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Foliar Application of Zinc Improves Agronomical and Quality Parameters and Biofortification
of Cowpea (Vigna sinensis) under Deficit Irrigation
Reprinted from: Agronomy 2023, 13, 1021, doi:10.3390/agronomy13041021 . . . . . . . . . . . . . 48

Daniela Cea, Claudia Bonomelli, Johanna Mártiz and Pilar M. Gil
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Preface

Drought and climate change have decreased water availability for agriculture in arid and

semiarid regions, and therefore efficiency enhancements in irrigation water management aimed at

conserving water are key to adjust to limits in water supply, as well as improve the profitability

and sustainability of agricultural production. Agricultural water management tools and practices

that reduce water uses with acceptable impacts on crop production are viable strategies to cope

with diminished water supplies and generate new sources of irrigation water. 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 applied agricultural water

conservation. It provides a broad overview focusing on irrigation decision support systems, drought

management plans, deficit irrigation strategies, soil mulching, surface and subsurface drip irrigation,

conservation tillage, and optimal water and fertilizer management practices.

Aliasghar Montazar

Editor
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Irrigation Decision Support Systems (IDSS) for California’s
Water–Nutrient–Energy Nexus
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Isaya Kisekka 1,3 , Kate Scow 1 and Mallika A. Nocco 1
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2 Agricultural and Technology Education, College of Agriculture, Montana State University,

Bozeman, MT 59715, USA
3 Biological and Agricultural Engineering, University of California, Davis, CA 95616, USA
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Abstract: California has unsustainable use of agricultural water and energy, as well as problems
of severe drought, nitrate pollution and groundwater salinity. As the leading producer and ex-
porter of agricultural produce in the United States, 5.6 percent of California’s energy is currently
used for pumping groundwater. These problems and new regulatory policies (e.g., Sustainable
Groundwater Management Act, Irrigated Lands Regulatory Program) pressure growers to schedule,
account and maintain records of water, energy and nutrients needed for crop and soil management.
Growers require varying levels of decision support to integrate different irrigation strategies into
farm operations. Decision support can come from the public or private sector, where there are
many tradeoffs between cost, underlying science, user friendliness and overall challenges in farm
integration. Thus, effective irrigation management requires clear definitions, decision support and
guidelines for how to incorporate and evaluate the water–nutrient–energy nexus benefits of different
practices and combinations of practices under shifting water governance. The California Energy
Commission-sponsored Energy Product Evaluation Hub (Cal-EPE Hub) project has a mission of
providing science-based evaluation of energy-saving technologies as a direct result of improved water
management for irrigation in agriculture, including current and future irrigation decision support
systems in California. This project incorporates end-user perceptions into evaluations of existing
decision support tools in partnership with government, agricultural and private stakeholders. In this
article, we review the policy context and science underlying the available irrigation decision support
systems (IDSS), discuss the benefits/tradeoffs and report on their efficacy and ease of use for the
most prevalent cropping systems in California. Finally, we identify research and knowledge-to-action
gaps for incorporating irrigation decision support systems into new incentives and requirements for
reporting water and energy consumption as well as salinity and nitrogen management in the state
of California.

Keywords: food–water–energy nexus; nitrate leaching; precision agriculture; water productivity;
irrigation management; soil moisture

1. Introduction

Agricultural production in California includes the cultivation of approximately 400 crops
accounting for one-third of vegetable and two-thirds of fruit and nut production in the
United States [1]. According to California Agricultural Production Statistics (2019), this
agricultural abundance makes California a leading US state accounting for over 13% of the
country’s total value in agricultural production. Some of California’s leading crops include
almonds, grapes, strawberries, pistachios, lettuce, walnuts and processing tomatoes [1]. In
order to produce these crops for export across the country and other parts of the world,
great amounts of water, fertilizer and energy are used. In California, agricultural water

1
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use represents one-fifth of the electricity consumed for water use and four percent of total
electricity consumption annually [2]. Approximately 75–80% of the total water pumped is
used to irrigate three million hectares throughout the state [3,4]. The majority of the water
and energy consumption is during the summer growing season (June to August), relying on
groundwater that uses between 496 to 1750 Megajoules per Megaliter of water [5]. Declines
in aquifer levels, increased land subsidence and loss of storage strain growers for energy
efficiency improvements in drought years. The amplified demand for water and energy
during drought also lowers stream flows and lake levels, which impact the production
of hydroelectric power. In addition, the water table is lowered continually during these
periods, as growers pump groundwater from deeper wells demanding more power. The
California drought assessment of 2014 reported a loss of 8.1 million ML of surface water
with a simultaneous increase of 6.3 million ML in groundwater pumped for an additional
cost of USD 454 million [6]. Flood and furrow irrigation still account for approximately
40 percent of the total irrigated area in California, despite the advances and investments in
irrigation systems. The adoption of the drip and micro-sprinkler irrigation significantly
increased in acreage between 1991 (0.52 million hectares) and 2010 (16 million hectares) [7].
Figure 1 identifies the hydrologic regions across the state of California and the distribution
of major crops, irrigation methods and levels of salinity in irrigation water.

California’s increasing severity of droughts not only depletes groundwater but also
increases the carbon footprint and greenhouse gas emissions from increased burning of
fossil fuels to generate the power for pumping groundwater. After facing several severe
drought years, state leaders implemented incentives, regulations and policies to manage
groundwater that require record keeping and reporting of water use, nitrogen (N) leaching
and energy consumption. Simple and scalable irrigation decision support systems are
needed to facilitate base information for growers to manage and maximize irrigation
water, energy and N use efficiency. On-farm water management using irrigation decision
support systems coordinates the development and management of water, land and related
resources aimed toward equitable economic welfare and sustainable water use for future
generations [8,9]. Irrigation decision support systems (IDSS) are integrated solutions
combining and interpreting real-time meteorological, soil moisture and/or crop water
stress data using telemetric services to help growers make irrigation decisions. Most of
the first IDSS developed in California ranged from spreadsheets to stand-alone software.
With recent improvements in public weather-station networks, sensor technology, satellite
and aerial imaging, wireless communications and cloud computing, web and smartphone
applications automating a range of complex calculations involved in evapotranspiration-
based irrigation scheduling, crop and soil nitrogen status IDDS have been developed.

The California Energy Product Evaluation Hub (or Hub) was proposed by the Califor-
nia Energy Commission to fill an information gap between energy sector manufacturers
and large commercial and institutional customers. The purpose of the Hub is to accelerate
the adoption of beneficial technologies by informing customers purchasing distributed
energy resource products through procurement processes. The objectives of the Hub are to
evaluate the selected distributed energy resource products (e.g., IDSS) in a rigorous and
transparent manner and widely disseminate the evaluation results to large commercial and
institutional customers. The evaluations will allow comparisons of similar technologies,
as well as comparisons to existing government and industry standards. The evaluations,
and the data behind them, will be distributed through the Hub’s public web platform. The
Hub is a cooperative effort among the University of California, Davis, Lawrence Berkeley
National Laboratory, Energy Solutions and the Center for the Built Environment of the
University of California, Berkeley.
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The overall goal of this narrative review is to identify, compile and assess the available
IDSS in California and how they may serve multiple water, energy and nutrient manage-
ment goals. Here, we discuss the different water budget components and measurements
used in crop canopy, soil moisture, aerial reflectance and satellite-based IDSS. We also
consider diverse California cropping and irrigation systems and how different IDSS are
integrated into existing crop irrigation management as part of the ongoing research of
the California Energy Product Evaluation Hub. Finally, we identify knowledge gaps in
IDSS research and current available tools for integrating energy, nitrogen leaching and soil
salinity management.

2. Objective and Review Methodology

We identified all active IDSS in California through a comprehensive search of all IDSS
on the search engines and in consultation with a California IDSS product advisory group.
The IDSS product advisory group consisted of growers, certified crop advisors, cooperative
extension advisors, the California Department of Agriculture, California Agricultural
Irrigation Association and additional government, industry and trade organizations. The
advisory group helped define the IDSS needs for the California cropping system. This
information was used to identify the commercially or freely available technologies and
exclude the IDSS that have not yet been made available for widespread use.

Section 3 defines California’s water management context and the need for IDSS un-
der increasing drought, regulation and risk management. Section 4 provides a broad
overview of soil–plant–atmosphere approaches for IDSS. Section 5 describes the commer-
cially available IDSS based on soil tension, canopy temperature, stem water potential and
remote-sensing techniques. Section 6 describes the science, policy and role of IDSS for
integrated irrigation and energy management in agricultural systems. Section 7 describes
the science, policy and role of IDSS for integrated irrigation and nitrogen (N) management
to control the environmental problems or groundwater contamination due to excessive
N fertilizer uses. Section 8 describes the science, policy and role of IDSS for integrated
irrigation and salinity management. Sections 9 and 10 focus on IDSS as a holistic effort
for water, nutrient and salinity management and consider the innovation, validation and
adoption strategies.

3. Context for IDSS in California Agriculture
3.1. Water Scarcity

Overdrawn aquifers, decline in snowpack, frequent droughts and rising evaporative
demand are increasing water scarcity in California. These water resource concerns have
led to decreasing water availability for irrigation, increasing regulation (e.g., reduced allo-
cations), increasing energy consumption, difficulty in water/fertilization co-management
and increasing water and energy prices. Because the annual evaporative demand exceeds
precipitation in the majority of California, irrigation is generally considered compulsory.
While most of the precipitation falls in the winter, key economic crops have high water
demands during the spring–summer–fall season. Additionally, there is a spatial disconnect
between precipitation and agricultural water demand in California. Most of the surface
water used for agriculture comes from precipitation in the northern part of the state, while
the Central Valley and southern parts of the state have the greatest demand for agricultural
water. These discrepancies in space and time have led to complex water conveyance,
storage and transfer systems that are important for understanding the potential benefits of
IDSS for California growers [10].

Although California spans a wide range of climates, much of the state, including
some of the most productive farmland, occupies semi-arid regions of the Central and Impe-
rial Valleys, which are characterized by a Mediterranean climate with hot, dry summers
and mild, wet winters. Statewide, the average water use is roughly 50% environmental,
40% agricultural and 10% urban [11]. By necessity, California has adopted management
strategies to deal with water shortages, such as reusing water, long-distance water con-
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veyance and desalination technologies to complement local ground and surface water [12].
Unfortunately, water supply diversification strategies can also lead to increased energy use
and, consequently, to increased greenhouse gas emissions [13]. California’s water system is
estimated to emit 10% of the state’s greenhouse gas emissions [14]. Water–energy nexus
approaches recognize the close connection between water and energy and the importance
of considering all aspects of these complex systems [15,16]. As irrigation makes up a large
portion of the water supply system in the state, it is under critical consideration by both
government agencies and agricultural end users. Policy makers face the difficult task of
balancing the needs of diverse stakeholders, protecting the environment and providing
reliable, sustainable water supplies to agricultural, industrial and residential customers [16].
At the same time, California growers face more frequent and severe drought events, warmer
temperatures and variable rainfall associated with climate change [17], leading to increasing
dependence on irrigation [18].

Growers also face increasing competition for irrigation water and growing concerns
about the environmental impacts of irrigation. Growers pay for water, energy and infras-
tructure to irrigate crops. California growers pay between USD 12/106 ML−1 water in
direct costs and USD 17/151 ML−1 water in energy costs [19–21]. While growers are willing
to adopt new technologies to reduce risks during periods of water shortage, the information
provided by extension services and other educational sources plays an important role in
new irrigation technology adoption [22].

3.2. Regulations

California growers identify the key barriers to water and energy conservation efforts as
(1) cost, (2) a lack of return on investment (3) and uncertainty about the future of available
water. Cost alone is not enough to increase IDSS adoption or agricultural water conserva-
tion [23]. In semi-arid regions, regulating surface water without regulating groundwater (or
vice versa) increases pressure on the unregulated water source instead of increasing the use
of IDSS [24]. However, approaches that involve cooperation across institutional ecosystems
as well as multi-actor governance and participation to jointly regulate groundwater and
surface water quantity, nutrient/pollutant transport and energy usage may increase IDSS
adoption [23,25].

For the past century, California has been a demonstrative example where the reg-
ulation and governance of surface water quantity and quality have placed tremendous
stress on groundwater supply and energy required to pump groundwater in years with
limited surface water allocation. However, the legislation and policies adapted in 2014–2016
are attempting to jointly regulate groundwater and surface water quantity, quality and
cooperation across institutions. In 2014, California passed the Sustainable Groundwater
Management Act (SGMA), in which two state agencies (Department of Water Resources and
State Water Resources Control Board) mandate and oversee communities self-organizing
into groundwater sustainability agencies [26]. Each agency created groundwater sustain-
ability plans to achieve sustainability goals by 2040–2042. Similarly, in 2014, the California
Irrigated Lands Regulatory Program was expanded to regulate nitrates in discharge to
both surface and groundwater from irrigated agricultural lands [27]. California’s 2020
heat wave and widespread agricultural power outages have spurred agricultural trade
organizations to consider the need for IDSS to accommodate off-peak energy usage and
regulations imposed by utility companies [28]. However, there are not yet any direct
statewide regulations on the energy used for groundwater pumping in California.

3.3. Loss and Risk Management
3.3.1. Infrastructure Failures

IDSS could help growers plan for water usage throughout the growing season when
adjustments may be required to accommodate irrigation interruptions to avoid yield losses
at critical moments. For example, in the 2018 Census on Irrigation and Water Management,
1792 CA growers (29,538 ha) reported yield losses because of irrigation interruptions related
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to groundwater/surface water shortages, equipment failure, energy shortages, high salinity,
loss of water rights or increase in water costs [29]. Having a formal IDSS in place does not
prevent water, energy or infrastructure disruptions but instead could assist in identifying
equipment failures and providing the projected data and calculations needed for difficult
decisions—how best to prioritize the available water across the farm to the crops that will
have the highest potential for short- and long-term revenue.

3.3.2. Disease-Based Losses and Water

Growers using intuitive, informal irrigation practices may err on the side of applying
‘extra’ water to ensure that crop water requirements are met. Additionally, some IDSS may
also err on the side of overprediction of evapotranspiration and crop water requirements
to match grower management practices. Although this logic may decrease the risk of
underwatering or water stress, it can increase water logging, nitrate leaching, anoxia,
denitrification, salinity, soil erosion and runoff, in addition to the wasted energy and water
costs [30]. In California perennial crops, overirrigation or irrigating too soon can impact
root development—especially of shallow, fine roots—which can lead to long-term yield
losses, especially if the root zone oxygen concentration drops below 10% [31]. In both
annual and perennial crops, overirrigation that increases soil and/or canopy moisture can
often increase the survival, growth, infection and dispersal of pathogens, which ultimately
leads to disease-based yield losses [32]. However, it is important to note that not supplying
enough water to meet crop needs can also trigger many belowground diseases [32]. For
a comprehensive review of irrigation–disease interactions, please see Swett (2020) [32].
Although IDSS could integrate crop-specific co-management of water and diseases in the
future, to the best of our knowledge, no IDSS currently have this function for California
cropping systems.

4. Soil–Plant–Atmosphere Approaches and Data for IDSS in California
4.1. Precipitation

Precipitation is an important component of the hydrologic cycle considered for all
water budgets. In California, real-time rainfall data can be acquired from different sources,
such as the Department of Water Resources California Irrigation Management Information
System (CIMIS), National Oceanic and Atmospheric Administration’s California Nevada
River Forecast Center (CNRFC) and United States Climate Data. For annual water budget-
ing, monthly precipitation data are often used. Several researchers have observed decreases
in precipitation and increases in autumn temperatures since the 1980s [33,34]. In 2018, the
delayed start of precipitation months resulted in the most destructive wildfires of California,
burning about 766,439 hectares of land area [34,35]. This has not only disturbed water
budget planning and estimation, but it has also impacted the contamination of groundwater
and other available sources of irrigation by changing the pH due to debris and ash [36].

4.2. Evapotranspiration

Evapotranspiration depends on weather conditions, crop type, canopy density/
development, stomatal conductance and regulation, irrigation system and management,
soil management and soil type. In California, the estimates of reference evapotranspiration
(ETo) come from the 153 active CIMIS stations that are sited, maintained and equipped
by the California Department of Water Resources to measure shortwave solar radiation
(pyranometer), soil temperature (thermistor), air temperature (HMP35), relative humidity
(HMP35), wind direction (wind vane), wind speed (anemometer) and precipitation (tipping
bucket rain gauge). The state is divided into 18 ETo climatic zones based on long-term
monthly CIMIS averages. Additionally, a spatial CIMIS data product combines the network
of available stations for ground measurement and satellite data in order to simulate the
ETo of the whole state. CIMIS estimates hourly ETo for cool-season grass with a height
of 0.10–0.15 m using the CIMIS Penman equation, which is modified from the Penman
equation [37], with an approach for estimating net radiation from shortwave solar radiation,
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temperature and relative humidity measurements developed and validated using 71 net
radiometers across California [38]. The CIMIS Penman equation also uses different weights
for wind speed in the hourly estimation of ETo depending on whether it is day or night
time and a unique cloud factor obtained from each CIMIS station [39].

In addition to the CIMIS network, the National Oceanic and Atmospheric Administra-
tion (NOAA) Geostationary Operational Environmental Satellite (GOES) satellites have
been used to predict incoming solar radiation as the main source energy for evapotran-
spiration. Satellite-based ETo maps are calculated on a two-kilometer grid, which is an
important contribution of data for decision making, given that the distance between the
CIMIS stations can be tens of kilometers. These freely available estimates of ETo can be
paired with crop-specific coefficients (Kc) to estimate crop evapotranspiration (ETc) during
the growing season. It is important to note that evapotranspiration offers decision support
as to how much water has been used by the crop based on meteorological data or will be
used by the crop based on meteorological forecasting [40,41].

4.3. Irrigation Scheduling Resources

The quantity and timing of water application to irrigate a crop is a critical part of
planning a growing season. Crop management activities are mainly dependent on the
moisture present in the soil and root matrix. Scheduling depends on the combination
of evaporative demand from the atmosphere, spatial and temporal heterogeneity in soil
properties and changes in crop canopy during a growing season. California IDSS currently
schedule irrigation by measuring, remotely sensing and/or modeling some combination of
three different categories: (1) evapotranspiration, (2) allowable depletion of soil moisture
and (3) canopy characteristics [42]. In this work, we discuss California IDSS and state
specific data sources that can be used to ascertain data from these categories and represent
these tools and sensors in Figure 2. These categories are used in IDSS throughout the world,
and we recommend Gu et al. (2020) for an in-depth general review [43].

4.3.1. In Situ Calculation of Crop Coefficient Values

Crop coefficient (Kc) values can be obtained for the entire growing season from his-
torical evapotranspiration databases for specialty crops (almonds, walnuts, pistachios,
processing tomatoes, etc.) developed by the University of California under the drought man-
agement program. There are available databases maintained by the University of Califor-
nia Agriculture and Natural Resources (https://www.sacvalleyorchards.com/et-reports/
(accessed on 20 August 2021)) Westlands Water Districts (https://wwd.ca.gov/water-
management/irrigation-guide/ (accessed on 20 August 2021)) that provide regional esti-
mates of ETo and ETc for growers. Significant efforts have been made to measure actual
evapotranspiration to derive the Kc values specific to California crops and management.
Direct measurements using lysimetry, eddy covariance and surface renewal have estimated
Kc values for almond, pistachio, walnut, processing tomato, wine grapes, lettuce, rice,
corn, wheat, and alfalfa (Table 1) [44–68]. It is important to note that the Kc values derived
from actual evapotranspiration studies have several assumptions and site-specific limita-
tions for widespread adoption and water use projections. Attention should be given as
to whether water stress had occurred during the actual evapotranspiration measurement
periods as well as the uncertainty of actual evapotranspiration estimates by a method-
ological approach. The use of crop coefficients for irrigation of perennial crops is often
more challenging than for annual crops. This is because there can be significant variability
as a consequence of the crop density, crop load, row orientation, variety, irrigation sys-
tem, pruning, floor management, soil type, salinity/sodicity and plant vigor between the
two types.
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Figure 2. Conceptual illustration of integration and application of imagery (IDSS 1 is satellite im-
agery, 2 is aerial reflectance, and 3 is drone imagery using multispectral/thermal cameras), canopy
(IDSS 4 and 5 based on crop evapotranspiration and other canopy-based parameters) and soil-based
IDSS (IDSS 6 and 7 based on volumetric water content and 8 based on soil water potential) in a
processing tomato field. Eddy covariance tower and neutron moisture probes are useful to esti-
mate a complete water balance for validation of these available IDSS measurements. Artwork by
Dr. Bonnie McGill.

Some California crops, such as processing tomato, wine grapes and olives for oil, can
benefit from some degree of water stress in order to decrease the vegetative growth and/or
improve the quality of the final product (e.g., sauce, wine, olive oil). Growing these crops
can either benefit from constant water stress monitoring or development of Kc values that
are multiplied by stress coefficients (Ks) after long-term data collection combined with
fruit analysis and careful considerations with experienced growers and processors. The
measurement of evapotranspiration values reveals much information about the irrigation
needs; however, IDSS should also factor distribution uniformity, soil type, irrigation system
efficiency, crop density, floor (interrow perennial cover crop) management, perennial stand
density and variety when interpreting the published Kc values across California.
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Table 1. Crop coefficient and seasonal water requirement ranges of major crops of California. Crop
coefficient periods have been approximated for each crop, see notes column for more details.

Crop Crop Coefficient *
Notes

Water Requirement
(cm per Season) ReferencesInitial Developing Late

Almonds 0.20–0.78 0.80–1.09 0.40–1.17
Mature trees; intial (hull, shell, integuments),
developing (hardening, embryo growth), late
(maturity, ripening, hull split).

104–112 [48–52]

Pistachios 0.07–0.79 0.82–1.19 0.35–1.19

Mature trees; initial (bloom, leafout, shell
expansion), developing (shell hardening, nut
fill), late (nut fill, shell split, hull split, harvest,
post harvest).

76–127 [51,53–55]

Walnuts 0.12–0.93 1.00–1.10 0.28–0.97
Mature trees; initial (bloom, leafout, flowering,
growth of hull), developing (shell and kernal
development), and late (hull split).

104–112 [56,57]

Tomatoes 0.20–0.45 1.00–1.20 0.30–0.90

Processing and fresh market tomatoes; initial
(planting, prebloom, bloom), developing
(bloom, early fruit set, late fruit set), late (late
fruit set, first color, red fruit, preharvest).

53–76 [51,56,58]

Grapes 0.30–0.37 0.62–0.85 0.45–0.75

Table, wine and rasin grapes; initial (shoot
development, flowering), developing (berry
formation, verasion), and late (berry ripening,
harvest, senescence).

25–76 [51,59,60]

Lettuce 0.17–0.61 0.83–1.02 0.45–0.98

Lettuce grown year-round; initial (emergence to
40% canopy cover), developing (40% canopy
cover to 80% canopy cover), and late (80%
canopy cover to harvest).

30–61 [51,56,61,62]

Rice 0.95–1.05 1.20–1.25 0.60–0.95

For both paddy and non-paddy grown rice,
initial (vegetative phase), developing
(reproductive phase), and late
(maturation phase).

61–122 [51,56,63]

Corn 0.18–0.26 1.06–1.17 0.30–0.55
Field and sweet corn; initial (vegetative stage),
developing (reproductive stage), and
end (maturity).

56–76 [56,64]

Wheat 0.26–0.70 1.09–1.15 0.25–0.41
Winter wheat; initial (tillering), developing
(stem exension and heading), late
(ripening, harvest).

46–53 [51,65,66]

Alfalfa 0.30–0.40 0.95–1.30 0.50–1.30
Initial (planting to 10% cover), developing
(10% cover to senescence), and late (senescence
to maturity).

51–117 [56,67,68]

* Periods of initial, developing, and late for crop coefficients have been approximated for each crop, see notes
column for more details.

4.3.2. Scheduling with Allowable Depletion

The allowable depletion of soil moisture approach requires some knowledge or a priori
assumption of the effective crop rooting depth, soil textural and hydrological properties and
estimates of either soil volumetric water content or soil water potential. These parameters
are used to estimate the plant available water content (AWC) as the difference between field
capacity and permanent wilting point. The allowable depletion is established as a threshold
based on a fraction of AWC or specific soil water potential at which water stress will occur
without irrigation. The allowable depletion can differ by soil texture, crop type, as well
as phenological stage. In California, the allowable depletion can range from 25% AWC in
onions to 90% AWC in ripening wheat but generally runs in the 45–50% AWC range [69–71].
Allowable depletion, whether measured or modeled, offers decision support regarding
how much to irrigate (e.g., refill the soil profile), as well as when to initiate irrigation. It
is important to note that allowable depletion is not a direct assessment of plant water
stress but rather assumes plant water stress based on empirical relationships between plant
physiological stress (e.g., stem water potential, canopy temperature, reduced transpiration)
and soil volumetric water content or soil water potential.

Soil cohesion and adhesion to water molecules determines the soil water potential
(suction or negative pressure). Plants take up water when water potential is between
the field capacity (−0.33 bar) and permanent wilting point (−15 bar). Therefore, irriga-
tion scheduling is performed by maintaining the soil moisture within this range of soil
water potential. The most commonly used methods for soil moisture or water potential
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monitoring in California are tensiometers, electrical resistance block (watermark sensors)
or capacitance-based sensors [72]. Recent developments in telemetric operations allow
manufacturers to combine the soil moisture sensors with web or mobile applications as
remote systems. Additionally, the user friendliness of remote telemetry and real-time
moisture data in the field are now integrated with automated irrigation systems. Some
of the common telemetric operators for soil moisture sensors in California are Wildeye,
Farm(X), Hortau, Irriwatch and AquaSpy.

4.3.3. Scheduling with Crop Canopy Characteristics

Recent advancements in the capture and interpretation of remotely sensed vegetative
indices (e.g., normalized difference vegetation index or NDVI) allow growers to empirically
derive real-time values of crop coefficients throughout the growing season [73–75]. Remote
sensing tools, such as directly or remotely piloted aerial vehicles or satellite imagery, aid in
the use of algorithms to combine remotely sensed vegetative indices and soil reflectance
maps [76–79]. This combination helps growers manage irrigation in orchard cropping
systems where NDVI and other index values for individual trees can be calculated. In
California, these services are widely provided by Ceres Imaging Inc. to specialty crop grow-
ers. Additionally, CropManage uses satellite-based estimates of phenology for irrigation
scheduling [80–82].

5. IDSS for Crop Water Management in California

The use of IDSS has increased in California in the last decade, especially for efficient
water application preparation for the SGMA regulatory standards. The most common
IDSS in California integrate two major components: (1) data input/analysis and (2) user
interface. The data input/analytical techniques acquire data based on soil, crop and/or
weather parameters, and the user interface is based on telemetry that simplifies the acquired
data using statistical interpretation, photogrammetry and/or simulation modeling. The
ease of understanding or user friendliness of the acquired information depends on the
use of graphics, color notations and approach to simplify the complex data [83]. The
IDSS commonly used in cultivating specialty crops in California can be classified into
three types (Table 2): (1) soil-based IDSS, (2) canopy-based IDSS and (3) remote-sensing
IDSS. Irrigation strategies, such as deficit irrigation, subsurface drip irrigation, overhead
linear move sprinkler irrigation, deep root irrigation, pressure-compensated drip irrigation,
automated surface irrigation, and tail recovery systems may enhance water use efficiency
for high-value crops in California [84].

5.1. Soil-Based IDSS

In IDSS, soil moisture is generally reported in inches of water per foot of soil or as
a percentage of weight or volume [2,85], while soil water potential is usually reported in
bars or kPa. The California IDSS based on soil moisture usually also estimate or infer soil
hydrologic properties (e.g., texture, AWC) to contextualize the recommendations. Therefore,
the soil sensors used as IDSS can be divided into two types.

Type 1—IDSS based on volumetric moisture content. These soil moisture sensors include
time domain reflectometry, capacitance and frequency domain reflectometry sensors [80,86].
Type 2—IDSS based on soil water potential. These sensors include tensiometers and
granular matrix sensors [87,88].
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Soil sensors are generally provided by IDSS vendors in combination with their telemet-
ric services to access the data through cloud-based data storage applications. The selection
of these sensors is based on evaluating water and energy savings, installation and mainte-
nance, ease of use and suitability for specialty crops and soil type, data interpretation and
additional services. Vendors have the capability of making recommendations to growers
by integrating and installing in situ weather stations. However, the CIMIS weather stations
are widely spread throughout the state and provide reliable and validated information on
the required weather parameters for water budgeting. Some commonly used soil moisture
sensors can be combined with telemetric services provided either by the sensor company
or by a separate IDSS vendor.

Soil moisture probes are widely used to determine the real-time volumetric moisture
content allowing user-friendly or site-specific calibrations. Measurements can be taken
at the desirable depths throughout the soil profile. These sensors also provide additional
information on soil temperature and salinity. These sensors, based on design, can also
measure soil water potential up to −10 bars. The sensors are provided to growers as leased
assets, and real-time irrigation recommendations are made through telemetry services.
Examples include tensiometers that are designed to measure soil water potential in heavy
(0–1 bar) and light soils (0–0.3 bar). Watermark sensors are based on electrical resistance in
soils and are widely useful for measuring soil matric potential up to 2 bars.

5.2. Canopy-Based IDSS

The metabolic processes in a plant system are driven by its water content. Plant water
status can be estimated by monitoring physiological and metabolic processes, such as stem
or leaf water potential, relative moisture content, stomatal conductance, canopy temperature
and xylem cavitation [2,73,89–92]. The most commonly measured water stress parameters in
California are canopy temperature, canopy cover and stem water potential [2]. These plant
water status indicators are most useful for irrigation timing and can be used to inform when
irrigation is required, when crops are not receiving enough irrigation, when there are problems
with irrigation systems (e.g., distribution uniformity), as a proxy for soil salinity stress and
for applying controlled stress to improve crop quality or health. Plant water status indicators
are less useful for understanding how much irrigation is needed, as they do not provide
information about soil moisture or evaporative demand. Plant-based IDSS are generally
combined with meteorological parameters and/or evapotranspiration data.

5.2.1. Canopy Cover

Radiation interception and evapotranspiration depend on the canopy cover and sur-
face area of a crop. Canopy cover serves as an important parameter for several remote-
sensing techniques used as IDSS. As crop canopies change throughout the growing season
in terms of their size, area and reflectance properties, so do the values of the crop coefficient
(Kc). The spectral reflectance of vegetation or crop canopy can help growers understand
the variability in the field by assessing the plant vigor and chlorophyll content [93,94].
A key component of canopy-based IDSS is the crop and growth stage-specific Kc value.
The Kc values are usually determined from field studies measuring actual evapotranspi-
ration and ETo [95,96] but can also be assessed using measurements of leaf area index,
light interception and percent canopy cover. Some of the commonly used IDSS based
on evapotranspiration and canopy parameters include Arable Mark 2 sensors and Tule
sensors. These sensors are leased by the respective vendors, and the irrigation recom-
mendations based on canopy parameters are informed through web/mobile applications.
Arable Mark 2 sensors are often combined with the soil moisture probes to apply the soil
and canopy parameters to complete the water budget equation for irrigation decisions.

5.2.2. Canopy Temperature

Canopy temperature indirectly measures water deficit when it increases above the
surrounding ambient temperature [97]. In general, the variability in canopy temperature
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is also a result of solar radiation and air temperature. Different indices are used for
irrigation scheduling using canopy temperatures. Some examples include the Crop Water
Stress Index, Stress Degree Days, Stomatal Conductance Index, Degrees Above Canopy
Threshold and Time Temperature Threshold (TTT) [98–101]. In California, the Crop Water
Stress Index and Degrees Above Canopy Threshold have been evaluated for wine grapes,
corn, pistachios and wheat growers using infrared thermal radiometry [102,103]. The
Crop Water Stress Index is calculated by determining the canopy temperature minus
the air temperature relative to a well-watered and non-transpiring reference crop [103].
Contrary to the Crop Water Stress Index, the Degrees Above Canopy Threshold only
requires a single canopy temperature measurement for quantifying water stress [103,104].
For point-based measurements, canopy temperature can be acquired using an infrared
thermal radiometer [103]. At larger spatial scales, thermal and spectral imagery IDSS
(e.g., Ceres Imaging) using remote-sensing tools can be used for determining indices based
on canopy temperature.

5.2.3. Stem Water Potential

Stem water potential is an indicator of how hard a plant is pumping to move water
from the soil (−15 to 0 bars) through the xylem (−2 to −60 bars) to the atmosphere
(−200 to −800 bars) [105]. In California, stem water potential is most commonly used
and recommended for high-value perennial crops, such as grapes, almonds, walnuts and
prunes [106,107]. Stem water potential is most often measured by a pressure chamber, which
applies pressure to a sample leaf until the water is pushed out of the stem [90,106,108].
There are growing numbers of sensors available for measuring the stem water potential.
These sensors can function as micro-chips or micro-tensiometers or dendrometers for
installation in woody vines or trunks [108]. In order to be useful, stem water potential
measurements need to be contextualized in relation to the environmental demand, as they
are sensitive to temperature and vapor pressure deficit [105]. Local tools are available for
growers to correct stem water potential readings in reference to the evaporative demand and
compare the readings to baseline values when water is not limited. The use of stem water
potential measurements is high in wine grapes, as growers are interested in maintaining
specific levels of stress after veraison in order to maintain the quality (M. Cooper, personal
communication). Larger California vineyards have ‘pressure bomb teams’ to constantly test
stem water potential throughout the vineyards during the key time periods. Although there
are disease management benefits to maintaining stress at hull split, nut growers have still
been slow to adopt the pressure chambers to measure stem water potential, with adoption
rates of under 20% among almond growers [109].

5.3. Remote-Sensing IDSS

Remote and proximal sensing tools can be used either independently or in conjunction
with ground measurements to estimate actual evapotranspiration, ETc, allowable depletion
and plant water status. Remote sensing can use several modes of data collection, including
satellite, aerial imaging and scanning towers. Remotely sensed measurements of evapotran-
spiration typically use thermal imaging as an indicator of canopy radiometric temperature,
where higher temperatures indicate relatively lower rates of evapotranspiration (relatively
higher partitioning to sensible heat flux), and relatively lower temperatures indicate higher
rates of evapotranspiration (relatively higher partitioning to latent heat flux). Remotely
sensed vegetation indices from multispectral data, such as NDVI, can be used as analogs for
the leaf area index, canopy cover and height, which are also required for evapotranspiration
mapping algorithms. All remotely sensed evapotranspiration models solve for sensible
heat flux, soil heat flux and net radiation, which leaves the latent heat flux or the energy
equivalent of evapotranspiration as the remainder of the energy budget. Some of the en-
ergy balance models commonly used in evapotranspiration estimation include Two-Source
Energy Balance (TSEB), Surface Energy Balance Algorithm for Land (SEBAL), Surface En-
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ergy Balance System (SEBS), Mapping EvapoTRanspiration using Internalized Calibration
(METRIC) and High-Resolution Mapping of EvapoTranspiration (HRMET) [77,110–115].

These types of evapotranspiration maps and crop stress indices have been integrated
into several IDSS that serve California, such as Ceres Imaging (Oakland, CA, USA), Ir-
riwatch (Maurik, The Netherlands) and Open ET (a satellite-based water data resource
launched by National Aeronautics and Space Administration (NASA) and United States
Geological Services (USGS)). However, one potential concern or drawback is that detectable
differences in evapotranspiration based on canopy radiometric temperature may be re-
vealed too late for irrigation intervention, in that crops exhibiting this level of water stress
have already suffered some yield loss from decreased photosynthesis [116]. This limitation
of thermal imaging has led to new areas of development for IDSS that may involve combin-
ing a variety of spectral bands, solar-induced fluorescence and thermal imagery to provide
additional information relating water status to yields [117,118].

Proximal sensing of soil apparent electrical conductivity can be a useful tool to de-
velop high-resolution maps of AWC and other important soil physical and hydrological
properties [119]. These soil maps can be used in conjunction with maps of evapotranspira-
tion or stem water potential measurements to assess plant water status [77,78]. In many
areas outside of California, commercial IDSS have been developed to assign management
zones based on soil properties, especially in regions where center pivot irrigation systems
dominate and can be retrofitted or designed with variable rate application technology. New
opportunities for precision irrigation exist in California micro-irrigation systems using
variable frequency drives to irrigate based on the management zones. However, there
are not yet commercially available IDSS in California that rely primarily on soil apparent
electrical conductivity mapping to delineate zone-based irrigation management.

6. IDSS for Energy Management in California
6.1. General Considerations

The California agricultural sector consumes 75% of total water use in California
compared to 24% and 1% for municipal and industrial sectors, respectively [4]. During
the most recent megadrought between 2012 and 2016, the groundwater contribution to
total water use nearly doubled from 30–40% to 60%, with most of this being used for
agricultural irrigation [120,121]. Agricultural groundwater consumption is directly linked
with the energy required to pump groundwater from the aquifers. In California, 8% of total
energy use is for agriculture, and 70% of the agricultural energy used is for groundwater
pumping [122]. Agricultural water and energy demand surge in dry years and the summer
months—especially in the afternoons during peak daily energy demand for water to cool
both crops and humans [123]. Additionally, 60% of daily water-related energy demand is
due to pumping irrigation water in California from surface and groundwater sources [124].

Most surface irrigation systems have an irrigation efficiency of 67.5–70%, while the
traditional sprinkler system ranges between 70 and 82.5%. Drip and micro-sprinkler
systems have the highest irrigation efficiency compared to sprinkler or surface systems,
ranging between 87.5 and 90% [125]. Pressurized surface and subsurface drip or micro-
sprinkler irrigation systems improve irrigation efficiency but require more energy than
surface flood or gravity irrigation [121,126]. Because there has been a nearly commensurate
conversion in half of California’s irrigated lands from surface flood or gravity systems to
pressurized systems since 1972 [127], California’s irrigation infrastructure has unfortunately
increased its overall energy consumption while increasing its overall water use efficiency.

6.2. Science

There are opportunities for coupled energy and water conservation in agriculture
through improving irrigation system efficiency, application efficiency, as well as crop water
use efficiency. Agricultural pumping of irrigation water uses approximately 10 TWh of
electricity per year [128], and at least 1 TWh or 10% of this usage could be conserved
through improved control of water with better water metering and improved distribution
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uniformity [4]. Additionally, pumping reductions through science-based irrigation schedul-
ing efforts on farm- or district-wide scales may also reduce energy consumption [123].
Additional energy savings may be available through increasing the pump efficiency to
55–65% and using variable frequency drives to facilitate changes in pump speeds when
system pressure demands are not peaking [129]. Moreover, on-farm solar generation and
solar or hybrid solar pumps can also curb peak energy demands that coincide with peak
water demands [123].

Finally, either front loading pumping to on-farm water storage structures in advance
of peak energy demand [123,130] or applying a larger magnitude of irrigation a week in
advance of a predicted heat wave could mitigate peak energy usage during heat waves [126].
However, scheduling larger irrigation events in advance of a heat wave would have to
ensure that soil properties facilitated storage rather than drainage of excess water. Similarly,
deficit irrigation has been suggested for energy conservation; however, this would need to
ensure that there either would not be a significant yield loss or that the yield losses would be
low enough to justify an overall profit based on reduced energy and irrigation costs. Finally,
there is an opportunity for collective and community-based action from irrigation districts
and newly formed groundwater sustainability agencies to use and develop district-wide
tools for common pool energy users to pump and store water in advance of peak times, as
well as prioritize and optimize groundwater pumping based on the crop stage and need
during droughts and heat waves [131].

6.3. Policy

The above coupled energy and water management measures require supportive poli-
cies and governance for success, in which California has made some promising progress. In
response to the groundwater-pumping-related energy use and high greenhouse gas emis-
sions during the megadrought of 2012–2016, California enacted the State Water Efficiency
and Enhancement Program (SWEEP) in 2014, which is the first and largest program of its
kind in the United States to date. The SWEEP program involves a competitive application
process for growers to receive grants to make improvements that will reduce water and
energy consumption, greenhouse gases, as well as improve drought resilience and air
quality. Agricultural operations can receive grants for three project categories: (1) pump
and motor enhancements, which include installing variable frequency drives and replacing
or improving the efficiency of motors or pumps; (2) irrigation system enhancements for
systems with pumps, which include system pressure reduction measures, soil moisture
sensors, automating irrigation systems and IDSS; (3) fuel conversion and renewable energy,
which include changing fuel types to low-carbon fuel, as well as the installation of on-site
renewable energy sources to offset fuel use [132].

Applicants must quantify the baseline information about current energy, infrastruc-
ture efficiency and water use. Approximately one-third of applicants have been awarded
SWEEP at a maximum of USD 100,000 for 18 months [133]. The awardees must use base-
line water and energy data, as well as the SWEEP Irrigation Water Savings Assessment
Tool and California Air Resources Board Greenhouse Gas Calculator tool, to quantify the
projected water and energy savings. The SWEEP program has invested USD 80 million in
over 800 projects for an annual water saving of 88,496 Megaliters and GHG reduction of
80,077 MTCO2e [134]. The program’s challenges include the need for a stable, continuous
funding source and increased accessibility for small and socially disadvantaged grow-
ers [133]. Specifically, although a third of projects have been located in disadvantaged
communities, only 10% of the funds have gone to socially disadvantaged growers and
ranchers [133,134]. Although the SWEEP program has incentivized and improved the
irrigation system infrastructure and design for energy optimization, there is still a need and
large opportunity for IDSS and training related to coupled water and energy management
in California [133].
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6.4. Decision Support for Irrigation and Energy Management

Although there has been an identifiable need for co-management of irrigation and
energy, there is currently only one decision support tool deployed for this purpose in
California. The California Energy Commission funded the research and development of
AgMonitor [135]. AgMonitor integrates irrigation schedules based on the crop coefficient
approach and monthly aerial imagery with flow metering and all on-farm energy sources
and sinks. This IDSS provides information on irrigation magnitude and timing events
that will also optimize energy conservation across a farm and has been validated in key
Californian crops, such as processing tomato, almond, pistachio and alfalfa. Although
commercially available IDSS are limited in this area, there are currently research-level
IDSS in development to optimize irrigation applications with photovoltaic power produc-
tion [136,137].

7. IDSS for Nitrogen (N) Management in California
7.1. General Considerations

California’s intensive irrigated agricultural production has led to the use of large
amounts of nitrogen (N) fertilizers. In contrast, N over-application has been associated with
water pollution and various human health concerns [138]. More than 50 years of tradeoffs
between the use of N fertilizer and the health of the environment have been documented in
California [139,140]. Over the past years, the volume of inorganic N fertilizer used in the
state has expanded dramatically. The annual sales between 1980 and 2001 have exceeded
600,000 tons of N [141].

A significant increase in the N fertilizer application rate was observed in the Sacra-
mento Valley, San Joaquin Basin and Tulare Basin of the Central Valley for the period
2002–2012 compared to 1991–2001 [142,143]. Nitrogen loading in the Sacramento Valley,
San Joaquin Basin and Tulare Basin saw a significant increase in 2002–2012 compared to
1991–2001 [138]. More than 740,000 tons of N fertilizer was loaded on roughly 2.7 million
hectares of irrigated farmland in California. The excess N fertilizer leaches to groundwater
and affects the quality of drinking water [144]. Improper management of N fertiliza-
tion in California has contributed to the unsustainability of agricultural production and
has threatened the health of Central Valley communities whose drinking water relies on
groundwater resources.

7.2. Science

Crop N needs have been investigated to provide growers with tools to determine
proper fertilizer applications. Numerous quantitative and complex decision-making tools
have been consistently used to achieve improved nutrient management and irrigation.
Online spreadsheet models and IDSS that process large amounts of information have been
implemented by the University of California to help growers determine the appropriate
amounts of N fertilizers to apply (Table 3) [82]. Early season leaf sampling in tree crops was
developed to estimate N status in tree tissues and make adjustments in fertilizer timing
and amount. Brown et al. [145] developed online spreadsheet models for managing N
in almonds and developed the four Rs of N management (right rate, right time, right
place, right source). The right rate consists of applying N in appropriate proportion to tree
demand. The right time is the N application with the accurate timing with tree uptake,
which starts at 70% leaf out and stops soon after harvest. The right place encompasses
variable rate irrigation and N application to address in-orchard soil and yield variability
as well as N application to the tree’s active root zone or foliage. The right source refers
to using the type of fertilizer that optimizes other nutrients and suits the crop and the
environment [146]. The Soil Nitrate Quick Test (SNQT), developed for vegetables, provides
an estimate of the soil mineral N status capable of offsetting a fraction of the total N
required by a crop. Hartz et al. [147] developed N requirements for processing tomatoes in
the Central Valley. Nitrogen application guidelines were later modelized to help growers
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optimize N application in processing tomato production [148] and across several key
California crops [149].

Table 3. Principal decision support systems (DSS) for assisting with nitrate and salinity management
of vegetable and tree crops in California.

IDSS Name Operation Mode Software Available Reference

N management

CropManage Web-tool-based https://cropmanage.ucanr.edu/ (accessed on 20 August 2021) [82]
FARMS Web-tool-based https://ciswma.lawr.ucdavis.edu/ (accessed on 20 August 2021) [81]

N budget calculator Web-tool-based http://fruitsandnuts.ucdavis.edu/N_Budget_Calculator/
(accessed on 20 August 2021) [126]

Salinity management

WARMF Computer-based - [82]

SJRRTM Web-tool-based https://www.restoresjr.net/restoration-flows/water-quality/
(accessed on 20 August 2021) [81]

7.3. Policy

To respond to California’s nitrate issues, the State Water Board has evaluated the
existing policies to determine if existing water regulations are sufficient and have improved
the wastewater regulations to protect groundwater quality (www.cvsalinity.org (accessed
on 20 August 2021)). The dischargers, such as growers, food processors, municipalities
and ranchers, have to comply with new regulations (e.g., Salt and Nitrate Management
Plan). Californian growers are under rising regulatory pressure to improve N use efficiency
in agricultural production to decrease nitrate leaching. Therefore, they need the tools to
accurately estimate crop N needs and availability to confidently adjust the N application
rates. The federal and state agencies responsible for protecting air and water quality have
been assessing the causes, consequences and costs of California’s agriculture-wide N use.
This concern explains the various regulatory initiatives, such as the Central Valley Regional
Water Quality Control Board’s Irrigated Lands Regulatory Program, the Central Coast
Regional Water Quality Control Board’s renewal process for the Irrigated Agricultural
Lands Waiver, the Climate Action Reserve’s N Fertilizer Reduction Protocol and the Central
Valley Regional Water Quality Control Board’s General Order for Dairy Waste Dischargers
and the Central Valley Salinity Alternatives for Long-term Sustainability (CV-SALTS)
program [150].

CV-SALTS is a collaborative program tasked to develop environmentally and eco-
nomically sustainable management plans for nitrates and salts in the Central Valley. The
Executive Committee encompasses diverse stakeholder groups, such as agricultural groups,
cities, industry, regulatory agencies and community and environmental justice representa-
tives. The Salt and Nitrate Management Plan (SNMP) developed by CV-SALTS is built on a
range of existing water quality management policies. It proposes additional policies, mech-
anisms and tools to provide the Central Valley Water Board with the appropriate means for
addressing the long-term loading of salt and nitrates in the different regions of the Central
Valley. CV-SALTS is also tasked with developing an all-inclusive regulatory program with
adequate strategies to address the management of salts and nitrates sustainably [151].

7.4. Decision Support for Irrigation and N Management

Numerous IDSS for irrigation + N have been developed by extension services, uni-
versities and other institutions involved in water management for states or regions [152].
Some IDDS that help manage N in CA include CropManage, Food, Agriculture, Resource
Management System (FARMs) and the N Budget Calculator.

CropManage can help growers and farm managers determine watering and fertilizer
N schedules on a field-by-field basis. All the required components to determine crop water
needs, such as ETo and weather data (from CIMIS), estimated Kc, as well as adequate
irrigation scheduling based on soil properties, are available without the need for in-field
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sensors. CropManage is publicly available at: https://cropmanage.ucanr.edu/ (accessed
on 21 August 2021). The software automates all steps required to calculate crop water
requirements, including N recommendations, based on soil crop N uptake models, nitrate
quick test values and credits for nitrate in irrigation water and preceding crop residues.
CropManage also helps growers track irrigation and fertilizer schedules on multiple fields
and allows data sharing among users from the same farming operations. The web-based
application record-keeping capability allows growers to review water and N applications
on each field and maintain data required to comply with water quality regulations. Crop-
Manage can be integrated with other web applications and data sources to improve the
accuracy of irrigation and fertilizer models [82].

FARMs is a user-friendly geospatial web-based application that simplifies the use of
the decision support system for agrotechnology transfer (DSSAT) model by automating pro-
cesses such as weather, climate and soil input. FARMs was developed using DSSAT-CSM
and open-source GIS software. FARMs allows adaptive management to perform in-season
yield predictions using both weather and climatic data to evaluate the potential impacts of
management decisions on end-of-season yield. FARMs uses NASA POWER weather data
integrated through an API [153]. FARMs simulates nitrogen cycling of the cropping systems
and quantifies crop N stress based on nitrogen uptake versus available nitrogen and is
expressed as a range between 0 (no stress) to 1 (maximum stress). FARMs also simulates
the probability of nitrate leaching from a given irrigation and N management strategy.

The N Calculator is a predictive model that helps growers by advising on the timing
and the appropriate amount of N fertilizer to meet yield-based demand [145]. The N
Calculator has many functions, including calculating fertilization rates based on the newest
UC N management research, applying the four Rs of nutrient management (right source,
right rate, right timing and right location), enabling efficient fertilizer use, calculating N
supplies from non-fertilizer sources, such as cover crops groundwater and compost, and
cloning the N budget from one orchard to another within and between years.

For example, using this tool for almonds requires entering a yield estimate for pre-
and post-bloom and adding early season tissue-sampling results. The N Calculator helps
to meet much of the nutrients management required from the Irrigated Lands Regulatory
Program. The Irrigated Lands Regulatory Program requires keeping an Irrigation and N
Management Plan (INMP) worksheet onsite and submitting a summary report to one’s
coalition in post-harvest time.

8. IDSS for Salinity Management in California
8.1. General Considerations

About 40% of global irrigated land is located in arid/semi-arid zones, and this irriga-
tion is often associated with salinization [154]. With the development of intensive irrigation
practices, the Central Valley of California has become one of the world’s most productive
farming regions. The continuously increasing levels of crop production are threatened due
to the deteriorating irrigation water quality. Clay layers impeding percolation to deeper
groundwater regions have led to salt accumulation in drainage water in many Central
Valley regions. One of the primary sources of salts is the water supply imported from the
Sacramento–San Joaquin River Delta. About 250 tons of salt a day are imported into the
San Joaquin Valley through the state and federal water project canals [155]. The soils of the
Central Valley’s western regions are sedimentary and alluvial from the origin and formed
in an uplifted seabed. The native salts have mineralized and leached to the shallow water
tables over time due to irrigation and flooding [156]. In the predominantly clay and silty
clay soil textures, as plants extract water from the soil and transpire, the salt concentration
level of the drainage water is likely to increase. As a result, salts are likely to concentrate in
the root zone and accumulate in shallow water tables through leaching [157]. Excessive salt
concentrations affect a plant’s osmotic balance and trigger a reduction in plant water uptake
and stomata closing, which causes transpiration inhibition to occur [158]. The increasing
soil salinity slowly and steadily contaminates water supplies and reduces crop production.
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Various factors, such as drought, climate change, water shortages and land-use changes,
could exacerbate the salinity conditions.

More than 1.8 million hectares of irrigated cropland in Central Valley (primarily in
the San Joaquin Valley) are affected either through saline irrigation water or saline soils,
and tens of thousands of hectares of productive agricultural land are at risk (Figure 1) [159].
Salt accumulation has triggered more than 99957 hectares to be taken out of agricultural
production, and another 0.6 million hectares are considered damaged by salinity [155].
Current management activities address only 15% of the annual salt load [150]. The direct
annual costs from increasing salinity will range from USD 1 billion to USD 1.5 billion, and
total annual income impacts to the State of California are predicted to range between USD
1.7 billion and USD 3 billion by 2030 [160]. The income reduction in the Central Valley
will range between USD 1.2 billion and USD 2.2 billion [160]. In 2014, salinity reduced
California’s agricultural revenues by USD 3.7 billion, amounting to 8.0 million tons of crop
production lost [161].

8.2. Science

The U.S. Salinity Laboratory (1954) classified five cases of agricultural soil salinity: non-
saline (0–2 dS m−1), slightly saline (2–4 dS m−1), moderately saline (4–8 dS m−1), strongly
saline (8–16 dS m−1) and extremely saline (>16 dS m−1) [162]. Although this salinity system
is the most commonly used, many other classification systems of salt-affected soils exist
and are available in the literature [163]. The presence of salt in soil water may affect plant
growth either through salt-specific or osmotic effects. The salt-specific or ion-excess effect
of salinity occurs when excessive salt amounts enter the crop, accumulate and damage the
transpiring leaves’ cells and trigger plant growth reductions. The osmotic or water deficit
effect of salinity occurs when salt in the soil solution decreases the plant’s water uptake
ability and leads to a decrease in the crop growth rate [164]. Salinity stress affects all the
major plant processes, such as germination, growth, water uptake and yield [165].

Salinity can be classified as natural or primary salinity and second-hand salinity or
human-induced salinity. Primary salinity comes from salts accumulation over long periods
of time via natural soil or groundwater processes. Two natural processes contribute to
primary salinity. The first is the weathering process that breaks down rocks and releases
various types of soluble salts, including chlorides (of sodium, calcium and magnesium),
sulfates and carbonates. The passive results from oceanic salt that the wind carries inland
are deposited in the soil by rainfall. Passive salinity occurs due to human activities, leading
to the modification of the soil’s hydrologic balance [165].

8.3. Policy

The increase in salts concentration in the California Central Valley due to many factors,
including intensive irrigation, has led to crises and political decisions toward remediation.
High concentrations of selenium were found in fish in Kesterson National Wildlife Refuge,
and vast numbers of deformed and dead waterfowl were discovered at the refuge [166].
In 2006, the Central Valley Regional Water Quality Control Board’s Salt and Boron Total
Maximum Daily Load for the San Joaquin River was approved, and a salinity control plan
entitled ‘Actions to Address the Salinity and Boron Total Maximum Daily Load Issues
for the Lower San Joaquin River’ was adopted in response to the Salinity and Boron
Total Maximum Daily Loads [156]. Solutions for addressing salinity in the Central Valley
water require considering innovative salt management strategies for both the short term
and the long term to reach salt balance and restoration of the impacted areas. In 2015,
the State Water Resources Control Board adopted Resolution No. 2015–0010 to approve
Basin Plan amendments and to include the Salinity Variance Program, which applies to
surface water under the Clean Water Act (CWA). The Salinity Variance Program follows
water quality standards that include the following constituents: electrical conductivity,
total dissolved solids, chloride, sulfate and sodium [155]. Recognizing the challenges of
managing salinity in surface and ground waters, the Salt and Nitrate Management Plan
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(SNMP) was implemented as part of the Central Valley Salinity Alternatives for Long-Term
Sustainability (CV-SALTS).

The long-term salinity management strategies recommended by the SNMP are divided
into three different phases, as described below.

(i) Phase I focuses on developing a prioritization and optimization study for salinity
management by using an interim salinity approach.

(ii) Phase II is related to environmental permits, obtaining funding, engineering
and design.

(iii) Phase III consists of the implementation of physical projects to manage salt in the
long term.

The interim salinity permitting approach is recommended by the SNMP to be set
in place for 15 years. The interim salinity approach requires dischargers to participate
in the prioritization and optimization study. However, the dischargers opting out of
participating in the prioritization and optimization study would not be eligible for obtaining
a variance under the Salinity Variance Program (https://www.cvsalinity.org (accessed on
29 August 2021)).

8.4. Decision Support for Irrigation and Salinity

Although there are not currently any California IDSS that also factor salinity manage-
ment, there are several decision tools available to manage salinity in California. One of
the water quality regulation tools used throughout the U.S. is the EPA-supported Total
Maximum Daily Load (TMDL). The TMDL is a controlling tool for allocating responsibility
for contamination in impaired waterbodies by assessing the assimilative capacity of the
waterbody for the contaminant, determining the mass loading from non-point and point
sources, which contribute to the pollution, and developing downstream water quality
strategies reducing the excess of the pollutants in the waterbody. The implementation of
the TMDL tool in the Central Valley of California has led to the development of decision
support system tools, such as the Watershed Management Risk Management Framework
(WARMF) and the San Joaquin River Real-Time Management (SJRRTM).

The Watershed Management Risk Management Framework (WARMF) model is a de-
cision support system designed to guide stakeholders towards a comprehensive watershed
management plan. The tool helps specifically to facilitate TMDL implementation at the
watershed level. The embedded model uses a mass balance approach for an extensive suite
of potential San Joaquin River pollutants, such as total dissolved solids (measured as EC),
suspended solids, phosphates and nitrates. Models are also used to simulate agricultural
and wetland drainage return flows and estimate the salts buildups from shallow ground-
water. Components such as simulation models, graphical software and GIS software are
incorporated into a graphical user interface (GUI) to easily visualize the model flow and
salinity information. The WARMF model contains hydrologic routing that is capable of
calculating flow and water quality at roughly one-mile intervals [156,167].

The SJRRTM is a web-based salinity DSS that combines WARMF and assimilative salt
capacity forecasts information to increase stakeholder awareness of the unique opportuni-
ties and measures to improve water quality resource management in the San Joaquin River
Basin. The decision support system was implemented using OpenNRM, an open-source
software that systematically allows users to perform tasks such as creating, modifying and
managing data and web content. One of the specific features of the SJRTM web portal has
been the integration of WARMF model-generated flow with real-time SJR tributary flow
and EC data with salt load assimilative capacity predictions [156].

In addition to decision support systems, various models are widely used for salinity
management studies in the Central Valley. Models such as Westside Agricultural Drainage
Economics (WADE) [168] and the Agricultural Production Salinity Irrigation Drainage
Economics (APSIDE) [169] are examples of policy models used in the Central Valley. The
APSIDE model has the specificity of simulating the agricultural production and projected
income in response to irrigation water quality and drainage policy constraints [169].
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9. IDSS for Irrigation System Management

Under increasing water deficit or drought conditions, distribution uniformity plays a
critical factor in managing the available water efficiently while simultaneously improving
and maintaining the yield and quality of specialty crops [170,171]. Distribution uniformity
can be defined as the even distribution or spread of applied irrigation to avoid over- or
under-watering at specific locations across the field. Non-uniform distribution can not only
reduce the yield, but it affects the drainage, increases soil erosion risk through runoff, in-
creases nitrate leaching and reduces the available nitrate content in the soil [172,173]. Under
California’s arid conditions, a reduced use of water and energy in the agricultural sector is
largely dependent on efficient DU. Although it is impossible to attain 100% distribution
uniformity, the goal is to maximize the uniform and efficient distribution of the applied
irrigation water.

Application use efficiency is the ratio of the amount of water lost through evapotran-
spiration to the amount of water applied for crop production [174]. The joint initiative of
the California Department of Food and Agriculture and Department of Water Resources
has a goal of decreasing 1200–1220 ML of agricultural water use per year through on-farm
efficiency improvements. The majority of California’s crops are now cultivated using micro-
irrigation systems, such as sprinkler, drip and subsurface drip irrigation. The distribution
uniformity for drip and subsurface drip irrigation systems is determined by taking the
ratio of average flow of the lowest quarter of emitters to all emitters sampled [130,175].

