia)
were used to measure soil moisture. Enviroscan probes were used to continuously monitor
volumetric soil water content (θv) down to a depth of 0.5 m in the root zone of each
irrigation treatment. Probes were installed vertically at a distance of 0.10 m from laterals
and had five sensors at 0.10 m intervals. Soil frequencies (Fs) were converted into scaled
frequencies (Sf) according to Equation (5) following Buss [40],

S f =
FA − FS
FA − FW

(5)

where FA is the sensor reading in the air, FS is the sensor reading in the soil, and FW is the
sensor reading in non-saline water. According to Vera et al. [41], θv can be calculated using
Equation (6),

θv =

(S f − C
A

) 1
b

(6)

where A = 0.1957, b = 0.404, and C = 0.02852. The determination coefficient value provided
using standard default calibration was 0.97. One EnviroScan device per plot was installed
in single lateral treatments (FI), while two EnviroScan devices were installed 0.6 m apart in
the diagonal direction in the two lateral treatments: PRD70 and PRD50 (Figure 3).

2.5. Physiological and Agronomic Measurements

Chlorophyll index (soil-plant analysis development (SPAD) value) and gas exchange
measurements, including stomatal conductance (gs), photosynthesis (Pn), and transpiration
rate (Tr), were measured at three different growth stages: development (35 DAS), mid
(63 DAS), and late stage (83 DAS). One leaf (of the same age) was selected per plant
from five plants per plot. A total of 15 measurements per treatment were made at every
growth stage.

The chlorophyll index (SPAD value) was measured using a SPAD 502 Plus Chlorophyll
Meter (Minolta Co. Ltd., Osaka, Japan). Using a chlorophyll meter is a non-destructive
method that quickly and precisely approximates the chlorophyll concentration of leaves
by measuring the red (650 nm) and infrared (940 nm) radiation of leaves [42]. The sample
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readings were made for every plot using the center section of the selected leaf at all
measured growth stages.

The gas exchange measurements gs, Pn, and Tr were measured using an LI-6400XT
portable photosynthesis system (LiCor Inc., Lincoln, NE, USA). The samples were measured
for each treatment from functional leaves on a cloudless day from 08h00 to 10h00 local time.

Total fresh squash yields (Mg ha−1) were determined by manually collecting and
weighing fruits from each line for all harvested squash fruits. The irrigation water use
efficiency (IWUE) was calculated by dividing the total weight of harvested squash fresh
fruits (kg ha−1) by the volume of water applied to the crop (m3 ha−1) [9,10].

The fruit quality parameters, total soluble solids (TSS, %), vitamin C (VC, mg 100 g−1

fruit fresh weight-FW), and titratable acidity (TA, % citric acid), were assessed by choosing
samples of three mature fruits in the third, fifth, and seventh harvestings per treatment
in each growing season. A squash extract was taken by blending and filtering the flesh
of each fruit. A digital refractometer (PR-101 model, ATAGO, Tokyo, Japan) was used
to determine the TSS using standard methods of analysis [43], while TA was determined
using the procedure, described by Caruso et al. [44]. 2,6-dichlorophenol-indophenol-dye
was used to measured Vc in the extracted juice [45].

2.6. Statistical Analysis

Statistical analysis was conducted using analysis of variance procedures using CoStat
version 6.451 [46]. The difference between means was compared using a least significant
difference test (LSD) at the 5% level (p ≤ 0.05).

3. Results and Discussion

3.1. Evapotranspiration and Applied Irrigation

There was variation in the weather parameters of the WS and SS (Figure 1). Air
temperature, solar radiation intensity, and wind speed were higher in the SS than the WS.
However, in the WS, the relative humidity was higher than in the SS. This caused a 73%
increase in the seasonal reference evapotranspiration (ETo) in the SS, compared with the
WS (Figure 2). As irrigation scheduling was based on ETc, more water was consumed in
the SS than the WS (Figure 4).

Figure 4. Seasonal water application to zucchini squash crops for the two growing seasons: (a) Winter season, and
(b) spring season.
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3.2. Soil Moisture Content

Figure 5 shows the different patterns of soil moisture distribution in their response
to FI, PRD70, and PRD50, combined with WM, BM, and NM during the WS and SS. The
values presented for volumetric soil moisture content (θv) are an average of 0.1, 0.2, 0.3,
0.4, and 0.5 m soil depths. Before irrigation treatments (20 DAS), the θv for all treatments
was almost the same for each growing season. Irrigation was scheduled based on ET, and
this caused a variation in θv between the two seasons. In the WS, the θv for FI was below
the FC compared with the SS when the θv of FI was almost near the FC. The average θv
in the SS was higher by 16%, 22%, and 32% for BM, WM, and NM, respectively, than the
corresponding values in WS. This was primarily due to the applied water in the SS, which
was higher than in the WS (Figure 4). For the mulch treatments, WM and BM showed
higher θv than NM. The increased moisture retention capacity of the mulched treatments
in the two growing seasons could be attributed to less evaporation from the soil, as shown
in Figure 5. Besides, vapor accumulation from irrigated water trapped within the mulches
cause the formation of fog, which precipitates back into the soil. These findings are in
agreement with Yaghi et al. [32] and Rashid et al. [47], who found that mulched treatments
showed higher soil moisture content compared to non-mulched treatments. The θv values
of the PRD treatments showed alternately an increase in the wet side (right) of the root
zone, while the dry side (left) showed a reduction in soil moisture content, as shown in
Figure 5. The wet side of the root zone delivers water to the plant, while the dry side
improves root ventilation. In PRD70, θv was between the FC and WP. However, in PRD50,
θv was below the WP, and this had a negative impact on plant growth. The patterns of
soil water dynamics in PRD-treated plants in this study were similar to those described
by Barideh et al. [16] and Rashid et al. [47], who found that the soil water content in PRD
treatments increased and decreased interchangeably.

3.3. Stomatal Conductance (gs), Photosynthesis (Pn), and Transpiration (Tr)

Data in Table 2 show that irrigation quantity significantly (p < 0.001) affected the
values of gs at all growth stages. At 83 DAS, PRD70 and PRD50 reduced the value of gs
by 10% and 37% compared with FI, respectively. This is due to plant age, which reduces
its activity. FI showed a higher Pn rate compared with the PRD treatments. At 63 DAS,
Pn values under the FI plot were 10.685 μmol m−2 s−1. This is a 7% and 16% increase
compared with PRD70, and PRD50, respectively. Tr was significantly affected (p < 0.001)
by irrigation quantity at all measured days. The lowest Tr values were observed under
PRD50 treatments at 63 DAS.

However, FI treatments showed the highest Tr (4.046 mmol m−2 s−1) at 35 DAS, which
was not statistically different from PRD70. This finding indicates that the water deficit in
PRD70 did not affect transpiration efficiency. At 83 DAS, PRD50 and PRD70 reduced the Tr
values by 20% and 17.6%, respectively, compared with the FI treatments. In this study, the
irrigation treatment significantly affected the gs, Pn, and Tr values, indicating that both Pn
and Tr are controlled by gs, and they mutually affect each other [48,49]. Liu et al. [50] stated
that under water-stressed conditions, gs decreases due to the closure of stomata to maintain
leaf water status. However, there are opposing reports on the mechanism behind stomatal
closure [51]. Although some studies suggest that chemical signals, such as abscisic acid
(ABA) and pH are behind stomatal closure [50,52], others endorse that hydraulic signals,
such as soil, root, and shoot resistances, are responsible for stomatal closure [53]. Many
questions still arise related to the mechanism behind stomatal closure, even though many
studies have been conducted [51]. Farooq et al. [54] stated that stomatal closure reduces
the amount of carbon dioxide going into the parenchyma cells, which causes inhabitation
of CO2 and light that ultimately affects plant photosynthesis efficiency.
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Figure 5. Soil moisture for full irrigation (FI) and deficit partial rootzone drying under 70% and 50% of evapotranspiration
(PRD70 and PRD50, respectively) at the left (L) and right (R) rootzone sides combined with: (a) Transparent mulch (WM)
during the winter season (WS), (b) WM during the spring season (SS), (c) black mulch (BM) during the WS, (d) BM during
the SS, (e) no mulch (NM) during the WS, and (f) NM during SS. FC, field capacity, and WP, wilting point.
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Table 2. Analysis of variance of stomatal conductance (gs), photosynthesis (Pn), and transpiration (Tr) at the development
stage (35 DAS), mid stage (63 DAS), and late stage (83 DAS) of squash growth during the winter (WS) and spring (SS)
growing seasons.

Treatments
gs (mol H2O m−2 s−1) Pn (μmol CO2 m−2 s−1) Tr (mmol H2O m−2 s−1)

35 DAS 63 DAS 83 DAS 35 DAS 63 DAS 83 DAS 35 DAS 63 DAS 83 DAS

Season (S)

WS 0.2912 b 0.2192 b 0.1722 b 8.647 b 9.335 b 9.1668 b 3.115 b 2.804 b 2.887 b

SS 0.3881 a 0.3182 a 0.2122 a 9.657 a 10.414 a 10.381 a 4.285 a 3.952 a 3.836 a

p-value 0.0059 ** 0.0006 ** 0.0126 * 0.023 * 0.0465 * 0.0172 * 0.014 * 0.0002 ** 0.0039 **
LSD0.05 0.032 0.0107 0.019 0.678 1.037 0.694 0.602 0.072 0.254

Mulch (M)

WM 0.3445 0.3004 a 0.2257 a 10.176 a 9.961 b 10.256 a 4.046 a 3.812 a 3.852 a

BM 0.3401 0.2660 b 0.1818 b 9.778 a 10.461 a 10.088 a 3.901 a 3.359 b 3.173 b

NM 0.3262 0.2397 c 0.1690 c 7.502 b 9.200 c 8.976 b 3.150 b 2.963 c 3.061 b

p-value 0.0527 ns 0.00001 ** 0.0001 ** 0.00001 ** 0.00001 ** 0.0001 ** 0.00001 ** 0.00001 ** 0.0001 **
LSD0.05 – 0.014 0.0095 0.451 0.151 0.273 0.169 0.093 0.132

Irrigation
(I)

FI 0.375 a 0.3222 a 0.2284 a 10.562 a 10.685 a 10.333 a 4.044 a 3.826 a 3.603 a

PRD70 0.333 b 0.2557 b 0.2051 a 9.0196 b 9.972 b 9.594 b 3.792 a 3.272 b 3.414 b

PRD50 0.310 c 0.2283 c 0.1431 b 7.875 c 8.965 c 9.394 b 3.265 b 3.036 c 3.069 c

p-value 0.0001 ** 0.00001 ** 0.00001 ** 0.00001 ** 0.00001 ** 0.0005 ** 0.00001 ** 0.00001 ** 0.00001 **
LSD0.05 0.0149 0.016 0.028 0.416 0.313 0.44 0.261 0.092 0.142

S × M p-value 0.9732 ns 0.68 ns 0.013 * 0.99 ns 0.971 ns 0.936 ns 0.664 ns 0.404 ns 0.0251 *
S × I p-value 0.9948 ns 0.99 ns 0.85 ns 0.99 ns 0.989 ns 0.909 ns 0.924 ns 0.438 ns 0.0066 **
M × I p-value 0.4528 ns 0.15 ns 0.23 ns 0.0002 ** 0.011 * 0.171 ns 0.851 ns 0.0005 ** 0.00001 **

S × M × I p-value 0.9980 ns 0.99 ns 0.91 ns 1 ns 0.999 ns 0.999 ns 0.994 ns 0.788 ns 0.00001 **

WS: winter season; SS: spring season; WM: transparent mulch; BM: black mulch; NM: no mulch FI: full irrigation; PRD70 and PRD50:
deficit partial rootzone drying under 70 and 50 of evapotranspiration, respectively; S, M and I: season, mulch and irrigation treatments,
respectively; S × M × I: interaction between season, mulch and irrigation treatments; ns: not statistically significant; **: significant at the 1%
level (p < 0.01); *: significant at the 5% level (p < 0.05); different letters indicate significant difference between treatments; bold letters and
words indicate treatments names.

Our results indicated that Pn decreased with a decrease in gs at the same stage of plant
growth, but in different growth stages, a decrease in gs did not cause a decrease in Pn. For
instance, at the mid stage (63 DAS), the Pn values increased despite gs reduction in both
the mulch and irrigation treatments for the two growing seasons (Table 2). This could be
explained by the squash leaves having reached their maximum area at this stage, when
plants reach their peak values of most photosynthetic parameters [55]. The leaf gs, Pn, and
Tr in the PRD treatments were significantly lower than that of FI at all measured days. In
the PRD treatment, two sides of the root were alternately irrigated. The side of the root
that undergoes a water deficit for a period induces ABA, which reduces gs, affecting both
transpiration and photosynthesis efficiencies. However, the watered side of the root keeps
the plant in a preferable situation [13]. In the current study, due to water stress under PRD
treatment, plants induced ABA from the root to the leaves, resulting in the accumulation
of ABA in the leaves causing stomatal closure [50,52]. Several studies showed that plants
under PRD could enhance leaf Tr [56] and improve the Pn rate [57] compared to FI. These
results are in agreement with other studies [5,58], which indicated that gs decreases with
increasing water stress levels.

The gs, Pn, and Tr were significantly affected by mulching treatments. However, at
35 DAS, gs showed no significant difference (p > 0.05) between mulch and non-mulched
treatments. At 63 DAS, compared with NM, WM and BM increased gs by 20% and 10%,
respectively, indicating that plants under mulched treatments were healthier at the mid
growth stage. At 83 DAS, the NM treatment reduced the Pn value by 11% and 12.5% com-
pared with the BM and WM treatments, respectively (Table 2). At 35 DAS, the non-mulched
treatments reduced the Tr by 19% and 22% compared with the BM and WM treatments,
respectively. Our results agree with the findings described by Ibarra-Jiménez et al. [59] and
Lira-Saldivar et al. [36], who found that plastic mulch significantly increased photosynthetic
activity in zucchini plants compared with non-mulched treatments. This finding is due to
the advantage of plastic mulch, which can control soil temperature, enhance soil moisture,
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and elevate crop photosynthesis [60]. Yang et al. [61] and Zhang et al. [62] emphasized that
soil hydrothermal state is an essential element in photosynthesis. The proper soil moisture
and temperature situation under mulched treatments boost the movement of water from
the deep soil to the surface soil by capillary and steam action, increasing the intercellular
CO2 concentration in the ear-leaf [62]. These activities help increase carbon sources for leaf
photosynthesis, thereby decreasing the limitations of stomatal factors [63] and leading to
consistently higher Pn in mulched than non-mulched treatments.

Data in Table 2 indicate that gs, Pn, and Tr were significantly affected by growing
season for all measured days. The highest gs was 0.3881 and 0.2912 mmol m−2 s−1 in the
SS, and WS at 35 DAS, respectively. The Tr in SS and WS followed the same trend as gs;
the highest Tr was observed at 35 DAS. At 63 DAS, the Pn value in the SS increased by
10%, compared with in the WS. Urban et al. [64] revealed that high temperatures affect
all physiological processes in plants. Furthermore, Jones et al. [65] and Scherrer et al. [66]
asserted that environmental factors, such as radiation, air temperature, and wind, affect
the size of the stomata aperture. In this study, the physiological trend (gs, Pn, and Tr) could
be explained by the environmental differences between the two growing seasons, where
the SS had higher air temperature, radiation, and wind speed than the WS (Figure 1).

The effects of the growing season, mulch treatment, and irrigation quantities on gs,
Pn, and Tr were significant at all squash stages (Table 2). This finding indicates that sowing
squash during a suitable growing season and choosing a suitable combination of irrigation
volume and plastic mulch could enhance squash physiological response, which would
ultimately increase the yield and IWUE.

The gs was not significantly affected by interactions between growing season, mulch,
and irrigation quantities, as shown in Table 2. However, at 83 DAS, the interaction between
season and mulch showed a significance difference (p < 0.05). No interaction effect on Pn
was observed, except for interaction between irrigation and mulch, which significantly
affected (p < 0.05) Pn values at 35 DAS and 63 DAS. In 35 DAS, comparing with same
irrigation strategies FI, BM increased Pn 3% and 20%, respectively compared with WM
and NM. In PRD70, Pn values under BM and WM were not different, while BM and
WM enhanced Pn values 37%, and 36%, respectively, compared with NM. in PRD50, BM
increased Pn 21%, 39%, compared with WM and NM, respectively. Data in Table 2 indicate
that there was no significant interaction between growing season, mulch, and irrigation
on Tr, except after 83 DAS. This indicates that squash plants were not able to withstand
environmental changes at a late stage of growth, and there was a water deficit due to the
age of the plants. Tr values were reduced under PRD strategies compared with FI for
both mulched and non-mulched treatments. At 63 DAS, WM increased Tr 6% and 14%
compared with BM, and NM, respectively under FI strategy. Using PRD70 and PRD50 Tr
values under WM was higher 18% and 38% compared with BM, and NM, respectively. At
83DAS, under FI, Tr under BM was higher 10%, and 17%, respectively, compared with WM
and NM. In PRD 70, WM increased Tr 22%, and 40%, respectively, compared with BM and
NM. in PRD50, Tr was reduced dramatically due to water stress. However, WM increased
Tr by 9% while BM increased by 7%, compared NM.

3.4. Chlorophyll Index (SPAD Value)

The chlorophyll index (SPAD value) was statistically analyzed, as shown in Table 3.
High chlorophyll content is a desired attribute, as it implies a low degree of photoinhibition
of the photosynthetic apparatus [67]. Li et al. [42] suggested that SPAD values could
perfectly trace the variations in chlorophyll content of plants. At 35 and 83 DAS, squash
plants sown in the SS showed high chlorophyll content (SPAD value) compared with those
sown in the WS. This could be due to the higher photosynthesis rate (Pn), observed in
squash plants sown in the SS, compared with those sown in the WS (Table 2). Li et al. [68]
and Peiguo and Mingqi [69] emphasized that the relative chlorophyll and photosynthetic
rate interact positively with each other, as chlorophyll represents the primary chloroplast
component of photosynthesis.
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Table 3. Analysis of variance of the chlorophyll index (SPAD value) at the development stage
(35 DAS), mid stage (63 DAS), and late stage (83 DAS) of squash growth during winter (WS) and
spring (SS) growing seasons.

Treatments
Chlorophyll Index (SPAD Value)

35 DAS 63 DAS 83 DAS

Season (S)

WS 43.88 b 42.99 b 41.66 b

SS 48.31 a 43.88 a 45.85 a

p-value 0.0083 ** 0.196 ns 0.010 *
LSD 0.05 1.746 – 1.81

Mulch (M)

WM 48.09 a 45.61 a 46.28 a

BM 46.75 b 46.21 a 45.00 b

NM 43.46 c 38.42 b 39.98 c

p-value 0.00001 ** 0.00001 ** 0.0001 **
LSD 0.05 1.12 1.27 0.99

Irrigation (I)

FI 48.35 a 45.81 a 46.07 a

PRD70 45.73 b 43.05 b 43.53 b

PRD50 44.22 b 41.38 c 41.66 c

p-value 0.00001 ** 0.00001 ** 0.0005 **
LSD 0.05 1.66 1.09 1.41

S × M p-value 0.0016 ** 0.035 * 0.023 *
S × I p-value 0.806 ns 0.101 ns 0.440 ns

M × I p-value 0.831 ns 0.0265 * 0.265 ns

S × M × I p-value 0.718 ns 0.122 ns 0.063 ns

ns: not statistically significant, **: significant at the 1% level (p < 0.01), *: significant at the 5% level (p < 0.05); differ-
ent letters indicate significant difference between treatments; bold letters and words indicate treatments names.

Mulched treatments significantly affected (p < 0.001) chlorophyll index values (Table 3).
Our study showed that the SPAD value of mulch treatments was significantly higher
than non-mulched treatments. The primary reason for the high SPAD value with mulch
treatment could be that the film mulch changed the soil water content (Figure 5) and the
heat environment in the root area of the squash, causing a change in the physical and
chemical properties of the soil, which accelerated root system growth. Kante et al. [70]
showed that a reduction in the chlorophyll content of plant leaves was directly associated
with root growth. This result follows the same trend as the findings of Hugar et al. [71],
Nasrullah et al. [72], and Iqbal et al. [73], who found that soil mulch enhances chlorophyll
content compared with non-mulched treatments.

Drought stress reduced the chlorophyll index at all growth stages. PRD70 and PRD50
reduced the chlorophyll content. Under conditions of water stress, chlorophyll content
declines as a result of damage to chloroplast membranes and structure and photo-oxidation
of chlorophyll [74–76]. The reduction of leaf chlorophyll values due to a water deficit has
been reported for squash [23], cabbage [58], cotton [73], and wheat [67] crops.

Chlorophyll index values were not significantly affected by the interactions between
S×M×I. However, the interaction between S × M was significant (p < 0.05) at all measured
days. At 63 DAS, the interaction effect between mulch and irrigation treatments on SPAD
value was significance. In FI treatments, BM increased SPAD value 6% and 23% compared
with NM. In PRD70, the SPAD values under BM and WM were not different. BM and
WM both increased SPAD values 17% compared with NM. Under PRD50, WM increased
SPAD values 3% and 24 %, respectively compared with BM and NM. Overall, FI and BM
improved Pn, Tr and SPAD value.

3.5. Fruit Quality

Table 4 shows the statistical analysis of squash fruit quality, total soluble solids (TSS),
total acidity (TA), and vitamin C (VC) under mulch and irrigation treatments for the WS
and SS. The fruit qualities of the FI treatment were significantly different (p < 0.001) to
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those of the PRD treatments. Squash plants under the PRD50 treatments reduced TSS, TA,
and VC by 17%, 25%, and 19%, respectively, compared with the FI treatment. The severe
water stress treatment (PRD50) negatively affected the squash fruit quality. This finding
could be explained by the water deficit causing a reduction in fruit water potential [25].
These results are in agreement with the findings of Al-Ghobari and Dewidar [24], Abd
El-Mageed et al. [34], Kuslu et al. [77] and Zhang et al. [25], who found that water-stressed
treatments reduced fruit qualities compared with non-stressed water. Fruit quality under
PRD can be affected by many factors, including plant type, developmental stage, soil type,
and environmental conditions [62].

Table 4. Analysis of variance of squash fruit quality, total soluble solids (TSS), total acidity (TA), and
vitamin C (VC) for winter and spring growing seasons.

Treatments TSS (%) TA (% Citric Acid) VC (mg/100 g FW)

Season (S)

WS 4.98 b 0.311 0.727
SS 5.52 a 0.334 0.746

p-value 0.036 * 0.1785 ns 0.602 ns

LSD 0.05 0.149 – –

Mulch (M)

WM 5.47 b 0.340 b 0.760 b

BM 5.63 a 0.342 a 0.775 a

NM 4.71 c 0.287 c 0.675 c

p-value 0.00001 ** 0.0002 ** 0.0018 **
LSD 0.05 0.052 0.018 0.045

Irrigation (I)

FI 5.85 a 0.373 a 0.813 a

PRD70 5.63 b 0.313 b 0.733 b

PRD50 4.86 c 0.281 c 0.663 c

p-value 0.0001 ** 0.00001 ** 0.00001 **
LSD 0.05 0.048 0.017 0.043

S × M p-value 0.0003 ** 0.0457 * 0.036 *
S × I p-value 0.00001 ** 0.0047 ** 0.182 ns

M × I p-value 0.357 ns 0.958 ns 0.908 ns

S × M × I p-value 0.635 ns 0.917 ns 0.906 ns

ns: not statistically significant, **: significant at the 1% level (p < 0.01), *: significant at the 5% level (p < 0.05); differ-
ent letters indicate significant difference between treatments; bold letters and words indicate treatments names.

Mulching significantly affected (p < 0.0001) all fruit quality attributes. Mulch treat-
ments increased the TSS, TA, and VC by 16%, 16%, and 13%, respectively, compared with
non-mulched treatments. This result is consistent with those of Lira-Saldivar et al. [36]
and Li et al. [78], who found that soil mulching enhances fruit quality, compared with
non-mulching. Abd El-Mageed et al. [34] indicated that mulch could reduce the influence
of water stress on squash fruit quality, as mulch reduces soil evaporation, while preserving
soil moisture content near the root zone.

Growing seasons did not significantly (p > 0.05) affect fruit quality, except for TSS.
The interaction effect between S×I on TSS and TA was significant (p < 0.001). However,
there was no significant (p > 0.05) difference in the value of VC. Squash fruit qualities were
not significantly affected by the interactions of S × M × I. In contrast, the effect of the
interaction of S × M showed a significant difference (p < 0.05) between all fruit qualities.

3.6. Yield and Irrigation Water Use Efficiency (IWUE)

Statistical analysis of squash yield and IWUE are shown in Table 5. Squash yield was
significantly (p < 0.05) affected by growing season. The squash yield obtained in the SS
was higher (19%) than that in the WS. The reduction of squash yield in the WS could be
due to extreme lower temperatures and solar radiations during the WS than SS (Figure 1).
Similar results were obtained for cucumber by Wan et al. [79] and for squash by Amer [37],
who reported that the different yields, obtained in different growing seasons, were due to
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non-favorable weather conditions. Similarly, the higher yield recorded during the SS was
due to an increase in physiological properties (gs, Pn, and Tr) and the chlorophyll index,
compared with WS (Tables 2 and 3).

Table 5. Analysis of variance of squash fresh fruit yield and irrigation water use efficiency (IWUE)
for winter (WS) and spring (SS) growing seasons.

Treatments Fresh Fruit Yield (Mg ha−1) IWUE (kg m−3)

Season (S)

WS 72.12 b 26.71 a

SS 85.88 a 12.92 b

p-value 0.0118 * 0.0005 **
LSD 0.05 6.49 1.35

Mulch (M)

WM 87.46 a 22.51 a

BM 85.30 a 21.74 b

NM 64.23 c 15.20 c

p-value 0.00001 ** 0.0001 **
LSD 0.05 3.41 0.45

Irrigation (I)

FI 80.62 a 15.07 c

PRD70 82.53 a 20.48 b

PRD50 73.85 c 23.90 a

p-value 0.0001 ** 0.0001 **
LSD 0.05 2.51 0.52

S × M p-value 0.0001 ** 0.0001 **
S × I p-value 0.0003 ** 0.0001 **
M × I p-value 0.474 ns 0.0001 **

S × M × I p-value 0.773 ns 0.0001 **
ns: not statistically significant, **: significant at the 1% level (p < 0.01), *: significant at the 5% level (p < 0.05); differ-
ent letters indicate significant difference between treatments; Bold letters and words indicate treatments names.

The mulching treatments showed a significant difference (p < 0.0001) in squash yield
compared with the non-mulched treatments (Table 5). Mulched treatments increased
squash yield by 36% compared with non-mulched treatments. However, no statistical
difference was observed between mulched treatments (BM and WM). The yield increase ob-
served in the plastic mulch treatment could be attributed to its ability to reduce evaporation,
fertilizer leaching, weed accumulation, and soil compaction and increase soil temperature,
which enhances root growth [30,31]. These properties led to higher soil moisture and
nutrient holding in the root zone, which eventually enhanced squash yield, compared
with NM. Many studies have reported that mulch enhances crop yield in squash [34],
cucumber [59], chili [80] and broccoli [35].

Squash yield was significantly (p < 0.001) affected by irrigation treatments. The highest
squash yield was obtained under the PRD70 treatment (82.53 Mg ha−1). Although this
yield was not significantly different from that of the FI treatment (80.62 Mg ha−1). This
suggests that reducing the irrigation volume perfectly could improve fruit yield. The higher
squash yield in the PRD70 treatment than the FI treatment could be partially explained by
the PRD having parallel drip lines that irrigate the root zone of the plant interchangeably.
This could reduce water losses due to deep percolation in sandy soil, resulting in nutrient
availability near the root zone in plants under PRD treatments. Another possible reason for
the PRD70 plot having a higher yield than the FI plot is that plastic mulch could prevent soil
evaporation to some degree. Therefore, plots under the FI treatment might be over irrigated,
and irrigation of 70% of crop water requirement supplies sufficient water for crop growth
without stress [81]. Hakim et al. [17] indicate that plants receiving FI could encounter
higher soil moisture in the root zone, which reduces root activity, delaying maturity, and
lowering yield compared with plants under PRD treatments. This result is consistent with
the findings of Qin et al. [20] and Hooshmand et al. [19], who found that the yield of the FI
treatment was lower than the deficit treatments, but not significantly different. Howerver,
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the squash yield obtained in this study was more than three times higher than the squash
yield obtained by Al-Omran et al. [82] under the same environmental conditions. This
finding could be attributed to the higher plant density and good fertilization program used
in this experiment, resulting in a higher squash yield compared with the mentioned study.

The interaction effects between S × M × I were not statistically significant (p > 0.05)
for squash yield, while there were strong significant (p < 0.001) interactions between S × M
and S × I (Table 5). It is worth mension that sowing squash in the SS under non-mulched
treatment was almost doubled the squash yield compared to sowing in the WS. The
variation of squash yield under mulched treatments in the SS and WS was not considerable.
This shows that WM and BM were effective during both growing seasons (Figure 6). The
highest squash yield was recorded under SS-BM-PRD70 treatment (95.84 Mg ha−1), while
the lowest yield (46.06 Mg ha−1) was obtained under WS-NM-PRD50. In the WS, the
highest squash yield obtained was 87.9 Mg ha−1 in WM PRD70, while in the SS, the lowest
squash yield obtained was 75.33 Mg ha−1 in NM PRD50. The Squash yield obtained under
SS-NM-FI and WS-NM-FI were 77.4, and 53.1 Mg ha−1, respectively, while in SS-WM-
PRD50 and WS-WM-PRD50 were 85.29, and 79.34 Mg ha−1, respectively (Figure 6). This
shows that using the PRD strategy and soil mulching technique reduces 50% of applied
water, while increasing squash yield in both growing seasons. These results suggest that in
arid and semi-arid regions where there are water scarcity problems, soil mulch with PRD50
could be used as a water-saving strategy to maintain the squash yield.

Figure 6. Squash yield under irrigation and mulch treatments during the winter and spring seasons.

Data presented in Table 5 and Figure 7 show that the effect of S, M, and I on IWUE was
significant (p < 0.001). The IWUE in the WS was two times higher than in the SS. This result
could be due to the water applied to squash in the SS, which was higher than that applied
in the WS. This finding is in line with those recorded by Rouphael and Colla [83], Abd
El-Mageed and Semida [9], Abd El-Mageed et al. [34] and Silva et al. [38], who worked on
squash and observed that the IWUE was affected by environmental factors under different
growing seasons.
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Figure 7. Squash irrigation water use efficiency (IWUE) during winter (WS) and spring (SS) under
mulch treatments (black mulch-BM, transparent mulch-WM and non-mulch- NM) and irrigation
treatments (full irrigation-FI, partial root drying with 50% of evapotranspiration- PRD50, partial
root drying with 70% of evapotranspiration-PRD70); the data is the mean value ± standard error;
different letters indicate significant difference between treatments.

In terms of the mulching treatments, WM increased the IWUE by 48% compared with
the NM treatments (Table 5). Soil mulching decreased evaporation and increased the soil
moisture content near the root zone, which positively affected the squash yield, and finally,
it contributed to higher IWUE. This result is consistent with the findings of Zhang et al. [81],
Chen et al. [84], and Yang et al. [61], who found that mulching treatments had higher IWUE
than the control treatment (NM).

In terms of irrigation quantities, the highest IWUE was observed under PRD50 treat-
ments (23.90 kg m−3). The corresponding value for the FI treatments was 15.07 kg m−3

(Table 5). PRD50 and PR70 increased the IWUE by 59%, and 36%, respectively, com-
pared with the FI treatment. These results are in agreement with Amer [37], Abd El-
Mageed et al. [34], and Zhang et al. [81], who found that water-stressed treatments increase
the IWUE, compared with FI.

Data presented in Table 5 show that the interaction effects of the S×M, S×I, M×I,
and S×M×I on IWUE were significant (p < 0.001). The highest IWUE (38.24 kg m−3)
was recorded under WS-WM-PRD50, while the lowest value was 8.82 kg m−3 under
SS-NM-FI (Figure 7). The IWUE in the WS were doubled compared with SS for mulch
treatments under same irrigation treatments. It can be seen from Figure 7 that PRD50
obtained higher IWUE in mulch and non-mulched treatments, compared with PRD70 and
FI. Overall, Sowing squash in WS, FI-NM obtained squash yield of 53.1 Mg ha−1 with
IWUE 14.42 kg m−3, while PRD50-WM obtained 79.34 Mg ha−1 with IWUE 38.24 kg m−3.
This result led to conculde that sowing squash in WS using PRD50-WM saves 50% of
applied water while increases squash yield by 49%, compared with FI-NM.

4. Conclusions

The effect of growing season DI integrated with PRD, and soil mulching on the yield
and IWUE of squash plants, was studied. The results indicated that plant density postively
affected squash yield in both growing seasons for all treatments. The spring growing season
positively affected squash yield. In contrast, the SS negatively affected the IWUE, compared
with the WS. Moreover, soil mulching enhanced the physiological properties of the squash
plants (gs, Pn, and Tr), fruit quality (TSS, TA, and Vc), increasing the squash yield, and
IWUE, compared with non-mulched treatments. gs, Pn and Tr were significantly affected
by growing season for all measured days. Furthermore, PRD70 and PRD50 reduced the
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chlorophyll index at all growth stages. Mulch treatments increased the TSS, TA, and VC,
compared with non-mulched treatments. However, growing seasons did not significantly
affect fruit quality. In addition, PRD strategy improved both squash yield and IWUE in
both growing seasons. This emphasizes that sowing squash plants in the winter season,
using PRD50 and plastic mulch as water-saving strategies, could increase the yield and
IWUE in arid and semi-arid regions.
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Abstract: Pearl millet (Pennisitum glaucum L.) is a warm season C4 grass well adapted to semiarid
climates where concerns over scarce and depleting water resources continually prompt the search
for water efficient crop management to improve water use efficiency (WUE). A two-year study was
conducted in the Southern Great Plains, USA, semi-arid region, to determine optimum levels of
irrigation, row spacing, and tillage to maximize WUE and maintain forage production in pearl millet.
Pearl millet was planted in a strip-split-plot factorial design at two row widths, 76 and 19 cm, in tilled
and no-till soil under three irrigation levels (high, moderate, and limited). The results were consistent
between production years. Both WUE and forage yield were impacted by tillage; however, irrigation
level had the greatest effect on forage production. Row spacing had no effect on either WUE or forage
yield. The pearl millet water use-yield production function was y = 6.68 × x (mm) − 837 kg ha−1;
however, a low coefficient of determination (r2 = 0.31) suggests that factors other than water use
(WU), such as a low leaf area index (LAI), had greater influence on dry matter (DM) production.
Highest WUE (6.13 Mg ha−1 mm−1) was achieved in tilled soil due to greater LAI and DM production
than in no-till.

Keywords: optimum water use; forage

1. Introduction

Crop yield loss occurs under water deficit, however, many studies have found that higher crop
water use efficiency (WUE) is often achieved under water stress conditions [1], albeit, with reduced
yield. It is therefore, imperative to identify crop management strategies that optimize WUE without
sacrificing attainable yield under limited water availability. The ratio of crop fodder (forage) or grain
biomass produced per unit water used (transpiration and losses to soil evaporation) is considered
crop water use efficiency [2]. Although there are many location characteristics and environmental
conditions that influence WUE (e.g., climate regime, soil type) that cannot easily be manipulated by
land managers, there are various crop management schemes known to increase water availability and
promote greater WUE [1,2]. It is up to researchers to identify useful combinations of practices fit for
particular regions based on the best science available from around the globe.

Pearl millet is a C4 warm season grass predominately in production for grain for human consumption
and forage for livestock feed throughout Africa and India and is noted for its tolerance to semiarid
conditions where there is low rainfall and limited levels of soil nutrients and organic matter [3,4].
It is typically grown on rainfed (dryland) areas in systems with grain sorghum (Sorghum bicolor L.),
maize (Zea mays L.), or often integrated with legume crops such as cowpea (Vigna unguiculata (L.) Walp)
in Africa [4,5]. Pearl millet is also gaining recognition in the Southern Great Plains, USA, semi-arid
region, as a potential forage crop to be integrated into grain sorghum-winter wheat (Triticum aestivum, L.)
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livestock feed cropping systems by replacing summer fallow [6–8]. The United Nations Food and
Agriculture Organization Statistical Database (FAO) reported that worldwide millet production in 2018
was approximately 31 million metric tons, with Africa and Asia accounting for 51 and 46% of total
production, respectively; the Americas make up only 1% of global millet production [9]. Pearl and other
millets (e.g., foxtail (Setaria italica, (L.) P. Beauvois), proso (Panicum miliaceum, L.), and Japanese (Echinochloa
esculenta, A.Braun)) are common in semi-arid regions for livestock feed because of their rich nutrient value
and fit in cropping rotations with short growing seasons that have limited water supply [6,10].