Decision support tools offer the potential for site-specific irrigation management,
which optimizes distribution uniformity by delineating the fields into management
zones [176,177]. The UCANR’s Bilingual Emission Uniformity Calculator uses a bilin-
gual (English and Spanish) interface with an Excel spreadsheet model to help growers
calculate distribution uniformity based on emitter discharge measurements [178]. Using
wireless sensor networks (soil and crop canopy-based), irrigation automation and telemet-
ric control through mobile or cloud-based applications allows the growers to efficiently
increase the distribution uniformity based on real-time data. Growers can use automation
equipment to avoid over- or under-watering with remote access [179,180]. In California,
many nut growers in the state are using an alternative method of determining transpira-
tion uniformity rather than using distribution uniformity [181]. Transpiration uniformity
describes the uniform loss of water from the field, in contrast to DU, which defines the
spread across the field. Because transpiration is an indicator of plant metabolism, it can
also be affected by nutrients, pests or soil heterogeneity, which would not be related to the
uniformity of an application. Remote-sensing IDSS are useful in evaluating the distribution
uniformity based on thermal and NDVI maps generated using multispectral imagery. In
California, Ceres Imaging is widely used by orchard and vegetable growers to identify the
water stress due to uneven distribution uniformity based on colorized NDVI and thermal
maps, as shown in Figure 3. The identification of stressed areas at an early stage in a crop
field allows growers to quickly identify, diagnose and correct irrigation system problems to
avoid yield losses at the harvest stage.
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Figure 3. Remote-sensing imagery-based IDSS provided by Ceres Imaging Inc. (Oakland, CA, USA)
for evaluating distribution uniformity using colorized NDVI and thermal maps. (a) Warmest areas
of the field were under water stress and showed lowest vigor at early crop growth stage because
of low dripline pressure due to topographical differences; (b) Increased pressure of driplines after
identifying the stress led to more uniform distribution of water application with homogenous crop
vigor saving an estimated yield worth USD 20,000.

10. IDSS Evaluation and Ongoing Work in California

In this rapidly growing field of products and services, detailed information on the
utility, user friendliness, reliability, accuracy and precision of IDSS is of primary importance
to the end user. The purpose of the Hub project is to evaluate the irrigation decision support
systems to optimize irrigation water use efficiency and reduce energy use on farms for con-
veyance, pumping and distribution of irrigation water in California. The current evaluation
of IDSS is based on scientific validation, user friendliness and inputs from advisory groups.
User-friendly decision support tools are important for maximizing benefits by enhanc-
ing productivity and simplifying the spatiotemporal environmental parameters [182,183].
For IDSS, innovation, validation and adoption are cyclical, iterative processes engaged
in by the agricultural technology industry, applied or Cooperative Extension researchers
and growers (Figure 4). In the cyclical process of innovation–validation–adoption, it is
helpful to form a project advisory group to achieve a more practical, secure and cohesive
approach [179]. This user feedback is pivotal for implementing and improving new IDSS
technologies [184]. The primary focus of the advisory group members is to assist in shaping
the process of research that can simplify the later steps for adoption [185,186].
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Ideally, IDSS should be assessed for data accuracy, linearity, precision, response time
and reliability [187,188]. This can be carried out using research-grade equipment with eddy
covariance and neutron probe measurements of key water budget components, as well
as estimates of leaf area index, to better understand and predict the Kc values. Different
complexity may be required for different end users (i.e., farm manager versus irrigators).
The system’s user friendliness can be assessed by user interview or survey that generally
focuses on: (a) graphic interface features, (b) graphic interface ease of use, (c) field placement
decision support, (d) comprehensiveness, (e) update frequency, (f) reliability, (g) system
value and (h) unanticipated costs [189,190]. In addition, the performance evaluation
of IDSS is important based on soil and crop type. Performance evaluation should be
based on statistical analysis and comparison based on root mean square error (RMSE),
RMSE-observation-based standard deviation ratio (RSR), mean bias error and index of
agreement [191].

11. Conclusions

Irrigation decision support systems (IDSS) may greatly benefit the >400 crops grown
throughout the State of California to support diverse challenges, including drought, en-
ergy, nitrogen and salinity management. Here, we conducted a comprehensive review of
existing IDSS available to California growers, their underlying science, incentive policies
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and anticipated outcomes. Effective energy, water, nitrogen and salinity management in
California under regulatory policies, such as the Sustainable Groundwater Management
Act, require the integration of different strategies to improve precision irrigation schedul-
ing, uniform water and nutrient application, and the soil–plant–water monitoring. In
addition to water management, these policies also aim to manage groundwater and require
the record keeping of water use, nitrogen (N) leaching, salinity management and energy
consumption. Most of the irrigation decision support tools used in California are based on
fewer components of the water budget, and none of the available IDSS provide estimation
of all parameters together. For example, soil-based IDSS consider soil water potential or
volumetric water content, while crop canopy IDSS are based on crop evapotranspiration.
These IDSS can potentially be used in combination to obtain the overall inflow and outflow
of water to and from the soil–plant–atmospheric continuum of the crops. However, het-
erogeneity in agronomic and field soils can lead to poor management practices at certain
locations in agricultural fields. Remote sensing IDSS are useful in determining the spatial
scale information based on spectral data, but the interpretation of multispectral/thermal
imagery is complicated and difficult for growers to base decisions for water, nutrient and
salinity hotspots. In a nutshell, there has been an identifiable need for the co-management
of irrigation decision support, nitrogen and salinity management and energy efficiency.
The integration of IDSS for nexus benefits is a cyclical process of innovation by service
providers/researchers, validation by extension research professionals and adoption by
growers. Therefore, for a widescale adoption of these tools, the synergetic evaluation of
point-based and spatial IDSS needs to be studied and validated on different scales (farm
to county). Not only is the information presentation and availability important; the inte-
gration within the farm management hierarchy is equally significant. The recommended
information on water, nitrogen, salts and energy management must be clearly and simply
transmitted to and from farm managers to individual irrigators.
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Abstract: Droughts affect all socio-economic sectors and have negative impacts on the environment.
Droughts are expected to increase in frequency and severity due to climate change, which makes their
effective management a high priority for policy makers and water managers. Drought Management
Plans (DMPs) are a key instrument to deal with droughts and help to prepare for them in a proactive
way as a framework for coordinated action before and during droughts. The development of DMPs
is still incipient worldwide and their assessment remains limited. In Spain, DMPs at a river basin
level were first approved in 2007. Following the legal obligation set in Spanish law, those plans were
revised after ten years and a new version was approved in 2018. A content analysis was developed
for assessing the 2018 DMPs of eight river basins managed by their corresponding River Basin
Authorities, which depend on the Spanish central government. The evaluation criteria were set using
the extant scientific literature and official guidelines on drought preparedness and management. The
analysis showed that some aspects of the DMPs are especially well-developed, e.g., the distinction
between drought and water scarcity, the definition of thresholds to trigger different levels of drought
and water scarcity alerts and actions for drought management and coordination. Other issues still
need further improvement, especially those related to the analysis of drought impacts, the assessment
of vulnerability and the ex-post evaluation of DPM performance.

Keywords: drought; water scarcity; risk-based approach; drought management plan; assessment
protocol; river basin scale

1. Introduction

Droughts are expected to increase worldwide due to climate change [1,2], and “by the
late twenty-first century, the global land area and population in extreme-to-exceptional
terrestrial water storage drought could more than double, each increasing from 3% during
1976–2005 to 7% and 8%, respectively” [3]. Drought is a complex natural hazard that affects
more people in relation to other disasters at a global level [4,5]. In Europe, the “overall
economic impacts of droughts events in the past thirty years are estimated in a total of
100 billion € at EU level” [6] (p. 2) and are estimated at €9 billion per year currently but are
projected to increase with climate change [7]. Moreover, FAO [8] estimates that there were
USD29 billion in agricultural losses to developing countries between 2005 and 2015 from
drought impacts alone. Our knowledge on drought impacts is still limited despite their
characterization being essential to plan and manage drought episodes adequately [9–12].
Van Loon et al. [13] argues that feedbacks between drought and people are not fully
understood, making drought management inefficient. Recently, Enenkel et al. [9] argued
that that granularity of data on climate hazards such drought are increasing but it is not
aligned with socio, economic and impact data, which is a priority for planning emergency
as well as mitigation strategies.
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To effectively mitigate such impacts, drought management should follow a proactive
risk-based approach [8–11,14–16]. Moreover, preparedness and risk management reduce
the cost of drought actions compared to crisis management or inaction [15]. This implies
considering, at least, hazard characterization and drought event monitoring, vulnerability
assessment and risk management including actions to address drought effects.

Despite a proactive risk-management approach being considered as the best way to
mitigate drought impacts [8,14,17–22], drought management in many countries is still
a reactive crisis management, instead of following a risk-management approach [23].
According to Fu et al. [24] (p. 53), “as drought directly and indirectly affects almost all
aspects of a community, it appears there is not a holistic planning framework for droughts”,
which can limit its development. Raikes et al. [23] found that planning and preparedness
was less common for drought than for floods, and, for instance, in the USA, progress
towards proactive and planned management for drought has been more limited than for
other natural hazards [25,26].

Drought Management Plans (DMPs) are a major management tool for proactive risk-
based drought management [27–32] and are still rather uncommon, as only 27 countries
around the world are listed as having drought policies and plans under the Integrated
Drought Management Programme initiative. An overview of the limited development of
DMPs in the European Union (EU) was first provided by Benitez and Schmidt [32] and
was recently updated by Vogt et al. [33]. Other studies report some relevant experiences,
particularly in the USA, Australia, South Africa, Iraq, India, Brazil and Central America,
among others [14,15,20,21,34]. Existing DMPs are quite heterogeneous in terms of the
problems addressed and the legal and regulatory frameworks and sectors considered.

While numerous scholarly works have analyzed drought as a natural hazard, the
literature on DMPs is much more limited [9,35]. There is a need for evidence on their
adequacy and usefulness, which can be framed as analysis of DPM content and quality
(ex-ante assessment) or as analysis of performance once applied (ex-post assessment).
Ex-ante assessment implies obtaining a comprehensive understanding of DMPs charac-
teristics and, more importantly, exploring to what extent they are designed for proactive
drought management. This is the focus of this paper. The ex-post assessment analyzes
the effectiveness of such plans in reducing drought impacts once the drought ends [35].
This type of assessment, however, is particularly challenging for at least three reasons: first,
because it can be difficult to attribute observed impacts to a drought or to other concurrent
non climate-driven factors; second, because the definition of a baseline against which to
measure impacts and the capacity of measures to mitigate them can be controversial; and
third, because it requires the systematic collection of impact data, which is rarely a priority.

From an evaluation perspective, in the last decade, some interesting efforts have
emerged in the USA and Europe that can serve as a reference for analyzing the adequacy of
the design and content of DMPs. In the USA, several authors [24,26,36,37] have assessed
drought management initiatives at different levels. In the EU, two studies on water scarcity
and drought set the basis for the analysis of DMPs across countries. The first one [32]
provides an overview of the existence of DMPs, while the second one [38] focuses on how
water scarcity and drought issues are considered in River Basin Management Plans (RBMP).
Both studies were developed in the framework of the ‘Blueprint to Safeguard water in
Europe’ [39], a European Commission initiative to assess the implementation of the EU
water policy. Nonetheless, clear guidelines for the systematic assessment of DMPs using a
risk-management approach are still lacking.

This study contributes to the field of DMPs evaluation by developing a framework for
assessing the adequacy of the design and content of DMPs according to a risk-management
approach. The purpose of this framework is to provide an ex-ante assessment tool to
analyze the completeness of already existing DMPs in terms of a risk-management approach.
The developed framework was applied to Spain to test its adequacy and to help to identify
areas where DMPs can be improved and lessons for other countries where the use of this
drought management tool is still incipient or absent.
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The paper is structured as follows: the following section presents the assessment
protocol developed, and Section 3 describes the case study based on drought characteristics
and drought management experience in Spain. The results of the analysis and their
discussion are presented in Sections 4 and 5, respectively. In Section 6, some research
limitations are mentioned and, finally, conclusions are drawn in Section 7.

2. Materials and Methods

A conceptual framework was developed to organize and address relevant aspects for a
DMP according to the literature on drought risk management (Figure 1). This includes three
main components (drought hazard characterization, drought vulnerability and drought
measures and management) originally proposed by Hayes et al. [11] and later adapted by
Fu, et al. [24], WMO/GWP [14] and Vogt et al. [16]. In this framework, the first component
looks at the hazard itself; the second characterizes the system exposed to the hazard,
while the third component analyzes actions taken to minimize the impact of the hazard on
the system.
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Figure 1. Conceptual framework for the assessment of drought management plans.

Assessment of these three components requires working with a set of criteria (12 in
total), that, in turn, are made operative through specific indicators (43) (Table 1). They were
selected or defined taking into account several sources: (a) extant literature on drought
risk management [5,8,14,17,20,21,25,40–45]; (b) DMP guidelines developed in different
geographical contexts [22,46–52]; and (c) applied assessments of DMPs from the litera-
ture [24,26,36,53].
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Table 1. Assessment Protocol.

Component Criteria # Indicators

1.
D

ro
ug

ht
ha

za
rd

ch
ar

ac
te

ri
za

ti
on 1. Understanding of the problem

1 Definition of drought and drought types
2 Definition of prolonged droughts

3 Relation with other similar terms (water scarcity, aridity,
desertification)

2. Identification and assessment of
past drought episodes

4 Identification of past drought episodes
5 Number of episodes assessed
6 Level of detail of the assessment

3. Analysis of the causes of drought
7 Identification of the causes of drought
8 Presence of references to climate change
9 Identification of cause–effect relationship

4. Analysis of drought impacts
10 Identification of type of impacts (social, economic,

environmental)
11 Identification of impacts by sectors
12 Quantification of drought impacts

2.
D

ro
ug

ht
V

ul
ne

ra
bi

li
ty

5. Analysis of water resources

13 Assessment of available water resources
14 Analysis of water quality

15 Assessment of environmental elements related to
water resources

6. Analysis of water demands
and uses

16 Analysis of urban supply
17 Analysis of agricultural demand
18 Analysis of industry and/or hydroelectrical demand
19 Analysis of other water demands
20 Analysis of environmental water needs
21 Identification by areas or geographical references or systems

7. Analysis of vulnerability factors

22 Calculation of water balance
23 Identification of vulnerable zones, sectors or groups
24 Identification of vulnerability factors
25 Identification of measures or actions to reduce vulnerability

8. Indicators and drought declaration

26 Identification of drought indicators
27 Establishment and calculation of indicators
28 Relationship between drought indicators and alert levels
29 Procedure for drought phase declaration

3.
D

ro
ug

ht
m

ea
su

re
s

an
d

m
an

ag
em

en
t

9. Analysis of drought measures

30 Definition of drought measures
31 Analysis of the effectiveness of measures
32 Estimation of drought measures costs
33 Relationship between measures and drought phases
34 Implementation mechanism of the measures
35 Relation of the DMP with other plans

10. Drought management
and coordination

36 Plan foundation and legal aspects
37 Allocation of responsibilities
38 Identification of resources needs (means, staff and budget)

11. Communication and participation 39 Dissemination and communication of the DMP
40 Public participation

12. Follow-up of the DMP
41 Definition of follow-up indicators and tools
42 Ex-post assessment
43 Plan revision process

Source: Own elaboration based on [5,8,19–21,24,26,32,34,36,42,48,50–55].

The indicators are scored through a content analysis of the DMPs considered. Fol-
lowing the recommendations of the UN [56], a 1–4 scale was used. This type of scale
allows for higher granularity than the absent/present (0–1) scale employed in [24] Fu et al.
(2013b) and it is an alternative to the 0–2 scale used by Fu and Tang [26] which is linked to
potential personal bias in the scoring process. In this assessment, the scoring values should
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be understood as follows: very poorly described or absent (=1); insufficiently described
and/or not supported by data (=2); well described and supported by some relevant data
(=3); and well described and supported by data (=4).

The indicator scores are aggregated by criterion with equal weight and then by com-
ponent. To reduce subjectivity in the coding process, at least two independent coders
should score each DMP. When disagreements arise, the coders should discuss their scores
to reach an agreement. This is a crucial step in content analysis, as it may show the clarity
and adequacy of the coding protocol where a high level of disagreement between coders
may reflect deficiencies in the scoring protocol [57]. Moreover, it helps reduce bias in the
interpretation of the data [58]. However, there are limited standards and guidelines on how
to report intercoder reliability [59].

3. The Case Study
3.1. Drought Management Context in Spain

Drought is a characteristic feature of Spain’s climate. Several droughts have occurred
in the Iberian Peninsula since 1941, with significant spatial differences in terms of their
severity, duration and time of occurrence [60,61]. The main episodes occurred in 1941–1945,
1979–1983, 1990–1995 and 2005–2008 [55].

Drought management in Spain is part of a broader water management system that
is largely determined by the EU Water Framework Directive (WFD 2000/60/EC) [62].
According to this directive, water resources are managed with River Basin Management
Plans (RBMPs), which should be drafted and revised by the River Basin Authorities (RBAs)
every 6 years. In 2001, article 27 of the Spanish National Hydrological Plan (SNHP, Law
10/2001) [63] established that inter-regional RBAs should develop a DMP for the river
district within two years of the approval of the law (i.e., 2003). It also required local gov-
ernments in towns with populations over 20,000 inhabitants to develop their Drought
Emergency Plans for urban water supplies. In 2005, the ministry in charge of water man-
agement drafted a guidance document [48] to support RBAs in the elaboration of drought
management plans, which in the spirit of the WFD should complement RBMPs. Eventually,
the first generation of DMPs was approved in March 2007 (ORDEN MAM/698/2007) [64],
at the end of a prolonged drought (2004/05–2007/08) that affected most of Spain. Several
authors analyzed the process of development of those DMPs in the context of the WFD
implementation [27,28,31].

In 2017, the official DMP guidelines were upgraded [52] and a second generation of
DPMs was approved at the end of the year 2018 (Orden TEC/1399/2018) [65]. Figure 2
summarizes the key milestones related to DMPs approval in Spain during recent decades.
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The need for planning for drought has been present in the national legislation for
almost two decades now, which puts Spain among the most advanced countries in the
EU in the development of DMPs [32]. This and the following reasons make Spain an
interesting case study to analyze drought planning practices at a river basin level: (a) It
is a drought-prone country representative of drought risks in the Mediterranean region;
(b) the approval of DMPs by RBDs has been compulsory since 2001; (c) DMPs were first
developed during a prolonged and severe drought nation-wide, but since then, several
droughts have occurred in different parts of the country; and (d) the 2018 DMPs are the
result of a revision process, which should have led to a refinement and improvement of the
original plans based on lessons from experience.

In Spain, the ministry in charge of water management undertook an assessment of
drought management during the period of 2004–2008 [55] and, more recently, analyzed
the DPMs approved in 2007 [67]. The latter study includes a descriptive review of the
DMPs and focuses on monitoring procedures and results of the DMPs. However, no clear
criteria of analysis were established to guide the assessment, which limits its ability to
deliver a diagnosis and make recommendations for improvement. Additionally, a specific
assessment of the 2007 DMP in the Segura River Basin was undertaken by Gómez Gómez
and Pérez Blanco [68]. Other studies have explored current challenges in the integration of
water resource management and drought risk management in Spain [30].

3.2. Geographical Scope of the Study

The proposed framework was applied to the DMPs developed in eight RBDs managed
by River Basin Authorities belonging to the ministry in charge of water management and
were approved in December 2018 (Figure 3, Table 2).
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Table 2. Spanish River Basin Districts: DMPs overview.

River Basin District Sup. Km2 Average Precipitation (mm/Year) Available Resources (hm3/Year)

Douro DOU 98,073 612 12,777
Tagus TAG 55,781 636 7865

Guadiana GUA 55,527 808 4869
Segura SEG 20,234 385 1425
Ebro EBR 85,362 622 14,340

Guadalquivir GDQ 57,527 582 7071
Jucar JUC 42,730 475 3194

Miño-Sil MIN 17,619 1257 11,823

The analysis was applied to the main document of the DMPs (memoria in Spanish)
and complementary documentation (Strategic Environmental Assessment report, public
consultation process document, post-drought evaluation report) were analyzed only when
clarification about specific topics was needed.

4. Results
4.1. Overall Drought Plan Content and Characteristics

The selected DMPs obtained a mean score of 3.04, which represents 76% of the maxi-
mum possible score (4), with a 0.16 standard deviation (Table 3).

Table 3. Results for each component and criteria by DMP.

Min Score of
a DMP

Max Score of
a DMP STDesv Mean Score

% of
Possible Max

Score

Component 1.
Drought hazard characterization 2.11 3.18 0.43 2.73 68%

1.1 Understanding of the problem 3 3.33 0.15 3.08 77%

1.2 Identification and assessment of past
drought episodes 2.33 3.92 0.56 3.48 87%

1.3. Analysis of causes of drought 1.67 3.33 0.67 2.33 58%

1.4 Analysis of drought impacts 1.11 3.22 0.78 2.04 51%

Component 2.
Drought vulnerability 3.44 3.65 0.10 3.53 88%

2.1 Analysis of water resources 3.44 3.65 0.1 3.17 79%

2.2 Analysis of water demands and uses 3 3.33 0.18 4.00 100%

2.3 Analysis of vulnerability factors 4 4 0 2.97 74%

2.4 Indicators and drought declaration 2.5 3.25 0.28 4.00 100%

Component 3.
Drought measures and management 2.86 2.86 0.00 2.86 72%

3.1 Analysis of drought measures 2.86 2.86 0 2.42 60%

3.2 Drought management and
coordination 2.42 2.42 0 3.20 80%

3.3 Communication and participation 3.2 3.2 0 3.00 75%

3.4 Follow-up of DMPs 3 3 0 2.83 71%

See Supplementary Materials Table S1.

The drought vulnerability component had the highest mean value (3.5/4 or 88% of
the total possible score) followed by the component of drought measurement and manage-
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ment (2.8/4 or 72% of the total possible score) and the drought hazard characterization
component (2.7/4 or 68%).

4.2. Results by Component
4.2.1. Drought Hazard Characterization

All the DMPs include a clear definition of drought but do not distinguish among drought
typologies (meteorological, agricultural, hydrological and socioeconomic), despite these
operational definitions being considered important for drought management [38,50,69,70].
However, all the DMPs include a specific definition for prolonged drought, a key ele-
ment [31] in the WFD, which states that prolonged droughts can justify the temporary
non-compliance of the good status objective of the directive in the specific water body.
Moreover, droughts are clearly defined as a natural phenomenon and differentiated from
water scarcity caused by human water demands that exceed the availability of resources.
Long-term water scarcity problems require different solutions as they have different causes,
thus, a clear differentiation through an indicator-based monitoring system can have a posi-
tive practical implication for drought management. DMPs only tackle “temporary” water
scarcity problems and leave “permanent” water scarcity problems to the ordinary planning
in RBMPs. At times this distinction can be challenging, as temporary and permanent water
scarcity situations may coexist within a territory or in time.

A detailed Identification and assessment of past drought episodes is included in all the
plans. The Analysis of the causes of drought, water deficits or unsatisfied demands and
drought impacts in general results in quite low scores. The plans that fare the lowest on
this issue define and describe structural and conjunctural shortages but do not clearly
identify their causes. Only two DMPs make a comprehensive analysis of drought causes,
water deficits or unsatisfied demands, with the identification of drought causes and cause–
effect relationships.

In general, references to climate change are generic, and even when some projections
are provided, they are not downscaled to the specific RBD or are included in the DMPs
only in terms of a relative reduction of natural runoff in 2027 and 2033 scenarios [30].

Similarly, the Identification of drought impacts is generic and qualitative. Only a small
number of DMPs identify impacts by sectors and by type (social, economic and environ-
mental). This criterion received the lowest scores in the component, which may be because
limited information is available on impacts of past droughts. The literature on drought
management widely acknowledges the need for a systematic inventory of environmental,
economic and social impacts [10,71,72].

4.2.2. Drought Vulnerability

The DMPs obtained the highest global score in this component. All the DMPs include
an extensive analysis of water availability, including surface water, groundwater and non-
conventional resources (transfers, reuse, desalination) by territorial subunits within the
river basin. This is complemented by the analysis of water quality and the assessment
of associated environmental elements, which, in some DMPs, are insufficiently described
and documented.

Most DMPs consider environmental flows, whose establishment is mandatory in the
elaboration of the RBMP. Nonetheless, there is still a weak link between environmental
flows and the operational system for drought management. Moreover, environmental
concerns should not be limited to environmental flows if the recovery of the ecological
status of water bodies after a drought is pursued [73].

All the DMPs obtain the highest possible score in the Analysis of water demands and
uses (Table 3). This includes analysis of urban supply, agricultural, industry, hydropower,
tourism and environmental needs, each identified by area or hydrological unit. As for the
previous criterion, this information is easily available in the corresponding RBMP, which
explains the high level of detail in the DMPs on this issue.
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The scores received by the criterion of the Analysis of vulnerability factors vary widely
across the assessed DMPs. The calculation of a water balance and the quantification of
water deficits at different scales is present in all the plans and serves as a starting point
for the identification of vulnerable zones. However, none of the plans relate those areas to
specific factors of vulnerability [74] and concrete measures to reduce them. The analysis
of vulnerability is often challenging but it is key in the adoption of a risk-management
approach. The IPCC [75] proposed a conceptual framework that lays the foundation to
develop a comprehensive analysis of vulnerability to drought within DMPs. The quantifi-
cation of vulnerability should be context-specific and requires the integration of different
types of data that are often not available at an RBD level [76].

All the DMPs received the maximum score in the criterion of the Establishment and
definition of indicators and a drought declaration process. The system developed by RBAs to
analyze and declare drought phases was established in 2007 for the first generation of
DMPs, and since then it has been fine-tuned and homogenized across all the RBDs.

4.2.3. Drought Measures and Management

In this component, all the DMPs obtained the same scores (Table 3). This may be
surprising at first, but, actually, it reveals an interesting pattern in the elaboration of
the plans. As mentioned earlier, the DMPs were developed using an official guidance
document [52] as a reference. In the case of three of the four criteria (Drought management
and coordination, Communication and participation, Follow-up of DMPs) all the RBAs followed
a similar approach for different reasons. In some cases, the legal framework defines
intervention provisions and does not foresee basin-specific adjustments. In other cases,
the score uniformity points to gaps shared across river basins, as is the case with the lack
of availability of follow-up tools. Finally, the homogeneity reveals that RBAs in some
instances have opted to just use standard information to fill in some sections of the DMP,
without making an effort to consider the specific features of their basin.

The Analysis of drought measures criterion received the lowest score in this component
and the second lowest value of all the indicators analyzed. Although all the plans iden-
tify drought measures and describe their implementation mechanisms, they do not make
the criteria for the selection of measures explicit. In all DMPs, the definition of drought
measures is associated with specific drought or water scarcity scenarios and is linked to
a specific territorial unit within the RBD. In general, the planned measures are activated
incrementally as the level of drought/water scarcity severity increases: (a) strategic plan-
ning and monitoring (non-drought/scarcity situation); (b) water saving, monitoring and
public awareness (pre-alert); (c) demand and supply-side measures, monitoring and control
(alert); and (d) intensification and exceptional actions (emergency). However, the DMPs
do not assess the cost-effectiveness of each measure, which would allow for comparison
across measures and the selection of the best option at each moment of the drought event.

The criterion Drought management and coordination is well rated. The allocation of
responsibilities is described in detail in all the DMPs through the establishment of a
drought task force and the definition of the role of each of the concerned actors during each
stage of the drought event. Additionally, all the DMPs clearly identify the means, staff and
budget needed for drought management in each RBD.

All the DMPs emphasize the importance and benefits of Public participation and high-
light the need for effective communication. The plans present the participation process
implemented during their revision, but they do not report results of consultation or how
stakeholders’ contributions have been taken into account. They state the need to undertake
an assessment of the drought management performance after a drought episode (Follow-up
indicators) but provide little detail on how to perform this in practice.

5. Discussion

The scoring produced by the application of the assessment framework can be useful
for comparisons across similar management units (in this case, the river basin districts)
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to identify best practices and gaps and to detect general patterns that point to common
challenges or strengths.

The analysis of some of the issues in DMPs, which are disaggregated at smaller
territorial units within the RBD, is supported by extensive data. These are mostly issues
related to information already available in the RBMP, such as water resources availability,
demand and uses, hydraulic balances or ecological flows.

All the DMPs include an innovative indicator system that distinguishes between
prolonged drought as a natural event and water scarcity situations and links them to a set
of phases and triggers that activate different sets of measures. This system has been adapted
to the specific characteristics of each RBD, as each RBA defines the parameters to be used
to calculate the indicators and the thresholds that trigger the activation of the drought
management phases. This provides enough flexibility to monitor and manage different
situations in a context-specific manner and, at the same time, allows for comparison across
sub-units within an RBD or also across RBDs. This flexibility points to the potential of this
indicator system in other countries, especially in an EU context, where, to date, “there is
not a proposed common agreed indicator system to be used across the EU” [31] p.6. The
Spanish drought indicator system could be particularly relevant for countries that have
already developed drought policy initiatives and are interested in designing or refining
their drought monitoring system. This could be the case of some EU countries such as
Italy, Portugal or Greece [32,49], but also can apply for other countries in Asia, e.g., India,
Iran and Iraq [20,21,34]; Africa, e.g., South Africa, Kenia, Ethiopia and Namibia [5,20,21];
Australia [77]; the USA, specifically in the Midwestern United States [14,24,36]; or countries
of the Mesoamerican Dry Corridor such as Guatemala, Honduras, Nicaragua and El
Salvador [78]. Even if, in general, this indicator system is positively valued by scholars
and practitioners, it has also been criticized by some because it does not couple streamflow
forecasting models and seasonal climate forecasts [31]. Moreover, several other drought
and water scarcity indicators [79] could be considered in the existing indicator system to
broaden its scope.

Several areas for improvement that should be included in the next generation of
Spain’s DMPs were identified. DMPs should consider and analyze specific vulnerability
factors. A better understanding of those factors is key to mitigate drought and water scarcity
impacts at an RBD level and by sectors. Vulnerability is a complex issue and different
conceptual frameworks already exist, but none of them has been systematically applied
in the development of the DMPs analyzed in this study. This can limit the understanding
of the root causes of vulnerability to drought in each territory, which in turn hampers the
effective mitigation of impacts [35,41,46,71].

Climate change will aggravate the frequency, duration and intensity of drought
episodes in the Mediterranean region [1,75], and this will affect several issues such as
the characteristics of drought as well water availability and demands, and, hence, will
determine the type of measures to be considered in each DPM. While some climate change
considerations are included in the development of RBMPs, a specific analysis of the effect
of climate change on drought characteristics would be key to understanding vulnerability
to drought in the future.

The lack of a systematic analysis of drought impacts is one of the main weaknesses of
the studied DMPs. The plans lack specific guidelines on how to characterize and register
drought impacts. This is not an easy task, as the evaluation of drought impacts varies
across sectors and territories. However, this type of information is crucial to complement
the system of indicators related to the status of the availability of water resources and
adequately inform decisions on drought management.

Another element that presents a great potential for improvement is related to the
follow-up of the DMPs’ measures, as also stated by Hervás-Gómez and Delgado-Ramos [80].
This requires a comprehensive analysis of all the DMP elements that are implemented
during a specific drought episode and should be based on a specific effort to monitor the de-
velopment and the effects of the measures. Currently, DMPs focus on monitoring drought
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and water scarcity conditions, and the measures to be implemented pivot on this indicator
system. However, the systematic monitoring of the effectiveness of drought measures,
the evolution of vulnerability factors and the characterization of drought impacts would
contribute to more adaptive management. This should be done in coordination with the im-
plementation and follow-up of the Emergency Plans for urban areas over 20,000 inhabitants.
However, only a small number of Emergency Plans have been drafted and are operative
(8.5% of those that should exist by law, according to Vargas and Paneque [30]), and, where
they do exist, they are poorly coordinated with the corresponding DMP.

The analysis of the relation between drought and its impacts on environmental flows
is still incipient. Despite the great progress made in the establishment of environmental
flows in RBMPs, they are not still sufficiently integrated into DMPs as a variable for water
demands analysis as well as a vulnerability factor-related to ecosystem. In future revisions
of DMPs, this issue should receive larger attention. Moreover, more information on other
relevant environmental issues and water quality parameters should be included in the next
generation of DMPs.

In some cases, the RBAs have followed the official guidelines for the elaboration of
DMPs with a limited effort to truly analyze and describe the mandated topics in the specific
context of their RBD. Thus, some issues are dealt with superficially and their inclusion adds
little to the actual management of drought (e.g., impacts analysis, ex post evaluation).

The assessment of DMPs is relevant to all the socioeconomic sectors that heavily
depend on blue water, first among which is irrigated agriculture, which is responsible
for 65% of water demand in Spain [81] and 70% worldwide [82]. In Spain, in case of
prolonged drought, water rights for irrigation can be curtailed, and our study assesses the
completeness of the legal and operational framework used to implement such restrictions.
The analysis also reveals a bias that is present not only in Spain’s DMPs but in the drought
management literature in general. Drought management is mostly seen solely as a (blue)
water management issue, whereas drought effects go far beyond a reduction in the amount
of water available in reservoirs, streams or aquifers. Moreover, drought evolution over
time largely depends on the conditions of land, soil and vegetation when the dry spell sets
in and, more broadly, on how land and natural systems are managed. The view of drought
management from a blue water perspective has several causes, the main possibly being
that the lack of water for domestic water supply and economic uses is the most evident and
severe consequence of a poorly-managed drought. While this is understandable, it misses
the fact that drought is a complex, multifaceted phenomenon that would require a holistic
approach in order to be managed in an effective way.

The analysis reveals that the studied DMPs have been developed using a reasonably
complete, proactive risk-management based approach. Thus, the Spanish experience of
drought management is worth being closely considered by countries that plan to develop or
update their own DMPs. Our work also revealed aspects of drought management planning
which are especially challenging in Spain and that will require special attention in future
DMPs in Spain and may be bottlenecks in other countries.

The analysis of Spanish drought plans showcases the fact that having well-developed
DMPs is no panacea. Those plans are intended to manage temporary situations of wa-
ter stress in a structured way, with the ultimate goal of minimizing its negative effects.
However, their existence or quality says little about the effectiveness of water policy to
deliver a truly sustainable use of water resources, as shown by the fact that, currently, in
Spain, 42.2% and 40.4% of surface and groundwater water bodies, respectively [83], fail to
meet the good status requirements set by the EU Water Framework Directive. Moreover,
since the effectiveness of drought management is rooted in water planning and in the daily
management of water resources, it is possible to have well-developed DMPs and still suffer
severe drought impacts.
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6. Caveats and Future Research

This study develops and applies a framework to assess the content of eight DMPs in
Spain in relation to a risk-management approach to drought management. The analysis of
the actual performance of that approach during a drought event is beyond the scope of this
paper and is a necessary next step in this research.

The analysis of public consultation documents may be of great value for further
analysis of Spain’s DMPs, as it may help identify controversial or critical issues as perceived
by the different players who have a stake in how drought and water scarcity are managed.

The DMPs analyzed in this study have been developed by inter-regional RBAs to
respond to a legal requirement. In order to comply with this, technical guidelines were
provided by the Spanish Ministry in charge of water management. It would be interesting
to expand the current analysis to Spain’s intra-regional RBDs, where the development
of DMPs is the responsibility of the regional water agency and there is no obligation to
follow the Ministry’s guidelines. The comparison of both types of DMPs could provide new
insights into possible alternative approaches to manage drought in a similar geographical,
legal and sociocultural context.

More research on specific issues related to drought management may contribute to
the enhancement of DMPs. This includes (1) the role of groundwater resources as a buffer
of drought impacts within a specific territory, (2) the integration of climatic and inflow
forecast models more effectively and (3) the assessment of drought measures through, e.g.,
cost-benefit analysis that could help inform the selection of mitigation options during the
drought event.

In Spain, drought management is mainly framed in terms of water policy and, as a
result, DMPs have a strong emphasis on blue water. As highlighted in the previous section,
our framework of analysis was developed using such a water-related focus and for this
reason it does not assess the inclusion in DMPs of issues that are highly relevant in order to
achieve holistic drought management (e.g., soil and land conditions, forest management,
biodiversity conservation, public health, energy production). The analysis of how drought
is considered in sectorial plans that do not fall under water management would be of great
value in order to find synergies and gaps across sectors and therefore improve drought
management in a transversal way.

7. Conclusions

During the past two decades, water authorities at different levels in Spain have made
important efforts to shift from a reactive to a proactive risk-based management approach to
deal with drought. This is reflected in the development of guidelines by the ministry in
charge of water management for the elaboration of DMPs by different RBAs. As a result, all
the DPMs analyzed in this study include, to some extent, the key elements of this approach
according to the academic and specialized literature.

Some elements of the risk-management approach are well developed in the current
DMPs. These are: the system of drought indicators and thresholds to trigger phased
interventions to deal with drought and water scarcity, the analysis of past drought episodes
and the characterization of water availability and demands, among other aspects. There is
room for improvement in some other elements, namely: the identification and analysis of
vulnerability factors, the inventory of past drought impacts, the relation of drought with
climate change and environmental issues, the role of environmental flows and groundwater
resources, the analysis of the effectiveness of drought measures options and the post-
drought evaluation of management procedures.

The framework applied is a useful tool for the identification of possible gaps in and
strengths of drought management plans, where they already exist. The resulting numerical
scores help identify thematic and territorial trends and can contribute to the debate about
the aspects of drought management that require special attention in the future. Moreover,
the Spanish experience in this field can be considered as an interesting starting point for
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the development of DMPs in other countries where drought management is still incipient
or absent.
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Abstract: Due to climate changes, we encounter irregular and low rainfall. It is important to effectively
use groundwater and to select crops that can be grown with deficit irrigation in the summer period.
Restricted irrigation reduces water consumption but it may cause losses in terms of yield and quality.
Different agronomic practices can be used to minimize these losses. One of these practices is the
application of foliar zinc fertilizer. In previous studies, zinc application was found to increase the
bioavailability of cowpea grain. In this study, the effects of the application of zinc fertilizer on
yield, some yield components, physiological traits, and grain quality characteristics of three different
cowpea genotypes (Akkız, Karagöz, and a Local variety) were investigated under full (100%) and
deficit (50%) irrigation. The field experiment was conducted using a randomized complete block split–
split plot design with irrigation rates (100% and 50%) and foliar zinc application (0 and 60 kg ha−1)
with three replicates used each season (2020 and 2021 growing seasons of cowpea) in the field crops
trial fields of the Aydin Adnan Menderes University, at the Faculty of Agriculture, located in the
western region of Turkey. Yield and quality characteristics such as grain yield, some yield components,
grain protein content, grain mineral matter content, and grain amino acid content were measured.
According to the data obtained, a 40% yield reduction was observed under restricted irrigation in the
first year of the study. It was determined that zinc application under restricted irrigation increased
the yield by approximately 10%. The second-year results found that the amount of essential amino
acids such as histidine, phenylalanine, valine, and lysine increased with the zinc application. This
study highlights that deficit irrigation conditions caused stress in the plant and caused losses in the
yield and quality. Still, the severity of this stress was reduced by foliar zinc application, and it was
determined that it positively affected grain yield and bioavailability in cowpea.

Keywords: cowpea; deficit irrigation; zinc; amino acid; biofortification

1. Introduction

Cowpea is a legume that is grown in tropical and subtropical areas, especially in Africa.
Of the approximately 15 million ha of cultivation area in the world, 14.8 million ha are
located on the African continent, and 8.6 million tons of cowpea production of 8.9 million
tons are obtained from the African continent [1]. Cowpeas can adapt to low fertile soils
and arid conditions. In this way, they can adapt to high temperatures and low rainfall due
to recent climate changes.

The Aegean Region, which has a Mediterranean climate with mild and rainy winters
and dry and hot summers, is the region with the largest cultivation area in Turkey.

Drought is one of the most important abiotic stress factors that negatively affects
grain yield [2,3]. The adaptation of plants to water deficits and survival may occur with
different responses [4,5]. Many morphological, physiological, and molecular changes may
occur in drought stress [6,7]. The most important physiological responses are decreased
chlorophyll content, photosynthesis, and evaporation [8–10]. Among legumes, the cowpea
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is a plant that can tolerate these adverse conditions [5,9–12]. In addition, the cowpea
experiences little change in its leaf water potential through osmotic adjustment under
drought conditions [13]. Because of these characteristics, it is a product that can be utilized,
especially in Mediterranean climate conditions where water scarcity is caused by high
temperatures, irregular and low rainfall amounts, and global climate changes [13,14].

In recent years, longer drought periods and higher maximum temperature values have
been observed in Mediterranean climate conditions compared to previous years. Climate
change is felt more effectively in the region. Studies have predicted that the earth’s average
temperature will increase by 2–4.5 ◦C [15]. Long temperature periods and extremely hot
conditions in semi-arid regions cause water scarcity in crop production [16]. Water scarcity
negatively affects the plant’s growth and development and thus, significantly reduces the
grain yield. Under drought conditions, water is the most important factor determining
the yield. It has been observed that water scarcity, especially during flowering and pod
formation periods, negatively affects a plant’s yield by causing a decrease in the number
of pods in the plant due to a decrease in the flowering rate and inhibition of nitrogen
fixation [17–19].

Cowpea plants tend to turn their leaves vertically to reduce the amount of light coming
in and lessen the effect of sunlight on the leaves when there is drought in the field [20].
In this way, cowpea, unlike many other plants, can survive the vegetative period under
drought conditions. This is achieved using as much soil water as possible by deepening the
roots of some varieties that can handle not getting enough water [21].

One of the most important characteristics of the cowpea is that it consists of plant
parts with high nutrient content [22–25]. The grain is rich in protein content (23–32%)
and amino acids such as lysine (427 mg g−1 N) and tryptophan (68 mg g−1 N). The grain
contains protein, fiber, and minerals such as zinc, iron, and magnesium [26]. The mineral
substances contained in the cowpea gain importance in meeting the nutritional needs of
the rapidly increasing world population. Zinc is the most important element associated
with human health, especially in developing countries [27]. In previous studies, while
the grain yield and grain zinc content increased with the zinc fertilizer application in
cereals [28–31], it was also determined that the amount of zinc needed for nutrition was
met [28,29,32–34]. It is known that the tryptophan content of plants decreases, protein syn-
thesis stops, and free amino acids accumulate in a zinc deficiency. This situation naturally
causes yield and quality losses. The zinc intake of plants may affect their sensitivity to
drought stress. Zinc is involved in detoxifying reactive oxygen species (ROS) and it is also
important for reducing the production of free radicals by superoxide radical-producing
enzymes [35]. Under drought stress, the plant may die due to the production of reactive
oxygen species during photosynthesis [36]. In addition, in zinc deficiency, photosynthetic
carbon turnover is impaired, oxygen production and activity are reduced, and sensitivity
to drought increases [37].

Zinc is an essential element in human nutrition [38]. It is known that 17% of the world’s
population suffers from inadequate zinc intake [39]. Many people do not receive adequate
amounts of zinc in their diets [31,40]. Biofortification is the elimination of deficiencies
in humans by increasing the concentrations of vitamins and minerals, which are widely
deficient in society, in the products most consumed by society [41]. Increasing the amount
of zinc in grains through fertilization has been observed in cereals and other crops [31,42].
Biofortification aims to improve zinc fertilizers’ application and develop crop varieties that
take up more zinc from outside and accumulate it in the edible parts [31]. The bioavailability
of zinc varies between 18 and 34%. Compensating for this low bioavailability is important
for biofortification [39], because zinc application is associated with cowpea’s nitrogen
metabolism and protein content [43]. Thus, zinc biofortification increases the zinc content
in the cowpea grain, which is beneficial for human nutrition. As a result, exposure of the
plant to zinc deficiency during drought may cause the drought sensitivity in the plant to
become more pronounced.
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Zinc is given to plants in two ways, through the soil, and through foliar application.
Foliar application minimizes groundwater pollution [44–46]. In addition, zinc uptake from
the soil is deficient in soils with high pH [47]. For these reasons, the foliar application of
zinc becomes more attractive.

This study will provide information on deficit irrigation and the arid conditions that
are expected to be experienced in many countries. The effect of zinc fertilizer applied under
these conditions on grain yield and nutritional value will be determined. Some previous
studies have been carried out on this subject, but detailed quality analyses, such as grain
amino acid measurements in cowpea, have been lacking. This study aimed to determine
the effects of foliar zinc application on grain yield, grain mineral matter content, and grain
amino acid content under deficit irrigation conditions.

2. Materials and Methods

The study was conducted in 2020 and 2021 in the experimental field (27◦51′ E, 37◦51′ N,
altitude 50 m) of the Department of Field Crops, at the Faculty of Agriculture, Adnan
Menderes University, Aydin/Turkey.

According to Table 1, it has a sandy loamy characteristic in soil properties. The table
shows that soil organic matter and potassium are low, while phosphorus and calcium are
high. According to the results of soil analyses, it is observed that soil pH is high.

Table 1. Soil properties of the trial site.

Soil Texture
pH Organic

Matter (%)
Phosphorus

(ppm)
Potassium

(ppm)
Calcium

(ppm)
Sodium
(ppm)Sand (%) Silt (%) Clay (%)

72 16.7 11.3 8.0 2.0 21 176 2978 101

Sandy loam High Low High Low High Low

Figure 1 shows the experimental years’ average temperature and total precipitation
values. It can be observed that the average temperature values exceeded the long-term
average in both years. In the first year of the experiment, the average temperature in
June exceeded all previous years. Notably, the average temperature in July and August
of the second year was higher than in the other years. When the total rainfall values were
analyzed, it was determined that the total rainfall in the trial years was lower than the total
of the long years, and the lowest rainfall was obtained from the second year of the trial.
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Three cowpea varieties (Karagöz, Akkız, and a local variety) were used in the experi-
ment. Akkız and Karagöz varieties are registered in Turkey; while the local variety is not
a registered variety, it is a variety that farmers in the region have been planting in their
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fields for many years to meet their consumption. The local variety was supplied by farmers
producing in the region because it is not commercially produced. Two varieties (Akkız
and Karagöz) were widely cultivated in the region. Local variety was supplied by farmers
producing in the region. The experiment was conducted under normal irrigation (100%)
and restricted irrigation (50%) conditions, with and without zinc (kg Zn ha−1, ZnSO4 as
foliar spraying). Irrigation factor was used as the main plot, cultivar as sub-plot, and Zn
treatments as split–split plot.

Before sowing, 40 kg ha−1 of nitrogen, phosphorus, and potassium were applied as
15-15-15 fertilizer. The weeds were controlled twice, at the beginning and post-flowering
stages, by hand. After sowing, nitrogen fertilization (20 kg N ha−1) was applied at a
10–15 cm plant height.

Sowing was performed by regina model sowing machine manufactured by the Italian
company Maschio-Gaspardo on May 9 of the first year and on 10 May of the second year.
Each plot was 70 cm wide with 6 rows (5 m long). The randomized complete block split-
split plot design with three replicates was used each season. Before sowing, 40 kg ha−1

of nitrogen, phosphorus, and potassium were applied as 15-15-15 fertilizer. The weeds
were controlled twice, at the beginning and post-flowering stages, by hand. After sowing,
nitrogen fertilization (20 kg N ha−1) was applied at a 10–15 cm plant height. Foliar zinc
applications were applied at the beginning of the flowering period. Foliar treatments were
applied with a portable, hand-held field plot sprayer at 250 kPa pressure using a water
carrier volume of 400 L·ha−1.

The irrigation water to be applied to the plots was calculated based on the cumulative
evaporation amount from the class A evaporation container multiplied (located near the
experimental field) by different coefficients. In the study, 2 irrigation doses (full irrigation
and deficit irrigation) were determined, in which different levels of cumulative evaporation
were applied.

These are as follows:

1. Full irrigation (100%): Irrigation water applied for 7 days as much as possible for the
cumulative evaporation measured with a screened US Weather Bureau Class A pan
located at the meteorological station near the experimental field.

2. Deficit irrigation (50%): It was established that irrigation water was applied as 50% of
full irrigation.

The equation given in [48] was utilized to apply to the plots.

I = Kpc · Ep · P · A

I = amount of irrigation water to be applied to the plot (L); Kpc = evaporation container
coefficient 100%; Ep = cumulative evaporation amount (mm); P = Plant cover (%); and
A = Plot area (m2) and drip irrigation method was used [49].

In the study, irrigation started when flowers were seen on the plants, and irrigation
was carried out with a drip irrigation system every 7 days.

Plant height, number of pods per plant, number of grains per pod, leaf area index,
leaf chlorophyll content, 100 grain weight, grain yield, grain protein content, grain mineral
content, and grain amino acid content were measured.

Approximately 500 g samples were dried at 70 ◦C for 48 h. 100-seed weight (g) was
determined by counting from dry seeds and weighing four replicates of 100 seeds.

Seed yield was calculated from 11.4 m2 (4 rows × 4 m × 0.7 m) harvested area in each
plot (kg da−1).

Seed protein content (%), seed ash content (%), seed fiber content (%), and seed oil
content (%) were measured by using Near Infrared Reflected SpectroscopyNIRS method
Bruker MPA, German at Adnan Menderes University Agricultural Biotechnology and Food
Safety Application and Research Center (ADÜ-TARBİYOMER) [50].

The seed mineral content (mg kg−1) was determined by atomic absorption spectrom-
etry after ashing samples at 550 ◦C and dissolving ash in 3.3% HC1 [51] (Aydın Adnan
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Menderes University, Faculty of Agriculture, Department of Soil Science and Plant Nutri-
tion Laboratory).

Seed amino acid content (g/100 g) and cowpea dry grains were ground after harvest,
and random samples were prepared from each plot. A total of seventeen amino acids
were measured.Seed. Amino acid analyses (high-performance liquid chromatography or
high-pressure liquid chromatography, HPLC) were performed at Research and Application
Center of Drug Development and Pharmacokinetics Laboratory in Ege University.

Statistical Analysis

Statistical analyses were conducted using JMP Statistical Analysis Software (version
Pro 13) in the split–split plot design. The experimental data about each study parameter
were subjected to statistical analysis using the variance analysis technique, and their
significance was tested by the “F” test (Steel and Torrie, 1980). When differences were found
in ANOVA, means were compared using Fisher’s protected least significant difference
(LSD) test at p ≤ 0.05.

3. Results

The heat map (Figure 2) was improved, including the averages of agronomic traits of
three cowpea cultivars treated with zinc fertilizer under different irrigation conditions for
two years of the experiment.
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Based on the results of the analysis of variance (Table 2), there was a significant
difference between the years, so the averages for each year were evaluated separately. In
the same way, the results of the analysis of variance showed that the mean values of the
grain yield, biological yield, plant height, pod length, number of pods, number of grains
in pods, 100 grain weight, and leaf area index were significantly better than those under
deficit irrigation conditions in the first year.
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Table 2. ANOVA of grain yield and yield components.

SOV Df Seed Yield BY HI Plant H. BN Pod Lenght PN

Years 1 * * * * * * *
2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

I 1 * - * * - - - - - - - - - -
Zn 1 - - * - * - - - - - - - - -
C 2 * - * * * * * - - - - - * -

I*Zn 2 - - - - * - - * - * * - - -
I*C 2 - - * - - - - * - - * * * *

Zn*C 2 - - - - - - - - - - - - - -
I*Zn*C 11 - * * - - - * - - - - - * -

SOV Df Seed Number 100 Seed Weight SPAD LAI DOS DOM

Years 1 * * * * * *
2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

I 1 - - - - - * * - - - - -
Zn 1 - - - - - - - - - - -
C 2 * - * - - - - - * - * -

I*Zn 2 - - - - * - - - - - -
I*C 2 * * - * - - - - - - - *

Zn*C 2 - - - - - - - - - - *
I*Zn*C 11 - - - - - - * - - * * -

SY: seed yield, BY: biological yield, HI: harvest index, PH: plant height, BN: branch number, PL: pod length, PN:
pod number, SNP: number of seeds per pod, 100 SW: 100 seed weight, SPAD: chlorophyll meter, LAI: leaf area
index, DOF: days of flowering, and DOM: days of maturity. (*; significant at 5% probability level *: significant -:
nonsignificant).

The first-year irrigation dose × zinc and variety interactions were significant for a
plant’s height. While 51.30 cm of the plant’s height was obtained under full irrigation
conditions, 26.51 cm was observed under restricted irrigation conditions. It was concluded
that a limitation in the irrigation dose significantly decreased the plant height. Similarly, in
our study, the plant heights were ranked as local variety > Karagöz > Akkız at a statistically
significant level. The plant height performance of the local variety was observed to be
higher than the other two varieties. In the second year of our study, irrigation dose × zinc
and variety × irrigation interactions were significant regarding the plant’s height. The
difference between zinc application (40.37 cm) under full irrigation conditions and plant
height (36.84 cm) of zinc-free plots under deficit irrigation conditions was significant. It
was concluded that the response of plant height to zinc fertilization with full irrigation was
positive. When the variety × irrigation interaction was analyzed, the difference between
irrigation doses was insignificant in Karagöz and local varieties. In contrast, the difference
between both irrigation doses was significant in the Akkız variety. Therefore, weobserved
that deficit irrigation significantly affected the Akkız variety.

In the first year, the interactions did not make a difference in the number of side
branches. However, in the second year, the irrigation dose × zinc interaction made a
difference in the number of side branches, and the plots with a zinc application and full
irrigation had the most side branches (3.23).

In the first year, there was a significant interaction between the irrigation dose, zinc
level, and variety in terms of the number of pods. Under conditions where there was not
enough water, the number of pods went down by a lot. The number of pods of Akkız (8.88)
and the local variety (5.20) decreased significantly under restricted irrigation conditions.
Zinc application was not effective under full irrigation conditions, but it positively affected
Karagöz and local varieties under deficit irrigation conditions and increased the number
of pods.

In the second year, the variety × irrigation interaction was found to be significant in
terms of the pod number. The number of pods decreased significantly in Akkız, Karagöz,
and local varieties under deficit irrigation conditions.
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In the first year, the pod length was affected by the interactions between variety and
irrigation and between irrigation and zinc. Using the variety × irrigation interaction, it was
found that the Karagöz variety (12.05) responded significantly to water doses, and the pod
length decreased significantly when there was not enough water. There was no significant
difference between irrigation doses of other varieties. Pod length was higher under full
irrigation × zinc application conditions than irrigation × zinc interactions. In the second
year, the variety × irrigation interaction was determined to be significant. Among the
varieties, the local variety was significantly affected by irrigation doses. The decrease in pod
length of the local variety was found to be significant under deficit irrigation conditions.

The irrigation× cultivar interaction significantly increased the number of grains in the
pod in the first year. The number of grains in pods of all varieties decreased significantly
under the restricted irrigation conditions. Zinc fertilizer application had no significant effect
on the number of grains in the pods. While there was no significant difference between
the mean values of the varieties under full irrigation conditions, the number of grains in
the pods of the Akkız (7.23) variety was higher than the others under restricted irrigation
conditions. In the second year, the variety × irrigation interaction was significant. It was
determined that the restricted irrigation conditions affected the local variety (5.17), which
had lower grain numbers in the pods.

In terms of the weight of 100 grains, it was seen that the variety factor was important
in the first year. The highest 100 grain weight among the varieties was observed in Karagöz
(9.99 g) under full irrigation conditions. It was followed by local variety (8.79 g) and Akkız
(6.81 g). The variety × irrigation dose interaction was significant in the second year. The
responses of the varieties to irrigation doses were found to be significant. In both irrigation
doses, the order of the varieties changed to Akkız > Karagöz > local variety. The lowest
value in the deficit irrigation was measured for the local variety (9.10 g).

When the SPAD values were analyzed, it was observed that cultivars had a significant
effect in the first year, and irrigation had a significant effect in the second year. Looking at
the average values, it is observed that the SPAD values decreased under deficit irrigation
conditions.

The variety factor was significant in terms of days to flowering in the first year.
It was observed that the local variety flowered later among the varieties under both
irrigation conditions. Akkız and Karagöz varieties flowered earlier than the local variety.
However, the average number of days of flowering for the local cultivar (65 days) under
deficit irrigation conditions was longer than full irrigation (59.0 days). In the second year,
cultivar× irrigation× zinc application was found to be significant. It was observed that the
varieties generally flowered faster under deficit irrigation conditions, especially Karagöz
(55 days), which flowered faster under deficit irrigation conditions, and the local variety
(69 days), which was the variety with the latest flowering period.

When the number of days to maturity values was analyzed, it was determined that
the cultivar × irrigation × zinc application interaction was significant in the first year.
The earliest variety was determined to be Akkız under full irrigation and zinc application
conditions. However, the variety most affected by deficit irrigation conditions was the local
variety, and the days to flowering and ripening were found to be longer. In the second
year, the variety × irrigation × zinc fertilizer interaction was found to be significant in
days to the flowering values. Akkız was found to be earlier than the other varieties, and the
local variety was found to be later than the others. Variety × irrigation and variety × zinc
fertilizer interactions were found to be significant in the second year in terms of days to
maturity. Among the varieties, Karagöz (59 days) was significantly affected by restricted
irrigation and showed a shorter ripening period under restricted irrigation conditions. This
was followed by the Akkız variety and then the local variety.

First-year irrigation × zinc interaction was found to be significant for SPAD. Accord-
ing to the interaction, the zinc factor was significant under deficit irrigation conditions.
The SPAD values of the zinc-free plots decreased significantly under restricted irrigation
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conditions. The irrigation factor was found to be significant in the second year. It was
revealed that the drought conditions affected the plants.

In the first year, the interaction of variety× irrigation× zinc was found to be significant
for the leaf area index. According to this interaction, the leaf area index of thr local variety
(472.3) and Karagöz (438.1) was higher than Akkız (314.5) under full irrigation conditions.
The responses of the varieties to restricted irrigation conditions were different, the local
variety was significantly affected by restricted irrigation, and the leaf area index decreased.
In addition, among the varieties, Karagöz was significantly affected by the zinc application,
and the leaf area index increased with the zinc application in both irrigations. The variety
× irrigation interaction was found to be significant in the second year. Variety responses
to irrigation were found to be different, and the local variety was significantly affected
by deficit irrigation. For this reason, the leaf area index of the local variety decreased
significantly under deficit irrigation.

The first-year irrigation × zinc × variety interaction was found to be significant in
biological yield values. It was observed that deficit irrigation conditions significantly
affected the biological yield values. Water limitations caused a decrease in biological
yield values. Karagöz (68.84) gave the lowest biological yield value under restricted
irrigation conditions. Under full irrigation conditions, the biological yield value of the local
variety (220.3) was the highest. In the second year, the irrigation and variety factors were
statistically significant. Deficit irrigation caused a decrease in the biological yield. Among
the varieties of the Karagöz, 110 had a higher biological yield than the others.

In the harvest index values, the irrigation × zinc application interaction was found to
be significant in the first year. Under full irrigation conditions, the harvest index values
were higher in zinc application (178.5). Under deficit irrigation and zinc-free conditions
(78.8), the harvest index values decreased significantly. The variety factor was found to be
significant in the second year. It was revealed that there was a ranking among the varieties,
which was as follows: Karagöz > Akkız > local variety.

The variety and irrigation factors were significant in grain yield values in the first year.
While 382.98 kg/da of yield was obtained under full irrigation conditions, 236.0 kg/da
yield was measured under restricted irrigation conditions. Water limitations caused a
significant decrease in the grain yield. All the varieties in the study showed a decrease
in the grain yield under deficit irrigation conditions. However, Karagöz (292.2 kg/da)
had the highest grain yield among the varieties, followed by Akkız (272.2 kg/da), and
the local variety (140.5 kg/da). It was determined that the local variety had a lower yield
than the other varieties at both irrigation doses. While zinc application was not found
to be statistically significant, it was observed that the average grain yield values under
deficit irrigation conditions increased with zinc application. Under stress conditions, the
effect of zinc application on grain yield was found to be more significant. In the second
year of the study, the irrigation × zinc × variety interaction was found to be significant.
A decrease in the grain yield was observed under restricted irrigation conditions. The
highest yield was obtained from Karagöz under restricted irrigation conditions. It was
found that restricted irrigation conditions affected Akkız and local cultivars more. The yield
values of the varieties under full irrigation and deficit irrigation conditions were ranked as
Karagöz > Akkız > local variety. Zinc application had a positive effect on the grain yield
under deficit irrigation conditions.

Figure 3 shows the mean of quality values. According to the results of variance
analysis (Table 3), it was determined that grain copper, zinc, iron, potassium, magnesium,
calcium, phosphorus, fiber, ash, oil, and protein contents were significantly superior to
deficit irrigation under full irrigation conditions.
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Table 3. ANOVA of grain quality components (*: significant -: nonsignificant).

SOV Df Cu Zinc Fe Potassium Magnesium Calcium

Years 1 * * * * * *
2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

I 1 * - - - * * - * - * - *
Zn 1 * - * * - * - * - - - *
C 2 - - - * - * - * - * - *

I*Zn 2 * - - * - * - * - * - -
I*C 2 - - - - - * - * - - - *

Zn*C 2 * - - - - * - * * * - *
I*Zn*C 11 - - - - - * - * - - - *

SOV Df Phosporus Fibre Ash Oil Protein

Years 1 * * * * *
2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

I 1 - * - - - - * - - *
Zn 1 * * - - - - - - - -
C 2 * * - * - * - - - *

I*Zn 2 * * - - - - - - - -
I*C 2 - * - - - - - - - -

Zn*C 2 - - - - - * - - - -
I*Zn*C 11 - * - * - - - - * -

(cu: copper, zn: zinc, fe: iron, k: potassium, mg: magnesium, ca: calcium, and p: phosphorus). (*; significant at 5%
probability level *: significant -: nonsignificant).

Regarding grain copper content, irrigation × variety, and zinc × variety interactions,
were found to be significant in the first year. According to the irrigation × variety interac-
tions, the grain copper content of the varieties was higher under full irrigation than under
deficit irrigation. The varieties were ranked as Akkız > Karagöz > local variety in terms
of the grain copper content. According to the zinc × variety interactions, zinc application
positively affected the grain copper content in Akkız and local varieties. In the second
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year, the factors in the experiment were not found to be significant. However, according to
the average results, it can be observed in Table 2 that the values obtained from restricted
irrigation are lower.

In terms of the grain zinc content, zinc application was a significant factor in both
years of the study. It was observed that zinc application significantly affected the grain
zinc content in both years of the study. The grain zinc content of all varieties with zinc
application under full and deficit irrigation conditions was higher than the plots without
zinc application.

In the first year of the study, the irrigation factor had a big effect on the amount of
iron in the grain. It was determined that deficit irrigation negatively affected the grain’s
iron content. In the second year, the irrigation × zinc × variety interaction was found to
be significant. The iron content was found to be higher under full irrigation conditions.
Among the varieties, the order was Akkız > local variety > Karagöz. Zinc application was
effective in the Akkız (39.78) variety under deficit irrigation conditions.

Regarding grain potassium content, interactions, and factors, they were insignificant
in the first year. When the averages were evaluated, the data obtained from full irrigation
were higher than from deficit irrigation. The local variety and Karagöz had the highest
average grain potassium contents among the varieties. In the second year, irrigation × zinc
× variety interactions were significant.

Regarding magnesium content, irrigation × variety zinc interaction was found to be
significant in the first year of the study. In the second year, irrigation × zinc and irrigation
× variety interactions were significant. For the grain calcium content, the zinc × irrigation
interaction was found to be significant in the first year, while the irrigation × zinc × variety
interaction was found to be significant in the second year. For the grain phosphorus content,
the irrigation × zinc interaction was significant in the first year, while the irrigation × zinc
× variety interaction was significant in the second year. The interaction of the irrigation ×
zinc × variety was significant for the grain fiber content in the first year.

In contrast, the irrigation factor was significant in the second year. For the ash content,
the irrigation × zinc × variety interaction was found to be significant in the first year. In
the second year of the study, the zinc × variety interaction was found to be significant.

Regarding the grain oil content, the irrigation factor was significant in the first year,
while the irrigation × variety interaction was significant in the second year. Regarding
the grain protein content, the irrigation × zinc × variety interaction was found to be
significant in the first year. In the second year, the interaction and all factors were found to
be insignificant.

The average data of grain amino acid contents are indicated in Figure 4. Eight of the
seventeen amino acids measured are essential (histidine, threonine, valine, methionine,
phenylalanine, isoleucine, lysine, and leucine), which are not synthesized in the body
and are only taken in from food. The essential amino acids in the study were evaluated.
According to ANOVA, the experiment factors were found to be insignificant in the first
year, while the irrigation and zinc factors were found to be significant in the second year
(Table 4). In the first year, it was determined that restricted irrigation significantly affected
histidine values. Histidine values were higher under full irrigation (0.86) than under deficit
irrigation (0.80). However, it was determined that the histidine value increased with the
zinc application.

The negative effect of restricted irrigation on histidine values in the second year was
observed significantly. When the threonine values were analyzed, it was determined that
the factors in the experiment in the first year were not effective on threonine, and the values
obtained ranged between 0.78 and 0.85. In the second year, the water factor significantly
affected threonine. It was determined that the amount of threonine obtained from full
irrigation conditions (0.85) was higher than from deficit irrigation (0.78).
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Figure 4. Mean values of grain amino acid contents.

Table 4. ANOVA of amino acids of cowpea cultivars (*: significant -: nonsignificant).

SOV Df ASP GLU SER HIS GLY THR ARG ALA TYR

Years 1 * * * * * * * * *
2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

I 1 - * - * - * - * - - - * - * - * - *
Zn 1 - * - * - * - * - - - * - * - - - -
C 2 - * - - - - - - - - - - - - - - -

I*Zn 2 - * - - - - - - - - - * - - - - - -
I*C 2 - - - - - - - - - - - - - - - - -
Zn*C 2 * * - - - - - - - - - * - - - - - -
I*Zn*C 11 - - - - - - - - - - - - - - - - -

SOV Df CYS VAL MET PHE ILE LYS LEU PRO

Years 1 * * * * * * * *
2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

I 1 - * - - - - - * - * - - - * - *
Zn 1 - - - * - * * * * - * - - - -
C 2 - - - - - - - - - - - - - - - -

I*Zn 2 - - * - - - - - - * - - - - - -
I*C 2 - - - - * - - - - * - - - - - -
Zn*C 2 - - - - - - - - - - - - - - - -
I*Zn*C 11 - - - - - - - - - - - - - - - -

(ASP: aspartic acid, GLU: glutamic acid, SER: serine, HIS: histidine, GLY: glycine, THR: threonine, ARG: Argi-
nine, ALA: alanine, TYR: tyrosine, CYS: cysteine, VAL: valine, MET: methionine, PHE: phenylalanine, ILE:
isoleucine, LYS: lysine, LEU: leucine, and PRO: proline). (*; significant at 5% and probability level *: significant
-: nonsignificant).

Regarding the valine values, the irrigation × zinc application interaction was found
to be significant in the first year. The highest value of valine (1.33) was obtained under
full irrigation conditions and from zinc-treated plots. In the second year, the zinc factor
was found to be significant. Zinc-treated plots (1.39) were higher than those without zinc
treatment (1.25). It was observed that the values of the varieties were close to each other.
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The irrigation × variety factor was found to be significant for methionine. In the second
year, zinc application was found to be significantly effective.

Regarding phenylalanine, the zinc factor was significantly effective in the first year.
Phenylalanine values of zinc-treated samples (1.52) were higher than those of zinc-free
samples (1.48). The irrigation × zinc application interaction was significantly effective in
the second year.

In terms of isoleucine values, it was observed that the treatments were not significant
in the first year. In the second year, the irrigation× variety and irrigation× zinc application
interactions were significantly effective.

Regarding lysine values, treatments were not significant in the first year, but the zinc
application factor was found to be significant in the second year. It was determined that
zinc-free plots had lower lysine values.

Regarding leucine values, treatments were not significant in the first year. In the
second year, the irrigation factor was found to be significant.

The results obtained in non-essential amino acids were evaluated. In the first year,
aspartic acid was found to be significantly affected by the cultivar × zinc application
interaction. In contrast, the effects of the treatments on glu, ser, gly, threonine, ala, cys,
and pro were found to be insignificant, and the cultivar factor had a significant effect
on arg. In the second year, the zinc × variety, irrigation × zinc application, and the
variety × irrigation application interactions on asp were found to be significant. The zinc
application × irrigation interactions on glutamic acid and SER were found to be significant.
Irrigation factors significantly affected ala, thr, cys, and pro. For arg and gly, the irrigation
× variety interactions were found to be significant.

4. Discussion

When the traits in the study were analyzed, the results were evaluated. The varieties
were found to be significant in terms of days of flowering in the first year, and it was ob-
served that the local variety flowered and matured later than the others. In the second year,
the irrigation conditions significantly affected these traits, and flowering and physiological
maturity periods were prolonged under full irrigation conditions.

The amount of irrigation had a significant effect on the leaf area index values, and in
both years, when irrigation was limited, the leaf area index values were lower. Additionally,
zinc application was found to be effective in the second year, and zinc-free plots had lower
leaf area index values. Under full irrigation conditions, plants grew better, and the leaf area
index was higher because they did not compete [46,52]. Ref. [52] stated that the most critical
period for the leaf area index is between the pod-setting and grain-filling periods. When
the plant is exposed to zinc deficiency, auxin deficiency in the plant causes defoliation [53].

SPAD values decreased under deficit irrigation conditions in this study. However,
according to some researchers, drought stress changes the leaves’ anatomy, so leaves be-
come smaller and thicker, and the SPAD value increases due to concentrated chlorophyll
pigments in smaller cells [54,55]. Maintaining the chlorophyll concentration under drought
stress helps stabilize photosynthesis [56]. The decrease in the chlorophyll content is as-
sociated with an increased production of oxygen radicals in the cell. The authors of [57]
reported that with the decrease in chlorophyll concentration, the green color of the leaves
decreases, and premature senescence of the plant occurs. The lowest SPAD values were
obtained from a local variety under deficit irrigation conditions. In SPAD measurements
made during the grain-filling period under high temperature and water stress conditions,
35.48 values were obtained under control conditions, 36.84 under high-temperature stress
conditions, and 22.38 under water stress conditions, and it was determined that the chloro-
phyll content of the leaves decreased significantly in cases of water scarcity. Readings of
the chlorophyll content (SPAD) during the grain-filling period in soybeans were said to be
the best way to figure out how water stress hurts the plant’s ability to use nitrogen [58].
It has been reported that SPAD measurements made at grain filling showed a significant
positive correlation in yield estimation [59].
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It was observed that pod length, number of pods per plant, number of grains per
pod, and 100 grain weight among yield components were affected by deficit irrigation.
It was determined that the mean values of these traits decreased under deficit irrigation
conditions. Cowpea is generally sensitive to drought during pod-set and grain-setting
periods [10]. In terms of pod length and pod number, the zinc × irrigation interaction was
significantly effective in some years. Zinc applied under restricted irrigation conditions had
a positive effect on these traits. Concerning the grain yield, irrigation and variety factors in
the first year and irrigation × zinc × variety interaction in the second year were found to
be significant.

Drought applied five weeks after sowing was found to cause a flower drop and
significantly reduce the grain yield by 67% [60]. Under post-flowering drought stress,
the grain yield and forage yield of cowpea grown in the field both dropped by 65% and
40%, respectively [61]. It was also found that drought applied during the vegetative and
flowering stages reduced the leaf area and affected the grain quality [62]. Drought stress
reduces biomass production in many crops, including cowpea, by reducing photosynthe-
sis, stomatal conductance, transpiration, and plant water status [63]. Drought reduces
biomass production in cowpea [63]. Drought stress caused a reduction in the leaf area in
cultivars [64]. Under drought conditions, cowpea is most susceptible to yield loss during
flowering and grain filling [65]. Yield loss occurs due to reduced assimilation by the grain
due to the inhibition of photosynthesis by closing stomata (stomatal limitations) [66]. In
the cowpea water deficit, a 44.3% yield loss was determined [66]. Some studies determined
that the soil zinc application did not affect the grain zinc content, and different cowpea
cultivars responded differently in the grain yields, Melo et al., 2017.

The grain yield decreased under deficit irrigation conditions in the first year, and the
lowest yield was obtained from the local variety.The highest average yield was obtained
from the Karagöz variety in both years. In both years, zinc application under restricted
irrigation conditions positively affected the grain yield of the varieties. Previous studies
have shown that crop loss is higher in zinc deficiency and deficit irrigation conditions [67].
Oxidative stress conditions of plants under stress conditions such as drought and deficit
irrigation limit the agricultural productivity. The inability to fully reduce oxygen causes
active oxygen species to appear in the environment. Their damage to cellular structures is
called “oxidative stress.” Active oxygen species resulting from oxidative stress have toxic
effects and can cause crop losses. Under stressful circumstances, the plant’s antioxidant
defense mechanisms that normally reduce active oxygen species start to increase them.

The scavenging effect of zinc on active oxygen species plays a key role here [35,67].
An adequate zinc supply under restricted irrigation conditions may cause the important
components of the plant’s antioxidative defense system, which contains zinc, to tolerate
these conditions effectively [35]. The average values of the second-year grain yield were
observed to be lower than the first year. The fact that the average temperature values in
the second year were higher than the long-term average and the average of the second
year may have caused a decrease in crop loss. In cowpea, increases in night temperatures
cause a 4–14% decrease in pod set and grain setting for each 0 ◦C above the threshold of
16 ◦C [68,69].

The measured quality traits—irrigation × zinc × variety interaction—significantly
affected the protein ratio. It was observed that the protein ratio was negatively affected un-
der restricted irrigation conditions. Protein synthesis may be suppressed in legumes under
restricted irrigation conditions, and protein accumulation in legume grains may decrease
when nitrogen breakdown and fixation are prevented under deficit water conditions [70].
Ref. [67] determined that zinc promoted seedling growth in durum wheat under drought
conditions. In another study, the N, P, Fe, and Zn levels and, thus, the total protein content
decreased with drought in bean seeds [71].

Protein quality decreased under high temperatures or poor irrigation conditions [72].
Genotypic factors and the environment are effective together in improving the grain’s
protein content. In this study, it was observed that the average protein values increased
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with zinc application. Most proteins in biological systems require zinc in their structures.
Foliar application of zinc fertilizer is a fast and effective method to increase the grain’s zinc
content [73]. In cereals, the grain’s zinc concentration was found to be correlated with the
grain’s protein content [70–72]. Foliar zinc applications have been observed to increase
protein synthesis [74].

Increasing the micronutrient elements in the grain is the first step to making these
foods a richer food source for humans. Foliar zinc application, it was found that the
grain’s zinc content, which is one of its micronutrients, was significantly increased in both
years. There are differences among crop species in the zinc uptake and tissue utilization
efficiency [75]. In general, the zinc content of cereal grains is lower than that of legumes. For
this reason, zinc deficiency may occur in cereal-based diets [76]. It is important to include
legumes in the diet. Zinc application significantly affected the grain iron and phosphorus
contents in the second year of the experiment. This study supports the importance of
foliar zinc application in reducing yield loss and contributing toward bioavailability by
increasing the grain’s micronutrient concentration, especially under restricted irrigation
conditions.

In this study, a total of 17 amino acids were measured. Among these, eight are essential;
that is, the eight amino acids that our body needs to take from outside. These are histidine,
threonine, valine, methionine, phenylalanine, isoleucine, lysine, and leucine. When the
results, especially those related to the essential amino acids, were analyzed, leucine and
threonine were significantly affected only by deficit irrigation. All other essential amino
acids were significantly affected by zinc application. In general, cowpea is low in sulfur-
containing amino acids, and their consumption with cereals will make up for this deficiency.
The low level of methionine in cowpeas can be overcome with such a diet. The relatively
higher lysine content in cowpea will also help compensate for the cereals’ deficiency [77].

Among other amino acids, cysteine is known to favor zinc bioavailability. In this study,
deficit irrigation had a significant effect on cysteine.

Iron and zinc have many biological functions. More than half of the iron in the human
body is bound to hemoglobin, so the most obvious consequence of an iron deficiency is
anemia. Zinc is a cofactor with various structural and catalytic functions in 10% of human
proteins.

The bioavailability of iron and zinc in basic foods is low because of some complicated
interactions. Some minerals are thought to be absorbed by humans at about 5% for iron
and 25% for zinc [40]. Some amino acids, such as cysteine and histidine, can increase zinc
absorption. For this reason, they are also called fortifiers [78].

Drought, spreading over an ever-expanding area and affecting an increasing number
of countries, has become a factor limiting agricultural production. To solve this problem,
different farming systems or crops with an unknown value should be used in new ways.
This study shows that cowpea are a very valuable crop because they are naturally tolerant
to drought and they can be grown with less water. They are also very nutritious and
bioavailable.

5. Conclusions

When looking at the study results, it was found that limited irrigation had a signifi-
cantly effect on grain yield and the components of yield. In the first year of the study, there
was a 40 percent decrease in yield with limited irrigation (382.9 kg da−1) compared to full
irrigation (235.0 kg da−1). However, the application of zinc fertilizer was effective in the
manage stress, and yield increases were observed in zinc-applied plots under limited irriga-
tion conditions. The yield performances of the varieties showed differences depending on
the genotype. Among the cultivars, Karagöz has the highest yield in both years. This was
followed by Akkız and local varieties, respectively. Local varieties developed vegetatively
better than the other varieties.

In the second year of the study, the amount of zinc, iron, and copper in the grain
changed because of the foliar zinc application. Grain bioavailability enriches the product in
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terms of nutrients; it is also possible to say that grain bioavailability may be affected by the
amount of essential amino acids.
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Abstract: Searching for new strategies to mitigate the effects of low water availability for citrus
production, a study was carried out on potted mandarin cv. W. Murcott, with the objective of
evaluating the physiological and growth response of the plants to polyacrylamide gel application in
the substrate in water restriction conditions. The following treatments were evaluated, T0 (control)
with 100% ETc water replenishment, T1 with 50% ETc water replenishment, and T2 with 50% ETc water
replenishment plus the application of polyacrylamide polymers to the substrate. Temperature and
water volumetric content (θ: m3 m−3) were evaluated in the substrate. Plant water-status parameters
such as stem water potential (SWP), stomatal conductance (gs), and chlorophyll fluorescence (Fv/Fm),
as well as biomass, nutrients levels, and proline biosynthesis were measured in the plants in response
to the treatments. The results showed that the substrate moisture for T2 was kept significantly
higher than T0 and T1, despite receiving the same irrigation rate as T1 and a half of T0; however,
this higher moisture availability in the substrate of T2 was not reflected in the plant’s water status
or growth. On the contrary, the T2 plants showed responses such as lower total biomass, lower
vegetative development, and lower root biomass, as well as a higher concentration of proline in the
root. According to these results, it is concluded that polymers such as polyacrylamide sodium allow
the retention of water in the substrate, but do not necessarily release that water for plants, probably
because that moisture is kept in the hydrogel and not released to the substrate media or the roots, or
if released, in this case, this occurs with an increase in the concentration of sodium available to the
plants, which could lead the citrus crop to a worse situation of water and/or osmotic stress.

Keywords: hydrogel; irrigation deficit; mandarin; proline

1. Introduction

Drought is one of the major limiting factors for crop yields and causes important
economic losses to the farmers. There is a constant search for tools to allow efficiency in
the use of available water resources, save water, and increase crop productivity per unit of
water used [1]. Climate change is threatening fruit production in several countries, mostly
in Mediterranean countries where irrigation is necessary for agricultural production [1].
Under this context, several techniques and/or technologies have been evaluated in soil
and/or plants in searching for strategies to deal with conditions of water shortage, without
significantly affecting the yield and quality of fruit production.

In response to water stress, some tree species have a series of morphophysiological
and physiological mechanisms that allow crop development despite stress conditions [2].
In citrus species, some forms of tolerance to water stress are based on increasing tissue
elasticity, stomatal regulation [3], an adequate architecture of the canopy [4], and the
adaptability of the rootstock [5]. Citrus rootstocks have different responses to water
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stress, using different physiological strategies such as hydraulic redistribution, osmotic
adjustment, and adjustment in stomatal opening [5].

Additionally, several authors have observed that under water-stress conditions, os-
motic adjustment is a habitual physiological response in different plant species, whose
mechanism consists in synthesizing osmoprotective substances such as proline [2]. In citrus,
the osmotic adjustment occurs mainly in the root, finding accumulated inorganic solutes,
such as soluble sugars, and organic solutes such as proline and glycine betaine [5].

Among the techniques and/or technologies used for increasing water productivity
in citrus we can point out the use of biostimulants, irrigation strategies for reducing
the applied water, and physical barriers for reducing crop evapotranspiration. In the
case of biostimulant application, products are mainly foliar-applied and have a diverse
origin, usually coming from different organic sources, such as seaweed extract [6,7]. These
applications can increase the vigor of plants and increase the capacity to tolerate stresses
with better use of water resources [6].

Irrigation strategies such as controlled deficit irrigation (CDI) and partial rootzone
drying (PRD) have been evaluated in citrus, and in both cases, the results showed water
saving but a significant decrease in yield and fruit quality [8]. In terms of the use of
physical barriers to prevent water evapotranspiration, an example is the use of organic or
plastic mulch over the soil to reduce water evaporation. In Eureka Lemon, the use of black
polyethylene mulch showed a significant increase in soil moisture, improving plant growth
and yield [9].

Some of the above-mentioned technologies and/or techniques have been demon-
strated to significantly reduce crop water consumption. However, they involve high
investments, and in some cases, negative effects on the production and/or fruit quality.
Considering that in the fruit industry water saving without causing water stress in the
crop is a big concern, other tools are continuously being sought. A tool of growing interest
in agriculture to be used as a water-saving tool has been the use of water-retaining poly-
mers called hydrogels, which have been reported by some authors as a clean and efficient
alternative for retaining water in soil or substrate [10,11].

Hydrogels, hydro-retainers, or super-absorbent gels are hydrophilic acrylamide-based
polymers with a three-dimensional structure, generally made up of long-chain, high-
molecular-weight organic molecules, linked by cross-links between the chains [12]. Poly-
acrylamides have the property of being highly absorbent, with a storage capacity ranging
from 400 to 1500 g of water per gram of product, which improves the absorption and
retention capacity of water in the soil without affecting its availability to plants [13,14].
The authors of [10] observed that the highest percentage of water absorption by potassium
polyacrylamide was in soils with a sandy texture, while the authors of [12], evaluated the
effectiveness of sodium polyacrylate in soil water retention, concluding that it improved
the water-retention capacity of different soil textures, promoting greater efficiency in the
use of both irrigation and rainfall water by reducing percolation losses. On the other hand,
acrylamide is considered a toxic element, and therefore it could contaminate soil, water, and
food [15]. Another long-term negative effect of these gels is by altering the physiological
activities of the plants through both the toxic effect of acrylamide and a physical negative
effect in soil, clogging of pores due to their high viscosity and molecular weight [15].

Although the use of polyacrylamide-based water-retaining gels has been incorporated
into crop management for several species, there is little information regarding their effect
on water retention by soils or substrates and the effect on the physiology of agricultural
species such as citrus. Considering that hydrogels could be an alternative tool for water
saving in citrus orchards, in this study, the use of polyacrylamide gels in mandarin W.
Murcott under pot conditions was evaluated, to determine their effect on plant water status,
biomass, and nutritional effects when applied in water-restriction conditions.
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2. Materials and Methods
2.1. Experimental Setup

The experiment was conducted under climate-controlled greenhouse conditions (the
daily temperature fluctuated between 15 and 32 ◦C with a relative humidity between
65 and 75%), at the Facultad de Agronomía e Ingeniería Forestal, Central Zone of Chile
(34◦07′55” S and 70◦43′15” W).

The plant material was a 2-year-old Tangor (Citrus sinensis × Citrus reticulata), cv. W.
Murcott, grafted on clonal rootstock C35 Citrange, which was established individually
in plastic containers of 20 L, containing compost as substrate. The substrate chemical
characteristics were as follows: 20% organic matter content (Walkley–Black method); pH 7.2
(soil: water, 1:2.5); 45 mg kg1 P (Olsen method); 258 mg kg−1 exchangeable K (ammonium
acetate method); and adequate secondaries macronutrient and micronutrients. To keep
similar evapotranspiration between treatments, a pruning was performed to homogenize
the leaf area in a range of 1291 and 1306 cm2.

The polymer used for this experiment was a sodium anionic polyacrylamide, with a
pH of 8.2, and a sodium and HCO3 content that corresponds to the copolymerization of
acrylamide with sodium acrylate.

2.2. Experimental Design

The trial was conducted with a completely randomized design, with three treatments
and four replications. The experimental unit was a potted plant. Treatments were applied
as follows: Control (T0): irrigation with 100% of water replenishment according to crop
evapotranspiration (ETc). ETc was calculated from the water-balance equation: I + PP = ETc
+ Pc + ∆θv, in which I was irrigation (mm), PP was precipitation (mm), Pc was percolation
(mm), and ∆θv corresponds to the difference of the volumetric soil moisture estimated
through the daily weights of the pots. Treatment 1 (T1): 50% of water replenishment
concerning Control. Treatment 2 (T2): 50% of water replenishment concerning Control plus
the application of polyacrylamide polymers mixed in the substrate. To mix the polymer
with the substrate, 40 g of polymer was hydrated in four liters of distilled water for one
hour. This was then mixed with the substrate according to the protocol recommended by
the manufacturer.

At the beginning of the experiment, all the plants were irrigated with the same amount
of water until pot capacity was reached (−1 KPa of soil water tension). The frequency
of irrigation varied according to the daily evapotranspiration of the control treatment,
maintaining the water content of the T0 substrate near the pot capacity. To keep T0 at
pot capacity, the irrigation moment was determined according to the matric potential
measured with a tensiometer; when soil matric potential in T1 showed less than −1 KPa,
irrigation was performed by replenishing the water volume according to the treatment.
Water replenishment in the treatments was applied by keeping the same time and frequency
of irrigation but using different flow drippers: 4 L/h for T0 and 2 L/h for T1 and T2. The
total water volume applied for each plant during the study period was 24,6 L for T0,
whereas, for T1 and T2, 12,3 L was applied.

2.3. Measurements

To know the atmospheric water demand, the vapor pressure deficit (VPD) was regis-
tered. VPD was determined by the equation: VPD = 0.61078exp [(17.269 × T)/(T + 237.3)
× (1 − HR/100)]. Temperature (◦C) and relative humidity HR (%) were recorded every
15 min with a Hobo Pro V2 Logger sensor.

2.3.1. Substrate Temperature

The substrate temperature was evaluated every 15 days. This measurement was made
at a depth of 15 cm, with a thermometer RTD Thermometer, model 505 (CHY, Taiwan).
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2.3.2. Soil Water Content

The soil volumetric water content (θ) (substrate in this case) was measured in all
the potted plants at a depth of 20 cm every 7 days using a portable Frequency Domain
Reflectometry (FDR) sensor (GS-1, Decagon Devices Inc., Pullman WA 00163, USA), whose
equation to estimate θ in substrate is: θ = 4.33 × 10−4 × RAW − 0.611, where RAW is the
readily available water calculated from raw dielectric permittivity values that the device
measures, with the Topp equation [16]. Prior to the measurement, the real θ of the substrate
was obtained from the gravimetric method [17] and substrate bulk density [18]. With real
θ values and estimated θ obtained from eight in situ measurements, a calibration curve
was performed.

2.3.3. Plant Water Status Measurements

Midday stem water potential (SWP) was measured using the method described by the
authors of [19]. Midday SWP was measured monthly in one shoot per plant between 11:00
and 15:00 h. Before each SWP measurement, the shoot was enclosed in a plastic bag covered
with aluminum foil for 30 min. The shoot was then excised and SWP was measured with a
Scholander pressure chamber.

Leaf relative water content (RWC) was measured between 11:00 and 15:00 h every
30 days according to [20].

2.3.4. Physiological Parameters

Chlorophyll fluorescence (Fv/Fm) was measured as described by the authors of [21]
using a chlorophyll fluorometer (Pocket PEA, Hansatech, Norfolk, UK) and stomatal
conductance (gs) was evaluated with a Leaf porometer SC-1 (Decagon Devices Inc, Pullman,
WA 00163, USA). Measurements were made every 30 days between 11:00 and 15:00 h.

2.3.5. Growth and Biomass of Plants

At the end of the experiment, the plants were harvested and separated into leaves,
shoots, and roots. Fresh weight (FW) was recorded for each plant tissue. Vegetal samples
from leaves, shoots, and roots were taken and oven-dried at 65 ◦C to obtain a constant
weight, obtaining dry matter content.

2.3.6. Nutrition and Metabolites Analysis

Since drought reduces the absorption and transport of nutrients from the roots to
shoots, each plant tissue was nutritionally analyzed for nitrogen (N), phosphorous (P),
potassium (K), calcium (Ca), magnesium (Mg), and sodium (Na).

Dry samples were subsequently ground and analyzed to determine the total N con-
centration using a LECO CNS-2000 Macro Elemental Analyzer (Leco, MI, USA) in the
Analytical Laboratory of the Pontificia Universidad Católica de Chile.

For Ca, K, Mg, P, and Na, ashed tissue samples were then dissolved in HCl (2 M),
and concentrations were determined by inductively coupled plasma–optical emission
spectroscopy (ICP–OES) (Agilent 720 ES axial—Varian, Victoria, Australia).

Additionally, the root proline concentration was analyzed as an indicator of water
stress, through the protocol described by the authors of [22].

2.3.7. Statistical Analysis

Data analysis was undertaken by one-way analysis of variance (ANOVA) and Tukey’s
studentized range test at p ≤ 0.05, by using SAS statistical software (SAS Institute, Cary,
NC, USA).

3. Results
3.1. Substrate and Plant Water Status

The substrate temperature ranged from 15.2 to 20.3 ◦C during the study period,
without differences between treatments (data not shown). On the other hand, the moisture
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content θ (m3 m−3) in the substrate showed significant differences between treatments.
From May to September, the θ (m3 m−3) of T2 was significantly higher than T0 and T1,
despite receiving the same amount of water as T1 and 50% less water than T0 (Figure 1).
During October and November, θ values for T2 were similar to T0 and significantly higher
than T1. It should be noted that the calibration curve between the real and estimated
moisture values gave a linear direct relationship, with an R2 of 0.93 with an equation that
expresses the following: FDR θ = 2.4516 × Real θ − 1.64 (data not shown).

Figure 1. Stem-water potential (SWP), stomatal conductance (gs), and substrate moisture response
to treatments: T0 (Control, 100% ETc water replenishment), T1 (50% of ETc water replenishment),
and T2 (50% of ETc water replenishment + hydrogel). PC (pot capacity), PWP (permanent wilting
point), and VPD (vapor pressure deficit). Different letters or asterisks indicate statistical differences
(p ≤ 0.05, Tukey test).
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The difference in moisture content θ (m3 m−3) in the substrate between treatments
was not reflected in physiological parameters during the first 3 months. No significant
differences in gs and SWP were observed between the treatments during May, June, and
July (autumn and winter months). On the contrary, from August (the end of the winter
season in SH), it was possible to observe a negative effect of treatments T1 and T2 (50%
water restriction) on the physiological response of the citrus plants, both in gs and SWP. In
the case of fluorescence (Fv/Fm) and leaf RWC, plants did not show significant differences
between the treatments (data not shown).

3.2. Growth and Biomass of Plants

The total biomass and shoot biomass of T0 plants were higher than the biomass
of the T1 and T2 treatments. For roots and leaf biomass, no statistical differences were
observed (Figure 2).

Figure 2. Total root, shoot, and leaf final biomass in W. Murcott trees subjected to T0 (black color)
(Control, 100% of ETc water replenishment), T1 (grey color) (50% of ETc water replenishment) and T2
(hatched) (50% of ETc water replenishment + hydrogel). Different letters indicate statistical differences
(p ≤ 0.05, Tukey test).

3.3. Nutrition and Metabolites Analysis

Regarding the nutrient analyses, no significant differences in N, P, Ca, or Mg were
observed. However, sodium content was significantly higher for T2 both in root and leaf,
while potassium content was significantly higher only in leaves of T2 (Table 1).

Additionally, the proline concentration was significantly higher in the root of T2 plants
compared to T1 and T0 (Table 2).

Table 1. Nutrient concentration in plant tissues. Total root, shoot, and leaf nutrient content in W.
Murcott trees subjected to T0, T1, and T2. Different letters within the column indicate statistical
differences (p ≤ 0.05, Tukey test).

Organ
Tmt % N % P % K % Ca % Mg % Na % Si

Root
T0 1.08 ±0.10 a 0.09 ±0.01 a 0.69 ±0.07 a 0.54 ±0.03 a 0.07 ±0.01 a 0.03 ±0.013 b 0.10 ±0.055 a
T1 0.94 ±0.21 a 0.10 ±0.02 a 0.68 ±0.07 a 0.56 ±0.07 a 0.06 ±0.01 a 0.03 ±0.004 b 0.10 ±0.015 a
T2 1.28 ±0.20 a 0.10 ±0.01 a 0.68 ±0.11 a 0.62 ±0.08 a 0.08 ±0.02 a 0.05 ±0.006 a 0.12 ±0.033 a

Shoot
T0 0.93 ±0.17 a 0.13 ±0.02 a 0.90 ±0.07 a 1.37 ±0.19 a 0.07 ±0.01 a 0.02 ±0.004 a 0.06 ±0.048 a
T1 0.81 ±0.13 a 0.12 ±0.02 a 0.89 ±0.08 a 1.13 ±0.17 a 0.06 ±0.01 a 0.02 ±0.004 a 0.05 ±0.057 a
T2 1.02 ±0.15 a 0.14 ±0.04 a 0.96 ±0.19 a 1.19 ±0.18 a 0.07 ±0.02 a 0.03 ±0.008 a 0.05 ±0.050 a

Leaf
T0 2.74 ±0.58 a 0.18 ±0.02 a 2.46 ±0.25 b 2.04 ±0.14 a 0.28 ±0.03 a 0.03 ±0.003 b 0.012 ±0.006 a
T1 2.55 ±0.42 a 0.21 ±0.03 a 2.62 ±0.34 ab 2.10 ±0.20 a 0.29 ±0.03 a 0.04 ±0.004 b 0.004 ±0.002 b
T2 3.29 ±0.19 a 0.20 ±0.02 a 3.08 ±0.27 a 1.94 ±0.36 a 0.28 ±0.02 a 0.12 ±0.068 a 0.003 ±0.001 b
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Table 2. Proline concentration in fine (absorbent) roots in W. Murcott trees subjected to T0, T1, and
T2. Different letters within the column indicate statistical differences (p ≤ 0.05, Tukey test).

Treatments Proline Fine Root (mg g−1)

T0 6.54 c
T1 9.42 b
T2 13.76 a

4. Discussion

The results obtained in this study indicated that the application of these water-retaining
polymers effectively improved the water content in the substrate. The results showed that
the substrate moisture for T2 was kept significantly higher than T0, and T1, despite receiving
the same irrigation rate as T1 and a half of T0; however, this higher moisture availability
in the substrate of T2 was not reflected in the plant’s water status or growth. The higher
water retention observed in the substrate with polyacrylamide gels was consistent with
the information reported by the authors of [13], who pointed out that polyacrylamide-
based polymers are highly absorbent and insoluble in water, a characteristic that allows
one to increase the water-retention capacity in the soil and/or substrate. However, the
difference observed in the water retention was not consistently reflected in the physiological
parameters and biomass evaluated in the plants. It was only possible to observe the effect
of 50% water restriction (T1 and T2) on the physiological response of the plants, expressing
themselves through mechanisms such as gs and SWP reduction [2], from August on. Other
physiological responses such as chlorophyll fluorescence (Fv/Fm), indicated that the plants
did not present severe stress limiting photosynthetic function (no significant differences
between the treatments were observed) [23]; however, evident effects on growth and
nutritional content were observed.

All these results do not coincide with what was observed by the authors of [10,12,13],
who indicated that polymers favor the development of the crop. In our study, the hydrogel
used demonstrated effective water retention, which is evidenced in the higher water content
of the substrate compared to T1 and even T0 in some cases. If this retention capacity finally
allows increases in the water available for the plants, T2 should have shown at least a
greater growth than T1. However, it has no difference in biomass and has a smaller root
compared to T1 and T0. The above-mentioned could indicate that the polymer has a high
retention capacity but does not have a high capacity to deliver water to the plants as is
required. It is probable that the observed behavior of this specific polyacrylamide gel may
be given by its formulation.

A lower total biomass and root biomass for water restriction treatments, T1 and T2,
was observed (Figure 2). An excess of moisture in the substrate could have reduced oxy-
genation, affecting the development of the roots in W. Murcott plants. This response was
observed in the orange cv. Valencia [24]. On the other hand, the lower root development
in T2 plants could be attributable to a lower root growth expression to seek water. Roots
under little water availability respond through hydrotropism, a mechanism that modifies
its growth, responding to a potential water gradient in the soil by growing towards areas
with higher moisture content [25]. In this way, the lower growth of W. Murcott in the
substrate with polyacrylamide hydrogel could be given by the high moisture presented in
the substrate, making it unnecessary for the roots to search for areas with higher moisture.
Additionally, citrus plants could have diverted photosynthates for the production of pro-
tective metabolites against saline or water stress (proline for example) instead of producing
root biomass.

Nutritional analysis of the roots and leaves showed significantly higher Na content
for T2. Authors such [12] observed similar results when using polyacrylamide polymers,
obtaining a significant increase in sodium levels in crops such as wheat. From our results,
it could be concluded that polyacrylamide hydrogels with high content of sodium could
generate an accumulation of sodium in the rhizosphere, causing sodium absorption by
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the roots and osmotic stress to the plants, which can cause a reduction in growth and/or
osmotic adjustment if the species have the gene pool for expressing that strategy.

Proline is considered an osmotic stress indicator (water or salinity stress), as this
osmolyte is commonly accumulated under abiotic stress conditions [2]. The authors of [26]
indicate that citrus species under these stress conditions can respond through an osmotic
adjustment, which means that cells respond by promoting the accumulation of compatible
solutes (such as proline and others) to keep cellular functioning. However, this survival
strategy has a negative effect on the growth of plants, since most of the energy is channeled
towards the synthesis of these compatible solutes [27]. According to our results, proline
concentration (mg g−1) was significantly higher in T2 plants compared to those in T0 and
T1, which may reflect an osmotic adjustment response of T2 plants, probably in response to
the sodium content of the applied polyacrylamide, which probably generated saline stress.
This possible adjustment response could also explain the lower growth of the shoots of
the T2.

Although the addition of polyacrylamide polymers in this experiment significantly
improved the retention of water in the substrate, it is questionable how much of this water
was available to the W. Murcott plants. Our results showed that the plants expressed some
signs of water and/or salt stress, which can be associated with a lack of water combined
with a possible osmotic adjustment given by a high concentration of sodium, which leads
to an increase in the concentration of osmolytes such as proline.

5. Conclusions

In conclusion, polymers such as sodium polyacrylamide allow water retention in the
soil or substrate, but this is not necessarily released to plants. This can be explained insofar
as that moisture is probably kept in the hydrogel and not released to the substrate media
or the roots, or if released, in this case, this occurs with an increase in the concentration of
sodium available to the plants, which could lead to the crop to a high-stress situation when
the plant is subjected to water scarcity and increased growth and productivity problems.
Our results also suggest that it is necessary to know the hydrogel-type product well and
test it before applying it to commercial plantations.
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Abstract: Drought stress is a major factor limiting wheat crop production worldwide. The application
of humic acid (HA) and the selection of the appropriate genotype in the suitable site is one of the
most important methods of tolerance of wheat plants to drought-stress conditions. The aim of
this study was achieved using a three-way ANOVA, the stress tolerance index (STI), the Pearson
correlation coefficient (rp), and principal component analysis (PCA). Three field experiments in three
sites (Al-Qasr, El-Neguilla, and Abo Kwela) during the 2019/21 and 2020/21 seasons were conducted,
entailing one Egyptian bread wheat variety (Sakha 94) with three HA rates (0, 30, and 60 kg ha−1)
under normal and drought-stress conditions (supplemental irrigation). According to the ANOVA, the
sites, supplemental irrigation, HA rates, and their first- and second-order interactions the grain yield
and most traits evaluated (p ≤ 0.05 or 0.01) were significantly influenced in both seasons. Drought
stress drastically reduced all traits registered in all factors studied compared with normal conditions.
The wheat plants at the Al-Qasr site in both seasons showed significantly increased grain yield and
most traits compared with that of the other sites under normal and drought-stress conditions. HA
significantly promoted all studied traits under drought stress, and was highest when applying 60 kg
HA ha−1, regardless of the site. The greatest grain yield and most traits monitored were observed in
wheat plants fertilized with 60 kg HA ha−1 at the Al-Qasr site in both seasons under both conditions.
Grain yield significantly (p ≤ 0.05 or 0.01) correlated with water and precipitation use efficiency as
well as the most studied traits under normal and drought-stress conditions. The results of STI, rp,
and PCA from the current study could be useful and could be used as a suitable method for studying
drought-tolerance mechanisms to improve wheat productivity. Based on the results of statistical
methods used in this study, we recommend the application of 60 kg HA ha−1 to improve wheat
productivity under drought conditions along the north-western coast of Egypt.

Keywords: correlation; environment; drought stress; humic acid; PCA analysis; rain-fed; wheat varieties
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1. Introduction

Cereal crops are a major staple food worldwide, which directly contribute more than
50% of the total human calorie input. Among them, wheat (Triticum aestivum L.) occupies
a prominent position as a source of dietary protein and calories for the ever-burgeoning
population of the world [1]. Bread wheat is widely cultivated over the world because of
its great demand and cultivars that are adaptable to various environmental conditions [2].
Wheat is the most significant cereal grain and a staple diet for millions of people in Egypt,
where 1.40 million hectares were planted in 2021/2022, yielding 9.0 million tons [3]. Egypt
is the world’s largest wheat importer [4], and by expanding its output, it hopes to reduce
its reliance on imports. Due to water constraints, inefficient irrigation systems, poor
conservation, and low agricultural water efficiency, water availability per unit of irrigated
area is decreasing in the Mediterranean regions [5,6].

Irrigation water scarcity is one of the most significant constraints on agricultural
production [7], given that irrigated agriculture is the largest user of freshwater, accounting
for approximately 79% of all water withdrawal in Egypt and 69% worldwide [8]. Increased
water use efficiency (WUE) in both irrigated and rain-fed agriculture is required to meet
the demand for food production while preserving freshwater resources [9]. Drought is the
most serious issue affecting wheat output. As a result, improving drought resistance is of
particular significance for long-term wheat production. Egypt’s rain belt is confined to the
coast, particularly in the north, which is categorized as semi-arid and has poor sandy or
saline soil. Rain-fed agriculture is practiced in Egypt’s North Sinai and Marsa Matrouh [10].
A substantial amount of the Egyptian North Coast’s present economic activities is based
on rain-fed agriculture. Rainfall in this area ranges from 130 to 150 mm on the northwest
coast to 80 mm (west of Al-Arish) to 280 mm (near Rafah) in the northeast [11]. Drought-
tolerant crops such as wheat, barley, fig, olive, and tiny patches of faba bean and lentils
are the most widely grown crops in the area. Due to the lack of rain throughout the winter
wheat-growing seasons, only 30% of the crop’s water requirements are met, and over 70%
of irrigation water is required to sustain winter wheat’s potential output [10]. Long dry
spells are common during important growth stages, such as flowering and grain filling,
and have a significant impact on eventual production [12].

Rain-fed areas, where most of the land is farmed utilizing old, traditional, and rudi-
mentary soil and agricultural practices, are facing several critical problems [13]. Because
of their small canopy and low evaporative demands in the winter, all winter-sown crops
are more vulnerable to drought in the spring or early summer when evaporative demand
is high, especially during flowering and grain-filling stages, and are largely reliant on
stored soil moisture to complete their growth cycles [14]. Supplemental irrigation (SI)
with a limited amount of water can improve crop output while also increasing WUE [15].
Previous researchers found that increasing the soil water content at a depth of 40 cm to
65% of the field capacity after jointing and 70% of the field capacity after anthesis using SI
boosted grain output and WUE by almost 40% and 15%, respectively. Many studies have
found that varying quantities of SI at different stages of wheat growth considerably and
significantly increased grain yield [16–20].

Under rain-fed conditions, fertilizer rates should be regulated because when excessive
amounts of fertilizer are provided, the vegetative growth of the plants is stimulated much
more in the early periods, and water stress may arise at later times, affecting the effective
grain-filling period [21]. Fertilizer application improves the usage of stored water as well
as boosts wheat yields by correcting nutritional deficiencies [22]. Therefore, increasing
crop productivity under water scarcity is deliberated as the main purpose via hybridizing
or genetic engineering plans [23]. To challenge this problem conventionally, chemical
treatment and agronomical crop management practices have been applied to decrease the
detrimental effects of water deficiency [24]. Alternatively, humic acid (HA) as organic
fertilization plays an essential role in diminishing the utilization of chemical fertilizers and
reducing its harmful impact on soil, the environment, and sustainable agriculture [25]. HA
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is the active ingredient in organic fertilizers, and its use could be a viable alternative to
traditional soil fertilization and a quick source of nitrogen, especially in semi-arid areas [26].

HA is a naturally occurring polymeric-heterocyclic organic molecule with carboxylic
(COOH), phenolic (OH), alcoholic, and carbonyl fractions, and is used as an organic
fertilizer [27]. HA has been shown to improve nutrient transport and availability [28,29].
Due to their effective components, humic compounds can alter biochemical processes
in plants, resulting in higher photosynthesis and respiration rates, as well as increased
hormone and protein production [28]. In general, the beneficial effects of HA on plant
physiology are discussed in terms of root growth and nutrient uptake [30]. HA can be
used as a low-cost organic fertilizer to boost plant growth and productivity, improve stress
tolerance, and improve soil physical characteristics and complex metal ions, among other
things [31]. Effect of HA on wheat seedling growth in the presence and absence of nitrogen
(N) was also investigated. Small amounts of HA (54 mg L−1) in the water medium resulted
in a 500% increase in root length [32]. HA enhanced the fresh and dry weight of roots
considerably. In the presence of 54 mg HA L−1, the wheat dry matter yield of shoots rose
by 22%. In addition to the improvement in the soil’s physical structure, humic compounds
in the soil boost nutrient absorption by increasing the availability of nutrients [32].

The main purpose of the current work was to evaluate the possible use of HA as
a soil application to alleviate the harmful effects of water stress on wheat plants, explaining
the role of HA in improving the growth and yield of water-stressed wheat plants and
maximizing WUE for optimal crop production.

2. Materials and Methods
2.1. Geographic and Climatic Data of the Studied Sites

Field experiments (2019/2020 and 2020/2021 winter seasons) were carried out at three
different sites along the north-western coast of Egypt: The Al-Qasr site, (latitude: 31◦35′

and longitude: 27◦16′), the El-Neguilla site (latitude: 31◦43′ and longitude: 26◦50′), and the
Abo Kwela site (latitude: 31◦57′ and longitude: 25◦99′), located in Marsa Matrouh, approxi-
mately 300 km west of Alexandria city, on the north-western coast of Egypt. Geographic
coordinates for the three cultivated sites are presented in Figure 1. Climatic data of the
three cultivated sites, such as the monthly average precipitation (mm), minimum and
maximum temperature (◦C), solar radiation (Mj m−2 d−1), wind speed (m s−1), and relative
humidity (%) for the experimental duration (December–April) during both growing winter
seasons (2019/2020 and 2020/2021), are presented in Table 1.
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Table 1. Climatic data at Al-Qasr, El-Neguilla, and Abo Kwela sites, Egypt, during the 2019/2020
and 2020/2021 growing seasons.

Season

Al-Qasr El-Neguilla Abo Kwela

Temperature
(◦C) RH

(%)
WS
(m
s−1)

Solar
Radiation

(MJ m−2 d−1)

Temperature
(◦C) RH

(%)
WS
(m
s−1)

Solar
Radiation

(MJ m−2 d−1)

Temperature
(◦C) RH

(%)
WS
(m
s−1)

Solar
Radiation

(MJ m−2 d−1)Min Max Min Max Min Max

2019/
2020

November 9.65 28.3 66.1 2.40 13.2 10.01 28.9 62.6 5.23 15.3 9.16 29.9 56.2 2.45 8.6
December 3.39 22.2 71.9 3.78 10.2 3.96 22.7 71.5 6.98 12.4 4.42 23.3 71.1 3.37 6.6

January 3.37 17.8 74.0 3.98 11.3 3.49 17.7 74.3 5.74 11.1 3.83 17.9 75.9 3.21 6.8
February 4.37 22.1 74.3 3.58 14.7 4.50 22.1 74.1 6.96 14.8 4.19 21.9 73.7 3.25 9.1

March 4.91 25.7 67.4 3.98 20.8 4.99 27.3 64.6 6.38 20.6 4.97 29.1 61.6 3.73 12.0
April 8.00 29.1 65.2 3.16 25.2 8.13 30.1 62.1 8.21 28.5 7.65 31.8 57.9 3.25 15.5
May 9.89 39.9 56.7 3.43 27.1 10.26 40.4 54.1 9.79 30.2 9.63 41.6 47.3 3.52 18.5

2020/
2021

November 7.22 24.0 79.6 2.88 12.3 7.33 23.9 77.8 12.01 29.8 6.37 24.8 76.4 2.61 7.9
December 8.32 25.1 62.0 3.32 14.7 5.50 20.3 76.9 8.68 15.7 5.11 22.2 73.9 2.53 7.1

January 5.08 19.7 79.3 2.51 10.8 10.8 17.1 63.0 4.89 7.12 6.87 25.8 68.2 2.87 7.8
February 10.76 18.6 58.0 4.90 20.7 10.65 18.5 58.0 5.32 15.2 4.11 24.1 72.2 3.20 10.5

March 10.92 26.8 57.0 4.88 25.9 12.91 22.2 57.0 4.94 22.1 6.12 15.6 74.3 3.98 8.0
April 11.66 30.5 55.0 3.85 34.5 15.72 25.4 56.0 4.89 26.4 8.24 31.0 77.2 3.91 16.3
May 17.80 33.1 55.0 4.99 33.1 18.03 30.7 60.0 4.82 30.0 8.55 43.0 66.5 2.56 17.8

RH = relative humidity and WS = wind speed.

The agriculture in the studied regions is mainly rain-fed, and these regions are char-
acterized by a Mediterranean-type climate with cold wet winters and hot dry summers.
The highest percentage of precipitation usually occurs in December and January in the
three cultivated sites. The highest seasonal rainfall rates during the studied period
(Figure 2) were recorded at the Al-Qasr site (4224 m3), followed by the El-Neguilla site
(3115 m3), then the Abo Kwela site (2342 m3).
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analysis at the three study sites at a 0.0–0.50 cm depth before planting in both winter sea-
sons (2019/2020 and 2020/2021) using [34,35] standard methods. 
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Figure 2. Monthly precipitation at each site during the two growing seasons.

2.2. Soil Characteristics of the Studied Field Sites

The soils of the studied area could be classified at the family level as Typic Torrip-
samments, siliceous, hyperthermic, and moderately deep. In addition, the suitability of
the studied soils ranged between not suitable and marginally suitable [33]. The soil of
the three sites where the experiments were carried out for the two seasons had topsoil
(0–100 cm depth) characterized as sandy loam in texture. Table 2 shows the results of the
soil analysis at the three study sites at a 0.0–0.50 cm depth before planting in both winter
seasons (2019/2020 and 2020/2021) using [34,35] standard methods.
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Table 2. Soil analysis of the studied experimental sites (0.0–0.5 m depth) before sowing during the
2019/2020 and 2020/2021 growing seasons.

Soil Property
Al-Qasr El-Neguilla Abo Kwela

2019/2020 2020/2021 2019/2020 2020/2021 2019/2020 2020/2021

Physical Characteristics

Coarse sand (%) 45.78 36.97 38.76 35.22 42.87 37.11
Fine sand (%) 38.20 44.60 40.80 47.16 34.11 45.32

Silt (%) 14.30 16.32 19.46 15.74 21.04 15.21
Clay (%) 1.72 2.11 0.98 1.88 1.98 2.36

Texture class SL SL SL SL SL SL
Chemical properties:

pH 8.35 8.27 8.50 8.11 8.40 7.25
ECe (dS m−1) 2.40 6.00 4.50 9.30 3.10 8.80

Soluble Cations (meq 100−1 g)

Mg2+ 0.70 1.60 1.00 2.50 0.69 2.60
Ca2+ 0.81 2.60 1.50 3.16 1.30 3.90
Na+ 0.74 1.04 1.46 2.81 1.35 1.70
K+ 0.27 0.96 0.67 0.84 0.19 0.66

Soluble Anions (meq 100−1 g)

HCO3
- 1.0 2.06 1.03 3.60 0.83 3.50

Cl- 0.38 1.25 0.6 1.70 1.0 2.24
SO4

2- 1.14 2.89 3.00 4.01 1.7 3.12
SL: Sandy loam; ECe: Electrical conductivity of soil past extract (1:2.5 soil:H2O, w/v).

2.3. Experimental Design and Treatment Details

The bread wheat Sakha 94 variety was bought from the central administration of seeds
production of the Egyptian Ministry of Agriculture and Land Reclamation and was sown in
different environments at three sites along the north-western coast of Egypt. The pedigree
of the studied cultivar is OPATA/RAYON//KAUZ (CMBW90Y3180-0TOPM-3Y-010Y-10M-
015Y-0Y-0AP-0S, the year of release was (2004). At each site, wheat grains were sown in
a split-plot design in a randomized complete block design (RCBD) with three replicates.
Each plot (3.5 × 4 m) included 13 rows 3.5 m long and 30 cm apart. Irrigation treatments
were allocated to the main plots as rain-fed (drought) and SI (normal) (Table 3), and the
water used for SI was groundwater (with ECe = 1.2 ± 0.3 dS m−1) pumped from a local
well and provided via a sprinkler irrigation system. HA treatments were allocated in
subplots and applied at three doses of 0 (HA0), 30 (HA30), and 60 (HA60) kg ha−1. The
main constituents of the water-dissolvable HA compound used in this experiment (Alpha
Chemika, Mumbai, Maharashtra, India) are listed in Table 4. Each HA dose was applied
once during planting after being well mixed with fine sand (200 kg), then equally spread
throughout the topsoil layer and blended in the rhizosphere zone where the root is active.

2.4. Agronomical Management Practices

After one chisel plow, grains of the Sakha 94 variety were sown at the rate of 167 kg
ha−1 in rows after the first effective rainfall precipitation on 10, 12, and 13 December in the
first season and 15, 16, and 17 November in the second season for Al-Qasr, El-Neguilla, and
Abo Kwela sites, respectively. The experimental field of each cultivated site was basally
supplied with 52.5 kg of P2O5 ha−1 (169.4 kg of calcium super monophosphate containing
15.5% P2O5) during the preparation of the field. Furthermore, nitrogen was applied with
180.4 kg of N ha−1 (284.2 kg of ammonium nitrate 33.5% N), which was supplied in two or
three equal doses with SI times. Meanwhile, the other recommended agricultural practices
were applied as usual in bread wheat fields under Egyptian rain-fed conditions.
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Table 3. Description of irrigation mode and humic acid treatments applied in the three research sites.

A. Supplemental Irrigation (SI)

Treatment Description

Total Amount of Supplemental and Rain Irrigation Water (m3 ha−1)

2019/2020 2020/2021

Al-Qasr El-Neguilla Abo Kwela Al-Qasr El-Neguilla Abo Kwela

Rain SI Rain SI Rain SI Rain SI Rain SI Rain SI

Normal

Wheat plants were
irrigated with three

supplemental irrigations
at stages of stem

elongation, flowering,
and grain filling.

2154 1751 1815 2090 1242 2663 2070 1751 1300 2521 1100 2721

Drought

Wheat plants were
irrigated with three

supplemental irrigations
(60% of water amount

applied at normal level)
at stages of stem

elongation, flowering,
and grain filling.

2154 189 1815 528 1242 1101 2070 223 1300 993 1100 1193

B. Humic Acid (HA)

HA0 0 kg ha−1 HA addition
HA30 30 kg ha−1 of HA mixed well with 200 kg of fine sand was added once at planting for each site
HA60 60 kg ha−1 of HA mixed well with 200 kg of fine sand was added once at planting for each site

Table 4. The main components of humic acid (HA) substance applied in the three research sites on
a dry weight basis.

Component Concentration (%) Component Concentration (%)

Pure HA content 90.3 Iron (Fe) 0.61
Nitrogen (N) 0.94 Manganese (Mn) 0.09

Phosphorus (P) 1.04 Zinc (Zn) 0.32
Potassium (K) 1.46 Copper (Cu) 0.55
Calcium (Ca) 2.81 Sodium (Na) 0.04

Magnesium (Mg) 0.92 Others 0.44
Sulfur (S) 0.48

2.5. Agronomic Traits, Grain Yield, and Its Components

At full maturity, wheat plants were manually harvested on 20, 21, and 27 April in the
2019/2020 season, and 9, 13, and 15 April in the 2020/2021 season for Al-Qasr, El-Neguilla,
and Abo Kwela sites, respectively. Ten wheat plants were randomly collected from each
plot to measure the plant height (PH; cm), spike length (SL; cm), and spikelet number
per spike (SNS). The spikelet density was calculated by dividing SNS by SL. However, all
wheat plants in one square meter area were manually harvested from each plot to measure
the number of spike per m2 (NSm2). The tillering index (%) was calculated by dividing
the NSm2/tiller number per m2 and the thousand-grain weight (T-GW; g). Meanwhile, the
remaining wheat plants in each plot were harvested to determine the grain (GY), straw (SY),
and biological (BY) yields and converted into t ha−1. WUE was calculated by dividing GY
(kg ha−1) by growing season irrigation (m3 ha−1). The precipitation use efficiency (PUE)
was obtained by dividing GY (kg ha−1) by growing season precipitation (m3 ha−1) [36].

2.6. Statistical Analysis

Upon pre-running the variance analysis, Shapiro-Wilk’s normality and Levene’s homo-
geneity for all variables were verified using the normality and homogeneity tests according
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to [37,38]. The outputs of the normality and homogeneity tests showed all variables to
be statistically acceptable for further analysis of variance. Pooled data of all variables for
both seasons were subjected to a three-way ANOVA using GenStat statistical software
(12th edition, VSN International Ltd., Harpenden, UK) according to [39]. The coefficient
of variation (C.V. %) was estimated and categorized as very high (C.V. % ≥ 21), high
(15 ≤ C.V. % < 21), moderate (10 ≤ C.V. % < 15), and low (C.V. % < 10) according to [40].
The obtained data were expressed as the mean ± standard error (SE), and multiple com-
parisons were determined using the least-significant-difference test (LSD) at the 0.05 level
of probability [39]. The stress tolerance index was calculated according to [41]. Pearson’s
correlation coefficient and principal component analysis (PCA) were applied to assess the
association among the studied traits using the Origin Pro 2021 version b 9.5.0.193 computer
software program.

3. Results
3.1. Analysis of Variance (ANOVA) Results

Table 5 outlines the detailed results of the three-way ANOVA for the studied wheat
traits. The results showed that the environment (E), SI, and HA treatments, as well as the
first-order interactions (E × SI, E × HA, and SI × HA), had a statistically significant effect
(p ≤ 0.05 or 0.01) on all studied traits. The second-order interaction (E × SI × HA) had
statistically significant effects (p≤ 0.05 or 0.01) for most studied traits, while non-significant
differences were observed between second-order interactions for the SNS trait. In Table 5,
the C.V. % values registered for all evaluated traits across experimental factors are low
(C.V. ≤ 10%), indicating the high precision and reliability of the field experiments
carried out.