Water use efficiency can be improved using soil management, crop husbandry, water management,
genetic selection, and crop competition management [1]. Many of these methods to improve WUE
have been reported in studies of pearl and other millet species in locations around the world over the
past 25 years (Table 1). Husbandry studies have tested various planting arrangement methods and
population densities in hill type sowing [11–13]; forage harvest intervals have also been tested [8].
Studies of irrigation technology have investigated sprinkler, surface drip, and subsurface drip methods
or irrigation scheduling throughout the season [10,14]. Other researchers explored increasing water
stress and nutrient management; many of those studies utilized the factorial combination of the
treatments to benefit from the interaction of improved WUE with nutrient management under
limited water supply [15–20]. However, throughout all these studies, the range of millet WUE is
1–92 kg ha−1 mm−1 with a mean and median of 20.6 and 13.4 kg ha−1 mm−1, respectively (Table 1). In a
global meta-analysis of WUE in various crops, [2], reported many environmental factors impact WUE
variability within and among crop species. For example, greater WUE was observed in tropical versus
desert climates, and greater organic matter content was strongly correlated with positive WUE, whereas
clay content was negatively correlated with WUE [2]. Ultimately, [2] and co-authors admonished
researchers to investigate the mechanisms that might further explain WUE variability within a species.

To our knowledge, no studies with pearl millet have investigated the combination of irrigation
levels to limit water availability, plant arrangement in narrow versus wide row spacing and soil
management with conventional rotary tillage versus no-till. Goals of this research were to determine the
optimum levels irrigation, row spacing, and tillage to maximize WUE while maintaining stable forage
production [21] in pearl millet in the semi-arid region of the Southern Great Plains, USA. The underlying
hypotheses guiding the objectives were (a) WUE will increase with decreased water availability [22];
(b) no-till soil management techniques can promote more efficient WU [23]; (c) pearl millet crop canopy
can be modified through row spacing to increase incidence of leaf area index and light interception [24].
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2. Materials and Methods

2.1. Location and Field Preparation

This forage pearl millet study was conducted during the 2016 and 2017 growing seasons at West
Texas A&M University Nance Ranch near Canyon, TX (34◦58′6” N, 101◦47′16” W; 1097 m above
sea level elevation) located on Olton clay loam (fine, mixed, superactive, thermic, Aridic Paleustoll).
Treatments were arranged as strip-split-plots with four replications with irrigation as main plots,
row spacing as subplots, and tillage as sub-subplots.

The plot area was prepared for planting in 2016 by first a using a rotary mower to reduce
native perennial grasses, which had established in an unused portion of the field, and application
of Roundup© PowerMax™ (Monsanto, St. Louis, MO, USA) herbicide at 9.5 L ha on 31 May 2016.
The field was further prepared in 2016 by applying 88 mm of preplant irrigation through drip tape
(system described below) to increase the ease of mechanical tillage. In 2017, pearl millet was planted
following winter wheat sown in October 2016 terminated in March using Roundup© PowerMax™
herbicide at the same 2016 application rate. In both years, tilled plots were cultivated 20 cm depth
using a CountyLine rotary tiller (King Kutter, Inc., Winfield, AL 35594, USA) the day of planting.
‘Graze King’ BMR pearl millet (176,405 seeds kg−1, 85% germination, 98% purity) was planted on
17 June 2016. Seed used in 2017 was procured from Winfield United (Shoreview, MN 55126, USA)
(116,280 seeds kg−1, 85% germination, 98% purity). Sowing utilized a Great Plains 3P500 grain drill
(Great Plains Mfg., Inc., Salina, KS, USA). The 3.05 × 6.1 m plots were seeded at 125 seeds m−2 and
95 seeds m−2 in 2016 and 2017, respectively. Plot width being 3.05 m, we accommodated 16 rows and
4 rows in 19 and 76 cm row spacing treatments, respectively. Different seeding rates were the result
of different seed sizes and planter limitation to accommodate the small seed size at the same rate for
both years.

2.2. Irrigation Management

Irrigation was administered with a metered surface drip line system with two lines 152 cm apart
in each plot with emitters spaced 61 cm, each applying 7.5 L hour−1 emitter−1. In-line control valves
were used to regulate water flow to the irrigation treatment levels so that when irrigation was applied
to high (H) only, flow was restricted to moderate (M) and limited (L). However, when L was irrigated,
the other levels were irrigated as well, and when M was irrigated, H also received water (Figure 1).

Irrigation management was preplanned to simulate grower conditions where a specific amount
of irrigation allowable by aquifer pumping would be provided during the season. Approximately
225 mm was selected as the upper quantity for H. The M and L levels were to be approximately 60 and
30% of the high level, respectively. Weekly applications of 25 mm were planned for H, biweekly in M,
and only early season irrigation in L. Ultimately, irrigation management decisions were influenced by
growing season climatic conditions, therefore, irrigation events took place when necessary.

Crop WU was defined as the sum of growing season precipitation, irrigation, and plant available
soil water (PAW) at planting, minus PAW remaining at harvest. Water lost to runoff or drainage was
not measured. Water use efficiency is DM divided by total WU.
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Figure 1. Precipitation, irrigation by water level, and maximum and minimum daily temperature
from 1 June to 30 September for 2016 and 2017 near Canyon, TX. Tmax, maximum daily temperature;
Tmin, minimum daily temperature; H, high, M, moderate, L, limited irrigation levels.

2.3. Soil Moisture

Soil cores used to calculate average soil volumetric water content at planting were obtained by
sampling four random locations throughout the plot area using a tractor mount Giddings hydraulic
press (Giddings Machine Company, Inc., Windsor, CO, USA). Soil samples were taken the day prior to
planting to a depth of 60 cm in 2016 and to a depth of 75 cm in 2017. Each core sample was divided into
three incremental depths: 0–15, 15–30, 30–60 cm in 2016 and 0–15, 15–45, 45–75 cm in 2017. The soil
cores were weighed, and oven dried at 104 ◦C for 72 h until a constant dry weight was attained.
Soil volumetric water content at harvest in both years was determined using one core sample from
each plot divided into segments of 0–15, 15–45, 45–75 cm.

Soil characteristics and properties utilized data obtained from the United States Department of
Agriculture Natural Resources Conservation Service Web Soil Survey [28] (Table 2). Plant available
soil water (PAW) was calculated by subtracting volumetric water content at permanent wilting point
(−1500 kPa) from volumetric water content at −33 kPa and multiplied by the soil depth.

Table 2. Soil moisture characteristics for Olton clay loam a.

Water Content (kPa) b

Depth ρ b
c −33 −1500 Plant Available Water

cm g cm−3 % by Volume cm cm−3 cm

0–15 1.54 34.8 23.5 0.13
15–30 1.49 35.3 24.5 0.16
30–60 1.46 35.6 25 0.17
60–90 1.45 35.2 24.3 0.16
Mean 1.49 35.23 24.33 0.16
Profile 13.95

a NRCS, Web Soil Survey, Randall County, Texas (TX381), Olton Clay Loam, 0–1% slopes. b Water content at field
capacity (−33 kPa) and permanent wilting point (−1500 kPa). c ρb, soil bulk density.
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2.4. Weather Data

Precipitation during the 2016 growing season was collected with a graduated plastic rain gauge
at the study site and cross referenced with National Weather Service in Amarillo, TX (approximately
32 km from the study location). Temperature values were taken from the National Weather Service in
Amarillo. Weather data for 2017 was collected on site utilizing a Campbell Scientific (Logan, UT, USA)
weather station approximately 100 m from the plot location. The American Society of Civil Engineers
reference evapotranspiration (ETo) for a well-watered grass crop was calculated using the REF-ET [29]
macro software for Microsoft Excel (Microsoft Corp., Redmond, WA, USA). Growing degree-days
(GDD) were calculated using Equation (1):

GDD = crop max
(Tmax + Tmin

2
− Tbase, 0

)
(1)

where crop maximum is 35 ◦C and base temperature is 10 ◦C [30]. Growing degree-days were calculated
for the time period between planting date and harvest.

2.5. Crop Growth and Forage Yield Measurements

Plant emergence and density were observed and counted at 308 GDD (19 days after planting;
DAP) and 255 GDD (18 DAP) in 2016 and 2017, respectively. Crop canopy height was determined
using a 0.25 m2 circular clear plastic disk and the method described by [31] and used by [32]. Harvest
DM was the mean of two 1 m2 quadrats from each plot, arranged in the 76 cm row spacing to include
two rows, and cut at 15 cm above the soil surface [33].

Photosynthetically active solar radiation (PAR) intercepted by the crop canopy was measured
every 7 to 12 d beginning 7 July 2016 and 19 June 2017 using the AccuPAR Linear PAR ceptometer,
model 80 light measuring instrument (Decagon Devices, Pullman, WA, USA). Light interception
measurements were collected by placing the instrument diagonally across three 19 cm spaced rows and
perpendicular across two 76 cm spaced rows. Percent light intercepted by the canopy was determined
by calculating the difference of one above (incident) measurement from the mean of two below canopy
measurements, divided by the above measurement.

Leaf area index (LAI) was measured and calculated utilizing the LAI-2200 Plant Canopy Analyzer
(Li-Cor, Inc., Lincoln, NE, USA). Measurements were obtained for row crops of narrow and wide row
spacing per the Li-Cor instruction manual to calculate a mean from two sequences of one above canopy
and four below canopy readings. Measurements were obtained at sunrise or sunset every 10 to 14 d
beginning 12 July 2016 and 19 June 2017.

2.6. Statistical Design and Analysis

Year, irrigation, row spacing, and tillage were treated as fixed effects. Analysis of variance of main
effects utilized Proc MIXED and GLM of the Statistical Analysis System, Version 9.4 (SAS Institute,
Cary, NC, USA). Linear regression and analysis of covariance utilized Proc REG and Proc GLM
with contrast statements to determine differences among slopes and intercepts of the regression
equations [26]. Significance was determined at p < 0.05 for all means separation tests and used the P
diff statement with Tukey’s adjustment for all main effects.

Interactions for all main effects were initially tested. When no interactions were detected, only main
effect results are presented. Years were analyzed and are presented separately for analysis of variance
as a consequence of management differences between the seasons: planting in 2016 was into native
perennial grass, into wheat stubble in 2017; different seed used in each year. Years were combined for
regression analysis after observing similar trends for both years.
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3. Results

3.1. Weather, Irrigation, and Soil Moisture

3.1.1. Seasonal Weather

Total growing season precipitation was 217 and 309 mm in 2016 and 2017, respectively (Figure 1;
growing seasons: 17 June to 30 September 2016; 1 June to 30 August 2017). The 30-year precipitation
average for the Amarillo, TX area for June through September is 275 mm. Precipitation received was
89% and 137% of normal for the respective years (Table 3). Higher temperatures in July 2016 resulted in
10% greater cumulative degree days than in July 2017. Lower temperatures and greater precipitation
in August 2017 generated 13% lower GDD accumulation for that month compared to 2016 (Table 3).
The local 30-year average GDD accumulation for a 90-d pearl millet growing season is 1676 GDD for a
1 June planting date (Table 3).

Table 3. Average maximum daily temperature, total precipitation, and estimated cumulative thermal
time by month for 2016 and 2017 growing seasons near Canyon, TX from planting to harvest. a

Month Avg. b Max Daily Temp. Precipitation Heat Units

◦C mm GDD

2016 2017 Avg. 2016 2017 Avg. 2016 2017 Avg.

June 33 32 30 57 103 80 437 411 405
July 36 32 33 61 79 72 528 478 486

August 31 28 31 113 127 74 440 389 461
September 29 28 15 49 362 324

Total 246 309 275 1767 1279 1676

Percent of normal 89% 137% c 105% 94%
a Growing Season, 17 June to 30 September 2016; 1 Jun to 30 Aug 2017. b Averages for temperature and precipitation
are averages for Amarillo, TX, USA. 1981–2010. c 2017 percent of normal for precipitation and heat units is taken
from historical avg. of June–August. The percent of normal is indicated for each season’s precipitation.

3.1.2. Irrigation

Total irrigation applied in 2016 for each irrigation level was 220, 157, and 72 mm for the H, M,
and L levels, respectively (Table 4). In 2017, 356, 242, and 132 mm were applied to the H, M, and
L irrigation treatments, respectively (Table 4). The L level received three irrigation events in 2016,
and five events in 2017; greater water was applied in 2017 early in the season due lower soil moisture at
planting and to prevent soil surface crusting. The M level received nine events in 2016 and eight events
in 2017. The H level received 14 events in 2016 and 11 events during the 2017 season. As a result of
more frequent rainfall during the second half of July and in August of 2017, there were fewer irrigation
events needed than in 2016.

Table 4. Millimeters of irrigation applied to pearl millet by month for the 2016 and 2017 growing
seasons a near Canyon, TX.

2016 2017

High Moderate Limited High Moderate Limited

June 72 72 72 214 171 132
July 66 43 142 71

August 82 42
September

Total 220 157 72 356 242 132
a Growing Season, 17 June to 30 September 2016; 1 June to 30 August 2017.
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Applied irrigation accounted for approximately 24–53% of seasonal total water (irrigation and
precipitation) for the crop at the respective irrigation levels over both growing seasons (Table 5).
During the growing seasons, irrigation accounted for an average range of 50–53%, 41–43%, and 24–29%
of the total water received by the crop (excluding stored soil moisture) in H, M, and L levels, respectively
(Table 5). The total water is compared to ET [29] to evaluate the efficacy of irrigation management
to meet climatic demand on the crop (Table 5). The ETo climatic demand was estimated at 772 and
902 mm in 2016 and 2017, respectively. The range of satisfied climatic demand across water regimes
was 48–73% in 2017 vs. 37–56% in 2016 (Table 5). Although 2017 had fewer irrigation events for H and
M levels, additional rainfall in 2017 was available to meet the climatic demand.

Table 5. Precipitation and irrigation by month and irrigation level for 2016 and 2017 near Canyon, TX.
Percent of total water as irrigation and total as water percent of ETo are also included.

2016 a 2017

mm

High Moderate Limited ETo
b High Moderate Limited ETo

Total 437 374 289 772 665 551 441 902

Percent of total as irrigation 50% 41% 24% 53% 43% 29%

Total water as percent of ETo 56% 48% 37% 73% 61% 48%
a Growing Season, 17 June to 30 September 2016; 1 June to 30 August 2017. b ETo, ASCE reference evapotranspiration
(ET) for a well-watered grass crop, calculated using REF-ET [29].

The authors of [14] reported applying an average 353 and 350 mm in two study years on pearl
millet and grain sorghum (Sorghum bicolor L.), respectively, in Nebraska where annual precipitation was
285 and 480 mm in the study two locations. In studies of rainfed millet production, [27] at Bushland,
TX reported pearl millet forage WU range was 236 to 289 mm (precipitation and PAW from the soil).
In a study testing the response of sorghum, maize, and pearl millet to four irrigation levels in India, [22],
reported total WU ranged from 242 to 568 mm during the field study. In Akron, CO, during the
five-year study of opportunity cropping systems [34], millet growing season precipitation ranged from
57 to 298 mm, similar to other semiarid locations.

3.1.3. Soil Moisture

Plant available water at planting was 3.35 cm for the 60 cm profile in 2016 and was 1.9 cm for the
75 cm profile in 2017. Mean PAW (soil depth 75 cm) at harvest across all treatments in 2016 (0.63 cm)
was 20% of mean PAW in 2017 (3.09 cm). Harvest PAW in 2016 was influenced by irrigation, there was
no influence of row spacing or tillage treatments, averaging 0.64 cm. High and M irrigation levels
averaged 0.86 cm, which was different from L at 0.19 cm of PAW. Differences in PAW were found in
2017 among irrigation levels and in an irrigation × tillage interaction. Plant available water was highest
in M (3.52 cm) and lowest in L (2.49 cm), a difference of 41%; H (3.1 cm) was not different from the M
and L levels. The interaction resulted from L irrigation × no-till, 1.8 cm PAW, being 47% lower than the
average of all other treatments (3.42 cm; SE = 0.42 cm), ranging from 2.7 to 3.8 cm. The primary reason
harvest PAW in 2016 was 80% less than 2017 is the additional 31 d of growing season in 2016 and the
rainfall prior to harvest in 2017 (Figure 1).

3.2. Treatment Effects: Irrigation, Row Spacing and Tillage

3.2.1. Plant Growth and Forage Dry Matter

Average pearl millet plant population was 14.6 and 30.9 plants m−2 in 2016 and 2017, respectively,
a difference of 52%. A year x till interaction was observed, most likely due to low plant population in
no-till in 2016 compared to no-till in 2017 (7.9 vs. 45.8 plants m−2, respectively). Additionally, in 2016,
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average population in no-till was 67% less than till (7.9 vs. 21.2 plants m−2, respectively). However,
in 2017, average till plant population was 65% less than no-till (16.1 vs. 45.7 plants m−2). The no-till
planting in 2016 was into herbicide killed native perennial grasses which prevented adequate seed to
soil contact for proper germination. In 2017, an afternoon rainstorm following a morning irrigation
event three days after sowing caused runoff that was observed in the till treatment. In contrast, no-till
in 2017 was protected by the winter wheat stubble remaining on the soil surface after planting.

Forage DM was influenced by year, irrigation level, and tillage (p < 0.05) as main effects in both
years; row spacing had no effect on forage production (Table 6). Average pearl millet DM in 2016 was
approximately 38% less than in 2017 (1712 and 2759 kg DM ha−1, respectively). Average WU was 523
and 395 mm in 2017 and 2016, respectively. Average WUE was 5.28 and 4.26 kg ha−1 mm−1 in 2017
and 2016, respectively (Figure 2). Forage DM in H irrigation was 46% greater than L, ranging from
1219 to 2213 kg ha−1 in 2016. The H level was 54% greater than L in 2017, which ranged from 2213 to
3450 kg ha−1 (Figure 2). Dry matter in M was not different from H in either year but was different
from L (p < 0.05; Figure 2). Water use in H was 15% greater than M and 43% greater than L in 2016.
In 2017, H received 59% more water than L and 21% more than M (Figure 2). Water use efficiency
was not different among irrigation levels ranging from 3.78 to 4.79 kg ha−1 mm−1. In contrast, a C3

bioenergy crop, hybrid poplar (Populus generosa Henry × P. nigra L.), achieved differing WUE values of
5.6 and 8.9 kg ha−1 mm−1 grown under 115 mm and 240 mm of applied irrigation, respectively [35].
Row spacing did not influence pearl millet forage DM, WU, or WUE in 2016 or 2017 (Figure 2, Table 6).

Table 6. The p-values from ANOVA of pearl millet dry matter (DM), water use (WU), and water use
efficiency (WUE).

2016

Treatment a DM WU WUE

I 0.001 <0.0001 ns
R ns ns ns

I × R ns ns ns
T 0.0001 ns <0.0001

I × T ns ns ns
R × T ns ns ns

I × R × T ns ns ns

2017

DM WU WUE

I 0.0097 <0.0001 ns
R ns ns ns

I × R ns ns ns
T 0.0064 ns 0.0095

I × T ns ns ns
R × T ns ns ns

I × R × T ns ns ns
a I, irrigation; R, row spacing; T, tillage; ns, not significant at p = 0.05.

Pearl millet DM and WUE in the tilled plots were greater than in no-till in both years, although,
WU was not affected by tillage management in either year (Figure 2). Forage DM in till was 66 and 39%
greater than no-till, in 2016 and 2017, respectively. Pearl millet WUE in tilled soil was 68% greater than
no-till in 2016 and 39% greater in 2017 (Figure 2).

Forage DM in 2016 till was greater as a consequence of the low plant population in no-till due to
poor seed to soil contact. The low forage yields in 2017 are attributed to N deficiency observed in the
no-till plants. This deficiency in no-till may be a result of higher plant population, compared to the till
treatment, leading to the deficiency observed mid-season and no deficiency observed in the till plants.
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Crop canopy height in 2016 was not influenced by irrigation, row spacing, or tillage; the end of
season canopy height was 50 cm. For the 2017 season, canopy height was affected by irrigation over
time. Height at harvest was 72, 67, and 59 cm for H, M, and L, respectively. In addition, there was an
irrigation × tillage interaction in 2017, where L × no-till was 38 cm and H × till was 49 cm at harvest.
No difference for crop canopy height was measured in the tillage treatment for either year.

Figure 2. (A) pearl millet dry matter; (B) water use = (rainfall + irrigation + plant available soil moisture
at planting)–plant available soil moisture at harvest; (C) water use efficiency = dry matter/water use.
Lowercase letters indicate significance at p < 0.05 within treatment and year; bars indicate standard
error within treatment. H, high irrigation level, M, moderate irrigation level, L, limited irrigation level;
19 cm and 76 cm row spacing; N-t, no-till, T, tilled.

3.2.2. Light Interception and Leaf Area Index

Crop LAI during the 2016 season was impacted by irrigation, which reached a maximum of 2.47
at 1262 GDD (Figure 3). In 2017, LAI was similarly affected by irrigation and reached a maximum
of 3.07 at 1203 GDD (Figure 3). Incidence of crop canopy light interception responded to changes in
irrigation through time in 2016 only, reaching 74.6% interception at 967 GDD (Figure 3).

Light interception was influenced by row spacing though the 2016 season, which reached 74%
in 19 cm and 65% in 76 cm at 1262 GDD (Figure 4). During 2017, LAI reached 2.87 in 19 cm and 2.59
in 76 cm at 1203 GDD (Figure 4). In both years, light interception and LAI were lower in wide row
spacing. However, other work with pearl millet and row spacing has shown that in years where rainfall
was less than the local average, wide row spacing outperformed narrow rows [36]. Weeds were not
controlled either year of this field study and in 2016 rainfall was 11% less than the 30 year normal
(Table 3), yet, row spacing had no effect on pearl millet DM.

During 2016, no differences for LAI nor light interception were observed between tillage treatments
(Figure 5). Through 2017, mid-season LAI was different for the tillage treatments but there was no
difference by harvest time, reaching a maximum value of 2.8 and 2.6 in till and no-till, respectively
(Figure 5). Light interception was greater in no-till through the 2017 season, reaching 77 vs. 70% in till
at end of season (Figure 5). For the 2017 season, light interception interactions were found for irrigation
× tillage and row spacing × tillage. In the till treatment, there was an increasing trend following
increasing irrigation and narrow row spacing, however, that trend was interrupted in the no-till where
M had 6% less light interception than L, and 76 cm row spacing had 20% less than 19 cm.

118



Agronomy 2020, 10, 1672

Figure 3. Leaf area index (LAI) and percent light interception (PAR) for irrigation levels in 2016 and
2017 in pearl millet at Canyon, TX. Asterisks indicate treatment p < 0.05 on measurement date.

 

Figure 4. Leaf area index (LAI) and percent light interception (PAR) for row spacing in 2016 and 2017
in pearl millet at Canyon, TX. Asterisk indicate treatment p < 0.05 on measurement date.
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Figure 5. Leaf area index (LAI) and percent light interception (PAR) for tillage levels in 2016 and 2017
in pearl millet at Canyon, TX. Asterisk indicate treatment p < 0.05 on measurement date.

4. Discussion

4.1. Explaining Water Use Efficiency

4.1.1. Water Use Efficiency and Soil Nutrient Supply

Although nutrient management was not a treatment in this study, field observations of possible
nutrient deficiencies prompted investigation to the relationship between WUE and nutrient management.
Proper soil nutrient supply improves plant growth, photosynthetic rate, transpiration, root growth
and ultimately yield, all result in increased WUE [23]. For example, pearl millet, being tested under
four levels of increasing N and irrigation supply, achieved 41 kg ha−1 mm−1 WUE in the most water
stressed treatment with the highest level of N application, 225 kg N ha−1 [20]. The authors of [37] also
illustrated the effect that irrigation and N application can have on WUE in an experiment with irrigated
and rainfed wheat when “adequate” N was applied with irrigation, mean WUE was 78% greater and
grain production was 16% greater in irrigated than in rainfed wheat without N application. The 2016
and 2017 of this pearl millet study, DM was influenced by observed nutrient deficiency, especially in the
no-till treatment of 2017. The authors of [8] conducted an experiment with forage pearl millet at the
same time just adjacent to the plot where this forage pearl millet experiment took place. Agronomic
management similar to the H irrigation, 19 cm row spacing, and tilled treatment was similar in both
studies except that in [8] N was applied in both study years at rates of 84 kg ha−1 and 78 kg ha−1 in
2016 and 2017, respectively. Pearl millet DM reported by [8] used approximately 514 and 602 mm of
water in 2016 and 2017, respectively, which produced 6287 and 9874 kg ha−1, with WUE of 12.2 and
16.4 kg ha−1 mm−1 in those years, respectively. The DM yields from [8] were approximately three times
greater than the mean across all treatments of this study in 2016 and 2017 having used a maximum of
462 and 641 mm in those years without N application. The lack of N, demonstrated by comparison
to [8], lead to lack of nutrients reduced plant productivity and negatively impacted WUE [38].
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4.1.2. Weed Influence on Pearl Millet Water Use Efficiency

Native grass/weed DM may have impacted pearl millet WUE due to no weed control in either year
of this study. In 2016 grass/weed DM was not influenced by row spacing, however grass/weed DM was
different among irrigation and tillage levels (Table 7). In 2017, only row spacing influenced grass/weed
DM. The authors of [39] demonstrated in forage sorghum, when weeds are present, there was no
difference in DM yields among wide (76 cm) or narrow (25 cm) row spacing. Although weed control
was not a treatment in this study, regression analysis showed that grass/weed DM did influence pearl
millet WUE across treatments and years (Figure 6). As weed proliferation was not checked by high leaf
area index and resulting light interception correlated with crop competitive ability [40], weed/grass
DM accumulated, thus reducing pearl millet WUE.

Table 7. Grass/weed dry matter (DM) at pearl millet harvest by treatment near Canyon, TX in 2016 and 2017.

Treatment DM

kg ha−1

2016 2017
Irrigation

High 710a a 324a
Moderate 561b 363a
Limited 484b 297a

SE 37.8 44.7
Row Spacing

19 cm 576a 218b
76 cm 594a 438a

SE 30.9 36.5
Tillage
No-till 792a 318a

Till 379b 338a
SE 30.9 36.5

a Lowercase letters indicate mean separation within effect, p < 0.05.

Figure 6. Pearl millet water use efficiency (WUE) as a function of grass/weed dry matter (DM) across
treatments and years.

4.1.3. Water Use Efficiency Response to Agronomics

Pearl millet WUE reported in the literature has been consistent yet wide ranging. During a
five-year rotation study by [27], mean pearl millet production from two seasons was 3670 kg ha−1.
Although weather conditions were not considerably different between the two years, [27] reported
WUE of 31 kg ha−1 mm−1 in 1995 and 4.5 kg ha−1 mm−1 1996, most likely due to one month earlier
planting date in 1995, allowing the crop to better utilize soil water prior to harvest. The authors
of [13] found the WUE of pearl millet, in a study of various cultivars and plant populations in Niger,
ranged from 7.6 to 8.7 kg ha−1 mm−1. In Tunisia, [41] reported a pearl millet WUE range of 6.4 to
7.6 kg ha−1 mm−1 among four water stress treatments. The authors of [22] reported pearl millet
DM values of 4000 to 8300 kg ha−1 and WUE from 13.8 to 17.9 kg ha−1 mm−1, respectively, in India.
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Whereas, in Akron, CO, among forage and grain, foxtail and proso millet cropping systems described
by [33], DM production ranged from 562 to 4545 kg ha−1 with WUE ranging from 4.8 to 27.5 kg ha−1

mm−1 during the five-year study. Additionally, [20] also reported high WUE ranging between 35.7 and
41 kg ha−1 mm−1 under four levels of irrigation. Grain sorghum WUE has been reported between 11
to 49.2 kg ha−1 mm−1 among locations throughout the Central and Southern Great Plains U.S. [42,43].

In the studies of pearl millet and sorghum cited above, minimum or no-till was used by [27]
and [43], however, tillage information was absent from the other studies. In this study, a WUE
response to agronomic management was only observed from tillage practices (Figure 2), whereas
WUE was not impacted in the same way in this study by the increasing DM and WU from irrigation
treatments as previously observed in other studies [20,22,41]. In a review of soil management effects on
WUE, [23] reported that in no-till, where plant residue is maintained on the soil surface, higher WUE is
typically found due to reduced evaporative water loss (E) from soil, lower soil surface temperatures,
and improved water infiltration. The authors of [23] analyzed nineteen studies of crop and soil
management practices and synthesized their results into a graphical depiction of crop WUE responses
to soil management and seasonal effects. They demonstrated that crop biomass and yield increased
or decreased due to changes in soil management. In this study, pearl millet DM response to soil
tillage reflects differences in biomass due to soil management changes as described by [23] (Figure 7).
However, when, soil surface E is roughly approximated at the x-intercept of the DM/WU regression line
(Figure 7) [38,44], the two-season average estimated E from tilled and no-till soil was approximately
114 and 131 mm, respectively. While these estimates are similar, the result is contrary to reports of less
E from no-till soil [23]. Additionally, WU was not different between tillage or row spacing treatments
in either year. Furthermore, the spread of DM responses observed, lack-of-fit to the DM/WU predicted
line, and no differences in DM or WU detected between row space levels and WU between tillage levels
indicates that WU was insensitive to changes in the management practices other than when water
was added by irrigation (Figures 2, 7 and 8). The authors of [24] reported that pearl millet yield is
largely independent of WU when LAI is low, as was observed in both seasons of this pear millet forage
study, due to the majority of light being intercepted by the soil surface allowing water loss to E in the
sparse canopied crop with LAI values < 2 [44]. In 2016, LAI was not different between the tillage levels,
however, in 2017, LAI in the tilled treatment reached approximately 2 nearly 100 GDDs before no-till
reached a LAI of approximately 2. As mentioned above, the N deficiency observed predominately in
no-till explains slower growth, lower DM and WEU for both years even though till had lower early
season plant count than in no-till during 2017. Thus, higher WUE in tilled soil was achieved as a result
of earlier canopy development, more light interception and greater DM production.

Figure 7. Pearl millet forage dry matter (DM)/water use (WU) relationship with tillage levels indicating
management impact on DM production for 2016 and 2017 at Canyon, TX.
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Figure 8. Direct relationship between water use efficiency (WUE) and pearl millet dry matter (DM).
Slopes show trends of increasing WUE as DM increases for each irrigation level.

The proceeding discussion explaining WUE differences in the tilled treatment also helps explain
the absence of main effect interactions and lack of WUE response to decreasing irrigation. Poor soil
nutrient supply and high weed competition reduced pearl millet crop growth thereby obscuring any
possible interactions among the main effects and responses typically reported from no-till or water stress
studies. The authors of [20,22,41] found that pearl millet WUE increased as water stress also increased,
which was not observed in this study. However, the relationship between WUE and DM [26,37,38]
affords direct comparison of WUE at each irrigation level (Figure 8). Statistical contrast analysis of the
slopes and intercepts for the respective irrigation levels [26] show that L had greater positive gain in
WUE than was achieved in the H or M. This analysis suggests that WUE at the L level had a higher rate
of return for accumulated DM than the other water levels. The authors of [22] demonstrated that in
water stressed pearl millet WUE increased 23% from well-watered conditions. Analysis of their results
demonstrates that pearl millet maintains physiological functions even when constrained by water
stress. For example, the ratio of net photosynthesis (g CO2 m−2 h−1) to WU (mm) was greater in the
limited water treatment than in the full water treatment (0.029, 0.002, respectively) [22]. This result can
be explained by the biochemical pathway in warm season C4 plants used to continue photosynthesis
when vapor pressure deficit is high in low density canopies [45,46]. Furthermore, [44] explained that
increased WUE this is the result of a greater proportional increase in WUE for low LAI values than
when LAI is >2. Thus, the direct relationship between WUE and DM illustrates an ecophysiological
response from pearl millet interacting with the crop environment.

Although irrigation applied lead to increased DM, WU did not well predict the behavior
of pearl millet forage production across both years and all treatments. The production function
y = 6.68 × x (mm) − 837 kg ha−1 (R2 = 0.31, n = 96) cannot be readily utilized in other production
situations that might have better weed and sol nutrient management. In contrast, for most DM/WU
linear regressions, the coefficient of determination is much higher (>0.7) [33,42] and more confidence is
given to estimating crop yield from WU given a set of WUE optimizing management strategies.

5. Conclusions

These results demonstrate the challenges of field study management to optimize WUE. Future
research in the study region might explore agroecological strategies to mitigate poor soil nutrient supply
and weed competition for pearl millet by practicing intercropping with legumes or agroforestry where
possible [24]. Despite the factors that obscured the main effects and interactions, greatest average forage
production was achieved with the highest irrigation level, however, highest WUE was attained in
tilled soil due to greater LAI, light interception, and plant growth than in no-till. While the application
of water increases forage production, low LAI values will increase estimated E and reduce WUE,
especially without adequate nutrient application. Differences in DM were associated with changes in
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soil management, which ultimately resulted in higher WUE for tilled soil. The DM/WU pearl millet
forage production function lacked strong correlation because of weeds and LAI< 2. An agronomic WUE
optimization plan for pearl millet forage production should include conventional till, weed control,
and proper nutrient management. Narrow is preferable to wide row spacing for greater LAI and light
interception earlier in the growing season. If irrigation is available, water application should range
from 400–600 mm of total water available for ET to maximize forage production, however, climatic
demand will cause greater water loss from transpiration than if limited water is applied. Future
research has an opportunity to conduct a more comprehensive review and meta-analysis of global pearl
millet management practices used to improve water use efficiency and the effective use of water [47].
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Abstract: Irrigation with wastewater can strongly contribute to the reduction of water abstraction in
agriculture with an especial interest in arid and semiarid areas. However, its use can have drawbacks
to both soil and micro-irrigation systems, especially when the total solids in the wastewater are high,
such as in digestate liquid fractions (DLF) from plant material. The aim of this study was thus to
evaluate the performances of a serpentine shaped micro-emitter injected with a hydrocyclone filtered
DLF (HF-DLF) from corn + barley biomass and evaluate the traits of the liquid released within a
8-h irrigation cycle. HF-DLF was injected at 10%, 25%, and 50% dilution compared to tap water
(at pH = 7.84) and the system performances were measured. No clogging was found, which likely
depended on both the shape of the emitter and the high-pressure head (200 kPa). HF-DLF dilution at
10%, 25%, and 50% consisted in +1.9%, +3.5, and −4.9% amount of liquid released compared to the
control. Fluid temperature during irrigation (from 9:00 to 17:00) did not explain the difference in the
released amounts of liquid. In 10% HF-DLF % and 25% HF-DLF, a pH difference of + 0.321 ± 0.014 pH
units compared to the control was found, and such difference was constant for both dilutions and
at increasing the time. In contrast, 50% HF-DLF increased pH by around a half point and such
difference increased with time. Similar differences among treatments were found for the total solids
in the liquid. These results indicate that 50% HF-DLF was accumulating materials in the serpentine.
These results suggest that a low diluted HF-DLF could directly be injected in irrigation systems with
few drawbacks for the irrigation system and contribute to water conservation since such wastewater
are available from the late spring to the early fall, when water requirements are high.

Keywords: clogging; drip irrigation; emitter; hydrocyclone; digestate liquid fraction; wastewater

1. Introduction

Water availability for crops in various areas of the world is reducing because of climate change
and the use of fresh water for other human uses. Climate change is increasing the demand for water
in agriculture through both a general increase of temperatures, and thus of the evapotranspiration
demand, and the increase of their variability [1,2].

Irrigation with low-quality water, and especially wastewater, was thus proposed a long time ago as
a suitable measure to mitigate the shortage of high quality water [3,4]. The use of wastewater or filtrate
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of the liquid fractions of various wastes can increase the availability of water for agriculture. However,
its use may result in a wealth of problems following the effects wastewater has on soil and irrigation
systems. These include salinization or pH variation [5], a reduction of other soil fertility properties [6],
and an increase of soil hydrophobicity [7], the clogging of the emitters [3], as well as the deposition
of solid materials in the tanks or other parts of the irrigation system [8]. Besides, wastewaters may
contain pollutants and pathogens which harm plants and animals, albeit the treatments they undergo
are meant to prevent health risk following their use or disposal [9,10].

Drip systems allow the achievement of high irrigation efficiency in areas with high water demand
and low water availability. In these systems, water pressure is usually below 200 kPa, and emitters
have internal serpentine to compensate pressure loss along the line and potential fluctuations in the
water pressure.

The success of the use of wastewater in the irrigation depends on a wealth of factors. These include
the amount of solids in the wastewater or its filtrate, the ability of the suspended material to
form biofilms, the pressure of the water in the system, the type of filters and emitters, and age of
the systems [8,11–14]. In case of low pressure (60 kPa) and low rate emitters (0.9 and 1.4 L h−1

emitter−1), high quality drip tapes showed a reduction of uniformity of distribution by 5.2% on average
depending on the activated sludge used as secondary effluent [15]. Similar results were found by
Puig-Bargués et al. [14], who also reported that pressure compensating emitters performed better than
non-pressure compensating emitters. Chlorination or flushing of the pipes at the end of each irrigation
cycle proved to reduce the impact on clogging [14,16]. However, such treatments imply an additional
cost, and application of chlorine to the soil may have harmful effects both on the soil and on plants.
In the latter work [16], application of compressed air cleaning at a pressure of 1.96 kPa did not mitigate
the incidence of drippers clogging.

Digestate from crop biomass and manure is increasingly being used, and its liquid fraction was
indicated as a potential source for a wastewater irrigation [17]. When used for irrigation purposes,
information on the solid particles fractions, mostly salts, of these liquids in the irrigation systems are
scarce. Such salts are likely to precipitate and, together with other suspended solids, can easily clog the
emitters of a drip irrigation system by a fouling accumulation [18]. In turn, digestate filtrates used for
irrigation can increase plant yield [6], even when compared to an irrigated + fertilized treatment [19].
However, little information is available about the efficiency of many emitters when subjected to
wastewater, especially when using the liquid fraction of the biomass-based digestate, as the solid
fraction can contain high amounts of organic material [20].