Table 5. Three-way ANOVA (p-values) for the impact of environment (E), supplemental irrigation
(SI), humic acid (HA) treatment, and their interactions on the studied bread wheat traits.

S. O. V.
PH
(cm) TI (%) SL (cm) SNS SD NSm2

SY BY GY T-GW
(g)

WUE PUE

(t ha−1) (kg m−3)

E 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 **
SI 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.02 * 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.03 * 0.00 **

HA 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.06 * 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 **

E × SI 0.00 ** 0.00 ** 0.07 * 0.00 ** 0.00 ** 0.00 ** 0.02 * 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 **
E × HA 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.04 * 0.02 * 0.00 ** 0.00 ** 0.00 ** 0.00 **
SI × HA 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.02 * 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 **

E × SI × HA 0.00 ** 0.00 ** 0.00 ** 0.32 ns 0.05 * 0.03 * 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 **

C.V. % 4.39 5.14 4.39 6.14 6.11 8.11 7.80 5.93 6.38 4.45 6.48 7.18

(*) and (**) significant for p ≤ 0.05 and p ≤ 0.01, respectively; ns: Indicates a non-significant difference. S.O.V.:
Source of variance, PH: Plant height, TI: Tillering index, SL: Spike length, SNS: Spikelet number per spike, SD:
Spikelet density, NSm2: Number of spike per m2, SY: Straw yield, BY: Biological yield, GY: Grain yield, T-GW:
Thousand-grain weight, WUE: Water use efficiency, and PUE: Precipitation use efficiency. C.V. %: Coefficient of
variation (%).

3.2. Experimental Factors Effects on Wheat Traits

The results in Table 6 shows significant differences in the effects of the environment
(site × year), SI, and HA treatments on all studied wheat traits. PH, SNS, and SD were
significantly higher at the El-Neguilla site in both seasons than at the Al-Qasr and Abo
Kwela sites. Meanwhile, SL, SY, BY, GY, T-GW, WUE, and PUE increased significantly
at the Al-Qasr site in both seasons compared with the Abo Kwela and El-Neguilla sites.
Regarding the irrigation mode, all studied wheat traits were markedly higher under normal
conditions compared to drought-stress conditions, except WUE, which was higher in
drought conditions compared to normal conditions. Regarding HA treatments, all studied
wheat traits in the current study were significantly higher in plants supplied with 60 kg
HA ha−1, moderate in plants fertilized with 30 kg HA ha−1, and lower in non-fertilized
wheat plants (0 kg HA ha−1).
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Table 6. Effects of the environment (E; location and year), supplemental irrigation (SI), and humic
acid (HA) on the studied bread wheat traits.

Factor PH (cm) TI (%) SL (cm) SNS SD NSm2

E

Abo Kwela
2019/20 44.4 ± 3.9c 1.37 ± 0.07b 6.06 ± 0.37c 12.23 ± 0.53e 2.06 ± 0.06c 113.6 ± 5.40c

Abo Kwela
2020/21 44.0 ± 3.6d 1.39 ± 0.06a 6.22 ± 0.38b 12.55 ± 0.54d 2.07 ± 0.05c 116.4 ± 5.10b

El-Neguilla
2019/20 58.7 ± 2.2a 0.77 ± 0.01f 5.99 ± 0.29d 15.31 ± 1.01b 2.52 ± 0.07b 63.1 ± 2.29d

El-Neguilla
2020/21 58.4 ± 2.0a 0.89 ± 0.05e 5.95 ± 0.32d 15.67 ± 1.15a 2.57 ± 0.04a 57.5 ± 4.60e

AL-Qasr
2019/20 44.3 ± 0.8c 1.14 ± 0.03c 6.26 ± 0.19b 10.92 ± 0.38f 1.75 ± 0.03e 136.8 ± 8.28a

AL-Qasr
2020/21 45.6 ± 0.7b 1.06 ± 0.02d 6.79 ± 0.23a 13.20 ± 0.65c 1.94 ± 0.05d 137.6 ± 8.00a

SI

Normal 54.3 ± 3.1a 1.14 ± 0.10a 7.01 ± 0.10a 15.25 ± 1.20a 2.18 ± 0.18a 117.8 ± 16.90a
Drought 44.2 ± 3.4b 1.08 ± 0.11b 5.42 ± 0.16b 11.37 ± 0.35b 2.12 ± 0.10b 90.5 ± 12.47b

HA

0 kg ha−1

(HA0)
41.1 ± 3.5c 0.95 ± 0.08c 5.17 ± 0.30c 10.97 ± 0.35c 2.15 ± 0.13c 85.4 ± 10.72c

30 kg ha−1

(HA30)
49.8 ± 3.1b 1.11 ± 0.10b 6.30 ± 0.09b 13.28 ± 0.85b 2.12 ± 0.14b 102.8 ± 15.52b

60 kg ha−1

(HA60)
56.9 ± 3.4a 1.26 ± 0.14a 7.17 ± 0.21a 15.69 ± 1.08a 2.19 ± 0.16a 124.3 ± 17.23a

Factor
SY BY GY

T-GW (g)
WUE PUE

(t ha−1) (kg m−3)

E

Abo Kwela
2019/20 4.04 ± 0.25d 5.44 ± 0.42c 1.41 ± 0.20c 31.3 ± 2.5c 0.42 ± 0.10c 1.13 ± 0.30b

Abo Kwela
2020/21 4.49 ± 0.28b 5.90 ± 0.44b 1.43 ± 0.21c 32.3 ± 2.6b 0.43 ± 0.09c 1.28 ± 0.41a

El-Neguilla
2019/20 2.92 ± 0.27e 3.87 ± 0.39d 0.96 ± 0.12e 31.6 ± 1.1c 0.29 ± 0.07e 0.53 ± 0.06f

El-Neguilla
2020/21 2.93 ± 0.28e 3.89 ± 0.40d 0.98 ± 0.13d 32.4 ± 1.2b 0.30 ± 0.07d 0.75 ± 0.06e

AL-Qasr
2019/20 4.24 ± 0.31c 5.91 ± 0.50b 1.66 ± 0.20b 35.0 ± 2.9a 0.51 ± 0.16b 0.77 ± 0.34d

AL-Qasr
2020/21 4.67 ± 0.27a 6.45 ± 0.47a 1.78 ± 0.25a 35.1 ± 2.7a 0.54 ± 0.11a 0.86 ± 0.17c

SI

Normal 4.64 ± 0.31a 6.63 ± 0.51a 1.99 ± 0.21a 38.5 ± 1.8a 0.52 ± 0.17a 1.30 ± 0.27a
Drought 3.12 ± 0.33b 3.86 ± 0.39b 0.74 ± 0.08b 27.4 ± 1.0b 0.32 ± 0.18b 0.48 ± 0.22b

HA

HA0 2.88 ± 0.31c 3.85 ± 0.41c 0.97 ± 0.10c 25.6 ± 0.6c 0.30 ± 0.01c 0.63 ± 0.01c
HA30 4.09 ± 0.37b 5.40 ± 0.50b 1.30 ± 0.14b 32.4 ± 0.6b 0.40 ± 0.06b 0.85 ± 0.07b
HA60 4.66 ± 0.28a 6.49 ± 0.45a 1.83 ± 0.18a 40.8 ± 1.4a 0.55 ± 0.03a 1.19 ± 0.14a

Each value represents means ± standard error. Means sharing different letters in the same column indicate
statistically significant (p ≤ 0.05) differences according to the LSD test. PH: Plant height, TI: Tillering index,
SL: Spike length, SNS: Spikelet number per spike, SD: Spikelet density, NSm2: number of spike per m2, SY:
Straw yield, BY: Biological yield, GY: Grain yield, T-GW: Thousand-grain weight, WUE: Water use efficiency, and
PUE: Precipitation use efficiency. HA0, HA30, and HA60 indicate the addition of 0, 30, and 60 kg ha−1 humic
acid, respectively.
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3.3. The First-Order Interaction Effect on Wheat Traits

With respect to the E × SI interaction (Table 7), all studied wheat traits under normal
conditions were higher than in drought conditions except for the TI trait at Abo Kwela and
El-Neguilla sites in the 2019/2020 season and the SD trait at Abo Kwela in both seasons
and AL-Qasr in the 2019/2020 season. The interaction effect between environments and
normal conditions showed significant differences for all studied traits compared with the
environments × drought stress interactions, except for WUE at the El-Neguilla site in
both seasons and the AL-QASR site in the 2019/2020 season. The highest values of GY
and most studied traits were registered by the Al-Qasr × SI interaction in the 2020/2021
season compared with their values in other E × SI interactions. A significant decrease
was found in the El-Neguilla site × SI interaction than other E × SI interactions for GY
and most studied traits under both conditions. Generally, the Al-Qasr site in both seasons
showed more WUE, thus more GY and most traits comparatively than other sites under
drought-stress conditions.

Table 7. The first-order interaction of environment (E) and supplemental irrigation (SI) for the studied
bread wheat traits.

Factor
PH (cm) TI (%) SL (cm) SNS SD NSm2

E SI

Abo Kwela
2019/2020

Normal 53.7 ± 12.5b 1.37 ± 0.14b 6.86 ± 1.11c 13.37 ± 1.7d 1.98 ± 0.10e 122.0 ± 16.4b
Drought 35.1 ± 2.8ab 1.38 ± 0.22b 5.27 ± 0.63h 11.09 ± 0.7g 2.14 ± 0.15d 105.1 ± 9.6e

Abo Kwela
2020/2021

Normal 52.6 ± 11.3d 1.41 ± 0.16a 7.06 ± 1.14b 13.55 ± 1.7d 1.94 ± 0.09e 124.5 ± 14.4b
Drought 35.3 ± 3.0b 1.38 ± 0.21b 5.38 ± 0.63g 11.55 ± 0.8f 2.18 ± 0.12d 108.3 ± 11.3d

El-Neguilla
2019/2020

Normal 63.3 ± 6.5f 0.76 ± 0.02j 6.76 ± 0.57d 18.33 ± 2.1b 2.70 ± 0.08b 68.8 ± 5.0f
Drought 54.1 ± 3.5d 0.79 ± 0.05i 5.21 ± 0.66h 12.29 ± 1.7e 2.35 ± 0.04c 57.4 ± 5.5g

El-Neguilla
2020/2021

Normal 63.2 ± 5.4f 0.96 ± 0.17g 6.91 ± 0.67c 19.33 ± 2.3a 2.77 ± 0.09a 69.2 ± 5.6f
Drought 53.7 ± 3.9e 0.82 ± 0.09h 5.00 ± 0.54i 12.00 ± 1.7e 2.38 ± 0.13c 45.8 ± 10.0h

AL-Qasr
2019/2020

Normal 46.4 ± 1.3i 1.20 ± 0.03c 6.98 ± 0.12bd 12.02 ± 0.7e 1.72 ± 0.08h 161.5 ± 19.9a
Drought 42.3 ± 1.8f 1.09 ± 0.05e 5.53 ± 0.15f 9.82 ± 0.5h 1.78 ± 0.06g 112.1 ± 11.0c

AL-Qasr
2020/2021

Normal 46.6 ± 1.2i 1.12 ± 0.03d 7.48 ± 0.34a 14.91 ± 1.9c 1.98 ± 0.16e 160.6 ± 20.3a
Drought 44.7 ± 1.9h 1.01 ± 0.02f 6.11 ± 0.49e 11.50 ± 0.8f 1.89 ± 0.04f 114.5 ± 10.4c

E SI
SY BY GY

T-GW (g)
WUE PUE

(t ha−1) (kg m−3)

Abo Kwela
2019/2020

Normal 4.59 ± 0.49c 6.69 ± 0.91d 2.10 ± 0.48c 37.8 ± 7.3d 0.54 ± 0.03b 1.69 ± 0.6b
Drought 3.49 ± 0.67e 4.20 ± 0.71i 0.71 ± 0.04h 24.8 ± 2.3j 0.31 ± 0.09f 0.58 ± 0.09g

Abo Kwela
2020/2021

Normal 5.21 ± 0.26b 7.31 ± 0.73c 2.10 ± 0.47c 39.6 ± 7.2c 0.55 ± 0.04b 1.91 ± 0.2a
Drought 3.76 ± 0.81f 4.48 ± 0.86g 0.72 ± 0.05h 25.1 ± 3.0j 0.31 ± 0.09f 0.65 ± 0.03f

El-Neguilla
2019/2020

Normal 3.74 ± 0.57f 5.10 ± 0.85e 1.36 ± 0.29e 32.9 ± 3.3f 0.35 ± 0.02e 0.75 ± 0.1e
Drought 2.10 ± 0.47h 2.65 ± 0.54j 0.55 ± 0.07i 30.2 ± 2.6g 0.24 ± 0.01g 0.30 ± 0.05j

El-Neguilla
2020/2021

Normal 3.74 ± 0.59f 5.14 ± 0.88e 1.40 ± 0.29d 34.0 ± 3.7e 0.37 ± 0.03d 1.08 ± 0.5d
Drought 2.09 ± 0.48h 2.64 ± 0.55j 0.55 ± 0.07i 30.8 ± 2.7g 0.24 ± 0.01g 0.43 ± 0.073i

AL-Qasr
2019/2020

Normal 5.13 ± 0.57b 7.43 ± 1.06b 2.30 ± 0.51a 43.7 ± 7.3a 0.59 ± 0.0b 1.07 ± 0.09d
Drought 3.36 ± 0.61g 4.38 ± 0.75h 1.03 ± 0.18f 26.2 ± 3.4i 0.44 ± 0.02c 0.48 ± 0.02h

AL-Qasr
2020/2021

Normal 5.43 ± 0.09a 8.11 ± 0.58a 2.68 ± 0.50a 42.8 ± 6.7b 0.70 ± 0.10a 1.30 ± 0.60c
Drought 3.92 ± 0.78d 4.80 ± 0.83f 0.88 ± 0.06g 27.3 ± 3.7h 0.38 ± 0.03d 0.43 ± 0.05i

Each value represents means ± standard error. Means sharing different letters in the same column indicate
statistically significant (p ≤ 0.05) differences according to the LSD test. PH: Plant height, TI: Tillering index, SL:
Spike length, SNS: Spikelet number per spike, SD: Spikelet density, NSm2: number of spike per m2, SY: Straw
yield, BY: Biological yield, GY: Grain yield, T-GW: Thousand-grain weight, WUE: Water use efficiency, and PUE:
Precipitation use efficiency.
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In Table 8, compared with 0 and 30 kg of HA ha−1, crops fertilized with 60 kg HA ha−1

showed significantly increased interactions of E × HA for all studied traits under normal
and drought-stress conditions. On the other hand, SD was significantly decreased with
the 60 kg HA ha−1 treatment at the Abo Kwela site in both seasons. Compared with sites
and years in E × HA interactions, the Al-Qasr site across both years reached the maximum
values of GY and most studied traits. Meanwhile, the highest PH, SNS, and SD were found
at the El-Neguilla site in both seasons. Generally, the application of 60 kg HA ha−1 at the
Al-Qasr site during the 2020/2021 season comparatively produced more GY and most
other traits than other applications of HA at other sites in both seasons under normal and
drought-stress conditions.

Table 8. The first-order interaction of environment (E) and humic acid (HA) treatment for the studied
bread wheat traits.

Factor
PH (cm) TI (%) SL (cm) SNS SD NSm2

E HA

Abo Kwela
2019/2020

HA0 30.8 ± 0.4k 1.07 ± 0.03g 4.54 ± 0.52g 10.36 ± 0.58j 2.30 ± 0.13e 91.7 ± 3.7d
HA30 45.2 ± 10.4h 1.39 ± 0.10c 6.15 ± 0.49e 11.91 ± 0.67h 1.94 ± 0.04g 112.6 ± 6.3c
HA60 57.2 ± 17.2c 1.66 ± 0.13b 7.49 ± 1.38a 14.42 ± 2.17f 1.94 ± 0.07g 136.5 ± 15.5b

Abo Kwela
2020/2021

HA0 31.1 ± 1.2k 1.08 ± 0.02g 4.67 ± 0.52g 10.50 ± 0.50j 2.27 ± 0.15e 95.4 ± 6.4d
HA30 44.9 ± 9.1h 1.39 ± 0.11c 6.25 ± 0.65e 12.33 ± 0.50h 1.99 ± 0.13fg 114.3 ± 6.3c
HA60 55.9 ± 15.5d 1.71 ± 0.08a 7.76 ± 1.35a 14.82 ± 2.01e 1.93 ± 0.08g 139.7 ± 11.7b

El-Neguilla
2019/2020

HA0 49.7 ± 2.4e 0.72 ± 0.02k 4.81 ± 0.87f 11.75 ± 2.75h 2.42 ± 0.14d 54.1 ± 6.9g
HA30 59.7 ± 3.8b 0.80 ± 0.05i 6.26 ± 0.72e 16.00 ± 3.00c 2.54 ± 0.18c 63.3 ± 4.3f
HA60 66.8 ± 7.8a 0.80 ± 0.01i 6.89 ± 0.72b 18.18 ± 3.32b 2.62 ± 0.21b 72.0 ± 6.0e

El-Neguilla
2020/2021

HA0 50.0 ± 3.5e 0.67 ± 0.02l 4.81 ± 0.86f 12.25 ± 3.25h 2.41 ± 0.26d 51.8 ± 7.8gf
HA30 59.3 ± 7.8b 0.87 ± 0.04j 6.18 ± 0.88e 15.50 ± 3.50d 2.55 ± 0.15c 49.3 ± 19.8f
HA60 66.00 ± 6.0a 1.12 ± 0.15e 6.88 ± 1.13a 19.25 ± 4.25a 2.77 ± 0.16a 71.5 ± 7.5e

AL-Qasr
2019/2020

HA0 41.75 ± 2.3j 1.12 ± 0.12efi 6.09 ± 0.86e 10.05 ± 0.74j 1.67 ± 0.11i 109.2 ± 16.9c
HA30 44.15 ± 2.4h 1.14 ± 0.00efi 6.23 ± 0.57e 10.69 ± 1.26ij 1.71 ± 0.04hi 138.8 ± 24.8b
HA60 47.0 ± 1.5g 1.18 ± 0.05d 6.45 ± 0.75d 12.02 ± 1.30h 1.86 ± 0.02h 162.5 ± 32.4a

AL-Qasr
2020/2021

HA0 43.0 ± 1.5i 1.03 ± 0.02h 6.12 ± 0.83e 10.91 ± 0.81i 1.81 ± 0.11h 110.5 ± 14.3c
HA30 45.5 ± 1.0h 1.07 ± 0.09g 6.72 ± 0.66c 13.28 ± 1.55g 1.97 ± 0.03fg 138.5 ± 23.5b
HA60 48.4 ± 0.4f 1.09 ± 0.06fg 7.55 ± 0.56a 15.42 ± 2.75d 2.03 ± 0.21fh 163.6 ± 31.4a

E HA
SY BY GY

T-GW (g)
WUE PUE

(t ha−1) (kg m−3)

Abo Kwela
2019/2020

HA0 2.90 ± 0.71h 3.89 ± 1.07j 0.99 ± 0.36i 23.4 ± 2.2k 0.31 ± 0.01h 0.80 ± 0.04l
HA30 4.46 ± 0.59d 5.81 ± 1.21f 1.35 ± 0.62f 30.6 ± 6.5h 0.41 ± 0.02e 1.08 ± 0.06i
HA60 4.75 ± 0.34c 6.63 ± 1.44c 1.88 ± 1.10c 39.9 ± 10.9c 0.55 ± 0.03c 1.51 ± 0.07e

Abo Kwela
2020/2021

HA0 3.48 ± 1.26f 4.47 ± 1.62h 0.99 ± 0.36i 24.4 ± 2.9j 0.31 ± 0.09i 0.90 ± 0.01o
HA30 4.69 ± 0.58c 6.04 ± 1.19e 1.35 ± 0.61f 30.9 ± 8.1h 0.42 ± 0.04f 1.23 ± 0.50n
HA60 5.30 ± 0.34a 7.18 ± 1.43b 1.89 ± 1.09c 41.7 ± 10.7b 0.56 ± 0.03d 1.71 ± 0.08m

El-Neguilla
2019/2020

HA0 2.00 ± 0.71i 2.68 ± 0.97k 0.68 ± 0.26l 26.3 ± 0.7i 0.21 ± 0.01j 0.38 ± 0.01m
HA30 2.95 ± 0.88h 3.84 ± 1.21j 0.89 ± 0.33k 31.8 ± 1.5g 0.28 ± 0.14i 0.49 ± 0.03k
HA60 3.80 ± 0.87e 5.10 ± 1.50g 1.30 ± 0.63g 36.5 ± 2.00e 0.39 ± 0.02g 0.72 ± 0.09g

El-Neguilla
2020/2021

HA0 1.99 ± 0.72i 2.67 ± 0.98k 0.69 ± 0.26l 26.5 ± 2.50i 0.22 ± 0.11j 0.53 ± 0.28m
HA30 2.91 ± 0.85h 3.85 ± 1.25j 0.94 ± 0.39j 33.2 ± 2.33f 0.29 ± 0.08i 0.72 ± 0.05j
HA60 3.85 ± 0.91e 5.15 ± 1.54g 1.30 ± 0.63g 37.5 ± 2.0d 0.40 ± 0.01eg 1.00 ± 0.04f

AL-Qasr
2019/2020

HA0 3.09 ± 0.95g 4.23 ± 1.31i 1.14 ± 0.36h 26.4 ± 5.7i 0.36 ± 0.02eg 0.53 ± 0.06fk
HA30 4.66 ± 0.74c 6.19 ± 1.36d 1.53 ± 0.62e 33.8 ± 8.3f 0.47 ± 0.08d 0.71 ± 0.04c
HA60 4.98 ± 0.97b 7.30 ± 1.90b 2.32 ± 0.93a 44.75 ± 12.3a 0.71 ± 0.08a 1.08 ± 0.04a

AL-Qasr
2020/2021

HA0 3.84 ± 1.43e 5.15 ± 1.95g 1.31 ± 0.52f 26.68 ± 5.3i 0.41 ± 0.01e 0.63 ± 0.06h
HA30 4.89 ± 0.55c 6.65 ± 1.45c 1.76 ± 0.90d 34.0 ± 7.5f 0.54 ± 0.01c 0.85 ± 0.15d
HA60 5.29 ± 0.28a 7.56 ± 1.56a 2.27 ± 1.28b 44.5 ± 10.5a 0.68 ± 0.02b 1.10 ± 0.29b

Each value represents means± standard error. Means sharing different letters in the same column indicate statistically
significant (p≤ 0.05) differences according to the LSD test. PH: Plant height, TI: Tillering index, SL: Spike length, SNS:
Spikelet number per spike, SD: Spikelet density, NSm2: Number of spike per m2, SY: Straw yield, BY: Biological yield,
GY: Grain yield, T-GW: Thousand-grain weight, WUE: Water use efficiency, and PUE: Precipitation use efficiency.
HA0, HA30, and HA60 indicate the addition of 0, 30, and 60 kg ha−1 humic acid, respectively.
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Regarding the SI × HA interaction (Table 9), all studied wheat traits were increased
with 60 kg HA ha−1 applied, followed by a decrease with 30 and 0 kg HA ha−1 treatments
applied under the normal and drought conditions. All studied wheat traits with the
three HA treatments were observed to be higher under normal conditions than drought
conditions, although 0 kg HA ha−1 had a higher value of SD in drought-stress conditions
as compared to normal conditions. The SI × HA interaction recorded the highest GY and
other studied traits of wheat plants fertilized with 60 kg HA ha−1 and the lowest values
in wheat plants fertilized with 0 kg HA ha−1 of HA under normal and drought-stress
conditions, which was opposite to the SD trait. In all the first-order interactions, different
tendencies were observed, but based on statistical evaluation, the highest values of GY,
WUE, PUE, and other important traits were found in wheat plants fertilized with 60 kg HA
ha−1 at the Al-Qasr site in both seasons under normal and drought conditions.

Table 9. The first-order interaction of supplemental irrigation (SI) and humic acid (HA) treatment for
the studied bread wheat traits.

Factor
PH (cm) TI (%) SL (cm) SNS SD NSm2

SI HA

Normal
HA0 42.9 ± 3.9e 0.99 ± 0.09e 5.91 ± 0.34d 12.41 ± 0.84d 2.13 ± 0.18c 94.8 ± 12.0d
HA30 55.0 ± 3.2b 1.16 ± 0.12c 6.96 ± 0.10b 15.03 ± 1.32b 2.16 ± 0.18b 116.9 ± 17.3b
HA60 64.9 ± 5.2a 1.26 ± 0.12a 8.15 ± 0.30a 18.32 ± 1.50a 2.26 ± 0.21a 141.7 ± 21.5a

Drought
HA0 39.2 ± 3.1f 0.91 ± 0.08f 4.43 ± 0.26f 9.53 ± 0.20f 2.16 ± 0.11b 76.1 ± 9.7f
HA30 44.5 ± 3.7d 1.06 ± 0.08d 5.64 ± 0.10e 11.54 ± 0.48e 2.08 ± 0.11d 88.6 ± 14.6e
HA60 48.8 ± 3.6c 1.25 ± 0.18b 6.18 ± 0.19c 13.05 ± 0.67c 2.12 ± 0.13c 106.9 ± 13.3c

SI HA
SY BY GY

T-GW (g)
WUE PUE

(t ha−1) (kg m−3)

Normal
HA0 3.85 ± 0.43d 5.16 ± 0.56c 1.32 ± 0.14c 28.5 ± 1.1d 0.34 ± 0.01f 0.86 ± 0.82c
HA30 4.79 ± 0.32b 6.67 ± 0.53b 1.88 ± 0.22b 38.1 ± 1.4b 0.49 ± 0.01d 1.22 ± 0.09b
HA60 5.28 ± 0.21a 8.05 ± 0.47a 2.77 ± 0.28a 48.9 ± 3.2a 0.72 ± 0.02a 1.81 ± 0.15a

Drought
HA0 1.92 ± 0.21f 2.53 ± 0.27f 0.61 ± 0.07f 22.7 ± 1.0f 0.27 ± 0.05e 0.40 ± 0.03f
HA30 3.39 ± 0.43e 4.12 ± 0.48e 0.72 ± 0.06e 26.7 ± 1.4e 0.31 ± 0.06c 0.47 ± 0.04e
HA60 4.04 ± 0.38c 4.92 ± 0.43d 0.88 ± 0.11d 32.8 ± 1.0 c 0.38 ± 0.02b 0.56 ± 0.06d

Each value represents means ± standard error. Means sharing different letters in the same column indicate
statistically significant (p ≤ 0.05) differences according to the LSD test. PH: Plant height, TI: Tillering index,
SL: Spike length, SNS: Spikelet number per spike, SD: Spikelet density, NSm2: Number of spike per m2, SY:
Straw yield, BY: Biological yield, GY: Grain yield, T-GW: Thousand-grain weight, WUE: Water use efficiency, and
PUE: Precipitation use efficiency. HA0, HA30, and HA60 indicate the addition of 0, 30, and 60 kg ha−1 humic
acid, respectively.

3.4. The Second-Order Interaction Effect on Wheat Traits

Table 10 depicts the effect of the second-order interactions of experimental factors
on GY and other investigated wheat traits under normal and drought conditions. The
interaction of E × SI × HA revealed significant differences between the single variations in
experimental factors on GY and most studied traits under normal and drought conditions.
The GY and some studied traits were increased in the studied environments and HA
treatments in normal conditions compared to in drought-stress conditions. Compared
with other interactions of E × SI × HA, the highest PH, SNS, and SD values under normal
and drought conditions, as well as T-GW under drought conditions, were found in wheat
plants fertilized with 60 kg HA ha−1 at the El-Neguilla site in both seasons. Meanwhile, the
highest SL, SN, SY, BY, GY, WUE, and PUE values under normal and drought conditions,
as well as T-GW under normal conditions, were observed in wheat plants treated with
60 kg of HA ha−1 at the Al-Qasr site in both seasons.

Generally, from the results of the effect of experimental factors and the first- and
second-order interactions, the wheat plants fertilized with 60 kg HA ha−1 showed increased
GY and most measured traits, while this decreased in the plants fertilized with 30 and
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0 kg HA ha−1. Furthermore, the highest GY, WUE, PUE, and other studied traits were
obtained in wheat plants treated with 60 kg HA ha−1 at the Al-Qasr site in both seasons
under drought conditions.

Table 10. The second-order interaction of environment, supplemental irrigation (SI), and humic acid
(HA) treatment for the studied bread wheat traits.

Factor
PH (cm) TI (%) SL (cm) SNS SD NSm2

E SI HA

Abo Kwela
2019/2020

Normal
HA0 31.2 ± 0.4i 1.10 ± 0.01e 5.06 ± 0.18h 10.94 ± 0.40a 2.17 ± 0.15c 95.4 ± 2.7g
HA30 55.6 ± 0.3e 1.49 ± 0.02c 6.65 ± 0.19e 12.58 ± 0.01a 1.90 ± 0.06d 118.8 ± 4.2e
HA60 74.4 ± 3.1a 1.52 ± 0.03c 8.87 ± 0.06a 16.60 ± 0.55a 1.87 ± 0.05de 151.9 ± 11.5c

Drought
HA0 30.5 ± 0.3j 1.05 ± 0.01ef 4.03 ± 0.10i 9.78 ± 0.33a 2.44 ± 0.14b 87.9 ± 2.8g
HA30 34.8 ± 0.01i 1.29 ± 0.06d 5.66 ± 0.03g 11.24 ± 0.14a 1.99 ± 0.04d 106.3 ± 5.0fg
HA60 40.0 ± 0.04h 1.79 ± 0.02a 6.11 ± 0.12f 12.25 ± 0.20a 2.01 ± 0.01d 121.0 ± 0.4e

Abo Kwela
2020/2021

Normal
HA0 32.3 ± 0.4i 1.10 ± 0.00ef 5.18 ± 0.10h 11.00 ± 0.00a 2.13 ± 0.04c 101.8 ± 1.0fg
HA30 54.0 ± 1.2e 1.50 ± 0.01c 6.90 ± 0.06de 12.83 ± 0.04a 1.86 ± 0.02d 120.5 ± 3.2e
HA60 71.4 ± 3.8b 1.62 ± 0.01b 9.11 ± 0.12a 16.83 ± 0.48a 1.85 ± 0.03d 151.3 ± 9.5c

Drought
HA0 29.9 ± 0.6i 1.07 ± 0.00ef 4.15 ± 0.09i 10.00 ± 0.58a 2.42 ± 0.19b 89.0 ± 0.6g
HA30 35.8 ± 0.1i 1.28 ± 0.05d 5.60 ± 0.06g 11.83 ± 0.10a 2.11 ± 0.00c 108.0 ± 4.6f
HA60 40.4 ± 0.2h 1.79 ± 0.01a 6.40 ± 0.23e 12.82 ± 0.10a 2.01 ± 0.06d 128.0 ± 1.2e

El-Neguilla
2019/2020

Normal
HA0 52.0 ± 1.2e 0.74 ± 0.01k 5.68 ± 0.01g 14.50 ± 0.29a 2.55 ± 0.04b 61.0 ± 0.6i
HA30 63.5 ± 2.0c 0.75 ± 0.00k 6.99 ± 0.00d 19.00 ± 0.00a 2.72 ± 0.00a 67.5 ± 0.3i
HA60 74.5 ± 2.6a 0.79 ± 0.00jk 7.62 ± 0.29c 21.50 ± 0.87a 2.82 ± 0.01a 78.0 ± 0.6h

Drought
HA0 47.3 ± 0.2f 0.70 ± 0.00k 3.94 ± 0.04i 9.00 ± 0.58a 2.28 ± 0.12c 47.2 ± 0.5j
HA30 55.9 ± 0.3e 0.85 ± 0.01ij 5.54 ± 0.06g 13.00 ± 0.58a 2.35 ± 0.13b 59.0 ± 0.6i
HA60 59.0 ± 0.6d 0.81 ± 0.03ij 6.17 ± 0.04f 14.87 ± 1.08a 2.41 ± 0.16b 66.0 ± 1.7i

El-Neguilla
2020/2021

Normal
HA0 53.5 ± 0.9e 0.69 ± 0.03k 5.68 ± 0.01g 15.50 ± 0.29a 2.67 ± 0.01a 59.5 ± 1.4i
HA30 64.0 ± 0.6c 0.92 ± 0.09h 7.05 ± 0.03d 19.00 ± 0.00a 2.70 ± 0.01a 69.0 ± 0.6i
HA60 72.0 ± 2.3b 1.27 ± 0.02d 8.00 ± 0.23b 23.50 ± 0.87a 2.94 ± 0.02 79.0 ± 0.6h

Drought
HA0 46.5 ± 0.3f 0.66 ± 0.01k 3.95 ± 0.03i 9.00 ± 0.58a 2.15 ± 0.05c 44.0 ± 0.6j
HA30 54.5 ± 0.9e 0.83 ± 0.02ij 5.30 ± 0.29h 12.00 ± 0.58a 2.40 ± 0.06b 29.5 ± 16.5k
HA60 60.0 ± 0.01d 0.97 ± 0.01h 5.75 ± 0.03g 15.00 ± 0.58a 2.61 ± 0.09a 64.0 ± 1.7i

AL-Qasr
2019/2020

Normal
HA0 44.0 ± 0.6g 1.24 ± 0.09d 6.95 ± 0.39d 10.78 ± 0.10a 1.56 ± 0.07g 126.1 ± 7.8e
HA30 46.6 ± 0.6f 1.14 ± 0.02e 6.80 ± 0.03de 11.95 ± 0.53a 1.76 ± 0.09e 163.6 ± 4.0b
HA60 48.5 ± 0.3f 1.23 ± 0.01d 7.20 ± 0.26d 13.33 ± 0.96a 1.85 ± 0.07de 194.8 ± 2.8a

Drought
HA0 39.5 ± 0.3h 1.00 ± 0.03gh 5.23 ± 0.04h 9.31 ± 0.33a 1.78 ± 0.08de 92.3 ± 1.3g
HA30 41.8 ± 0.2h 1.14 ± 0.03e 5.66 ± 0.03g 9.44 ± 0.14a 1.67 ± 0.03g 114.0 ± 2.9ef
HA60 45.5 ± 1.4f 1.13 ± 0.06e 5.70 ± 0.02ig 10.72 ± 0.03a 1.88 ± 0.00d 130.1 ± 5.4d

AL-Qasr
2020/2021

Normal
HA0 44.5 ± 0.9g 1.06 ± 0.06efg 6.95 ± 0.39d 11.73 ± 0.16a 1.70 ± 0.07ef 124.8 ± 8.6de
HA30 46.6 ± 0.6f 1.16 ± 0.00e 7.38 ± 0.22c 14.83 ± 0.68a 2.01 ± 0.03d 162.0 ± 1.7b
HA60 48.7 ± 0.2f 1.15 ± 0.02ef 8.11 ± 0.13b 18.17 ± 0.48a 2.24 ± 0.02c 195.0 ± 2.9a

Drought
HA0 41.5 ± 0.9h 1.01 ± 0.01fg 5.28 ± 0.03h 10.10 ± 0.06a 1.91 ± 0.00d 96.3 ± 1.0g
HA30 44.5 ± 1.4g 0.98 ± 0.02fh 6.06 ± 0.03f 11.74 ± 0.04a 1.94 ± 0.00d 115.0 ± 2.9e
HA60 48.0 ± 1.2f 1.03 ± 0.01fgh 6.99 ± 0.00d 12.67 ± 0.19a 1.81 ± 0.03def 132.3 ± 4.2d

E SI HA
SY BY GY

T-GW (g)
WUE PUE

(t ha−1) (kg m−3)

Abo Kwela
2019/2020

Normal
HA0 3.61 ± 0.29h 4.96 ± 0.30j 1.35 ± 0.01i 25.6 ± 1.2m 0.35 ± 0.01l 1.09 ± 0.15l
HA30 5.06 ± 0.04c 7.02 ± 0.03e 1.96 ± 0.02f 37.1 ± 2.1g 0.50 ± 0.01j 1.58 ± 0.28i
HA60 5.10 ± 0.30c 8.08 ± 0.32c 2.98 ± 0.02c 50.9 ± 0.6d 0.76 ± 0.02d 2.40 ± 0.46d

Drought
HA0 2.18 ± 0.04k 2.82 ± 0.01m 0.64 ± 0.03m 21.3 ± 0.1o 0.27 ± 0.06j 0.52 ± 0.52q
HA30 3.87 ± 0.18hi 4.60 ± 0.17j 0.73 ± 0.01l 24.1 ± 0.4n 0.31 ± 0.02j 0.59 ± 0.20pq
HA60 4.41 ± 0.16f 5.19 ± 0.16i 0.78 ± 0.00l 29.0 ± 0.01j 0.33 ± 0.00i 0.63 ± 0.00op
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Table 10. Cont.

E SI HA
SY BY GY

T-GW (g)
WUE PUE

(t ha−1) (kg m−3)

Abo Kwela
2020/2021

Normal
HA0 4.73 ± 0.29e 6.08 ± 0.29g 1.35 ± 0.00i 27.4 ± 0.8l 0.35 ± 0.00l 1.23 ± 0.00q
HA30 5.26 ± 0.01cd 7.23 ± 0.00e 1.97 ± 0.01f 39.0 ± 2.3f 0.52 ± 0.01j 1.79 ± 0.08o
HA60 5.64 ± 0.15b 8.62 ± 0.18b 2.98 ± 0.03c 52.4 ± 0.9c 0.78 ± 0.03e 2.71 ± 0.27lm

Drought
HA0 2.22 ± 0.17k 2.85 ± 0.14m 0.63 ± 0.02m 21.5 ± 0.9o 0.27 ± 0.04k 0.57 ± 0.19r
HA30 4.11 ± 0.15hi 4.85 ± 0.14j 0.74 ± 0.01l 22.8 ± 0.4no 0.32 ± 0.02j 0.67 ± 0.07r
HA60 4.96 ± 0.02ce 5.75 ± 0.03h 0.79 ± 0.01l 31.1 ± 0.6i 0.34 ± 0.02j 0.72 ± 0.09r

El-Neguilla
2019/2020

Normal
HA0 2.71 ± 0.03j 3.65 ± 0.00k 0.94 ± 0.03k 27.0 ± 0.01l 0.24 ± 0.02n 0.52 ± 0.67m
HA30 3.83 ± 0.10h 5.05 ± 0.04ij 1.22 ± 0.06j 33.3 ± 0.8i 0.31 ± 0.05m 0.67 ± 1.34k
HA60 4.67 ± 0.13ef 6.60 ± 0.16f 1.93 ± 0.03f 38.5 ± 0.3f 0.49 ± 0.03j 1.06 ± 0.74f

Drought
HA0 1.29 ± 0.03l 1.71 ± 0.03n 0.43 ± 0.00o 25.7 ± 0.4m 0.18 ± 0.01m 0.24 ± 0.07q
HA30 2.08 ± 0.08k 2.63 ± 0.08m 0.56 ± 0.01n 30.4 ± 1.0ij 0.24 ± 0.02k 0.31 ± 0.20pq
HA60 2.93 ± 0.08j 3.60 ± 0.10k 0.67 ± 0.01lm 34.5 ± 0.3i 0.29 ± 0.03j 0.37 ± 0.27opq

El-Neguilla
2020/2021

Normal
HA0 2.71 ± 0.00j 3.65 ± 0.03k 0.95 ± 0.03k 27.0 ± 0.01l 0.25 ± 0.02n 0.73 ± 0.63m
HA30 3.76 ± 0.08h 5.09 ± 0.06ij 1.33 ± 0.02i 35.5 ± 0.3h 0.35 ± 0.01lm 1.02 ± 0.42j
HA60 4.77 ± 0.15e 6.69 ± 0.17f 1.93 ± 0.01f 39.5 ± 0.3f 0.51 ± 0.02j 1.48 ± 0.35e

Drought
HA0 1.27 ± 0.04l 1.70 ± 0.04n 0.43 ± 0.01o 26.0 ± 0.6lm 0.19 ± 0.01m 0.33 ± 0.14q
HA30 2.06 ± 0.07k 2.60 ± 0.06m 0.55 ± 0.01n 30.9 ± 0.2i 0.24 ± 0.03k 0.42 ± 0.35opq
HA60 2.94 ± 0.09j 3.62 ± 0.11k 0.68 ± 0.01lm 35.5 ± 0.3h 0.30 ± 0.03j 0.52 ± 0.35o

AL-Qasr
2019/2020

Normal
HA0 4.04 ± 0.54g 5.54 ± 0.54h 1.50 ± 0.00h 32.00 ± 0.01ik 0.38 ± 0.00k 0.70 ± 0.00g
HA30 5.40 ± 0.06bd 7.55 ± 0.03d 2.15 ± 0.03e 42.00 ± 1.7e 0.55 ± 0.02h 1.00 ± 0.82c
HA60 5.95 ± 0.24a 9.20 ± 0.39a 3.25 ± 0.14b 57.00 ± 0.6a 0.83 ± 0.12c 1.51 ± 4.12a

Drought
HA0 2.15 ± 0.03k 2.92 ± 0.05m 0.78 ± 0.01l 20.7 ± 0.01o 0.33 ± 0.03h 0.36 ± 0.41m
HA30 3.91 ± 0.09g 4.83 ± 0.07j 0.92 ± 0.01k 25.5 ± 0.3m 0.39 ± 0.03f 0.43 ± 0.41l
HA60 4.01 ± 0.24g 5.40 ± 0.23i 1.39 ± 0.01i 32.5 ± 0.3i 0.59 ± 0.02a 0.65 ± 0.25h

AL-Qasr
2020/2021

Normal
HA0 5.27 ± 0.08cd 7.10 ± 0.12e 1.83 ± 0.04g 32.0 ± 0.6ik 0.48 ± 0.03j 0.88 ± 0.86hi
HA30 5.44 ± 0.00bd 8.10 ± 0.06c 2.66 ± 0.06d 41.5 ± 1.4e 0.70 ± 0.05f 1.29 ± 1.23d
HA60 5.57 ± 0.07b 9.12 ± 0.13a 3.56 ± 0.19a 55.0 ± 0.6b 0.93 ± 0.16b 1.72 ± 4.12b

Drought
HA0 2.41 ± 0.28k 3.20 ± 0.23l 0.79 ± 0.05l 21.4 ± 0.4o 0.34 ± 0.12h 0.38 ± 1.11no
HA30 4.34 ± 0.25f 5.20 ± 0.17ij 0.86 ± 0.08k 26.5 ± 0.3lm 0.38 ± 0.18g 0.42 ± 1.72n
HA60 5.01 ± 0.06de 6.00 ± 0.00gh 0.99 ± 0.06k 34.0 ± 0.6i 0.43 ± 0.14ef 0.48 ± 1.35m

Each value represents means ± standard error. Means sharing different letters in the same column indicate
statistically significant (p ≤ 0.05) differences according to the LSD test. PH: Plant height, TI: Tillering index,
SL: Spike length, SNS: Spikelet number per spike, SD: Spikelet density, NSm2: Number of spike per m2, SY:
Straw yield, BY: Biological yield, GY: Grain yield, T-GW: Thousand-grain weight, WUE: Water use efficiency, and
PUE: Precipitation use efficiency. HA0, HA30, and HA60 indicate the addition of 0, 30, and 60 kg ha−1 humic
acid, respectively.

3.5. Stress Tolerance Index (STI)

The STI of wheat plants fertilized with HA under different environmental conditions
is presented in Table 11. The wheat plants fertilized with 60 kg HA ha−1 for all studied
traits had the highest STI values at the three sites in both seasons, except the Abo Kwela
site in the 2020/2021 season for the SD trait. Compared with that of the Abo Kwela and
El-Neguilla sites, the STI increased for GY and most traits at the Al-Qasr site in both seasons.
For GY and most traits, the wheat plants treated with 60 kg HA ha−1 at the Al-Qasr site in
both seasons recorded the highest STI.

3.6. Pearson’s Correlation Coefficient

Pearson’s correlation coefficient was employed to understand the relationships be-
tween the studied wheat traits across normal and drought-stress conditions (Figure 3). The
statistical evaluation showed 25 and 31 positive and significant (p≤ 0.05 or 0.01) correlation
coefficients among the traits under the normal and drought-stress conditions, respectively.
Meanwhile, the other correlation coefficients were positive and non-significant as well as
negative and non-significant or significant under the two conditions.
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Table 11. Stress tolerance index for the studied bread wheat traits as affected by the environment (E)
and humic acid (HA) treatment.

Factor PH
(cm) TI (%) SL

(cm) SNS SD NSm2
SY BY GY T-GW

(g)
WUE PUE

E HA (t ha−1) (kg m−3)

Abo Kwela
2019/2020

HA0 0.32 0.89 0.41 0.46 1.11 0.60 0.37 0.32 0.22 0.37 0.61 0.85
HA30 0.66 1.49 0.77 0.61 0.79 0.91 0.91 0.74 0.36 0.60 1.01 1.02
HA60 1.01 2.10 1.10 0.87 0.79 1.33 1.04 0.95 0.59 1.00 1.64 1.19

Abo Kwela
2020/2021

HA0 0.33 0.91 0.44 0.47 1.08 0.65 0.49 0.39 0.21 0.40 0.49 0.86
HA30 0.66 1.48 0.79 0.65 0.82 0.94 1.00 0.80 0.37 0.60 0.83 1.01
HA60 0.98 2.24 1.19 0.93 0.78 1.40 1.30 1.13 0.59 1.10 1.36 1.19

El-Neguilla
2019/2020

HA0 0.83 0.40 0.46 0.56 1.22 0.21 0.16 0.14 0.10 0.47 0.29 0.89
HA30 1.20 0.49 0.79 1.06 1.34 0.29 0.37 0.30 0.17 0.68 0.49 0.88
HA60 1.49 0.49 0.96 1.37 1.43 0.37 0.64 0.54 0.33 0.90 0.93 1.05

El-Neguilla
2020/2021

HA0 0.84 0.35 0.46 0.60 1.20 0.19 0.16 0.14 0.10 0.47 0.30 0.88
HA30 1.18 0.59 0.76 0.98 1.36 0.15 0.36 0.30 0.18 0.74 0.53 0.95
HA60 1.47 0.95 0.94 1.51 1.61 0.36 0.65 0.55 0.33 0.95 0.95 1.05

Al-Qasr
2019/2020

HA0 0.59 0.96 0.74 0.43 0.58 0.84 0.40 0.37 0.30 0.45 0.86 0.78
HA30 0.66 1.00 0.78 0.48 0.62 1.34 0.98 0.83 0.50 0.72 1.46 0.93
HA60 0.75 1.07 0.84 0.61 0.73 1.83 1.11 1.13 1.14 1.25 2.34 0.93

Al-Qasr
2020/2021

HA0 0.63 0.83 0.75 0.51 0.68 0.87 0.59 0.52 0.36 0.46 1.04 0.92
HA30 0.70 0.88 0.91 0.75 0.82 1.34 1.10 0.96 0.58 0.74 1.63 1.09
HA60 0.79 0.92 1.15 0.99 0.85 1.86 1.30 1.25 0.89 1.26 2.52 1.17

PH: Plant height, TI: Tillering index, SL: Spike length, SNS: Spikelet number per spike, SD: Spikelet density, NSm2:
Number of spike per m2, SY: Straw yield, BY: Biological yield, GY: Grain yield, T-GW: Thousand-grain weight,
WUE: Water use efficiency, and PUE: Precipitation use efficiency. HA0, HA30, and HA60 indicate the addition of 0,
30, and 60 kg ha−1 humic acid, respectively.
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Figure 3. Plot describing Pearson’s correlation between studied traits in the normal (a,b) drought-
stress conditions. PH: Plant height, TI: Tillering index, SL: Spike length, SNS: Spikelet number per
spike, SD: Spikelet density, NSm2: Number of spike per m2, SY: Straw yield, BY: Biological yield,
GY: Grain yield, T-GW: Thousand-grain weight, WUE: Water use efficiency, and PUE: Precipitation
use efficiency. The large and medium blue (positive) and red (negative) circles indicate a significant
(* p ≤ 0.05) or highly significant (** p ≤ 0.01) correlation, while the small blue (positive) and red
(negative) circles indicate a non-significant correlation.

Under the normal conditions (Figure 3a), SL, SN, SY, BY, GY, and WUE, as well as
SNS, SD, and T-GW, had positive and significant correlations (p ≤ 0.05 or 0.01) across all
factors studied. PH was significantly positively correlated with T-GW (p≤ 0.01). TI showed
significant positive correlations (p ≤ 0.01) with NS, SY, BY, and PUE. In this respect, PUW
showed significant positive correlations (p ≤ 0.01) with SY and BY (p ≤ 0.05) and WUE
(p ≤ 0.01).

Regarding drought-stress conditions (Figure 3b), a high, significant, positive correla-
tion (p ≤ 0.01) was observed among all possible pairs for NS, SY, BY, GY, T-GW, and WUE,
as well as for PH, SNS, and SD. TI and SL showed high, significant, positive correlations
(p ≤ 0.01) with NS, SY, BY, GY, and T-GW. PUE was significantly positively correlated
with TI (p ≤ 0.01), SY, and WUE (p ≤ 0.05). Generally, the highest positive correla-
tion was observed among the traits of SN, SY, BY, GY, and WUE under normal and
drought conditions.

3.7. Principal Component Analysis (PCA)

The seven PCs for all bread wheat traits based on E, SI, and HA treatments are shown
in Table 12. Out of all PCs, the two first main PCs (PC1 and PC2) extracted had eigenvalues
larger than one (Eigenvalue > 1) with values of 7.57 and 3.39, respectively. Meanwhile, the
rest of the other PCs had eigenvalues less than one (Eigenvalue < 1). Therefore, PC1 and
PC2 were retained for the final analysis, in which these two PCs explain more variance than
an individual attribute [42] and express more variability and support to select the trait with
a positive loading factor. The first two PCs contributed 91.35% of the total variation existing
among studied traits regarding E, SI, and HA variables. The contributions of PC1 to the
total variance were higher than that of PC2 (28.27%), with PC1 describing approximately
only 63.07% of the measured data total variability. The results of PC1 and PC2 may be used
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to summarize the original variables in any further analysis of the data, as well as to explain
the total variance and the collection of the PCs.

Table 12. Results of principal component analysis (PCA) in the first seven principal components (PCs)
for the studied bread wheat traits as affected by the three experimental factors (i.e., environment,
supplemental irrigation, and humic acid).

Trait PC1 PC2 PC3 PC4 PC5 PC6 PC7

PH (cm) −0.01 0.53 −0.05 0.34 −0.23 −0.42 0.32
TI (%) 0.25 −0.22 0.63 0.56 −0.04 0.14 0.29

SL (cm) 0.32 0.25 −0.13 0.08 0.34 −0.01 0.25
SNS 0.05 0.53 0.08 −0.04 0.29 0.31 0.05
SD −0.21 0.42 0.28 −0.16 0.16 0.39 −0.06

NSm2 0.32 −0.23 −0.19 0.10 0.08 0.29 0.17
SY (t ha−1) 0.36 −0.03 0.03 0.00 0.52 −0.36 −0.28
BY (t ha−1) 0.36 0.00 −0.04 −0.16 0.20 −0.24 0.02
GY (t ha−1) 0.35 0.06 −0.14 −0.45 −0.38 0.02 0.49
T-GW (g) 0.30 0.28 −0.16 0.32 −0.43 −0.02 −0.56

WUE (kg m−3) 0.35 −0.01 −0.23 0.07 −0.11 0.52 −0.17
PUE (kg m−3) 0.30 0.07 0.60 −0.43 −0.24 −0.12 −0.23
Eigenvalues 7.57 3.39 0.78 0.15 0.07 0.03 0.01
Variance (%) 63.07 28.27 6.50 1.26 0.61 0.22 0.05

Cumulative (%) 63.07 91.35 97.85 99.11 99.72 99.93 99.99

PH: Plant height, TI: Tillering index, SL: Spike length, SNS: Spikelet number per spike, SD: Spikelet density, NSm2:
Number of spike per m2, SY: Straw yield, BY: Biological yield, GY: Grain yield, T-GW: Thousand-grain weight,
WUE: Water use efficiency, and PUE: Precipitation use efficiency.

Based on the data of E, SI, and HA variables (Table 12), PC1 had a high positive
correlation with all studied traits, except PH and SD traits, while it was related to wheat GY,
WUE, and PUE under both conditions in the present study. These variables of the wheat GY
and its components contributed to PC1. PC2 identified all studied traits possessing positive
loading factors and contributes to the variables except TI, SN, SY, and WUE traits, while
the most variables studied had the highest positive loadings on PC3 and other PCs under
experimental factors. Based on the studied traits (Table 13), the Al-Qasr and Abo Kwela
sites in both years with 60 kg HA ha−1 influenced PC1, while PC2 was affected by the El-
Neguilla site and 60 kg HA ha−1 in both seasons under normal conditions. During normal
irrigation conditions, PC1 included 30 and 60 kg HA ha−1 applications in the Al-Qasr and
Abo Kwela sites in both seasons, while PC2 consisted of 60 kg HA ha−1 application at the
El-Neguilla site in both seasons.

Based on all measured data, PC1 and PC2 mainly distributed and distinguished the
experimental factors and studied traits in different groups. Therefore, the first two PCs
were employed to draw a biplot (Figure 4). The data of variables studied displayed
a positive correlation between most studied traits, but they differed in their degree and
consistency in quantity. The biplot diagram depicted the contribution of E, SI, and HA in
creating variability of all traits measured.

In PC1 (Figure 4), GY and other investigated traits, excluding PH, SNS, and SD, were
highly and positively associated with the Al-Qasr and Abo Kwela sites in both seasons, with
30 and 60 kg HA ha−1 under normal irrigation conditions, which was located in the first
and fourth quarters. Regarding PC2, PH, SD, and SNS traits had a positive correlation with
the El-Neguilla site in both seasons with 0 kg HA ha−1 under drought-stress conditions,
which occupied the second and third quadrants. The 60 kg HA ha−1 treatment at the
Al-Qasr site in the 2020/21 season was located near GY and its components traits, as well
as WUE and PUE parameters under the normal and drought-stress conditions. Regarding
the relationships between all studied traits by PCA, WUE and PUE are strongly correlated
with GY and its component traits under normal and drought-stress conditions. The PCA
scree plot for E, SI, and HA on GY and other traits evaluated showed that the PC1 and PC2
eigenvalues correspond to the whole percentage of the variance in the dataset (Figure 5).
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Table 13. Results of principal components (PCs) for the studied bread wheat traits as affected by
the environment (E) and humic acid (HA) treatments under supplemental irrigation (SI) mode (i.e.,
normal and drought) conditions.

Factors PC1 PC2 PC3 PC4 PC5 PC6 PC7

E
Abo Kwela 2019/2020 0.76 −1.35 1.25 0.08 −0.11 0.08 0.17
Abo Kwela 2020/2021 1.53 −1.17 1.54 −0.09 0.19 −0.10 −0.13
El-Neguilla 2019/2020 −3.45 2.45 −0.57 0.01 0.09 −0.10 0.07
El-Neguilla 2020/2021 −3.07 2.62 0.34 0.00 −0.15 0.05 −0.08

Al-Qasr 2019/2020 1.73 −1.98 −1.31 0.27 −0.46 −0.17 −0.03
Al-Qasr 2020/2021 2.47 −0.55 −1.30 −0.32 0.46 0.19 0.00

SI

Normal 3.11 1.69 0.11 −0.55 −0.17 −0.07 0.02
Drought −3.06 −1.71 −0.09 0.59 0.16 0.11 −0.02

HA

HA0 −3.43 −1.96 −0.06 −0.63 −0.21 0.12 −0.01
HA30 0.02 −0.04 −0.03 0.13 0.33 −0.31 0.04
HA60 3.41 2.01 0.12 0.51 −0.13 0.20 −0.02

HA0, HA30, and HA60 indicate the addition of 0, 30, and 60 kg ha−1 humic acid, respectively.
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weight, WUE: Water use efficiency, and PUE: Precipitation use efficiency.
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4. Discussion

The current study evaluated GY and other quantitative traits of the cultivar Sakha
94 fertilized with HA in different environments (three sites over two years) under normal
and drought-stress conditions. Statistically, GY and most traits were significantly affected
by E, SI, and HA, as well as first- and second-order interactions. These results indicated
the existence of variability between our experimental factors for drought tolerance; thus,
improvement can be achieved for wheat GY in Egypt. Some previous studies reported
conclusions similar to our results; for example, [43–46] mentioned that HA and years
had highly significant effects on all production components in wheat. Pačuta et al. [46]
confirmed significant differences in the first- and second-order interactions for GY in wheat.
The differences between years were oftentimes weather-related [43]. Thus, we can assume
that weather conditions, HA, and SI were the causes of significant differences for all studied
traits of bread wheat. Cultivar-specific differences can play an important role in helping
wheat breeders to develop more climate-change-resistant wheat [47].

Based on C.V. % values, the environmental influence was low (<10%) for all studied
traits, so this trial would be considered to have high precision. The SN, SY, and PUE traits
showed that the C.V. % values (10 > C.V. % > 7%) were greater than that of the other
traits measured. Thus, the environmental influence was high for these traits in the normal
and drought-stress conditions when compared to the other traits. This would suggest the
existence of substantial differences among experimental factors for the studied traits in
their drought response. The magnitude of C.V. % indicated that the wheat plants fertilized
with HA had exploitable variability during the selection of GY and other traits under the
various environments. These findings were consistent with [48] and different from [49–51]
in wheat. The values of C.V. % confirmed the existence of high diversity and it is a useful
resource in providing the fundamentals for future breeding under stress conditions [51,52].

Mean values indicated that the interactions among experimental factors revealed that
there was different behavior for studied traits in normal and drought-stress conditions.
Thus, it is possible to use these data in the future to increase wheat GY in Egypt. Generally,
the drought-stress conditions during critical stages of growth reduced all studied traits
compared to normal conditions, with decreased values ranging from 1% for SD to 46%
for GY. Our results are also in agreement with [47,48,50,53–55]. The decrease in GY and
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its related traits under drought-stress conditions is a popular phenomenon and can be
controlled by many complex morphological, physiological, and molecular factors during
plant growth stages [56]. The largest impact of drought on the grain yield of wheat may
be partially due to the accumulative effects that it exerts on grain yield-related characteris-
tics [57], pre-anthesis, post-anthesis, anthesis, and booting stages [58], and the grain-filling
duration [48].

Our study revealed that GY and most studied traits were significantly higher at the
Al-Qasr site in both seasons than those at the Abo Kwela and El-Neguilla sites under
normal and drought-stress conditions, regardless of HA rates. Wheat productivity and
other traits increased at the Al-Qasr site due to the high seasonal rainfall rates during the
studied seasons, and the extent of the increase was 10% and 20% in the 2019/2020 season,
as well as 50% and 45% in the 2020/2021 season, compared to the El-Neguilla and Abo
Kwela sites, respectively. Applying 60 kg HA ha−1 led to a significant increase in wheat
GY and its traits compared to 0 and 30 kg HA ha−1 under the two conditions, regardless
of the other factors studied. We also found that all studied traits of normal conditions
were higher than that of drought-stress conditions, regardless of the other two factors
studied. In the study by [45], the growing season affected the GY and T-GW of durum
wheat differently; also, the behavior of the genotypes changed in relation to growing years.
Wheat production varies greatly from year to year. Lower GY may be due to rainfall
variability in the wheat-growing season [46]. As reported in [59], wheat plants respond
to drought stress through changes in various metabolic and physiological processes. The
significant increase in GY and other traits due to HA application compared to the control
treatment was also reported previously by [27,46,60,61].