The aim of the present study was thus to test the efficiency of a commercial emitter when injected
with the liquid fraction of the effluent from an agricultural biogas unit previously treated with a
hydrocyclone filtration system.

2. Materials and Methods

2.1. Experimental Setup

The study was conducted in February 2020 at the CREA-IT institute (45◦31′21.9” N 9◦33′54.9” E,
Treviglio, Bergamo, Italy). The liquid digestate used was gathered from an anaerobic digestion plant,
stored in a tank and filtered using a hydrocyclone filter (Alfaturbo Hydrocyclone Sand separator 2”).
The hydrocyclone filter was placed between a storage tank and the operating tank. Both tanks had a
1 m3 maximum volume. After the filtration, the filtered liquid was shaken once per day before the
beginning of the tests (see below) by gently shaking the tank using a forklift truck. The storage of the
liquid digestate before using it at the irrigation setup lasted for 8 days.

The characteristic of the liquid digestate before the filtration are depicted in Table 1. The digestate
liquid fraction was kindly provided by the Società Agricola Pallavicina S.R.L. (Via Fara—24047 Treviglio,
IT), which also undergoes quality analyses, and did not display the presence of any pathogen nor
pollutants according to the Italian laws.
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Table 1. Composition of the digestate liquid fraction used for the test. Values are means ± s.d.
(3 subsamples) provided by the management office of the digester. The analyses were made on the
digestate liquid fraction hydrocyclone filtering.

Trait Value Unit Method

Dry matter content at 105 ◦C 4.91 ± 0.03 % IRSA CNR Q 64 Vol 2 1985
Ashes (dry matter content at 600 ◦C) 1.42 ± 0.02 %

Chemical Oxigen demand (COD) 51.0 ± 1.8 g O2 kg−1 APAT IRSA CNR 5130 Man 29 2003

Total N 3.55 ± 0.02 g N kg−1
IRSA CNR Q 64 Vol 3 1985

NH4
+-N 1.848 ± 0.025 g N kg−1

Phosphorus 0.843 ± 0.051 g P kg−1
UNI EN 16174:2012 and 16170:2015

Potassium 4.96 ± 0.25 g K kg−1

A water pump of 0.75 kW power (Pedrollo company, model: JSWm 2CX, San Bonifacio, Verona,
Italy) was used to pump the digestate liquid fraction in the irrigation system. The operating pressure
was set to 0.2 MPa. Samples were taken from the non-filtered digestate liquid fraction (DLF), from the
filter outlet and from the filtered DLF to determine dry matter content and pH.

The experimental design consisted of two factors: filtrate dilution (FD) × time of the sampling
within the irrigation cycle (TIME). The FD factor had four treatments: One control using freshwater
and three filtrate dilutions (10%, 25%, and 50% of filtrate in freshwater). Each irrigation cycle lasted 8 h
and samples were taken once per hour.

One irrigation cycle per day was performed, the irrigation cycles began with the tap water
and continued with each increasing concentration of the digestate to avoid contamination. Each
water-HF-DLF mixture was prepared mixing the relevant amount of tap water and HF-DLF in an
operating tank and reflushing it several times with the pump. The water pump used was set at
0.2 MPa operating pressure, and the irrigation tank was filled with 400 L of DLF. Before starting each
test, three samples were collected from the irrigation tank to measure the dry matter and the pH of
the solution, following the methodology described above. In addition, flushing with tap water was
performed by 15 min at the end of each cycle to allow for the cleaning the system. A pre-flushing
was also made before the beginning of the first experiment with tap water. Within each irrigation
cycle, the pump recycled part of the water or diluted HF-DLF into the tank to keep it mixed and avoid
particle deposition. The irrigation system was organized by three polyethylene 1-m long dripper tubes
(Stocker company N◦26085, Bozen, Italy), as replicates, with three emitters each. The dripper tubes
used had 0.016 m of diameter (maximum design pressure 0.4 MPa) and were spaced 0.33 m each other.
Water flow declared by the manufacturer was 2 L h−1. Emitters were not changed from each cycle to
the following one.

2.2. Measurements and Analyses

During the tests, the water or filtrate dropping from the tubes was collected in plastic flagons
placed underneath each emitter (Figure 1). The flagons were weighted once per hour with a
portable scale (RADWAG WLC6/C1/R, Radom, Poland, used with 0.1 g sensitivity) to calculate the
water flow (g h−1). At the time of weighting the turbidity and the temperature of the liquid were
measured. The temperature of the water or DLF were measured in ◦C using the DS18B20 digital
thermometer (Maxim IC, San Jose, CA, USA). The turbidity of water or DLF were measured by
using the turbidity sensor SKU:SEN0189 (Arduino, Ivrea, Italia), which was used as an indirect
measurement of filtrate and water quality. The turbidity sensor SKU:SEN0189 uses light to detect
suspended particles in water by measuring the light transmittance and scattering rate, which depends
on the concentration of the total suspended solids (TSS) in the solution/dispersion. In particular,
the sensor provide an output expressed in mV, which should be calibrated to the corresponding
Nephelometric Turbidity Units (NTU). The output slightly and linearly decreases at increasing
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temperatures. In addition, the relationship between output and NTU value is not linear (for a brief
description see https://wiki.dfrobot.com/Turbidity_sensor_SKU__SEN0189). In particular, the higher
the sensor output, the lower the liquid NTU value. The manufacturer provide an output for pure water
of 4.1 ± 0.3V when temperature span from 10 ◦C to 50 ◦C. Integration of the temperature and turbidity
systems was made according to [21]. In the present work, the output of sensor was provided along
with a direct measurement of the total suspended solids.

Figure 1. Design of the irrigation tests.

Dry matter and moisture content of the samples were assessed by oven drying at 105 ◦C until
constant weight [22]. The pH of the samples was measured with no dilution by using a CRISON GLP21
pH-meter (Hach Lange Spain, S.L.U., Barcelona, Spain).

Then, the samples of each emitter per line were mixed and a random composite subsample
of 500 mL of liquid was taken. In total, 24 sample per irrigation test were obtained (8 sampling
moments × 3 irrigation lines). Each irrigation test consisted of the injection of a DLF dilution in an 8-h
irrigation cycle. Thus 72 total samples of DLF released by each line were obtained. Dry matter of each
subsample and its pH, following the methodology described above, were measured. For the control
test (100% water), turbidity and pH were measured only before starting the test and no samples were
collected during the test. This was done since these variables did not change by the time in the control
from previous tests (data not shown). To monitor the air temperature and humidity of the indoor
environment where the test was performed a sensor DHT22 (Guangzhou Aosong Electronics Co., Ltd.,
Guangzhou, China) was used. The Waterproof DS18B20 Digital Temperature Sensor was used to read
the liquid temperature.

2.3. Computations and Statistical Analysis

The amounts of OH− ions per ton of solution released by the emitters were computed by using
the pH and used as a proxy of the potential of the irrigation with the DLF to increase the pH of a soil
compared to the tap water used as a control. The analysis of variance was performed according to
the statistical design by means of a general linear mixed model (Glimmix procedure in SAS/STAT 9.2
statistical package; SAS Institute Inc., Cary, NC, USA). The model used was similar to that shown
in Saia et al. [23] (see the supplementary material in [23] for both a description of the procedure
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and the SAS package model applied) in which TIME was modelled as a repeated measurement [24].
Unbiased estimates of variance and covariance parameters were estimated by restricted maximum
likelihood (REML). Repeated measurement analysis was modelled by applying a random statement
with a first-order autoregressive covariance structure. In particular, the subject of reference was the
emitter for the data related to the amount of liquid released, its turbidity and temperature, and it
was the line for date on the pH. Denominator degrees of freedom of each error were estimated by
Kenward–Roger approximation and least square means (LSmeans, see below for a definition) of
the treatment distributions were computed. Data were provided both as LSmeans in figures and
arithmetic means in supplemental materials, along with each standard error estimation or computation,
respectively. Differences among means were compared by applying t-grouping at the 5% probability
level to the LSMEANS p-differences. Time-sliced significance was also computed.

When the effect of time was significant, variation per unit time was modelled. Variation by time
per each variable and treatment significantly varying by time was fitted to a linear distribution function
and significance of the regression models were computed using the Slide Write Plus for Windows
version 7.01 (Advanced Graphics Software, Inc., Encinitas, CA, USA).

3. Results

3.1. Effects of the Hydrocyclone Filtration and Resting Time on the Traits of the Digestate Liquid Fraction

Filtration of the digestate liquid fraction (DLF) influenced the pH of the different resulting fractions
(Figure 2) pointing out that the native fraction before filtering had a pH value higher than 8.2 and not
statistically appreciable differences were found after the filtration (hereafter referred as hydrocyclone
filtered DLF, or HF-DLF). When the HF-DLF was allowed to rest for eight days before the beginning of
the experiment, the solution at 50% dilution showed a lower pH compared to both the freshly made
native DLF and the freshly made HF-DLF soon after the filtration. However, such latter difference
was not statistically appreciable according to the conservative post-hoc test used. The pH value of the
native DLF was higher than the fraction discarded from the filter and the tap water.

Figure 2. Values of pH of the digestate liquid fraction (DLF), before and after hydrocyclone filtering
(HF), the 50% dilution of the HF-DLF, and the tap water used for the experiment. Bares are least
square means (LSmeans) ± Lsmeans standard error estimates. Bars with a letter in common cannot be
considered different according to a conservative Tukey-grouping applied to the p-differences of the
LSmeans. Results of the statistical analysis are embedded.
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The output of the turbidity sensor did not change by the filtration among the DLFs (Figure 3),
which recorded value closed to 14.2 mV (please mind that, in theory, the lower the conductibility,
the higher the turbidity). The tap water showed a turbidity sensor output close to 800 mV, 56-fold than
any of DLFs or HF-DLF, on average.

Figure 3. Output of the turbidity sensor in the digestate liquid fraction (DLF), before and after
hydrocyclone filtering (HF), the 50% dilution of the HF-DLF, and the tap water used for the experiment.
Bars are LSmeans ± Lsmeans standard error estimates. Bars with a letter in common cannot be
considered different according to a conservative Tukey-grouping applied to the p-differences of the
LSmeans. Results of the statistical analysis are embedded.

The dry matter concentration varied among the DLFs (Figure 4), with the fraction discarded from
the filter showing a relative concentration compared to the native DLF 45% higher. The native DLF
also showed a marginally, albeit significantly, lower dry matter concentration than the HF-DLF (−1.1%
relative difference, corresponding to −0.02%).

Figure 4. Dry matter concentration of the digestate liquid fraction (DLF), before and after hydrocyclone
filtering (HF), the 50% dilution of the HF-DLF, and the tap water used for the experiment. Bars are
LSmeans ± Lsmeans standard error estimates. Bars with a letter in common cannot be considered
different according to a conservative Tukey-grouping applied to the p-differences of the LSmeans.
Results of the statistical analysis are embedded.
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3.2. Effects of the Digestate Liquid Fraction Dilution on the Emitter Performances and Solution Traits

Results of the statistical analyses of the irrigation test are shown in Table 2. Both the amount
of water in the control and HF-DLF and its turbidity varied by the treatment at increasing time,
with differences more marked among treatments in the early stages of the irrigation. The dilution of
the DLF influenced the quantity of the solution released by the emitters during the test depending
on the percentage of the dilution (Figure 5, Supplementary Material Table S1). In particular, water
release increased almost constantly, whereas 10% and 25% dilution during the first 3 h. The 50%
showed milder increases, and a total amount of water released slightly lower than the other treatments.
The coefficient of variation of the system was in general lower than 5%, with some outlier only in the
HF-DLF 25% dilution (Table 3).

Figure 5. Amount of solution (tap water in the control and digestate liquid fractions (HF-DLF) diluted
at the 10%, 25%, and 50%) released by the emitter each hour (upper left panel); dry matter concentration
of the DLF released (upper right panel); turbidity of the HF-DLF released (lower left panel); and amount
of OH− ions released per ton of water released each hour. Data are LSmeans ± LSmeans standard error
estimates. For post-hoc comparisons and raw data see Supplementary Material Table S3.
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Table 3. Coefficient of variation of each treatment (n = 9, consisting of 3 lines with 3 emitters each) and
relative distribution percentiles at 0.025, 0.25, 0.5 (median), 0.75, and 0.975. Data of the three dilutions
of the hydrocyclone filtered digestate liquid fraction (HF-DLF) were showed singly and bulked.

Control
(Tap Water)

10% Dil.
HF-DLF

25% Dil.
HF-DLF

50% Dil.
HF-DLF

10% + 25% + 50% Dil.
HF-DLF Bulked Data

Mean of coefficient of variation 1.65 3.41 3.69 3.66 3.59

Percentile 0.025 1.24 3.26 2.65 3.55 2.71

Percentile 0.250 1.45 3.35 2.79 3.59 2.89

Percentile 0.500 (median) 1.66 3.41 2.82 3.65 3.43

Percentile 0.750 1.86 3.46 2.86 3.68 3.61

Percentile 0.975 2.07 3.49 8.86 3.86 6.44

The dry matter content of the solutions (Figure 5) showed that the concentration strongly depended
on the dilution rate, and to a lesser extent on time. In fact, higher values >0.6%) were recorded in the
DLF 50%, compared to those in DLF 10% < 0.2%) and DLF 25% showed values ranging from 0.4% to
0.3%. The value of dry matter concentration (%) was quite stable all along the 8 h of irrigation test for
all the treatments, except for DLF50% that showed a slight increase with time (Supplementary Material
Table S1; Supplementary Material Table S2).

A similar trend, but more pronounced by the time, was found regarding turbidity (Figure 5; please
mind that the higher is the turbidity value, the lower the liquid turbidity). For all the treatments the
values recorded were stable over time and around 60 mV, 160 mV, and 380 mV for DLF 50%, 25% and
10% respectively. The analysis of the concentration of ions OH− (Figure 5), calculated using the pH
values, showed that even if the trend of treatments DLF 10% and 25% was slightly variable during the
irrigation test, the values were included between 5 and 10 OH− mol t−1 solution, with scarce differences
by the time. Instead, treatment DLF 50% showed an increasing trend during the test with an initial
value of 13 OH− mol t−1and a final value of 25 OH− mol t−1. Finally, we inspected a serpentine from
the control and the DLF 50% (Figure 6) and found that no clogging occurred.

 

Figure 6. Serpentine inspection of the control (tap water; above) vs. 50% diluted hydrocyclone filtered
digestate liquid fraction (below) emitters.
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4. Discussion

In the present work, we studied the role of an increasing ratio between a hydrocyclone-filtered
digestate liquid fraction (referred to as HF-DLF) and tap water on the performance of an irrigation
system and water quality. Treatments included 3 HF-DLF ratios (10%, 25%, and 50% of total solution
used for the irrigation) in contrast to tap water as control and measurements were taken at an hourly
basis on an 8-h irrigation cycle, that simulates most of the irrigation cycles occurring in a broad range
of crops.

The native digestate liquid fraction used before the hydrocyclone filtering had a higher pH than the
tap water used (pH = 8.23 vs. 7.84, respectively) and such pH slightly reduced after the hydrocyclone
filtering. Information on the effect that the hydrocyclone filtering has on the pH of digestate liquid
fraction and its total solids are scarce, nonetheless, centrifuge filtering was shown to have relatively
high efficiency [25]. Thus, the pH reduction after the hydrocyclone treatment may have been due to
the fractionation of the calcium carbonates or other high-weight solids in the digestate liquid fraction,
including cations. The digester diet of the material in the present study was mainly composed of
corn and barley biomasses (residual and dedicated) and to a lesser extent of cow slurry. This kind of
digestate has high contents in potassium, chloride, carbonates, and proteins [20]. It is thus likely that
the high pH of the HF-DLF under study was due to a high content of basic, high molecular weight
proteins, which can be removed by hydrocyclone filtering. Such a hypothesis is corroborated by the
further reduction of pH of the DLF found eight days after filtering, before the irrigation experiment
started, which may have been due to oxidation of the organic material in the HF-DLF that in such
time-lapse was resting. Hydrocyclone filtering, however, did not result in a reduction of the turbidity
and such results could be due to the high total solid concentration in the DLF following incomplete
filtering, as pointed by Guilayn et al. [25]. Indeed, in our study, the HF-DLF showed a dry matter
concentration of 16.0‰ (on a weight basis) and a pH = 8.15 soon after the filtration. These traits
suggested a low quality fraction for drip irrigators according to the early classification by Nakayama
and Bucks [3]. This likely was a main cause of the differences among the amount of HF-DLF released
by the emitters at increasing time and varying the HF-DLF ratios within the irrigation system.

The manufacturer declared the used emitters as and releasing 2 L h−1 at 100 kPa. When subjected
to the 200 kPa pressure of the present study, we found that the amount of water released in the control
ranged from 3.07 L in the first hour and such an amount increased on average by the 1.9% h −1. Such
variation were higher than those found by Bodole et al. [26]. The variation of the amount of HF-DLF
each emitter released per hour also increased with time in the three dilution treatments (0.5–0.9% h−1),
but to a lesser extent compared to the control. Such variations likely depended on the usury of the
system. In particular, the dilution at 10% and 25% released 1.9% and 3.5%, respectively, more HF-DLF
per cycle than the water released by the control, whereas the dilution at 50% released 4.9% less HF-DLF
per cycle than the control. Besides, the differences between each HF-DLF dilution and control in the
amount of water released per unit time declined with time. The temperature of the tap water or the
HF-DLFs was similar among the treatments and increased linearly during each irrigation cycle, starting
at 9.42 ◦C ± 0.27 ◦C at the 9:00 a.m. (moment of the beginning of each experiment) and increased at a
rate of 0.94 ◦C h−1 ± 0.05 ◦C h−1 (data not shown). This implies that differences by time can only partly
be explained by a heating of the emitters and thus the expansion of their pore size. We hypothesize that
the emitters used in this experiment rapidly lost their ability to compensate for the irrigation rate at the
pressure we used. In addition, the 10% and 25% diluted HF-DLF did not likely consist in a strong
occlusion of the emitters. This is consistent with the constant rate of the dry matter content of 10% and
25% HF-DLF and increasing rate of the dry matter content of the 50% HF-DLF, which progressively
increased at a rate of 27.98 × 10−3 ± 0.95 × 10−3 pH units h−1. When using the 50% dilution, 6.63%
less HF-DLF was released, on average, if compared to the water released in the control or the HF-DLF
in the 10% and 25% dilutions. Despite such difference, the potential effect on the pH (expressed as
[OH−] amount of a putative medium receiving the HF-DLF at the 50% dilution) strongly increased
over time, whereas it did not vary in the in the control or the HF-DLF in the 10% and 25% dilutions
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1.68 ± 0.04 Mol OH− (t HF-DLF)−1 h−1. Results from other experiments were variable and depended
on the pressure, kind of emitter and kind of wastewater. In contrast to our study, Gamri et al. [27]
found a strong reduction of the emitter performance with time and difference between the present and
the one by Gamri et al. [27] experiment can be due to the higher pressure we used, which is two-fold
compared to their study, and this occurred despite our HF-DLF had a solid concentration 2.3–9.8 fold
higher than the synthetic wastewater composition used by Gamri et al. [27]. Nonetheless, these
differences can be due to the high-frequency flushing in our experiment (one every 8 h). And indeed,
Puig-Bargués et al. [14] showed that flushing every 540 h was sufficient to almost completely avoid the
emitter clogging. Puig-Bargués et al. [14] also found, as in the present study, that dripline flow increased
8% and 25% over time when using a pressure compensating and a non-pressure compensating emitter,
respectively, when used with a tertiary effluent from a wastewater treatment plant filtered with a
0.130 mm filtration level. Similarly, we found that coefficient of variation computed at an hourly
basis was 1.653% (CI95% 1.240–2.065%) in the control and 3.587% (CI95% 2.713–6.444%) in the HF-DLF,
with scarce differences among dilution, suggesting that accumulation of deposited material in the
emitters affected the dripline flow performance. Such coefficient of variation was lower than those
found in other similar studies [28,29] and can be marginally acceptable as indicated by Bodole et al. [26],
according to which a test duration of more than 60 min is enough to minimize the uncertainty due to
the initial fluctuation of the data. The lower variation of the HF-DLF is likely due to an anti-clogging
shape of the present emitters if compared to other emitters [30].

5. Conclusions

In conclusions, hydrocyclone filtration scarcely affected the traits of the digestate liquid fraction
used for the irrigation. Irrigation with hydrocyclone-filtered digestate liquid fraction (HF-DLF) injected
in the system at 10% and 25% dilution did not affect the performance of the system nor the traits of
the liquid fraction released by the emitters, whereas using 50% dilution of the HF-DLF consisted in a
lower amount of liquid released at increasing pH. In particular, HF-DLF dilution at 10%, 25%, and 50%
consisted in +1.9%, +3.5, and −4.9% amount of liquid released compared to the control. In 10% HF-DLF
% and 25% HF-DLF, a constant pH difference of + 0.321 ± 0.014 pH units compared to the control
was found, in the 50% HF-DLF pH increased by around a half point and such difference increased
with time.

This implies that that highly concentrated digestate liquid fractions, i.e., low dilutions, can pose
problems for the functioning of the system and may have potentially harmful effects on soils with high
pH. Nonetheless, the use of digestate liquid fractions for irrigation purposes may be a valuable option
in those areas with a high amount of biogas plants and digestate production, such as various nations in
Europe, America and Asia including USA, China, Germany, United Kingdom, Italy, and France [31,32].
Results from the present study have beneficial implication on the on water conservation since digestate
production by feeding the digester with barley and corn provide wastewater from the late spring to the
early fall, when water requirements are high. At the one time, the ability to use such wastewaters with
minimal impact on the irrigation system, and thus with reduced negative impacts due to the system
maintenance and disposal.

The digestate liquid fraction used in the present study was previously subjected to an additional
hydrocyclone filtering, that likely discarded the high-molecular weight fraction. However, since few
differences were found between filtered and non-filtered liquid digestate fraction, it is likely that a
dilution at least up to 25%, according to the present study, can allow for a direct use of the digestate
liquid fraction in microirrigation system with a minimal harming of the system performances. However,
since the present is a short-term experiment, these results would require additional experiments with
unfiltered liquid fractions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/8/1150/s1,
Table S1: LSmeans estimates and relative standard errors of the traits under study [Solution released; output of
the turbidity sensor; dry matter concentration; [OH−] concentration; and pH difference than control]. LSmeans
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with a letter in common can’t be considered different according to a conservative Tukey-grouping applied to the
p-differences of the LSmeans.; Table S2: Linear models of the variation in time of the temperature in the whole
experiment and of dry matter concentration, [OH−] concentration and pH, and in the 50% diluted hydrocyclone
filtered digestate liqud fraction; Table S3: Raw data of the amount of water or diluted hydrocyclone filtered
digestate liqud fraction, the output of the turbidity sensor (mV), dry matter content (%), pH of the solution, and
the amount of [OH−] concentration.
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Abstract: An experiment of sensible and latent heat flux measurement was conducted in a tea
plantation near the Yangtze River within Danyang of Jiangsu Province, China. High-frequency
(~10 Hz) air temperature measurement with fine-wire thermocouples (� = 50 μm) was used for the
estimation of sensible heat flux (H), and latent heat flux (LE) was extracted as a residual of the energy
balance equation using additional measurements of net radiation (Rn) and soil heat flux (G). Results
were compared against the eddy covariance (EC) system under unstable conditions only, and days
with high precipitation were excluded from further analysis. Half-hourly datasets of the sensible
heat flux estimated using the surface renewal method (SR) (HSR) and measured by the EC system
(HEC) were analyzed. Results showed good agreement with R2 = 0.80, root mean square error (RMSE)
= 27.87 W m−2, relative error (RE) = 9.02%, and a regression slope of 0.68—this slope was used for
the calibration of the uncalibrated HSR estimated by SR. On the other hand, the half-hourly dataset
of LESR was regressed against EC, and it showed good agreement with relatively high R2 = 0.93,
RMSE = 32.99 W·m−2, and RE = 5.67%. Hence, the SR method may estimate the surface fluxes at a
relatively low cost, ultimately improving calculations of evapotranspiration. Thus, the SR method
could provide an economical tool for improving crop water management of tea plantations.

Keywords: sensible and latent heat fluxes; surface renewal method; tea plantation; evapotranspira-
tion; eddy covariance

1. Introduction

Latent heat flux (LE) measurement is very critical in the field of micrometeorology for
the efficient management of available water resources. The precise estimation of LE, also
termed as evapotranspiration (ET), is vital due to its great influence on precipitation, plant
growth, and amount of irrigation water runoff. There is constant pressure on the available
water resources for different crops in arable agricultural areas. Therefore, there is always a
need for accurate estimation of crop evaporation to maximize the available water resources
and crop water use efficiency. Traditionally, crop water evaporation was estimated from
climatic data and reference evapotranspiration methods and by using the crop coefficient
approach [1]. In recent decades, the instrumentation, techniques, and different approaches
for the estimation of ET have been improved a lot. In order to spread scientifically approved
techniques into commercial practice, simpler techniques are preferred. Various micromete-
orological methods have been used for estimating LE (i.e., scintillometer, eddy covariance
(EC), Bowen ratio (BR) [2], lysimeter, surface renewal (SR), and flux variance (FV)) [3]. Use
of a lysimeter is a reliable method for ET measurements, but it is seldom used outside of
experimental stations [4,5]. The Bowen ratio (BR) method requires extensive fetch and
responsiveness to the biases of the instrument used for estimating the air temperature and
water vapor pressure at two levels [2]. The scintillometer method is a high-cost method
based on the Monin–Obukhov similarity theory (MOST) and high skills are required for

Agronomy 2021, 11, 179. https://doi.org/10.3390/agronomy11010179 https://www.mdpi.com/journal/agronomy

141



Agronomy 2021, 11, 179

correct operation. In addition, its estimations are disrupted by optical interception of
rainfall, insects, frost, and vertical air temperature to differentiate between the ascending
and descending directions of sensible heat flux (H) [6]. The EC system allows the direct
measurement of surface fluxes (sensible and latent heat fluxes), and a lysimeter can also
provide estimations of these fluxes with better accuracy. In spite of their many advantages,
these techniques are not easily available for daily usage by farmers due to high cost and
operational complexity; hence, simple and low-cost methods for ET measurement are
required [7]. There are few studies of ET estimation over different homogeneous surfaces
and crops using these methods. Most of these methods are costly and their instrumentation
is sensitive to damage, requiring site homogeneity and relatively wide fetch. The SR
method has been proposed as a reliable alternative to methods such as the EC system,
first proposed by Van Atta in 1977 [8]. The theoretical basics of the SR method have been
reviewed and applied over different crop canopies and surfaces with better results [9–16].
The SR method uses high-frequency (~10 Hz) air temperature measurements obtained
from fine-wire thermocouples for the estimation of the sensible heat flux (H) above the
plant canopy. The SR method has been deployed over natural surfaces with mixed results
and is considered as an attractive replacement for other available meteorological methods
due to its low-cost and relatively simple instrumentation, which makes it easier to apply
close to the canopy surface and with limited fetch [17–19].

This study tests the performance of the surface renewal method for estimating the sur-
face fluxes, including sensible and latent heat fluxes, over a tea plantation in Danyang. Tea
plants grow well all year round in temperate and humid climates. During the last decade,
sprinkling irrigation has been gradually applied to tea plantations and drip irrigation
has been recently adopted with the extension of fertigation technology. Usually, growers
start irrigation based on only soil moisture content, without knowing the exact crop water
requirement [20]. This study was performed with the aim to provide a relatively low-cost
technique for estimation of the crop water requirement of tea plants. The performance of
the SR method was evaluated for the estimation of surface fluxes including sensible and
latent heat fluxes and the results were compared against the measurements of the eddy
covariance system.

2. Materials and Methods

2.1. Study Site and Climate

The experiment was conducted at a tea plantation located in Danyang, Jiangsu, P.R
China (32.026177◦ N, 119.674201◦ E), at an elevation of 18.5 m above the sea. The study
site is mainly dominated by homogeneous crops with trees on the boundaries (Figure 1).
The tea plants were 2 years old at the time of experiment and plant height ranged from
0.7 to 0.8 m. The mean air temperature during the experimental seasons ranged from
10 to 15 ◦C in winter and 25 to 35 ◦C in summer, with mean annual precipitation of
2.73 mm.day−1. An EC system was installed at the study station, comprising a 3D sonic
anemometer (CSAT3, Sonic anemometer, Campbell Scientific, Logan, UT, USA) and an
open-path infrared gas analyzer (IRGA, EC150, Campbell Scientific, Logan, UT, USA) for
the surface flux measurements. Both the sonic anemometer and infrared gas analyzer were
placed at height of 2.3 m above the ground in the wind dominant direction. The EC system
can measure surface fluxes including H and LE directly. For the additional measurements
of relative humidity and air temperature, a sensor (HC2S3-L, Campbell Scientific, Logan,
UT, USA) was placed above the ground on a tower along with the EC system.
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Figure 1. A map representing the location of the study area and the eddy covariance (EC) system installed at study site.

All pieces of equipment were supported with batteries connected with solar panels.
A Net radiometer (CNR4-L, KIPP and ZENON) was placed at 2.3 m above the ground
on the same pole with the EC system in the south direction to avoid the shading effect.
For soil heat flux (G) measurement, two soil heat flux plates (HFT-3.1, TEBS, Seattle, WA,
USA) were placed at a depth of 0.08 m. One plate was installed in wet soil between the
plants and the other one was installed along the pathway. To calculate the change in heat
storage (ΔS), two thermocouples were installed in the soil layer above each plate at a depth
of 0.02 and 0.06 m, respectively. The installation and raw data calculation from these plates
were performed following the instructions of Campbell Scientific, Inc. [21]. The calculation
of soil heat flux was done using the soil properties, including the soil water content, soil
heat capacity, and bulk density of the soil from the soil samples collected during the field
visits, following the procedure recommended by Tanny, Haijun and Cohen (2006) [22]. For
estimation by the SR method, two fine-wire thermocouples (type T), with a diameter of
50 μm (COCO-002, Omega Eng., Irlam, Manchester, UK), were placed at a height of 1.8 m
above the ground in predominant wind direction (northwest). The raw data signals from
both systems, eddy covariance and surface renewal, were sampled at a high frequency of
10 Hz because the fine-wire thermocouples cannot handle a higher sampling frequency,
e.g., 20 Hz. Raw signals were stored on a datalogger (CR3000 from Campbell Scientific).
All the recorded data were later analyzed to calculate the turbulence fluxes produced by
the eddy covariance system, e.g., frictional velocity. Raw data of latent heat flux measured
from the EC system were corrected for coordinate system rotation [23], sensor separation
by applying the frequency response correction [24], and path averaging.

On the other hand, the sensible heat flux measured by the EC system was corrected
for path averaging and coordinate rotation system. The sonic temperature was also con-
verted to the thermodynamic temperature using high-frequency readings of water vapor
concentration obtained through the open-path gas analyzer. Regular maintenance of the
instruments was performed during the whole experimental duration. The net radiometer
was cleared of dust that accumulates on its domes and its position was maintained hori-
zontally. The sonic anemometer was checked regularly and kept safe from spider webs.
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Finally, the thermocouples were checked regularly as they are very vulnerable; broken
thermocouples were replaced with new ones, fortunately only once during the experiment.

2.2. Footprint Analysis

Footprint analysis was conducted for estimating the relative contribution of the up-
wind surface to the fluxes measured by the EC method [13]. In many agricultural practices,
surfaces are limited in their area or surrounded by some trees or buildings. Therefore,
estimation of the footprint for turbulent fluxes is crucial for proper and reliable execution
of EC measurements. The following were input variables for the footprint analysis: mea-
surement height (za), displacement height (d), mean wind speed (m·s−1), Obukhov length
(L), standard deviation of horizontal wind speed (m·s−1), friction velocity (u*), and wind
direction (◦) [25–28]. The footprint model used for the estimation of the distance from
which 90% of the measured flux originated, or the ratio of this distance to measurement
height, is expressed as Equation (1) [29]:

x
za

=
2 × 9.491

za
xpeak (1)

where x is the horizontal distance along the fetch from the EC system, za is the measurement
height, and xpeak is the peak location of the footprint distribution function, expressed as
Equation (2):

xpeak =
DzP

u |L|
2k2

1−P

(2)

Here, D and P are similarity parameters, and zu is calculated as Equation (3):

zu = (za − d).
za − d

za − (d + za)

[
ln

za − d
zo

− 1 +
zo

za − d

]
(3)

where zo is surface roughness length.

2.3. Surface Renewal (SR) Method

The SR method is based on the turbulent exchange of the sensible heat between the
plant canopy and the atmosphere, caused by the instantaneous replacement of an air parcel
interacting with the surface (Figure 2). The air parcel exchanges energy between air and
canopy elements; then, the parcel is detached from the surface, and a new air parcel swings
in to renew the removed air. Thus, understanding the features of this turbulence mechanism
is vital for correct operation and analysis of this method. The signals of air temperature
display well-managed coherent structures which resemble ramp events [30–32]. The SR
method is constructed on the investigative energy budget of the coherent structures that
exist within the crop canopy [31,32]. The exchange of air parcels between the surface and
atmosphere is established as ramp-like shapes in the turbulence temperature; HSR can be
estimated as Equation (4):

HSR = αH′
SR = αz

(
ρcp
) a

τ
(4)

where α is the calibration coefficient obtained through the slope of regression between
HSR (calibrated sensible heat flux) and the H′

SR (uncalibrated sensible heat flux); z is
the measurement height (m), ρ is the specific air density (kg·m−3), cp is the specific heat
capacity (J·kg−1·K−1), a is the ramp amplitude (K) and τ is the ramp period (s). The SR
estimations require calibration against any independent method (i.e., EC and BR).
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Figure 2. The concept of the surface renewal theory.

The calibration factor (α) is obtained as the slope of the linear regression forced through
the origin, between the estimations of HSR and the HEC; the value of the calibration coeffi-
cient depends on the measurement height, canopy height and architecture, atmospheric
stability, turbulence characteristics, and sensor dynamic response characteristics [9]. The
structure–function analysis is calculated by Equation (5) [8]:

Sn(r) =
1

m − j

m−j

∑
k=1

[(
Tk − Tk−j

)n]
(5)

where S denotes the structure function, n is the order of the structure function (2nd, 3rd,
or 5th in this case), r is the order of function, m is the total number of data points, j is the
sample lag, and Tk is the kth element in the calculated temperature data. The structure–
function values are used to determine the coefficient in the following cubic polynomial
expressed as Equation (6) [8]:

a3 + pa + q = 0 (6)

where p is obtained as Equation (7) [8]:

p =

[
10S2

(r) −
S5

(r)

S3
(r)

]
(7)

Here, q is obtained as Equation (8) [8]:

q = 10S3
(r) (8)

These equations can be solved analytically to obtain the ramp amplitude. The ramp
period is calculated from the ramp amplitude, time lag, and third-order structure function
using Equation (9) [8]:

τ = − a3
(r)

S3
(r)

(9)

The shortened energy closure was used for the estimation of LE above the plant canopy
using HSR and the remaining parameters, including Rn and G, using Equation (10) [8]:

LESR = Rn − G − HSR (10)
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The performance of the SR method was analyzed by linear regression analysis against
the EC system with statistical errors including root mean square error (RMSE), the slope of
regression, intercept, coefficient of determination, and relative error (RE), which indicate
the performance of the SR method for estimating H and LE. The SR method overcomes
the issues related to the fetch, leveling, orientation, and instrument placement, which can
overcome the potential uncertainties in the EC system [33–37].

3. Results and Discussion

3.1. Energy Balance Closure

The energy balance closure is a typical method for evaluating the reliability of the EC
system’s measurements. A half-hourly linear regression analysis was performed between
the available energy fluxes (Rn − G) and the turbulent fluxes (LE + H) measured from the
EC system (Figure 3).

 
Figure 3. Half-hourly regression analysis between (Rn − G) and (LEEC + HEC).

In this study, measurements of the EC system were used to evaluate the performance
of the SR method. Although the shortage of energy balance was within the accepted range,
the estimation of LE using the SR method was based on the energy balance Equation (11):

LEEC + HEC = 0.64 (Rn − G) (11)

The overall results showed that both fluxes were in good agreement, with rela-
tively high R2 = 0.85, a slope of regression of 0.64, and statistical errors RMSE and RE of
25.13 W·m−2 and 3.72%, respectively. The energy balance slope was within the acceptable
range related to the EC system application in the literature [38,39]. Hence, measurements
of the EC system including the sensible heat flux and latent heat flux were used to calibrate
the performance of the surface renewal method in this study.

The coherent movements of the fluxes cannot be justified by either the surface renewal
or the eddy covariance method, and their role in the post-field data processing involving
both of these methods remains unknown. However, this issue can play a critical role for
elucidating the surface energy balance closure when the SR method is used.

3.2. The Footprint of EC Flux Measurements

A footprint model was applied to analyze the relative contribution of the windward
distance to surface fluxes measured by the EC system. The footprint model was estimated
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by Equations (1)–(3), which provide the ratio between 90% flux footprint and measurement
height; Equation (1). The analysis was performed mostly for the daytime (unstable condi-
tions) [27]. Two days with different climatic conditions were selected from the experimental
duration: One partly cloudy (27 November 2018) and the other one (18 October 2018) a
sunny day. Diurnal variations of footprint/height ratios for these two days are shown in
Figure 4:

Figure 4. Variation of half-hourly 90% footprint measurement height ratio of two different days [23].

The results in Figure 4 show that the ratio during the sunny day was in the range
0–30, significantly lower than the ratio determined during the partly cloudy day which
ranged between 50 and 60. This difference is presumably because during the sunny day,
the surface was warmer, and the boundary layer was more unstable than during the partly
cloudy day. This larger instability resulted in a shorter 90% flux footprint during the sunny
than the partly cloudy day. Besides, Figure 4 shows that on both days, the ratio was smaller
than the common 100:1 fetch/height ratio. This indicates that under the conditions of this
experiment, most of the flux measured by the EC system originated from within the tea
field under study. Hence, the EC data are reliable and can be used for the calibration of the
SR method [13].

3.3. Sensible Heat Flux

The sensible heat flux was estimated using Equation (4), using high-frequency air
temperature measurements of fine-wire thermocouples [34]. A linear regression analysis
was performed between the half-hourly datasets of HSR and HEC under unstable conditions
(Figure 5). Overall estimations of the SR method were in better agreement with the EC
system with a coefficient of regression R2 = 0.80. This performance was evaluated for the
time-lag of 0.5 s, keeping in view the results of previous studies using the same time-lag and
frequency for the estimation of surface fluxes using the SR method and sampling frequency
(~10 Hz) [10,18]. The uncalibrated H′

SR was corrected using the calibration coefficient of
0.68 obtained from the slope of regression between the uncalibrated and calibrated sensible
heat fluxes obtained from the SR and EC systems, respectively, as shown in Table 1 for the
same duration under unstable conditions. The comparison was performed to assess the
performance of the SR method in tea plants.
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Figure 5. Half-hourly regression analysis between HSR and HEC.

Table 1. The regression statistics between the half-hourly dataset.

Fluxes
z

(m)
Time-Lag

(s)
Slope

(α)
R2 RMSE

(W·m−2)
RE
(%)

HSR vs.
HEC

1.8 0.5 0.68 0.80 27.87 9.02

LESR vs.
LEEC

1.8 0.5 1.21 0.93 32.99 5.67

(Rn − G)
vs. (LE +

H)
2.3 0.5 0.64 0.85 25.13 3.72

The overall results showed good agreement between the estimations by the SR method
and the EC system, with R2 = 0.80, RMSE = 27.87 W·m−2, and RE = 5.67% (Table 1).
Diurnal variation of the half-hourly estimations of HSR, HEC, and Rn were observed for
two randomly selected days from the experiment duration, one being a clear day (day of
year 125, 2019) (Figure 6a) and one being a day with variable clouds (day of year 101, 2019)
(Figure 6b).

 
(a) Clear day (day of year (DOY) 125, 2019). (b) Cloudy day (day of year 101, 2019). 

Figure 6. Diurnal variation of the half-hourly HSR, HEC, and Rn (a,b).
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On the clear day, the estimations were better correlated with the measurements of the
EC system in the morning and in the later part of the day (evening). The overall estimation
was relatively good throughout the day. On the other hand, the estimation of HSR was
changing all day, corresponding to the values of Rn. In the morning, HSR was close to zero
and it increased steadily with the increase in Rn; the estimation of HSR was varied with the
measurement of Rn, and same trend was observed throughout the day (Figure 6a).

This showed that the air temperature fluctuations present a ramp pattern. The ramps
are different for the different climatic conditions and have a direct impact on the measure-
ments of the net radiation.

3.4. Latent Heat Flux

Latent heat flux was extracted as a residual of the energy balance closure using the
estimated HSR, including the Rn and G measured separately. A linear regression analysis
was performed between the half-hourly estimations of LESR and LEEC under unstable
conditions, and only positive estimations of LE were compared during the analysis because
only positive LE corresponds to evapotranspiration, which mainly arises under unstable
conditions [40].

The HSR estimated by the SR method yielded a good estimate of the LESR using a
time-lag of 0.5 s for every half-hourly dataset. The results were in good agreement with
relatively high R2 = 0.93 as shown in Figure 7. The performance of the SR method for
estimating LESR was evaluated using statistical tools including RMSE and RE. The best
result of LESR was obtained at a height of 1.8 m above the ground, with slope of regression
of 1.21. The statistical errors including RMSE and RE were obtained as 32.99 W·m−2 and
5.67%, respectively. These results represent the performance of the SR method for the
estimation of LESR. The RMSE values were greater between the linear regressions of LESR
vs. LEEC as compared to those of HSR vs. HEC. This was observed due to the fact that the
errors were related to the measurements of Rn and G in both the SR method and the EC
system (Table 2).

 
Figure 7. Half-hourly estimated LESR vs. LEEC under unstable conditions.

A diurnal comparison was made of LE with the SR estimations and the measurements
by the EC system at time-lag of 0.5 s and a measurement height of 1.8 m above the ground
under unstable conditions. For the comparison, two different days were selected: one with
a clear sky (day of year 125, 2019) and the other with variable clouds (day of year 101, 2019).
The diurnal variation of LESR and LEEC was observed with respect to the net radiation
throughout the day, mainly in the daytime, usually from 8:00 to 16:00. The diurnal variation
of LEEC and LESR was observed throughout the day with respect to Rn, for on a clear day,
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Rn was relatively high, with a maximum value of more than 700 W·m−2, and the variation
of LESR and LEEC was in relatively strong agreement, mainly in the mid-day (Figure 8a).

Table 2. Experiment instruments and installation.

Observations Notation Unit Installation Height (m) Instruments

3D wind velocity, sonic
temperature u, v, w, Ts

m·s−1

◦C
2.3 CSAT3, Sonic anemometer, Camp-bell

Scientific, Logan, Utah, USA
H2O and CO2
concentrations - μmol·m−3 2.3 EC150, Campbell Scientific, Logan, Utah, USA

Soil temperature Tsoil
◦C 0.02–0.06 (Depth) TCAV-L, Campbell Scientific, Logan,

Utah, USA
Air temperature for SR

analysis Ta
◦C 1.8 Fine-wire thermocouple, COCO-002, Omega,

Eng., UK

Relative humidity RH % 2.1 HC2S3-L, Campbell Scientific, Logan,
Utah, USA

Soil heat flux G W·m−2 0.08 HFP01, Hukse flux plate sensor
Net radiation Rn W·m−2 2.3 CNR4-L, KIPP and ZENON

Liquid precipitation - mm 2.1 TE525MM, Campbell Scientific Inc., Logan,
Utah, USA

Soil water content θv m3·m−3 0.04 (Depth) CS655, Campbell Scientific Inc., Logan,
Utah, USA

Datalogger CR3000 Campbell Scientific Inc., Logan, Utah, USA.

 
 

(a) Clear day (DOY 125, 2019). (b) Cloudy day (DOY 101, 2019). 

Figure 8. Variation of the Rn, LEEC, and LESR.

On the other hand, the diurnal variation was in good agreement in the day with vari-
able clouds and the estimations were directly influenced by the amount of Rn (Figure 8b).
Overall, good correlation was observed throughout the day between the measurements of
the EC system and the SR estimations.

4. Conclusions

The performance of the classical surface renewal method was examined in a tea
plantation located in Danyang, P.R China. The conventional SR method was applied for
the estimation of sensible heat flux using high-frequency air temperature measurement by
fine-wire thermocouples, under unstable conditions only, and the results were compared
against the measurements of the EC system. Analysis of both these methods showed that
the estimated HSR corresponded well with HEC with R2 = 0.80, RMSE = 27.87 W·m−2,
and RE = 9.02%, the slope of regression forced through the origin was (α = 0.68), and this
slope was used for calibrating the uncalibrated sensible heat flux estimated through the SR

150



Agronomy 2021, 11, 179

method. The estimated LESR was in strong agreement with the latent heat flux measured
by the eddy covariance system, with a relatively high coefficient of regression. Based on
the results, the surface renewal method can provide simple and relatively inexpensive
estimations of H and LE above tea plantations and, hence, evapotranspiration, which can
help in improving the per capita production of tea plants with better irrigation application.
In the future, this study can help in adopting this method for obtaining low-cost information
about crop water requirements; furthermore, the SR method can be used independently in
case the eddy covariance system is not available—for instance, in fields where the fetch
requirement is very limited, and application of the EC system is not easy at the corner of
the field. On the other hand, the SR method can be installed in a more appropriate way to
obtain complete information of wind direction and other climatic factors, which can help
growers to manage available irrigation resources at a relatively low cost. The results of this
study were in good agreement with some previous studies performed for different crops
and in different climatic conditions [5,11,17,18].
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Abstract: Research-based information regarding the accuracy and reliability of smart irrigation
controllers for autonomous landscape irrigation water conservation is limited in central California.
A two-year irrigation research trial (2018–2019) was conducted in Parlier, California, to study the
response of hybrid bermudagrass and tall fescue to varying irrigation scenarios (irrigation levels
and irrigation frequency) autonomously applied using a Weathermatic ET-based smart controller.
The response of turfgrass species to the irrigation treatments was visually assessed and rated. In
addition, turfgrass water response functions (TWRFs) were developed to estimate the impact of
irrigation scenarios on the turfgrass species based on long-term mean reference evapotranspiration
(ETo) data. The Weathermatic controller overestimated ETo between 5% and 7% in 2018 and between
5% and 8% in 2019 compared with California Irrigation Management Information System values.
The controller closely followed programmed watering-days restrictions across treatments in 2018
and 2019 and adjusted the watering-days based on ETo demand when no restriction was applied.
The low half distribution uniformity and precipitation rate of the irrigation system were 0.78 and
28 mm h−1, respectively. The catch-cans method substantially underestimated the precipitation rate
of the irrigation system and caused over-irrigation by the smart controller. No water-saving and
turfgrass quality improvement was observed owing to restricting irrigation frequency (watering
days). For the hybrid bermudagrass, the visual rating (VR) for 101% ETo treatment stayed above the
minimum acceptable value of six during the trial. For tall fescue, the 108% ETo level with 3 d wk−1

frequency kept the VR values in the acceptable range in 2018 except for a short period in mid-trial.
The TWRF provided a good fit to experimental data with r values of 0.79 and 0.75 for tall fescue
and hybrid bermudagrass, respectively. The estimated VR values by TWRF suggested 70–80% ETo

as the minimum irrigation application to maintain the acceptable hybrid bermudagrass quality in
central California during the high water demand months (i.e., May to August) based on long-term
mean ETo data. The TWRF estimations suggest that 100% ETo would be sufficient to maintain the
tall fescue quality for only 55 days. This might be an overestimation impacted by the relatively small
tall fescue VR data in 2019 owing to minimal fertilizer applications and should be further investigated
in the future.

Keywords: autonomous landscape irrigation; Hargreaves and Samani evapotranspiration model;
water conservation

1. Introduction

The state of California, and in general the U.S. west, has some of the largest cities
across the nation, making urban water demand a vital component of any integrated
water resources management plan. Statistics indicate California’s population rose to nearly

Agronomy 2021, 11, 1666. https://doi.org/10.3390/agronomy11081666 https://www.mdpi.com/journal/agronomy
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40 million in 2016 and projections by the California Department of Finance show an increase
to more than 45 million by 2060 [1]. It is expected that, in the future, competition for water
and land resources among urban, environmental, and agricultural uses will intensify
as a result of increased population, coupled with changes in land use and climate [2].
In addition, climate change is altering precipitation and temperature patterns, making
drought severity likely to increase in the American Southwest [3].

Irrigation demand is a significant component of total water use in the urban sector
in California [4]; therefore, improving irrigation water use efficiency is a crucial water
conservation strategy. Considerable water savings have been reported as a result of imple-
menting emerging technologies for landscape irrigation management [5–7]. Soil moisture
sensor-based and evapotranspiration (ET)-based smart irrigation controllers can help in-
crease irrigation water use efficiency by maintaining the root zone soil moisture status
within a programmed desired range and scheduling irrigation based on crop coefficient
and reference ET (ETo) data, respectively.

Water agencies in California often incentivize the adoption of smart irrigation con-
trollers in residential areas. According to Singh et al. [8], in 2018–2019, approximately half
of the major water agencies across the state provided rebates, ranging from $45 to $300,
for installing ET-based smart irrigation controllers. However, the scientific research on the
efficacy of smart irrigation controllers for autonomous irrigation scheduling and water
conservation is limited in the region. Most scientific work on smart irrigation controllers
has focused on avoiding over-irrigation in humid areas with abundant precipitation [9].
Davis et al. [6] compared ET-based smart controllers with a time-based treatment in Florida
and reported, on average, a 43% reduction in applied water. Compared with timer-based
fixed irrigation, the water-saving potential of ET-based controllers was also reported in
other case studies in Florida and Nevada [10,11]. Recently, we [7] used an ET-based smart
irrigation controller for autonomous irrigation scheduling of ‘Tifgreen’ hybrid bermuda-
grass in southern California and obtained promising results. In another study conducted in
Southern California, Bijoor et al. [12] investigated the water budgets of lawns under three
management scenarios, including the use of a smart soil moisture sensor-based controller.
They concluded that the implementation of smart sensors was a more significant option
than the choice of turfgrass species in irrigation efficiency.

An urban feature for potential water conservation is the turfgrass landscape, as it is
a large component of urbanized land area. Turf has become an important crop based on
the acreage planted, including residential, commercial, and institutional lawns, parks, golf
courses, and athletic fields. Beyond recreational use, turf provides valuable ecosystem
services that are in high demand by society, like capturing runoff, contributing to the
abatement of the heat island, reducing dust and noise, and fostering biodiversity [13].
However, the turfgrass irrigation water requirement could be more significant than some
alternative landscape species [14]. Consequently, it is crucial to precisely identify the
minimum water requirement of commonly planted turfgrass species and study the water
use of alternative warm-season turfgrass species that are more resistant to heat, drought,
and salinity.

In a recently published study [7], we introduced the turfgrass water response function
(TWRF) as an empirical statistical model to estimate the response of turfgrass species
(based on the aesthetic values) to varying irrigation scenarios and ETo demand. We used
NDVI as the response variable owing to its overall high correlation to turfgrass health
and growth. We estimated the response of hybrid bermudagrass to varying irrigation and
water conservation scenarios in inland Southern California using long-term ETo data.

This study was carried out to (i) determine the response of hybrid bermudagrass
and tall fescue to varying irrigation scenarios (level and frequency) in central California,
(ii) evaluate the use of an ET-based smart irrigation controller for autonomous irrigation
scheduling, (iii) monitor and assess the dynamics of near-surface soil moisture over time
under the imposed irrigation scenarios, and (iv) develop regression-based TWRFs and use
them to estimate the response of turfgrass species to irrigation scenarios based on long
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term mean ETo demand in the study region. Part two of this study focuses on applying
ground-based remote sensing for turfgrass irrigation management [15].

2. Materials and Methods

2.1. Study Area

A two-year turfgrass irrigation research project (2018–2019) was conducted at the Uni-
versity of California Agricultural and Natural Resources Kearney Research and Extension
Center (36◦36′02.2′′ N 119◦30′38.8′′ W) in Parlier, California. Figure 1 depicts the long-term
mean (1983–2021) ETo and precipitation data for the study site obtained from a nearby
California Irrigation Management Information System (CIMIS) weather station (station
number 39). The long-term mean annual ETo and precipitation for the region were 1367
and 273 mm yr−1, respectively. ETo demand exceeds the natural precipitation, indicating
the need to irrigate urban landscape species, particularly over the summer. The long-term
data show that peak ETo of 7 mm per day occurred in early July (Figure 1). The annual
precipitation was 192 mm and ETo was 1452 mm in 2018. The annual precipitation was
268 mm and ETo was 1462 mm in 2019.

 
 

(a) (b) 

Figure 1. The long-term mean reference evapotranspiration (ETo) and precipitation trends at the
study site obtained from a nearby CIMIS weather station (a). The lightbox used in this study to
collect digital images for the visual rating (b).

The soil at the research site is classified as Hanford fine sandy loam (websoilsurvey.sc.
egov.usda.gov; accessed on 18 August 2021). Figure 2 shows the laboratory-determined
soil water retention and hydraulic conductivity curves for the experimental site. Four
undisturbed soil samples were taken from approximately the top 20 cm layer at the be-
ginning of the trial. The samples were analyzed to determine the soil water retention and
hydraulic conductivity curves using HYPROP and WP4C laboratory instruments [16]. The
soil water retention (based on the composite data) at soil tensions of 10, 33, and 1500 kPa
was 0.25 m3 m−3, 0.17 m3 m−3, and 0.06 m3 m−3, respectively. The saturated hydraulic
conductivity was 11 mm day−1.
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(a) (b) 

Figure 2. The soil water retention (a) and hydraulic conductivity (b) curves of the surface soil
(0–20 cm) at the study site.

2.2. Irrigation Trials

The responses of hybrid bermudagrass [‘Latitude 36’ Cynodon dactylon (L.) Pers. ×
C. transvaalensis Burtt-Davy] and tall fescue [a blend of ‘PennRK4’, ‘Rebel XLR’, + ‘Fire-
cracker SLS’ Schedonorus arundinaceus (Schreb.) Dumort.] to six irrigation treatments
(3 irrigation levels × 2 irrigation frequency restrictions) were studied. A total of 36 plots
(3.7 m × 3.7 m) formed two adjacent trials organized in a factorial randomized complete
block design with repeated measures over time. Table 1 summarizes the irrigation treat-
ments. The irrigation system was installed and the plots were prepared in early 2017. The
turfgrass plots were established with sod in late July 2017. For several months afterward,
the plots were under non-limiting irrigation for root development and grass establishment.
A uniformity test was conducted using catch-can devices on 5 August 2017 with wind
speed less than 0.9 m s−1 on eight randomly selected plots. The low half distribution
uniformity (DUlh) was 0.78 and the estimated precipitation rate was 23 mm h−1.

Table 1. Irrigation treatments imposed throughout the 2-year tall fescue and hybrid bermudagrass
irrigation research experiments conducted at the University of California Kearney Research and
Extension Center.

2018 Trial, Start: 4 May 2018; End: 11 September 2018

Target Irrigation Levels (% ETo): Tall Fescue: 50%, 65%, 80%; Hybrid Bermudagrass: 40%, 50%, 60%
Irrigation Efficiency: 78%
Watering Days: 2 days per week, 3 days per week

2019 Trial, Start: 22 June 2019; End: 26 August 2019

Target Irrigation Levels (% ETo): Tall Fescue: 50%, 65%, 80%; Hybrid Bermudagrass: 40%, 50%, 60%
Irrigation Efficiency: 78%
Watering Days: 3 days per week, 7 days per week (no restriction)

The controller used the user-defined “plant type” information to convert ETo to irrigation application (irrigation
application = plant type × ETo). For each treatment, the plant type was calculated as the irrigation levels (% ETo)
divided by the irrigation efficiency of the system.

The target ETo levels varied from 40 to 80%. Considering DUlh equal to 0.78 as the
irrigation efficiency, the programmed irrigation levels (i.e., target ETo levels divided by
irrigation efficiency) ranged from 51% to 103%. The watering days were restricted to
two (Sunday, Thursday) and three (Monday, Wednesday, and Saturday) days per week
in 2018. In 2019, the watering days were changed to 3 (Sunday, Wednesday, and Friday)
and 7 days per week. The 7-day treatment represented a no watering restriction scenario

156



Agronomy 2021, 11, 1666

when the smart controller could irrigate as needed based on ETo demand. To avoid light
irrigation applications, the controller was programmed to use the default deficit threshold
of approximately 4 mm as the lower deficit limit before any irrigation occurs.

The standard cultural practices were followed to maintain the plots throughout the
study, including mowing the plots once a week (mowing heights for tall fescue and hybrid
bermudagrass were set to 76 mm and 44 mm, respectively), applying fertilizer two times per
year in spring and fall for tall fescue and once a year in the early summer for bermudagrass
at a typical rate of 49 kg ha−1 nitrogen each application, and spraying the borders as
needed with herbicides to control the weeds. The study was started on 4 May and data
collection ended on 11 September in 2018. All plots were switched back to the uniform
non-limiting irrigation for recovery before starting the second year of the experiment on
22 June 2019. On 26 August 2019, the main irrigation pipe broke and flooded the field,
forcing the research team to terminate the trial.

A Weathermatic Smartline (SL) 4800 controller (Telsco Industries, Inc., Garland, TX,
USA) was used to autonomously schedule irrigation. A Weathermatic SLFSI-T10 flow
sensor (Telsco Industries, Inc., Garland, TX, USA) was installed and connected to the
controller in 2019 to monitor the flow across treatments and detect leaks automatically. The
controller used an onsite temperature sensor and latitude-based solar radiation information
to calculate ETo using the Hargreaves and Samani equation [17]. The controller used the
user-defined “plant type” values and irrigation precipitation rate to calculate irrigation
application for each treatment as fractions of ETo and convert it to equivalent run times.
The plant type for each treatment was calculated as the target ETo level divided by the
efficiency of the irrigation system.

Irrigation was done overnight and early morning to avoid evaporative loss and mini-
mize wind drift. The smart controller performed a run/soak schedule to eliminate runoff
and provide enough soak time. All three replications for each treatment were wired to the
same zone on the controller to receive irrigation at the same time. Each plot was equipped
with a TORO 252 Series solenoid valve (Toro Co., Bloomington, MN, USA). The solenoid
valve supplied water to four Toro O-T-12-QP corner-pop-up 6” sprinkler heads (152 mm
tall) with an operating pressure range and flow rate of 276–517 kPa and 0.02–9.08 l min−1,
respectively. The sprinklers had factory-installed, pressure-compensating discs to ensure
steady water application (Toro Co., Bloomington, MN, USA).

2.3. Data Collection and Statistical Analysis

The National Turfgrass Evaluation Program (NTEP) standard [18] was used as the
guideline to visually assess and rate the turfgrass plots. The NTEP standard ranges from
1 to 9 representing dead and ideal turfgrass, respectively. The visual rating (VR) of six
in this study was considered the minimum acceptable quality for residential areas. The
visual assessment was done continuously approximately once a week during the trial for
a total of 19 times in 2018 and 9 times in 2019. Visual ratings were taken from digital
images of each plot. Figure 1 shows the enclosed lightbox used to collect digital images
for visual rating. There were borders between the adjacent plots approximately 60 cm
wide to avoid interference between them. The data were collected from the center of each
plot to eliminate the plot edge effect. A total of 15 soil moisture readings were collected
per treatment (5 readings per plot × 3 replications) from the top 12 cm soil layer using a
handheld FieldScout TDR 300 Meter (Spectrum Technologies, Inc., Aurora, IL, USA).

The VR and soil moisture data were statistically analyzed using PROC GLIMMIX
in SAS 9.4 software package [19]. Each year and species were independently analyzed
for the treatment effects as the frequency restrictions and duration of the experiment
differed across the years and species. For all the response variables, the fixed effects were
the irrigation levels, irrigation frequencies, and the date of data collection. The random
effects were block and its interaction with irrigation levels and irrigation frequencies. The
treatment effects were considered significant at p-values ≤ 0.05. All graphs were created
using the plotting software package Veusz 3.3.1 [20].
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The daily ETo data were collected from CIMIS station #39, located approximately
170 m away from the experimental site in an adjacent field. The CIMIS ETo data were
compared to the estimated ETo data by the smart controller. In addition, the Hargreaves
and Samani equation [17] was used to calculate long-term daily ETo for the study site
(via the PyETo software package: https://pyeto.readthedocs.io/en/latest/license.html;
accessed on 18 August 2021) and compared against CIMIS ETo.

ETo = 0.0023Ra(T + 17.8)
√

TR (1)

where Ra is the extraterrestrial radiation (mm day−1), TR is the difference between the daily
maximum and minimum air temperatures (◦C), and T is the mean air temperature (◦C).

2.4. Turfgrass Water Response Function (TWRF)

A multiple linear regression model (with interactions and quadratic terms included)
was used to develop TWRFs for hybrid bermudagrass and tall fescue species. The data
for both years were combined. The primary input variables were the applied irrigation
levels (%ETo), irrigation frequency restrictions, and cumulative ETo (since the beginning of
the experiment for each particular year). The mean VR values for treatments were used as
the output variable. The SAS 9.4 software (SAS Institute Inc., Cary, NC, USA) was used
to develop and rank all possible regression equations based on correlation coefficients
(with 0.7 as the minimum acceptable value). Multiple regression diagnostics, including
the Shapiro–Wilk W statistic (to check the normality of the residuals), the condition index
(to monitor the collinearity between the variables), and the first and second moment
specification test (to check the equal residual variance) were used to finalize the list of
input variables of the top model. The long-term mean daily ETo values were obtained
from the CIMIS station #39 and used to estimate the response of tall fescue and hybrid
bermudagrass to varying ET-based irrigation scenarios (60–100% ETo). The simulation was
done for four months, from May to August, using the TWRFs.

The root mean square error (RMSE), mean absolute error (MAE), mean bias error
(MBE), and correlation coefficient (r) were calculated to evaluate the TWRFs.

RMSE =

√
1
n

n

∑
i=1

(Ei − Mi)
2 (2)

MAE =
∑n
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n

(3)
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n
(4)
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∑n

i=1
(
Ei − E

)(
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)
√

∑n
i=1
(
Ei − E

)2
∑n

i=1
(

Mi − M
)2

(5)

where E and M are estimated and measured visual rating values, respectively. M and E are
the mean-measured and the mean-estimated visual rating values, respectively, and n is the
total number of measured data points for the entire experiment (n = 162 for each species).

3. Results

3.1. Performance of the Smart ET-Based Controller

The Weathermatic controller overestimated ETo by 5–7% in 2018 and by 5–8% in
2019 compared with CIMIS ETo values. On average, across all treatments, MAE was
2.8 mm day −1 (4% ETo) and 2.9 mm day −1 (5% ETo) in 2018 and 2019, respectively. We
ran a flow test at the end of the trial, which revealed that the actual precipitation rate
of the irrigation system was 28 mm h−1, 21% higher than the 23 mm h−1 precipitation
rate initially estimated using the catch-cans. Consequently, the applied irrigation was
recalculated using the irrigation run time data recorded by the controller for the duration
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of the experiment, as listed in Table 2. The adjusted irrigation levels varied between 83%
and 129% of ETo for the tall fescue plots and between 65% and 101% of ETo for the hybrid
bermudagrass treatments.

Table 2. Target irrigation treatments (T1–T3) versus programmed and applied irrigation levels for
tall fescue and hybrid bermudagrass irrigation research experiments.

Tall Fescue Hybrid Bermudagrass

Irrigation T1 T2 T3 T1 T2 T3

Treatment 50% 65% 80% 40% 50% 60%
Programmed 64% 83% 103% 51% 64% 77%
Applied 83% 108% 129% 65% 84% 101%

Programmed irrigation levels are equal to target treatment levels divided by the irrigation efficiency of 0.78
(i.e., the low half distribution uniformity of the irrigation system). Applied irrigation levels were recalculated
based on the irrigation run time data retrieved from the controller and precipitation rate of 28 mm day−1 measured
for the system at the end of the trial.

The controller closely followed programmed watering days restrictions across treat-
ments in 2018 and 2019. For the 7 d wk−1 treatment (no frequency restriction scenario) in
2019, the controller adjusted the actual irrigation days based on the evaporative demand
and minimum allowed water deficit. For example, on average, plots were irrigated five
days per week for 65% ETo irrigation treatment with no frequency restriction.

Figure 3 depicts the performance of the Hargreaves and Samani equation [17] against
CIMIS ETo based on the long-term data (1983–2019) obtained from the CIMIS station
#39. Overall, there was a strong agreement between the ETo values obtained using the
Hargreaves and Samani [17] and CIMIS methods, as depicted by high correlation (r = 0.96)
and well-scattered data points around the identity line (1:1). The MAE between Hargreaves
and Samani and CIMIS ETo varied between 0 and 3.98 mm day−1 with an average value
of 0.55 mm day−1. The mean annual MAE values fluctuated over the years between
0.4 mm day−1 and 0.8 mm day−1. The MAE values were relatively higher in peak ETo
months (i.e., May to September) than during the rest of the year.

 
(a) (b) 

Figure 3. Scatter plot of ETo estimated using the Hargreaves and Samani (HS) [17] versus CIMIS
values (a) and variation in long-term annual and seasonal mean absolute error (MAE) values (b).
MAE shows the difference between the HS and CIMIS models and the red horizontal line in figure (b)
represents the mean MAE.

3.2. Impact of Irrigation Levels and Frequency on Turfgrass Visual Ratings

Table 3 summarizes the statistical analysis of the VR data for both species in 2018 and
2019. Figure 4 illustrated the dynamics of VR values over time for tall fescue and hybrid
bermudagrass species across the imposed irrigation treatments. The VR values greater
than six were considered acceptable for residential areas and are highlighted in green.
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Table 3. Statistical analysis of the hybrid bermudagrass and tall fescue response (visual rating) to
irrigation treatments imposed in 2018 and 2019 (each year and species were analyzed separately).

Tall Fescue Hybrid Bermudagrass

Treatment 2018 2019 Treatment 2018 2019

Level Level

129% ETo 7.4 a 5.6 a 101% ETo 7.4 a 6.8 a
108% ETo 6.9 b 5.6 ab 84% ETo 7.1 ab 6.8 a
83% ETo 6.3 c 4.9 b 65% ETo 6.7 b 6.3 a

Frequency Frequency

2 d wk−1 6.7 b 2 d wk−1 6.9 a
3 d wk−1 7.0 a 5.2 a 3 d wk−1 7.1 a 6.4 a
7 d wk−1 5.5 a 7 d wk−1 6.8 a

Model effect 2018 2019 Model effect 2018 2019
I *** NS I * NS
F * NS F NS NS
I × F NS NS I × F NS NS
T *** *** T *** ***
I × T *** * I × T *** NS
F × T NS NS F × T NS NS
I × F × T NS NS I × F × T NS NS

NS, *** and * are non-significant or significant at p ≤ 0.001 and 0.05, respectively. Means sharing a similar letter are
not significantly different, based on Turkey’s test at α = 0.05. I, F, and T in the table refer to irrigation levels, irrigation
frequency restrictions, and time (i.e., repeated measures of visual rating each year over time), respectively.

Figure 4. The dynamics of visual rating (VR) values over time showing the response of hybrid
bermudagrass (B) and tall fescue (TF) turfgrass to varying irrigation treatments (percentages of ETo)
imposed in 2018 and 2019. d/wk: days per week.

For hybrid bermudagrass, in 2018 and 2019, the VR values ranged from 5 to 9. The
effect of irrigation levels was only significant in 2018 (p < 0.05). Irrigation frequency
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restriction showed no significant impact on either of the years. The interaction of irrigation
levels and frequency restrictions was not statistically significant in either of the years.
In 2018 and for the 3 d wk−1 frequency restriction, the VR values started to fluctuate
noticeably beginning in June, yet stayed above or very close to the minimum threshold
for most of the trial (Figure 4). Toward the end of the experiment, VR values fell below 6
for the 65% ETo and 84% ETo treatments. The VRs for 101% ETo treatment stayed in the
acceptable range during the trial. The trend was very similar for the 2 d wk−1 frequency
restriction treatment. In 2019, the VRs were similar for both 7 and 3 d wk−1 frequency
restrictions. It showed a gradual and constant increase from VR values close to 6 up to 7–8
at the end of the trial. The dynamics of VR values over time were very similar across the
irrigation levels in 2019.

For tall fescue in 2018, the VR values ranged from 4 to 9. In 2019, the VR values ranged
from 3 to 8. The irrigation level (p < 0.001) and frequency restriction (p < 0.05) significantly
impacted the VR values in 2018, but not in 2019. The interaction of irrigation levels and
frequency restrictions was not statistically significant in either of the years. In 2018, the
tall fescue VR values were higher than the minimum threshold (VR = 6) for the 129% ETo
treatment and 108% ETo, except for the early July period. For the 83% ETo treatment, the VR
values decreased as the trial progressed and eventually fell below the minimum accepted
values of 6. The trends were similar for the 2 d wk−1 and 3 d wk−1 irrigation frequency
restrictions. In 2019, the VR fluctuated less for the 7 d wk−1 treatments (no frequency
restriction), yet only stayed above the threshold for the highest irrigation treatments of
129% ETo for most of the experiment. The lowest quality ratings were observed for the
irrigation level of 83%. For the 3 d wk−1 restriction, all treatments had VR values below
the acceptable threshold, and the 109% treatment had slightly higher VR values than the
129% treatment.

3.3. Impact of Irrigation Treatments on Near-Surface Soil Moisture Dynamics

The near-surface soil volumetric water content dynamics across the irrigation treat-
ments for both turfgrass species are shown in Figure 5. For tall fescue in 2018, the minimum
and maximum moisture values were 17.8% and 43.8%, respectively. In 2019, the minimum
and maximum moisture values were 21.1% and 36.0%, respectively. In 2018, the soil mois-
ture values showed some reduction at the beginning of the trial across treatments. The soil
moisture for the 83% ETo was noticeably lower than the other treatments. This difference
was more pronounced for the 3 d wk−1 treatments compared with the 2 d wk−1 treatments.
However, the soil moisture trends for the 129% ETo and 108% ETo treatments were similar;
they increased (more pronounced for the 3 d wk−1 frequency restriction) early in the trial
and then stabilized with some decline toward the end of the experiment. In 2019, the
greatest and smallest soil moisture values belonged to the highest and lowest irrigation
treatments, respectively, for both frequency restrictions scenarios, as expected. The two
lesser irrigation levels caused a gradual decline in soil moisture over time, which was more
pronounced for the 7 d wk−1 treatment (no frequency restriction).

For hybrid bermudagrass in 2018, the minimum and maximum moisture values were
15.3% and 35.7%, respectively. In 2019, the minimum and maximum moisture values were
11.5% and 33.4%, respectively. In 2018, soil moisture showed no substantial fluctuations
over time, except for an initial decrease in all treatments at the beginning of the trial (more
pronounced for the 3 d wk−1 irrigation restriction treatment). After that, the soil moisture
showed minor fluctuations across treatments. In 2019, the soil moisture showed a gradual
decrease over time for both watering restriction scenarios. The greatest and smallest irrigation
levels caused the highest and lowest near-surface soil moisture, respectively, as expected.
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Figure 5. The near-surface (12 cm) volumetric soil water content (VWC) dynamics in 2018 and 2019
across the irrigation treatments (percentages of ETo). TF: tall fescue; B: hybrid bermudagrass; d/wk:
days per week.

3.4. Turfgrass Water Response Function (TWRF)

The TWRFs developed using the combined two years of data for tall fescue (Equation (6))
and hybrid bermudagrass (Equation (7)) species are as follows:

VR = 9.81 − 0.02(CETo)− 0.56(F) + 7.08 × 10−6
(

CETo
2
)
+ 0.01(I × CETo) + 1.06 × 10−3(I × F) (6)

VR = 9.11 − 0.01(CETo)− 0.46(F) + 2.23 × 10−6
(

CETo
2
)
+ 0.01(I × CETo) + 1.57 × 10−3(I × F) (7)

where VR is the visual rating, CETo is the cumulative ETo over time (mm), F is the irrigation
frequency restriction (days wk−1), and I is the irrigation level (ETo percentages).

Figure 6 shows the performance of the fitted TWRFs developed for tall fescue and hybrid
bermudagrass species. Table 4 summarizes the performance statistics for the fitted TWRFs.

Table 4. Performance statistics for the turfgrass water response functions developed for tall fescue
and hybrid bermudagrass species.

r 1 RMSE MBE MAE

Tall Fescue 0.79 0.64 0.0005 0.59
Hybrid
Bermudagrass 0.75 0.37 −0.0032 0.47

1 r = correlation coefficient; RMSE: root means square error; MBE: mean bias error; MAE: mean absolute error.

The TWRFs estimated VR with acceptable accuracy for both species, as illustrated by
well-scattered data points around the 1:1 line (Figure 6). The RMSE, MAE, and r values
were equal to 0.64, 0.59, and 0.79, respectively, for tall fescue and 0.37, 0.47, and 0.75,
respectively, for hybrid bermudagrass species. No systematic bias was observed for any
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of the TWRFs, given the negligible MBE values of 0.0005 and −0.0032 for tall fescue and
hybrid bermudagrass species, respectively.

  
(a) (b) 

Figure 6. Performance of turfgrass water response functions developed for tall fescue (a) and hybrid
bermudagrass (b) species using a combination of 2018 and 2019 experimental data. VR: visual rating
values.

Figure 7 illustrates the estimated impact of multiple irrigation scenarios ranging from
50% to 100% ETo on turfgrass (VR) using TWRF. The long-term mean ETo data were
obtained from the CIMIS station #39. The estimated period is from May to August. Hybrid
bermudagrass maintained its quality above minimum acceptable value for irrigation levels
more than 70% ETo. Tall fescue held its rate above the threshold for approximately 40 and
55 days for the 60% and 100% ETo irrigation scenarios, respectively.

Figure 7. Response of tall fescue and hybrid bermudagrass to multiple irrigation levels based on
long-term mean ETo data obtained from a weather station located nearby the experimental site. VR:
visual rating values, DAI: days after initiation.
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4. Discussion

4.1. Performance of the Smart ET-Based Controller

It is crucial to evaluate the manufacturer programmed and user-defined settings of the
available ET-based commercial controllers and investigate the reliability of their algorithms
for efficient autonomous irrigation scheduling [11,21]. The actual water applied by the
irrigation controller in this study in both years was substantially higher than the initial
target irrigation levels across the treatments. The main reason for overirrigation was the
initial underestimation of the irrigation precipitation rate using the catch-cans method.
We [7] also reported the same issue about underestimating the irrigation precipitation rate
using the catch-cans test. The inadequacy of the catch-cans method might be attributed to
spatial variation in water applied within each plot and limited sampling areas represented
by the catch devices. Moreover, a substantial fraction of applied water may not get into
catch devices because of water hitting the cans at an angle and thus splashing out. Accurate
estimation of irrigation precipitation rate and proper selection of minimum plant factors are
the most critical factors for reliable autonomous irrigation scheduling using a Weathermatic
ET-based controller [7].