Regarding the first-order interactions, the highest GY and most traits were found in
the interaction of E × SI (Al-Qasr in both seasons × normal conditions), the interaction of
E×HA (Al-Qasr in both seasons× 60 kg HA ha−1), and the interaction of SI×HA (normal
conditions × 60 kg HA ha−1). As for the second-order interaction, the highest GY and most
studied traits were found for the interaction of Al-Qasr × normal conditions × 60 kg HA
ha−1 in both seasons under the two conditions. These results may be due to enabling the
plants to adapt to drought conditions. The GY and other studied traits have been observed
to increase via the combination of factors in an experiment that evaluated and recorded the
highest values of every single factor, as already reported by [45,46].

STI is used for the identification of high-tolerance genotypes based on the ratio of
means under normal and drought-stress conditions [41]. Compared with all experimental
factors in our study, the wheat plants fertilized with 60 kg HA ha−1 at the Al-Qasr site in
both seasons recorded the highest STI for GY and most studied traits under normal and
drought-stress conditions. The application of 60 kg HA ha−1 differed from other HA rates
by showing higher performance under drought conditions, hence having higher STI values.
Thus, wheat plants under the 60 kg HA ha−1 application had the lowest susceptibility to
drought stress. STI was most useful to identify genotypes differing in their response to
drought in wheat [50] and barley [62].

The reciprocal correlations among most studied traits were positive and insignificant
or significant (p ≤ 0.05 or 0.01) under normal and drought-stress conditions. Generally,
the GY was positively and significantly correlated with the most studied traits under
both conditions. Positive correlations for studied traits indicated that selection for the
increased value of one trait will result in an increase in the value of the other [63], where
the contrasting GY change is a consequence of the changes in yield components [64].
Statistically, a significant correlation was noted for GY and other traits under drought-stress
conditions by [49,65]. Significant correlations between most of the traits were found under
rainfed and water-stress conditions in different years, which also explained why an increase
in these traits would further enhance GY under both conditions [50].

Principal component analysis (PC) has been used to estimate the similarities and
dissimilarities in the relationships between the studied traits across environments, sup-
plemental irrigation, and HA variables. Similarly, Koua et al. [51] reported that the first
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two PCs explain the total variance under drought-stress conditions better than in rainfed
conditions. In agreement with [66], PC1 and PC2 explain more than 90% of the total variance
of all variables studied in both conditions. Meanwhile, both PCs explained lower values
in our results than those in [44,49,50,67,68]. PC1 explained approximately <63% of the
measured data total variability in the original variables under normal and drought-stress
conditions in our study, similar to other studies [66–68]. It is evident that PC1 and PC2 can
be interpreted as a response related to WUE and PUE, as well as GY and its components
traits, which possess positive and negative contributions to the experimental factors. PC1 is
considered very important to increase wheat GY under drought-stress conditions. Likewise,
PC1 characterized GY and other agronomic traits under drought stress in winter wheat in
both seasons [50], while PC2 seems to represent humic substances [67]. The biplot showed
the degree of correlation amongst most studied wheat traits under E, SI, and HA vari-
ables. In other studies, the statistical analysis of PCA exhibited a strong correlation among
the studied traits of wheat in both seasons under drought stress [49,50]. PC1 obtained
higher loading values for all traits measured, except PH, SNS, and SD, and it also included
wheat plants under the 60 kg HA ha−1 application at the Al-Qasr site in both seasons
under normal irrigation conditions. The results of the scree plot were harmonic with [69]
who reported that there is a break in the plot that separates the meaningful components
from the trivial components. Thus, most researchers would agree that PC1 and PC2 are
likely meaningful.

The biplot analysis of the relationship between the variables studied revealed that
wheat plants under 60 kg HA ha−1 treatment at the Al-Qasr site in both seasons gave the
highest wheat GY under normal and drought-stress conditions. In line with this study,
Hegab et al. [70] have already stated that wheat GY and its components increased with
an increasing the application of HA rates. It is worth noting that HA application in wheat
promoted plant growth, yields (grain, straw, and biological), nutrient uptake in the soil, and
resistance to biotic and abiotic stress. Furthermore, previous authors [59,71–73] mentioned
that HA increased the levels of 40 compounds that are associated with the stress response.
HA molecules promote the osmotic adjustment ability, increase leaf water retention, as well
the photosynthetic and antioxidant metabolism of plants under drought stress [74,75]. The
integration of HA application and a water deficit makes it possible to assess the precision
and efficiency of the system in researching the effect of HA on drought tolerance [45,76].
Moreover, the traits may respond differently across genotypes, showing different types of
drought tolerance [77]. Generally, our results showed that there is a divergence between
environments (sites and seasons) and HA rates under normal irrigation and drought-
stress conditions, and thus, these diversities can be used to improve wheat GY under
drought-stress conditions.

5. Conclusions

Significant divergences between different environments (sites and seasons) and HA
rates under normal irrigation and drought-stress conditions, as well as their interactions
for wheat GY and most traits evaluated, were observed via a three-way ANOVA. Drought
stress markedly decreased wheat GY and its components compared to normal conditions
under the studied factors. The Al-Qasr site had the highest positive impact on GY and
most studied traits in both seasons. The application of HA at a rate of 60 kg ha−1 markedly
increased all studied traits compared with 0 and 30 kg ha−1. The highest level of GY and
most of its traits was recorded when fertilizing wheat plants with 60 kg HA ha−1 under
normal and drought-stress conditions at the Al-Qasr site. The results of STI, Pearson’s
correlation coefficients, and PCA in our study could be useful and used as a suitable
method for studying drought tolerance mechanisms and wheat GY improvement. Finally,
the application of the 60 kg HA ha−1 dose is recommended to obtain the maximum wheat
productivity under drought-stress conditions in Egypt.
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Abstract: The application of soil mulching is widely used to improve crop productivity within semiarid
regions of Mediterranean environments. A field study was conducted during two consecutive cycles
of spearmint (Mentha spicata L.) within the rainfed region of Southern Italy to evaluate the effects of
straw mulch cultivation practices on crop yields and ecophysiological activities. Four treatments were
evaluated: (1) rainfed with straw mulch (RM), (2) rainfed without straw mulch (R), (3) well-watered
control plants (W) and (4) well-watered with straw mulch (WM). The rainfed mulch treatment (RM)
significantly improved oil yields and ecophysiological activity of the spearmint in comparison with
rainfed (R). The rainfed mulch treatment (RM) showed lower inhibition of photosynthesis and smaller
diffusive limitations than control treatment, while in rainfed plants (R) photosynthetic activity and
diffusive limitations strongly decreased at the end of crop cycle. The average essential-oil content
was significantly lower under the W, WM and RM treatments, in comparison to the R treatment,
during the full-bloom stages (40 DAT). Instead, at the end of crop cycle, the mulching practice (RM
and WM) insignificantly changed the essential-oil content compared with non-mulched well-watered
treatment (W), while in rainfed plants (R) the essential-oil content strongly decreased. In addition,
rainfed conditions affected the percentage of the three major monoterpenes and decreased the formation
of carvone from limonene. Therefore, the current study concluded that straw mulch is an effective
management practice to improve growing conditions by decreasing groundwater consumption and to
increase oil yields in spearmint within this Mediterranean rainfed region.

Keywords: mulching; spearmint; yield; ecophysiology; essential oil

1. Introduction

Spearmint (Mentha spicata L.), is a creeping rhizomatous, glabrous and herbaceous
perennial plant, with a pungent smell. The commercial interest in spearmint essential oil,
which is among the 10 most commercialized in the world, has increased the demand in
mint cultivation. Spearmint indeed contributes greatly to the economy due to its extensive
use in food, perfumery, toothpaste, the pharmaceutical industry and the production of
essential oil (EO).

The EO of spearmint has antimicrobial [1], insecticidal [2], larvicidal [3], antioxidant [4]
and mutagenic activity due to the abundance of terpenes [5].

The crop needs sufficient water availability during summer months to ensure good
growth and high yields. In spearmint, sustained deficit irrigation, reducing water availabil-
ity, clearly decreased mint hay yields and affected oil yield and quality [3,6,7].
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The positive effect of water availability on herb yields of various mint species and
aromatic grasses has been reported [8–10]. Meanwhile, in medicinal plants, a moderate
water-stress condition, while reducing the accumulation of dry matter, increases the yield
of essential oil and modifies its composition in respect to the well-watered plants [8,11–13].

Severe water deficit limits crop growth and yield with negative economic conse-
quences [14]. In the last few years, rainfall has declined in some parts of the Mediterranean
region due to a climatic change [15] causing substantial shortage in the available water
resources for agricultural production. Furthermore, the uneven distribution of rainfall has
become the main limitation to sustainable crop yields in drought-prone areas [16]. Thus,
the improved utilization of limited seasonal rainfall resources through reduction in soil
water loss and increased water-utilization efficiency is needed.

A number of proven mulching techniques exist to entrap and conserve rainwater, such
as plastic film mulch, straw mulch and ridge-furrow mulch [17]. The use of plastic film
mulch, however, leaves a large amount of plastic in the field, which has obvious negative
effects on the environment and soil structure [18].

Instead, the application of straw in agriculture will improve the agricultural ecological
environment, because the need for open-field straw burning will be reduced or eliminated.
Straw mulch has also been shown to reduce the needed quantities of chemical fertilizers [19]
as it increases soil organic matter and improves soil structure [20].

Organic mulching plays a vital role in sustainably conserving soil moisture under low
water availability in a manner that enhances crop yields and water-use efficiency [16,21].
Furthermore, conserving moisture through mulching and reduction in the frequency of
water supplies may subsequently reduce the losses of N through leaching and minimize
NH3 volatilization by restricting soil temperature rise.

In the present study, we investigated the effect of straw mulch on rainfed spearmint
(Mentha spicata L.) in environmental conditions typical of the Mediterranean region. In
particular, we focused on plant growth, photosynthesis and oil yield. We hypothesized that
mulch is useful and necessary to support plant growth and activity, and to avoid oil-yield
reduction in spearmint.

2. Materials and Methods
2.1. Experimental Site

The study was conducted during 2020 and 2021 growing season at an experimental
field site in Baranello (Molise Region, Italy, latitude 41◦31′ N, longitude 14◦33′ E, altitude
630 m a.s.l.). The area has an average annual rainfall of 845 mm and mean annual tempera-
ture of 12.7 ◦C. Molise Region is positioned on the eastern side of the Apennines watershed,
and has a typical Mediterranean climate of southern Italy.

Before fertilizer applications, soil samples (0–30 cm) were taken from each block and
analyzed according to standard procedures [8]. The soil was characterized by a clay-
sand texture (45% clay, 10% silt and 45% sand) and the organic-matter content was 1.5%.
The soil profile was overall uniform, containing medium amount of total N (nitrogen,
0.11%), medium amount of available P (phosphorous, 19.5 µg g−1) and medium quantity
of exchangeable K (potassium, 133 µg g−1). Soil had very low active CaCO3, and pH was
average neutral; salinity was low. Bean (Phaseolus vulgaris L.) was the previous crop within
both years.

2.2. Plant Material and Experimental Design

Ten-month old spearmint seedlings were transplanted during mid-April in both
years, followed by a light irrigation after planting in rows 50 cm apart (plant density of
10 plants m−2). The field was surrounded by a buffer strip to allow for uniform growing
conditions.

The experiment was arranged in a randomized block design with five replications
(5 m2 each plot). After tillage was completed, the land was smoothed and firmed using a
roller harrow.
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The recommended doses of N (100 kg ha−1), P2O5 (70 kg ha−1) and K2O (100 kg ha−1),
were applied before planting [22].

The following treatments were designed: plants cultivated under natural rainfed
conditions without mulch (hereafter, R plants), plants cultivated under natural rainfed
conditions with straw mulch (hereafter, RM plants), plants grown under well-watered
conditions, considered as control (hereafter, W plants) and plants grown under well-
watered conditions with straw mulch (hereafter, WM plants). Within the straw mulch
treatments, the wheat straw covered all the soil surface at the rates of 1 kg m−2 (5 cm straw
length). The wheat straw was applied annually. Plants cultivated under well-watered
conditions served as a control.

In the control plots, the crop evapotranspiration (ET) was fully restored by drip
irrigation. After plant establishment (at 10 May, in both years), irrigation was withheld
in R and RW plots [0 days after treatment (DAT)]. Briefly, potential evapotranspiration
was calculated from micrometeorological data using the Penman–Monteith formula [23].
Weeds were manually controlled.

2.3. Meteorological Measurements and Yield Biomass

Main meteorological parameters were measured by means of a standard weather
station, located 20 m from the experimental field. The daily mean temperature ranged
between 9.1–23.5 ◦C, while the corresponding minimum and maximum temperatures were
7.6 and 34.7 ◦C, respectively. Only 10.3 mm and 11.5 mm rainfall were received during the
entire spearmint growth season in the years 2020 and 2021, respectively.

The crop was harvested manually on 0, 20, 40, 60 and 80 DAT in both years. The
herbal-yield biomass was weighed, after which the plant samples were heated at 105 ◦C for
one hour and then dried at 75 ◦C to constant weight.

2.4. Photosynthetic Gas Exchange

Gas-exchange activities, as net photosynthesis (Pn, µmol m−2 s−1) and stomatal
conductance (gs, mol m−2 s−1) were measured using a portable photosynthesis system,
at ambient CO2 concentration and at time of maximum solar radiation (e.g., 12:00 to
2:00 pm) as described by Delfine [24]. Measurements were recorded on five fully expanded
leaves selected randomly on different plants. For photosynthesis measurements, the leaf
temperature was maintained at 30 ◦C as in the environmental conditions. Mesophyll
conductance (gm, mol m−2 s−1) of CO2 was determined as described by Delfine [8]. Briefly,
the electron-transport rate calculated by gas exchange (Jc) and that measured by chloro-
phyll fluorescence (Jf) were compared at an irradiance of 800 µmol m−2 s−1 for accurate
measurements of intercellular CO2 concentration.

2.5. Relative Water Content

The relative water content (RWC) of leaves was measured according to Di Stasio [25].
The third fully expanded leaves from the top were measured. The fresh leaves were
weighed (FW), then submerged in distilled water for 12 h to obtain turgid weight (TW).
Finally, the leaves were kept at 105 ◦C for 24 h until a constant weight was reached (DW).
The formula RWC (%) = (FW − DW)/(TW − DW) × 100 was used to calculate the relative
leaf water content.

2.6. Soil Water Content

The water content to a depth of 1.0 m was measured every 20 days from the beginning
of treatment (DAT) to observe the dynamics in soil water content of the 0–0.3 and 0.3–1.0 m
layers. The soil was sampled at 0.1 m intervals by manual coring between adjacent plants
in the same row, and the gravimetric water content of the soil samples was calculated on
the basis of oven-dried weights (dried at 105 ◦C).
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2.7. Essential-Oil Analysis

Essential oil was extracted by hydrodistillation of fresh samples through Clevenger’s
apparatus. The steam distillation was performed for 60 min. The separated spearmint EO
collected was dried over anhydrous sodium sulfate and stored in dark-brown vials at 4 ◦C
until used. Three extractions were performed for each treatment [26]. Samples from every
treatment and replicate were collected and analyzed separately for oil composition.

The leaf and stem dry biomass, RWC, photosynthesis, stomatal and mesophyll conduc-
tance, essential-oil content and essential-oil yield were recorded with interval of 20 days
from 0 DAT.

2.8. GC and GC–MS Analysis

Analytical gas chromatography was carried out on a Perkin–Elmer Sigma 115 gas
chromatograph fitted with a HP-5 MS capillary column (30 m × 0.25 mm), 0.25 µm film
thickness. Helium was the carrier gas (1 mL/min). Column temperature was initially kept
at 40 ◦C for 5 min, then gradually increased to 250 ◦C at 2 ◦C/min rate, held for 15 min
and finally raised to 270 ◦C at 10 ◦C/min. Diluted samples (1/100 v/v, in n-pentane)
of 1 µL were injected at 250 ◦C, manually and in the splitless mode. Flame-ionization
detection (FID) was performed at 280 ◦C. Analysis was also run by using a fused silica HP
Innowax polyethylenglycol capillary column (50 m × 0.20 mm), 0.20 µm film thickness
and operating as described above. GC–MS analysis was performed on an Agilent 6850 Ser.
II apparatus, fitted with a fused silica DB-5 capillary column (30 m × 0.25 mm), 0.33 µm
film thickness, coupled to an Agilent Mass Selective Detector MSD 5973; ionization voltage
70 eV; electron-multiplier energy 2000 V. Gas chromatographic conditions were as given;
transfer line temperature, 295 ◦C.

2.9. Identification of Compounds

Most constituents were identified by gas chromatography by comparison of their
retention indices (Ki) with those of the literature [27,28] or with those of authentic com-
pounds available in our laboratories. The retention indices were determined in relation to a
homologous series of n-alkanes (C8–C24) under the same operating conditions. Further
identification was made by comparison of their mass spectra on both columns with those
stored in NIST 02, Wiley 275 libraries and our home-made library or with mass spectra
from literature [27,29]. Component relative percentages were calculated based on GC peak
areas without using correction factors. The primary oil components that were compared
were limonene, carvone, 1,8-cineole and myrcene.

2.10. Data Statistics

All data were presented as means of the five replicates, while the data for essential
oil content and yield and primary oil components are presented as means of the three
replicates. SPSS 18.0 was used to conduct a one-way analysis of variance, and significant
differences between treatments were compared by the least-significant-difference test at
p < 0.05.

3. Results

As the measured parameters did not show significant differences between growing
seasons, data averaged over 2 years, 2020 and 2021, were presented.

3.1. Plant Phenology and Soil Water Contents

No differences in phenology were observed between the spearmint plants exposed to
the different treatments up to 40 DAT. Specifically, at the beginning of the study (0 DAT)
the plants, of all treatments, were in the pre-flowering stage. After 20 DAT, the plants were
in early bloom, and at 40 DAT in full bloom, in all four overall treatments. At 60 DAT the
W, WM and RM plants were at the end of flowering and at 80 DAT in flower withering;
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while the R plants were already withering from 60 DAT until the end of the cropping cycle
(80 DAT).

The soil water contents (SWC) (Figure 1) showed that the rainfed mulching treatments
increased the SWC within the 0–0.3 m soil profile compared with the rainfed treatment
during the growing seasons of spearmint plants.
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Figure 1. Changes in soil water content (%) in the 0–0.3 m (a) and 0.3–1.0 m (b) soil layers of spearmint
exposed to the following treatments: R—rainfed without straw mulch, RM—rainfed with straw
mulch, W—well-watered control plants and WM—well-watered with straw mulch. Measurements
were performed 0, 20, 40, 60 and 80 days after the onset of the treatments (DAT). Vertical bars
represent ± SE of the mean (n = 5). Bars with different letters indicate significant differences among
treatments in the given DAT at p ≤ 0.05. Triangle at 20 DAT indicates the early bloom, and arrow at
40 DAT indicates the full bloom, in overall treatments.

At the end of the spearmint growth stage (flower-withering stage, 80 DAT), the SWC
within the 0–0.3 m soil profile under the rainfed treatments was lower in comparison to
the RM and control treatment. The SWC reductions indicated that under the mulching
treatments, more water was stored within the 0–0.3 m soil profile compared with the
rainfed treatment. Over the studied cropping cycle (0–80 DAT), there were no significant
differences in SWC between well-watered and well-watered mulching treatments. The
amplitude of the variation was much larger in the 0–0.3 m than the 0.3–1.0 m layer.
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3.2. Biomass Yields

The dry herbal biomass yields of spearmint were significantly affected by the straw
mulch treatment during the growth season (Figure 2).
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Figure 2. Changes in dry herbal biomass (g m−2) of spearmint exposed to the following treatments:
R—rainfed without straw mulch, RM—rainfed with straw mulch, W—well-watered control plants
and WM—well-watered with straw mulch. Measurements were performed 0, 20, 40, 60 and 80 days
after the onset of the treatments (DAT). Vertical bars represent ± SE of the mean (n = 5). Bars with
different letters indicate significant differences among treatments in the given DAT at p ≤ 0.05.
Triangle at 20 DAT indicates the early bloom, and arrow at 40 DAT indicates the full bloom, in overall
treatments.

In W and WM plants, the dry herbal biomass content had increased over time, showing
the maximum yield in full bloom (DAT 40) and no significant difference between the two
treatments. The herbal yield of RM-treated plants tended to increase but significantly
less than in WM plants, and the dry herbal biomass was about 20% less at the end of the
experiments (DAT 80). Instead, the development of R plants stopped at the beginning of
flowering, showing a reduction of about 38% at the end of the experiments compared to
the control (W).

3.3. Photosynthesis, Stomatal and Mesophyll Conductances

The trends in photosynthesis (Pn), stomatal (gs) and mesophyll (gm) conductances
among the different treatments are illustrated in Figures 3–5, respectively. The mean
photosynthesis was 60% and 26% lower in R and RM plants compared to the corresponding
controls (W and WM), respectively, at DAT 80. There were no significant differences in
photosynthesis between the W and WM control plants over the studied cropping cycle
(Figure 3).

The same trend was observed for stomatal conductance (Figure 4).
At the 20 DAT, mesophyll conductance was significantly lower only in the leaves of R

plants with respect to control W (Figure 5).
On the contrary, the mesophyll conductance of the RM treatments decreased and was

significantly lower (p < 0.05), with respect to control WM, only at the 80 DAT. Over the
studied treatment cycle, the mesophyll conductance of control W was similar to those of
plants grown under well-watered conditions with straw mulch (WM).
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Figure 3. Changes in photosynthesis (µmol m−2 s−1) of spearmint exposed to the following treat-
ments: R—rainfed without straw mulch, RM—rainfed with straw mulch, W—well-watered control
plants and WM—well-watered with straw mulch. Measurements were performed 0, 20, 40, 60 and
80 days after the onset of the treatments (DAT). Vertical bars represent ± SE of the mean (n = 5). Bars
with different letters indicate significant differences among treatments in the given DAT at p ≤ 0.05.
Triangle at 20 DAT indicates the early bloom, and arrow at 40 DAT indicates the full bloom, in overall
treatments.
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Figure 4. Changes in stomatal conductance (mol m−2 s−1) of spearmint exposed to the following
treatments: R—rainfed without straw mulch, RM—rainfed with straw mulch, W—well-watered
control plants and WM—well-watered with straw mulch. Measurements were performed 0, 20, 40,
60 and 80 days after the onset of the treatments (DAT). Vertical bars represent ± SE of the mean
(n = 5). Bars with different letters indicate significant differences among treatments in the given DAT
at p ≤ 0.05. Triangle at 20 DAT indicates the early bloom, and arrow at 40 DAT indicates the full
bloom, in overall treatments.
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Figure 5. Changes in mesophyll conductance (mol m−2 s−1) of spearmint exposed to the following
treatments: R—rainfed without straw mulch, RM—rainfed with straw mulch, W—well-watered
control plants and WM—well-watered with straw mulch. Measurements were performed 0, 20, 40,
60 and 80 days after the onset of the treatments (DAT). Vertical bars represent ± SE of the mean
(n = 5). Bars with different letters indicate significant differences among treatments in the given DAT
at p ≤ 0.05. Triangle at 20 DAT indicate the early bloom and arrow at 40 DAT indicate the full bloom,
in overall treatments.

3.4. Relative Water Content

The results of the RWC indicated that RM plants generally had preserved tissue water
content compared to R plants over the growing seasons (Figure 6).
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Figure 6. Changes in relative water content (%) of spearmint exposed to the following treatments:
R—rainfed without straw mulch, RM—rainfed with straw mulch, W—well-watered control plants
and WM—well-watered with straw mulch. Measurements were performed 0, 20, 40, 60 and 80 days
after the onset of the treatments (DAT). Vertical bars represent ± SE of the mean (n = 5). Bars with
different letters indicate significant differences among treatments in the given DAT at p ≤ 0.05.
Triangle at 20 DAT indicates the early bloom, and arrow at 40 DAT indicates the full bloom, in overall
treatments.
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At the end of the spearmint growth stage (flower-withering stage, 80 DAT), the
average RWC was significantly (p < 0.05) lower in R and RM plants, by about 40% and 20%,
respectively, in comparison to the control W and WM plants. No significant differences
in RWC between the W and WM control plants over the cropping cycle were observed
(Figure 6).

3.5. Essential-Oil Content and Essential-Oil Yield

The mulching treatments increased the EO content (+16%) in the RM compared to
WM plants during the full bloom (40 DAT) (Figure 7).
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Figure 7. Changes in essential-oil content (g 100 g−1 d.w.) of spearmint exposed to the following
treatments: R—rainfed without straw mulch, RM—rainfed with straw mulch, W—well-watered
control plants and WM—well-watered with straw mulch. Measurements were performed 0, 20, 40,
60 and 80 days after the onset of the treatments (DAT). Vertical bars represent ± SE of the mean
(n = 3). Bars with different letters indicate significant differences among treatments in the given DAT
at p ≤ 0.05. Triangle at 20 DAT indicates the early bloom, and arrow at 40 DAT indicates the full
bloom, in overall treatments.

There were no differences in EO content (EOC) between the W and WM plants over the
cropping cycles. During the full-bloom stages (40 DAT), the EO content of the W (−26%),
WM (−26%) and RM (−14%) plants were significantly lower in comparison to R plants.
While EO content was strongly reduced in R plants (about-77%) compared to W plants
at the last harvest (80 DAT). RM loses a negligible quantity of oils compared to WM. At
80 DAT, EO content in W and WM plants dropped by about 5% compared to full bloom
(40 DAT). EOC of RM dropped by 3%, while in R plants EOC decreased by 51%, almost
disappearing in leaf tissues.

The mean essential-oil yields (Figure 8) show significant decreases with increasing
water deficit across the harvest time.

At 40 DAT, the essential-oil yield was significantly higher in W, WM and RM than
in R, whereas the data did not differ significantly among W, WM and RM. The decrease
in rainfed treatment at the end of harvest time (80 DAT) was much greater than rainfed
mulching treatment compared to the respective control treatments (W and WM conditions).
At the same time (80 DAT), the variation of essential-oil yields did not differ significantly
between W and WM plants.
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Figure 8. Changes in essential-oil yield (kg ha−1) of spearmint exposed to the following treatments:
R—rainfed without straw mulch, RM—rainfed with straw mulch, W—well-watered control plants
and WM—well-watered with straw mulch. Measurements were performed 0, 20, 40, 60 and 80 days
after the onset of the treatments (DAT). Vertical bars represent ± SE of the mean (n = 3). Bars with
different letters indicate significant differences among treatments in the given DAT at p ≤ 0.05.
Triangle at 20 DAT indicates the early bloom, and arrow at 40 DAT indicates the full bloom, in overall
treatments.

3.6. Major Oil Components

The major oil components that were compared were myrcene, limonene, 1,8-cineole
and carvone, which comprise over 75% of the significant monoterpenes (Table 1).

Table 1. The primary oil components (%) of spearmint exposed to the following treatments: R—
rainfed without straw mulch, RM—rainfed with straw mulch, W—well-watered control plants and
WM—well-watered with straw mulch. Measurements were performed 40 and 80 days after the onset
of the treatments (DAT). 40 DAT indicates the full bloom, in overall treatments.

Myrcene Limonene 1,8-Cineole Carvone

DAT 40
W 5.11 a 17.51 b 9.56 b 41.25 a

WM 5.01 a 17.45 b 9.79 b 40.98 a
R 5.22 a 22.49 a 13.85 a 35.01 b

RM 4.99 a 17.77 b 9.61 b 41.05 a

DAT 80
W 6.23 a 13.72 c 9.96 c 45.31 a

WM 6.31 a 13.69 c 10.06 c 44.86 a
R 6.27 a 19.91 a 14.56 a 40.55 c

RM 6.33 a 15.97 b 12.97 b 43.09 b

Mean DAT 40 5.08 b 18.81 a 10.70 b 39.57 b
Mean DAT 80 6.28 a 15.82 b 11.89 a 43.45 a

Different letters in columns indicate significant differences among treatments in the given DAT at p ≤ 0.05. Data
related to Mean DAT 40 and Mean DAT 80 are means for all treatments and different letters in columns indicate
significant differences between 40 and 80 DAT at p ≤ 0.05.

The percentage of myrcene did not differ significantly among treatments at 40 DAT.
The percentages of limonene and 1,8-cineole, at 40 DAT, were significantly higher in R than
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in W, WM and RM, which did not differ significantly from each other, whereas at 40 DAT,
the percentage of carvone was significantly lower in R than in W, WM and RM, which did
not differ significantly from each other.

Even after 80 DAT, the percentage of myrcene did not differ significantly among the
treatments. The increase in the percentage of limonene and 1,8-cineole in rainfed treatment,
at the end of harvest time (80 DAT), was much greater than rainfed mulching treatment
compared to the respective control treatments (W and WM conditions). At the same time
(80 DAT), the variation of percentage of limonene and 1,8-cineole did not differ significantly
between W and WM. At 80 DAT, the decrease in the percentage of carvone in rainfed
treatment was much greater than rainfed mulching treatment compared to the respective
control treatments (W and WM). The variation of the percentage of carvone did not differ
significantly between W and WM. From 40 to 80 DAT, the result showed a significant
increase in the myrcene, 1,8-cineole and carvone, and a significant decrease in the limonene
percentage over the ranges of applied treatments (Table 1).

4. Discussion

During the whole time of the experimentation, the scant precipitations occur in the
form of low-intensity precipitation events. Thus, the precipitation quantities delivered
in this manner cannot satisfy the normal growth of crops. Therefore, in these drought-
prone environments, the soil-surface mulch practices may reduce the evaporation losses
from the soil surface [16,21]. Thus, the improvement of the soil-moisture conditions of
dry-land agriculture is of particular importance [30,31]. Our study indicated that rainfed
mulching treatments increased the SWC within the 0–0.3 m soil profile compared with
the rainfed conditions in the growing season of spearmint (Figure 1). The SWC for the
rainfed treatment was even lower when compared with the mulching treatment from the
full bloom (40 DAT) to the end of the cropping cycle (80 DAT). Moreover, already after
20 DAT, the SWC within the 0–0.3 m soil profile under the rainfed treatment was generally
lower than under well-watered treatment.

In our study, the mulch treatments of rainfed plants significantly increased the dry
herbal biomass yields during the crop-growing stages (Figure 2) in comparison to the
rainfed treatment. Similar results have been reported on a menthol mint plants studied
under different moisture regimes and nitrogen fertilization in the presence of sugarcane
trash mulched [10]. Instead, there were no significant differences in the dry herbal biomass
yields between W and WM plants. It should be noted that as expected, well-irrigated
plants (W and WM) had higher dry herbal biomass yields than rainfed ones (R and RM).
The rainfed mulching treatment conserves soil water and reduces soil evaporation, thus
demonstrating that it is suitable in a rainfed climate for the utilization of water [32]. The
dry herbal biomass accumulation was closely associated with photosynthetic gas-exchange
parameters and leaf RWC during different crop-growth stages. There were no significant
differences between W and WM plants during the entire spearmint growing season, which
may be attributed to the similar tissue water content (Figures 3–6).

The mulching rainfed treatment likely enhanced the accumulation of biomass by
improving the photosynthesis to accelerate crop growth compared to the rainfed treatment.
The photosynthesis limitations highlighted in R and RM plants compared to W and WM
plants were mostly due to diffusive resistances, including the mesophyll component [8].
Indeed, until 40 DAT, stomatal conductance in our study significantly decreased in R and
RM plants in comparison to the well-watered controls (W and WM). To conclude that the
reduction in photosynthesis observed until full bloom (40 DAT) is only attributable to
stomatal closure, one should observe a consequent additional resistance to CO2 diffusion
toward the chloroplasts that is generally caused by the mesophyll components [24]. This
additional resistance may increase under stress conditions [8]. However, mesophyll resis-
tance is likely to be controlled by mesophyll anatomical structure and particularly by the
chloroplast surfaces exposed to gas exchanges [33,34]. Mesophyll resistance was similar
in controls (W and WM) and rainfed mulching treatment at 40 DAT (Figure 5). Thus, it
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did not contribute to increasing resistance to CO2 diffusion in RM leaves, indicating that
mesophyll resistances to CO2 diffusion did not directly affect photosynthesis [8]. In this
condition, in which it is only the stomatal conductance that limits photosynthesis, it did
not cause permanent damage to the carbon fixation apparatus, as has been observed in
other studies [8,24], and therefore, it is possible to consider the stress condition as moderate.
Moreover, contrary to what was found at 40 DAT, we observed that at 60 and mostly at
80 DAT, the CO2 mesophyll conductance of R leaves was significantly lower than that
of the rainfed mulching treatment. Thus, mesophyll resistance only contributed to the
total resistance to CO2 diffusion from 60 DAT [24]. During the harvesting period, when
comparing R and RM plants it became clear that the total diffusive limitations were fewer
in RM compared to R plants. Thus, the greater water availability increased the stomatal
conductance, ensuring a greater input of carbon dioxide, which in turn increased photosyn-
thetic activity in RM compared to R plants. These differences significantly accelerated the
growth of the crop canopy and resulted in the significantly increased dry herbal biomass
values that are shown in Figure 1 [35].

In our study, the rainfed treatments (without and with mulch) significantly increased
the essential oil content, during the full bloom (40 DAT) (Figure 7). The rainfed treatment
significantly increased the essential-oil content and storage in green tissues in comparison
to the W, WM and RM treatments, before and during the early growth stage (20 DAT) [8].
During the withering stages, there were no significant differences in the essential-oil content
between the well-watered control plants (W and WM) and RM plants, while the essential-
oil content of R plants strongly decreased. Our study indicated that mulching rainfed
treatment (RM) significantly increased the essential-oil content compared to the control
treatment (WM) in the full-bloom phase and kept it constant until the end of the growing
season during withering, extending the oil-extraction period (Figure 7).

Essential oil yield increased substantially with the increasing of bloom for all treat-
ments (Figure 8). At 40 DAT, compared with rainfed treatment, mulching rainfed spearmint
(RM) clearly yielded the same amount of essential oil as the W and WM controls. Moreover,
after 80 DAT, the reduction in essential-oil yield in the mulching rainfed treatment (RM,
−15%), although significant, was much less evident than in the rainfed treatment (R,−78%)
compared to the respective controls (WM and W).

This indicates a possibility, at the full-bloom stage (40 DAT), for decreased grower costs
through mulching rainfed treatment by cutting costs for water, harvesting, transportation
and distilling spearmint hay; and for increasing profits if the oil yield and quality remain
fairly constant. This encouraging result for mulching rainfed treatment (RM) is attributable
to the presence of higher soil water contents compared to rainfed treatment (R), which
helped sustain the crop at these rainfed conditions in mulching treatment.

The percentage of four major monoterpenes (limonene, carvone, 1,8-cineole and
myrcene) showed a low sensitivity to rainfed conditions if at moderate stress levels (Table 1),
or 40 DAT and in the presence of mulch (RM). Over time, from 40 to 80 DAT, the percentage
of carvone significantly increased, whereas that of limonene decreased over the ranges of
applied treatments (Table 1). Instead, at both 40 and 80 DAT, the result shows a significant
decrease in the carvone and a significant increase in limonene percentage with the increase
in water-stress conditions due to reduced water availability (R). This indicates that rainfed
plants may show different metabolic maturity as limonene is a precursor to carvone [3,6].

5. Conclusions

The mulching treatment had significant and positive effects on rainfed spearmint
yields. Spearmint yields were positively related to physiological activity. The beneficial
effects of mulching on essential-oil content and yield primarily occurred during the early
stages together with lower inhibition of photosynthesis and smaller diffusive limitations.
This benefit was primarily reflected in the fact that mulching, in rainfed plants, regulated
tissue water content, promoted the growth of spearmint plants in later growth stages
and increased the essential-oil yields compared to rainfed treatment. Thus, the rainfed
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mulching treatment may have helped decrease the consumption of groundwater by pro-
viding improved utilization of limited water availability and may have helped resolve the
water-scarcity problem that limits sustainable agriculture production in rainfed environ-
ments. The findings of our investigation support the hypothesis that mulch is important
for a more efficient and sustainable agricultural management.
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Abstract: The capture and utilization of rainwater by crops under various mulching conditions have
great importance in agriculture production systems, especially in dry-prone regions. Understanding
the effect of mulching on rainwater use efficiency growth and yield of a crop is very important.
For this purpose, field experiments were conducted in 2017 and 2018 to evaluate the potential of
ridge-furrow mulching on maize growth and development under rain-fed conditions. The field
study compared four treatments, i.e., ridge-furrow without mulch (WM), black plastic mulch (BM),
transparent plastic mulch (TM) and grass mulch (GM). The BM treatment consistently increased the
soil moisture and temperature, resulting in earlier emergence, as well as increased plant height and
plant biomass, compared to the WM treatment. Compared to WM, the two-years mean yield of maize
with BM, TM and GM were recorded to be increased by 33.6%, 28.1% and 10.8%, respectively. The
BM produced a maximal crop growth rate at 90 days after sowing (DAS) as specified by a greater
leaf area index. Transpiration rate and leaf stomatal conductance were significantly higher with BM
and TM than with WM, however, the BM treatment showed the highest net photosynthetic rate in
both years. Net income for the BM treatment was the highest (USD 1226 ha−1) of all the treatments
and USD 335 ha−1 greater than WM. As growth, yield and net income of maize were improved with
BM, therefore this treatment was found to be the most effective for maize production in rain-fed
conditions. This system is evaluated at a small scale, hence to maximize its effectiveness on a large
scale, a simulation design needs to be developed.

Keywords: benefit-cost ratio; physiological traits; rainwater harvesting system; rain-fed conditions
and ridge-furrow mulching
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1. Introduction

Water is a crucial part of agricultural production [1,2]. Scarcity of irrigation water
along with irregular and insufficient rainfall has significantly affected the agricultural
productivity [3–5]. Inadequate water possessions are the key constraint for crop produc-
tion [4,6,7]. The decline in future rainfall may cause a reduction in the yield of various
crops and enhance the risk to food supply [8,9]. There is a dire need to develop strategies
to capture and utilize the rainwater for optimum crop production in rain-fed, arid and
semiarid areas [10].

Ridge-furrow covered with plastic mulch on flat land is one of the most viable ap-
proaches to maximize the rainfall usage [11,12]. It can enhance the availability of moisture
in the crop root zone by reducing the surface runoff, reducing the unproductive evaporation
and prolonging the water availability in dry conditions which enhanced the water use
efficiency and yield of crops [13]. It also promotes rainfall penetration in deep soil and
reduces the evaporation losses [14–16]. Each millimeter of rainwater collected, stored and
conserved in the root zone has increased the yield of a crop up to 10 kg ha−1 [17]. It is
documented that rainfall in maize crop ranging from 230–440 mm, ridge-furrow farming
system increased the soil water contents in 0–100 topsoil by 5–12% when compared to that
with conventional flat farming system [18]. In the northwest of China, ridge-furrow plastic
film mulching and straw mulching increased the maize yield by 20% and 10%, respectively,
when compared to that with conventional planting [18]. The main purpose of mulching is
to improve the rainwater harvest over a small land area along with a reduction in water loss
through soil evaporation [19]. Many researchers have suggested that there is a significant
potential to increase agricultural productivity with a considerable increase in the rainwater
use efficiency, particularly in rain-fed areas where crops depend only on rainfall [17,20,21].
Although the ridge-furrow mulching technique is considered very beneficial for achieving
enhanced yield in rain-fed agriculture [22–24], there is still a need to understand the capture
and utilization of rainwater under different mulches for clarifying physiological progres-
sion, growth and development of the crop. In general, crops are planted on the ridge in a
ridge-furrow system that received little advantage from rain as rainwater makes a channel
into the furrow areas, especially in the case of a light shower. However, in this study, the
planting geometry was quite different than that in conventional methods of sowing, used
in most areas of the world. In this study, we used furrows as planting zone and ridges
served as water harvesting areas. Therefore, it is important to determine how different
mulching practices affect crop growth, yield and resource utilization for maximizing the
water management and enhancing the yield of maize. The main objective of this experiment
was to investigate the role of the ridge-furrow mulching on the physiological, growth and
yield of maize by collecting the rainwater and re-allocating it to the furrow where the crop
was planted. This study could be helpful for water management approaches in maize
production under rain-fed conditions.

2. Materials and Methods
2.1. Site Description

Experiments were conducted during the summer season of 2017 and 2018 at the
Agronomic Research Area, College of Agriculture, University of Sargodha, Punjab Province,
Pakistan (Latitude 31.41◦ N, Longitude 74.17◦ E and Altitude 194.4 m). The soil at the
experimental site was clay loam with a pH of 7.7, organic matter 0.83%, 0.52% N, 10 mg/kg
available P and 112 mg/kg available K. During the entire experimental phase, the daily
maximum or minimum and rainfall distributions are shown in Figure 1. The total rainfall
during the maize growing period was 443.76 mm in 2017 and 946.62 mm in 2018.
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density of 88,888 ha−1 (Figure 2). A fertilizer having 150 kg N ha−1, 125 kg P2O5 ha−1 and 
125 kg K2O ha−1 was applied uniformly over the furrows and plowed into the soil layer. 
The maize seed was drilled with a hand push maize seeder with a dibbler wheel into the 
plastic mulch for all treatments except the grass cover mulch where mulching was done 
after sowing of the maize seed with the maize seeder. 

Figure 1. The daily maximum or minimum temperatures and rainfall during the maize growing
seasons of the experimental site in 2017 (a) and 2018 (b).

2.2. Experimental Design and Field Management

Alternate ridge and furrow were set up on the flat land. There was a narrow ridge with
a width of 30 cm and a height of 15 cm, whereas the wide ridge had a width of 60 cm and a
height of 10 cm (Figure 2). The ridges served as rainwater harvesting zone and furrows
served as planting zone. The treatments were comprised of ridge-furrow without mulching
(WM), ridge-furrow covered with black plastic mulch (BM), transparent plastic mulch
(TM) and grass mulch (GM). The experiment was carried out in a Randomized Complete
Block Design with four replications. Each plot size was 5 m × 4.5 m. The thickness of the
film was 0.008 mm. The edge of the plastic film was buried in the soil. Grass mulch was
spread evenly on the ridges and furrows at a rate of 9000 kg ha−1. The crop was sown in
each furrow at the base of the ridge at 25 cm apart with a planting density of 88,888 ha−1

(Figure 2). A fertilizer having 150 kg N ha−1, 125 kg P2O5 ha−1 and 125 kg K2O ha−1 was
applied uniformly over the furrows and plowed into the soil layer. The maize seed was
drilled with a hand push maize seeder with a dibbler wheel into the plastic mulch for all
treatments except the grass cover mulch where mulching was done after sowing of the
maize seed with the maize seeder.
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Figure 2. A schematic diagram of the field layout.

Maize (cv. DK-6525) was sown on 2nd and 6th July in 2017 and 2018, respectively,
using a seed rate of 25 kg ha−1 with a drill. Thinning of the crop stand was performed at
the 3 to 4 leaf stage to sustain one plant per hill. All other farming practices such as the
use of natural and standard insecticides were done for all the treatments. If heavy rainfall
occurs, the excess rainwater will be drained out through a drain at the end of the furrows.
This means that at the end of each furrow, there is a small ridge about 10–15 cm high. When
the rainfall is low, all the rainwater can be trapped in the furrow. If the rainfall is heavy,
the excess water will drain out automatically and will not cause serious flooding problems.
To prevent flooding, the mulch film can be punctured at the point of emergence, leaving a
hole for emergence. This will ensure that there is no flooding risk.

2.3. Data Collection and Measurements

• Growth and yield traits: The number of plants grown in each plot was calculated from a
selected area until a steady and constant number of plants was obtained. The mean
days taken to emergence were determined from the time of sowing. Plant height
and 1000-grain weight were measured from five indiscriminately selected plants from
each plot at maturity and then the average was recorded. The leaf area from five
consecutive plants randomly selected from a line in each plot was measured at 30,
60, 90 and 120 days after sowing [25] with the help of a leaf area meter (CI-202, CID,
Bio-Science, Camas, WA, USA). The following formula was used to calculate the leaf
area index (LAI):

LAI =
Lea f area
Land area

(1)
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To estimate the crop growth rate (CGR), five plants per plot were taken. Each plant
was mocked, mixed well and then sun-dried. The samples were then subjected to an oven
at 70 ◦C ± 5 ◦C to record dry weight. The dry weight of each plant was measured and
converted into dry matter per unit of land area (m2). The CGR was calculated at 30, 60, 90
and 120 days after sowing according to the formula presented by Beadle [26]:

CGR =
W2 − W1
T2 − T1

(2)

where W2 = Plant dry weight m−2 at 2nd harvest, W1= Plant dry weight m−2 at 1st harvest,
T2 = Time consistent to 2nd harvest, T1 = Time consistent to 1st harvest.

To obtain grain yield, the maize plants were harvested at maturity from every plot,
dried in the sun and threshed manually. The biological yield was measured by collecting the
total plant biomass from every plot, dried in the sun for several days and then transformed
to t ha−1.

The harvest index was determined using the following formula:

Harvest Index (%) =
Grain yield

Biological yield
× 100 (3)

• Soil moisture: In every maize growing period, the water content in the soil was recorded
at 30, 60, 90 and 120 days after sowing (DAS) to 100 cm soil depth at 20 cm intervals.
By using a soil auger, the samples were arbitrarily collected at three locations in the
middle of the furrow for every treatment [25]. The self-sealing plastic bags were used
to collect the soil samples from the field. Upon arrival in the laboratory, each sample
was placed directly in an aluminum box. To obtain fresh weights, all soil samples were
weighed within one hour of collection and dried at 105 ◦C to obtain a constant weight.
The soil moisture was then calculated in the 0–100 cm soil from every plot and then
estimated for the total soil water storage.

• Physiological traits: Net photosynthetic rate, transpiration rate and leaf stomatal con-
ductance were recorded from five randomly selected flag leaves of maize plants from
each treatment separately using a portable infrared gas analyzer (CI-340 Portable
Photosynthesis System, CID Biosciences, Camas, WA, USA). The readings were taken
between 9:00 to 11:00 am.

• Economic analysis: For economic analysis, the whole cost of production was estimated
by the expenses incurred on all agronomic operations during both years and their
average was determined. To determine the benefit–cost ratio, the total income of
grains and stover was recorded [26].

2.4. Statistical Analysis

The statistical analysis was performed by the software Statistix 8.1 computer software
(Statistix 8.1, Analytical Software, Tallahassee, FL, USA) to work out an analysis of variance
(ANOVA) of each data set. The treatments’ means were compared using Tukey’s (HSD)
test at a 5% probability level [27]. The graphical demonstration of the data was done using
the Sigma plot 11.0 (Systat Software, Inc., San Jose, CA, USA).

3. Results
3.1. Plant Growth and Yield Attributes

Data showed that in BM and TM, maize emergence was two days earlier than that with
WM in both years. Maize plant height was significantly influenced by various mulching
treatments over the two years with the higher plant height observed in 2017 as compared
with 2018 (Table 1). In 2017, higher plant height (186.5 cm) was observed with BM and
lower plant height (169.2 cm) was measured with WM. In 2018, BM produced taller plants
(188.2 cm) than did all other treatments. The lowest plant height (169.2 cm) of the maize
crop was recorded in plots where not mulch material was used. The 1000-grain weight
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of maize showed a substantial response to all mulch treatments. The BM exhibited a
maximum 1000-grain weight (285.5 g) which was followed by TM in 2018. However, a
minimum 1000-grain weight was recoded with WM during both growing seasons. All
mulching treatments had a significant impact on grain yield as compared to WM in both
years. The mulch treatments significantly influenced the grain yield of maize. The maize
grain yield from every treatment was categorized as follows: BM > TM > GM > WM.
Compared with WM, the mean grain yield of maize with BM, TM and GM was found to be
improved significantly by 1.24 t ha−1 (33.6%), 1.04 t ha−1 (28.1%) and 0.40 t ha−1 (10.8%),
respectively (Table 2). As compared to WM, the ridge and furrow mulching improved
the biological yield significantly. The mean biological yield with BM, TM and GM was
markedly enhanced by 1.74, 1.42 and 0.81 t ha−1, respectively. All tested treatments showed
a variable harvest index (%) of maize, ranging from 42.1% to 48% in both growing seasons.
The harvest index was higher (48%) in 2017 with BM and the difference of BM and TM vs.
WM was significant during both years.

Table 1. Influence of different ridge-furrow mulching on days taken to emergence, plant height (cm)
and 1000-grain weight of maize during 2017 and 2018.

Treatments
Days Taken to

Emergence Plant Height (cm) 1000-Grain Weight (g)

2017 2018 2017 2018 2017 2018

WM 6.7 a 6.5 a 169.2 d 171.5 b 237.5 c 243.2 c
BM 4.2 b 4.2 b 186.5 a 188.2 a 276.5 a 285.5 a
TM 4.7 b 4.5 b 181.2 b 187.0 a 260.0 b 278.0 ab
GM 5.2 b 5.0 b 174.2 c 177.0 b 252.0 b 260 bc

HSD (0.05) 1.16 1.38 4.51 5.53 10.47 19.27
Values within each column sharing the same letter did not differ significantly at a 5% level of proba-
bility. WM = Ridge-furrow without mulch, BM = black plastic mulch, TM = transparent plastic mulch,
GM = grass mulch.

Table 2. Influence of different ridge-furrow mulches on grain yield (t ha−1), biological yield (t ha−1)
and harvest index (%) of maize during 2017 and 2018.

Treatments
Grain Yield (t ha−1) Biological Yield (t ha−1) Harvest Index (%)

2017 2018 2017 2018 2017 2018

WM 3.73 c 3.65 c 8.55 c 8.66 c 43.7 b 42.1 b
BM 4.94 a 4.92 a 10.27 a 10.42 a 48.0 a 47.2 a
TM 4.71 a 4.76 a 9.83 ab 10.21 a 47.9 a 46.6 a
GM 4.11 b 4.08 b 9.46 b 9.37 b 46.4 b 43.5 b

HSD (0.05) 0.36 0.36 0.58 0.53 3.13 2.69
Values within each column sharing the same letter did not differ significantly at a 5% level of proba-
bility. WM = Ridge-furrow without mulch, BM = black plastic mulch, TM = transparent plastic mulch,
GM = grass mulch.

In contrast to the WM treatment, all mulching treatments improved the leaf area index
in both years (Figure 3). The leaf area index was significantly higher with BM and TM
when compared with WM at each critical stage. The GM produced a slightly higher leaf
area index than did the WM during both years at each developmental stage. Moreover, the
major differences were perceived between the WM and GM treatments in 2018, mainly at
60 and 120 days after sowing (DAS). The variation in leaf area index was connected with a
different crop growth rate under various mulch treatments (Figure 4). Of all the treatments,
the ridge-furrow covered with BM or TM produced a higher crop growth rate in 2017 and
2018. At 30, 60, 90 and 120 DAS, the BM produced 27.6, 33.3, 49.3 and 33.2% higher crop
growth rate, respectively, than WM in 2017 (Figure 4). The increase was 21.5% at 30 DAS,
30.8% at 60 DAS, 37.9% at 90 DAS and 26.4% at 120 DAS in 2018. However, TM produced a
slightly higher crop growth rate over BM at 90 days after sowing in 2018 (Figure 4).
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Figure 4. Crop growth rate (CGR) of maize under ridge-furrow without mulching (WM), with black
plastic mulch (BM), transparent plastic mulch (TM) and grass mulch (GM) in 2017 (a) and 2018 (b).

Soil water storage (SWS) indicated a slight difference among the four treatments
(Figure 5). Compared to the WM treatment, all mulching treatments augmented the SWS
significantly during both growing seasons. The quantity of water storage from 1st (30 DAS)
to 2nd (60 DAS) sampling was recorded to be improved with BM, TM and GM treatments in
2017 and 2018, as well as being the most vital water restoring time for crop growth. While,
from the 2nd (60 DAS) to the 4th (120 DAS) sampling, differences between the treatments
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in the value of SWS were very high in 2017, however, in 2018, the differences among the
treatments were quite less. At the first sampling, higher soil water was stored in the WM
treatment due to more rain in July in both growing seasons. The heavy rain caused the
runoff in mulch treatments and WM facilitated the water penetration, which resulted in
more soil water contents. The p-value showed that the effect of mulching was significant
for leaf area index, crop growth rate and soil water storage at 30, 60, 90 and 120 DAS at a
5% level of probability (Table 3).
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Table 3. Summary of the analysis variance for leaf area index, crop growth rate, soil water stor-
age, net photosynthesis rate, transpiration rate and stomatal conductance of maize under different
mulching materials.

Parameter
Mean Sum of Square F-Value p-Value (0.05)

2017 2018 2017 2018 2017 2018

Leaf area index at 30 DAS 0.17 0.17 8.67 5.67 0.003 0.012
Leaf area index at 60 DAS 0.77 0.75 23.2 24.9 <0.001 <0.001
Leaf area index at 90 DAS 1.00 0.84 37.1 19.3 <0.001 <0.001
Leaf area index at 120 DAS 0.65 1.31 21.7 39.2 <0.001 <0.001
Crop growth rate (gm−2 day−1) at 30 DAS 2.92 2.91 44.9 54.7 <0.001 <0.001
Crop growth rate (gm−2 day−1) at 60 DAS 10.54 12.82 148.00 46.8 <0.001 <0.001
Crop growth rate (gm−2 day−1) at 90 DAS 62.34 52.68 156.00 152.00 <0.001 <0.001
Crop growth rate (gm−2 day−1) at 120 DAS 12.30 7.42 46.70 47.10 <0.001 <0.001
Soil water storage at 30 DAS 599.72 2222.56 3.03 11.6 0.071 0.007
Soil water storage at 60 DAS 575.83 3043.23 2.51 32.2 0.108 <0.001
Soil water storage at 90 DAS 3749.06 650.72 32.6 7.97 <0.001 0.003
Soil water storage at 120 DAS 3479.50 2562.75 12.4 40.5 0.006 <0.001
Net photosynthesis rate (µmol m−2 s−1) 11.21 17.69 13.1 23.7 <0.001 <0.001
Transpiration rate (mmol m−2 s−1) 2.19 3.77 22.4 27.2 <0.001 <0.001
Leaf stomatal conductance (mmol m−2 s−1) 23,631.9 3.77 18.2 27.2 <0.001 <0.001

3.2. Physiological Attributes

In both years of study, the net photosynthetic rate of maize was significantly affected
by different ridge-furrow mulches (Figure 6). During both years, the net photosynthetic
rate was consistently higher with BM, TM and GM as compared to that with WM. All
mulching treatments markedly improved the transpiration rate of maize. The transpiration
rate was observed higher in 2017 than that of 2018. The highest transpiration rate was
recorded with BM and statistically at par with that of TM during both growing seasons.
Compared to WM, GM showed a slightly higher transpiration rate (Figure 7). Figure 8
shows that compared to WM, other treatments, i.e., BM, TM and GM exhibited higher
leaf stomatal conductance. Among all mulching treatments, BM produced slightly higher
values of leaf stomatal conductance during both years. However, the lowest leaf stomatal
conductance was recorded in plots with the ridge-furrow left uncovered (WM).
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Figure 6. Influence of different ridge and furrow mulching treatments on net photosynthetic rate,
of maize in 2017 and 2018. WM = Ridge-furrow without mulch, BM = Ridge-furrow covered with
black plastic mulch, TM = Ridge-furrow covered with transparent plastic mulch, GM = Ridge-furrow
covered with grass mulch.
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Figure 7. Influence of different ridge and furrow mulching treatments on the transpiration rate of
maize in 2017 and 2018. WM = Ridge-furrow without mulch, BM = Ridge-furrow covered with
black plastic mulch, TM = Ridge-furrow covered with transparent plastic mulch, GM = Ridge-furrow
covered with grass mulch.
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Figure 8. Influence of different ridge and furrow mulching treatments on leaf stomatal conductance
of maize in 2017 and 2018. WM = Ridge-furrow without mulch, BM = Ridge-furrow covered with
black plastic mulch, TM = Ridge-furrow covered with transparent plastic mulch, GM = Ridge-furrow
covered with grass mulch.
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3.3. Economic Analysis

Different mulching materials and treatments without mulch have a variable cost-
benefit ratio (Table 4). The two-year average benefit–cost ratio was ranked as fol-
lows: BM > TM > GM > WM. The cost with different treatments followed the order:
BM = TM > GM > WM. Net incomes of BM, TM and GM were higher than that of WM. Net
income was highest (USD 1226 ha−1) for the BM treatment and the benefit–cost ratio was
improved by 16%, compared to WM. The net income difference for BM vs. WM was USD
335 ha−1 (Table 3).

Table 4. Average economic benefit cost ratio (USD ha−1) of maize production in 2017 and 2018.

Particulars WM BM TM GM

Fertilizer cost 258 258 258 258
Seed cost 97 97 97 97

Mulching material cost - 109 109 58
Common cost a 238 238 238 238

Total cost 593 702 702 651
Grain yield (t ha−1) 3.69 4.93 4.73 4.09

Grain yield revenue (USD) 1069 1429 1371 1185
Fodder yield (t ha−1) 8.60 10.34 10.02 9.41

Fodder yield revenue (USD) 415 499 484 454
Gross income (USD) 1484 1928 1855 1639

Net benefit (USD) 891 1226 1153 988
Benefit-cost ratio 1.50 1.74 1.64 1.51

Net income differences (USD) 00 335 262 97
WM = Ridge-furrow without mulching, BM = Ridge-furrow covered with black plastic mulch, TM = Ridge-furrow
covered with transparent plastic mulch, GM = Ridge-furrow covered with grass mulch, a Including labor cost was
USD 4.34 per person per day, land preparation, pesticides and harvesting charges; cost of plastic film was USD
2.31 kg−1, grass mulch USD 0.0063 kg−1; maize seed price was USD 3.86 kg−1. Cost was calculated in USD and
paid in PKR.

4. Discussion

Our study showed that seedling emergence with TM was two days earlier than that
with WM. It is believed that solar radiation passed through the transparent film mulch
and reached the soil surface but this film prevents the entry of long-wave radiation, hence
improving the soil thermal conditions. The early emergence under TM might be due to the
thermal difference in the soil. Researcher also pointed out that straw mulch caused cooling
effects and plastic film caused warming effects at the early growth stage of the crops. The
reduction in the emergence days under mulch treatments might be due to the availability
of more moisture compared to that under WM treatments. Mulch treatments reduced the
days to emergence.

Consequently, the ridge-furrow mulching treatments produced higher plant height
and biological yield than that with WM. The ridge-furrows covered with plastic film raised
the soil moisture, which could increase the growth of maize during the early phase [14,28].
There were little differences between BM and TM in terms of improving maize growth
and biological yield which may have been due to the availability of moisture at critical
growth stages.

The productivity of maize appears to correlate closely with the successive distribution
of detected resources [29], in particular, the uptake and absorption of sunlight, which were
linked with the leaf area index [30,31]. The mulching treatments significantly improved
stored soil water by retaining adequate levels of heat and water for plant growth at the
seedling phase. Therefore, the increase in leaf area might have led to an increase in the
effective intercepted radiation that was later available for the fast-growing maize crop.
However, significant differences were observed between the treatments in terms of crop
growth rate with respect to these properties. The BM and TM treatments exhibited a greater
crop growth rate, which might have been due to the higher leaf area index, and improved
radiation detention [32], which might have led to more biomass production compared
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to the WM treatment. The possible reason for this is that covering the soil with mulches
preserves the soil water by inhibiting the evaporation and enhancing the water. Further, it is
reported that when plants were small, soil water was lost mainly through soil evaporation.
As the maize crop grew vigorously, the water loss shifted from soil evaporation to plant
transpiration, so better water conditions under mulch conditions improved the growth of
the maize crop. Compared to the GM and WM treatments, the BM and TM symbolize a
more operative exercise to respond to the scarcity of available water. Our findings showed
that the ridge-furrow mulching enhanced the soil moisture and augmented the yield of
maize with BM and TM at 33.6 and 28.1%, respectively. The improvement in the maize
yield resulted from the more efficient single plants developed under BM and TM and could
have been due to the exploitation of deep soil water effectively [33,34]. In our study, the
ridge-furrow covered with mulches markedly enhanced the water storage of soil. The
increased soil moisture contents under mulch conditions could improve the soil nitrogen
availability. High N accumulation promotes maize growth by improving nitrogen use
efficiency. The soil water storage was higher with BM, TM and GM than that with WM,
which might have been due to the reason that mulches inhibit the evaporation from the
soil surface and increase rainfall infiltration. According to Li et al. [31] and Wang et al. [35],
plastic-covered ridge-furrow mulching can improve the soil moisture status by collecting
water more efficiently from light rainfall, endorsing rainfall infiltration and reducing the
evaporation. Ren et al. [18] also described that various intensities of rainfall (440, 340 and
230 mm) improved the mean water contents of soil by 4.5, 5.2 and 2.3%, respectively, with
the plastic-covered ridge-furrow mulching than with the flat cultivation without ridges and
plastic mulches. In addition, more harvested rainwater infiltrated deeper in the covered
ridge system when compared to that with flat cultivation, hence increasing the availability
of water to plant for a longer period of time as well as being less subject to evaporation [18].
However, for effectiveness on a large scale, this system needs simulation design with
different rainfall amounts.

The physiological attributes such as net photosynthetic rate, transpiration rate and
leaf stomatal conductance were found to be improved with BM, TM and GM treatments
compared to that of WM, because photosynthetic capacity is highly linked with water avail-
ability, with maize crop at the early growth stage showing an increase in photosynthesis rate
under the plastic film or grass mulch compared to that under non-mulch treatment [36–38].
In our experiment, the treatments of mulches resulted in increased retention of soil moisture
as compared to that with WM treatment during the partial rainy season. These results
might have been due to the loss of soil moisture from the WM treatment due to the strong
evaporation from the soil surface by direct sun radiation and dry air during the early phases
of maize growth. The BM, TM and GM treatments produced higher net photosynthetic,
transpiration rate and leaf stomatal conductance than the WM treatment, because mulches
directly inhibit water evaporation from the surface of soil [30] and provide more water to
plants, increasing the gas exchange activity of plants by using solar radiation and enhanced
canopy transpiration [39]. The plastic and grass mulches could enhance the soil moisture
of dry arable land [14,15,35,40].

5. Conclusions

The ridge-furrow covered with plastic mulches accelerated the photosynthetic capacity,
growth and development by capture and utilization of rainwater. The BM significantly
increased the net photosynthesis and transpiration rate during both growing seasons over
the other treatments. Consequently, as compared to all other treatments, BM was found
to be the most effective approach to bring an increase in the farmer’s income. Therefore,
BM treatment must be encouraged and applied as an effective cultivation method in
rain-fed areas.
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6. Implication

Crop productivity in arid and semiarid regions of Pakistan is dependent on rainfall.
Frequent drought is an important factor that limits crop production. Seasonal rainfall
and distribution determine the success of crop in dry areas. This study indicates that
ridge-furrow plastic film mulch has some advantages over conventional systems under
the same volume of rainfall. First, the ridge-furrow configuration leads to capture and
utilizing the small amount of rainfall, thus providing better conditions for maize growth
and development. Secondly, the full cover of ridge-furrow with plastic film reduced
the evaporation losses. This system is evaluated at a small scale, hence to maximize its
effectiveness on a large scale in Pakistan, a simulation design needs to be developed. The
cost of ridge-furrow plastic film is higher than the conventional system as the additional
cost of plastic and labor is added every year. However, this cost can be compensated with
higher productivity under plastic mulch, but plastic fate is a disadvantage in terms of
recycling and environmental protection.
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Abstract: Potatoes are a high-value crop with a shallow root system and high fertilizer requirements.
The primary emphasis in potato production is minimizing nitrogen-leaching losses from the shallow
root zone through fertigation. Therefore, a field experiment was conducted for two consecutive
years, 2018–2019 2019–2020 to assess the effect of nitrogen and irrigation amount and frequency
on tuber yield, water balance components and water productivity of potatoes under surface and
subsurface drip irrigation. The experiment was laid out in a split-plot design with three nitrogen
levels (187.5 kg N ha−1 (N1), 150 kg N ha−1 (N2) and 112.5 kg N ha−1 (N3)) in main plots and
six irrigation levels in the subsurface (drip lines were laid at 20 cm depth) and one surface drip in
subplots. Irrigation scheduling was based on 100% of cumulative pan evaporation at an alternate
(I1) and two-day interval (I2), 80% of cumulative pan evaporation at an alternate (I3) and two-day
interval (I4), 60% of cumulative pan evaporation at an alternate (I5) and two-day interval (I6) and
80% of cumulative pan evaporation at alternate days with surface drip (I7). Our results showed that
potato transpiration was higher in N1 and N2 compared to N3, while soil evaporation was higher in
N3 over N1 and N2. Irrigation regimes I5 and I6 had lower transpiration than I1, I2, I3 and I7, while I7

had more soil evaporation than I1, I2 and I3. Leaf area index (LAI), dry matter accumulation (DMA),
root mass density (RMD) and tuber yield in N1 and N2 were at par but significantly higher than N3.
The LAI and DMA were statistically at par in I1, I2 and I3 but significantly higher than recommended
irrigation (I7). Tuber yield was statistically at par in I1, I2, I3 and I7 but I3 and I7 saved 20% irrigation
water compared to I1 and I2. On the other hand, real water productivity (WPET) under N1 and N2

were comparable in I3 and I4 but significantly higher than recommended practice (I7) as pooled
evapotranspiration (ET) and soil evaporation (E) in I7 were 19.5 and 20.6 mm higher, respectively,
than in I3. Among interactive treatment combinations, N1I1, N1I2, N1I3, N1I7, N2I1, N2I2 and N2I3

recorded the highest tuber yields without any significant differences among them. Treatment N2I3

saved 20% nitrogen and irrigation water compared to all other combinations. Water productivity in
N1 and N2 was comparable in I3 and I4 but significantly higher than recommended practice (I7).

Keywords: potato fertigation; leaf area index; root mass density; real water productivity; field
water balance

1. Introduction

Potato (Solanum tuberosum L.) is the fourth-most-crucial vegetable crop, with a global
production of 370 million tons [1]. India is the second-largest potato producer, with an
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area of 2.17 million and a production of around 53.58 million metric tons [1]. Among the
potato-growing zones of India, Punjab falls in the north-western plain, which accounts for
about 5% of the total area under potato cultivation in India [2]. The main-season potato crop
is popular among stakeholders in spring maize–rice–potato rotation. Spring maize and rice
are high-water-requiring crops, and potato is sensitive to water stress which responds to
frequent irrigation [3].

Moreover, potato is grown on raised beds and irrigated through furrows, accounting
for significant water losses. Hence, the region’s cultivation of water-guzzler rice and spring
maize crops is becoming challenging as Punjab is already facing a water crisis [4]. The
mean ground table has experienced a fall of 0.4 m year− in 80% of irrigated areas in central
Punjab [5] since 1990. Thus this scenario of water scarcity in the region has necessitated
the adoption of improved water management technologies such as drip irrigation to
improve the water productivity of cropping systems. Surface drip irrigation in potato is
recommended by researchers worldwide [6–8], but studies on the feasibility of subsurface
drip irrigation systems in potato are limited. Thus, this experiment was planned to study
the growth and yield of subsurface-drip-irrigated potato sown after spring maize and
rice on the same drip lines. Potato is a shallow-rooted crop and is highly affected by
excessive water and stressed water conditions [9]. Although furrow irrigation is the most
common irrigation method in the Indo-Gangetic plains, drip irrigation has proved to be a
good option in managing the volumetric inefficiencies in irrigation regimes resulting from
too frequent or too much irrigation [10]. Agronomic inadequacies occur when plants are
stressed due to insufficient water being frequently applied or excessive water application
resulting in water logging or increasing the incidence of diseases [11].

Potato production is highly dependent on nitrogen (N), phosphorous (P) and potas-
sium (K) applications [12]. Nitrogen is a dominant nutrient determining potato’s growth,
development, productivity and quality, and its optimal application improves yields [13],
while excessive N may contaminate groundwater [14]. Therefore, in potato, water and
nutrient management through a drip irrigation system can be the best option for maximiza-
tion of potato productivity. Studies [15,16] have shown that the maximum productivity of
potato can be obtained while keeping the soil moist and ensuring the N available during
periods of high demand, which can be managed well with drip irrigation and fertigation.
This system is most economical in giving the highest water productivity and saving about
40–50% of irrigation water compared to the furrow method [17]. It gives uniform water
distribution with a significant reduction in water losses by percolation and runoff. This
system is also beneficial on frosty nights as it reduces frost damage in plants in main-season
crops. We hypothesize that subsurface drip irrigation is also used globally for potato
production [18–20], in which drip lines are buried below the soil surface, providing water
and nutrients directly to the root zone. Therefore, it has the potential to save water by
reducing evaporation losses compared to other methods of irrigation, particularly in sandy
loam soil [21]. Therefore, this experiment was planned to study the interactive effects of
nitrogen, irrigation amount and irrigation frequency on potato growth, evapotranspiration
and yield under subsurface drip irrigation.

2. Materials and Methods
2.1. Climate Conditions

A field experiment was conducted at Research Farm, Soil and Water Engineering,
Punjab Agricultural University, Ludhiana, India, during 2018–2019 and 2019–2020. The
layout of the experiment is given in Figure S1. Ludhiana is situated at 30◦56′ N and 75◦52′

E at 247 m above sea level. The area has a sub-tropical to semiarid climate with a hot and
dry summer (April to June), hot and humid monsoon (July to September), mild winter
(October to November) and cold winter (December to February). The mean minimum
and maximum temperatures show considerable fluctuation during summer and winter.
Maximum air temperature above 38 ◦C is expected during summer and frequent frosty
spells in December–January. The average annual rainfall at Ludhiana is 755 mm, 75%
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of which is received in the summer monsoon (July to September), complemented by a
few low- to medium-intensity showers in winter. During the 2018–2019 potato season,
the highest mean maximum air temperature was observed during October and lowest
during January, while the mean minimum air temperature was lowest during December
and highest during October. The maximum relative humidity was 71% observed in January.
2018–2019 (Table 1). The potato crop during 2018–2019 received 68.6 mm of rainfall. During
2019–2020, the weekly mean maximum air temperature in October was 30.6 ◦C while
the minimum temperature was observed during January. The mean maximum relative
humidity was 78.4% observed in January. The total rainfall was 123 mm.

Table 1. Weather parameters during potato growing season.

2018–2019 Growing Season 2019–2020 Growing Season

Tmax Tmin
RF
(mm)

Epan
(mm)

RH
(%)

ET0
(mm) Tmax Tmin

RF
(mm)

Epan
(mm)

RH
(%)

ET0
(mm)

October 31.0 16.2 0 96.6 64 97.0 30.6 18.4 0 76.7 68.2 87.8
November 26.8 11.8 2.6 64.0 63 59.3 28.0 22.0 35.2 56.8 68.2 57.1
December 20.6 5.5 0 40.6 68 40.9 15.9 7.5 46.8 30.5 79.0 33.5
January 18.5 6.2 66.0 43.1 71 41.31 16.6 6.7 39.8 27.7 78.4 42.1

Tmax is maximum air temperature, Tmin is minimum air temperature, Epan is open pan evaporation, RF and RH
are rainfall and relative humidity, respectively, and ET0 is potential evapotranspiration.

2.2. Experimental Site Description

Soil samples were collected randomly from four depths (0–15, 15–30, 30–60 and 60–90 cm)
and three different field sites before the experiment started with the help of a screw auger.
A composite sample was made and brought to the soil and water testing laboratory in
the Department of Soil and Water Engineering to analyze the initial status of physical
and chemical properties. The analysis was performed according to standard laboratory
procedures. The experimental field soil was sandy loam in texture with pH 8.1, electrical
conductivity 0.23 dS m−1, organic carbon 0.48%, nitrogen 170.2 kg ha−1, phosphorous
37.4 kg ha−1 and potassium 345 kg ha−1 in 0–15 cm soil depth. The bulk density of the soil
was 1.52 g cm−3. The physical properties of the soil are given in Table 2.

Table 2. Physical properties of experimental soil.

Soil Depth
(cm)

Sand
(%)

Silt
(%)

Clay
(%)

Soil
Texture

Bulk Density
(g cm−3)

Saturated Hydraulic
Conductivity
(cm h−1)

Soil Moisture Retention
(% v/v)

10 kPa 1500 kPa

0–15 70.8 20.4 10.8 Sandy loam 1.52 1.08 27.0 9.0
15–30 70.2 21.3 11.2 Sandy loam 1.61 0.64 27.2 9.2
30–60 69.7 22.2 11.7 Sandy loam 1.67 1.61 27.3 7.3
60–90 68.4 22.3 11.9 Sandy loam 1.64 1.27 23.0 6.0

In order to prepare good tilth before planting, the disc harrow was run twice, followed
by two ploughings with a tractor-drawn cultivator. Drip lines were installed at a 20 cm
depth below the soil surface with a tractor-drawn machine (as shown in the layout). The
distance between the two drip lines was kept at 60 cm per row-to-row crop spacing. Ridges
were made manually 60 cm apart in the east–west direction (Figure S1). The experiment
was laid out in a split-plot design with three nitrogen levels of 187.5 kg N ha−1 (N1),
150 kg N ha−1 (N2) and 112.5 kg N ha−1 (N3) in the main plots. Seven irrigation levels
(six subsurface drip lines and one surface drip) were kept in the subplots. The irrigations
were 100% of Epan at alternate day (I1) and two-day intervals (I2), 80% of Epan at alternate
(I3) and two-day intervals (I4), 60% of Epan at alternate day (I5) and two-day intervals
(I6) in the subsurface and 80% of Epan at an alternate day in surface drip (I7). The potato
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variety Kufri Pukhraj was planted on 18 October, during 2018–2019 and on 15 October in
2019–2020 at 20 cm plant-to-plant distance and 7–8 cm soil depth from the top of the ridge
in rows as per the layout. All the plants emerged between 14 and 18 days. All the crop
management practices were followed as per the practice package for cultivating vegetable
crops. Fertilizer N was applied as per treatments. The recommended doses of phosphorus
(62.5 kg P2O5 kg ha−1) and potassium (K2O 62.5 kg ha−1) were applied along with N in
16 splits at weekly intervals. A water meter was installed on 63 mm PVC pipe to measure
the irrigation water delivered to each plot. Tensiometers were installed at 10, 20, 30, 60 and
90 cm depths in I1, I3, I5 and I7 to monitor soil matric potential (SMP) daily at 8 am during
2018–2019. However, during 2019–2020 SMP was monitored only during three major rain
events. Soil water content was determined 24 h, 48 h and 72 h after each irrigation from
0–10, 10–20, 20–30, 30–40, 40–60 and 60–100 cm profile depths with FDR (Frequency domain
reflectometry). Actual crop evapotranspiration (ETa) was estimated from the soil water
balance equation.

I + P = ETa + D + R ± ∆SW (1)

where I is irrigation water applied (mm), P is precipitation (mm), R is surface runoff (mm),
D is deep drainage (mm) and ∆SW is the change in soil profile moisture storage (mm).
Runoff was absent as sufficient dikes were maintained. Deep drainage was considered
zero when soil profile moisture storage was less than the field capacity. When soil moisture
storage exceeded the field capacity storage after irrigation or rainfall, deep drainage was
calculated as the difference between the field capacity storage and soil moisture storage
plus irrigation/rainfall [22]. Evapotranspiration (ETa) was partitioned into soil evaporation
(E) and transpiration (Tp) [23]:

E = ETa × e−α LAI (2)

Tp = ETa − Es (3)

where α is the extinction coefficient of radiation set as 0.56 [24], and LAI is the leaf area
index (measured with the Sunscan Plant Canopy Analyzer of Delta T Devices) at different
crop growth stages. The following equation already calibrated for Potato LAI [23] was used
to partition LAI during crop growth and senescence:

LAI(t) = LAImax
1

1 + ea1(t− tinf)
− ea2(t− tend) (4)

where LAImax is the maximum LAI value observed, a1 and a2 are shape factors controlling
the growth and senescence rates, tinf is the time at which the maximum growth rate is
reached (inflexion point) and tend is the time of complete senescence. The terms LAImax,
tinf, and tend were measured and a1 and a2 were fitted [23]. Whole plants and roots were
uprooted, sun-dried and then dried in an oven at 60 ◦C until they reached a constant
weight for measuring dry matter accumulation at 60, 75 DAP and at harvest, which was
expressed in Mg ha−1. The leaf area index was recorded periodically (30, 60, 90 and 120
DAS) using Sunscan Plant Canopy Analyzer based on the principle of Beer–Lamber’s law.
After calibration, the leaf area index was recorded from 12:00 to 2:00 p.m. on a sunny day
from two locations in each plot and then averaged for the final reading of the leaf area
index. Root-mass density was determined by collecting root samples with the help of tubes
having an internal diameter of 5 cm from 0–15, 15–30, 30–45 and 45–60 cm depths from
three places, under the plant, 7 cm from the base of the plant towards row and 7 cm from
the base of the plant towards furrow. These samples were mixed, passed through a 32 mm
mesh and washed in a running water channel by providing gentle pulsing with the hand
to make the roots free from soil. Then roots were transferred to Petri dishes to remove
inert material. Then roots were dried in an oven and root mass density was calculated by
dividing the mass of dry roots by the volume of the tube. N uptake in plant samples was
determined at 90 days. The digestion process was performed for nitrogen determination in
plant samples.
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During digestion, complex structures were broken into simple structures, releasing
nitrogen as ammonium radicals. For digestion, 0.5 g of plant sample was taken in a
digestion tube and mixed with 6 mL of concentrated sulphuric acid. Then, one teaspoon of
mix from a mixture of CuSO4 (100 g), K2SO4 (10 g) and selenium oxide (1 g) was added
to the digestion tube. The solution was retained at room temperature for 24 h. Then,
the digestion tube was heated up to 410 ◦C for 2 h. After completion of digestion, the
sample turned to light green or colourless. After digestion, distillation with 4% boric acid
and titration with 0.1 N H2SO4 was performed to determine the plant nitrogen as per the
KEL PLUS manual. Nitrogen uptake was determined by multiplying the N content with
biomass and tuber yield. Real water productivity (kg m−3) was calculated as the ratio of
grain yield and evapotranspiration as described by [5,25]:

WPET = GY/ETa × 10 (5)

where WPET is real water productivity (kg m−3), ETa is crop evapotranspiration (mm) and
GY is grain yield (Mg ha−1).

2.3. Statistical Analysis

Analysis of variance was performed using the Proc GLM procedure of SAS version
9.4 (SAS Institute, Inc., Cary, NC, USA). Significant mean differences were tested using
54 Fisher’s protected least significant difference (LSD) tests at α = 0.05. For pooled analysis,
the year was the main factor to increase the precision. In addition, the regression procedure
was used to test the nature of the relationship between different parameters.

3. Results and Discussion
3.1. Soil Matric Potential and Soil Moisture Distribution at Different Depths

Soil matric potential (SMP) values for different treatments throughout cropping season
2018–2019 are shown in Figure 1. At 10 cm depth, SMP in I1 and I3 varied between −38
and −48 kPa, except for two significant rain events (Figure 1 at the same depth, SMP for
I5 was even less and varied between −48 and −55 kPa. However, under surface drip (I7),
SMP at the surface layer was high and varied between 18 and 24 kPa. At 20 and 30 cm
depths, the SMP was higher at 60 and 90 cm depths in I1, I3 and I5 due to placement of
the dripper at these depths. Between these treatments, the highest SMP was observed in
I1, followed by I3 and I5. However, in I7, higher SMP was observed at 10 cm and 20 cm
depths compared to 30, 60 and 90 cm depths. In all these treatments, more changes in soil
matric potential occurred in 10, 20 and 30 cm depths. However, fewer fluctuations were
observed at 60 and 90 cm, even during the major rain events, indicating no drainage in
our experiments. Mean seasonal volumetric soil moisture (MSVSM) during the growing
season (except major events) is presented in Table 3. During 2018–2019, in 0–10 cm depth
after 24 h of irrigation, MSVSM in I1, I2, I3, I4, I5, I6 and I7 was 11.1, 12.1, 10.9, 10.7, 9.6, 9.3
and 18.7%, respectively. It dropped to 9.2, 10.1, 8.8, 5.6, 9.1, 8.8, 8.5, and 15.8%, respectively,
after 48 h of irrigation which indicated that, throughout the season, the surface soil layer
remained relatively wet in surface drip and dry in subsurface drip irrigation. After 24 h in
the 10–20 cm soil layer, the seasonal volumetric soil moisture was higher in I1 and I2 by
2.1 and 2.0%, respectively, over I7, while in I5 and I6, it was lower than I7 by 1.8 and 2.8%,
respectively. Compared to I7, I3 had 0.5% more, but I4 contained less moisture content in
this layer. After 24 h in the 20–30 cm soil layer, MSVSM was higher in I1, I2, I3, I4, I5 and I6
by 8.0, 6.2, 4.4, 3.7, 0.7, and 0.6%, respectively, over I7. A similar trend was observed after
48 h of irrigation. In 30–40 cm depth after 24 h of irrigation, MSVSM was higher in I1, I2,
I3, I4, I5 and I6 than I7 by 6.0, 5.8, 4.3, 3.8, 1.7 and 0.9%, respectively. A similar trend was
observed after 48 h of irrigation. In 40–60 cm soil depth after 24 h of irrigation MSVSM
was higher in I1, I2, I3, I4, I5 and I6 than in I7 by 4.7, 4.0, 3.6, 3.2, 2.3 and 2.4%, respectively.
Similarly, during 2019–2020 (Table 4), MSVSM in I1, I2, I3, I4, I5, I6 and I7 was 12.0, 11.8, 11.1,
10.8, 10, 9.9 and 20.2%, which dropped to 9.2, 10.1, 8.8, 9.1, 8.8, 8.5 and 15.8%, respectively,
after 48 h and further dropped to 8.9, 8.1, and 8.3% after 72 h in treatments I2, I4 and I6,
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respectively. In 10–20 cm depth, after 24 h, MSVSM was higher in I1, I2 and I3 by 2.1, 1.7
and 0.6%, respectively, but I4, I5 and I6 contained 0.5, 2.8 and 3.3% less moisture content,
respectively, than I7. After 48 h, the moisture content was highest in I1, I2, I3 and I4 over I7
by 2.4, 1.6, 0.3 and 0.2%, respectively, but I5 and I6 contained 2.0 and 2.3% less moisture
content, respectively. In 20–30 cm soil depth, all the subsurface drip treatments contained
more MSVSM over surface irrigation (I7). The percent difference of I1 over I2, I3, I4, I5, I6
and I7 was 9.6, 8.7, 6.1, 5.3, 3.7 and 3.5%, respectively, after 24 h and 8.6, 8.7, 5.4, 5.2, 4.3
and 4.2%, respectively, after 48 h. Similarly, in 30–40 cm soil depth, the percent increase in
MSVSM in I1, I2, I3, I4, I5 and I6 over I7 was 6.9, 6.0, 4.0, 2.9, 1.7 and 0.8, respectively, after
24 h. This difference was 6.7, 5.2, 3.5, 2.4, 0.7 and 0.9%, respectively, after 48 h. A similar
trend was observed in the 40–60 cm soil layer.
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Figure 1. Soil moisture potential at different depths throughout the growing season of potato during
the 2018–2019.

Table 3. Mean seasonal volumetric soil moisture content (%) in potato during 2018–2019.

Depth (cm) Hours after
Irrigation I1 I2 I3 I4 I5 I6 I7

0–10
24 11.1 a 12. a 10.9 a 10.7 a 9.6 a 9.3 a 18.7 b

48 9.2 a 10.1 a 8.8 a 9.1 a 8.8 a 8.5 a 15.8 b

72 8.9 a 8.1 a 8.3 a

10–20
24 17.2 a 18.1 a 15.7 ab 14.7 ab 13.3 b 12.3 b 15.1 ab

48 12.5 a 12.5 a 12.1 a 11.3 a 10.1 a 10.2 a 11.5 a

72 11.2 a 10.4 a 9.1 ab 8.5 b

20–30
24 21.5 a 19.3 a 17.9 a 17.2 ab 14.2 b 14.1b 13.5 b

48 17.5 a 16.5 a 15.5 a 15.1 a 13.1 b 12.3 b 10.2 b

72 14.4 a 13.1 a 10.1 b

30–40 cm
24 17.1 a 16.9 a 15.4 a 14.9 ab 12.8 b 12.0 b 11.1 b

48 16.4 a 15.1 a 14.2 ab 13.1 b 11.8 b 11.1 b 10.1 b

72 14.8 a 12.5 b 10.8 c
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Table 3. Cont.

Depth (cm) Hours after
Irrigation I1 I2 I3 I4 I5 I6 I7

40–60 cm
24 14.8 a 15.1 a 13.7 a 13.3 a 12.4 ab 12.2 ab 10.1 b

48 14.1 a 13.8 a 13.2 a 12.5 a 12.1 a 12.1 a 9.9 b

Treatments with different lower case letters are significantly different at p < 0.05.

Table 4. Mean seasonal volumetric soil moisture content (%) in potato during 2019–2020.

Depth (cm) Hours after
Irrigation I1 I2 I3 I4 I5 I6 I7

0–10
24 12 b 11.8 b 11.1 b 10.8 b 10 b 9.9 b 20.2 a

48 11.3 b 10.8 b 10.5 b 9.9 b 8.5 b 8.1 b 16.9 a

72 8.7 a 8.3 a 8.5 a 7.8 a

10–20
24 18.2 a 17.8 a 16.7 ab 15.6 ab 13.3 b 12.8 b 16.1 ab

48 15.5 a 14.7 ab 13.4 ab 13.3 ab 11.1 b 10.8 b 13.1 ab

72 12.2 a 11.4 a 10.1 a

20–30
24 22.4 a 21.5 a 18.9 ab 18.1 ab 16.5 b 16.3 b 12.8 c

48 19.5 a 19.3 a 16.3 b 16.1 b 15.2 b 15.1 b 10.9 c

72 15.1 a 14.1 a 12.9 b

30–40
24 17.7 a 16.8 a 14.8 ab 13.7 ab 12.5 b 11.6 b 10.8 b

48 16.8 a 15.3 a 13.6 ab 12.5 b 10.8 b 10.9 b 10.1 b

72 14.1 a 11.4 b 10.1 b

40–60
24 15.3 a 14.8 a 13.5 a 12.5 a 11.8 ab 11.2 ab 10.2 b

48 15.1 a 14.1 a 13.2 ab 12.3 ab 11.5 ab 11.1 b 10.0 b

72 13.2 a 11.1 a 9.8 a

Treatments with different lower case letters are significantly different at p < 0.05.

3.2. Water Balance Components
3.2.1. Total Water Input

Irrigation was given to the crop based on Epan according to the treatments (Tables 5 and 6).
The potato crop during the growing season received 68.6 mm and 123.6 mm of rainfall
during 2018–2019 and 2019–2020, respectively. During 2018–2019, total water input was
18.2% higher in I1 or I2 over I3 and I4 and 50.6% higher over I5 and I6, and the difference
between I3 and I4 was 27% over I5 and I6. I7 and I3 treatments received a similar amount of
total water. During 2019–2020, the percent difference between I1 and I2 over I3 or I4 was
9.8%, I1 or I2 over I5 or I6 was 24.8% and I3 or I4 over I5 or I6 was 13.3%.

Table 5. Water balance components of potato during 2018–2019.

Treatments Irrigation
(mm) Rain (mm) ET (mm) Drainage

(mm) ∆S

N1I1 160.8 a 68.6 223.2 a 0 6.4 a

N1I2 158.6 a 68.6 215.2 a 0 10.0 a

N1I3 126.0 b 68.6 208.4 a 0 −11.3 b

N1I4 125.8 b 68.6 201.3 a 0 −11.6 b

N1I5 83.7 c 68.6 186.3 b 0 −34.7 c

N1I6 83.7 c 68.6 185.5 b 0 −36.2 c

N1I7 126.0 b 68.6 230.2 a 0 −40.0 c

N2I1 160.8 a 68.6 220.3 a 0 6.2 a

N2I2 158.6 a 68.6 214.4 a 0 10.7 a

N2I3 126.0 b 68.6 205.5 a 0 −10.3 b
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Table 5. Cont.

Treatments Irrigation
(mm) Rain (mm) ET (mm) Drainage

(mm) ∆S

N2I4 121.0 b 68.6 199.9 a 0 −9.6 b

N2I5 83.7 c 68.6 185.5 b 0 −33.2 c

N2I6 80.7 c 68.6 183.3 b 0 −34.0 c

N2I7 126.0 b 68.6 229.4 a 0 −39.1 c

N3I1 160.8 a 68.6 219.9 a 0 9.5 a

N3I2 158.6 a 68.6 211.5 a 0 23.1 b

N3I3 126.0 b 68.6 201.2 a 0 −8.4 c

N3I4 121.0 b 68.6 190.4 a 0 −0.8 c

N3I5 83.7 c 68.6 174.4 b 0 −22.1 d

N3I6 83.7 c 68.6 173.3 b 0 −23.9 d

N3I7 126.0 b 68.6 225.4 a 0 −42.0 d

Treatments with different lower case letters are significantly different at p < 0.05.

Table 6. Water balance components of potato during 2019–20.

Treatments Irrigation
(mm) Rain (mm) ET (mm) Drainage

(mm) ∆S

N1I1 105.8 a 123 232.4 a 0 −3.6 a

N1I2 104.3 a 123 230.1 a 0 −2.8 a

N1I3 85.9 b 123 222.2 a 0 −13.3 b

N1I4 84.8 b 123 220.4 a 0 −12.6 b

N1I5 61.5 c 123 203.4 b 0 −18.9 b

N1I6 60.7 c 123 201.3 b 0 −17.6 b

N1I7 85.9 b 123 238.8 a 0 −29.9 c

N2I1 105.8 a 123 232.4 a 0 −3.6 a

N2I2 104.3 a 123 230.1 a 0 −2.8 a

N2I3 85.9 b 123 221.1 a 0 −12.2 b

N2I4 84.8 b 123 220.4 a 0 −12.6 b

N2I5 61.5 c 123 203.4 b 0 −18.9 b

N2I6 60.7 c 123 201.3 b 0 −17.6 a

N2I7 85.9 b 123 236.2 a 0 −27.3 c

N3I1 105.8 a 123 227.4 a 0 1.4 a

N3I2 104.3 a 123 224.4 a 0 2.9 a

N3I3 85.9 b 123 218.8 a 0 −9.9 a

N3I4 84.8 b 123 220.4 a 0 −12.6 b

N3I5 61.5 c 123 200.4 b 0 −15.9 b

N3I6 60.7 c 123 198.8 b 0 −15.1 b

N3I7 85.9 b 123 234.4 a 0 −25.5 c

Treatments with different lower case letters are significantly different at p < 0.05.

3.2.2. Evapotranspiration (ET) and Its Partitioning

During 2018–2019, the highest ET was observed in N1 (207.2 mm), which was 0.8% and
3.9% higher than N2 and N3, respectively (Table 7). Transpiration in N1 was 1.4 and 7.1%
higher than N2 and N3, respectively. However, evaporation in N3 was highest and was
10.8% and 9.4% higher than N1 and N2, respectively. During 2019–2020, the ET between
nitrogen levels did not differ significantly, but in N1 was higher by 0.4% and 7.8% than N2
and N3, respectively. However, evaporation in N3 was higher by 15.6% and 14.3% than
N1 and N2, respectively. ET and T in our experiment were comparable to another study
conducted on drip irrigation [23]. The higher ET in N1 and N2 compared to N3 may be
due to more LAI in N1 and N2 than in N3 (Table 8). The highest ET with a higher amount
of nitrogen was also observed [26]. Among irrigation levels, during both years, ET was
highest in I7, with a difference of 23.3 and 15.6 mm over I3 during 2018–2019 and 2019–2020,
respectively. Despite receiving higher amounts of irrigation, lower ET was observed in I1
and I2 than recommended practice (I7). However, the transpiration component was the
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highest in I1, and was higher by 6.9, 11.0, 18.4, 36.6, 41.3 and 9.8% over I2, I3, I4, I5, I6 and
I7, respectively. Therefore, the highest ET in surface irrigated treatment (I7) was due to
an increase in evaporation (63.6 mm) which was 58.6, 43.8 and 51.7% higher than I1, I2
and I3, respectively. The lowest evaporation in subsurface drip irrigation could be due to
lower volumetric moisture content (%) in surface layers (Table 3) and higher leaf area index
(Table 8) which resulted in higher transpiration. Similarly, during 2019–2020, transpiration
was higher in I1 by 3.5, 3.2, 9.2, 27.6, 32.5 and 8.5% than I2, I3, I4, I5, I6 and I7, respectively.
The highest evaporation was recorded in I7, followed by I5 and I6 and was the lowest in
I1. Amongst subsurface irrigation treatments, treatments with more frequent irrigation
recorded more ET than deficit in less frequently irrigated treatments. It could be due to
higher soil moisture availability, as also endorsed by [27].

Table 7. Evapotranspiration (ETa) and its partitioning into soil evaporation (E) and transpiration (Tp).

Treatments
2018–19 2019–20

ET (mm) Tp (mm) E (mm) ET (mm) Tp (mm) E (mm)

N1 207.2 a 160.2 a 46.9 a 221.8 a 169.5 a 52.3 a

N2 205.5 a 157.9 a 47.5 b 220.7 a 168.8 a 52.9 a

N3 199.4 b 149.5 b 52.0 b 217.2 a 157.2 b 60.5 b

Mean 204.0 155.9 48.8 219.9 165.2 55.3
I1 221.1 a 180.9 a 40.1 a 230.7 a 183.2 a 47.5 a

I2 213.7 a 169.3 ab 44.2 a 228.2 a 177.0 a 51.2 a

I3 205.0 a 169.9 ab 42.0 a 220.7 a 177.5 a 48.5 a

I4 197.2 ab 152.8 b 44.4 a 220.4 a 167.8 a 52.6 a

I5 182.1 b 132.4 c 49.7 b 202.4 b 143.6 b 58.8 ab

I6 180.7 b 128.0 c 57.7 bc 200.5 b 138.1 b 62.3 ab

I7 228.3 a 164.7 ab 63.6 c 236.5 a 168.9 a 67.6 b

Mean 204.0 155.9 48.8 219.9 165.2 55.3
Treatments with different lower case letters are significantly different at p < 0.05.

Table 8. Effect of nitrogen and irrigation on periodic leaf area index of potato.

Treatments
2018–2019 2019–2020

45 DAS 60 DAS 75 DAS 90 DAS 45 DAS 60 DAS 75 DAS 90 DAS

N1 3.45 (0.11) 4.97 (0.10) 4.98 (0.12) 4.31 (0.12) 2.96 (0.03) 4.87 (0.11) 4.89 (0.10) 4.33 (0.20)
N2 3.06 (0.13) 4.76 (0.11) 4.78 (0.11) 3.99 (0.11) 2.90 (0.02) 4.55 (0.11) 4.61 (0.11) 3.38 (0.18)
N3 2.65 (0.13) 4.40 (0.12) 4.38 (0.11) 3.45 (0.10) 2.78 (0.03) 4.16 (0.12) 4.19 (0.11) 2.62 (0.22)

Mean 3.05 4.71 4.71 3.86 2.88 4.54 4.56 3.34
LSD

(p = 0.05) 0.39 0.29 0.31 0.32 0.06 0.31 0.29 0.66

I1 3.43 (0.13) 5.17 (0.05) 5.18 (0.04) 4.36 (0.05) 3.15 (0.02) 5.19 (0.03) 5.2 (0.02) 3.87 (0.01)
I2 3.22 (0.11) 5.11 (0.04) 5.13 (0.03) 4.24 (0.05) 2.90 (0.03) 5.08 (0.02) 5.11 (0.02) 3.81 (0.02)
I3 3.29 (0.14) 5.12 (0.05) 5.14 (0.05) 4.28 (0.06) 3.08 (0.02) 5.12 (0.04) 5.13 (0.03) 3.85 (0.01)
I4 2.99 (0.13) 4.72 (0.06) 4.78 (0.04) 3.92 (0.06) 2.80 (0.03) 4.35 (0.05) 4.38 (0.02) 3.22 (0.01)
I5 2.69 (0.11) 4.13 (0.05) 4.10 (0.03) 3.15 (0.05) 2.60 (0.02) 3.78 (0.02) 3.79 (0.03) 2.60 (0.02)
I6 2.58 (0.12) 3.71 (0.06) 3.60 (0.04) 2.92 (0.05) 2.54 (0.03) 3.45 (0.04) 3.44 (0.04) 2.47 (0.02)
I7 3.18 (0.13) 5.02 (0.06) 5.04 (0.05) 4.14 (0.04) 3.06 (0.04) 4.82 (0.03) 4.84 (0.03) 3.53 (0.01)

Mean 3.10 4.71 4.72 3.86 2.88 4.54 4.56 3.34
LSD

(p = 0.05) 0.52 0.15 0.14 0.18 0.08 0.11 0.11 0.0

Interactions NS NS NS NS NS NS NS NS

Numbers given in parentheses indicate standard error.

3.2.3. Change in Seasonal Soil Moisture Storage

The seasonal change in soil moisture storage varied with nitrogen and irrigation
during cropping seasons (Tables 5 and 6). During 2018–2019, in N1, maximum extraction of
profile water was found under I7 (−40 mm) and I6 (−36.2 mm) treatments followed by I5
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(−34.2 mm), I3 (−11.3 mm) and I4 (−11.6). However, the change in soil moisture storage
was positive in I1 (6.4 mm) and I2 (10.0 mm). Under the N2 level of irrigation, maximum
extraction was observed under I7 (−39.1 mm) followed by I6 (−34.0 mm) and I5 (33.2 mm),
I3 (−10.3 mm), I4 (−9.6 mm), I1 and I2 (6.2 and 10.7 mm.). However, the profile storage
was more under all the irrigation levels than N1. Similarly, under N3 treatment, maximum
profile water extraction was observed in I7 (−42.0 mm) followed by I6 (−23.9 mm) and I5
(−22.1 mm), I3, I4 (−8.4, 0.8 mm), I3, I1 (9.5 mm) and I2 (23.1 mm). The profile moisture
storage was more under the N3 irrigation level, although a similar amount of irrigation
was applied. It could be because of the significantly less biomass production and root
development, which caused less water uptake by the crops and thereby less ET. Similarly,
during 2019–20 (Table 6), profile moisture storage was negative. However, the profile
was wetter than the first year, as rain events occurred after irrigation application. Higher
extraction of moisture from profile under N1 was observed in I7 (−29.9 mm) followed by I5
(−18.9 mm), I6 (−17.6 mm), I3 (−13.3 mm), I4 (−12.6 mm), I1 (−3.6 mm) and I2 (−2.8 mm).
A similar trend was observed in N2 and N3.

3.3. Plant Growth Parameters
Periodic Leaf Area Index (LAI), Total Dry Matter Accumulation and Root Growth

The leaf area index has been considered one of the prominent indicators of plant
growth and yield, as it directly affects different eco-physiological processes in plants [28,29].
The leaf area index was significantly affected by different nitrogen and irrigation treatments
throughout the crop growth period during both years (Table 8). LAI was at par in N1 and
N2 at 45, 60, 75 and 90 DAS during 2018–2019. However, it decreased by 30.2, 12.9, 13.4
and 25.8% in N3 at 45, 60, 75 and 90 DAP, respectively, during 2018–2019. The highest
reduction in LAI was recorded with the reduction in nitrogen rate at 45 and 90 DAP. During
2019–2020, at 45 DAP, LAI did not differ in N1 and N2 treatments, but at 60, 75 and 90 DAP
the highest LAI was observed in the N1 treatment which was significantly higher than
N2 and N3. It could be explained by the fact that this year, one fertigation at 60 DAP was
delayed by three days due to continuous rains, and another was immediately followed
by a major rain event. Rain might have leached the applied nitrogen. Among irrigation
levels, the highest LAI was observed in I1, which was at par with I2, I3 and I7 at 45 DAP
during both years. However, at 60, 75 and 90 DAP, LAI was at par in I1, I2 and I3, which
was significantly higher over I7 and other treatments during both years. The highest LAI
with the highest level of irrigation indicated higher photosynthesis due to higher radiation
interception, as explained by [26,30]. The increase in LAI in I1, I2 and I3 were also due to
more root zone moisture (Tables 3 and 4).

The periodic dry matter accumulation (DMA) was significantly affected by nitrogen
and irrigation regimes (Table 9). During 2018–2019, DMA did not differ significantly
between N1 and N2 but decreased significantly with a further decrease in nitrogen level
(N3) at all the growth stages. A similar trend was observed during 2019–2020 except at 60
DAP, where biomass was significantly higher in N1 compared to N2 and N3. Regardless
of fertilizer application, the highest periodic DMA during both years was observed in I1,
which was followed by I2, I3 and I7. The DMA was at par in I1, I2 and I3 but significantly
higher than recommended treatment (I7) and all other treatments. Higher and frequent
irrigation treatments under subsurface drip (I1, I2, I3) favoured the improvement in plant
vigour because of higher availability of moisture content in the root zone (Tables 3 and 4)
and higher soil matric potential (−25 to −30 kPa) (Figure 1) compared to recommended
(I7) and other deficit irrigation treatments, which was further supported [31–34].
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Table 9. Effect of nitrogen and irrigation on periodic dry matter accumulation (Mg ha−1) of potato.

Treatments
2018–2019 2019–2020

60 DAS 75 DAS 90 DAS 60 DAS 75 DAS 90 DAS

N1 4.43 (0.11) 5.64 (0.13) 8.28 (0.15) 3.96 (0.01) 6.72 (0.03) 10.5 (0.13)
N2 4.17 (0.13) 5.27 (0.11) 8.04 (0.09) 3.72 (0.02 6.66 (0.04 10.1 (0.15)
N3 3.66 (0.15) 4.54 (0.16) 7.11 (0.11) 3.34 (0.04) 5.62 (0.06) 95.2 (0.19)

Mean 4.09 5.15 7.81 3.67 6.33 10.0
LSD

(p = 0.05) 0.45 0.44 0.35 0.14 0.21 0.64

I1 4.55 (0.05) 5.77 (0.07) 8.53 (0.11) 4.19 (0.04) 7.04 (0.09) 10.7 (0.15)
I2 4.49 (0.03) 5.66 (0.06) 8.37 (0.10) 4 (0.05) 6.75 (0.10) 10.4 (0.16)
I3 4.32 (0.04) 5.6 (0.07) 8.27 (0.09) 4.06 (0.04) 6.8 (0.11) 10.1 (0.17)
I4 3.87 (0.04) 4.92 (0.08) 7.85 (0.11) 3.65 (0.03) 5.98 (0.08) 9.54 (0.14)
I5 3.7 (0.07) 4.52 (0.09) 7.04 (0.08) 3.15 (0.05) 5.7 (0.11) 8.92 (0.18)
I6 3.5 (0.07) 4.13 (0.08) 6.53 (0.11) 2.94 (0.06) 5.51 (0.10) 8.58 (0.17)
I7 4.2 (0.05) 5.46 (0.06) 8.09 (0.08) 3.94 (0.05) 6.560.09) 10.0 (0.19)

Mean 4.06 5.15 7.81 3.7 6.33 9.75
LSD

(p = 0.05) 0.23 0.26 0.29 0.18 0.31 0.54

Interactions NS NS NS NS NS NS
Numbers given in parentheses indicate standard error.

The distribution of root mass density of potato during both years is presented in
Figure 2a,b. It was observed that a major portion of the roots was observed in 0–45 cm
for all the treatments. Among different nitrogen levels, RMD was highest in N1 in all the
depths. During the first year (Figure 2a), RMD in N1 was 17% and 26% higher over N2
and N3, respectively, in 0–15 cm depth. The difference was 16% and 31%, respectively, in
15–30 cm depth. In 30–45 cm depth, RMD in N1 was 13% and 27.8% higher over N2 and N3,
respectively. The difference between 45 and 60 cm depths was 12% and 26%, respectively.
During 2019–2020 (Figure 2b), the mean RMD was 12.2% higher in N1 over N2 in all the
depths. The difference between N1 and N3 was 38, 21.5, 24.0 and 26.6% in 0–15, 15–30,
30–45 and 45–60 cm depths, respectively. Among irrigation levels, all the subsurface drip
irrigation treatments produced the highest RMD in 15–30 cm followed by 0–15 cm, 30–45
and 45–60 cm depths except I7. In I7, the highest RMD was observed in the 0–15 cm soil
layer, followed by 15–30 and 30–45 cm depths. Mean RMD of I7 was 1025.7, 398.0, 151.9
and 3.1 g m−3 in 0–15, 15–30, 30–45 and 45–60 cm soil depths, respectively. Respective
values for I1 and I2 were 652.7, 721.6, 273.4 and 18.2 and 651.9, 720.9, 303.8 and 24.3 g m−3.
RMD of I3 and I4 was 641.9, 673.4, 287.1 and 21.3 and 629.5, 648.0, 278.0 and 6.1 g m−3 in
0–15, 15–30, 30–45 and 45–60 cm soil depths, respectively. The I5 and I6 treatments showed
the lowest RMD in 0–15 and 15–30 cm soil depths but slightly more than I1 and I2 in 30–45
cm soil depth. Out of total the RMD of each subsurface irrigation treatment, 37–38% RMD
was found in the 0–15 cm layer, 40–43% in 15–30 cm and 16–19% in the 30–45 cm layer.
However, in the 45–60 cm soil layer, only 1–2% root mass density was found. On the other
hand, in the surface drip irrigation treatment, 64.9% RMD was found in 0–15 cm depth,
25.2% in 15–30 cm, 9% in 30–45 cm and only 0.1% in 45–60 cm. These results are similar to
those of [27,35]. Lu et al. [36] also reported that the 0–20 cm soil layer accounted for 62–68%
of total root weight of potato under surface drip. Similar observations were observed in
the second year of study (Figure 2b). However the difference between RMD of all the
treatments in 0–15 cm and 15–30 cm soil layers was less than in the first year. RMD was
more in 30–45 cm soil depth than in the first year. This may be because of more rain in
the second year. Also, the overall total RMD was more in the second year of study than in
the first year for all the treatments. A previous study [37] also reported decreased RMD in
0–30 cm depth in water-stressed conditions.
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Figure 2. Root mass density of potato as affected by nitrogen and irrigation levels during 2018–
2019 (a) and 2019–2020 (b). Different letters indicate significant differences according to Tukey’s 
multiple-range test (p ≤ 0.05). 
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the nitrogen level decreased to N3. However, during 2019–2020, the highest mean tuber 
yield was obtained in N1, which was significantly higher by 2.4 and 10.7% over N2 and N3, 
respectively. It could be either due to the difference in rain amount during both years or 
due to a delay in one fertigation because of rain. In addition to this, another significant 
rain event occurred immediately after fertigation, which may have leached the soil nitro-
gen [14,16]. Due to its shallow root system, potato responds to high nutrition as nitrogen 
may leach with higher irrigation below the root zone [14]. The highest tuber yield with a 
higher dose (240 kg N ha−1) of nitrogen has been reported earlier [38]. The pooled analysis 
also showed that the highest tuber yield was recorded with an N1 level of nitrogen which 
was significantly higher than N2 and N3. The tuber yield decreased with decrease in nitro-
gen (N3), as a result of reduction in tuber weight by 21.31% and number of tubers per plant 
by 17.5% compared to N1 (Tables 11–13) during 2018–2019. During 2019–2020, tuber 
weight was also reduced by 25.9% with a reduction in nitrogen level from N1 to N3. How-
ever, it was at par in N1 and N2. However, the number of tubers per plant decreased sig-
nificantly (6.2%) with the decrease in nitrogen from N1 to N2, and it further decreased by 
19.8% as the nitrogen level further decreased to N3. The results are consistent with earlier 

Figure 2. Root mass density of potato as affected by nitrogen and irrigation levels during 2018–2019
(a) and 2019–2020 (b). Treatments with different lower case letters are significantly different at
p < 0.05.

3.4. Tuber Yield

Data on the tuber yield for both years are presented in Table 10. Tuber yield was
affected significantly by nitrogen and irrigation during both years. During 2018–2019,
tuber yield was at par in N1 and N2 but decreased (by 8.9% compared to N1) significantly
as the nitrogen level decreased to N3. However, during 2019–2020, the highest mean
tuber yield was obtained in N1, which was significantly higher by 2.4 and 10.7% over
N2 and N3, respectively. It could be either due to the difference in rain amount during
both years or due to a delay in one fertigation because of rain. In addition to this, another
significant rain event occurred immediately after fertigation, which may have leached the
soil nitrogen [14,16]. Due to its shallow root system, potato responds to high nutrition as
nitrogen may leach with higher irrigation below the root zone [14]. The highest tuber yield
with a higher dose (240 kg N ha−1) of nitrogen has been reported earlier [38]. The pooled
analysis also showed that the highest tuber yield was recorded with an N1 level of nitrogen
which was significantly higher than N2 and N3. The tuber yield decreased with decrease
in nitrogen (N3), as a result of reduction in tuber weight by 21.31% and number of tubers
per plant by 17.5% compared to N1 (Tables 11–13) during 2018–2019. During 2019–2020,
tuber weight was also reduced by 25.9% with a reduction in nitrogen level from N1 to N3.
However, it was at par in N1 and N2. However, the number of tubers per plant decreased
significantly (6.2%) with the decrease in nitrogen from N1 to N2, and it further decreased
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by 19.8% as the nitrogen level further decreased to N3. The results are consistent with
earlier findings [6,39], where drip irrigation significantly affected the weight of the tubers
and the number of tubers per plant. Among various irrigation levels, the highest tuber
yield was obtained in the I1 treatment and was statistically similar to I2 and I3 during both
years but was significantly higher than I4, I5, I6 and I7. It could be because of higher root
mass density in 15–30 cm soil depth in I1, I2 and I3 (Figure 2a) compared to I7, which led to
more N uptake by plants under I1 and I2. Higher water supply at frequent intervals caused
increased transpiration (Table 7), which might have resulted in an enhanced tuber yield
via gaseous exchange and photosynthesis [40]. However, tuber yield in I7 and I3 were also
mutually at par. Decreased tuber yield with the reduction in irrigation amount below 50%
of water depletion and SMP near −45 kPa [33,34,36,41,42] and the highest tuber yield with
100% ETc was also reported [43]. Similar observations have also been reported in cereal [44].
The increase in potato yield with the highest level of irrigation was due to an increase
in tuber weight, number of tubers per plant and evapotranspiration, as is clear from the
potato production function (Figures 3–5). A linear relationship was found between tuber
yield and tuber weight. The value of R2 between tuber yield and tuber weight was 0.94
and 0.87 during 2018–2019 and 2019–2020, respectively. The R2 value between tuber yield
and number of tubers was 0.8782 and 0.9034 in 2018–2019 and 2019–2020, respectively. R2

between tuber yield and ET (Figure 5) was 0.75 and 0.77 during 2018–2019 and 2019–2020,
respectively. However, the R2 between tuber yield and transpiration was 0.92 (Figure 6)
during both years. Higher yield and yield attributes in I1 could be because of more moisture
at 30 cm depth and below compared to other treatments (Tables 4 and 5). Interaction results
during both years revealed that at the highest nitrogen level (N1), I1, I2 and I3 produced
statistically similar yields as recommended (I7), but at the N2 level, I1, I2 and I3 produced
statistically higher yields over I7. The results are in line with a study conducted in our
region [45], that found a higher response of potato to a frequently irrigated treatment
(ratio of irrigation water to pan evaporation 1.0) compared to a less-frequently irrigated
treatment (ratio of irrigation water to pan evaporation 0.8). During both years and in
the pooled analysis, the highest tuber yield (average 34.44 Mg ha−1) was recorded in
seven treatment combinations (N1I1, N1I2, N1I3, N1I7, N2I1, N2I2 and N2I3) without any
significant difference among them. Other treatment combinations recorded significantly
lower tuber yield. The results align with other studies [20,46] in sandy loam soil.

Table 10. Effect of different nitrogen and irrigation levels on tuber yield (Mg ha−1).

Treatments
2018–2019 2019–2020 Pooled Analysis

N1 N2 N3 Mean N1 N2 N3 Mean N1 N2 N3 Mean

I1 35.2 34.7 32.4 34.1
(0.27) 35.4 35.0 33.1 34.5

(0.22) 35.3 34.6 32.6 34.2

I2 34.9 34.2 32.1 33.7
(0.26) 35.3 34.7 32.7 34.2

(0.21) 35.1 33.9 32.4 33.8

I3 34.5 33.9 31.7 33.4
(0.25) 35.1 34.3 32.4 33.9

(0.19) 34.8 33.6 32.1 33.5

I4 33.1 32.2 29.4 31.6
(0.23) 34.2 33.8 30.6 32.9

(0.23) 33.7 33.0 30.0 32.2

I5 28.8 27.8 25.5 27.4
(0.22) 31.4 29.2 25.4 28.6

(0.20) 30.1 28.5 25.1 27.9

I6 28.0 26.7 25.0 26.6
(0.25) 27.7 27.4 24.9 26.7

(0.23) 27.9 27.1 24.4 26.5

I7 33.9 33.0 31.5 32.8
(0.26) 34.6 33.8 32.1 33.5

(0.22) 34.7 33.7 31.3 33.3

Mean 32.4 31.8 29.7 31.3 33.4 32.6 30.2 32.0 33.1 32.1 29.6 31.6
SE± 0.29 0.30 0.31 0.22 0.19 0.21
LSD

(p = 0.05) N = 0.95 I = 0.83, I × N = 1.43 N = 0.57, I = 0.66, I × N = 1.15 Y = 0.21 N = 0.26, Y × N = ns, I =
0.44, I × N = 0.74, Y × N × I = ns

Numbers given in parentheses indicate standard error.
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Table 11. Effect of nitrogen and irrigation on tuber weight and No. of tubers per plant.

Treatments

2018–2019 2019–2020

Tuber
Weight (g)

No. of
Tubers/10 Plants

Tuber
Weight (g)

No. of
Tubers/10 Plants

N1 44.16 (1.58) 88.9 (1.22) 47.37 (2.12) 96.2 (1.93)
N2 41.54 (1.60) 86.0 (1.24) 44.01 (2.10) 90.5 (1.90)
N3 36.40 (1.63) 75.6 (1.26) 37.61 (2.28) 80.3 (1.96)

Mean 40.7 83.5 42.99 89.6
LSD (p = 0.05) 4.7 3.5 6.0 5.5

I1 44.9 (1.74) 96.8 (2.78) 48.61 (1.64) 104.7 (2.74)
I2 44.2 (1.73) 93.1 (2.81 47.33 (1.61) 99.9 (2.75)
I3 43.5 (1.68) 90.7 (2.81) 45.31 (1.65) 97.0 (2.76)
I4 41.0 (1.71) 83.3 (2.88) 43.62 (1.64) 90.0 (2.73)
I5 35.6 (1.76) 70.5 (2.91) 37.29 (1.66) 74.8 (2.75)
I6 32.1 (1.77) 62.1 (2.93) 34.28 (1.65) 63.0 (2.76)
I7 43.5 (1.71) 88.1 (2.94) 44.50 (1.63) 93.7 (2.75)

Mean 40.7 83.5 42.99 89.6
LSD (p = 0.05) 5.0 8.4 4.9 8.3
Interactions NS NS NS NS

Numbers given in parentheses indicate standard error.

Table 12. N uptake by aboveground biomass and tubers (kg ha−1) during 2018–2019.

Treatments
N Uptake by Biomass Tuber N Uptake

N1 N2 N3 Mean N1 N2 N3 Mean

I1 119.8 116.6 87.4 107.9 (2.31) 358.8 353.5 314.7 342.3 (2.80)
I2 113.6 109.5 84.4 102.5 (2.24) 355.6 349.0 308.3 337.6 (2.91)
I3 112.6 109.1 83.5 101.7 (2.45) 348.5 344.1 303.1 331.9 (2.51)
I4 103.6 95.4 73.6 90.9 (2.13) 331.4 318.3 276.4 308.7 (2.61)
I5 92.8 84.4 64.1 80.4 (2.34) 285.4 272.5 235.0 264.3 (2.55)
I6 86.6 77.8 55.3 73.2 (2.40) 274.8 256.7 230.1 253.9 (2.64)
I7 109.3 101.3 81.1 97.2 (2.23) 346.2 336.3 290.2 324.2 (2.60)

Mean 105.5 99.2 75.6 328.7 318.6 279.7 309.0
SE± 2.51 2.55 2.68 1.81 0.83 0.85
LSD

(p = 0.05) N = 8.1 I = 6.5, Ix × N = 13.1 N = 5.5, I = 10.6, Ix × N = NS

Numbers given in parentheses indicate standard error.

Table 13. N uptake by aboveground biomass and tubers (kg ha−1) during 2019–2020.

Treatments
N Uptake by Biomass Tuber N Uptake

N1 N2 N3 Mean N1 N2 N3 Mean

I1 129.4 128.1 110.2 122.6 (1.29) 368.2 364.4 338.0 356.9 (1.51)
I2 127.4 125.6 109.1 120.7 (1.31) 367.4 360.6 329.8 352.6 (1.50)
I3 124.3 121.8 108.4 118.8 (1.34) 364.6 356.3 326.7 349.2 (1.52)
I4 107.7 102.3 85.1 98.4 (1.30) 349.1 344.4 302.5 332.0 (1.53)
I5 94.3 90.5 71.1 85.3 (1.28) 316.8 288.8 243.4 283.0 (1.50)
I6 86.1 76.5 65.2 75.9 (1.31) 274.2 263.1 236.7 258.0 (1.53)
I7 115.5 110.6 98.7 108.3 (1.32) 359.3 344.9 324.3 342.8 (1.52)

Mean 112.1 107.9 92.5 342.8 331.8 300.2 324.9
SE± 1.34 1.32 1.34 1.55 1.52 1.58
LSD

(p = 0.05) N = 4.0, I = 4.1, I × N = 7.0 N = 4.7, I = 4.5, I × N = 7.2

Numbers given in parentheses indicate standard error.
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3.5. N Uptake by Aboveground Parts and Tubers

Nitrogen uptake at 90 DAP (days after planting) and tuber N uptake during both
years are presented in Tables 12 and 13. During 2018–2019, N uptake aboveground was at
par in N1 and N2 but significantly higher over N3. The difference between N1 and N3 was
39.5%. However, during 2019–2020, N uptake was significantly higher in N1 than in N2
and N3. This could be due to the difference in rain events in both years. Among irrigation
levels, during both years, N uptake was at par among I1, I2 and I3. The interaction between
irrigation and nitrogen was also significant. The highest N uptake was observed in N1I1,
which was at par with N1I2, N1I3, N1I7, N2I1, N2I2, N2I3 and N2I7. N uptake by the tuber
was also affected by nitrogen and irrigation during both years. During 2018-2019, the
highest N uptake was observed in N1, significantly higher over N2 and N3. It was higher by
4.2% and 30.4% over N2 and N3, respectively. Similarly, during 2019-2020, N1 recorded 3.8
and 14.2% higher N uptake over N2 and N3, respectively. Among the irrigation levels, tuber
N uptake was at par in I1, I2 and I3 but significantly higher than recommended practice
and all other treatments. The highest tuber N uptake was observed during both years in
N1I1 (358.8 and 368.2 kg ha−1). It was at par with N1I2, N1I3, N2I1 and N2I2. N uptake
with an increase in N level from 160 to 340 kg N ha−1 by aboveground biomass and tubers
was also observed [20]. Singh et al. [45] on the same type of soil observed an increase in
N uptake with increase in N rate from 135 kg ha−1 to 225 kg ha−1 and also reported an
increase in mean N uptake by 13 and 24.9% in I1.5 (1.5 ratios of irrigation to pan E) and I2.0
(2.0 ratio of irrigation to pan E), respectively, over I1.0 regime (1.0 ratio of irrigation to pan
E). Similar effects of irrigation and N were observed on total N uptake in the sandy loam
soil [47]. Higher N uptake by tubers in the highest level of nitrogen may have contributed
towards the higher yield [48].