The second reason for the overirrigation was the overestimation of ETo by the con-
troller compared with CIMIS ETo. We [7] obtained on average 5.7% overestimation com-
pared with CIMIS ETo for the same Weathermatic controller equipped with an on-site
temperature sensor and latitude-based solar radiation estimations in inland Southern Cali-
fornia. This error range is very close to the 4–5% ETo differences observed in this study,
indicating an acceptable estimation of ETo by the controller. Hargreaves and Samani [17]
performed even better when long-term weather data were used. Further studies are needed
to determine the performance of temperature-based ETo models in different climate regions
across the state. Both this study and our recently published study in Southern California [7]
focused on the summer months with the highest irrigation demand when no rainfall is
typically received, and therefore, water conservation is essential in Central and Southern
California. The higher reported overirrigation values of 10% in North Carolina [22] and
32% in Florida [23] suggest that considerable precipitation may negatively impact the
efficiency of ET-based controllers as the incorporation of rain into irrigation scheduling by
these controllers is often very simplistic.

4.2. Turfgrass Irrigation Management

In their review paper, Colmer and Barton [24] gathered 29 bermudagrass crop co-
efficient values ranging from 0.40 to 1.27 in well-watered conditions and from 0.52 to
0.94 under deficit irrigation. Variation in water requirements reported for warm-season
grass species shows that local crop coefficient and irrigation recommendations informa-
tion should be developed, and utilizing a nominal value for all cultivars and locations
is not optimal. The TWRF estimated VR values based on long-term mean ETo demand
suggested 70–80% ETo as the minimum irrigation application to maintain the acceptable
hybrid bermudagrass quality in central California during the high water demand months
(i.e., May to August). Reducing the irrigation level to 60% ETo only maintains the turf
quality for approximately 75 days before it falls below the minimum acceptable value of
6. We [7] conducted a similar analysis using TWRF developed based on three years of
experimental data in inland southern California. In that study, we reported 75% ETo as
the minimum requirement to maintain the ‘Tifgreen’ hybrid bermudagrass quality in peak
summer months, which agrees with the findings of this study. Wherley et al. [25] also re-
ported that a commonly used crop coefficient of 0.6 for warm-season grass underestimated
water requirement for ‘Tifway’ hybrid bermudagrass in Florida.

Richie et al. [26] conducted a two-year tall fescue field irrigation trial in Riverside, Cali-
fornia. They reported visual qualities between 4 and 6 for most of the experimental periods
(~mid-June to mid-November) for irrigation application of 79–85% ETo. Brown et al. [27]
conducted a research project to evaluate the response of ‘Monarch’ tall fescue to different
irrigation regimes in Las Vegas, NV, USA. They reported 80% ETo as the optimum irrigation
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level to maintain color and coverage of tall fescue turfgrass at an acceptable condition.
Ervin and Koski [28] conducted a study near Fort Collins, CO, USA and reported 75%
ETo as the safe irrigation level to maintain an acceptable quality for tall fescue turfgrass (a
blend of ‘Rebel Jr.’, ‘Crewcut’, and ‘Monarch’). In our study, the 83% ETo irrigation level
only maintained the visual rating above the minimum threshold for two months in 2018.
The 108% ETo level with 3 d wk−1 frequency kept the VR values in the acceptable range in
2018, except for a short period in mid-trial. Both Brown et al. [27] and Ervin and Koski [28]
estimated the irrigation volumes applied by measuring the volume of water collected in
catch-can devices. If we use the precipitation rate estimated by the catch-cans test, the
108% ETo treatment (which maintained the turf quality for much of the trial in 2018) will
be reduced to 89% ETo. However, the catch-cans-based precipitation rate estimations
were proved to be inaccurate in our study. The same issue regarding the inadequacy of
the catch-cans method to estimate the precipitation rate of landscape irrigation systems
was also reported in our recently published study conducted in Southern California [7].
Therefore, we recommend the water savings and crop coefficients reported in the literature
based on the catch-cans-estimated precipitation rates be re-evaluated and used cautiously.

In 2019, the VR values of tall fescue plots were relatively low across all irrigation
treatments. This might be related to the minimal fertilizer application rates, diminishing
growth and greenness of tall fescue in 2019. The positive impact of higher nitrogen
fertilization treatment on color ratings was also reported by [27,29]. The TWRF estimations
suggest that 60% ETo would be sufficient to maintain the tall fescue quality within the
acceptable range for approximately 40 days. Hong et al. [30] conducted a two-year dry
down study in Kansas and reported 50% ETo irrigation held ‘Seed Research 8650’ tall fescue
quality above minimum acceptable rating (VR = 6) for 45 and 82 days in two years of their
study. The TWRF estimations suggest that 100% ETo would be only sufficient to maintain
the tall fescue quality for approximately 55 days. This might be an underestimation impacted
by the low VR data in 2019 and, therefore, should be further investigated in the future.

Limiting irrigation watering days to specific days per week is a common strategy that is
particularly popular and imposed by water agencies and municipalities in California during
droughts to help conserve water in urban areas. We, however, observed no substantial
water saving associated with restricting irrigation frequency (watering days). In fact, for
both species and in both years, less restrictive watering days improved the VR values.
We [7] also found no turfgrass quality improvement or water conservation associated
with restricting the watering days in Southern California. This finding is attributed partly
to sandy soils with low water holding capacity at both sites and the fact that most of
the turfgrass roots are expected to be in the topsoil layer. Su et al. [31] reported that
86% of all root length of ‘Dynasty’ tall fescue in the field was in the upper 30 cm under
well-watered condition and silt loam soil in Kansas, USA. Sinclair et al. [32] reported low
amounts of root mass in the deepest soil layer during sod establishment for ‘Tifway 419’
hybrid bermudagrass grown in tubes filled with loamy sand soil in Florida, USA. The
Weathermatic smart controller can dynamically adjust the irrigation frequency based on
the actual ETo demand, so restricting irrigation frequency is unnecessary. When irrigation
frequency is not restricted, programming a minimum deficit threshold is crucial to avoid
light irrigation applications and prevent excessive evaporative loss.

The irrigation scenarios directly impacted the dynamics of near-surface soil moisture.
However, the near-surface soil moisture fluctuation over time was not always adequate
to explain the variation in turfgrass quality. For example, in 2019, the visual quality of
tall fescue for the 83% ETo treatment decreased over time, but the soil moisture showed
minimum fluctuations. Moreover, in 2019, the continuous late green-up of hybrid bermuda-
grass through June and a fertilizer application in mid-July caused the quality ratings to
improve as the trial progressed despite a constant decrease in the near-surface soil mois-
ture of the hybrid bermudagrass plots. Consequently, the near-surface soil moisture data
should be interpreted carefully and in conjunction with other parameters such as turfgrass
physiology and fertilizer applications. The in situ soil moisture values were higher than the
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laboratory-measured water retention data (Figure 2). This could be related to differences
between laboratory and field sensors and the small size of the laboratory samples. Note
that the reported results in this study are for a pop-up sprinkler system with autonomous
irrigation scheduling using the Weathermatic ET-based smart irrigation controller. Further
studies are needed to determine whether lower irrigation amounts might be sufficient when
irrigation scheduling is done based on actual root zone soil water holding capacity informa-
tion and for irrigation systems with higher potential efficiency, such as underground drip
irrigation systems.

5. Conclusions

Our results suggest that applying typically recommended values of 60% ETo for
hybrid bermudagrass and 80% ETo for tall fescue is insufficient to maintain the acceptable
quality over high ETo demand months in Central California. The TWRFs fitted to the
experimental data suggested 80% ETo as the minimum requirement to maintain the quality
of hybrid bermudagrass above the minimum acceptable VR value of 6 for four months
(May to August). The TWRFs estimations suggested that applying 100% ETo was sufficient
to maintain the tall fescue quality above the threshold for only 50 days. This finding
might be an overestimation as tall fescue ratings were negatively affected by minimal
fertilizer application in 2019. The Weathermatic controller showed promising results by
providing acceptable ETo estimations (5–8% higher than CIMIS ETo) only using onsite
temperature measurements. The controller also closely followed programmed watering
days restrictions and adjusted the watering days based on ETo demand when no watering
restriction was applied. The efficient irrigation scheduling by the smart controller also
depends on the accurate calculation of the precipitation rate of the irrigation system,
which was substantially underestimated in our study using the widely used catch-cans
method. Therefore, researchers should be cautious when using this approach to estimate
the precipitation of the irrigation systems.
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Abstract: As the drought conditions persist in California and water continues to become less available,
the development of methods to reduce water inputs is extremely important. Therefore, improving
irrigation water use efficiency and developing water conservation strategies is crucial for maintain-
ing urban green infrastructure. This two-year field irrigation project (2018–2019) focused on the
application of optical and thermal remote sensing for turfgrass irrigation management in central
California. We monitored the response of hybrid bermudagrass and tall fescue to varying irrigation
treatments, including irrigation levels (percentages of reference evapotranspiration, ETo) and irri-
gation frequency. The ground-based remote sensing data included NDVI and canopy temperature,
which was subsequently used to calculate the crop water stress index (CWSI). The measurements
were done within two hours of solar noon under cloud-free conditions. The NDVI and canopy
temperature data were collected 21 times in 2018 and 10 times in 2019. For the tall fescue, a strong
relationship was observed between NDVI and visual rating (VR) values in both 2018 (r = 0.92) and
2019 (r = 0.83). For the hybrid bermudagrass, there was no correlation in 2018 and a moderate
correlation (r = 0.72) in 2019. There was a moderate correlation of 0.64 and 0.88 in 2018 and 2019
between tall fescue canopy minus air temperature difference (dt) and vapor pressure deficit (VPD)
for the lower CWSI baseline. The correlation between hybrid bermudagrass dt and VPD for the lower
baseline was 0.69 in 2018 and 0.64 in 2019. Irrigation levels significantly impacted tall fescue canopy
temperature but showed no significant effect on hybrid bermudagrass canopy temperature. For the
same irrigation levels, increasing irrigation frequency slightly but consistently decreased canopy
temperature without compromising the turfgrass quality. The empirical CWSI values violated the
minimum expected value (of 0) 38% of the time. Our results suggest NDVI thresholds of 0.6–0.65 for
tall fescue and 0.5 for hybrid bermudagrass to maintain acceptable quality in the central California
region. Further investigation is needed to verify the thresholds obtained in this study, particularly
for hybrid bermudagrass, as the recommendation is only based on 2019 data. No CWSI threshold
was determined to maintain turf quality in the acceptable range because of the high variability of
CWSI values over time and their low correlation with VR values.

Keywords: smart controller; evapotranspiration; autonomous landscape irrigation

1. Introduction

The western USA is generally arid and subject to droughts yet is home to some of
the largest cities across the nation. Consequently, it is vital to establish water conservation
strategies for metropolitan areas to enhance urban water use efficiency and guarantee
the long-term sustainability of water resources. Irrigation demand is usually the largest
component of total outdoor water use in urban sectors in this region. In the southwestern
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US, landscape water use in the summer months can reach up to 90% of the total municipal
water use [1]. Turfgrass is a large component of urban landscapes that provides valuable
recreation areas and ecosystem services [2]. Across the nation, the largest sector of turf-
grass is residential lawns. Therefore, developing recommendations for efficient irrigation
management of turfgrass is crucial for maintaining urban green infrastructure.

In the last two decades, documented research on urban irrigation management has
mainly focused on the implementation of irrigation technologies to enhance irrigation
water use efficiency [3–8], the use of low-quality water for irrigation to alleviate freshwater
demand [9–11], and the applications of remote sensing (RS) techniques to detect drought
injury and manage irrigation [12–14]. The latter is particularly timely considering the
rapidly emerging advancements in novel RS platforms. Some promising results have been
reported on the application of multispectral and thermal RS techniques to predict the green
leaf area index of turfgrass [12], estimate the crop water stress index (CWSI) [15], calculate
the location and rate of urban irrigation [13], and monitor turfgrass water stress and use [14].
For instance, Taghvaeian et al. [14] used ground-based optical and thermal RS to study
the quality response, water stress, and water consumption of multiple turfgrass species
under different soil and irrigation treatments in northern Colorado, USA. RS helps scale
the findings of plot-based research projects providing the decision-making information
necessary for assessing the urban irrigation footprint for large metropolitan areas. For
instance, Chen et al. [16] used RS techniques plus water use records to estimate that in
2005–2007, 7% of the postal carrier routes in Los Angeles, California were overwatered in
dry years and 43% were overwatered in wet years.

Monitoring canopy temperature can help quantify plant water stress in a fast and
non-destructive way, which could be used for efficient irrigation management [17]. In
addition, measuring canopy temperature variations due to deficit irrigation is necessary
to understand the tradeoffs between water conservation and the vital role of the irrigated
urban landscape to mitigate the urban heat island phenomenon. The irrigated landscape,
through the process of evapotranspiration, can reduce daytime heat storage and enhance
nighttime cooling, thereby moderating the climate of urban areas and creating localized
cool islands [18]. Bonfils and Lobell [19] showed the significant cooling effect that irrigation
expansion has had on summertime average daily daytime temperatures in California.
Broadbent et al. [20] studied the cooling benefits of irrigation in a suburb of Adelaide,
Australia and found that the diurnal average air temperature was reduced by up to 2.3 ◦C,
but that increasing irrigation had a non-linear effect on cooling. Wang et al. [21] reported
4.52 ± 0.77 mm day−1 ◦C−1 surface air cooling in urban areas over the contiguous United
States due to irrigation.

CWSI is a dimensionless temperature-based index [22] that has shown success in
quantifying turfgrass water stress [14]. The empirical approach of Idso et al. [22] requires
establishing the lower and upper-temperature baselines for non-water-stressed and non-
transpiring conditions, respectively. The reported CWSI baselines for turfgrass in the
literature vary widely. Therefore, specific baselines for each climatic region should be
developed.

In the first part of this study [23], we used a visual rating (VR) to assess turfgrass
response to a wide range of irrigation scenarios in central California. VR is the traditional
method of rating turfgrass quality ranging from 1 (worst) to 9 (best) that has been used
by researchers and turfgrass managers worldwide for turfgrass evaluation [24]. However,
it is subjective and can be inaccurate since different observers may rate the turfgrass dif-
ferently, or even an identical evaluator may give different ratings to the same plots over
time, and therefore, such quality ratings are nonreproducible [25,26]. RS is an alternative
approach that can provide a more accurate, consistent, and reliable evaluation of overall
turfgrass quality, growth, and health. In addition, the recent advancement in unmanned
aerial vehicles makes RS a superior method for scouting and identifying drought injury on
large irrigated turfgrass areas such as parks and golf courses. The normalized difference
vegetation index (NDVI) has been used as a replacement to assess the response of turfgrass
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to irrigation scenarios and has been shown to be well correlated with the visual rating of
different grass species, including ‘Dynasty’ tall fescue [27] and ‘Tifgreen’ hybrid bermuda-
grass [8]. In addition, Bremer et al. [28] reported high correlation values between NDVI
and percentage green cover (r = 0.91) and shoot density (r = 0.88) using data obtained from
multiple cool-season grass species.

This study was conducted to (i) monitor the changes in NDVI and canopy temperature
of tall fescue and hybrid bermudagrass under varying irrigation treatments (amount and
frequency) in central California, (ii) develop empirical CWSI and study its variability over
time for both turfgrass species, and (iii) investigate the relationship between NDVI and
visual rating values reported in the companion paper [23]. We focused on both cool-season
and warm-season turfgrass species in this study because they are grown in different settings
in urban areas in central California. Warm-season species are considered superior because
of their relatively lower water requirement, but they could be less appealing to certain
groups since they go dormant over the winter.

2. Materials and Methods

2.1. Experimental Site

This study was conducted at the University of California Agricultural and Natural
Resources Kearney Research and Extension Center (36◦36′02.2” N 119◦30′38.8” W) in
Parlier, California (Figure 1). The study site consisted of 36 plots. Each plot was roughly 14
m2 with an approximately 60 cm border between the adjacent plots.

Figure 1. The location of the study area.

Figure 2a depicts the long-term mean cumulative reference evapotranspiration (ETo)
and precipitation data measured by the California Irrigation Management Information
System (CIMIS) weather station #75 located close to the study site. Long-term annual
weather data show that ETo is roughly five times greater than the precipitation received
in this area. Irrigation is necessary to keep the urban landscape species alive, particularly
during the summer months when evaporative demand is highest. The soil at the research
site is classified as Hanford fine sandy loam (websoilsurvey.sc.egov.usda.gov, accessed on
27 August 2021). The laboratory analysis of undisturbed samples collected from the top
20 cm revealed that the available soil water-holding capacity is 0.19 m3 m−3 for 10 and
1500 kPa that represent field capacity and permanent wilting point, respectively [29].
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(a) (b)

Figure 2. The long-term mean reference evapotranspiration (ETo) and precipitation trends at the study site from a nearby
weather station (a). A photo taken on 30 May 2018 showing the research plots (b).

2.2. Irrigation Trials

Two adjacent hybrid bermudagrass (‘Latitude 36’ Cynodon dactylon (L.) Pers. × C.
transvaalensis Burtt-Davy) and tall fescue (A blend of ‘PennRK4’, ‘Rebel XLR’, + ‘Firecracker
SLS’ Schedonorus arundinaceus (Schreb.) Dumort.) irrigation trials were arranged in a
factorial randomized complete block design with repeated measures of canopy temperature
and NDVI. Each trial consisted of 18 plots (3.7 m × 3.7 m) forming three blocks (replications)
to impose six irrigation treatments. To minimize evaporative loss and wind drift, irrigation
was done overnight and early morning. In addition, the smart controller performed an
automatic run/soak schedule to eliminate runoff and provide enough soak time. All three
replications for each treatment were irrigated at the same time by wiring to the same zone
on the controller. Each plot was equipped with a TORO 252 Series solenoid valve (Toro
Co., Bloomington, MN, USA) supplying water to four Toro O-T-12-QP corner-pop-up 6′ ′
sprinkler heads (152 mm tall). The sprinkler nozzles had an operating pressure range and
flow rate of 276–517 kPa and 0.02–9.08 L min−1, respectively. To achieve steady water
application, the sprinklers were equipped with factory-installed pressure-compensating
discs (Toro Co., Bloomington, MN, USA).

The irrigation treatments consisted of three ETo-based irrigation levels and two irriga-
tion frequencies (Table 1). A Weathermatic Smartline (SL) 4800 controller (Telsco Industries,
Inc., Garland, TX, USA) was used to control irrigation treatments and schedule irrigation
throughout the study autonomously. The controller used an onsite temperature sensor
and latitude-based solar radiation information to calculate ETo using the Hargreaves and
Samani equation [30]. Irrigation efficiency (i.e., low half distribution uniformity) of 0.78 and
irrigation precipitation rate of 23 mm h−1 was calculated using a catch-cans test performed
before conducting the trial in year 1. Irrigation was non-limiting to ensure actively growing,
non-stress turfgrass prior to initiating irrigation treatments. The experiment started on
4 May 2018, and data collection ended on 11 September 2018. All plots were switched
back to the uniform non-limiting irrigation for recovery before starting the trial on 22 June
2019. On 26 August 2019, the main irrigation pipe broke and flooded the field, forcing
the research team to terminate the trial. More information about the irrigation system
characteristics and establishment of the plots is provided in the companion paper [23].

172



Agronomy 2021, 11, 1733

Table 1. Irrigation treatments throughout the 2-year tall fescue and hybrid bermudagrass irrigation research experiments at
the University of California Kearney Research and Extension Center.

2018 Trial, Start: 4 May 2018 | End: 11 September 2018

Target Irrigation Levels (% ETo): Tall Fescue: 50%, 65%, 80% | Hybrid Bermudagrass: 40%, 50%, 60%
Irrigation Efficiency: 78%
Watering Days: 2 days per week, 3 days per week

2019 Trial, Start: 22 June 2019 | End: 26 August 2019

Target Irrigation Levels (% ETo): Tall Fescue: 50%, 65%, 80% | Hybrid Bermudagrass: 40%, 50%, 60%
Irrigation Efficiency: 78%
Watering Days: 3 days per week, 7 days per week (no restriction)

The controller used the user-defined “plant type” information to convert ETo to irrigation application (irrigation application = plant
type × ETo). For each treatment, the plant type was calculated as the irrigation levels (% ETo) divided by the irrigation efficiency of the system.

Table 2 summarizes the irrigation application data. All treatments were over irrigated
mainly due to the inaccurate estimation of the irrigation precipitation rate using the catch-
cans method at the beginning of the trial. The actual applied irrigation rate was calculated
at the end of the trial based on the revised irrigation precipitation rate of 18 mm h−1. The
performance of the smart controller is discussed in detail in the companion paper [23].

Table 2. Target irrigation treatments (T1–T3) versus programmed and applied irrigation levels
throughout the 2-year tall fescue and hybrid bermudagrass irrigation research experiments conducted
at the University of California Kearney Research and Extension Center.

Tall Fescue Hybrid Bermudagrass

Irrigation T1 T2 T3 T1 T2 T3

Treatment 50% 65% 80% 40% 50% 60%
Programmed 64% 83% 100% 51% 64% 77%
Applied 83% 108% 129% 65% 84% 101%

Programmed irrigation levels are equal to target treatment levels divided by the irrigation efficiency of 0.78 (i.e.,
the low half distribution uniformity of the irrigation system). Applied irrigation levels were recalculated based
on the irrigation run time data retrieved from the controller and precipitation rate of 28 mm day−1 measured for
the system at the end of the trial.

2.3. Data Collection and Statistical Analysis

Figure 3 illustrates an overview of the sensors and tools used in this study and the
companion paper [8]. The active light source optical GreenSeeker handheld sensor (Trimble
Inc., Sunnyvale, CA, USA) was used to collect NDVI data. The sensor has a measurement
range of 0 to 0.99 and a roughly 51 cm wide oval field of view when held 122 cm above the
ground. Canopy temperature was recorded using the Fluke 64 Max Infrared Thermometer
(Fluke Corporation, Everett, WA, USA). According to the manufacturer, the thermometer
has a measurement range of −30 to 500 ◦C and a spectral band of 8–14 microns with an
accuracy of 1.5 ◦C or 1.5% of the reading. The resolution of the thermometer was 0.1 ◦C with
an 87 mm field of view when held 150 cm above the ground. During the data collection,
both sensors were held at approximately 1 m height and moved over the center of each
plot (≈3–4 m2) while the trigger remained engaged to continuously scan and obtain an
average representative value for each plot. The air temperature and relative humidity were
recorded using the Fluke 971 Temperature Humidity Meter (Fluke Corporation, Everett,
WA, USA) over each experimental plot during the data collection process. According to the
manufacturer, the Fluke 971 handheld sensor has a temperature measurement accuracy of
±0.5 ◦C in the 0 to 45 ◦C range and an RH measurement accuracy of ±2.5% in the 10% to
90% RH range. The resolution of the temperature/humidity meter was 0.1 ◦C and 0.1% RH.
The measurements were done within two hours of solar noon under cloud-free conditions.
The handheld data were collected roughly once a week throughout the trial, 21 times in
2018 (from 30 April to 22 September), and 10 times in 2019 (from 24 June to 26 August).
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Figure 3. An overview of the sensors and tools used in this study and the companion paper [23].

The NDVI and canopy temperature data were statistically analyzed using PROC
GLIMMIX in SAS 9.4 software package (SAS Institute, 2014). The irrigation frequency
and duration of the experiment differed in years 1 and 2. Therefore, each year was inde-
pendently analyzed for the treatment effects to accommodate differences in experimental
duration and irrigation regimes. The fixed effects were the irrigation levels, irrigation
frequencies, and the date of data collection. The random effects were block and its in-
teraction with irrigation levels and irrigation frequencies. The treatment effects were
considered significant at p-values ≤ 0.05. The plotting software package Veusz 3.3.1
(https://veusz.github.io/, accessed on 27 August 2021) [31] was used to create all graphs.
The NDVI data were compared against the turfgrass visual rating (VR) values presented in
the companion study [23]. The rating was based on The National Turfgrass Evaluation Pro-
gram (NTEP) standards [32], with the minimum and maximum scores of 1 and 9 assigned
to dead and ideal turfgrass, respectively.

2.4. Crop Water Stress Index (CWSI)

The CWSI relies on the temperature difference between the canopy and air, dt ◦C
(Tc–Ta), and it is defined as:

CWSI =
dtm − dtlb
dtub − dtlb

(1)

where m, lb, and ub indicate the measured, lower baseline (non-water-stressed), and upper
baseline (non-transpiring) of dt, respectively.

The empirical CWSI is based on the linear relationship between the lower baseline
temperature difference and vapor pressure deficit (VPD) [22,33]:

dtlb = a(VPD) + b (2)
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The VPD is calculated as follows:

VPD = es − ea (3)

where es is the saturation vapor pressure (kPa) and ea is the actual vapor pressure (kPa)
calculated as:

es = 0.6108 ∗ exp
(

17.27 × Ta

237.3 + Ta

)
(4)

ea = (RH/100) ∗ es (5)

The CWSI was calculated for each species separately in this study. The mean canopy
temperature data obtained from the highest irrigation levels were used to estimate the
lower baselines over all the well-watered plots of each species. The mean air temperature
and RH values collected over all the plots using the handheld Fluke 971 m were used
to calculate VPD. The upper baseline was calculated as the mean temperature difference
between air and severely stressed tall fescue grass [17]. The baseline was established using
the canopy temperature data collected in both years from a plot of non-irrigated tall fescue
turfgrass adjacent to the study field. The non-transpiring canopy temperature was assumed
to be similar between tall fescue and hybrid bermudagrass species. This assumption is
based on the data collected by the research team from side-by-side non-transpiring tall
fescue and hybrid bermudagrass plots sprayed with glyphosate in southern California
(data not published). Different baselines were established for each year to determine their
stability over time.

3. Results

3.1. NDVI

Figure 4 shows the response of both species (dynamics of NDVI values) to the applied
irrigation treatments in 2018 and 2019. Table 3 summarizes the results of the statistical
analysis for both species in the years 2018 and 2019. For tall fescue, the NDVI values
ranged between 0.30 and 0.80 in 2018 and between 0.23 and 0.69 in 2019. The irrigation
level (p < 0.001) and frequency (p < 0.05) had significant effects on NDVI values in 2018.
In 2019, only the irrigation level had a significant effect (p < 0.01) on turfgrass quality.
The interaction between irrigation levels and frequency was not significant in neither
of the years. In 2018, the dynamics of NDVI values over time for all treatments were
somewhat similar, showing a slight decline as the trial progressed. However, for 83%
ETo treatment (2 d wk−1 frequency), a more noticeable reduction in NDVI values was
observed toward the end of the experimental period. In 2019, the NDVI values for the
lowest irrigation application of 83% ETo started to decline around mid-July for both 3 and
7 d w−1 irrigation frequency. The NDVI values showed no substantial change for the other
irrigation treatments.

For hybrid bermudagrass, the NDVI valued varied between 0.53 and 0.76 in 2018
and between 0.34 and 0.80 in 2019. The irrigation levels had no significant effect on
NDVI values in 2018 and 2019 (Table 3). The impact of irrigation frequency was only
significant (p < 0.01) in 2019. The interaction between irrigation levels and frequency was
not significant in either of the years. In 2018, the NDVI for all treatments stayed fairly
stable with no substantial fluctuations over time. In 2019, NDVI values increased over time
with no noticeable differences between the irrigation treatments (Figure 4).
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Figure 4. NDVI values showing the response of hybrid bermudagrass and tall fescue turfgrass to varying irrigation levels
(ETo%) and frequency (d/wk: days per week) imposed in 2018 and 2019. TF: tall fescue, B: hybrid bermudagrass.

Table 3. Statistical analysis of the hybrid bermudagrass and tall fescue response (NDVI and canopy temperature) to
irrigation treatments imposed in years 2018 and 2019 (each year was analyzed separately).

Tall Fescue Hybrid Bermudagrass

NDVI Canopy Temp. NDVI Canopy Temp.

Treatment 2018 2019 2018 2019 Treatment 2018 2019 2018 2019

129% ETo 0.72a 0.59a 31.8b 37.2b 101% ETo 0.66a 0.62a 34.5a 39.4a
108% ETo 0.70a 0.58a 31.9b 37.4b 84% ETo 0.66a 0.62a 34.5a 39.4a
83% ETo 0.65b 0.51b 33.0a 38.1a 65% ETo 0.64a 0.59a 35.0a 39.5a

Frequency Frequency

2 d w−1 0.68b 32.5a 2 d w−1 0.65a 35.0a
3 d w−1 0.70a 0.55a 31.9b 37.8a 3 d w−1 0.66a 0.59b 34.3b 39.7a
7 d w−1 0.56a 37.4a 7 d w−1 0.63a 39.2b

Model effect 2018 2019 2018 2019 Model effect 2018 2019 2018 2019
I *** ** ** * I NS NS NS NS
F * NS * NS F NS ** * *

I × F NS NS NS NS I × F NS NS NS NS
T *** *** *** *** T *** *** *** ***

I × T *** *** NS NS I × T *** NS NS NS
F × T NS NS NS NS F × T NS NS *** NS

I × F × T NS NS NS NS I × F × T NS NS NS NS

NS, ***, **, and * are non-significant or significant at p ≤ 0.001, 0.01, and 0.05, respectively. Means sharing a similar letter are not significantly
different, based on Turkey’s test at α = 0.05. I, F, and T in the table refer to irrigation levels, frequency, and time (i.e., repeated measures of
visual rating each year over time), respectively.
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3.2. Canopy Temperature and CWSI

Figure 5 illustrates the tall fescue and hybrid bermudagrass canopy temperature
fluctuations over time in response to the irrigation treatments imposed in 2018 and 2019.
Table 3 summarizes the results of the statistical analysis for both species in the years 2018
and 2019. The canopy temperature readings were very similar in early and mid-trials
in both years for both species across the treatments, while the fluctuations in canopy
temperature values over time were more pronounced in 2018. The non-irrigated plot
of turfgrass adjacent to the study field had on average 19 ◦C and 17 ◦C higher canopy
temperature than the irrigated plots in 2018 and 2019, respectively.

Figure 5. The canopy temperature dynamics of hybrid bermudagrass and tall fescue turfgrass plots under varying irrigation
scenarios imposed in 2018 and 2019. d/wk: indicates irrigation frequency in days per week.

For the tall fescue plots, the minimum and maximum canopy temperature values
were 24 ◦C and 49 ◦C in 2018 and 33 ◦C and 43 ◦C in 2019. Irrigation levels significantly
impacted the canopy temperature in 2018 (p < 0.01) and in 2019 (p < 0.05) (Table 3). On
average, there was a 1.2 ◦C in 2018 and 0.9 ◦C in 2019 temperature difference between the
highest (129% ETo) and lowest (83% ETo) irrigation levels. The irrigation frequency had
a significant effect in 2018 (p < 0.05) but not in 2019. However, in both years, the canopy
temperature was slightly lower for the greater irrigation frequencies. The interaction of the
irrigation level and irrigation frequency had no significant effect on canopy temperature
values. In both years, 83% ETo treatment started showing higher temperature values
toward the end of the trial compared to the other irrigation treatments (Figure 5).

For the hybrid bermudagrass plots, the minimum and maximum canopy temperature
values were 23 ◦C and 42 ◦C in 2018 and 36 ◦C and 43 ◦C in 2019. The irrigation levels had
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no significant effect on canopy temperature in neither of the years (Table 3). The irrigation
frequency significantly impacted the canopy temperature (p < 0.05) in both years, such that
more frequent irrigation reduced the canopy temperature. The mean canopy temperature
was 0.5 ◦C in 2018 and 0.1 ◦C in 2019 lower in 101% ETo than in 65% ETo treatment.
The interaction of the irrigation level and irrigation frequency had no significant effect
on canopy temperature values. The 65% ETo treatment in 2018 started showing higher
canopy temperature values toward the end of the trial compared to other irrigation levels
(Figure 5). However, in 2019, the 65% ETo treatment showed lower canopy temperature
early in the trial, but the temperature values were similar across the treatments toward the
end of the experiment.

Figure 6 illustrates the lower and upper CWSI baselines established for tall fescue
and hybrid bermudagrass in 2018 and 2019. Table 4 summarizes the coefficients for the
lower baselines. For the tall fescue plots and 129% ETo treatment, dt (i.e., canopy minus
air temperature) varied between −7.1 and 5.2 ◦C in 2018 and between −0.6 and 7.9 ◦C in
2019. For the 83% ETo treatment, dt varied between −3.8 and 6.4 ◦C in 2018 and −0.6 ◦C to
9.2 ◦C in 2019. There was a moderate correlation of 0.64 in 2018 and 0.88 in 2019 between
dt and VPD for the lower baseline. The slope of the lower baseline was −2.52 in 2018 and
−4.22 in 2019. The intercept was two times higher in 2019 compared to 2018.

Figure 6. Graphical illustration of the lower (LB) and upper (UB) baselines of canopy temperature (Tc) minus air temperature
(Ta) difference versus vapor pressure deficit for hybrid bermudagrass and tall fescue species in central California.

Table 4. Lower CWSI baselines for tall fescue and hybrid bermudagrass.

Tall Fescue Hybrid Bermudagrass

a b r a b r

2018 −2.52 9.42 0.64 −2.67 12.78 0.69
2019 −4.22 19.5 0.88 −2.78 15.82 0.64

r: correlation coefficient; a: slope, b: intercept.

For hybrid bermudagrass, dt varied between −2.0 and 9.2 ◦C for the 101% ETo level in
2018 and between −0.9 and 7.8 ◦C in 2019. For the 65% ETo treatment, dt varied between
0.5 and 8.9 ◦C in 2018 and between 0.6 and 7.7 ◦C in 2019. The correlation between dt and
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VPD for hybrid bermudagrass was 0.69 in 2018 and 0.64 in 2019. The lower CWSI baselines
had a somewhat similar slope in both years, but the intercept was 3 ◦C higher in 2019.

The upper baseline (set to mean dt for the severely stressed non-irrigated tall fescue
plot) was equal to 21.9 ± 4.7 ◦C (mean ± standard deviation, SD) in 2018 and 19.7 ± 5.3 ◦C
in 2019. The combined upper baseline data for both years had a mean ± standard deviation
dt of 21.1 ± 4.9 ◦C.

Figure 7 depicts the dynamics of tall fescue and hybrid bermudagrass CWSI over time
in response to the irrigation treatments imposed in 2018 and 2019. The CWSI dynamics
over time for both species are similar to the canopy temperature fluctuations (Figure 8),
with minor differences mainly toward the end of 2019. For tall fescue, the CWSI values
varied between −0.3 and 0.29 in 2018 and between −0.59 and 0.27 in 2019. For hybrid
bermudagrass, the CWSI values ranged from −0.34 to 0.24 in 2018 and from −0.26 to 0.56
in 2019.

Figure 7. The crop water stress index (CWSI) dynamics for the hybrid bermudagrass (B) and tall fescue (TF) turfgrass plots
under varying irrigation scenarios imposed in 2018 and 2019. d/wk: indicated irrigation frequency in days per week.
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Figure 8. Relationship between visual rating (VR) and NDVI data collected in 2018 and 2019 from hybrid bermudagrass (B)
and tall fescue (T) irrigation trials conducted at the University of California Kearney Research and Extension Center.

4. Discussion

4.1. NDVI and Visual Rating

For tall fescue, the NDVI values ranged between 0.30 and 0.80 in 2018 and between 0.23
and 0.69 in 2019. The lower NDVI values in 2019 agree with the lower VR values reported
in the companion paper [23]. This is attributed to the minimal fertilizer application in 2019,
diminishing growth and greenness of tall fescue. NDVI and VR were well correlated for
tall fescue in 2018 (r = 0.92) and in 2019 (r = 0.83). Bremer et al. [27] conducted a 3-year
study near Manhattan, Kansas and reported r-value of 0.75 between VR and NDVI values
of ‘Dynasty’ tall fescue. The slope of the intercept of fitted regression lines in our study
differed between 2018 and 2019. Bremer et al. [27] also obtained different models for each
turfgrass in each year of their study and mentioned that as a potential practical limitation
to estimate visual quality using NDVI values.

For hybrid bermudagrass, the NDVI values varied between 0.53 and 0.76 in 2018 and
between 0.34 and 0.8 in 2019. In 2019, the NDVI values increased as the trial progressed
in response to the late green-up of hybrid bermudagrass through June and a fertilizer
application in mid-July. This trend agrees with an increase in VR values reported in the
companion paper [23]. The correlation between NDVI and VR was moderate (r = 0.72) in
2019, which is on the lower end of the reported values in the literature. We [8] obtained
r = 0.84 between NDVI and VR values for hybrid bermudagrass based on a 3-year com-
posite dataset in Riverside, California. Bell et al. [34] conducted a two-year study and
reported an annual r of 0.8 between NDVI and VR of hybrid bermudagrass (49 cultivars)
in Stillwater, Oklahoma. Trenholm et al. [35] studied three hybrid bermudagrass cultivars
in Griffin, Georgia and reported r-values ranging from 0.70 to 0.90 between turfgrass VR
and NDVI.

In 2018, no meaningful correlation was observed between NDVI and VR values, which
is attributed to the narrow NDVI range of variation (0.53–0.76). However, the range of
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VR values was relatively wide (4–9) in 2018 [23]. We also noticed (data not presented in
this study) the mean coefficient of variation between replications of the same irrigation
treatment on average was 60% higher for VR values than NDVI values. The quality
variation among replications of the same irrigation treatment is expected to be minimal.
These results suggest that NDVI can be a more stable and repeatable parameter than VR to
assess the overall response of the turfgrass to irrigation regimes.

Our results suggest the NDVI values of 0.6–0.65 for tall fescue and 0.5 for hybrid
bermudagrass to maintain acceptable quality (VR = 6) in the central California region.
We [8] obtained NDVI of 6 as the minimum threshold for hybrid bermudagrass in inland
southern California. Further investigation is needed to verify the thresholds obtained in
this study, particularly for hybrid bermudagrass, since the recommendation is only based
on 2019 data.

4.2. Canopy Temperature and CWSI

The reported results in our companion paper [23] show that when water conservation
is concerned, hybrid bermudagrass is the superior species since it can sustain its quality
better than tall fescue when irrigation is limited, as expected. The tall fescue treatments
received more water (equal to roughly 20% ETo) than the hybrid bermudagrass and still
could not continuously maintain the same VR values during the summer months in central
California. Culpepper et al. [36] conducted two greenhouse trials in Texas, USA, to compare
the response of bermudagrass, buffalograss (Buchloe dactyloides (Nutt.) Engelm.), and tall
fescue to water deficit. They reported that tall fescue (a C3 cool-season turfgrass) under
heat and drought stress showed the most rapid decline in quality and photosynthetic rates
compared to the C4 warm-season grasses, demonstrating the benefits of the C4 versus C3
photosynthetic pathway.

On the other hand, the result of this study showed that the mean canopy temperature
was higher for hybrid bermudagrass than tall fescue across the treatments in both years.
On average, in both years, the hybrid bermudagrass plots were 1.6 ◦C warmer than tall
fescue plots when they received the same irrigation treatments of 83–84% ETo. Further
comparative studies are needed to evaluate the potential water conservation and cooling
benefits of irrigated warm-season and cool-season species versus alternative groundcover
species in California.

For the same irrigation levels, increasing irrigation frequency (number of watering
days) slightly (0.6 ◦C on average) but consistently decreased canopy temperature without
compromising the turfgrass quality. We attribute this to a more pronounced evaporative
cooling associated with higher irrigation frequencies while minimizing runoff and deep
percolation. Consequently, as suggested in the companion paper [23], when ET-based smart
controllers are used, we recommend no watering restrictions so the controller can adjust
the watering days based on the actual weather conditions and evaporative demand. Then,
a minimum deficit threshold should be programmed to avoid unnecessary evaporative
loss due to light irrigation applications.

The correlation between dt and VPD for well-watered treatments (lower baselines of
CWSI) was moderate in this study. We observed r-values of 0.64 and 0.88 for tall fescue
and 0.69 and 0.64 for hybrid bermudagrass in two years of our research. Jalali-Farahani
et al. [37] reported r = 0.87 between VPD and dt for well-watered hybrid bermudagrass in
Tucson, Arizona. Payero et al. [38] observed r-values ranging from 0.92 to 0.95 between
dt and VPD at different solar radiation levels for tall fescue grass at Kimberly, Idaho.
Taghvaiean et al. [14] conducted a field study in Berthoud, Colorado, on multiple turfgrass
species and mentioned that the effect of solar radiation is negligible when dt data are
collected under the clear sky and close to solar noon. On the other hand, multiple studies
reported a high correlation between CWSI and solar radiation [37,38]. We leave it to future
studies to determine the potential improvement in hybrid bermudagrass and tall fescue
CWSI lower baselines developed in this study when additional weather parameters such
as solar radiation are considered.
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The CWSI values are expected to vary from 0 to 1, representing no transpiration and
maximum transpiration rates, respectively. In our study, the CWSI values ranged from
−0.34 to 0.56 for hybrid bermudagrass and −0.59 to 0.29 for tall fescue. Jalali-Farahani [37]
reported violations of the theoretical range one-fourth of the time. In addition, Al-Faraj
et al. [39] studied the CWSI of ‘Falcon’ tall fescue in a controlled environment and concluded
that there is no easy way to ensure that the empirical CWSI consistently stays within the
theoretical range of zero (no stress) and one (severe water stress).

In our study, the mean ± SD CWSI values were 0 ± 0.13 and 0 ± 0.10 for well-
watered tall fescue (129% ETo) and hybrid bermudagrass (101% ETo), respectively. Jalali-
Farahani [37] reported a mean CWSI value of −0.02 and an SD of 0.28 for well-watered
hybrid bermudagrass. In our study, for the 65% ETo treatment, the mean ± SD hybrid
bermudagrass CWSI was 0.1 ± 0.12. Somewhat similar to our results, Emekli et al. [15]
reported 0.09 and 0.10 as seasonal mean CWSI of hybrid bermudagrass under 100% pan
evaporation (≈75% ETo) and 75% pan evaporation (≈56% ETo) irrigation treatments in
Antalya, Turkey. They reported a good relationship between VR and CWSI and suggested a
CWSI of approximately 0.1 to maintain hybrid bermudagrass quality. However, we can not
recommend a CWSI threshold to maintain turf quality in the acceptable range because of
the high variability of CWSI values over time and their low correlation with VR values (not
reported in this study). The canopy temperature and CWSI dynamics were very similar
in this study, and CWSI did not provide much extra information regarding the dynamic
impact of irrigation regimes on turfgrass quality.

5. Conclusions

It is vital to establish landscape irrigation water conservation strategies while deter-
mining its impact on the cooling effect of irrigated landscape in the US southwest. Our
two-year field study focused on ground-based remote sensing of hybrid bermudagrass
and tall fescue under varying irrigation scenarios autonomously imposed by an ET-based
smart irrigation controller in central California. When the NDVI range of variation was
high, it was well correlated to VR values for both species. Overall, the NDVI showed less
variability between replications of the same treatments for both species when compared to
VR. This finding suggests NDVI as a consistent and objective proxy of overall turfgrass
quality in response to varying irrigation regimes. Hybrid bermudagrass was a superior
species to tall fescue when water conservation was concerned. However, it showed 1.6 ◦C
higher canopy temperature than tall fescue when it received the same amount of water. Our
results suggested the NDVI values of 0.6–0.65 for tall fescue and 0.5 for hybrid bermuda-
grass to maintain acceptable quality (VR = 6) in the central California region. Further
investigation is needed to verify the thresholds obtained in this study, particularly for
hybrid bermudagrass, since the recommendation is only based on 2019 data. No CWSI
minimum threshold could be identified to maintain the quality of the selected species due
to its high variability and low correlation with VR. Given their ease of use for small plot
data collection, we selected handheld sensors in this study to measure canopy temperature
and NDVI. However, collecting data from larger irrigated areas in practice using handheld
sensors might be time-consuming and challenging. Further studies are needed to explore
the utility of unmanned aerial vehicles and advanced multispectral and thermal cameras
and compare their readings with handheld sensors used in this study.
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Abstract: In Mexico, agriculture has an allowance of 76% of the available water (surface and
underground), although the average application efficiencies are below 50%. Despite the fact that
in recent years modern pressurized irrigation systems have been the best option to increase the
water-use efficiency (WUE), the gravity irrigation system continues to be the most used method
to provide water to crops. This work was carried out during the 2014–2019 period in three crops,
namely, barley, corn, and sorghum, in an irrigation district, showing the results of a methodology
applied to gravity irrigation systems to increase the WUE. The results show that, with an efficient
design, by means of irrigation tests, characterization of the plot, and the calculation of the optimal
flow through an analytical formula, it was possible to reduce the irrigation times per hectare and
the irrigation depth applied. Application efficiencies increased from 43% to 95%, while the WUE
increased by 27, 38, and 47% for sorghum, barley, and corn, respectively. With this methodology,
farmers are more attentive in irrigation because the optimal flow in each furrow or border is, in
general, higher than that applied in the traditional way and they take less time to irrigate their plots.
For farmers to adopt this methodology, the following actions are required: (a) be aware that the water
that comes from dams is as valuable as the water from wells; (b) increase the irrigation quota; (c) seek
government support to increase the WUE; and (d) show them that with less water they can have
better yields.

Keywords: water-use efficiency; analytical formula; efficient design; application efficiency;
gravity irrigation

1. Introduction

In Mexico there are 6.5 million hectares under irrigation. Of this, 3.3 million are distributed in
86 irrigation districts and 3.2 million are distributed in just over 40 thousand irrigation units located
mainly in the center and north of the country. Gravity surface irrigation (border or furrows) is the
most used method in these areas [1].

According to recent statistics and studies that have been registered by the National Water
Commission (CONAGUA, according to its Spanish acronym), application efficiencies in Mexico are less
than 50% [1–3], 5% below the global average [4,5], and consequently the water productivity (Kg/m3) is
very low compared to pressurized irrigation systems [1,6]. Despite the fact that support has been given
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to modernize the traditional sprinkler and drip irrigation systems, there are still various factors that
cause farmers not to opt for these technologies; for example, a lack of investment, little government
support, payment of trained personnel to operate the equipment, social factors, risks in the acquisition
of equipment that they do not know, among others [4,6–8].

The low application efficiencies obtained by gravity irrigation systems are mainly due to water
losses associated with deep infiltration, coleus, and flooding in some parts of the soil as a result of a poor
flow design at the entrance of the furrow [2,3], as well as unevenness in the plots and little knowledge
about the water depth that must be supplied to the crops so that they can develop fully. However, in a
sector where the demand for water occupies a high percentage of the available water, the efficient use
of irrigation water and the increase in productivity are crucial factors that must be addressed as soon
as possible to sustainably manage the water and adaptation to climate change [5,9–11].

Faced with this problem, during the years 2015–2019 CONAGUA maintained a modernization
program in gravity irrigation systems (RIGRAT for its acronym in Spanish) in an area of 200,000 ha in
some irrigation districts of Mexico. The objective of the program was to increase the efficiency of water
application in the crops through two main axes: a timely design for optimal flow at the entrance of the
furrows and a reduction in irrigation time in each plot.

A correct design of the flow rate that must be applied to each border or furrow requires knowledge
of the characteristics of the plots (length, moisture content, and apparent density), the established
crop, phenological stage, and the irrigation depth to be applied, as well as the mean parameters of the
infiltration equation being used: Richards or Green and Ampt [12].

Several simulation models can be found in the literature to model gravity irrigation, which are
completely empirical [13–15] to those that use the complete Barré de Saint-Venant and Richards
equations to model runoff and infiltration, respectively [16–18]. The use of these models (numerical
or analytical) helps to better understand the behavior of water during the processes of advancing,
storage, and recession [12,17,19]. However, the complexity with which they were developed or the
limitations they have make their use impractical and only used for research purposes, leaving aside
their practical application.

In recent studies, it has been reported that it is possible to have high application efficiencies
in gravity irrigation systems, by applying the optimal flow rate at the entrance of the border or
furrow and maintaining a high uniformity coefficient in the plot, called the Christiansen Uniformity
Coefficient [2,3,12].

This methodology was applied by Chávez and Fuentes [2,3] for seven crops planted in 1010 ha:
Zea mays L., Sorghum vulgare Pers., Medicago sativa L., Phaseolus vulgaris L., Pachyrhizus erosus L.,
Hordeum vulgare L., Triticum aestivum L. and Allium cepa L. They found that with the application of
the optimal flow rate of the calculated irrigation, the irrigation depths decreased on average 19 cm.
The irrigation times decreased on average 11.76 h ha−1 per irrigation event and, in addition, the average
volume saved was 2000 m3 ha−1 per irrigation event, which increased the average efficiency from 51 to
86%. However, to have an efficient design, knowledge of the plots and the water requirements of the
crops established in the different phenological stages are necessary [12].

The objective of this work is to show that it is possible to increase the application efficiency and
productivity of water in gravity irrigation systems in Irrigation District 023, San Juan del Río, Querétaro,
Mexico. For the simulation, the kinematic wave model is used, and an analytical formula is used to
calculate the optimal flow rate that takes into account the characteristics of the plot (length, moisture
content, density, and texture), the parameters of the equation of infiltration (Ks and Hf), and the net
irrigation depth to be applied to the crops in their different phenological stages.
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2. Materials and Methods

2.1. The Kinematic Wave Model

The kinematic wave model considers that, in the Barré de Saint-Venant momentum equation,
the inertial and pressure terms are negligible with respect to the friction and gravity terms [2]:

∂A
∂t

+
∂Q
∂x

= −W (1)

Sf = So (2)

where A = A(x,t) is the hydraulic area (L2); Q = Q(x,t) is the flow (L3T−1); W is the infiltrated volume
per unit of furrow length in unit time (L3T−1); t is the time (T); So is the slope of the bottom of the
furrow (LL−1); and Sf is the friction slope (LL−1).

2.2. Green and Ampt Equations

The Green and Ampt model [20] is established from the continuity equation and Darcy’s law,
with the following hypotheses: (a) the initial moisture profile in a soil column is uniform θ = θo;
(b) water pressure at the soil surface is hydrostatic: ψ ≥ 0, where h is the water depth; (c) there is a
well-defined wetting front characterized by negative pressure: ψ = −hf < 0, where hf is the suction
at the wetting front; and (d) the region between the soil surface and the wetting front is completely
saturated (plug flow)): θ = θs and K = Ks, where Ks is the hydraulic saturation conductivity, that is,
the value of the hydraulic conductivity of Darcy’s law corresponding to the volumetric saturation
content of water. The resulting ordinary differential equation is as follows:

VI =
dI
dt

= Ks

(
1 +

h + hf

zf

)
I(t) = zfΔθ(t) (3)

where Δθ = θs − θo is the storage capacity; I is the accumulated infiltrate volume per unit of soil surface
or infiltrated depth; and zf is the position of the wetting front.

2.3. Analytical Representation to Calculate Optimal Flow

According to Fuentes and Chávez [12], the analytical representation of the optimal irrigation
expenditure is a function of the border length, the hydrodynamic properties, and the soil moisture
constants, maintaining a maximum value of the uniformity coefficient. In this way,

qo = αu KsL αu =
�n

�n − S2

2Ks
ln
(
1 + 2Ks

S2 �n
) (4)

in which it should be noted that Ks L = qm represents the minimal unit flux necessary for the water to
reach the final part of the border; S is the sorptivity of the medium expressed by S2 = 2 Ks hf (θs − θo);
and �n is the net irrigation depth. The optimal flow per row is calculated as Qo = b qo, where b is
the width of the furrow. This analytical formula has been applied in field experiments with good
results [2,3].

2.4. Case Study

Irrigation District 023 is located between the municipalities of San Juan del Río and Pedro Escobedo
in the state of Querétaro, México (Figure 1), and has an area of 11,048 ha. The water for irrigation is
obtained from the San Ildefonso, Constitución de 1917, La Llave and La Venta dams, and from 54 deep
wells. It is legally constituted by three irrigation modules and the RIGRAT program was carried
out in modules II and III on an area of 5021 ha. Its predominant climate is semiarid with summer
rains, with an annual precipitation average of 599 mm and annual average temperature of 21 ◦C [1].
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The water is conducted through open channels. The main channels are lined with concrete, but all the
laterals channels that carry water to the plots are unlined. The separation of the plots in some cases are
by trees, unlined channels, drains, or roads.

Figure 1. Location map of the Irrigation District 023 San Juan del Río Querétaro.

2.5. Variables Measurements

In the plots where the study was carried out, the length, longitudinal and transverse slope,
texture, apparent density, initial moisture contents, and saturation were measured. The first three were
measured using digital topography equipment, the texture was obtained in the laboratory through
mesh analysis and the Bouyoucos hydrometer, the apparent density (ρa) was obtained using the
known volume cylinder method, the initial moisture content by means of a calibrated sensor TDR 300®

(Spectrum Technologies, Inc., Aurora, IL, USA), and the moisture saturation content was assimilated to
the total porosity of the soil obtained through the relationship φ = 1 − ρa/ρs, where ρs is the density of
the quartz particles taken as 2.65 g/cm3. For the laboratory measurements, six samples were collected
from each plot at random at a depth of 0–30 cm. Later they were mixed, and a homogeneous sample
was the one that was analyzed. The USDA triangle was used to classify the soil samples.

2.6. Irrigation Tests

The irrigation tests were carried out in the plots in order to observe the behavior of the water and
the volumes of water used in each irrigation event. The process, in general, is as follows: (1) the initial
moisture content in the plot was measured; (2) along the length of the border or furrow distances were
marked at every 20 or 30 m, which depended on the length of each of the plots; (3) farmers do not use
siphons to flood the plots, instead, they open the unlined channel for the water to pass through and
lead it to the furrows or borders with the help of a shovel; (4) the time in which the water front reached
each of the established marks (advance front) was counted while the water flow was counted at the
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entrance of the border or furrow using an ultrasonic Doppler effect sensor (FluxSense®) (SEHIDRO Inc.,
Qro., MEX); and (5) once the water reached the end of the border or furrow, the water inlet was cut off
at the beginning and the time in which the recession wave arrived at all the marked points was taken.
The irrigation tests were carried out on irrigation lines that varied from 10 to 60 furrows, depending on
the expense at the entrance to the canal. The results of the advance and recession times correspond to
the average of the furrows evaluated in each irrigation line.

With the data collected from the plots (length, longitudinal slope, apparent density, initial moisture
contents and saturation, and flow at the entrance of furrow or border) and the measured times of the
advance and recession phase, we proceeded to find the parameters of the Green and Ampt equation
(Ks and hf) values that minimized the sum of the squares of the errors in this test. For this stage,
we used the nonlinear Levenberg–Marquardt optimization algorithm [21].

2.7. Application Efficiency and Water-Use Efficiency

Application efficiency (ηA) is defined as [3]:

ηA =
Vn

Vb
=
�n
�b

(5)

where Vn is the volume of water stored in the root zone and Vb is the total volume of water applied.
The first is obtained with the expression Vn = �n Ar, where �n is the net irrigation depth, defined according
to the crop irrigation requirements, and Ar is the irrigated area considered. The second is obtained as
Vb = �b Ar, where �b is the gross irrigation depth. The net irrigation depth was calculated with the
FAO-56 Penman–Monteith evapotranspiration method [22] and the crop phenology was estimated
using the FAO methodology [23].

The water-use efficiency (WUE) is the relationship that exists between the biomass present in
a crop per unit of water used by it, although recent studies refer to this term as the productivity of
irrigation water [11,24]. This relationship is an indicator that allows us to calculate the economic value
of the irrigation water in the area. High values of this index will indicate that we are managing to
produce a greater amount of organic matter with less use of water. In this work we focus on the
productive component of the harvest, which is why we will use the dry biomass yield (<15% of
moisture) obtained in kg of the product per m3 of water used:

WUE =
dry biomass yield (Kg)

total volume of water applied (m3)
(6)

3. Results and Discussion

3.1. Soil Texture

Soil texture is an indicator of the amount of water that soil can store and, consequently, the irrigation
interval with which crops must be watered. Figure 2 shows the general classification of textures found
in the study area. The predominant soils were loam (21.33%), silty clay loam (18.26%), silty loam
(16.44%), and sandy loam (11.71%). This measure allowed us to detect the soils in which more water
was used and explain the reasons why the application efficiencies were lower than other soils with
similar or different textures.
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Figure 2. Soil textural classification in the studied areas.

3.2. Irrigations Test

During the study, 475 irrigation tests were carried out on a surface in different phenological stages
of the crops: sowing, growth, flowering, and fruiting. The crops in which they were made were corn
(Zea mayz), sorghum (Sorghum vulgare), and barley (Hordeum vulgare) in the spring–summer (S–S) and
autumn–winter (A–W) cycles (2014–2019). The results show that, in 25% of the cases, the irrigation
depth applied by irrigation is 30 cm, which represents an application efficiency of 43%, while 50% of
the farmers apply an average irrigation depth of 23 cm per irrigation (ηA = 69%), and the remaining
25% applies an irrigation depth greater than 40 cm, which in some cases has reached up to 98 cm,
which is equivalent to an application efficiency ranging from 16 to 40%.

The irrigation depth applied is directly related to the amount of water that reaches the plots,
since the average value is close to 58 L/s, but there is a minimum value of 3.78 L/s that goes up to the
maximum value of 160 L/s. This brings with it a very strong problem for the farmer, since he wants to
apply the same furrow laying regardless of the flow that he has at the entrance of the plot, which leads to
the irrigation time per hectare being 2–6 days and, consequently, there are low application efficiencies.

3.3. Irrigation Design

With the information of the established crop and the phenological stage in which it was found,
the length of the borders or furrows, the parameters found in the irrigation tests (Ks and Hf), and the
net irrigation depth to be applied in the next laying was calculated with the Equation (4). The entry
flow in the plot was divided by the result obtained and the number of furrows per laying was found
with which it should be watered for that specific crop and plot. The plots were split in half to apply
traditional and designed irrigation.

As an example, in the case of Plot 778 (Table 1), the results of the evaluation and design were (1) for
growing corn, 12 cm needed to be applied but the farmer applied 35.46 cm (ηA = 33.84%); (2) once the
advance and recession phase had been calibrated, the optimal flow was calculated with Equation (4);
(3) with these data, the farmer is told that with the flow he has at the entrance of the plot, he must only
open 44 furrows instead of the 52 with which he had been irrigating in the traditional way; (4) the farmer
had a reduction of 120 min in the irrigation time per set and consequently a reduction of 22.86 in the
irrigation depth; and (5) finally, he had an increase in application efficiency, going from 33.84 to 95.23%.

Table 1. Results of the design of Plot 778 (ηA is the application efficiency).

Condition No. Furrows Per Set Irrigation Time (min) Irrigation Depth Applied (cm) ηA (%)

Traditional Irrigation 52 225 35.46 33.84
Designed Irrigation 44 105 12.50 95.23
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With this methodology developed to obtain the optimal flow in each border or furrow of the plots,
it was achieved that the irrigation time required to apply the expenses that have been designed decrease
by more than half (Figure 3), where for example in soils with a silty loam texture, where previously the
farmer took an average of 35 h per hectare, now it does so in less than 10 h. In the loam and silty clay
loam texture plots, they exceed 25 h/ha and, in some cases, they have reached up to 89 h/ha. In general,
in the plots where the study was carried out, it was found that the irrigation times decreased.

Figure 3. Irrigation time by textural class.

Irrigation times per hectare decreased significantly, but these times are a function of the expense
that farmers receive at the entrance to the plot, so it is not the same to irrigate a hectare with 50 L/s to
another that has an expense of 10 L/s. However, the same farmers stated that their lines are progressing
evenly, but the only drawback they see is that now they must be more attentive. In some areas where
the design was carried out, they had lengths of more than 300 m, and in these cases recommendations
were given to modify the irrigation line, otherwise the irrigation will be deficient and the efficiencies
will be questionable, despite the advice and design that under these conditions could be generated.

3.4. Reduction in Irrigation Depths

In the plots where the irrigation tests were carried out and the irrigation recipes calculated with
Equation (4), it was possible to lower the irrigation depth by more than half, as shown in Figure 4.
In general, it can be noted that the farmers have a tendency to apply more water in the plots with a
loam texture (with an average of 40 cm/ha/irrigation and a maximum of 97 cm/ha/irrigation); however,
after the recipe is shown and the information on the number of furrows per irrigation to be applied is
given, this irrigation depth is reduced at 15 cm/ha/irrigation on average, which brings considerable
savings to the irrigation district. On the other hand, in the plots with a silty clay texture, the irrigation
depth applied is, on average, 19 cm/ha/irrigation.

The furrows per irrigation that must be opened depending on the flow at the entrance of the plot
and the optimal flow are less than those that the farmers usually apply. This implies more work for
him and sometimes he does not cooperate mainly because the payment that they receive is a function
of the number of hectares they can irrigate. According to their experience, the slower they pour the
water into the plots, the more plots they can serve. In this sense, in coordination with the irrigation
district authorities, incentives were sought to convince the farmers to apply the irrigation recipe.

In addition, in some cases the irrigation lengths are greater than 300 m, and in these plots
the irrigation depth that is applied per hectare exceed 40 cm. In Figure 4 appears atypical points,
meaning that, in some plots, it has been detected that they apply almost 100 cm of depth per irrigation
event. Here, they were given the recommendation to make two or three sections along their original
irrigation lines.
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Figure 4. Irrigation depth applied in a traditional and design irrigation.

The efficient design that was carried out allowed us to lower the total amount of water used in
each of the studied crops. In all cases it was observed that by applying a correct design the amount of
water used per growing period was reduced. Figure 5 shows the average of the evaluations carried out
during the years of this study, which in general shows a reduction of 35% for barley and 48% for corn
and sorghum crops. The savings obtained for the corn and sorghum crops represented 93% of the
amount of water required to plant the same crop in another hectare, while in the case of barley the
savings obtained in 2 ha provided enough water to plant an additional 1 ha.
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Figure 5. Water consumption in a traditional and design irrigation.

3.5. Water-Use Efficiency

The harvest of each crop was measured in entire plots and the WUE calculated with Equation
(6) is shown in Figure 6 for the barley, corn, and sorghum crops. This value increased over the years,
mainly due to the fact that the farmers and the supervisory personnel accepted the design of the
optimal flow provided. Accepting the irrigation design represented a generational change in the way
of watering for farmers, since most mentioned that the way of watering was as their father had taught
them, and that in several cases there was no knowledge of irrigation water needs. However, in the last
year of evaluation, increases in the WUE of 54.0%, 43.8%, and 23.0% were achieved for barley, corn,
and sorghum, respectively.
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Figure 6. The water-use efficiency obtained by cycle.
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The WUE in the evaluated gravity irrigation systems was also affected by various factors:
environmental, social, management practices, payment for the service, land rent, among others.
These results coincide with other studies where they show that farmers who do not use irrigation
devices such as probes or tensiometers for estimating the soil water potential or volumetric water
content tend to over-irrigate [9,25]. In this sense, in the plots with the most unfavorable slopes and
those where they had waterlogging problems, it was recommended to perform land leveling (1200 ha).
This practice helped to increase the efficiency in the use of water in the following agricultural cycle, as
well as to obtain a better yield in the harvest.

The water savings obtained with an efficient design helped us to have increases in crop productivity,
since without a prescription in the case of barley for the last year, 0.700 kg was harvested for each cubic
meter of water used, and with the designed irrigation, for the same cubic meter of water, 1078 kg of
grain were harvested; in the case of sorghum, this increase represented an additional 0.307 kg and in
the case of corn it corresponded to 0.591 kg.

With the efficient design of optimal flow, we managed to reduce the amount of water used to
produce 1 kg of biomass (Figure 7). In the case of barley, this reduction was 47.45%, going from
1.96 m3/kg to 0.93 m3/kg, while in the case of corn and sorghum crops, the reduction was 38% and 27%,
respectively. These data are an important indicator in areas with essential water resources and allow
calculating the economic value of the irrigation water that can be maximized, and therefore will be
one of the main requirements in making decisions about the distribution and use policies of water in
food production.
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Figure 7. The water productivity obtained by cycle.

4. Conclusions

The reduction in irrigation time per hectare had a considerable impact on the irrigation depth
applied to crops. In general, it can be seen that the minimum saving is of the order of 450 m3 in
clay loam, silty, and silty clay soils. The plots where there are more savings are those where they
correspond to the loam, sandy clay, and silty clay loam textures. Despite the fact that this program
was implemented for only 5 years, the savings obtained per cycle were still significant for the farmers,
since in the low rainfall season the dams do not have enough storage to provide water, and this is
where the impact of this design has been reflected: with less water, they have irrigated the same
irrigation area and, on occasions, as in the 2018–2019 cycle, the savings allowed to give an additional
irrigation of 15 cm to 2500 ha.

Finally, it was possible to verify that, with a design for optimal flow in each border or furrow,
it helped to improve the efficiency in the use of water and helped increase the productivity of the three
crops that were irrigated by gravity. Although with pressurized irrigation systems (sprinkler or drip)
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there is a higher WUE, this design provides an opportunity to make better use of the resource, increase
productivity, and improve crop yield.
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Abstract: The aim of this study was to verify the response of 13 American asparagus cultivars
cultivated for green spear on surface postharvest drip irrigation. Irrigation, used to compensate
for periodic deficiencies in precipitation, allows for high- and good-quality crops for many species.
The field experiment was carried out in 2006–2008 on a very light sandy soil in central Europe
(Poland). Irrigation treatments were applied using the tensiometer indications. Water requirements
of asparagus were calculated on the base of reference evapotranspiration and crop coefficients.
The following evaluations were made: Height, diameter, and number of summer stalks, as well
marketable yield, weight, and number of consumption green spears. Drip irrigation applied for
2 years (2006–2007) in the postharvest period had a positive effect on all studied traits in both summer
stalks and green spears in 2007–2008. A significant increase in the height, number, and diameter of
summer stalks, as well an increase in the marketable yield, weight, and number of green spears was
observed for most of the cultivars. In general, postharvest drip irrigation of asparagus cultivated in
very light sandy soil significantly contributes to the increase in productivity of American cultivars of
this species.

Keywords: Asparagus officinalis L.; cultivars; spears yield; sandy soil; water requirements; IWUE

1. Introduction

Asparagus is a perennial vegetable species. Therefore, choosing the most advanta-
geous cultivars for cultivation is a very important factor in yielding. Thanks to intensive

Agronomy 2021, 11, 864. https://doi.org/10.3390/agronomy11050864 https://www.mdpi.com/journal/agronomy
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breeding work carried out in many countries around the world, new cultivars of asparagus
are quickly emerging. New cultivars of asparagus are usually very fertile, with relatively
high soil and water requirements [1,2]. Therefore, to obtain maximum marketable yields of
a given asparagus cultivar, it is recommended to create optimal growth and development
conditions during the growing season. Maximum asparagus production possibilities can
be achieved by applying organic and mineral fertilization adapted to species nutritional
needs and ensuring optimal humidity, with the use of irrigation supplementing deficiency
in precipitation. Due to the specific method of cultivation, i.e., harvesting of spears in early
spring, the height and quality of asparagus sprouts depend on the amount of ingredients
stored in asparagus rootstocks during the growing season of the previous year [1–3].

In recent years in Poland, asparagus (Asparagus officinalis L.) has been observed as a
vegetable gaining increasing economic significance. On the one hand, this phenomenon is
related to the increase in exports of asparagus spears to European Union countries (mainly
Germany), and on the other hand, with an increase in demand for this valuable vegetable
among domestic consumers, changing their eating habits noticeably. Basic “heavy” species
of vegetables, primarily root vegetables such as potatoes, carrots, parsley or red beet, are
replaced with low-caloric species with high biological and flavor values [1,2].

Asparagus is a plant grown primarily in light soils with low water content, i.e., limited
retention capacity [1,4]. On the one hand, due to a deep-reaching and well-developed
root system, asparagus is relatively resistant to water deficiency in soil [5–7]. On the other
hand, asparagus, as a light soil plant, reacts very positively to irrigation treatments, which
are used in the postharvest period, usually from June to August, in the climatic and soil
conditions of Central Europe. Postharvest irrigation significantly increases the yield of
asparagus spears in the following year [3,4,8–16].

One of the elements of sustainable plant production, which has the task of protecting
the soil and plant raw materials, is melioration treatments, among which drip irrigation is
of great importance in commercial crops. The aim of the study was to verify the response
of 13 chosen American asparagus cultivars grown for green spear production to surface
drip irrigation on sandy soil in the region of central Europe (Poland).

2. Materials and Methods

2.1. Plant Material and Location of the Experiment

The field experiment was carried out in the years 2006–2008 at Kruszyn Krajenski near
Bydgoszcz (central Poland) on a sandy soil (Figure 1).

The soil was classified to Typic Hapludolls. The clay content in the topsoil was 7%
and, in the subsoil, the clay content ranged from 3% to 5%. The average organic matter
content was 1.19%. The water reserve to 1 m depth of soil at field capacity was 87 mm
and the available water was 68 mm. The field experiment was conducted in a randomized
block design of a 2-factorial “split-plot” system with 4 replications. The first factor was
irrigation used in 2 variants: O–non-irrigated plots (control) and D–drip-irrigated plots.
The second factor was 13 American’s cultivars asparagus (Asparagus officinalis L.) including
Jersey Giant, Jersey Knight, Jersey Supreme, Jersey Deluxe, Jersey King, Atlas, Grande,
Apollo, Purple Passion, UC 157, NJ 953, UC 115, and JWC 1. The asparagus crowns were
planted 10th of April 2003.

Terms of single irrigation treatments of asparagus were determined on the basis of
tensiometer indications according to Horticultural Institut in Geisenheim (Germany) [17].
During the irrigation season, the soil water potential was not less than −50 kPa. The surface
drip irrigation of asparagus plants performed done using 16 mm diameter linear drip line
T-Tape, with a 20 cm distance between the emitters. The flow rate was 5 l m−1 h−1.
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Figure 1. Location of the Bydgoszcz region—within the Kuyavian-Pomeranian Province—in Poland
and in Europe.

The standard growing techniques as recommended for asparagus under Polish condi-
tions according to Knaflewski [1] were applied. The asparagus was cultivated for green
spears. The plot area for harvest was 15.12 m2 (24 pcs × 35 cm × 180 cm). Green spears
were daily collected for 9 (2007) or 10 weeks (2008) depending on the year of harvest. The
observation included both summer stalks in the years 2006–2007 and green consuming
spears in the years 2007–2008. The following evaluations were made: Height (cm), number,
and diameter (mm) of summer stalks, as well as marketable yield (t·ha−1), weight (g), and
number of green spears. The irrigation water use efficiency (IWUE) was also calculated,
which is the quotient of the increase in yield obtained during irrigation and the seasonal
dose of water used during irrigation. Irrigation water use efficiency (kg·ha−1·mm−1),
which presents the effectiveness of water use, was calculated for a marketable yield of
green spears using the following Equation (1):

IWUE =
(y − a)

x
, (1)

where
y = yield after irrigation (kg),
a = yield without irrigation (kg),
x = seasonal dose of water used in irrigation (mm).
The experimental data height, number, and diameter of summer stalks, as well mar-

ketable yield, weight, and number of green spears were statistically processed by variation
analysis. Mean values were verified with Tukey’s test at a 5% level.
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2.2. Assessment of Water and Irrigation Needs

Reference evapotranspiration (ETo) was determined using Hargreaves’ model [18]
modified by Droogers and Allen [19] and expressed in Equation (2):

ETo = HC × Ra × (Tmax − Tmin)HE ×
(

Tmax + Tmin
2

+ HT
)

, (mm) (2)

where
HC = empirical Hargreaves coefficient = 0.0025,
Ra = extraterrestrial radiation (mm day−1),
Tmax = maximum air temperature (◦C),
Tmin = minimum air temperature (◦C),
HE = Hargreaves exponent = 0.5,
HT = Hargreaves temperature coefficient = 16.8.
Potencial evapotranspiration (ETp) was determined by the method of crop coeffi-

cients [20] using crop coefficients for asparagus as determined by Hargreaveas’ model
modified by Droogers and Allen [14]. To take into account the specificity of drip irrigation
(limited wetted area of soil), Equation (3) was applied [21]:

ETp = ETo × kc × kr, (mm) (3)

where
ETo = reference evapotranspiration (mm),
kc = crop coefficients,
kr = reduction coefficients.
Reduction coefficients were determined according to Freeman and Garzoli’s for-

mula [22] based on the percentage of surface coverage of asparagus in the postharvest
period [14]. The results are presented in Table 1.

Table 1. Values of the correction factor kr according to Freeman and Garzoli.

Area Covering [%] Values of Factor kr

10 0.10
20 0.20
30 0.30
40 0.40
50 0.75
60 0.80
70 0.85
80 0.90
90 0.95
100 1

Drought index (D) according to Stenz [23] is expressed in Equation (4):

D =
ETo

P
, (4)

where
ETo = reference evapotranspiration (mm),
P = precipitation in a given period (mm).
To describe the precipitation conditions during the experiment, the worldwide recom-

mended Standardized Precipitation Index (SPI) was used [24]. Equation (5) was used to
calculate SPI:

SPI =
f(P)− μ

σ
, (5)

where
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f(P) = transformed totals of precipitation in a given period,
μ = mean value of the normalized historical precipitation series,
σ = mean standard deviation of the normalized historical precipitation series.

2.3. Meteorological Conditions

Precipitation conditions in individual decades of the growing and irrigation sea-
sons for asparagus were described according to the season classification, based on the
Standardized Precipitation Index, as presented in Table 2.

Table 2. Classification of the period as dependent on Standardized Precipitation Index values [24].

Period Standardized Precipitation Index

Extreme drought ≤−2.00
Severe drought from −1.99 to −1.50

Moderate drought from −1.49 to −1.00
Normal from −0.99 to 0.99

Moderate wet from 1.00 to 1.49
Severe wet from 1.50 to 1.99

Extreme wet ≥2.00

Numerical data from measurements taken in the meteorological station of the then
Department (now the Laboratory) of Land Reclamation and Agrometeorology at the
University of Science and Technology located in Mochełek near Bydgoszcz were used in
the calculations.

Average air temperature values during the growing season (April–September) in the
research years (2006–2007) were higher than in the long-term (1971–2000) by 0.8 ◦C and
0.5 ◦C, respectively (Table 3). In the first year of the study, high air temperature values
were found in July (22.4 ◦C), with the value exceeding the long-term mean by as much as
4.2 ◦C. In the second year of the study, high air temperature values were found in June
(18.2 ◦C, i.e., 1.9 ◦C above the long-term mean).