3.6. Real Water Productivity

Real water productivity (WPET) is the ratio of tuber yield and evapotranspiration.
During both years (Table 14), the highest WPET (15.7 and 15.0 kg m−3) was obtained
with N1 and at par with N2 (15.4 and 14.7 kg m−3) and significantly higher over N3
(14.7 and 13.8 kg m−3). Higher water productivity by opting for drip irrigation and
optimum nitrogen has also been found in potato and eggplant [20,48–50]. Among irrigation
levels, the highest WPET was obtained with I3 and I4 (16.2 and 16.0 kg m−3, respectively),
which was statistically higher than all the other treatments. During 2019–2020, WPET
(15.3 kg m−3) was statistically higher in I3 compared to all other treatments. The highest
water productivity during the first year was obtained with N1I3 (16.6 kg m−3), followed by
N1I4 and N2I3 (16.4 kg m−3). Similarly, in the second year, water productivity was highest
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in N1I3 (15.8 kg m−3), which was at par with N2I3 and N1I4. Our findings agree with [20],
who reported 16.7% higher water use by reducing 20% of applied water.

Table 14. Effect of irrigation and nitrogen on real water productivity (WPET) of potato (kg m−3).

Treatments
2018–2019 2019–2020

N1 N2 N3 Mean N1 N2 N3 Mean

I1 15.8 15.7 14.8 15.4 15.2 15.1 14.4 14.9
I2 16.2 16.0 15.2 15.8 15.4 15.1 14.5 15.0
I3 16.6 16.4 15.9 16.2 15.8 15.5 14.8 15.3
I4 16.4 16.1 15.4 16.0 15.5 15.3 13.9 14.9
I5 15.5 15.0 14.6 15.0 15.4 14.3 12.6 14.1
I6 15.1 14.6 14.4 14.7 13.8 13.6 12.5 13.3
I7 14.7 14.4 14.0 14.4 14.6 14.6 13.7 14.3

Mean 15.7 15.4 14.9 115.4 15.1 14.8 13.8 14.5
LSD

(p = 0.05) N = 0.43, I = 0.26, I × N= 0.48 N = 0.42, I = 0.21, I × N = 0.40

4. Conclusions

Under subsurface fertigation, lower nitrogen application (N3) resulted in less LAI and
DMA, which further reduced the transpiration and potato tuber yield compared to higher
(N1) and optimum nitrogen (N2). The unproductive water losses of soil evaporation were
much higher in surface than in subsurface drip irrigation. Tuber yield was statistically at
par in combinations of N1I1, N1I2, N1I3, N1I7, N2I1, N2I2 and N2I3, which indicated that
both 20% nitrogen and irrigation water could be saved with N2I3 compared to all other
combinations. Therefore, subsurface drip irrigation with 80% of recommended nitrogen
and irrigation can be a viable option for obtaining higher biomass, tuber yield and water
productivity compared to surface drip irrigation with 100% recommended nitrogen and 80%
irrigation water. Thus, statistically similar yield and higher real water productivity were
obtained with the application of 20% less nitrogen with subsurface than surface fertigation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13010011/s1, Figure S1: Layout of the field experiment.
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Abstract: As a key component of a drip irrigation system, the performance of the drip irrigation
emitters is mainly determined by the flow channel structures and structural parameters. In this study,
a novel type of circular water-retaining labyrinth channel (CWRLC) structure emitter was proposed,
inspired by the effect of roundabouts that make vehicles slow down and turn. Using the single-factor
experiment method, the influence of the hydraulic performance of CWRLC emitters was researched
under different circular radii. The internal flow characteristics and energy dissipation mechanism
were analyzed by a computational fluid dynamics (CFD) simulation. It can be seen from the analysis
that the energy dissipation abilities of the flow channel depend on the proportion of low-speed vortex
areas. The larger the proportion of low-speed vortex areas, the smaller the flow index of the CWRLC
emitter. Quadrate water-retaining labyrinth channel (QWRLC) and stellate water-retaining labyrinth
channel (SWRLC) structures were obtained by structural improvements for increasing the proportion
of low-speed vortex areas. The simulation results showed that the flow indexes of two improved
structural emitters were significantly decreased. CWRLC, QWRLC, SWRLC, and widely used tooth
labyrinth channel (TLC) emitters were manufactured by using technologies of electrical discharge
machining (EDM) and injection molding (IM). The physical test results showed that the SWRLC
emitter achieved the best hydraulic performance compared with the other three emitters. Therefore,
the SWRLC emitter has a broad prospect of application in water-saving irrigation.

Keywords: irrigation emitter; hydraulic performance; energy dissipation mechanism; structural
design; computational fluid dynamics

1. Introduction

Drip irrigation is an advanced and effective water-saving irrigation technology in
modern agriculture [1]. It is widely used in the irrigation of economic crops such as melons,
fruits, vegetables, and cotton. A drip irrigation emitter is the core component of the whole
drip irrigation system [2]. Energy dissipation is realized by several flow channel structural
units inside the emitter [3,4]. The flow channel structure units enable water flow under
different pressures as uniform and stable small flows [5,6].

The hydraulic performance is one of the important indicators to evaluate the perfor-
mance of drip irrigation emitters, which are generally expressed by the flow index [7]. The
flow index reflects the sensitivity of the drip irrigation emitter flow to the inlet pressure [8].
The flow index of the drip irrigation emitter is a parameter that must be considered in the
design and optimization of the flow channel structure [9]. The labyrinth channel emitter is
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currently the most widely used drip irrigation emitter for the superior hydraulic perfor-
mance of the labyrinth channel structure [10]. The structure of the labyrinth channel has
been deeply researched by many scholars using the Computational Fluid Dynamics (CFD)
simulation and Digital Particle Image Velocimetry (DPIV) experiment methods [11–13].
Liu et al. [14] used DPIV to measure the flow field in the flow channel section, the structural
unit, and the local area near the sawtooth and found that there were flow stagnation areas
and vortex areas in the structure of the labyrinth path section. Feng et al. [15] found that
the near-wall velocity was lower than in the center of the flow path in a laminar labyrinth
emitter and that the velocity along the depth of the flow path was relatively uneven when
using CFD simulation and DPIV experiment methods. Al-Muhammad et al. [16] presented
the mean velocity distribution and turbulence quantities within the cylindrical labyrinth
channel drip irrigation emitter flow using the microparticle image velocimetry (micro-PIV)
technique and found that the flow regime was turbulent and non-isotropic. Liu et al. [17]
proposed a full-scale transparent model combining DPIV and planar laser-induced fluores-
cence (PLIF) technology to observe the motion characteristics of particles with different
diameters in the flow channel of an embedded flat plate emitter. Yu et al. [18] explored
the influence of the dentation angle of a sawtooth labyrinth channel drip emitter on the
hydraulic performance by CFD simulation. Wang et al. [19] studied the reasons for struc-
tural changes in the hydraulic performance of the rectangular labyrinth emitter through
the analysis of the vortex intensity using the CFD simulation method. The results showed
that the relative error of the simulated results and experimental data was 1.02–2.11%. The
internal flow characteristics of the labyrinth channel of a drip emitter have also been studied
by some scholars through mathematical models. Falcucci et al. [20] proposed a numerical
technique based on the Lattice Boltzmann Method (LBM) to model the water flow char-
acteristics of a rectangular labyrinth channel drip emitter. The results for the simulation
values were in good agreement with the experimental data. Wu et al. [21] applied the
standard k− ε model and the Large Eddy Simulation (LES) model to analyze the internal
flow characteristics in a cylindrical labyrinth channel drip irrigation emitter and found that
the LES model was more effective in describing the flow characteristics of the fluid in the
passage and optimizing the path structure. Based on the comprehensive consideration of
the calculation accuracy and computational efficiency, Feng et al. [22] indicated that the
RNG k− ε model was the most suitable for a flow field simulation of the flat labyrinth drip
irrigation emitter.

In order to improve the hydraulic performance of the labyrinth channel emitter,
some scholars have proposed several models for optimizing the flow channel structure.
Feng et al. [22] proposed five different boundary optimization methods for improving
the hydraulic performance of a sawtooth labyrinth channel drip emitter. Zhang et al. [23]
proposed the pressure loss coefficient as an index of the hydraulic performance and devel-
oped a mathematical model that rapidly predicted the hydraulic performance for emitters
with different geometries. Saccone et al. [24] analyzed the internal flow field of seven
different sawtooth labyrinth channel drip emitters using the CFD method and calculated
the relationship between the outlet flow rate and inlet working pressure to improve its
hydraulic performance. In recent years, some researchers have put forward several new
types of labyrinth channels. Zhangzhong et al. [25] constructed 13 M-type fractal flow paths
with different geometrical parameters based on fractal theory and analyzed the influence
of different geometrical parameters on the variation of the internal flow field and hydraulic
performance characteristics using the CFD and PIV methods. Guo et al. [26] designed
three kinds of two-way mixed flow drip irrigation emitter prototypes and established
the evaluation method of the macroscopic flow rate index and microscopic flow velocity
index. Xu et al. [27] proposed a pit drip irrigation emitter based on the pit structure in the
water transport tracheids of bionic plants and designed the four optimized labyrinth flow
channels. Xing et al. [28] also proposed a perforated drip irrigation emitter based on the
structure of scalariform perforation plates in plant xylem vessels and established a numeri-
cal simulation method suitable for it. These provide new ideas for the structural design
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and performance optimization of drip irrigation emitters. However, most studies focused
on the relationship between the structure parameters of the sawtooth or a similar sawtooth
labyrinth channel and the hydraulic performance. Although several new types of labyrinth
channel structure models are designed and constructed, the reason for the mechanism and
conversion of the water flow energy loss in the flow field are not consistently reported in
the references.

In the design of the flow channel structure of the irrigation emitter, the increase in
energy consumption and the generation of multiple local head losses can be achieved by
increasing the diversity of the flow channel section structure types of the emitter. In this
study, inspired by the effect of a roundabout that made vehicles slow down and turn, a
new type of circular water-retaining labyrinth channel (CWRLC) structure was designed.
The flow index variation and internal flow characteristics were analyzed using the CFD
software package in CWRLC emitters with different radii of a circular water-retaining
structure. The mechanism of energy loss and main factor affecting the energy dissipation
of the CWRLC structure were revealed. The quadrate water-retaining labyrinth channel
(QWRLC) structure and stellate water-retaining labyrinth channel (SWRLC) structure
were obtained by structural improvement based on the energy dissipation mechanism.
Finally, comparative analyses of numerical simulation and hydraulic performance tests
were conducted. The relevant results of this study can be used as a reference for the
structural design and application of drip irrigation emitters.

2. Materials and Methods
2.1. Structure Design and Physical Model

In this study, a novel flat drip irrigation emitter was made up of water inlets, water
outlet, filter grids, and an energy dissipating flow channel structure. Inspired by the
effect of a roundabout that makes vehicles slow down and turn, a new type of circular
water-retaining labyrinth channel (CWRLC) structure was designed. The CWRLC unit was
composed of a circular water-retaining structure and two symmetrical isosceles trapezoid
structures without a baseline. The characteristics and parameters of the CWRLC unit were
shown in Figure 1, where r represents the radius of the circular water-retaining structure,
s represents the length of the trapezoid baseline, h represents the trapezoid height, and θ
represents the angle between the hypotenuses of the adjacent trapezoids.
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In order to reduce the research factors, the single-factor experimental way was adopted
in this study. According to the literature [3,22], the values of the critical structural param-
eters of the CWRLC flow channel were as follows: s was 2.50 mm, h was 0.80 mm, θ as
54◦, and r was 0.90–1.15 mm, with values of 0.05 mm at intervals. Similar values (2.50 mm,
0.80 mm, and 54◦) are the parameters of most tooth labyrinth channel (TLC) emitters in
the market. The 3D model of the CWRLC emitter was designed and constructed using
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SolidWorks2018 software (Dassault Systemes, Waltham, MA, USA), as shown in Figure 2.
The depth of the CWRLC flow channel was 1.50 mm, the number of the CWRLC units was
15, the height of the water inlets and filter grids was 1.20 mm, the width of the water outlet
was 8.90 mm, and the thickness of the outer edge of the CWRLC emitter was 1.05 mm. The
main structural parameters and settings for the CWRLC emitter flow channel are listed
in Table 1.
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Table 1. Structural parameters and settings for the CWRLC emitter flow channel.

Trapezoid
Baseline Length

s (mm)

Trapezoid Height
h (mm)

Radius of Circular
Water-Retaining

r (mm)

Angle between
Hypotenuses of

Adjacent
Trapezoids

θ (◦)

Channel Depth
d (mm)

The Number of
Channel Units

n

2.50 0.80 0.90; 0.95; 1.00
1.05; 1.10; 1.15 54 1.50 15

2.2. Mathematical Model of the CWRLC Emitter

The water flow in the CWRLC emitter was considered a viscous, incompressible fluid.
The heat exchange of the CWRLC emitter could be ignored. Therefore, only two basic
governing equations: the continuity equation and the Navier–Stokes equations need to
be considered.

Continuity equation:
∂(u)
∂x

+
∂(v)
∂y

+
∂(w)

∂z
= 0 (1)

Navier–Stokes equations:

ρ(
∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

+ w
∂u
∂z

) = ρ fx −
∂p
∂x

+ µ(
∂2u
∂x2 +

∂2u
∂y2 +

∂2u
∂z2 ) (2)

ρ(
∂v
∂t

+ u
∂v
∂x

+ v
∂v
∂y

+ w
∂v
∂z

) = ρ fy −
∂p
∂y

+ µ(
∂2v
∂x2 +

∂2v
∂y2 +

∂2v
∂z2 ) (3)

ρ(
∂w
∂t

+ u
∂w
∂x

+ v
∂w
∂y

+ w
∂w
∂z

) = ρ fz −
∂p
∂z

+ µ(
∂2w
∂x2 +

∂2w
∂y2 +

∂2w
∂z2 ) (4)

where u, v, and w are the components of the flow velocity in the x, y, and z directions,
respectively; ρ represents the density of the water; fx, fy, and fz are the components of the
body force per unit in the x, y, and z directions, respectively; µ represents the dynamic
viscosity coefficient; and p represents the pressure.
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The k− ε two-equation model is the most popular turbulence model. The Realizable
k− ε model was applied to the numerical calculations because of the curved wall structure
of the CWRLC emitter and the strong eddy current in the internal flow field.

The Realizable k− ε transport equations:

∂(ρk)
∂t

+
∂(ρkui)

∂xi
=

∂

∂xj
[(µ +

µt

σk
)

∂k
∂xj

] + Gk − ρε (5)

∂(ρε)

∂t
+

∂(ρεui)

∂xi
=

∂

∂xj
[(µ +

µt

σε
)

∂ε

∂xj
] + ρC1Sε− ρC2

ε2

k +
√

µε
(6)

where k denotes the turbulent kinetic energy, ε denotes the turbulent dissipation rate, ui
represents the time-averaged velocity, and µt represents the turbulent viscosity coefficient.

In transport Equation (5) of k, Gk is the turbulent generation term caused by the
average velocity gradient. Gk can be represented as follows:

Gk = µt(
∂ui
∂xj

+
∂uj

∂xi
)

∂ui
∂xj

(7)

In transport Equation (6) of ε:

S =
√

2SijSij (8)

Sij =
1
2
(

∂ui
∂xj

+
∂uj

∂xi
) (9)

µt can be expressed as a function of k and ε:

µt = Cµ
k2

ε
(10)

Cµ =
1

A0 + ASU∗k/ε
(11)

where we defined:

A0 = 4.0, AS =
√

6 cos φ, φ =
1
3

cos−1(
√

6W), W =
SijSjkSki

S̃3
, S̃ =

√
SijSij (12)

U∗ =
√

SijSij + Ω̃ijΩ̃ij, Ω̃ij = Ωij − 2εijkωk, Ωij = Ωij − 2εijkωk (13)

where Ωij is the time-averaged rotation rate, and ωk is the angular velocity.
The other parameters in the transport equations can be expressed as follows:

σk = 1.0, σε = 1.2, C2 = 1.9, C1 = max(0.43,
η

η + 5
), η = S

k
ε

(14)

The relationship between the flow rate and pressure of the CWRLC emitter can be
described as follows:

Q = Kdhx (15)

where Q represents the outlet average flow rate, Kd represents the flow coefficient, h
represents the inlet pressure, and x represents the flow index. The smaller the flow index,
the better the irrigation uniformity.

2.3. Meshing and Simulation Parameters Setting

The 3D fluid region model of the CWRLC emitter was created using SpaceClaim2020R2
software (ANSYS, Canonsburg, PA, USA). The three parts of the fluid region model of the
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CWRLC emitter were set up for the inlet, outlet, and wall. The meshes were generated by
Fluent Meshing 2020R2 software (ANSYS, Canonsburg, PA, USA). The minimum size, max-
imum size, and growth rate of the surface mesh were set to 0.01, 0.1, and 1.2, respectively.
The curvature normal angle was set to 10◦, and the proximity was selected. The volume
grids were filled by Poly-Hexcore. Buffer layers, and the Peel Layers were set to 2 and 1,
respectively. Finally, the total number of CWRLC emitter fluid domain calculation grids
was about 946,000.

For the flow field calculations of the CWRLC emitter flow channel, the Realizable
k− ε model and standard wall function were selected. The boundary conditions of the inlet
were set to the pressure inlet, which was set as 20 KPa, 40 KPa, 60 KPa, 80 KPa, 100 KPa,
120 KPa, 140 KPa, 160 KPa, and 200 KPa, respectively. The boundary condition of the outlet
was set to the pressure outlet that was set as 0. No slip boundary condition and stationary
wall motion were adopted for the wall of the CWRLC emitter flow channel. The SIMPLE
algorithm was used to couple the pressure and velocity. The governing equations were
discretized by the finite volume method. The momentum term, turbulent kinetic energy,
and turbulent dissipation rate were solved using the second-order upwind method. The
relaxation factors were set by default, and the convergent accuracy was 10−5.

2.4. Experimental Test

To validate the precision of the numerical simulations with respect to the hydraulic
properties of the novel water-retaining labyrinth channel emitters, the technologies of
electrical discharge machining (EDM) and injection molding (IM) were used in the man-
ufacture of emitters. The manufacturing processes of the emitters were divided into two
parts: mold manufacturing and injection molding production. EDM technology was used
in the manufacture of emitter molds. The processes of EDM are shown in Figure 3. The
discharge channels were generated by the breakdown of the working solution between the
tool electrode and the work piece electrode using pulse voltage in the course of processing.
The tiny corrosion pits on the work piece surface were formed by the instantaneous high
temperature that was generated by the discharge channels. The molds of the emitters were
processed by the servo system that automatically fed and adjusted the relative position
of the tool electrode and the work piece electrode to ensure a normal pulse discharge.
After the molds of the emitters were processed, injection molding technology was used to
produce the emitter products.
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The drip irrigation emitters flow experimental platform was used as the hydraulic
properties of the novel water-retaining labyrinth channel emitters, as shown in Figure 4.
This experimental platform consists of a pressure-regulating valve, a pressure gauge, a test
area for the irrigation emitters, several measuring cups, an electronic weighing scale, and
the data acquisition unit. Twenty-five novel water-retaining labyrinth channel emitters
were randomly selected to be connected to the emitters test area for experimenting. In the
experiment, tap water was utilized for the experimental water, and its temperature was
about 18 ◦C. During the experiment, the outlet flow of the emitters was measured every
three minutes under different pressures (20–200 KPa). The inlet pressures of the emitters
were monitored by a pressure gauge. The experimental results took the average of the two
measured flow results as the final value.
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3. Results
3.1. Influence of Hydraulic Performance

Flow rates of the simulation values of the CWRLC emitter with different parameters
r under 20–200 KPa pressure are shown in Table 2. Under the same parameters r, the
average outlet flow rate of the CWRLC emitter increased, but the growth rate decreased
with the rise of the working pressure. For example, when the inlet pressure increased
from 20 KPa to 40 KPa, the average outlet flow rate of CWRLCr = 0.90 mm increased from
2.654 L/h to 3.850 L/h and the increment of 1.196 L/h with a growth rate of 45.08%;
whereas, when the inlet pressure increased from 180 KPa to 200 KPa, the average outlet
flow rate of CWRLCr = 0.90 mm increased from 8.586 L/h to 9.082 L/h and only the increment
of 0.496 L/h with a growth rate of 5.78%,the reason that the viscous resistance and impact
force of water along the CWRLC emitter wall increased with the rise of the working
pressure and the flow velocity, resulting in a large loss of flow energy and decrease in
growth rate. For the same inlet pressure, the average outlet flow rate of the CWRLC
emitter decreased with the increase in the parameters r. For each 0.05-mm increase in the
parameters r, the average outlet flow rate decreased by about 0.35 L/h. This caused the
flow in the cross-sectional area to be reduced with the increase in the parameters r, leading
to a decrease in the average outlet flow rate.

The hydraulic performance is one of the important indexes to evaluate the merits and
demerits of a drip irrigation emitter. It is generally quantified and evaluated by the flow
index, which reflects the sensitivity of the drip irrigation emitter to the working pressure.
The smaller the flow index, the better the hydraulic performance of the CWRLC emitter.
In general, the flow index of the drip emitter with the optimal flow channel is about 0.5.
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The flow index x of the CWRLC emitter with different parameters r was obtained by
Equation (15) using Origin2018 software, as shown in Figure 5. The fitting correlation coef-
ficients (R2) of CWRLCr = 0.90 mm, CWRLCr = 0.95 mm, CWRLCr = 1.00 mm, CWRLCr = 1.05 mm,
CWRLCr = 1.10 mm, and CWRLCr = 1.15 mm were 0.99999, 0.99999, 0.99999, 0.99998, 0.99992,
and 0.99982, respectively, which all reached a significant level (R2 > 0.8). The flow index
x of the CWRLC emitter increased with the rise of the parameters r, demonstrating that
the average outlet flow rate became more sensitive to the change of the working pressure.
When r = 0.90 mm, the flow index of the CWRLC emitter was 0.5334; when r = 1.15 mm, the
flow index of the CWRLC emitter was 0.5719. The reason that the boundary wall constraint
on the water flow decreased with the rise of the parameters r, leading to an increase in
sensitivity of the average outlet flow rate to the working pressure. Therefore, it is necessary
to further analyze the internal flow field in the flow channel.

Table 2. Simulation flow rate of the CWRLC emitter with different parameters r under 20–200 KPa.

r (mm)
Flow Rate (L/h)

20 KPa 40 KPa 60 KPa 80 KPa 100 KPa 120 KPa 140 KPa 160 KPa 180 KPa 200 KPa

0.90 2.654 3.850 4.781 5.573 6.277 6.917 7.509 8.063 8.586 9.082
0.95 2.335 3.393 4.216 4.915 5.536 6.101 6.623 7.113 7.575 8.014
1.00 2.006 2.925 3.638 4.244 4.782 5.270 5.722 6.144 6.542 6.921
1.05 1.670 2.451 3.056 3.570 4.026 4.440 4.821 5.178 5.515 5.834
1.10 1.319 1.962 2.461 2.885 3.260 3.600 3.914 4.208 4.484 4.746
1.15 0.946 1.440 1.828 2.158 2.451 2.718 2.963 3.193 3.409 3.614
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3.2. Analysis of Flow Channel Internal Flow Characteristics

The velocity vector distributions of the fourth flow channel unit at the mid-depth
cross-section of flow channels with six different parameters r under 100 KPa are shown
in Figure 6. Due to the symmetrical structure of the flow channel unit, only one side of
the flow field distribution characteristics was analyzed. The velocity vector distributions
of the six flow channels were similar. According to the relative position of the vector
distribution features, the upper half of the flow field in the channel was divided into two
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areas: upstream area of the circular water-retaining structure (A) and downstream area of
the circular water-retaining structure (B). Depending on the velocity magnitude, area A or B
was further separated into a high-speed mainstream area (CA or CB) and low-speed vortex
area (DA or DB). The flow velocity in area CA was obviously higher than that in area CB.
The maximum flow velocities of CWRLCr = 0.90 mm, CWRLCr = 0.95 mm, CWRLCr = 1.00 mm,
CWRLCr = 1.05 mm, CWRLCr = 1.10 mm, and CWRLCr = 1.15 mm were 4.47 m/s, 4.32 m/s,
4.14 m/s, 4.02 m/s, 3.67 m/s, and 3.22 m/s, respectively. The maximum flow velocity
decreased with the increase in the parameters r.
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In addition, the proportion of the low-speed vortex area (DA or DB) also decreased
with the rise of the parameters r from the velocity vector distribution. The water flow in
this area formed a large vortex and eddy between the boundary wall of the flow channel
and mainstream area. The energy of the water flow in the flow channel was fully expended
by the vortex flow. The proportion of the vortex area (DA or DB) determined the constraint
ability of the boundary wall to the water flow. The larger the proportion of the vortex

155



Agronomy 2022, 12, 1708

area (DA or DB), the greater the constraint ability of the boundary wall to the water flow.
Obviously, the proportion of the vortex area (DA or DB) of CWRLCr=0.90 mm in the flow
channel was largest, and the CWRLCr = 1.15 mm was the smallest.

The velocity line diagram of the center line of the mid-depth cross-section further
confirmed this phenomenon, as shown in Figure 7. The center line passed through the DA,
CA, DA, CA, CB, DB, CB, and DB areas successively. We defined the crests as CA1, CAB, and
CB1, respectively. The troughs were defined as DA1, DA2, DB1, and DB2, respectively. In the
CWRLCr = 0.90 mm internal flow field, the speed of CA1 (2.76 m/s) was greater than that of
CAB (2.25 m/s) due to the sufficient generation of low-speed vortex areas. However, the
velocity of CA1 (2.12 m/s) was less than that of CAB (2.65 m/s) in the CWRLCr = 1.15 mm
internal flow field. This means that the flow channel of CWRLCr=0.90 mm consumed more
water flow energy than CWRLCr = 1.15 mm. It was also sufficient to indicate that the propor-
tion of the low-speed vortex areas played a critical role in the energy consumption capacity
of the flow channel. The larger the proportion of low-speed vortex areas, the more obvious
the energy dissipation. This was a fundamental reason why the flow index increased with
the rise of the parameters r. Therefore, the increase in the proportion of the low-speed
vortex area (D) could reduce the flow index, thereby improving the hydraulic performance
and energy dissipation of the drip irrigation emitter.
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flow channels.

3.3. Structure Optimization of the Flow Channel

On the basis of the analysis of the CFD numerical simulation and flow rate curve fitting
in the CWRLC emitter flow channels of six different parameters r, the different parameters
r had obvious influences on the velocity vector distribution, velocity magnitude, flow
index, and hydraulic performance of the flow channel. The analysis results showed that a
proportion of the low-speed vortex zones played a key role in the energy dissipation of the
flow channel. If the flow channel structure of the drip emitter was optimized, the proportion
of the low-speed vortex zones increased, and the energy expended in the internal flow field
also increased, which could reduce the flow index and improve its hydraulic performance
and energy dissipation. The simulation and analysis results also indicated that the CWRLC

156



Agronomy 2022, 12, 1708

emitter flow channel structure, when parameter r = 0.9 mm, yielded the minimum flow
index value and best hydraulic performance compared with the others. Therefore, the
following work of the optimization simulation analysis and experimental verification were
carried out based on the CWRLCr = 0.90 mm flow channel structure.

In order to increase the proportion of the low-speed vortex areas, consume more of
the energy internal flow field, and reduce the sensitivity of the flow rate to the working
pressure, the circular water-retaining structure was optimized. We tried hundreds of
attempts and finally found two optimal ways to achieve that goal using solidworks2018
(Dassault Systemes, Waltham, MA, USA) and Fluent2020R2 software (ANSYS, Canonsburg,
PA, USA). The two specific optimization methods were as follows: the first method was the
diameters AB and CD were used as diagonals to make a cyclic quadrilateral ABCD, and
the optimized flow channel structure was called the quadrate water-retaining labyrinth
channel (QWRLC), as shown in Figure 8a; the second method was that the straight lines
A’C’, C’B’, B’D’, and D’A’ were used as the symmetry axis to mirror the dotted arcs A’C’,
C’B’, B’D’, and D’A’, respectively, which obtained solid arc structure A’B’C’D’, and the
optimized flow channel structure was named the stellate water-retaining labyrinth channel
(SWRLC), as shown in Figure 8b.
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Figure 8. Schematic diagrams of two structural improvements.

All the parameters of the two improved structures were the same as those of the
CWRLC structure. The 3D models and fluid domains of the two improved emitters
were established by SolidWorks2018 (Dassault Systemes, Waltham, MA, USA) and Space-
Claim2020R2 software (ANSYS, Canonsburg, PA, USA), respectively. The internal flow
characteristics of the two improved flow fields were analyzed using Fluent2020R2 software
(ANSYS, Canonsburg, PA, USA). The velocity vector distributions of the fourth flow chan-
nel unit at the mid-depth cross-section of the two improved flow channels under 100 KPa
are shown in Figure 9.
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From the simulation results of the velocity vector distributions, the proportion of the
low-speed vortex zones for two improved flow channel structures visibly increased com-
pared with the CWRLC structure. The maximum flow velocity of QWRLC (3.94 m/s) and
SWRLC (3.92 m/s) fell by 11.8% and 12.3% compared with CWRLC (4.47 m/s). Moreover,
the proportion of the low-speed vortex zones of the SWRLC structure were larger than that
of the QWRLC structure in the two improved structures. This means that the constraint
abilities of the boundary wall of the two optimized structures to the water flow were
stronger than that of the CWRLC structure, and the SWRLC structure was the strongest
compared with the other structures. Therefore, the energy dissipation of the emitter was
significantly improved through the above optimization methods.

In order to further verify the performance of the improved structures, the most widely
used TLC drip irrigation emitter in the market was designed and analyzed. The parameters
of the TLC emitter were the same as the QWRLC and SWRLC emitters, except for the
parameters r. The schematic diagram of the TLC structure unit is shown in Figure 10a; the
velocity vector distribution of the fourth flow channel unit at the mid-depth cross-section
of the TLC structure under 100 KPa is shown in Figure 10b. The maximum velocity of TLC
was 4.20 m/s, which was between the two improved flow channels and the CWRLC.
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Figure 10. Schematic diagram and velocity vector distribution of the flow channel structures under
100 KPa.

The relationship curves between outlet flow rate and inlet pressure of four emitters
were obtained by Equation (15) fitting, as shown in Figure 11. All four curves were
fitted successfully, and the correlation coefficients (R2) were 0.9999, 0.9999, 0.9999, and
0.9994, respectively. The flow indexes of the four emitters were 0.5334, 0.5041, 0.4796,
and 0.4917, respectively. Among them, the SWRLC emitter had the lowest flow pattern
index. The values of the flow index of the QWRLC and SWRLC emitters were decreased by
5.49% and 10.09%, respectively, compared with that of the CWRLC emitter by analyzing
the internal flow field and optimizing the structure. In particular, the value of the flow
index of the improved emitter SWRLC was 2.46% lower than that of the widely used
emitter, TLC. Therefore, the novel SWRLC emitter had a better hydraulic performance
and irrigation uniformity.

3.4. Experimental Verification of Hydraulic Performance for Drip Emitters

To further examine the reliability of the simulation results with respect to the hydraulic
performance of the above emitters, four emitters (CWRLC, QWRLC, SWRLC, and TLC)
were manufactured by EDM technology and the IM method. The physical models of the
four emitters are shown in Figure 12. The drip irrigation belts with an inner diameter of
16 mm and a wall thickness of 0.3 mm corresponding to the four emitters were produced,
and the distance between emitters on each drip irrigation belt was 40 cm. The hydraulic
performance tests were carried out on the experimental bench.

The test results of the four emitters are listed in Table 3, from which the test flow
rate of the four emitters increased with the increase of the inlet pressure. The statistical
differences between the average flow rate of the four emitters at 20–200 KPa were verified
using Tukey’s test method. The average outlet flow rate of the four emitters had significant
differences at 20–180 KPa. Except for no significant difference in the average flow rate
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of the QWRLC and SWRLC emitters at 200 KPa, the other differences were significant,
as shown in Table 4. The average errors between the actual flow and simulated flow of
the CWRLC, QWRLC, SWRLC, and TLC emitters were 1.46%, 7.52%, 2.84%, and 5.62%,
respectively. The comparison diagram of the flow index of the four emitters between the
test and simulation is shown in Figure 13. The actual flow indexes of the CWRLC, QWRLC,
SWRLC, and TLC emitters were 0.5559, 0.5008, 0.4719, and 0.4851, respectively. The flow
index errors of the CWRLC, QWRLC, SWRLC, and TLC emitters were 4.05%, 0.66%, 1.69%,
and 1.36%, respectively, as shown in Figure 14. In the test results, the SWRLC emitter had
the lowest value of the flow index compared with the other three emitters. The flow index
of the SWRLC emitter was 2.72% lower than that of the widely used TLC emitter under
the same conditions. This showed that the flow channel structure of the novel SWRLC
emitter with the optimized design had a strong constraint ability, which means the SWRLC
emitter had a superior hydraulic performance. Therefore, the novel SWRLC emitter has
broad application prospects in the field of water-saving irrigation.

Agronomy 2022, 12, x FOR PEER REVIEW 13 of 17 
 

 

10a; the velocity vector distribution of the fourth flow channel unit at the mid-depth cross-
section of the TLC structure under 100 KPa is shown in Figure 10b. The maximum velocity 
of TLC was 4.20 m/s, which was between the two improved flow channels and the 
CWRLC. 

 
Figure 10. Schematic diagram and velocity vector distribution of the flow channel structures under 
100 KPa. 

The relationship curves between outlet flow rate and inlet pressure of four emitters 
were obtained by Equation (15) fitting, as shown in Figure 11. All four curves were fitted 
successfully, and the correlation coefficients (R2) were 0.9999, 0.9999, 0.9999, and 0.9994, 
respectively. The flow indexes of the four emitters were 0.5334, 0.5041, 0.4796, and 0.4917, 
respectively. Among them, the SWRLC emitter had the lowest flow pattern index. The 
values of the flow index of the QWRLC and SWRLC emitters were decreased by 5.49% 
and 10.09%, respectively, compared with that of the CWRLC emitter by analyzing the 
internal flow field and optimizing the structure. In particular, the value of the flow index 
of the improved emitter SWRLC was 2.46% lower than that of the widely used emitter, 
TLC. Therefore, the novel SWRLC emitter had a better hydraulic performance and irriga-
tion uniformity.  

 
Figure 11. The outlet flow rate and inlet pressure fitted curves of the four emitters. Figure 11. The outlet flow rate and inlet pressure fitted curves of the four emitters.

Agronomy 2022, 12, x FOR PEER REVIEW 14 of 17 
 

 

3.4. Experimental Verification of Hydraulic Performance for Drip Emitters 
To further examine the reliability of the simulation results with respect to the hy-

draulic performance of the above emitters, four emitters (CWRLC, QWRLC, SWRLC, and 
TLC) were manufactured by EDM technology and the IM method. The physical models 
of the four emitters are shown in Figure 12. The drip irrigation belts with an inner diame-
ter of 16 mm and a wall thickness of 0.3 mm corresponding to the four emitters were pro-
duced, and the distance between emitters on each drip irrigation belt was 40 cm. The hy-
draulic performance tests were carried out on the experimental bench.  

 
Figure 12. Four real emitters. 

The test results of the four emitters are listed in Table 3, from which the test flow rate 
of the four emitters increased with the increase of the inlet pressure. The statistical differ-
ences between the average flow rate of the four emitters at 20–200 KPa were verified using 
Tukey’s test method. The average outlet flow rate of the four emitters had significant dif-
ferences at 20–180 KPa. Except for no significant difference in the average flow rate of the 
QWRLC and SWRLC emitters at 200 KPa, the other differences were significant, as shown 
in Table 4. The average errors between the actual flow and simulated flow of the CWRLC, 
QWRLC, SWRLC, and TLC emitters were 1.46%, 7.52%, 2.84%, and 5.62%, respectively. 
The comparison diagram of the flow index of the four emitters between the test and sim-
ulation is shown in Figure 13. The actual flow indexes of the CWRLC, QWRLC, SWRLC, 
and TLC emitters were 0.5559, 0.5008, 0.4719, and 0.4851, respectively. The flow index 
errors of the CWRLC, QWRLC, SWRLC, and TLC emitters were 4.05%, 0.66%, 1.69%, and 
1.36%, respectively, as shown in Figure 14. In the test results, the SWRLC emitter had the 
lowest value of the flow index compared with the other three emitters. The flow index of 
the SWRLC emitter was 2.72% lower than that of the widely used TLC emitter under the 
same conditions. This showed that the flow channel structure of the novel SWRLC emitter 
with the optimized design had a strong constraint ability, which means the SWRLC emit-
ter had a superior hydraulic performance. Therefore, the novel SWRLC emitter has broad 
application prospects in the field of water-saving irrigation. 

Table 3. Test flow rate statistics of the four emitters. 

Emitters 
Flow Rate (L/h) 

20 KPa 40 KPa 60 KPa 80 KPa 100 KPa 120 KPa 140 KPa 160 KPa 180 KPa 200 KPa 
CWRLC 2.588 3.716 4.721 5.491 6.237 6.922 7.571 8.180 8.706 9.207 
QWRLC 3.150 4.428 5.467 6.245 7.037 7.688 8.328 8.906 9.463 9.950 
SWRLC 3.449 4.641 5.651 6.483 7.237 7.880 8.499 9.106 9.626 10.09 

TLC 2.054 2.826 3.498 3.992 4.443 4.860 5.255 5.615 5.942 6.230 

Figure 12. Four real emitters.

159



Agronomy 2022, 12, 1708

Table 3. Test flow rate statistics of the four emitters.

Emitters
Flow Rate (L/h)

20 KPa 40 KPa 60 KPa 80 KPa 100 KPa 120 KPa 140 KPa 160 KPa 180 KPa 200 KPa

CWRLC 2.588 3.716 4.721 5.491 6.237 6.922 7.571 8.180 8.706 9.207
QWRLC 3.150 4.428 5.467 6.245 7.037 7.688 8.328 8.906 9.463 9.950
SWRLC 3.449 4.641 5.651 6.483 7.237 7.880 8.499 9.106 9.626 10.09

TLC 2.054 2.826 3.498 3.992 4.443 4.860 5.255 5.615 5.942 6.230

Table 4. Statistical analysis of the differences of the emitter flow rate using Tukey’s method at 200 KPa.

Emitters (I) Emitters (J) Means (I) Means (J) Differences (I-J) p-Value

CWRLC QWRLC 9.207 9.950 −0.742 0.001
CWRLC SWRLC 9.207 10.09 −0.882 0.001
CWRLC TLC 9.207 6.230 2.978 0.001
QWRLC SWRLC 9.950 10.09 −0.140 0.058
QWRLC TLC 9.950 6.230 3.720 0.001
SWRLC TLC 10.09 6.23 3.860 0.001
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4. Conclusions

In this study, a novel type of circular water-retaining labyrinth channel (CWRLC)
structure was proposed, inspired by the effect of a roundabout that makes vehicles slow
down and turn for eliminating excess energy in a flow channel. The hydraulic performance
of the CWRLC emitters under different circular water-retaining radii were studied by the
single-factor test. The results showed that, with the increase in the circular water-retaining
radii of CWRLC, the flow index of the emitter increased, and the outlet flow became more
sensitive to change in the inlet pressure. The water-retaining structure played an important
role in energy dissipation of the CWRLC emitter. The analysis of the flow characteristics
indicated that the energy dissipation of the CWRLC emitter was highly correlated with the
proportion of low-speed vortex areas in the flow field. The larger the proportion of low-
speed vortex areas, the more obvious the energy dissipation. The change in the proportion
of low-speed vortex areas was the main reason that the flow index of the CWRLC emitter
increased with the increase of the radius. The quadrate water-retaining labyrinth channel
(QWRLC) structure and stellate water-retaining labyrinth channel (SWRLC) structure were
obtained by structural improvement based on the energy dissipation mechanism. With
the two improved flow channel structures, the proportion of the low-speed vortex areas in
the flow channel field were increased. The SWRLC emitter had the largest proportion of
low-speed vortex areas in the flow field compared with the CWRLC emitter and QWRLC
emitter. For the improved flow channel structure, the test results showed that the flow
index of the SWRLC emitter was increased by 15.11% compared with that of the CWRLC
emitter, and the hydraulic performance of this emitter was significantly improved. The flow
index of the SWRLC emitter was also lower than that of the widely used tooth labyrinth
channel (TLC) emitter. Therefore, the SWRLC emitter can be recommended as a reference
for the structural design optimization of the superior hydraulic performance of an emitter.
It is expected that the SWRLC emitter has a fairly bright application foreground in the
water-saving irrigation field.
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Abstract: The current study was conducted to assess how optimal tillage water and nitrogen manage-
ment system are adopted to reduce various field inputs, to improve water footprint (WF), nutrient
use efficiency (NUE), rice productivity and profitability. The W1 (CS to a depth of 5 cm) achieved
significantly higher total water footprint (TWFP) compared to all other irrigation strategies. When
N1 (control) and N2 (80 kg N ha−1) was used, the highest TWFP was observed. The rice transplanted
on wide raised beds (WBed-TPR) (0.71 kg m−3) yielded the greatest water productivity (WPIRRI),
followed by reduced tillage transplanted rice (RT-TPR) and conventional tillage puddled transplanted
rice (CT-TPR). The physiological NUE values ranged from 33.3 to 50.6 kg grain/kg N absorption,
the values decreasing as the N doses rose. According to the findings, WBed-TPR and RT-TPR plots
similarly drank more moisture from the deeper profile layer than CT-TPR practice. In plots of CT-TPR
and WBed-TPR, the yield contributing characteristics of rice all increased, while grain yield increased
by 16.8% and 10.6% over NBed-TPR technique, respectively. Finally, CT-TPR reported with maximum
cultivation costs, followed by NBed-TPR and the lowest in RT-TPR plots, although WBed-TPR had
the highest net profit, B: C ratio.

Keywords: rice; water footprint; nutrient use efficiency; productivity; profitability

1. Introduction

Rice (paddy) is a staple food crop that feeds more than half of the world’s population
and provides approximately 19% of the world’s nutritional energy [1]. Food production
will need to increase by roughly 60% to meet global food demand in 2050 according to
estimates [2]. Freshwater demands for food production are expected to rise dramatically
in the coming decades as a result of population expansion, urbanisation and economic
development [3]. Agriculture, on the other hand, consumes the most land and freshwater,
accounting for about 37.5% of the world’s land area [4] and 85% of global freshwater
consumption [5]. Water is an important aspect of sustainable development and plays a key
role in today’s environmental concerns. Water scarcity, on the other hand, is becoming a
global issue [6].
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Water footprint is recognized as a technique for assessing the relationship between
agricultural production, water resources and environmental consequences in order to
improve water use efficiency, watershed sustainability, water impact mitigation and water
resource management [7–9]. In India, the water footprint of per unit rice production and
percolation was 1403 (m3 t−1) and 432.9 (m3 t−1), respectively. Thailand has a higher
per capita water footprint (547 m3 cap−1 yr−1) than India (239 m3 cap−1 yr−1) [10,11],
with water footprints related to rice consumption of 63, 364 and 250, 305 (Mm3 yr−1),
respectively. According to Chapagain and Hoekstra [12], India’s rice cultivation had a total
water footprint of 2020 m3 t−1 and a percolation volume of 1403 m3 t−1, whereas Pakistan
claimed the highest water footprint (2874 m3 t−1). Water footprints in crop production
must be reduced to make effective use of the available water by replacing conventional
faulty crop establishment and irrigation techniques with new RCTs, and the saved water
could then be used on to the other competitive sectors [13]. Rice production has become
a challenge due to changing global weather trends and reduced per capita availability of
surface and ground water quantum. Different components of soil water balance such as
evaporation, transpiration, seepage, percolation and drainage, must be calculated in order
to determine which component should be prioritized for enhancing the water use efficiency
and productivity under a specific irrigation management system [14,15]. Footprints of water
can be used to assess, directly and indirectly, groundwater resource requirements [16,17].
They are described as the ratio of the volume of consumptive water usage to the quantity
of produce obtained.

Reduction tillage benefits a variety of soil qualities, but excessive and unnecessary
tillage activities have the reverse effect, causing soil degradation. As a result, there is a
lot of focus right now on changing from extreme tillage to conservation tillage to control
erosion [18,19]. Traditional tillage activities change the bulk density and moisture content of
the soil, altering its structure. In addition, conventional tillage produces in a finer and looser-
setting soil structure, whereas conservation and no-tillage methods preserve the soil [20].
Conversely, conservation tillage increases soil quality indicators over time [21]. Another
issue is the degradation of soil (land) health, which is particularly prevalent in intensive
agriculture, such as that practiced in northwest India. Poor agronomic management,
water logging, acidification, salinization and alkalinization, among others, lead to land
degradation, low input use efficiency, water productivity, etc.

Nitrogen (N) is one of the most important inputs for rice growth and development,
although soil N availability is often a constraint [22]. As a result, the application of
nitrogen fertilizer has been a major component in increasing crop production over the
last five decades, whereas excessive nitrogen fertilizer may not lead to crop benefits but
may cause serious environmental and economic problems [23]. Rapid nitrogen losses in
the soil flood water system due to ammonia volatilization, denitrification, surface runoff
and leaching lead to lower nitrogen usage efficiency (NUE) when high N fertilizer input
is used. As a result, major environmental issues such as soil acidification, air pollution
and water eutrophication have occurred [22,24]. New strategies to increase yields while
maintaining or decreasing optimally applied N are urgently needed to achieve higher crop
productivity and NUE under well-fertilized conditions [25]. Depending on the soil quality
and socioeconomic scenario, farmers in northern India apply 80 to 150 kg N ha−1. However,
in order to increase rice farmer income, more research into a sustainable N rate with various
irrigation management options is still needed in the region [26]. Keeping this in mind, the
aforementioned research study was conducted to investigate tillage, water and nitrogen
management strategies for enhancing water footprint, nitrogen use efficiency, productivity
and profitability of wet rice under Typic Ustochrept soil.

2. Materials and Methods
2.1. Investigational Location

The investigation was initiated during 2016 at the Sardar Vallabhbhai Patel Univer-
sity of Agriculture and Technology’s Meerut research farm situated at 290 04′ N latitude,
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770 42′ E longitude, 237 meters above mean sea level in Uttar Pradesh, India. The investi-
gation location was reported with semi-arid sub-tropical climate with an average yearly
temperature of 16.8 ◦C. For the years 2016 and 2017, data on climatic parameters such as
rainfall (mm), mean maximum and minimum temperatures, evaporation, air velocity and
relative humidity were collected at the meteorological observatory of the Sardar Vallabhb-
hai Patel University of Agriculture and Technology Meerut (U.P.). The average maximum
weekly temperature in 2016 and 2017 ranged between 27.7 and 35.9 ◦C, while the average
minimum weekly temperature ranged between 11.9 and 26.1 ◦C, according to the meteoro-
logical data depicted graphically in Figure 1. In both years, there is a modest increase in
mean daily temperature in June, reaching as high as 2.1 ◦C, and then a gradual decrease,
reaching as low as 33.6 and 32.8 ◦C in October 2016 and 2017, respectively. The mean
relative humidity is highest in July and lowest in June. During the crop period, minimum
evaporation was recorded 10.5 mm in the second week of November and maximum evapo-
ration was recorded at 52.3 mm in the fifth week of June in 2016 and minimum evaporation
was recorded at 7.9 mm in the second week of November and maximum evaporation was
recorded at 52.4 mm in the fourth week of June in 2017. The maximum temperature was
highest in the fifth week of June during 2016 and the fourth week of June during 2017.
Rainfall was recorded at 427.7 mm and 607.5 mm during the crop period in 2016 and 2017.
The most prevalent soil type found at the test location is Typic Ustochrept. Before applying
treatments, surface soil samples were collected and analyzed. The basic properties are poor
accessible nitrogen, low in organic carbon, accessible phosphorus, accessible potassium
medium and alkali in response.
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2.2. Experimental Invent and Organization

A detailed description of different tillage systems is required to compare the effect
of tillage techniques on environmental performance [27]. There are four different tillage
crop establishing methods: T1 is transplanted rice after reduced tillage (RT-TPR), T2 is
transplanted rice on narrow raised beds (N Bed-TPR), T3 is transplanted rice on wide raised
beds (W Bed-TPR) and T4 is conventional tillage puddled transplanted rice in main plots
(CT-TPR). There were three water management/alternate wetting drying (AWD) practices:
W1 is continuously submerged (CS) of 5 cm depth, W2 is irregular submergence (IS) of
5 cm and irrigation after 2 days of water vanishing from the surface and W3 is alternating
submergence of 5 cm and irrigation after 5 days of water vanishing from the soil surface
allotted to sub-plots; five nitrogen levels: N1 is N0P0K0 (control), N2 is 80 kg N ha−1, N3 is
120 kg N ha−1, N4 is 160 kg N ha−1 and N5 is 200 kg N ha−1 allotted to sub-subplots in a
split-split-plot design and replicated three times.

Treatments were layered on the same plot every year to evaluate their cumulative
effect. The gross and net plot sizes were 8 m × 3.2 m and 6.0 m × 2.0 m, respectively. In
traditional tillage, there were three tillage operations. The primary tillage took place during
the pre-monsoon season (April/May), while the second took place 20–25 days later, in
May/June. The third tillage was carried out in June with a tractor-drawn cultivator at a
deeper depth (>15 cm). Nitrogen was applied in accordance with the protocols. Except
for N1, all treatments received soil application 60 kg phosphorus (P), 40 kg potassium (K)
and 25 kg zinc (Zn) ha−1 in the form of di-ammonium phosphate, potash sulphate and
21 percent zinc sulphate, respectively. P, K and Zn, as well as 1/3 of nitrogen, were all
applied at the time of transplanting and seed bed preparation. In terms of treatment, the
remaining nitrogen fertilizer dose was split in half at the time of booting (3 weeks after
transplantation) and panicle commencement (6 weeks after transplantation). On 1 July,
three-week-old nursery seedlings were manually plucked and replanted into the main field
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with a distance of 20 cm from row to row. When the crop reached physiological maturity,
watering was stopped two weeks before harvest and the crop was harvested.

2.3. Weed Management

For the rest of the growing season, the plots would remain weed-free. Butachlor at
1300 ga.i.ha−1 should be applied 2 days after transplanting (DAT), followed by a spray
treatment of bispyribac sodium (Nomne gold) at 25 ga.i.ha−1 one month later. Additionally,
weeds were manually removed in the transplanted rice plots to keep it weed-free.

2.4. Water Footprints

The total amount of water used for producing agricultural goods is known as water
footprint (WFP) [28]. The unit is commonly stated in m3 t−1 or L kg−1.

WFPtotal =
(
WFPgreen

)
+ (WFPblue) +

(
WFPgrey

)
=

CWUgreen + CWUblue + CWUgrey
(

m3 ha−1
)

Economic yield of the crop
(

t ha−1
) (1)

Water productivity (WPI+R) (kg m−3) was computed as follows

WPI+R =
Grain yield

Irrigation water applied + Rainfall received by the crop
(2)

Rice Water Footprints

Under conventional systems, total water inputs for the rice–wheat cropping sequence
involved total water required to meet various components of soil water balance with
extra water required for puddling, especially for rice. However, only evapotranspiration
(ET) and evaporation (E) during land preparation were taken into consideration for water
footprint calculations, and attempts mostly were made to reduce E. As a result, the amount
of water evaporated to produce a specific set of yields equals the WFP (m3 t−1) of rice–
wheat production. Percolation is not considered a watershed loss, but it was left out of the
farm-wide water footprint estimation because it occurs during crop development and field
preparation. On the other hand, the crop’s grey WF due to N pollution was calculated and
merged with the blue and green WF.

2.5. Nutrient Use Efficiency

The nitrogen harvest index (NHI) measures the ability of a crop to divide total N
intake among different plant parts [29]. As a result, the NHI was defined as the ratio of
seeds to total biomass nitrogen intake. The nitrogen usage efficiency (NUE) is categorized
in various methods. The total N uptake by seed and straw as well as the amount of
applied N as fertilizer are used to calculate the apparent N recovery (NUE) for various
N treatments (Equation (3)). The term “nitrogen yield efficiency” (NYE) or “agronomic
nitrogen efficiency” is preferred to characterize how well N inputs are used in relation to
the amount of nitrogen applied [30]. Equation (4) [31] was used to compute the NYE in
various N treatments using the applied nitrogen as fertilizer and seed yield. Equation (5)
also determined the physiological nitrogen efficiency (NPE).

NUE =
Nui−Nuc
Nfi−Nfc

(3)

NYE =
Yi− Yc

Nfi−Nfc
(4)

NPE =
Yi− Yc

Nui−Nuc
(5)
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where NUE, Nuc, Nfi, Nfc, Yi and Yc represents nitrogen use efficiency, total N uptake
by seed and straw (kg ha−1), applied N (kg ha−1), rice grain yields in N treatments and
control (kg ha−1), respectively.

2.6. Statistical Investigation

The SPSS application, which runs on Windows, was used to conduct the statistical
analysis (Version 10.0, SPSS, 1996, Chicago, IL, USA). For analysis of variance, the SPSS
technique was utilized to establish the statistical significance of treatment effects. Duncan’s
multiple range test was used to compare the means using the least significant difference
(LSD) method. Statistically significant values are considered at a probability level of 5%.

3. Results and Discussion
3.1. Soil Moisture Studies

Results revealed that surface soil pertaining to 0–15 cm of soil mined a higher propor-
tion of the moisture as compared to the other three layers, viz., 15–30, 30–60 and 60–90 cm,
where 60–90 cm extracted the least moisture (Figure 2).
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Figure 2. Tillage, water and nitrogen interactive effects on water extraction patterns in soil profile in
both years: (a) 2016 and (b) 2017.

Moisture extraction from the surface layer (0–15 cm) was slightly increased using
conventional tillage and reduced tillage techniques. Similarly, the moisture extraction
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was marginally reduced as the profile depth and furrow irrigated raised beds increased
during 2016 and 2017, respectively. Furthermore, rice transplanted on wide raised beds
and in reduced tillage plots had higher moisture removal from deeper profile layer than
rice transplanted using the conventional method. Throughout the experimentation period,
moisture mined from 0–15 cm rose marginally as irrigation frequency increased. Similarly,
as the profile depth and irrigation frequency increased in both years, moisture extraction
reduced marginally of W1

′s water management technique decreased moisture extraction as
profile depth increased. During the experimentation, however, moisture extraction was
increased in profile depth for W2 and W3 treatments compared to W1 treatment.

In 2016 and 2017, the seasonal variation in average profile moisture in all treatments
ranged from 27.1 to 21.4% and 27.9 to 19.7%, respectively, which might be due to the
variation in tillage practices adopted to establish the crop and receive rainfall. However,
under irrigation, the soil upper profile was recharged to field capacity, but its moisture
content decreased over time due to evapotranspiration losses, which are dependent on the
weather parameters such as air maximum temperatures.

In both years, the lowest moisture content was found at the time of crop maturity,
which could be because irrigation was stopped three weeks before harvesting. Furthermore,
well-fertilized plots, i.e., N4 or N5 treatment, had lower moisture than the control plots with
no fertilizers, etc., which could be attributed to better crop growth and higher transpiration
losses in the previous plots. Similar observations are also reported by [32].

The amount of moisture extracted from various soil profile layers decreased as profile
depth increased, which could be due to reduced root mass density (RMD) as we moved
down the profile (Figure 2). However, in reciprocate of this, surface soil layers received
better moisture, nutrients, and RMD, which further extracted higher soil moisture. No
doubt, weather parameters also affected these quantum volumes. In both years, moisture
was extracted from the 30–60 cm layer at around 19.9%, with 39.8 and 29.8% of water
used from the 0–15 and 15–30 cm layers, respectively. Measuring moisture usage cm−1

of soil depth in the 0–15 cm layer can further support this argument. when compared to
deeper layers, such as the 30–60 cm layer, T1 and T3 treatments had respective values of
0.35 and 0.23 cm cm−1 in T2 treatment and 0.29 cm cm−1 in T4 treatment. When irrigation
scheduling mode was used, moisture removal from the upper layers increased by 1–2%,
with a decline in similar values in the deepest soil layers. The reason for the recorded
observation might be that the previous layers received higher solar radiation, which further
resulted in higher ET losses than the respected lower layers, as also explained by [33–35].

However, moisture in the soil profile was reported to be around 40% higher during
transplanting time than harvesting time, which might be due to the fact that transplantation
was carried out in flooded conditions during both years. The enhancements in profile
moisture content seen from the peaks under various tillage practices were linked to moisture
conservation due to irrigation frequency application as per treatments.

Furthermore, during both years of experimentation, T4 treatment at a deeper depth
remained on the lower side as compared to T1 and T3 treatments, respectively, with
the exception of peaks, where recharging of the profile by irrigation or rainfall made
constant soil profile moisture. The average soil moisture content of the typical till crop was
1.5% lower than that of the broad raised bed plots throughout the crop season, excluding
after the recharging of the soil profile by irrigation or rainfall.

3.2. Footprints and Productivity of Irrigation Water

During both years, T4 treatment had the highest total water footprint (TWFP) with
a value of 1894.4 and 1899.6 m3 t−1 whereas T1, T3 and T2 plots reported 1738.0, 1697.0
and 1659.6 and 1834.0, 1738.0 and 1659.6 m3 t−1, respectively. The irrigation technique
of W1 treatment had a TWFP of 1785.2 m3 t−1 in 2017 and 1821.9 m3 t−1 in 2018. That
was significantly higher than all other irrigation strategies and statistically equivalent to
W2 treatment. During both years of the study, however, W3 treatment had the lowest
TWFP of 1709.3 and 1744.3 m3 t−1. The highest TWFP was reported in 2016 and 2017
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when “control” fertilizer was not used and only 80 kg N ha−1 was broadcast in N1 and N2
treatments during both years, with values of 1817.0, 1776.3 and 1825.2 and 1807.2 m3 t−1,
respectively. Furthermore, N3, N4 and N5 plots recorded the lowest TWFP of 1768.3, 1743.6
and 1631.5 m3 t−1 in 2017 and 1774.0, 1766.0 and 1741.3 m3 t−1 in 2018. Hence, from control
plots to fertilized plots, TWFP was reduced to better crop growth and higher transpiration
losses, which only met with the used higher irrigation water quantum, which clearly
explains why TWFP was lower in fertilized plots as compared to control plots. In addition,
T4 plots were recorded with significantly higher values of TWFP as compared to T1, T2 and
T3 plots during both experimental years (Tables 1 and 2).

Table 1. The impact of various treatments on footprints and productivity of applied irrigation water
in the 2016 year.