Table 3. Air temperature (◦C) in the 2006–2007 vegetation season.

Year
10-Day
Period

Month
Mean

Apr May June July Aug Sept

2006

1 5.3 12.9 11.8 22.7 17.6 15.2
2 7.3 13.1 18.9 21.8 17.4 15.7
3 8.7 11.4 19.7 22.7 15.0 14.6

Mean 7.1 12.5 16.8 22.4 16.6 15.2 15.1

2007

1 5.9 9.3 18.8 15.7 18.6 12.6
2 9.3 12.7 19.5 21.1 18.6 11.3
3 10.2 19.0 16.2 17.3 16.4 13.2

Mean 8.5 13.8 18.2 18.0 17.8 12.4 14.8

Mean for
2006–2007 7.8 13.1 17.5 20.2 17.2 13.8 14.9

Mean for
1971–2000 7.6 13.1 16.3 18.0 17.7 13.1 14.3

Difference (+/−) +0.2 0.0 +1.3 +2.2 −0.5 +0.7 +0.6

Total precipitation of the growing season in the research years, in relation to the long-
term mean, was higher by 54 mm (i.e., by 19%) (Table 4). Higher precipitation totals were
recorded in the year 2007 (367 mm, i.e., 131% of the long-term mean). Particularly heavy
rainfall occurred in June and July 2007, amounting to 103 mm and 112 mm, respectively,
which constituted 172% or 167% of the long-term mean. In the first year of the study, the
highest rainfall was recorded in August (115 mm, i.e., 225% of the long-term mean).
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Table 4. Rainfalls (mm) in the 2006–2007 vegetation season.

Year
10-Day
Period

Month
Mean

Apr May June July Aug Sept

2006

1 0 10 7 0 75 37
2 0 20 15 26 23 0
3 45 34 0 5 17 4

Mean 45 64 22 31 115 42 317

2007

1 5 21 43 79 3 18
2 0 23 24 4 11 5
3 3 5 36 29 46 13

Mean 8 49 103 112 60 36 367

Mean for
2006–2007 26 56 62 71 87 39 342

Mean for
1971–2000 25 43 60 67 51 42 288

Difference (+/−) +1 +13 +2 +4 +36 −3 +54

Air temperature during the harvest of asparagus spears (from the third decade of April
to the third decade of June) is a very important element of asparagus cultivation [1,14].

2.4. Irrigation Needs

Irrigation was carried out after the harvest period, during the summer months, as
recommended [25]. In 2006, irrigation began on July 4 and ended on August 31. The
irrigation season lasted 59 days. During the time, 10 single doses were used, amounting to
92 mm. In 2007, the irrigation season was shorter and lasted 37 days (from 15 July to 20
August). A total of 54 mm water was used in 6 doses.

The values of Stenz index, presented in Table 5, indicate the irrigation needs of
asparagus cultivars in July and August of the years 2006 and 2007.

Table 5. Values of the Stenz index for the 2006–2007 irrigation period.

Year
Month

July August

2006 6.2 0.9
2007 1.2 2.1

The values of the Standardized Precipitation Index, summarized in Table 6, reflect
the actual precipitation conditions occurring in individual decades of the irrigation season.
The first decade of July in 2006 was extremely dry, while the second decade of July in 2007
was moderately dry.

Table 6. Values of the Stenz index for the 2006–2007 irrigation period.

Month 10-Days Period
Year

2006 2007

July
1 −2.17 2.00
2 0.08 −1.49
3 −0.63 0.68

August
1 1.95 −0.69
2 0.69 0.06
3 0.31 1.17

202



Agronomy 2021, 11, 864

The smallest daily water needs under drip irrigation (below 1 mm) were found in
the third decade of June when summer stalks were just beginning to grow (Figure 2).
However, irrigation needs were much higher in the next 2 months of the irrigation season
(from 3.2 mm to 4.4 mm). Depending on weather conditions (particularly temperature),
asparagus irrigation needs variation in individual years. For comparison, in 9 years of trials
with European cultivars (Gijnlim, Ramos, Vulkan) conducted in central Poland (region of
Bydgoszcz), the average daily value of field water consumption at drip irrigated plots in
June, July, and August, was 1.7 mm, 3.5 mm, and 4.4 mm, respectively [14]. In the lysimeter
studies by Paschold, et al. [12] daily water consumption under drip irrigation was, on
average, 1.6 mm in June, 2 mm in July, and 3 mm in August.

 

Figure 2. Daily values of the potential evapotranspiration (mm) of the asparagus plants under drip irrigation conditions in
particular months of the irrigation period.

The total water needs of asparagus in the postharvest period were higher in the first
year of the study (258 mm) than in the second year of the study (241 mm) (Figure 3).
For comparison, in the Rolbiecki study [14], the water needs of asparagus plants under
drip irrigation ranged from 205 mm to 272 mm in individual years. The results of tests
carried out by Paschold and Kunzelmann [26] in Germany’s climatic conditions indicated
that the water needs of asparagus plants from June 20 to September 1 ranged between
150–241 mm. Moreover, in prior studies carried out in Germany, Hartmann [8] estimated
that, depending on precipitation conditions, the water needs of asparagus plants ranged
between 179 mm and 240 mm. In turn, Pardo et al. [27] recorded the seasonal water
consumption of asparagus under lysimeter conditions ranging from 274 mm to 294 mm.
In the latest research on asparagus water needs in various regions of Poland reported by
Rolbiecki et al. [28], the irrigation needs of asparagus plants were found to be, on average,
228 mm in the period from July 1 to August 31 in the central-north-west region of Poland,
which also covers the area considered in the present study.
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Figure 3. Cumulative potential evapotranspiration (mm) of the asparagus plants under drip irrigation conditions in
particular months of the irrigation period.

3. Results and Discussion

3.1. Height, Number, and Diameter of Asparagus Summer Stalks

Drip irrigation, used after the green spears harvest in the growing season preceding
the next asparagus harvest, significantly increased the height of asparagus summer stalks
for the studied cultivars and years, on average, from 152 cm to 172 cm (Table 7). Stalk
height due to drip irrigation increased, on average, by 20 cm (13%). The highest increase in
stalk height (above 180 cm) under drip irrigation, on average, for 2 years of research, was
obtained for the cultivars Apollo (196 cm), Grande (185 cm), Atlas (182 cm), Jersey King,
and Purple Passion (181 cm). The best response to drip irrigation, with reference to this
characteristic, was noted in Atlas cultivar. Drip irrigation increased the height of its summer
stalks by 40 cm (i.e., by 28%). Some researchers have also shown a significant impact of
irrigation on the height of summer stalks in the year preceding the harvest. For example,
in the third and fourth year of cultivation, Drost and Wilcox-Lee [29], Hartmann [8,9],
Pardo et al. [27], Paschold et al. [12], and Sterrett et al. [30] obtained an average increase in
summer stalk height of 14 cm in comparison to non-irrigated control variants.

Table 7. Height of the asparagus summer stalks (cm) as dependent on cultivar and irrigation.

Cultivar
Control (Without Irrigation) Drip Irrigation Increase of the Height of Summer Stalks

2006 2007 Mean 2006 2007 Mean 2006 2007 Mean

Jersey Giant 133 139 136 164 168 166 31 29 30
Jersey Knight 158 161 159 166 175 170 8 14 11

Jersey Supreme 149 151 150 165 169 167 16 18 17
Jersey Deluxe 151 155 153 161 180 170 10 25 17
Jersey King 156 162 159 179 183 181 23 21 22

Atlas 139 145 142 179 185 182 40 40 40
Grande 160 165 162 181 190 185 21 25 23
Apollo 169 172 170 192 201 196 23 29 26

Purple Passion 150 155 152 178 185 181 28 30 29
UC 157 141 146 143 166 176 171 25 30 27
NJ 953 155 161 158 158 170 164 3 9 6
UC 115 159 162 160 159 171 165 0 9 4
JWC 1 122 149 135 130 157 143 8 8 8

Mean 149 156 152 165 178 172 18 22 20

2006: LSD0.05 for: Irrigation = 6.343; Cultivars = 16.591; Interaction: Cultivars/Irrigation = 25.831; Irrigation/Cultivars = 13.599. 2007:
LSD0.05 for: Irrigation = 7.225; Cultivars = 14.739; Interaction: Cultivars/Irrigation = 22.341; Irrigation/Cultivars = 12.664. 2006–2007:
LSD0.05 for: Irrigation = 2.663; Cultivars = 11.936; Interaction: Cultivars/Irrigation = 16.879; Irrigation/Cultivars = 9.603.
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Postharvest drip irrigation, applied in the growing season preceding the next aspara-
gus harvest, significantly increased the number of asparagus summer stalks per plant for
the studied cultivars and years, on average, from 7.9 to 11.1 (Table 8). Stalk number per
plant due to drip irrigation increased, on average, by 3.2 pcs (40%). The highest increase
in stalk number per plant (12 and more) under drip irrigation, on average, for 2 years of
research, was observed for Jersey King (13.3), Apollo (12.6), Jersey Supreme, Atlas, and UC
157 (12) cultivars. The best response to drip irrigation, with reference to this characteristic,
was noted in UC 157 and Grande. Drip irrigation increased the number of stalks per plant
of these cultivars by 5.0 and 5.1 pcs (i.e., by 72%), respectively. The positive impact of drip
irrigation on the increase in the number of summer stalks was also presented for Germany’s
weather conditions, which are similar to Polish weather conditions, by Hartmann [9], Hart-
mann et al. [10], and Paschold et al. [12]. Drost [31] reported that under dry climatic
conditions, lowering sandy soil moisture below −50 kPa reduced the number and height
of stalks in comparison to drip-irrigated variants. Sterrett et al. [30] obtained an increase
in stalk number due to irrigation, on average, of four stalks per plant, and Battilani [32]
obtained an increase of one stalk per plant. The diverse response of asparagus cultivars to
drip irrigation has been confirmed, i.a., by the results of Dutch [33] and Polish [14] studies.

Table 8. Number of the asparagus summer stalks (pcs) as dependent on cultivar and irrigation.

Cultivar
Control (Without Irrigation) Drip Irrigation Increase of the Number of Summer Stalks

2006 2007 Mean 2006 2007 Mean 2006 2007 Mean

Jersey Giant 8.1 7.6 7.8 10.6 10.2 10.4 2.5 2.6 2.5
Jersey Knight 6.7 7.0 6.8 10.5 10.7 10.6 3.8 3.7 3.7

Jersey Supreme 8.0 8.2 8.1 12.1 11.9 12.0 4.1 3.7 3.9
Jersey Deluxe 8.5 7.9 8.2 9.7 10.0 9.8 1.2 2.1 1.6
Jersey King 10.5 10.3 10.4 13.2 13.5 13.3 2.7 3.2 2.9

Atlas 9.2 8.8 9.0 12.1 12.0 12.0 2.9 3.2 3.0
Grande 6.8 7.1 6.9 12.0 11.9 11.9 5.2 4.8 5.0
Apollo 8.7 9.1 8.9 12.3 12.9 12.6 3.6 3.8 3.7

Purple Passion 8.3 7.9 8.1 8.8 9.1 8.9 0.5 1.2 0.8
UC 157 7.1 6.8 6.9 11.8 12.2 12.0 4.7 5.4 5.0
NJ 953 8.5 8.1 8.3 10.7 11.2 10.9 2.2 3.1 2.6
UC 115 6.8 7.3 7.0 10.6 11.5 11.0 3.8 4.2 4.0
JWC 1 7.2 6.9 7.0 9.1 9.0 9.0 1.9 2.1 2.0

Mean 8.0 7.9 7.9 11.0 11.2 11.1 3.0 3.3 3.2

2006: LSD0.05 for: Irrigation = 0.870; Cultivars = 2.190; Interaction: Cultivars/Irrigation = 3.655; Irrigation/Cultivars = 2.413. 2007: LSD0.05
for: Irrigation = 0.987; Cultivars = 1.839; Interaction: Cultivars/Irrigation = 3.196; Irrigation/Cultivars = 2.417. 2006–2007: LSD0.05 for:
Irrigation = 1.160; Cultivars = 0.719; Interaction: Cultivars/Irrigation = 1.017; Irrigation/Cultivars = 0.578.

Drip irrigation, used after the harvest in the growing season preceding the next
asparagus harvest, significantly increased the diameter of asparagus summer stalks for the
studied cultivars and years, on average, from 11.2 mm to 12.6 mm (Table 9). Stalk diameter
due to drip irrigation increased, on average, by 1.3 mm (12%). The highest increase in
stalk diameter under drip irrigation, on average, for 2 years of research, was observed for
Apollo (15.3 mm) and Grande (14.6 mm) cultivars. The best response to drip irrigation,
with reference to this characteristic, was also noted in Apollo and Grande. Drip irrigation
increased the diameter of their summer stalks by 3.6 mm and 3.2 mm, respectively (i.e., by
31% and 29%). Researchers such as, i.a., Sterrett et al. [30], Contador [34], Rubio [35], and
Battilani [32], also observed a significant impact of drip irrigation on stalk diameter. As
numerous authors have stated, irrigation significantly affects the growth of summer stalks
and, consequently, the yield of asparagus spears in the next year [4,36–41]. Based on the
results of a cultivar trial in 2003 (carried out as part of the third IACT) in which 31 asparagus
cultivars were compared, Rolbiecki and Rolbiecki [2] found a significant impact of drip
irrigation on the formation of summer stalks and marketable yield in the first harvest season.
The impact of irrigation was manifested by the increased accumulation of carbohydrates in
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asparagus rootstocks of the plants growing in optimal humidity conditions, used in spring
of the next harvest year [30,31,42–48].

Table 9. Diameter of the asparagus summer stalks (mm) as dependent on cultivar and irrigation.

Cultivar
Control (Without Irrigation) Drip Irrigation Increase of the Diameter of Summer Stalks

2006 2007 Mean 2006 2007 Mean 2006 2007 Mean

Jersey Giant 10.6 10.3 10.4 10.8 11.2 11.0 0.2 0.9 0.5
Jersey Knight 12.6 12.3 12.4 12.0 13.5 12.7 −0.6 1.2 0.3

Jersey Supreme 10.0 9.1 9.5 11.9 12.2 12.0 1.9 3.1 2.5
Jersey Deluxe 11.6 11.2 11.4 11.4 12.3 11.8 −0.2 1.1 0.4
Jersey King 13.2 12.4 12.8 13.0 13.6 13.3 −0.2 1.2 0.5

Atlas 14.0 11.2 12.6 11.0 13.8 12.4 −3.0 2.6 −0.2
Grande 11.4 11.4 11.4 14.5 14.8 14.6 3.1 3.4 3.2
Apollo 11.8 11.5 11.6 15.0 15.6 15.3 3.2 4.1 3.6

Purple Passion 12.3 11.7 12.0 10.4 13.5 11.9 −1.9 1.8 0.0
UC 157 11.8 11.6 11.7 10.4 12.9 11.6 −1.4 1.3 0.0
NJ 953 10.5 10.1 10.3 13.2 13.7 13.4 2.7 3.6 3.1
UC 115 9.5 9.8 9.6 11.3 11.9 11.6 1.8 2.1 1.9
JWC 1 10.0 10.2 10.1 10.8 12.6 11.7 0.8 2.4 1.6

Mean 11.5 11.0 11.2 12.0 13.2 12.6 0.5 2.2 1.3

2006: LSD0.05 for: Irrigation = ns; Cultivars = 3.293; Interaction: Cultivars/Irrigation = 4.657; Irrigation/Cultivars = 2.677. 2007: LSD0.05
for: Irrigation = 0.143; Cultivars = 1.532; Interaction: Cultivars/Irrigation = 3.221; Irrigation/Cultivars = 2.774. 2006–2007: LSD0.05 for:
Irrigation = 0.499; Cultivars = 2.234; Interaction: Cultivars/Irrigation = 3.159; Irrigation/Cultivars = 1.797.

3.2. Marketable Yield, Weight and Number of Asparagus Green Spears

Postharvest drip irrigation treatment of asparagus plants used in the growing season
preceding the asparagus harvest significantly increased green spear yields from 4.21 t·ha−1

to 6.23 t·ha−1 in the next growing season (Table 10). The marketable yield increase in green
spears due to drip irrigation for the studied cultivars and 2 years of research was, on average,
2.02 t·ha−1 (48%). The highest marketable yield increase under drip irrigation—above
7 t·ha−1, on average, for 2 years of research—was obtained for Apollo, NJ 953, Jersey
Deluxe, and Grande cultivars. High marketable yields above 6 t·ha−1 were obtained for
UC 157, Jersey King, UC 115, Jersey Supreme, and Jersey Giant cultivars. Marketable
yields above 5 t·ha−1 were obtained for Purple Passion and Jersey Knight. The lowest
yields under drip irrigation (above 4 t·ha−1) were collected from JWC 1 and Atlas. The best
response to drip irrigation was noted in Jersey Deluxe and Jersey Giant. Drip irrigation
increased their marketable yields by 4.37 t·ha−1 (157%) and 3.91 t·ha−1 (142%), respectively.
No significant response to drip irrigation was found in Purple Passion, Jersey King, and
Atlas. The response to drip irrigation in other tested cultivars was positive, and the
observed marketable yield increases ranged from 1.71 t·ha−1 to 2.78 t·ha−1 (35–79%). The
results obtained are consistent with the results of studies conducted by other scientists.
Hartmann [8,9], in weather conditions characteristic for Germany, obtained yield increases
of 50% in his trials on sandy soil and 25% on loamy sand due to drip irrigation. Moreover,
Paschold et al. [4,11,13], carrying out a cultivar trial using drip irrigation, recorded the
highest marketable yields for Gijnlim cultivar. In Poland, Rolbiecki [14] also obtained the
highest marketable yields for both control (no irrigation) (6.5 t·ha−1) and drip irrigated plots
(10.9 t·ha−1) for Gijnlim. Pinkau and Grutz [49] obtained significantly lower marketable
yield increases in spears, on average, of 12.4%, observing the highest yield increases in dry
years. Mulder and Lavrijsen [33], in an asparagus cultivar trial under sprinkler irrigation
conducted in the Netherlands, obtained the highest yields for Gijnlim, amounting to
4.5 t·ha−1 in the first harvest year and 12.8 t·ha−1 in the second year. Numerous other
authors have also presented a significant impact of irrigation on yield increases in asparagus
spears grown in different than Polish climate zones [15,16,29,30,47].
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Table 10. Marketable yield of the asparagus green spears (t·ha−1) as dependent on cultivar and irrigation.

Cultivar
Control (Without Irrigation) Drip Irrigation Increase of the Marketable Yield of Green Spears

2007 2008 Mean 2007 2008 Mean 2007 2008 Mean

Jersey Giant 2.55 2.95 2.75 6.46 6.87 6.66 3.91 3.92 3.91
Jersey Knight 3.43 3.51 3.47 5.64 5.81 5.72 2.21 2.30 2.25

Jersey Supreme 4.18 4.32 4.25 6.16 6.70 6.43 1.98 2.38 2.18
Jersey Deluxe 2.66 2.91 2.78 6.96 7.34 7.15 4.30 4.43 4.37
Jersey King 6.15 5.80 5.97 6.04 6.50 6.27 −0.11 0.70 0.30

Atlas 4.57 4.41 4.49 4.67 4.92 4.79 0.10 0.51 0.30
Grande 5.42 4.80 5.11 6.91 7.25 7.08 1.49 2.45 1.97
Apollo 5.77 5.40 5.58 7.21 7.84 7.52 1.44 2.44 1.94

Purple Passion 5.75 5.01 5.38 4.96 5.64 5.30 −0.79 0.63 −0.08
UC 157 4.16 3.98 4.07 5.72 6.58 6.15 1.56 2.60 2.08
NJ 953 5.13 4.22 4.67 6.93 7.51 7.22 1.80 3.29 2.55
UC 115 3.11 3.96 3.53 5.75 6.87 6.31 2.64 2.91 2.78
JWC 1 2.51 2.89 2.70 3.91 4.91 4.41 1.40 2.02 1.71

Mean 4.26 4.17 4.21 5.95 6.52 6.23 1.69 2.35 2.02

2007: LSD0.05 for: Irrigation = 0.473; Cultivars = 1.572; Interaction: Cultivars/Irrigation = 2.223; Irrigation/Cultivars = 1.274. 2008: LSD0.05
for: Irrigation = 0.581; Cultivars = 1.822; Interaction: Cultivars/Irrigation = 2.451; Irrigation/Cultivars = 1.422. 2007–2008: LSD0.05 for:
Irrigation = 0.211; Cultivars = 0.946; Interaction: Cultivars/Irrigation = 1.337; Irrigation/Cultivars = 0.761.

Drip irrigation, used after the harvest in the next growing season preceding the
asparagus harvest, significantly increased the mean spear weight from 35.33 g to 40.35 g
(Table 11). The mean spear weight due to drip irrigation increased for the studied cultivars
and 2 years of research, on average, by 5.02 g (14%). The greatest mean spear weight
under drip irrigation—above 40 g, on average, for 2 years of research—was obtained for
the cultivars Grande (48.79 g), Jersey Knight (43.32 g), Apollo (43.03 g), Purple Passion
(42.99 g), Atlas (42.71 g), and UC 115 (41.24 g). The best response to drip irrigation, with
reference to this characteristic, was noted in Atlas and UC 115 cultivars. Drip irrigation
increased the mean spear weight by 24% and 32%, respectively. For comparison, the spear
weight for Gijnlim cultivar in asparagus trials under irrigation conducted by Mulder and
Lavrijsen [33] was approximately 40 g. Paschold et al. [13] obtained values at the level of
35 g, and Sterret et al. [30] obtained values at the level of 25 g.

Table 11. Weight of the asparagus green spears (g) as dependent on cultivar and irrigation.

Cultivar
Control (Without Irrigation) Drip Irrigation Increase of the Weight of Green Spears

2007 2008 Mean 2007 2008 Mean 2007 2008 Mean

Jersey Giant 25.02 26.02 25.52 34.51 36.31 35.41 9.49 10.29 9.89
Jersey Knight 36.77 38.22 37.49 42.33 44.31 43.32 5.56 6.09 5.83

Jersey Supreme 37.63 36.61 37.12 35.95 39.45 37.70 −1.68 2.84 0.58
Jersey Deluxe 32.87 31.81 32.34 35.39 38.40 36.89 2.52 6.59 4.55
Jersey King 42.86 34.76 38.81 35.19 40.19 37.69 −7.67 5.43 −1.12

Atlas 34.80 34.22 34.51 41.70 43.73 42.71 6.90 9.51 8.20
Grande 43.55 42.55 43.05 48.29 49.30 48.79 4.74 6.75 5.74
Apollo 36.95 38.55 37.75 42.05 44.01 43.03 5.10 5.46 5.28

Purple Passion 39.46 39.46 39.46 40.99 44.99 42.99 1.53 5.53 3.53
UC 157 35.97 32.97 34.47 37.49 39.50 38.49 1.52 6.53 4.02
NJ 953 37.52 36.52 37.02 36.78 39.88 38.33 −0.74 3.36 1.31
UC 115 30.23 32.33 31.28 40.24 42.24 41.24 10.01 9.91 9.96
JWC 1 29.95 31.05 30.50 37.44 38.44 37.94 7.44 7.39 7.44

Mean 35.66 35.01 35.33 39.10 41.60 40.35 3.44 6.59 5.02

2007: LSD0.05 for: Irrigation = ns; Cultivars = 8.822; Interaction: Cultivars/Irrigation = 11.316; Irrigation/Cultivars = 7.066. 2008: LSD0.05
for: Irrigation = 6.343; Cultivars = 6.022; Interaction: Cultivars/Irrigation = 9.416; Irrigation/Cultivars = 6.116. 2007–2008: LSD0.05 for:
Irrigation = 1.031; Cultivars = 4.622; Interaction: Cultivars/Irrigation = 6.536; Irrigation/Cultivars = 3.718.

Drip irrigation, applied after the harvest in the growing season preceding the next
asparagus harvest, significantly increased the number of green spears per plant from 6.50
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to 9.49 (Table 12). Green spears number per plant increased due to drip irrigation for
the studied cultivars and 2 years of research, on average, by 2.98 pcs (46%). The highest
increase in green spears number per plant (10 or more) under drip irrigation conditions,
on average, for 2 years of research, was observed for the cultivars Jersey Deluxe (11.10),
Jersey King (10.90), Jersey Supreme (10.78), Jersey Giant (10.72), NJ 953 (10.46), and Apollo
(10.00). The best response to drip irrigation, with reference to this characteristic, was noted
in Jersey Deluxe cultivar. Drip irrigation increased the number of green spears per plant
in this cultivar by more than six spears (i.e., by 123%). Hartmann [9], Paschold et al. [11],
Rolbiecki and Rolbiecki [2], and Rolbiecki [14] also obtained an increase in the number of
asparagus spears due to drip irrigation.

Table 12. Number of the asparagus green spears (pcs) as dependent on cultivar and irrigation.

Cultivar
Control (Without Irrigation) Drip Irrigation Increase of the Number of Green Spears

2007 2008 Mean 2007 2008 Mean 2007 2008 Mean

Jersey Giant 5.20 6.30 6.25 10.17 11.27 10.72 4.97 4.97 4.97
Jersey Knight 5.44 5.50 5.47 7.64 8.02 7.83 2.20 2.52 2.36

Jersey Supreme 6.60 7.60 7.10 10.27 11.30 10.78 3.67 3.7 3.68
Jersey Deluxe 4.94 5.02 4.98 11.65 10.55 11.10 6.71 5.53 6.12
Jersey King 8.41 8.44 8.42 10.35 11.45 10.90 1.94 3.01 2.47

Atlas 6.49 6.22 6.35 7.53 8.53 8.03 1.04 2.31 1.67
Grande 6.47 6.01 6.24 8.20 8.65 8.42 1.73 2.64 2.18
Apollo 7.10 6.92 7.01 9.69 10.32 10.00 2.59 3.40 2.99

Purple Passion 8.66 9.66 9.16 7.32 10.32 8.82 −1.34 0.66 −0.34
UC 157 6.77 5.61 6.19 9.07 9.84 9.45 2.30 4.23 3.26
NJ 953 7.81 7.01 7.41 10.87 10.05 10.46 3.06 3.04 3.05
UC 115 4.46 5.21 4.83 8.56 9.22 8.89 4.10 4.01 4.05
JWC 1 5.17 6.20 5.68 7.15 8.83 7.99 1.98 2.63 2.30

Mean 6.42 6.59 6.50 9.11 9.87 9.49 2.69 3.28 2.98

2007: LSD0.05 for: Irrigation = 0.747; Cultivars = 2.116; Interaction: Cultivars/Irrigation = 2.993; Irrigation/Cultivars = 1.732. 2008: LSD0.05
for: Irrigation = 0.824; Cultivars = 1.811; Interaction: Cultivars/Irrigation = 2.459; Irrigation/Cultivars = 1.562. 2007–2008: LSD0.05 for:
Irrigation = 0.372; Cultivars = 1.666; Interaction: Cultivars/Irrigation = 2.356; Irrigation/Cultivars = 1.340.

3.3. Irrigation Water Use Efficiency

The average value of irrigation water use efficiency (IWUE) for the harvest years and
cultivars was 31 kg·ha−1·mm−1 (Table 13). Irrigation water use efficiency in the first year
of research (2007) was lower (19 kg·ha−1·mm−1) than in the second year of study (2008)
(44 kg·ha−1·mm−1). This was due to the fact that, for the irrigation season in 2006, a higher
seasonal irrigation norm was used than in 2007. Obviously, asparagus yields harvested at
drip irrigated plots in 2007 were the result of irrigation carried out in 2006, and, respectively,
postharvest irrigation carried out in 2007 had an impact on asparagus yields harvested in
2008. Jersey Deluxe and Jersey Giant were characterized by the highest IWUE, which, on
average, for 2 years of research, was 64 kg·ha−1·mm−1 and 57 kg·ha−1·mm−1, respectively.
The lowest IWUE (4 kg·ha−1·mm−1–6 kg·ha−1·mm−1) was found in Atlas, Jersey King,
and Purple Passion cultivars. The other tested cultivars, on average, for 2 years of research,
were described by IWUE as ranging from 26 kg·ha−1·mm−1 to 41 kg·ha−1·mm−1. Diverse
irrigation water use efficiency in the cultivation of various asparagus cultivars has been
confirmed by the results of previous trials conducted in the central Poland (region of
Bydgoszcz) with other cultivars of asparagus [2,14] and vegetable species [50,51] or berry
plants [52–55].
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Table 13. Irrigation water use efficiency (kg·ha−1·mm−1) as dependent on cultivar and year studied.

Cultivar
Irrigation Water Use Efficiency

2007 2008 Mean

Jersey Giant 42 73 57
Jersey Knight 24 43 33

Jersey Supreme 22 44 33
Jersey Deluxe 47 82 64
Jersey King - 13 6

Atlas - 9 4
Grande 16 45 30
Apollo 16 45 30

Purple Passion - 12 6
UC 157 17 48 32
NJ 953 20 61 40
UC 115 29 54 41
JWC 1 15 37 26
Mean 19 44 31

4. Conclusions

Drip irrigation of 13 cultivars of asparagus, applied for 2 years in the postharvest
period (2006–2007), had a positive effect on all studied characteristics in both summer stalks
and consumption green spears of this vegetable. On average, in 2006–2007, a significant
increase in the height, number, and diameter of summer stalks was visible in 13, 12, and 9
of 13 studied asparagus cultivars, respectively. On average, in 2007–2008, the increase in
marketable yield, weight, and number of green spears was significant for 12, 11, and 12 of
13 tested asparagus cultivars, respectively. The highest marketable yield increase of green
spears under drip irrigation—above 7 t·ha−1, on average, for 2 years of research—was
obtained for Jersey Deluxe, Grande, Apollo, and NJ 953 cultivars. The best response to
drip irrigation was noted in Jersey Deluxe and Jersey Giant. Drip irrigation increased the
marketable yields of these cultivars by 157% and 142%, respectively. Jersey Deluxe and
Jersey Giant cultivars were characterized by the highest irrigation water use efficiency
(calculated for the marketable yield of green spears), which, on average, for 2 years of
research, was 64 kg·ha−1·mm−1 and 57 kg·ha−1·mm−1, respectively. High irrigation water
use efficiency, over 30 kg·ha−1·mm−1, was observed in the case of 9 of 13 tested cultivars.
In summary, postharvest irrigation of asparagus cultivated on a very light sandy soil
significantly improved both the summer stalk characteristics, as well as the marketable
yield features of consumption green spears of this vegetable species. Drip irrigation of
asparagus, applied after the harvest in the growing season preceding the next green spears
harvest, makes it possible to significantly increase the productivity of this vegetable, which
contributes to the sustainable crop production.
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Abstract: Small-scale irrigation in Ethiopia is a key strategy to improve and sustain the food produc-
tion system. Besides the use of surface water for irrigation, it is essential to unlock the groundwater
potential. It is equally important to use soil management and water-saving systems to overcome the
declining soil fertility and the temporal water scarcity in the region. In this study, the solar MajiPump
was introduced to enable dry season crop production in Ethiopia using shallow groundwater sources.
The capacity of the MajiPumps (MP400 and MP200) was tested for the discharge head and discharge
using three types of solar panels (150 W and 200 W rigid, and 200 W flexible). Besides, drip irrigation
and conservation agriculture (CA) farming systems were evaluated in terms of water productivity
and crop yield in comparison to the farmers’ practice (overhead irrigation and tilled farming system).
Results indicated that the maximum discharge head capacity of the MajiPumps was 18 m, 14 m, 10 m
when using MP400 with 200 W rigid, MP400 with 200 W flexible, and MP200 with 150 W rigid solar
panels, respectively. The corresponding MajiPump flow rates ranged from 7.8 L/min to 24.6 L/min,
3 L/min to 25 L/min, and 3.6 L/min to 22.2 L/min, respectively. Compared to farmer’s practice,
water productivity was significantly improved under the CA farming and the drip irrigation systems
for both irrigated vegetables (garlic, onion, cabbage, potato) and rainfed maize production. The
water productivity of garlic, cabbage, potato, and maize was increased by 256%, 43%, 53%, and 9%,
respectively, under CA as compared to conventional tillage (CT) even under overhead irrigation.
Thus, farmers can obtain a significant water-saving benefit from CA regardless of water application
systems. However, water and crop productivity could be further improved in the combined use of
MajiPump with CA and drip irrigation (i.e., 38% and 33% water productivity and 43% and 36% crop
productivity improvements were observed for potato and onion, respectively). Similarly, compared
to CT, the use of CA significantly increased garlic, cabbage, potato, and maize yield by 170%, 42%,
43%, and 15%, respectively under the MajiPump water-lifting system. Overall, the solar-powered
drip irrigation and CA farming system were found to be efficient to expand small-scale irrigation
and improve productivity and livelihoods of smallholder farmers in Ethiopia.

Keywords: solar MajiPump; water and crop productivity; small-scale irrigation; conservation agri-
culture; Ethiopia

1. Introduction

Agriculture has been practiced for centuries and is regarded as the main source of
food and income for the rural communities of Ethiopia [1], which accounts for more than
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80% of the total population [2]. However, rainfed agriculture has frequently suffered from
uneven distribution of rainfall and frequent drought shocks, leading to food insecurity
of the poor rural communities [3,4]. In response to such recurrent challenges, small-
scale irrigation has been considered as one of the main strategies to alleviate food and
income shortages [5,6] and enhance the livelihoods of farmers in Ethiopia [7–12]. Small-
scale irrigation often refers to distributed irrigation, small private irrigation, smallholder
irrigation, or farmer-led irrigation [13]. In recent years, there is a keen interest in small-scale
irrigation due to its cost-effectiveness [14] and sustainable management as compared to
large-scale irrigation [13]. It is believed that Ethiopia has more than 6 million hectares
of land that is appropriate for small-scale irrigation use [15] and ample water resources
suitable for irrigation [15–18]. Nevertheless, irrigated agriculture comprises only 3% of the
national food production, using less than 5% of the cultivated land for irrigation [4,19] due
to various constraints. Xie et al. [13] depicted that Ethiopia has the potential to add about
1 million ha of land irrigated by small-scale irrigation systems by 2030.

Despite the considerably large potential for irrigation, there are several challenges
for the wider adoption of small-scale irrigation in Ethiopia. Some of these challenges
include temporal water scarcity [10], poor management of soil and water [7,11,20], lack of
water storage facilities, limited opportunities for gravity-fed irrigation, lack of access to
irrigation technology, high initial and operation cost of irrigation technologies, and limited
capital investments [15,19,21]. On the other hand, limited rainfall and prolonged dry spells
entail the need for the efficient use of both surface and groundwater sources, conservation
agricultural (CA) practices, efficient water distribution and application systems [22–25].
It is evidenced that in Ethiopia, CA practice provides dual benefits of improved wa-
ter [11,16,22,25–28] and improved soil conservation [29]. In terms of water application
technology, the drip irrigation system is considered the most efficient and water-saving
system [30,31]. CA in this study refers to the minimum soil disturbance with no-till practice,
year-round organic mulch cover with grass, and diverse cropping in rotation, whereas
CT refers to the traditional tillage with no-organic mulch cover and diverse cropping in
rotation.

Groundwater is believed to be stable in the face of climate change as compared to
surface water and would serve as a source of irrigation [15,32,33]. The role of efficient,
labor-saving, and cost-effective water-lifting technologies is vital in unlocking groundwater
potential for smallholder farmers [34]. Treadle pumps, rope and washer, pulley, and
bucket have been used by smallholders in Ethiopia as a means of water-lifting technologies.
However, these technologies are labor-intensive and only just used as a means of water-
lifting beyond domestic use (e.g., drinking and cooking), and not for irrigation. Motor
pumps (diesel or petrol) have been used by some farmers for irrigation but constrained
due to high energy demand, limited access to fuel, and the alarming increase in the cost of
fuel, and thus leading to increased risks in irrigated crop production [34]. In some urban
areas, electric motor pumps might be feasible and used for urban agriculture. However,
electricity access is rare for the rural community of Ethiopia [35]. In response to such
challenges, several researchers suggested the use of solar pumps due to their high labor
productivity, environmental sustainability, and use of renewable energy sources [36–38].
Ethiopia, as a tropical region, has ample solar energy [39,40] that can be captured for water
lifting and pumping systems.

The MajiPump is a solar-powered water-lifting technology that was introduced in
Ethiopia in 2017 by the Appropriate Scale Mechanization Consortium of the Feed the Future
Sustainable Intensification Innovation Lab (SIIL). The solar MajiPump, a submersible pump,
uses solar energy to extract water from wells and surface ponds. A solar panel is connected
to the MajiPump by an electric cable driven by the direct current (DC). However, the
discharge head and discharge capacity of the MajiPump is not known beyond the company
specification. Evaluating the use of these pumps under field conditions and their impact
on crop yields is critical for scaling and adoption of these technologies. Widescale use of
efficient water applications in combination with improved crop and soil water management
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technologies are vital for income generation and increase resilience in the face of climate
change, and to reverse the decline of soil fertility. Such systems need to be tested for
both vegetable production systems, which are becoming more popular due to demand for
vegetables from urban markets and for high-value grain crops such as maize (Zea mays
L.). Smallholder vegetable production is considered as a strategic approach to minimize
children’s death and stunting caused by malnutrition, which is a serious challenge in
Ethiopia [41], by providing healthy and nutritious diets. Thus, the objectives of this study
were to evaluate small-scale irrigation package: (1) MajiPumps (MP400 and MP200) for its
discharge head and discharge capacity with different solar panels; (2) drip water application
system with the common farmer’s overhead irrigation practice using hose; and (3) CA with
farmer’s conventional tillage (CT) practice; in terms of water productivity and yields of
key crops [garlic (Allium sativium L.), onion (Allium cepa L.), cabbage (Brassica oleracea L.
var. captata), potato (Solanum tuberosum L.), and maize]. The results from this study would
assist decision-makers and other stakeholders in scaling small-scale irrigation technologies
and exploring groundwater potential in Ethiopia.

2. Materials and Methods

2.1. Study Area

This study was conducted in the central Ethiopian highlands at two experimental
sites: Affesa in Dangila district and Alefa in Bure district (Figure 1). Affesa (36.83◦ N,
11.25◦ E) and Alefa (37.06◦ N, 10.62◦ E) sites are located about 80 km and 150 km southwest
of Bahir Dar, respectively. The elevation of Affesa site ranges from 2132 to 2219 m above
MSL, whereas Alefa site elevation ranges from 1983 to 2033 m above MSL. Both Dangila
and Bure districts are categorized under moist sub-tropical regions. Dangila has an average
annual rainfall of 1578 mm and a mean annual temperature of 17 ◦C [42], whereas, the
mean annual rainfall and temperature in Bure ranges from 1386 mm to 1757 mm and 14 ◦C
to 24 ◦C, respectively [43]. Based on soil laboratory analysis, clay soil is the dominant
soil texture in Affesa (46% clay and 36% silt) and the soil type in Alefa is dominated by
loam soil (44% sand and 29% silt). The dominant rainfed crops in both Dangila and Bure
districts include maize, millets (sorghum: Sorghum bicolor L., or pearl millet: Panicum sp.),
barley (Hordeum vulgare L.), teff [Eragrostis tef (Zucc.) Trotter], and wheat (Triticum aestivum
L.), [44]. While, onion, potato, cabbage, pepper, tomato, and garlic are the dominant
irrigated vegetables in both Dangila and Bure district [22,45]. In the Affesa site, farmers
used to practice irrigation using river sources, whereas groundwater use was limited to
domestic purposes in both sites due to lack of access to affordable water-lifting technology.

2.2. Experimental Design

The experiment was laid as a paired t-design to compare the effects of conservation
practices and irrigation systems. The paired t-test is mathematically powerful in comparing
two-paired measurements that have intrinsic relationships and allows good control of
individual differences without necessarily having a large sample size [46]. De Winter [47]
proved the applicability of paired t-test as low as two replicates. Several studies, including
Yimam et al. [22], Belay et al. [26], and Assefa et al. [11] have used paired-t design for
similar purposes. The experimental design and setup were described for each site (i.e.,
Alefa and Affesa) separately as shown below.
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Figure 1. Location map of experimental sites in the northern part of Ethiopia.

Alefa site
CA was the treatment and CT was the control in which each participant was involved

in both (CA and CT) practice with overhead irrigation (hose). A total of 10 replicates (i.e.,
farmers) were used. The size of each plot was 100 m2 (Figure 2a), which then equally
divided; 50 m2 for each management (i.e., randomly assigned to CA and CT). The 100 m2

plot has 10 beds with 30 cm furrows in between (i.e., 70 cm by 10 m bed size and 30 cm
by 10 m furrow size). The experimental plots are not evenly distributed, approximately
the distance between the plots ranges from 300 m to more than 1 km. CA was evaluated
against CT for their impacts on water productivity, crop growth characteristics, and yield.

Affesa site
Drip irrigation was the treatment, and overhead irrigation (hose) was the control

in which each participant was involved in both drip and overhead irrigation under CA
practice (Figure 2b). A total of 10 replicates (i.e., farmers) were used each having 100 m2

plot size. The size of each plot was equally divided; 50 m2 for each management (i.e.,
randomly assigned to drip and overhead irrigation). Similar to Alefa, the 100 m2 plot has
10 beds with 30 cm furrows in between. In this case, drip irrigation was evaluated against
overhead irrigation for their impacts on water productivity, crop growth characteristics,
and yield. Besides, maize-forage vetch (Vicia sp.) inter-cropping (500 m2 in size as shown in
Figure 2c) was introduced during the rainy season (i.e., 250 m2 with CA and another 250 m2

with CT practice at random) to provide an alternative source of mulch for conservation
practice and simultaneously evaluate the effect of CA on rainfed maize productivity.
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(a) CA versus CT (overhead irrigated) (b) Drip versus overhead irrigation (both CA) 

 
(c) CA versus CT under (rainfed) 
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Figure 2. Experimental design: (a) conservative agriculture (CA) versus conventional tillage (CT) both under overhead
irrigation using hose, (b) drip versus overhead irrigation using hose both under CA, (c) CA versus CT intercropped with
forage vetch under rainfed maize production

A total of 20 farmers participated in this on-farm experiment: 10 farmers in Alefa and
10 farmers in Affesa. A series of discussions were conducted with the local government
and community leaders to select potential farmers for this research. Farmer’s willingness
to participate in this research was confirmed through a focus group discussion. The
availability of shallow groundwater, a 100 m2 plot for vegetable production, and a 500 m2

plot for maize-forage production that was close to the household or at a walking distance
was considered as additional criteria as a home gardening principle [48] to identify potential
farmers. On the 100 m2 vegetable plot, a total of 10 beds (70 cm by 10 m) were prepared
with 30 cm furrows in between. Farmers produced various vegetables (garlic, onion,
cabbage, and potato) in the dry season (2018 to 2020) with irrigation. Each farmer used
a solar MajiPump to extract water from shallow groundwater well to an elevated (about
1.5 m high from the ground) water storage tank (1000 L in size). Water was then applied to
the plots from the water storage tanks through gravity using the drip system or overhead
using a hose, depending on the experimental design. In the rainy season, farmers grew
maize, and then inter-crop forage vetch after the maize reaches the maturity stage. The
vetch forage production uses partly rainfall and then residual moisture from the rainy
season. The variety of seeds for the vegetables, maize, and forage vetch was the same for
all farmers.
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2.3. Soil Physico-Chemical Properties

Soil samples were taken from both Alefa and Affesa sites before the intervention of
our treatments mainly to observe if there was variability between experimental plots for a
paired t-design. Five sampling plots were randomly selected from a total of 10 plots at each
site. Considering the maximum root depth of the various crops grown in the study sites
(i.e., onion, garlic, potato, cabbage, and maize) in Yimam et al. [22], Iwama [49], and Gao,
et al. [50], and the soil layer classification in Westerveld, et al. [51] and Hsu, et al. [52], soil
samples were collected from three depths (i.e., 0–30 cm, 30–60 cm, and 60–90 cm). A total
of 30 soil samples were collected: 15 samples from each experimental site. Soil laboratory
analysis was conducted at Amhara Design and Supervision Works Enterprise (ADSWE) to
determine the various physio-chemical properties (i.e., field capacity, permanent wilting
point, soil texture, available organic matter, pH, total N, available P, and available K).
A representative soil mass of about 1 kg was sampled from each plot. Soil texture was
measured using hydrometer, while field capacity and wilting point were determined
using pressure (porous) plate apparatus. The details of each laboratory analysis and
approach used by ADSWE can be found from Tesema et al. [53]. Coefficient of variation
was calculated from the 15 soil samples at each experimental site (i.e., Alefa and Affesa) for
each soil physio-chemical properties.

2.4. Climate Data

Climatic data (rainfall, maximum and minimum temperature, wind speed, sunshine
hour, relative humidity) were collected from the nearby meteorological station, Dangila
for Affesa site, and Bure for Alefa site. The CROPWAT 8 model was used to estimate
the reference evapotranspiration (ETo) using the Penman-Monteith method [54]. Mean
monthly rainfall reaches its maximum value in July (401 mm in Affesa and 301 mm in
Alefa), and mean month evapotranspiration reaches its maximum value in April (112 mm
in Affesa and 128 mm in Alefa) as shown in Figure 3. Spatial and temporal rainfall
variability is high demanding irrigation to prevent crop failure and increase the cycle of
crop production [11,55]. Irrigation use for dry season vegetable production in the study
sites ranges from October to June.

 

Figure 3. Climatic characteristics (rainfall; Pe, effective rainfall; ETo, reference crop transpiration) at
the research sites of (a) Alefa and (b) Affesa (2018–2020).

Effective rainfall (Pe) was determined using the United States Department of Agricul-
ture Soil Conservation Service (USDA-SCS) method [56,57] as shown in (Equation (1)). The
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effective rainfall was used later to determine water productivity for each crop under both
irrigated and rainfed systems.

(
Pe = 0.8P − 25 P > 75 mm/month
Pe = 0.6P − 10 P < 75 mm/month

)
(1)

where Pe and P are effective rainfall and precipitation in mm/month, respectively.

2.5. Agronomic Data

Garlic, cabbage, potato, onion, and maize crops were grown in the study sites. Farmers
at each experimental site (i.e., Alefa or Affesa) grew the same crop during each cropping
cycle. Activities including planting, mulch application, fertilizer, and pesticide application
and crop harvest information were monitored for each crop during each cropping cycle
(Table 1). On average, 1 kg m−2 of dried grass mulch was applied for CA plots. Farmers
applied Urea (46-0-0: N-P-K) fertilizer at a rate of 100 kg ha−1 for irrigated onion and
potato. For rainfed maize, 240 kg ha−1 of DAP (18-46-0: N-P-K), 500 kg ha−1 of Urea
fertilizer, and 5 L ha−1 of Diazinon 60% chemical were applied. Crop characteristics
such as plant height, potato tuber diameter, garlic and onion bulb diameter, cabbage head
diameter, and crop/vegetable yield were recorded. Plant height was monitored every week.
Measuring tape and Caliper were used to measure plant height and diameter, respectively.
The digital balance was used to determine weight crop yield. A paired t-test was used
at a 5% significance level to determine the effects of management practices on all crop
characteristics.

2.6. Solar MajiPump and Its Applicability

In this study, two types (i.e., MP400 and MP200) of submersible brushless DC motor
MajiPumps were used. Both MP400 (1.8 kg of mass) and MP200 (1.5 kg of mass) pumps
have similar looks from the outside (Figure 4a). The basic difference between the two
pumps is the water-lifting capacity; MP400 could lift to 25 m discharge head using a 160 W
(24 VDC) panel whereas the MP200 pump could lift to 10 m using an 80 W (12 VDC) panel.
Both pumps could deliver 34 L/min flow rate for open flow. Two types of solar panels
were used for the MP400 pump (monocrystalline 200 W rigid panel and two flexible panels
of 200 W connected in series), and a monocrystalline 150 W rigid panel was used for the
MP200 pump. The monocrystalline 200 W rigid panel is 1.58 m by 0.85 m in size with
12.7 kg total mass (Figure 4b). Whereas the monocrystalline 150 W rigid panel is 1.48 m by
0.67 m in size with 10.22 kg total mass (Figure 4d). The thin film (amorous) flexible 100 W
solar panel (Figure 4d) is 1.05 m by 0.54 m size and 1.4 kg of mass each.
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Table 1. Crop rotation and management activities at Affesa and Alefa experimental sites.

Site Vegetable Management Activity Date

Alefa

Irrigated Garlic
(1st cycle)

Plot preparation 5 January 2019
Mulch application 2 14 January 2019

Planting 16 January 2019
Harvest 11 May 2019

Irrigated Cabbage
(2nd cycle)

Tillage 1 6 October 2019
Mulch application 2 19 October 2019

Transplanting 20 October 2019
Harvest 25 February 2020

Irrigated Potato
(3rd cycle)

Tillage 1 28 February 2020
Mulch application 2 3 March 2020

Planting 5 March 2020
Harvest 30 June 2020

Affesa

Irrigated Potato
(1st cycle)

Plot preparation 5 February 2019
Mulch application 2 10 February 2019

Planting 11 February 2019
UREA3 application 13 March 2019

Harvest 20 May 2019

Irrigated Onion
(2nd cycle)

Tillage 1 10 December 2019
Mulch application 2 14 December 2019

Planting 15 December 2019
URAE 3 application 26 January 2020

Harvest 25 March 2020

Rainfed Maize

Plot preparation 27 March 2019
Mulch application 2 15 May 2019

Planting 23 May 2019
DAP 3 application 23 May 2019

UREA 3 application 14 June 2019
Diazinon 60% 4 application 7 July 2019

Forage inter-cropping 21 September 2019
Maize harvest 18 October 2019
Forage harvest 21 November 2019

Note 1 Only for CT plots; 2 only for CA plots; 3 Fertilizer; 4 Pesticide.

 
a b c 

d 

e 

Figure 4. Pictures; (a) MajiPump, (b) 200 W rigid solar panel, (c) 150 W rigid solar panel,
(d) 2 × 100 W flexible solar panel, and (e) solar meter. The 200 W rigid and 2 × 100 W flexible
panels were connected in series with MP400 pumps, whereas the 150 W panel was connected with
an MP200 pump.
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The MajiPumps were tested using the different panels for their discharge head and
flow rate capacity. Digital Tenmars TM-207 (Figure 4e) solar power meter (0.1 W/m2

resolution) was used to measure solar intensity. The MP400 and MP200 pumps were
immersed in the water after a 3

4 inch high-density polyethylene (HDPE) pipe was fitted and
a digital stopwatch was used to record the time taken for a specific volume of water. The
analog water meter was used to measure flow volume at different discharge head. A tape
measure was used to measure water level depth (head) where the pump is installed. When
the solar panel and pump setup, a connection cable was used to connect the pump with the
panel and supply power. At this instant, where the pump starts to run, both the water meter
and stopwatch start recording. The pump runs until the amount of water yield reaches
100L and the flow rate was determined (L/S). The maximum discharge head and flow rate
were considered as the capacity of the pumps (MP400 and MP200). At the experimental
sites (Alefa and Affesa), groundwater depth from the surface was monitored throughout
the year to compare it with the MajiPumps discharge head capacity and determine the
applicability of pumps in the study area.

2.7. Water and Crop Productivity Data Analysis

Farmers could decide the irrigation interval and amount based on their field obser-
vation on soil moisture. Farmer’s water application practice (i.e., application dates and
amounts) were recorded from each plot after every irrigation based on the availability of
water in the fixed water storage tanks (1000 L) for the dry season production. Crop yield
(Y) was measured as weight during harvest separately for each soil and water management
(i.e., CA, CT, and overhead and drip irrigation). Water productivity (WP), the amount of
yield per unit volume of water [58], was computed as a quotient of crop yield and amount
of water applied (irrigation and effective rainfall) as shown in Equation (2). The effects of
management practices on irrigation water use, crop yield, and water productivity were
analyzed using a paired t-test at a 5% significance level. Besides, the variability of forage
production among participant farmers due to effort and commitment was analyzed using
the coefficient of variation. (

WP =
Y

I + Pe

)
(2)

where WP, Y, I, Pe are water productivity (kg/m3), yield (kg), irrigated water (m3), and
effective rainfall (m3), respectively.

3. Results

3.1. Soil Properties Across Experimental Plots

Several soil physio-chemical properties were analyzed at various soil depths (i.e.,
0–30 cm, 30–60 cm, and 60–90 cm) to check variability across experimental plots (Table 2).
Gallardo [59] explained that variability of soil properties can be best described using the
coefficient of variation (CV); high variability when the CV is greater than 91% and low
variability if otherwise. Based on CV analysis, the variability of soil properties was low
across experimental plots at both sites (i.e., Alefa and Affesa), satisfying precondition for
paired management comparisons. The soil class in Alefa site is clay loam (0 to 30 cm) and
clay (30 to 90 cm), whereas it is clay (0 to 60 cm) and silt clay (60 to 90 cm) in Affesa site.
Soil salinity was generally low in the highlands of Ethiopia where the experimental sites
are located [60].
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Table 2. Mean value of soil physio-chemical properties across experimental plots for Alefa and Affesa.

Site Soil Properties No.

Soil Depth

0–30 cm 30–60 cm 60–90 cm

Mean Max. Min. CV Mean CV Mean CV

Alefa

pH H2O 5.7 6.4 5.1 9.7 5.7 3.9 5.2 2.3

Texture
% sand 43.8 61 27 28.3 19.0 33.3 23.8 45.5
% silt 28.6 31 27 5.9 23.8 14.1 22.6 40.3
% clay 27.6 44 12 43.6 57.2 16.3 53.6 36.5

OC % 3.1 4.5 2.1 29.2 1.7 22.6 1.5 37.2
OM % 5.4 5.4 7.7 29.1 2.9 22.7 2.6 37.2
TN % 0.3 0.4 0.2 30.2 0.1 21.4 0.1 39.5

Av. P ppm 36.9 71.8 11.1 71.7 11.1 31.5 4.6 112
Av. K ppm 127.0 163 100 18.4 96.3 28.0 83.0 43.7

FC % 30.2 31 29 3.7 29.7 4.4 35.9 6.8
PWP % 16.5 21.5 11.1 25.7 13.7 7.0 21.4 4.8

Affesa

pH H2O 4.6 5 4.2 7.8 4.55 4.9 4.6 3

Texture
% sand 19 22 14 18.2 19.5 30.6 13.0 19.9
% silt 35.5 50 26 31.0 18.5 29.8 20.0 21.6
% clay 45.5 55 36 19.5 62.0 7.4 67.0 9.9

OC % 2.5 2.7 2.3 7.8 1.8 35.7 2.1 24.8
OM % 4.3 4.6 3.9 7.8 3.1 35.9 3.6 25.0
TN % 0.2 0.2 0.18 20.7 0.1 31.1 0.2 21.6

Av. P ppm 8.6 13 3.6 44.1 3.7 11.5 4.7 25.5
Av. K ppm 41.6 56 28.5 27.3 38.4 30.2 33.8 30.5

FC % 27.6 30 27 1.5 27.6 1.0 26.8 3.4
PWP % 17.2 18 16 3.7 16.9 2.1 17.0 4.3

Note: CV, Max., Min., OC, OM, TN, Av. P, Av. K, FC, PWP are coefficient of variation, maximum, minimum, organic carbon, organic
matter, total nitrogen, available phosphorous, available potassium, field capacity, and permanent wilting point, respectively. Maximum and
minimum values of soil properties were provided for the topsoil (0–30 cm).

3.2. MajiPumps Capacity and Groundwater Depth in the Study Area

The MajiPumps (MP400 and MP200) discharge head and discharge relations of the
different solar panels (i.e., 200 W flexible, 200 W, and 150 rigid) best fitted (R2 > 0.8) with
the natural logarithmic function (Figure 5). The MajiPumps were tested at the various
solar intensity in the study region ranging from 1026 W/m2 to 1230 W/m2. The maximum
discharge heads for MP400 with 200W rigid panel (Figure 5a), MP400 with 200 W flexible
panel (Figure 5b), and MP200 with rigid panel (Figure 5c) were observed to be 18 m, 14 m,
and 10 m, respectively. The minimum water yields capacity of the pumps from the shallow
groundwater wells at the point of maximum discharge heads (i.e., 18 m, 14 m, and 10 m)
were found 0.13 L/S, 0.05 L/S, and 0.06 L/S, for MP400 with 200W rigid panel, MP400
with 200 W flexible panel, and MP200 with 150 W rigid panels, respectively. The maximum
pumping discharges for MP400 with 200 rigid panels, MP400 with 200 W flexible panel, and
MP200 with 150 W rigid panel were found 0.41 L/S, 0.25 L/S, and 0.37 L/S, respectively.

Groundwater depth at Alefa and Affesa sites were monitored (Figure 6) throughout the
year to explore potentials for irrigation using the solar MajiPump water-lifting technology.
Water levels were measured from the second week of March 2019 to the first week of
August 2020 for Alefa and from the last week of February 2019 to the first week of July
2020. The depth of groundwater level in the shallow well ranges from 1.6 m (in October) to
9 m (last week of April) at Alefa site, whereas it ranges from 2 m (first week of August) to
12 m (first week of April) at Affesa site.
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Figure 5. Discharge head and discharge curves of MajiPumps for solar intensity ranges in the study region (1026 to
1230 W/m2).

Figure 6. Groundwater depth from surface at Alefa (a) and Affesa (b) sites.

3.3. Effects of Farming and IrrigationSystems on Crop Growth Characteristics

A one-tailed paired t-test was conducted to analyze plant height for garlic, cabbage,
potato, onion, and maize (Table 3). The mean plant height was significantly improved under
CA for garlic and potato, whereas the improvements for cabbage and maize height was not
statistically significant. The mean plant height of garlic and potato were improved under
CA, respectively, by 17% and 7% when compared with the CT. Drip irrigation significantly
improved potato height by 8% when compared with the overhead water application system,
whereas the improvement of onion height was not statistically significant.

Similarly, a one-tailed paired t-test was used to analyze potato tuber diameter, cab-
bage head diameter, garlic, and onion bulb diameter under the different soil management
practices and irrigation systems (Table 4). Both garlic bulb diameter and cabbage head
diameter were significantly improved under CA when compared with CT, which were
increased by 35% and 26%, respectively, under CA. Potato tuber diameter was significantly
improved under the drip water application when compared with the overhead water appli-
cation system, whereas the improvement for the onion bulb diameter was not statistically
significant. The mean potato tuber diameter was improved by 23% under drip irrigation
when compared with under the overhead system.
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Table 3. Mean value of plant height under different tillage (CA versus CT) and water management
(drip versus overhead water application) systems.

Management Statistics
Plant Height (cm)

Garlic Cabbage Potato Maize

Sample size N 120 90 90 90

CA
Mean 44.8 30.6 44 293.4
Max. 55 56 52 327
Min. 13 12 12 118

CT
Mean 38.4 29.3 41.3 292.3
Max. 50 37 47 325
Min. 8 13 9 116

CA|CT SEM± 1.95|2.2 0.7|0.7 3|2.3 16.9|17.3
p-value 0.0005 *** 0.3 0.02 ** 0.19

Potato Onion

Sample size N 105 105

Drip
Mean 34.1 49
Max. 46.4 67
Min. 17.5 5

Overhead
Mean 31.7 48
Max. 43.9 65
Min. 15.9 4

Drip|Overhead SEM± 4.8|4.9 0.63|0.93
p-value 0.00003 *** 0.09

Note: N, SEM, Max., Min., **, *** are sample size, standard error of the mean, maximum, minimum, and
significance at p < 0.05 and p < 0.001%, respectively.

Table 4. Mean value of bulb, tuber, and cabbage head diameter different tillage (CA versus CT) and
water management (drip versus overhead water application) systems.

Management Statistics
Diameter (cm)

Garlic Bulb Cabbage Head

Sample size N 120 90

CA
Mean 3.5 9.3
Max. 5 11.6
Min. 1.9 7.2

CT
Mean 2.6 7.4
Max. 4 9.5
Min. 1.5 5.6

CA|CT SEM± 0.18|0.17 0.6|0.5
p-value 0.001 *** 0.0004 ***

Potato tuber Onion bulb

Sample size N 105 105

Drip
Mean 3.8 4.0
Max. 5.2 6
Min. 1.95 2

Overhead
Mean 3.1 3.8
Max. 5.34 6
Min. 1.9 2

Drip|Overhead SEM± 0.18|0.09 0.13|0.26
p-value 0.002 ** 0.2

Note: N, SEM, Max., Min. **, *** are sample size, standard error of the mean, maximum, minimum, and
significance at p < 0.01 and p < 0.001, respectively.
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3.4. Direct Effects of Farming and Irrigation Systems on Water Use and Crop Yield

A one-tailed paired t-test was used to analyze the impacts of soil and water manage-
ment practices on the amount of water applied (irrigation plus effective rainfall), Table 5.
The mean water use was significantly reduced (α = 5%) under CA for all vegetables
(Table 5). The mean water uses of garlic, cabbage, and potato mean water uses were re-
duced, respectively, by 18%, 8%, and 9% under CA when compared to CT. However, the
water use difference was not statistically significant (α = 5%) between drip and overhead
water application systems, both under CA practice.

Table 5. The mean value of crops totals water uses under different tillage (CA versus CT) and water
management (drip versus overhead water application) systems.

Management Statistics
Water Use (mm)

Garlic Cabbage Potato

N 8 6 6

CA
Mean 316 380 294
Max. 425 497 304
Min. 267 294 281

CT
Mean 386 414 323
Max. 435 301 331
Min. 308 549 313

CA|CT SEM± 18.7|16.3 33.4|38.7 4.5|3.6
p-value 0.0007 *** 0. 0002 *** 0.0003 ***

Potato Onion

N 7 7

Drip
Mean 341 247
Max. 374 265
Min. 295 204

Overhead
Mean 350 246
Max. 398 270
Min. 304 207

Drip|Overhead SEM± 10.3|11.7 5.9|6.0
p-value 0.21 0.5

Note: N, SEM, Max., Min., *** are sample size, standard error of the mean, maximum, minimum, and significance
at p < 0.001, respectively.

Crop yields were significantly increased under CA and drip irrigation systems (Table 6)
for all crops (i.e., irrigated vegetables and rainfed maize production). The mean crop yields
of the garlic bulb, fresh cabbage, potato tuber, and maize grain were increased by 170%,
42%, 43%, and 15% under CA when compared with CT, respectively, though water appli-
cations were significantly reduced under CA practice. Similarly, the mean crop yields of
potato tuber and onion bulb were significantly increased under the drip irrigation system
when compared with the overhead water application using a hose, though both irrigation
systems were under CA practice. Potato and onion yields were increased by 43% and
36%, respectively, under drip water application when compared to overhead water appli-
cation using a hose. On the other hand, farmers were able to harvest from about 5 t ha−1 to
12.5 t ha−1 of forage biomass beside 7.2 t ha−1 of maize production without using irrigation

3.5. Effects of CA and Irrigation System on Water Productivity

Water productivity was found significantly increased under CA and drip irrigation
systems for all crops during both irrigated and dry season production (Table 7). The mean
water productivity of garlic, cabbage, potato, and maize was increased, respectively, by
256%, 43%, 53%, and 9% under CA when compared with CT. Similarly, water productivity
of potato and onion was significantly increased under a drip irrigation system when
compared with an overhead system, both irrigation systems were under CA practice.
The mean water productivity of potato and onion was increased by 38% and 33% under,
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respectively, under the drip water application system when compared with overhead water
application using a hose.

Table 6. The mean value of crop yields under different tillage (CA versus CT) and water management
(drip versus overhead water application) systems.

Management Statistics
Crop Yield (t ha−1)

Garlic Bulb Cabbage Fresh Potato Tuber Maize Grain

Sample size N 8 6 6 6

CA
Mean 10 78 38.6 8.3
Max. 17 95 50 10
Min. 3.55 62.5 30 6.3

CT
Mean 3.7 55 27 7.2
Max. 6.5 72.5 35 9.5
Min. 1 45 20 5

CA|CT SEM± 1.5|0.77 4.5|4.3 2.8|2.3 0.54|0.63
p-value 0.0003 *** 0. 007 *** 0.00008 *** 0.001 ***

Potato Tuber Onion Bulb

Sample size N 7 7

Drip
Mean 38.6 9.1
Max. 43.9 11.2
Min. 21.9 6

Overhead
Mean 27 6.7
Max. 35.3 9
Min. 18 3.6

Drip|Overhead SEM± 3.5|2.1 0.58|0.61
p-value 0.016 * 0.0001 ***

Note: N, SEM, Max., Min., *, *** are sample size, standard error of the mean, maximum, minimum, and significance
at p < 0.05, and p < 0.001%, respectively.

Table 7. Mean value of water productivity under different tillage (CA versus CT) and water manage-
ment (drip versus overhead water application) systems.

Management Statistics
Water Productivity (kg m−3)

Garlic Bulb Cabbage Fresh Potato Tuber Maize Grain

Sample size N 8 6 6 6

CA
Mean 3.2 20.4 13.3 1.2
Max. 4.6 24.9 16.4 1.5
Min. 1.3 16 10 0.9

CT
Mean 1 14.3 8.7 1.1
Max. 1.7 20.8 10.6 1.5
Min. 0.3 9.8 6 0.7

CA|CT SEM± 0.42|0.18 1.6|1.8 3.3|1.8 0.08|0.09
p-value 0.0001 *** 0. 003 ** 0.002 ** 0.001 ***
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Table 7. Cont.

Management Statistics
Water Productivity (kg m−3)

Garlic Bulb Cabbage Fresh Potato Tuber Maize Grain

Potato Tuber Onion Bulb

Sample size N 7 7

Drip
Mean 9.8 3.6
Max. 13.9 4.7
Min. 5.8 2.5

Overhead
Mean 7.1 2.7
Max. 9.5 3.9
Min. 3.8 1.6

Drip|Overhead SEM± 3.5|2.1 0.58|0.61
p-value 0.016 * 0.0001 ***

Note: N, SEM, Max., Min., *, **, *** are sample size, standard error of the mean, maximum, minimum, and
significance at p < 0.05, p < 0.01 and p < 0.001, respectively.

4. Discussion

4.1. Evaluation of Solar MajiPumps

On the specification of the MajiPumps, MP400 and MP200 would lift water up to 25 m
(using 160 W 24VDC solar panel) and 10 m (using 80 W 12 VDC solar panel), respectively,
both having 34 L/min open flow rate. During our field experiment, we observed that
MP400 and MP200 pumps would lift water to a maximum of 18 m (using 200 W 24 VDC
solar panel) and 10 m (using 150 W 12 VDS solar panels). The pipe maximum flow (3/4
inch in size) was found 24.6 L/min for MP400 with 200 W rigid panel and 22.4 L/min with
a 150 W rigid panel. Various factors including solar intensity, panel types, and surrounding
temperature could affect pump discharge head and discharge.

The minimum discharges from the shallow groundwater wells at the point of maxi-
mum discharge heads (i.e., 18 m, 14 m, and 10 m) were 7.8 L/min, 3 L/min, and 23.6 L/min,
for MP400 with 200 W rigid panel, MP400 with 200 W flexible panel, and MP200 with 150
W rigid panel, respectively. This minimum pump discharges could fill the 1000 L water
storage tanks that farmers used for this experiment in 2.1 hr., 5.6 hr., and 4.6 hr., respectively.
When the solar MajiPumps (i.e., MP400 with 200 W rigid panel, MP400 with 200 W flexible
panel and MP200 with 150 W rigid panel) provides the maximum water yield capacity (i.e.,
24.61 L/min, 15 L/min, and 22.2 L/min), they could fill the 1000 L water storage tanks in
0.68 hr., 1.11 hr., and 0.75 hr., respectively. Considering 8-h effective solar intensity in a
day, MP400 and MP200 pumps would lift a maximum of about 11,764 L/day and 10,666
L/day, respectively. This would help to provide irrigation between half and one hectare of
land depending on crop types, farming systems, water application systems, and cropping
season.

4.2. Effects of CA on Water Productivity, and Crop Yields

The water-saving capacity of CA was found significantly higher when compared to
CT for the various irrigated vegetables and rainfed maize production. This was mainly
due to a reduction of water loss from soil evaporation associated with the grass mulch
cover in CA. Consequently, soil moisture would be maintained and available for crop use
in the CA practice. Assefa et al. [28] found up to 49% reduction of evapotranspiration and
up to 40% increment of soil moisture in CA practice for various vegetables, supporting
the claim that reduction of water loss is mainly from reduced soil evaporation. Significant
improvement of water productivity associated with CA practice was observed in the
Ethiopian highlands [13,27,28]. CA was tested with drip irrigation previously [11,16,22,
25–28] showed a significant increase in water productivity. Similarly, in our study CA
under both a drip irrigation system and overhead irrigation significantly increased water
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productivity. Thus, farmers who could not afford to buy a drip irrigation system would still
get a significant water-saving benefit from the use of CA, even with overhead irrigation.

Crop yield was found significantly higher in CA when compared to CT for the various
irrigated vegetables and rainfed maize production. This was mainly due to an improvement
in soil quality (nutrients) and water use efficiency in CA. Assefa, Jha, Reyes, Worqlul, Doro,
and Tilahun [29] found more than 6% and 4% increment of soil organic C and total N,
respectively, under CA when compared with CT. Besides, CA decreased nutrient loss due
to either runoff or percolation. Belay et al. [26] found a significant decrease of NO3-N (up
to 44%) and PO4-P (up to 50%) in runoff and leachate under CA as compared to CT. This
provides more readily available nutrients in CA for plant growth, leading to improved
crop yields. Crop yield improvements in CA for this study (15–170%) were found to be
consistent with Assefa et al. [11] and Belay et al. [26], which showed 9% to more than 100%
yield improvements in CA with the drip irrigation system. This indicates, CA would still
provide a significant improvement of soil quality and crop yield regardless of the irrigation
practice (overhead or drip system).

4.3. Effects of Drip Irrigation on Water Productivity and Crop Yield

A significant water saving was observed under the drip system (38% for potato
and 33% for onion), mainly due to the capability of the drip system in delivering water
uniformly to the root of crops and minimizing water losses. Drip irrigation systems
reduce water application to open ground or soil spaces that are not directly used by crops,
which would rather facilitate weed growth. The result suggests that the combined use
of drip irrigation and CA provides a significant water use efficiency as compared to the
combination of CA and overhead irrigation. Assefa et al. [16] found nearly a threefold
water saving capacity when combined with CA as compared to overhead irrigation with
the tilled system. This will help minimize the overexploitation of shallow groundwater
wells and maximize irrigated crop production. A similar result was reported by Kigalu,
et al. [61] which found a quadratic response of water productivity for the drip system as
compared to overhead irrigation in Tanzania.

The effect of the drip irrigation system was significant in improving crop productivity
as compared to overhead irrigation. Potato and onion yield was increased by 43% and 36%,
respectively under drip irrigation. Dawit, et al. [62] reported similar results, improved crop
yields for drip irrigation in the eastern part of Ethiopia. The uniform water application and
minimum soil nutrient loss associated with the drip system would be the main reason for
improved crop yield. Fandika, et al. [63] result indicated a higher tomato yield response
associated with the uniform water application in the drip system. Whereas, Elhindi,
et al. [64] and Mirjat, et al. [65] observed minimum loss of soil minerals, and fertilizers
when using drip irrigation.

4.4. Comparison of MajiPump with Previous Pulley Studies on Water Productivity

Water productivity was significantly improved under MajiPump water-lifting system
when compared with a pulley system [11,22,29] for the same crop types (Figure 7). The
water productivity values of garlic, onion, and cabbage under the MajiPump with CA were
3.2 kg m−3, 9 kg m−3, and 20 kg m−3, respectively, while the corresponding values were
1.1 kg m−3, 2.6 kg m−3, and 9.2 kg m−3 for the pulley system with CA (i.e., 190%, 246%,
and 117% improvements, respectively). Besides, the MajiPump showed a significant water
productivity improvement in the conventional tilled (CT) system. The water productivity
of garlic, onion, and cabbage under MajiPump with CT was 1 kg m−3, 6.7 kg m−3, and 14.4
kg m−3, respectively, and 0.6 kg m−3, 0.2 kg m−3, and 6.9 kg m−3 under the pulley with
CT system (i.e., 67% to 325% higher than the pulley with CT system). Moreover, the water
productivity under the MajiPump with CT was higher than the pulley system with CA.
The water productivity under the MajiPump with CT was 6.7 kg m−3 and 14.4 kg m−3,
while it was 2.6 kg m−3 and 9.2 kg m−3 under the pulley system with CA, respectively, for
onion and cabbage vegetables (i.e., 158% and 56% improvements, respectively).
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Figure 7. Comparison of MajiPump and pulley system on water productivity.

In general, the highest water productivity benefit could be gained through the com-
bined use of MajiPump with CA practice. The highest water productivity in the MajiPump
system was attributed to its additional advantage to increasing labor productivity. Farmers
in the study area explained that water-lifting using the MajiPump took 5 to 10 min while
a pulley system took 1.5 to 2 h to fill a 1.5 m height elevated 500 L water storage tank.
Besides, filling a water storage tank with the pulley system requires two persons at a
time when the labor time in the MajiPump system is only to connect the pump and solar
panel. The minimum labor demand in using the MajiPump initiated smallholder farmers
to provide enough irrigation water for vegetables, and thus increasing their water and
labor productivity.

5. Summary and Conclusions

This research showed the potential benefits of the solar-powered water-lifting system
(MajiPump) and CA technologies on water productivity and crop yields under on-farm
conditions of smallholder farmers in Ethiopia. The capacity of two MajiPumps used in
this study (MP400 and MP200) were found to extract water up to a maximum depth of
10 m using MP200 with 150 W rigid panel, 14 m using MP400 with 200 W flexible panel,
and to 18 m using MP400 with 200 W rigid panel from shallow groundwater wells. The
corresponding flow rate discharge capacity for these pumps and panel sizes were in the
range of 7.8 L/min to 24.6 L/min, 3 L/min to 15 L/min, and 3.6 L/min, to 22.2 L/min,
respectively.

Water and crop productivity were significantly increased under the CA farming system
when compared with CT, both using farmers’ common overhead irrigation (hose system).
Water productivity was improved by 9% to 256%, and crop productivity was improved by
15% to 170% depending on the types of crops, and seasons of production (i.e., dry irrigated
and rainfed). This shows the CA farming system has increased significant benefits (water-
saving and crop yield increment) to farmers even using traditional overhead irrigation.
However, the use of drip irrigation with the CA system further improved water and crop
productivity as compared to the combination of the CA system with overhead irrigation.
Besides, a significant increase in water productivity was observed in the combined use
of MajiPump and CA when compared with the pulley water-lifting system. We conclude
that the solar MajiPump with CA and drip irrigation is a promising approach to expand
small-scale irrigation that can improve some key vegetable and grain crops of smallholder
farmers in Ethiopia [7].
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