Treatments BWFP
(m3 t−1)

GWFP
(m3 t−1)

Gr WFP
(m3 t−1)

TWFP
(m3 t−1)

PERC_V
(m3 t−1)

TWU_V
(m3 t−1)

WPIRRI
(kg m−3)

WPTCW
(kg m−3)

WPETC
(kg m−3)

Tillage crop establishment methods
T1 (RT-TPR) 1627 108.8 2.2 1738.0 1288 2919.2 0.68 0.42 0.37
T2 (NBed-TPR) 1554 105.3 0.7 1659.6 1325 2646.5 0.65 0.40 0.39
T3 (WBED-TPR) 1588 107.2 1.8 1697.0 1303 2804.5 0.70 0.43 0.44
T4 (CT-TPR) 1782 109.7 2.7 1894.4 1265 3080.8 0.66 0.38 0.42
LSD (p ≤ 0.05) 78.70 1.38 0.03 24.52 17.56 37.88 0.08 0.04 0.04

Water management practices

W1 (CS) 1674 109.1 2.2 1785.2 1315 3135.3 0.61 0.39 0.36
W2 (IS 02 day) 1638 107.5 1.9 1747.3 1296 2846.5 0.63 0.39 0.43
W3 (IS 05 day) 1601 106.8 1.6 1709.3 1274 2606.5 0.64 0.42 0.44
LSD (p ≤ 0.05) 63.67 1.81 0.03 29.88 22.54 51.08 0.08 0.07 0.07

Nitrogen levels

N1 (Control) 1709 106.4 2.1 1817.0 1366 3006.3 0.46 0.54 0.32
N2 (80 kg N ha−1) 1667 107.2 2.0 1776.3 1355 2984.7 0.49 0.41 0.38
N3 (120 kg N ha−1) 1659 107.8 1.9 1768.3 1342 2958.2 0.53 0.39 0.52
N4 (160 kg N ha−1) 1633 108.4 1.8 1743.6 1223 2717.1 0.56 0.35 0.64
N5 (200 kg N ha−1) 1521 109.2 1.7 1631.5 1189 2647.5 0.55 0.34 0.63
LSD (p ≤ 0.05) NS NS 0.06 52.75 38.71 86.12 0.07 0.08 0.13

BWFP, GWFP, Gr WFP stood for blue, green and grey water footprints while TWFP, PERC_V, TWU_V, WPIRRI,
WPTCW and WPETC stands for total water footprint, percolation water volume, total water use volume, water
productivity, water productivity of total crop water needs and water productivity as evapotranspiration only.

The ratio of percolation losses to grain yields was reported to be the highest in the
control plots with no broadcasted N fertilizers, while it was reduced to 1366 and 1355 m3 t−1

in 2017 and 1434 and 1423 m3 t−1 in 2018 reported for the N1 and N2 treatments, respectively.
During the years 2016 and 2017, N3, N4 and N5 plots reported 1342, 1223 and 1189 m3 t−1

and 1410, 1292 and 1258 m3 t−1, respectively.
The highest grain yield was attributed to a lower volume of percolation water with

higher fertilizer doses, but decreased infiltration volume was mostly due to shorter standing
water duration under N4 and N5 treatments. Because of the continuous submergence under
the previous treatment, the WFs are reported to be greater for W1 (3135.3 and 3048.3 m3 t−1)
than for W2 (2846.5 and 2877.6 m3 t−1) and W3 (2606.5 and 2745.7 m3 t−1) than for W2
(2846.5 and 2877.6 m3 t−1) and W3 (2606.5 and 2745.7 m3 t−1) (Tables 1 and 2). These results
indicate that agricultural administration (tillage crop establishment methods and irrigation
techniques) had a greater impact on the water footprint and amount of water infiltration
than the agro-climate in which the crop was grown. Through improved agro-management
techniques, this opens up the option of improving production and water productivity. It is
also determined that the optimal use of fertilizers has the potential to improve yield and,
as a consequence, reduce water footprints in rice cultivation in the region.
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Table 2. The impact of various treatments on footprints and productivity of applied irrigation water
in 2017 year.

Treatments BWFP
(m3 t−1)

GWFP
(m3 t−1)

Gr WFP
(m3 t−1)

TWFP
(m3 t−1)

PERC_V
(m3 t−1)

TWU_V
(m3 t−1)

WPIRRI
(kg m−3)

WPTCW
(kg m−3)

WPETC
(kg m−3)

Tillage crop establishment methods

T1 (RT-TPR) 1718 113.9 2.4 1834.0 1370 2946.5 0.69 0.41 0.41
T2 (NBed-TPR) 1548 109.5 1.9 1659.6 1397 2683.5 0.67 0.39 0.42
T3 (WBED-TPR) 1624 111.8 2.3 1738.0 1356 2837.1 0.72 0.42 0.44
T4 (CT-TPR) 1781 115.5 2.9 1899.6 1330 3094.9 0.68 0.38 0.42
LSD (p ≤ 0.05) 17.16 1.41 0.03 22.84 18.16 38.90 0.05 0.04 0.06

Water management practices
W1 (CS) 1706 114.1 2.1 1821.9 1386 3048.3 0.40 0.39 0.42
W2 (IS 02 day) 1667 112.8 2.3 1782.3 1364 2877.6 0.42 0.39 0.45
W3 (IS 05 day) 1631 111.2 2.6 1744.3 1340 2745.7 0.43 0.42 0.46
LSD (p ≤ 0.05) 23.73 1.90 0.05 30.70 23.75 51.4 NS NS NS

Nitrogen levels
N1 (Control) 1713 111.3 2.4 1825.2 1434 3040.4 0.41 0.53 0.32
N2 (80 kg N ha−1) 1695 112.1 2.3 1807.2 1423 3017.2 0.42 0.41 0.33
N3 (120 kg N ha−1) 1660 112.7 2.2 1774.0 1410 2989.6 0.54 0.38 0.34
N4 (160 kg N ha−1) 1652 113.3 2.1 1766.0 1292 2738.8 0.58 0.35 0.38
N5 (200 kg N ha−1) 1626 114.1 2.5 1741.3 1258 2666.7 0.57 0.36 0.35
LSD (p ≤ 0.05) 41.25 NS 0.07 53.43 40.76 86.74 0.08 0.07 0.08

BWFP, GWFP, Gr WFP stood for blue, green and grey water footprints while TWFP, PERC_V, TWU_V, WPIRRI,
WPTCW and WPETC stands for total water footprint, percolation water volume, total water use volume, water
productivity, water productivity of total crop water needs and water productivity as evapotranspiration only.

WPIRRI was lower in T1 (0.69 kg m−3) and T4 (0.68 kg m−3) treatments, while it was
the highest in T3 (0.71 kg m−3) treatment (Tables 1 and 2). Despite having a 9.5% lower
production, T3 treatment had a 7.5% higher WPIRRI than T4 treatment. WP values of
T3 plots were recorded on the higher side as compared to T4 plots, though yields were
reported to be significantly different in the above plots. From control to N fertilized plots,
the corresponding values of WPIRRI jumped to 0.44, 0.46, 0.54, 0.57 and 0.56 kg m−3,
respectively, for N1, N2, N3, N4 and N5. Furthermore, in T4, T2, T1 and T3 treatments,
the respective values of WP were recorded as 0.38, 0.40, 0.41 and 0.42 kg m−3. The
reason for better WP is assumed to be poor vegetation and hence less transpiration loss
in these plots. As a result, WPTCW yields were comparable to the other three tillage crop
establishment treatments, whereas T2 treatment yields were lower. Although the expected
water productivity was comparable to that of N3, N4 and N5 treatments, the WPTCW grew
gradually as the nitrogen dose was increased. A similar pattern was observed when water
productivity was evaluated only on the basis of evapotranspiration (Tables 1 and 2) as
recorded earlier by [36–39].

3.3. Nitrogen Use Efficiency

Under various tillage, water and nitrogen treatments, ANUE values ranged from
13.5–24.1%. Over the course of the N treatments, alternate wetting and drying treatments
(W2 and W3) had a higher ANUE than continuous submergence (W1). The average ANUE
was also found to be higher (24.1%) at N2 treatment, but not at higher doses of N (14.6% at
N5 treatment). In water management treatments, the NHI was quite consistent, ranging
from 47.7 to 50.7%. The level of significance for NHI was similarly inconsistent between N
treatments (Figure 3).
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Figure 3. Tillage, water and nitrogen interactive effects on nitrogen use efficiency parameters in both
years: (a) 2016 and (b) 2017.

The PNUE limits ranged from 33.3 to 50.6 kg grain kg−1 N uptake, with decreasing
values as the N dosages increased (Figure 3). As N doses increase, PNUE values tend
to decrease due to higher N uptake and higher N concentrations in both the grain and
straw. However, the PNUE values in W1, W2 and W3 treatments were similar and statisti-
cally insignificant. Different N and water management procedures resulted in AR values
ranging from 27.3 to 57.6%. Because of the larger grain output, the AR was higher at N4
treatment. This was due to the greater yield difference between the N1 and N4 treatments
(about 1.92 t ha−1).

3.4. Yield Contributing Characteristics and Yield

Tillers m−2, effective tillers m−2, spike length and spikelets per panicle−1 and number
of grains per panicle−1 all varied with tillage strategies, with the T4 treatment having signifi-
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cantly more effective tillers m−2 than all other land configurations. During the years of study,
however, T3 treatment recorded considerably greater yield in contributing metrics than the
other treatments, compared to T1 and T2, during testing, respectively (Figures 4 and 5).
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Figure 4. Interactive effects of tillage, water and nitrogen on total and effective tillers and panicle
length of rice in both years: (a) 2016 and, (b) 2017.

Irrigation management differences were also shown to be significant in terms of
average effective tillers m−2. During both years of study, W2 and W3 treatments produced
significantly higher yield contributing parameters than W1 treatment. Differences in
nitrogen management were also discovered to be significant in terms of yield contributing
parameters. In 2016 and 2017, the N1 and N2 treatments produced significantly lower
yield contributing parameters than the rest of the nitrogen management. In both the years
of study, N4 treatment produced significantly higher yield contributing parameters than
all other treatments except N3 treatment (Figures 4 and 5). This was due to a 25.2 and
25.9% increase in the quantity of grains per panicle, respectively, during the research years.
Similarly, the increase in test weight during the experiment was between 25.8 and 26.2%.
The current study’s findings on the interactive effects of tillage, water and nitrogen on total
and effective tillers, panicle length, spikelets, and grains/panicle and 1000 grain weight of
rice were also corroborated by previous studies [39–43].
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Figure 5. Interactive effects of tillage, water and nitrogen on spikelets and grains/panicle and
1000 grain weight of rice in both years: (a) 2016 and, (b) 2017.

During the study period, T4 treatment (rice transplanted on wide raised beds) yielded
the highest grain and straw yield (48.10 and 64.7 q ha−1) and T3 treatment (rice transplanted
on narrow raised beds) (45.2 and 60.9 q ha−1) remained statistically similar (Figure 6). The
decline in grain and straw yield due to unpuddled tillage, i.e., reduced tillage and narrow
raised bed practices, was 16.1, 9.8; 10.6, 3.9 and 17.2, 11.9, 12.1, 6.6% compared to T4
and T3 practices, respectively. However, rice transplanted on widespread raised beds of
4.1% recorded a significant increase in yield compared to the reduced tillage options.

Yields pertaining to grain and straw are reported to be significantly influenced by
the interactive effects of water and N management. During both experimental years, W1
treatment (continuously submerged to a depth of 5 cm) had a significantly higher grain
yield (45.92, 46.89 and 63.16, 63.97 q ha−1) when compared to all other water management
treatments (Figure 6a,b). Moreover, W2 treatment (intermittent submergence of 5 cm
and irrigation after 2 days of disappearance of water from soil surface) was significantly
superior to W3 treatment (intermittent submergence of 5 cm and irrigation after 5 days of
disappearance of water from soil surface), which recorded minimum grain yield during
the years of study.
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Figure 6. Interactive effects of tillage, water and nitrogen on grain, biological and straw yield, and
harvest index (%) of rice in both years: (a) 2016 and (b) 2017.

Furthermore, grain yields of 49.30, 50.26 and 65.93 and 66.88 q ha−1 were significantly
improved in the N4 treatment, which remained statistically comparable to the N5 treatment.
The yield of N3 treatment (120 kg N ha−1) was much higher than that of N2 and N1
“control” treatments (Figure 6a,b). During the experimentation, the same yield behavior
was observed for biological yield.

Due to favorable weather conditions, crop performance was somewhat higher in 2017
than in 2016. On the other hand, inorganic nitrogen sources may provide increased nutri-
tional availability, allowing for improved growth and development. Because there were
more nutrients accessible for crop growth, N4 treatment (160 kg N ha−1) had significantly
greater grain (62.3 and 61.8%), straw (34.9 and 35.5%) and biological yield (36.1 and 48.7%)
than N1 treatment (Figure 6a,b). Poor nutrition had a greater impact on grain yield, as
evidenced by [40–46], resulting in a significant drop in harvest index.

The harvest index is a critical criterion for evaluating how well dry matter is partitioned
to the crop’s economic component. In irrigation and nutrient management treatments,
all the treatments proved higher than W3 and N1 treatments during both years of study.
However, all treatments were comparable to one another. There was no discernible trend
in terms of planting techniques on the harvest index. However, during the experimental
period, the T1 treatment had the largest harvest index while the T4 treatment had the
lowest (Figure 6a,b).
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3.5. Profitability

The year 2017 was reported with better profitability indices such as rice grain yield
with reduced cultivation costs compared to 2016 (Figure 7). Various tillage operations
increase total farming costs, gross income, net profit and B:C ratio due to better grain yields
and hence gross income than the cost of cultivation. Of all the tillage techniques, the T3
treatment had the highest net profit, gross income and B:C ratio. This could be owing
to the better proficiency of FIRB systems compared to other tillage methods, as well as a
better production gain when compared with other treatments. Among the various nitrogen
doses, N4 treatment had the highest net profit, gross income and B:C ratio. This could be
attributed to the N4 treatment’s superior efficiency compared to the other N treatments,
as well as the better rice grain yield hike compared to other treatments. As also reported
by [47,48], lower nitrogen doses may not have satisfied crop requirements during the great
growth period when bigger levels were required, causing crop growth and output to suffer.
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Figure 7. Interactive effects of tillage, water and nitrogen on the profitability of rice in both years:
(a) 2016 and (b) 2017.
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4. Conclusions

Finally, a two-year study covering tillage, water and nitrogen interactive effects on
wet rice conclude that puddling is the most popular and commonly utilized crop estab-
lishment technique on the Indo-Gangetic Plain of India. However, it causes significant
limits to production and sustainability of rice–wheat systems. Puddling is not necessary
to produce high grain yields, according to two years of research in western Uttar Pradesh,
India. Transplanting in unpuddled wide raised beds may be a viable option, and farmers
can accept them if they are provided with the right information and recommendations.
Rice transplanting under unpuddled wide raised beds is cost effective and can match
conventional planting yields if weed control is accomplished. According to the findings,
water footprints, crop water productivity and yield attributes of rice crops grown with
optimal tillage, water and nitrogen management strategies improved significantly. In
addition, if irrigation scheduling is reworked to accommodate these tactics, irrigation water
can be saved. Hence, computation of the water balance parameters as affected by tillage,
water and nitrogen management strategies to grow rice must be discovered for texturally
divergent soils and under various agro-climatic conditions. Green water is important in rice
cultivation and there is a lot of room to enhance water productivity by increasing yield lev-
els within the existing water balance. The plots under WBed-TPR had significantly higher
nutrient use efficiency, rice productivity and profitability than NBed-TPR and RT-TPR plots.
The findings indicate that conservation tillage would enhance grain quality and yield while
also being environmentally friendly. Although nitrogen fertilizer increases the probability
of intensive agriculture, it does so at the expense of environmental protection. This study
indicates that optimum tillage, water and nitrogen management strategies or technologies
appear to be viable solutions for long-term rice productivity. However, local governments
should encourage farmers to manage water and nutrients based on conservation tillage to
improve their water footprint, profitability and crop quality and increase their crop water
productivity for the long term.
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Abstract: Increasing global food requirements and global warming are two challenges of future food
security. Water availability and nutrient management are two important factors that affect high-yield
and high-quality wheat production. The main and interactive effects of nitrogen and potassium
fertilizers on quantitative-qualitative properties and drought tolerance of an Iranian rainfed cultivar
of wheat, Azar-2, were evaluated. Four rates of nitrogen (N0, N30, N60, and N90 kg/ha), along with
four concentrations of potassium (K0, K30, K60, and K90 kg/ha), were applied in rainfed (drought
stress) and non-stress conditions. The interactive effect of N × K was significant on nitrogen and
protein contents of grains at 5% and 1% probability levels, respectively. Different trends of SSI, STI,
K1STI, and K2STI indexes were observed with the interactive levels of nitrogen and potassium. The
lowest SSI index (0.67) was observed in N30K30, whereas the highest STI (1.07), K1STI (1.46), and
K2STI (1.51) indexes were obtained by N90K60 and N90K90. The obtained results could be useful to
increase yield and quality of winter rainfed wheat cultivars under drought stress with cool-rainfed
areas. N60K30 and N90K60 can be recommended to increase the grain yield and protein content of
rainfed wheat under drought stress and non-stress conditions, respectively.

Keywords: drought stress; protein content; rainfed; yield stability; wheat

1. Introduction

Increasing the grain yield and quality of wheat (Triticum aestivum L.), as the most
widely distributed cereal crop and major staple food crop in the world, is crucial to meet
the growing demands of increasing human population [1,2]. Drought stress is a very
important abiotic stress that constricts wheat production, especially in arid and semi-
arid regions of the world, such as Iran [3]. Significant decreased nest photosynthesis,
stomatal conductance, relative water contents, 100-grain weight, and grain yield have
been reported for 14 bread wheat genotypes under drought stress [4]. Low amounts of
mineral nutrients in the soil is the second important constraint for wheat production in
arid and semi-arid regions [5]. For an increasing human population, ever increasing global
food requirements, and global warming, the development of basic and applied research
on drought stress—as one of the most important treats of world food security—is very
important [6–8]. Finding plant genotypes with high yield under drought stress and/or
enhancing tolerance of drought sensitive genotypes are the proficient approaches to deal
with drought stress-induced losses [9]. Selection and breeding of plants are the most
economic and effective ways to overcome abiotic stresses [10]. Direct selection of drought
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tolerance is not effective, as it is a quantitative character with low heritability. Drought
tolerance indices (DTI), such as tolerance (TOL) [11], mean productivity (MP) [11], stress
susceptibility index (SSI) [12], geometric mean productivity (GMP) [13], harmonic mean
(HARM) [14], relative drought index (RDI) [15], stress tolerance index (STI) [13], yield index
(YI) [16], and yield stability index (YSI) [17], which provide a measure of drought based on
yield loss under drought condition in comparison to normal condition, are useful tools to
assess the tolerance of different genotypes to stressful conditions [18]. Yield-based DTI have
been widely applied by researchers to assess the drought tolerance of various important
crops, such as oilseed rape (Brassica napus L.) [19], teff (Eragrostis tef (Zucc.) Trotter) [20],
upland cotton (G. hirsutum L.) [21], and wheat [3,9,22–24].

As aforementioned, enhancing tolerance of drought sensitive genotypes is the second
breeding strategy to cope with detrimental outcomes of drought stress. There are some
adjuvants that their exogenous supply can increase the plant’s ability to protect itself under
stressful conditions [25]. The exogenous supply of some nutrient elements can reduce
the inhibitory effects of drought stress on different plants. Nitrogen (N), phosphorous
(P), and potassium (K) are three important plant stress ameliorants [26]. Creation of
favorable growing conditions buffers plant stress, and long-term grain yield stability of
winter wheat can be obtained through balanced nutrient supply [27]. Nitrogen (N)—as vital
structural component of proteins, Rubisco, nucleic acids, chlorophyll system, and some
hormones [28]—is an important nutrient that has a significant role in stimulating plant
growth, development, and increasing crop productivity under environmental stresses [26].
In addition to drought stress, nitrogen deficiency is one of the primary factors limiting
productivity of wheat [29]. Agami et al. [30] investigated the effect of exogenous nitrogen
supply, N-fertilizer (0.3 and 0.6 g N/kg soil), on drought tolerance of wheat plants and
reported that under deficit irrigation condition (60% of ETc), nitrogen-treated plants had
higher growth and yield characteristics compared to the untreated plants. They also
reported that nitrogen-treated plants were significantly better than untreated plants in
terms of grain yield, photosynthetic pigments, and antioxidant enzymes activities. Applied
N-fertilizer alleviated the adverse effects of drought stress in wheat plants through keeping
higher relative water content and water use efficiency, higher osmoprotectants (soluble
carbohydrates, soluble proteins, total soluble phenols, and free proline) and antioxidant
systems (peroxidase, superoxide dismutase, glutathione reductase, and catalase) [30].
Sedri et al. [3] assessed the effect of different concentrations of nitrogen fertilizer (0, 30,
60, 90, and 120 kg/ha) on DTI of mean productivity (MP), GMP, TOL, SSI, STI, and
modified stress tolerance index (MSTI), in a rainfed wheat cultivar and reported that
drought tolerance of nitrogen-treated plants was significantly more than control plants, and
STI was the best index for drought tolerance assessment. Potassium is another important
nutrient element involved in grain weight, yield, and drought resistance of cereals [31,32].
The significantly higher content of endogenous K in a drought-resistant variety than a
drought-sensitive variety of wheat has been reported previously [33]. Potassium is also
involved in biotic stress tolerance of wheat [34]. Therefore, it seems that exogenous supply
of this nutrient element can lead to positive results in wheat under water deficiency
conditions. The positive effects of K fertilizer on grain filling and drought resistance
of wheat have been reported [35,36]. Potassium (K+) has significant effects on enzyme
activation, protein synthesis, photosynthesis, stomatal movement, and water-relation
(turgor regulation and osmotic adjustment) in plants [37]. The co-application of N and K
can prevent the harmful effects of drought stress through different routes. Application of
potassium-nitrate-containing chitosan/montmorillonite microparticles led to significant
increased root and shoot length, shoot fresh and dry weight, chlorophyll a, carotenoids, total
soluble proteins, soluble sugars, potassium, and phosphorous concentrations of spinach
(Spinacia oleracea L.) under severe drought stress [5].

In addition to the crop yield, there is an increasing attention to grain quality, especially
the grain protein content, in modern intensive agricultural production [38]. In arid and
semi-arid environments, wheat grain quality could be greatly affected by drought stress [39].
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One of the major challenges in producing high-quality wheat is inconsistency and instability
of wheat grain quality during grain filling [40]. Drought stress has an adverse effect on
wheat grain development through affecting booting and anthesis stages, disrupting meiosis,
reducing pollination efficiency, aborting ovules and seeds, reducing days to anthesis and
maturity, and resulting in early seed maturity [41].

Decreased grain yield and quality are the most important challenges of wheat pro-
duction under drought stress in arid and semi-arid regions. In addition to alleviating
the adverse effects of drought stress, the co-application of nitrogen with phosphorus,
potassium, and sulfur nutrients can reduce the rates of N fertilizer required by wheat,
improve grain yield and protein content, grain yield and grain protein content stability,
and subsequently reduce environmental pollution [42]. The present study was conducted
to investigate the main and interactive effects of nitrogen and potassium fertilizers on
yield components, qualitative characteristics, and yield-based DTI of an Iranian rainfed
cultivar (Azar-2) of wheat and find the best interacting levels of N and K on mentioned
characteristics under non-stress and drought stress conditions. We hypothesized that yield
components, qualitative characteristics, and DTI of Azar-2 would all be affected by the
interactions of N and K fertilizers.

2. Materials and Methods
2.1. Experimental Design and Treatments

Two field experiments were conducted, under rainfed (drought stress) and supplemen-
tal irrigation (non-stress) conditions, to assess the main and interactive effects of different
concentrations of N × K fertilizers on quantitative-qualitative properties, and drought tol-
erance of Azar-2 rainfed cultivar of wheat, in two continuous growing seasons (2014–2015
and 2015–2016). The treatments consisted of four rates of N (N0, N30, N60, and N90 kg/ha)
and K (K0, K30, K60, and K90 kg/ha) fertilizers. Factorial experiments, based on random-
ized complete block design (RCBD), were conducted in Arid Land Agricultural Research
Station of Qamloo in Kurdistan province, Iran (47◦29′ E longitudes and 35◦9′ N latitude).
The climate of this region is dry and cool [3].

For soil test, soil samples (6 samples, each being a combination of 10 samples) were
taken from 0–30 cm depth, before planting. The physic-chemical soil analysis of exper-
imental sites is presented in Table 1. Urea (46% N) and potassium chloride (60% K2O)
fertilizers were used as the source of N and K nutrients, respectively. Half of the mentioned
concentrations of N and K fertilizers were broadcasted uniformly in experimental plots;
before cultivation in fall, and remaining half was broadcasted in plots at tillering stage of
wheat in spring as top-dress fertilizer. Azar-2 rainfed cultivar of wheat was sown at 150 kg
seed per ha in plots of size 4 m × 5 m.

Table 1. Soil chemical and physical properties at arid land agricultural research station of Qamloo.

Environment SP
(%)

Ec × 10−3

(ds/m) pH T.N.V
(%)

OC
(%)

Total.N
(%)

P.ava
(mg/kg)

K.ava
(mg/kg) Texture

Drought
stress

37.820 0.590 7.900 14.380 0.700 0.080 15.900 210.000 Clay
37.930 0.570 7.900 25.140 0.650 0.080 16.700 200.000 Clay
39.760 0.620 7.950 15.000 0.670 0.070 16.400 180.000 Clay

Non-
stress

39.190 0.600 7.900 15.250 0.670 0.080 16.100 160.000 Clay
38.320 0.580 7.900 14.880 0.680 0.070 14.700 170.000 Clay
39.080 0.590 7.900 15.250 0.690 0.080 14.700 160.000 Clay

In non-stress conditions, supplemental irrigations were conducted in flowering and
grain filling developmental steps. The volumetric soil water contents at depth 0–30 cm
(rooting zone) and 30–60 cm were calculated using a time domain reflectometry (TDR)
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probe in different phonological stages. The net depth of irrigation (mm) to bring the soil to
field capacity was calculated using Equation (1) [43].

In = (θFC − θi)× Dz (1)

where, In is the net depth of irrigation (mm), is the volumetric soil water content at field
capacity (cm3/cm−3), is the volumetric soil water content before irrigation (cm3/cm−3),
and Dz is the rooting depth (mm).

2.2. Measurements

The main and interactive effects of N and K fertilizers were assessed on quantitative
(grain yield, straw yield, and 1000-seed weight) and qualitative (nitrogen and potassium
concentrations in flag leaves, nitrogen, potassium, and protein content of seeds) charac-
teristics of Azar-2 cultivar under both drought stress and non-stress conditions. Flag leaf
samples were gathered at the heading stage to measure their nitrogen and potassium
concentrations. Kjeldahl method was applied to determine the nitrogen content in flag leaf
and combined seed samples. Protein content (%) of seed samples was determined by multi-
plying N content by 6.25 [25]. Atomic absorption spectrum using a flame photometer was
applied to estimate the potassium concentration of flag leaf and combined seed samples
according to Yoshida et al. [44].

Grain yield, straw yield, and 1000-seed weight (TSW) were measured from randomly
selected samples at harvest stage.

2.3. Grain Yield and Grain Protein Content Stability

Stability of grain yield and protein content under interactive effects of applied N and
K fertilizers was evaluated using coefficient of variation (CV) index (Equation (2)) [45].

Coefficient of variance (CV) = (σ/
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2.4. Drought Tolerance Assessment

To assess the interactive effects of applied N and K fertilizers on drought tolerance of
Azar-2 cultivar of wheat, different yield-based DTI—including MP, GMP, TOL, SSI, STI,
and modified stress tolerance index (MSTI)—were calculated. Potential yield in normal
(the obtained seed yield in non-stress condition) (Yp) and drought stress condition (Ys),
the average performance in non-stress condition (Yp), and drought stress condition (Ys),
were measured and then the mentioned DTI were calculated according to the following
Equations (3)–(7) [11–13].

Mp =
Yp + Ys

2
(3)

GMP =
√

Yp×Ys (4)

TOL = Yp−Ys (5)

SSI =
1− (Ys/Yp)
1− (Ys/Yp)

(6)

STI =
Ys×Yp

Y2
p

(7)

Modified stress tolerance index were calculated for non-stress (defined as K1STI),
and drought stress (defined as K2STI) conditions, according to Equations (8) and (9) [46],
respectively

K1 = Y2p/ỹ2P (8)
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K2 = Y2s/ỹ2s (9)

2.5. Statistical Analysis

Statistical analyses, including the analysis of variance (ANOVA) and means compari-
son analysis were carried out using the MSTATC software. Least significant difference (LSD)
test at 1% (p ≤ 0.01) and 5% (p ≤ 0.05) probability levels was used for means comparison
analysis. The coefficient of variance and drought tolerance indices were calculated using
Excel 2010 software. Simple correlation analysis was conducted using SAS® software (SAS
Institute Inc., Cary, NC, USA).

3. Results and Discussions
3.1. Effect of the Mineral Content of the Soil on Morphological and Qualitative Parameters of the
Azar-2 Wheat Cultivar

The correlation coefficient analysis of measured mineral contents of field soil with
quantitative and qualitative characteristics of Azar-2 wheat cultivar showed that soil
minerals such as N, P, and K had significant correlation with grain yield and grain protein
content of Azar-2 cultivar in both stress and non-stress condition (Table 2). As the present
study was conducted in an open field, the obtained results are valuable for the future field
experiments to predict the grain yield and quality of the cultivated crop.

Table 2. Correlation coefficients of basic mineral content of the field soil with the quantitative and
qualitative parameters of the Azar-2 wheat cultivar.

Plant Characteristics
Soil Mineral Contents

Total.N (%) P.ava (mg/kg) K.ava (mg/kg) Total Neutralizing Value (T.N.V)

Grain yield 0.745 ** 0.591 ** 0.432 * 0.081 ns
Straw yield 0.230 ns 0.415 * 0.123 ns 0.341 ns

1000-seed weight 0.653 ** 0.471 * 0.215 ns 0.182 ns
Grain N content 0.823 ** 0.302 ns 0.243 ns 0.214 ns
Grain K content 0.146 ns 0.214 ns 0.732 ** 0.124 ns

Grain protein content 0.516 ** 0.504 ** 0.361 ns 0.632 **

**, *: Significant at 1% and 5% probability level, respectively. ns: Not significant.

3.2. Main and Interactive Effects of N and K Fertilizers on Quantitative Properties of Wheat under
Non-Stress and Drought Stress Conditions

The results of combined ANOVA showed that, under drought stress condition, the
main effect of year was significant on grain yield and straw yield at 1% probability level;
however, it was not affected 1000-seed weight trait (Table 3). Under non-stress condition,
the main effect of year was significant on grain yield, straw yield, and 1000-seed weight of
Azar-2 cultivar of wheat at 1% probability level (Table 3). Assessing yield trends in wheat
dryland farming and under different fertilization conditions is important to recommend
the best fertilizer rates and keep yield increases [47]. Crop yield stability can be assessed
through the CV, sustainable yield index (SYI), and some statistical methods such as additive
main effects and multiplicative interactions (AMMI). Obtained CV percentage of grain yield
under drought stress condition (15.59) was more than that of non-stress condition (10.75)
(Table 3). These results indicate higher variation degree and lower stability of average grain
yield of Azar-2 cultivar of wheat during 2014–2015 and 2015–2016 growing seasons under
drought stress conditions. Unlike grain yield, the CV percentage of straw yield under
drought stress conditions (22.6) was lower than calculated CV under non-stress condition
(23.25) (Table 3). It is obvious that environmental factors, such as water availability and
nutrients, can affect both crops yield and yield stability. In regions with variable water-
deficit years, additional water inputs led to more stable yield productivity in different
crops, such as wheat, maize, rice, and soybean, with [48]. Balanced nutrient supply can
also support long-term crop yield stability [27].
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Table 3. Combined analysis of variance of the main and interactive effects of nitrogen and potassium
fertilizers on quantitative characteristics of Azar-2 cultivar of wheat under drought stress and non-
stress environments.

Source of Variation df a

Mean Squares

Drought Stress Non-Stress

Grain Yield Straw Yield 1000-Seed Weight Grain Yield Straw Yield 1000-Seed Weight

Year (Y) 1 25,043,094.000 ** 463,457,153.760 ** 0.076ns 6,043,077.042 ** 306,159,695.010 ** 283.800 **
Year × Block 4 235,071.146 * 753,715.948 ns 11.898* 1,941,093.104 ** 4,435,583.292 ** 25.351 **
Nitrogen (N) 3 1,570,010.069 ** 186,390.955 ns 63.570** 4,827,021.917 ** 945,981.038 ns 14.306 *

Y × N 3 171,841.917 ns 328267.622 ns 4.778 ns 642,481.125 ** 503,941.872 ns 4.887 ns
Potassium (K) 3 20,432.819 ns 547,642.955 ns 2.226 ns 5886.944 ns 1,035,804.233 ns 17.604 ns

Y × K 3 143,145.944 ns 1,253,567.399 ns 5.846 ns 31,186.819 ns 2,319,904.622 ns 0.608 ns
N × K 9 79,243.440 ns 163,752.890 ns 5.099 ns 55,293.694 ns 1,114,630.612 ns 5.808 ns

Y × N × K 9 111,048.639 ns 808,701.927 ns 1.765 ns 125,138.421 ns 2,078,221.446 ns 5.968 ns
Error 60 80,213.690 1,003,141.292 4.206 66,966.582 1,063,045.258 4.356

CV (%) 15.590 22.600 5.170 10.750 23.250 4.380

a degree of freedom; **, *: Significant at 1% and 5% probability level, respectively. ns: Not significant.

The trend of wheat grain yield stability, based on calculated CV (%), with interactive
effects of different rates of N and K fertilizers is depicted in Figure 1a. The highest and
lowest CV percentages were obtained from N0 × K30 (30.14%) and N90 × K60 (18.17%)
(Figure 1a). These results indicate positive effect of combined use of N and K fertilizers
on grain yield stability of rainfed Azar-2 wheat. Azar-2 is a well-known dryland wheat
cultivar in Iran, with acceptable levels of water use efficiency, grain yield, and biomass
production under water-limited conditions [49]. At present, Azar-2 has the second rank of
cultivated area in dryland conditions of cold and temperate regions of Iran. This cultivar
can be useful for cultivation in arid and semi-arid regions of the world. The present
study conducted in two constitute years to assess the drought response of this cultivar
under the effect of N and K fertilizers. Azar-2 cultivar in rotation with a plant species
that enriches the soil with nitrogen, such as chickpea (Cicer arietinum), is ideal for rainfed
agriculture in countries with water scarcity. This rotation can improve nitrogen uptake,
grain protein, soil nitrogen, soil properties, and elevated availability of nutrients [50]. Liu
et al. [51] investigated the effects of different rates of N fertilizer (100%, 75%, 50%, 25%,
and 0%) and two tillage patterns (conventional tillage and no-tillage) on wheat and maize
productivity in a long-term experiment (10-year). Authors concluded that higher yield
stability, according to the calculated SYI, in both wheat and maize cropping system were
obtained by application of 75% and 50% N [51]. In terms of yield stability, the combined
use of different fertilizers can be more effective than application of one kind of fertilizer
alone [52]. In rainfed winter wheat, using a long-term fertilization experiment (20-year),
it was revealed that higher grain yield and sustaining the productivity were obtained by
integrated use of N and phosphor (P) fertilizers than the sole application of N and/or P [47].
Han et al. [45] assessed the effects of inorganic fertilizers (N, NP, NPK) and organic manure
(M) on the yield stability of rice and wheat during a long term (34-year) field experiment
and reported that the combined use of both organic manure and inorganic fertilizer led to
lower CV of wheat yield and straw biomass. The yield stability analysis of winter wheat
in a long-term fertilization experiment (36-year), using AMMI method, it was revealed
that 62.3%, 26.3%, and 11.4% of sums of squares were attributable to fertilization effect,
environmental effect, and fertilization × environmental interaction effect, respectively. In
addition, authors concluded that the combination of organic and inorganic fertilization led
to more stable yields than applied organic or inorganic fertilization alone [53].

In both drought stress and non-stress conditions, the main effect of N fertilizer on grain
yield was significant at 1% probability level (Table 3). The main effect of N fertilizer on 1000-
seed weight trait was significant under both drought stress and non-stress conditions, at 1%
and 5% probability levels, respectively (Table 3). However, this effect was not significant
on straw yield under non-stress and drought stress environments (Table 3). Results of
means comparison analysis using LSD test showed that grain yield of Azar-2 cultivar of
wheat was increased with increasing levels of N fertilizer, under both drought stress and
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non-stress environments. However, obtained grain yields in the non-stress environment
were more than those obtained under drought stress conditions (Table 4).
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Table 4. Means comparison analysis of the main effect of applied concentrations of nitrogen fertilizer
on quantitative characteristics of Azar-2 cultivar of wheat under drought stress and non-stress
environments.

Nitrogen (kg/ha)
Drought Stress Non-Stress

Grain Yield (kg/ha) 1000-Seed Weight (g) Grain Yield (kg/ha) 1000-Seed Weight (g)

N0 1473.000 41.580 1893.000 48.820
N30 1788.000 40.320 2279.000 47.500
N60 1941.000 39.000 2657.000 27.250
N90 2066.000 37.820 2857.000 47.160

LSD (5%) 163.500 1.184 149.400 1.205
LSD (5%) 217.500 1.575 198.700 1.603

Zhang et al. [54] assessed the effect of irrigation and nitrogen application on grain
yield and quality of winter wheat over three cropping seasons and reported that N fertilizer
significantly increased grain yield, grain protein and the total, essential, and non-essential
amino acid content. The results of a long-term (20-years) evaluation of effects of N fertilizer
on durum wheat revealed that grain yield was remarkably increased by N fertilizer applica-
tion [55]. It has been reported that the effect of nitrogen fertilization on grain yield variation
of winter wheat is more important than annual weather conditions [27]. Nitrogen affects
canopy formation, photosynthesis, and subsequently wheat grain yield. Although growth,
grain yield, and quality of wheat absolutely depend upon substantial N inputs [56], finding
the optimum concentration and avoid over and under-use of N fertilizer is very important
to keep maximum productivity with reduced costs, resource waste, and environmental
pollution [51].

The interaction effect of N × K was not significant on grain yield, straw yield, and
1000-seed weight of wheat under both drought stress and non-stress environments (Table 3).
These results may relate to the K deficiency in the soil of experimental site (Table 1). In soils
with high concentrations of P, K, and S, less N fertilizer might be required for crops to reach
rainfall-limited yield potentials. In addition, genetic variation and weather conditions can
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also affect N × nutrient(s) interactions [42]. In addition, water deficiency and drought
stress may prevent the absorption of potassium in wheat plants. In comparison with control
treatment (N0K0), grain yield of Azar-2 cultivar of wheat increased by 52% with application
of N90K60 (Figure 2a). The highest positive increases were then obtained by N90K90 (46%)
and N90K0 (42%) interactive effects, respectively (Figure 2a).
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Figure 2. Changes of grain yield and protein content of wheat Azar-2 cultivar under applied
interactive rates of N and K fertilizers versus control treatment. (a) Differences of grain yield
achieved by interactive effects of N and K fertilizers versus control treatment. (b) Differences of grain
protein content achieved by interactive effects of N and K fertilizers versus control treatment. Means
followed by the same letters within columns are not significantly different at the 5% level.

Based on the results of combined ANOVA, the main effect of K fertilizer, its interactive
effects with year (year × potassium) and with N fertilizer (nitrogen × potassium), were not
significant on all investigated quantitative characteristics of Azar-2 cultivar of wheat neither
in drought stress nor in non-stress environments (Table 3). In addition, the interactive
effect of year × nitrogen × potassium was not significant on grain yield, straw yield, and
1000-seed weight traits, under both drought stress and non-stress conditions (Table 3).
It can be related to the non-significant main effect of potassium. In the hierarchy of
nutrients for wheat, carbon, N and P are more important than K [57]. Although it has
been reported that K fertilizer can affect grain filling and grain yield of wheat under
drought stress conditions [32]; however, the main effect of K and its interactive effect with
N fertilizer were not significant on grain yield and 1000-seed yield of wheat in the present
study. It can be related to the cool condition of the present study, as the previous study
was conducted in a controlled dry condition [32]. Assessing the interactive effects of N
fertilizer with other components involved in tolerance to cold and chilling stresses, such
as brassinosteroids [58], could be more helpful to increase both drought-cold tolerance in
wheat under the environments similar to the present study.
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3.3. Main and Interactive Effects of N and K Nutrients on Qualitative Properties of Wheat under
Non-Stress and Drought Stress Conditions

According to the results of combined ANOVA, potassium concentration of flag leaves
and nitrogen and protein contents of grains were changed during to evaluated growing
seasons, under drought stress condition (Table 5). Vazquez et al. [59] also reported the
significant effect of the year on grain yield and grain protein concentration of wheat in
two growing seasons of 2012 and 2013. The obtained CV percentage of grain protein
concentration under drought stress (16.35) was lower than that of non-stress conditions
(20.42) (Table 5). These results indicate the higher stability of grain protein content of Azar-2
cultivar of wheat under drought stress environment. Giunta et al. [60] evaluated grain
protein stability in old and modern durum wheat cultivars, grown under different cropping
systems in terms of soil fertility, sowing date, sowing rate, and nitrogen rate, and reported
that the greatest genotype and year interaction (G × Y) was obtained by the more favorable
years. They also reported that the interaction of rainfall, during post-anthesis, with nitrogen
availability was the main cause of G × Y interaction for grain protein percentage [60].

Table 5. Combined analysis of variance of the main and interactive effects of nitrogen and potassium
fertilizers on qualitative characteristics of Azar-2 cultivar of wheat under drought stress and non-stress
environments.

Source of Variation df a

Mean Squares

Drought Stress Non-Stress

Flag Leaves Grain Flag Leaves Grain

N K N K Protein N K N K Protein

Year (Y) 1 0.013 ns 4.263 ** 4.438 ** 0.001 ns 144.158 ** 3.323 ** 0.672 ** 3.046 ** 0.015 ns 105.169 **
Year × Block 4 0.957 ** 0.090 ns 1.475 ** 0.045 ** 47.927 ** 1.042 ** 0.336 ** 3.674 ** 0.012 ns 120.638 **
Nitrogen (N) 3 0.068 ns 0.058 ns 0.093 ns 0.003 ns 3.073 ns 0.436 ns 0.280 * 0.092 ns 0.006 ns 2.435 ns

Y × N 3 0.098 ns 0.140 * 0.029 ns 0.012 ns 0.932 ns 0.303 ns 0.064 ns 0.187 ns 0.008 ns 7.067 ns
Potassium (K) 3 0.113 ns 0.047 ns 0.084 ns 0.002 ns 2.722 ns 0.184 ns 0.044 ns 0.057 ns 0.001 ns 2.584 ns

Y × K 3 0.070 ns 0.021 ns 0.003 ns 0.003 ns 0.083 ns 0.222 ns 0.073 ns 0.280 ns 0.003 ns 10.751 ns
N × K 9 0.131 ns 0.039 ns 0.271 ** 0.006 ns 8.820 ** 0.271 ns 0.070 ns 0.126 ns 0.003 ns 3.992 ns

Y × N × K 9 0.199 ns 0.082 ns 0.206 * 0.007 ns 6.638 * 0.151 ns 0.050 ns 0.205 ns 0.004 ns 7.533 ns
Error 60 0.196 0.044 0.099 0.005 3.199 0.208 0.091 0.197 0.006 6.405

CV (%) 15.40 16.61 16.360 24.320 16.350 14.090 23.170 20.350 20.740 20.420
a degree of freedom; **, *: Significant at 1% and 5% probability level, respectively. ns: Not significant.

The main effects of N and K fertilizers were not significant on investigated qualitative
characteristics, except in non-stress condition that the main effect of N fertilizer on potas-
sium content of flag leaves was significant at 5% probability level (Table 5). Flag leaves are
an important source of N metabolites, including amino acids, which then transport them
into the developing kernels [61]. Under drought stress conditions, the interactive effect
of N × K fertilizers was significant on nitrogen and protein contents of wheat grain at a
1% probability level; however, this effect was not significant on all investigated qualitative
characteristics under non-stress condition (Table 5). The interactive effect of year × N × K
was only significant on nitrogen and protein contents of wheat grains at a 5% probability
level under drought stress conditions (Table 5). These results indicate the importance
of applied fertilizers on qualitative characteristics of wheat grain under water deficiency
condition. The use of different nutrients is one of the practical strategies to maintain wheat
flour quality. Tao et al. [40] investigated the effect of sulfur fertilization on wheat grain
production and wheat flour proteins and reported that grain and protein yields; grain
weight; total protein, albumin, gliadin, glutenin, and globulin contents; and total starch
were increased using sulfur fertilization. In terms of grain protein concentration stability,
the lowest calculated CV was obtained from interaction of N90 × K60 (7.77); however, the
highest CV percentage was obtained from the sole application of K fertilizer (N0 × K30)
(31.52) (Figure 1b). Therefore, the co-application of N and K fertilizers led to the higher
grain protein content stability than the individually applied fertilizers (Figure 1b). Balanced
nutrition—co-application of N, P, and K, nutrients—may protect proteins against protein
dilution as yields increase [42]. Water availability and nutrients supply both can affect
the grain N concentration and grain protein content of wheat. Yan et al. [62] reported the
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different responses of the grain N concentration of winter wheat to the changing rates of fer-
tilization and irrigation. Authors stated that the grain N concentration was firstly increased
and then decreased with increasing rate of fertilization, whereas increasing irrigation rate
first led to decrease and then increase of this trait.

Based on the means comparison analysis of the combined data of 2014–2015 and
2015–2016 growing seasons, using LSD test, the highest means of nitrogen and protein
contents of wheat grains were obtained from interactive effects of N60 × K0 treatment
(Figure 3a,b). The lowest means of these two qualitative characteristics were obtained from
N0 × K0 treatment (Figure 3a,b). These results indicate the superiority of N than K in
wheat grain quality. In comparison with control treatment (N0K0), protein content of wheat
grains increased by 2.90% with application of N90K0 (Figure 2b). However, in contrast to
N0K0, protein content changes were 0.24%, −2.28%, and −0.44% with N90K30, N90K60,
and N90K90 fertilizers, respectively (Figure 2b). The reduced protein content of wheat
grains with increasing levels of K fertilizer, in a constant level of N fertilizer (N90), can be
related to the disturbed nutritional balance of wheat under drought stress conditions.
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Figure 3. The means comparison analysis of the interactive effects of nitrogen and potassium
fertilizers on qualitative characteristics of Azar-2 cultivar of wheat under drought stress condition
using LSD test at 5% and 1% probability levels. (a) The interactive effects of nitrogen and potassium
fertilizers on nitrogen content of grains. (b) The interactive effects of nitrogen and potassium fertilizers
on protein content of grains.

The positive effect of nitrogen fertilization on nitrogen and protein content of wheat
grain has been reported previously [63]. Evaluation of long-term (1966–2016) experimental
data revealed that grain-nitrogen concentration of wheat increased linearly with increases
in N, whereas it reduced with increases in P and K rate [64]. Nitrogen regime has important
role in the concentration of storage protein in wheat grains and bread-making quality [59].
Increasing grain protein concentration with increasing levels of N fertilizer has been re-
ported in wheat [65]. Zhang et al. [66] reported that expression of glutamine synthetase
genes (GS1 and GS2) in wheat cultivars were significantly increased with applied high
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levels of N fertilizer. They also reported that high nitrogen resulted in increased grain yield,
grain protein content, and protein fraction. Grain protein concentration is an important
factor that determines baking quality of wheat flour. The protein content of wheat grains
is more than other important cereals—such as maize (Zea mays), millet (Pennisetum glau-
cum), rice (Oryza sativa), and rye (Secale cereale)—which makes wheat flour valuable for
the production of bread, pasta, and other bakery products [56]. Obtained grain protein
concentration under drought stress condition (12.24%) (Figure 3b) is suitable for bakery
products, as recently it has been reported that baking volume of wheat varieties with a
1–2% lesser protein content than varieties with high raw protein content (13–16%) was
similar [56].

3.4. Main and Interactive Effects of N and K Nutrients on Yield-Based Drought Tolerance Indices
of Wheat

Estimated values of YP, YS, MP, GMP, TOL, SSI, STI, K1STI, and K2STI in Azar-2
cultivar of wheat under the interactive effects of N and K fertilizers are presented in Table 6.
The highest YP and YS values were obtained from N90 × K90 and N90 × K60, respectively
(Table 6). The highest MP, GMP, STI, K1STI, and K2STI drought tolerance indices were
obtained from the interaction of N90 × K60; whereas the lowest values of the mentioned
DTI were obtained from N0 × K60 interactive effect (Table 6). The highest and lowest
estimated TOL and SSI values were obtained from the N90× K30 and N0× K90 interactive
effects, respectively (Table 6). The obtained results indicate the greater importance of N
fertilizer than K fertilizer in drought tolerance of wheat. These results also showed the high
interaction effects of investigated concentrations of N and K fertilizers on DTI of Azar-2
cultivar of wheat. Correlation coefficient of drought tolerance indices and grain yield is a
suitable criterion for screening the best indices [67].

Table 6. Drought indexes in different rates of nitrogen and potassium fertilizers in rainfed wheat
over two years.

Nitrogen
(kg/ha)

Potassium
(kg/ha)

Ys
(kg/ha)

Yp
(kg/ha) MP GMP TOL SSI STI K2STI K1STI

N0

K0 1483 1881 1682 1670 398 0.86 0.48 0.31 0.29
K30 1537 1853 1695 1688 317 0.70 0.49 0.35 0.28
K60 1411 1924 1667 1648 512 1.08 0.47 0.28 0.29
K90 1461 1700 1580 1576 238 0.57 0.43 0.27 0.21

N30

K0 1898 2356 2127 2114 458 0.79 0.77 0.83 0.72
K30 1885 2254 2070 2061 369 0.67 0.73 0.78 0.63
K60 1638 2230 1934 1911 592 1.08 0.63 0.50 0.53
K90 1731 2278 2005 1986 547 0.98 0.68 0.61 0.59

N60

K0 1835 2731 2283 2238 896 1.34 0.86 0.87 1.08
K30 2060 2646 2353 2335 585 0.90 0.94 1.19 1.10
K60 1906 2514 2210 2189 609 0.99 0.83 0.89 0.88
K90 1962 2737 2350 2317 775 1.15 0.93 1.06 1.17

N90

K0 2110 2748 2429 2408 638 0.95 1.00 1.33 1.27
K30 1880 2880 2380 2327 1000 1.41 0.93 0.98 1.30
K60 2142 2896 2519 2491 754 1.06 1.07 1.46 1.51
K90 2129 2903 2516 2486 774 1.09 1.07 1.44 1.51

Mean 1817 2408 2112 2090 591 0.98 0.77 0.82 0.83

Yp: grain yield under non-stress condition; Ys: grain yield under drought-stress condition; MP: mean productivity;
GMP: geometric mean productivity; TOL: tolerance; SSI: stress susceptibility index; STI: stress tolerance index;
K1STI: modified stress tolerance index in non-stress condition; K2STI: modified stress tolerance index in drought
stress condition.

The simple correlation of calculated yield-based drought tolerance indices with grain
yield under the non-stressed (Yp) and moisture-stressed (Ys) conditions are shown in
Table 7. K2STI showed the highest positive correlation with grain yield under drought stress
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condition (r = 0.96 **), following with GMP and STI indices (r = 0.94 **) (Table 7). K1STI, MP,
GMP, and STI showed the highest positive correlation with grain yield under non-stress
condition (Table 7). Nitrogen can improve drought tolerance of wheat through affecting
physiological and biochemical processes such as accumulation of osmoprotectants and
activity of antioxidant enzymes [26]. There is a positive correlation between water deficit
stress and accumulation of reactive oxygen species (ROS) in cellular organelles [1,68]. Some
cellular components, such as osmoprotectants and antioxidants, can stabilize cell membrane
and proteins under stressful conditions through scavenging cellular ROS accumulation and
keeping cell osmotic pressure [7,69]. In other hands, it has been reported that exogenous
nitrogen supply led to higher osmoprotectants, antioxidant system, and lower relative
membrane permeability in wheat plants [30]. Therefore, ROS detoxification and osmotic
adjustment are the possible physiological mechanisms through which N-fertilizer can
alleviate damages of drought stress in wheat and other plants.

Table 7. Simple correlations of yield-based drought tolerance indices and grain yield of Azar-2
cultivar of wheat.

Ys Yp MP GMP TOL SSI STI K2STI K1STI

Ys 1
Yp 0.85 ** 1
MP 0.92 ** 0.97 ** 1

GMP 0.94 ** 0.95 ** 0.99 ** 1
TOL 0.56 * 0.86 ** 0.77 ** 0.75 ** 1
SSI 0.23 ns 0.63 ** 0.48 ns 0.45 ns 0.90 ** 1
STI 0.94 ** 0.95 ** 0.99 ** 0.99 ** 0.75 ** 0.45 ns 1

K2STI 0.96 ** 0.94 ** 0.98 ** 0.99 ** 0.73 ** 0.43 ns 0.99 ** 1
K1STI 0.89 ** 0.99 ** 0.98 ** 0.97 ** 0.83 ** 0.57 * 0.97 ** 0.96 ** 1

Yp: grain yield under non-stress condition; Ys: grain yield under drought-stress condition; MP: mean productivity;
GMP: geometric mean productivity; TOL: tolerance; SSI: stress susceptibility index; STI: stress tolerance index;
K1STI: modified stress tolerance index in non-stress condition; K2STI: modified stress tolerance index in drought
stress condition. **, *: Significant at 1% and 5% probability level, respectively. ns: not significant.

Estimated SSI values from the interaction of different rates of N fertilizer across
applied rates of K fertilizer showed decreasing trend in interaction of lowest concentration
of N (N30) with increased concentration of K (K0 to K30), and then it was increased with
increasing levels of K (Figure 4a). Estimated STI values during two investigated growing
seasons showed an increasing trend with increasing rates of N fertilizer across applied
rates of K fertilizer (Figure 4b). The intersection point of STI trend curve was observed in
N60 × K30 and N90× K30 (Figure 4b). Therefore, there is no significant difference between
these two interactive treatments in terms of grain yield under drought stress condition.
However, the highest STI values were obtained by N90K60 and N90K90. K1STI was also
had uniform trends with changing rates of N fertilizer across different rates of K fertilizer
(Figure 4c). Unlike K1STI, K2STI showed variable trends, especially with N60 and N90
across different concentrations of K fertilizer (Figure 4d). The highest values of K1STI and
K2STI were also obtained by interactive rates of N90K60 and N90K90 (Figure 4c,d). At
all, it can be concluded that N90K60 and N90K90 were the best interactive rates of N and
K fertilizers in terms of drought tolerance indices. However, N90K60 is the best, as the
intersection point of SSI was also obtained in K60 (Figure 4a).

Drought stress indices are mainly applyied by researchers to find most tolerant geno-
types among huge number of studied genotypes. However, in the present study, DTI were
applied to find the best interaction(s) of N and K fertilizers for enhance drought tolerance
of a rainfed cultivar, Azar-2, cultivar of wheat. Sedri et al. [3] used drought stress indices of
MP, GMP, TOL, SSI, STI, K1STI, and K2STI to evaluate effect of different concentrations
of N fertilizer on drought tolerance of rainfed wheat and reported that application of
60 kg/ha N fertilizer improved both grain yield and drought tolerance of wheat. Khan and
Mohammad [70] used stress tolerance indices of TOL, MP, harmonic mean (HM), SI, GMP,
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STI, YI, YSI, low nitrogen tolerance index (LNTI), nitrogen stress index (NSI), nitrogen
index (NI), stress susceptibility percentage index (SSPI), K1STI, K2STI, and relative nitrogen
index (RNI) to assess grain yield of wheat varieties under with (N+) and without nitrogen
(N0) conditions. They reported that only NI had a positive correlation with grain yield
under stress conditions [70].
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Figure 4. Trend of drought tolerance indices of Azar-2 cultivar of wheat under interactive effects
of nitrogen and potassium fertilizers. (a) Trend of estimated SSI values under interactive effects of
different concentrations of nitrogen and potassium fertilizers. (b) Trend of estimated STI values
under interactive effects of different concentrations of nitrogen and potassium fertilizers. (c) Trend of
estimated K1STI values under interactive effects of different concentrations of nitrogen and potassium
fertilizers. (d) Trend of estimated K2STI values under interactive effects of different concentrations of
nitrogen and potassium fertilizers.

Although yield-based DTI are most applied tools to identify tolerant genotypes in
different crops, however, their discrimination efficiency depends on stress severity. Mo-
hammadi [71] applied STI, GMP, MP, TOL, SSI, YSI, and YI drought tolerance indices to
identify tolerant genotypes of durum wheat under mild, moderate, and severe levels of
drought stress and reported that, under severe stress, discrimination among the genotypes
was better than mild stress condition.

4. Conclusions

The exogenous supply of some nutrients, especially nitrogen, can improve grain yield,
grain quality, and yield stability of wheat. In addition, these nutrients can alleviate drought
stress-induced yield loss of wheat. The interactive effects of N and K fertilizers were not
significant on grain yield trait, under both drought stress and non-stress environments;
however, the main effect of N was significant on grain yield in both investigated envi-
ronments. The interactive effects of N and K fertilizers, under drought stress conditions,
significantly affected the grain protein content. In comparison with control treatment
(N0K0), the highest increases of grain yield and grain protein content were obtained from
the interactive rates of N90K60 and N90K0, respectively. The grain yield stability, based
on calculated CV percentage of grain yield, of Azar-2 rainfed cultivar of wheat in drought
stress condition was lower than non-stress condition. Calculated CV percentage of grain
protein content under drought stress was lower than that obtained from non-stress con-
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dition. In terms of grain yield and grain protein content stability, the combined use of N
and K fertilizers (interaction of N90 × K60) was better than N and K fertilizers individually.
The interaction of N90 × K60 led to the highest estimated MP, GMP, STI, K1STI, and K2STI
drought tolerance indices. K2STI, GMP, and STI had the highest positive correlation with
grain yield of Azar-2 rainfed cultivar of wheat under drought stress condition.

The positive effect of N fertilizer on yield and drought tolerance of wheat was sig-
nificant in the present study. However, using other components involved in chilling
tolerance—such as brassinosteroids and hydrogen sulfide—along with N fertilizer could
enhance drought-chilling tolerance of wheat and increase its productivity under environ-
ments similar to the environment of the present study (cool and dry).

The present study could be expanded to include other types of fertilizers (individually
or combined) and other wheat genotypes in future experiments. Different tolerance-
enhancing components could be used along with conventional fertilizers to enhance biotic
and abiotic stress tolerance of wheat genotypes. However, there are some limitations
for both in-door and open filed assessments in this regard. Genotype × environment
interaction is an important influencing factor that should be considered in stress toler-
ance assessment experiments. Many phenological, morphological, physiological, and
biochemical characteristics must be assessed to find the best interaction(s) of applied stress
tolerance-enhancers. This creates a multi-factorial condition, which is difficult to interpret.
Advanced machine learning algorithms could be useful to make the right decisions in
these situations.
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Abstract: The Natural Park of Albufera (Valencia, Spain) is an important Mediterranean coastal
wetland that suffers continuous environmental effects from human activities and water uses, mainly
related to agriculture and urban/industrial sewage discharges. The aim of this research was to
assess the water quality of the different aquatic environments of this wetland, taking into account
the connection between them, the agricultural impact and the management of irrigation water. The
UE Water Framework Directive was followed in order to evaluate the ecological and trophic status
of water systems. Spatial approaches were used to integrate physicochemical data into GIS vector
layers to map the more problematic points of pollution. The results showed a globally eutrophic
system with poor ecological potential. The wetland is nutrient-overloaded during the entire rice
cultivation period. Good-quality water inputs are deficient, since the river network already has
high levels of nutrients and pollutants, especially in the northern area, where river water is mixed
with inappropriate effluents from wastewater treatment plants. Agriculture and water management
affected the area intensively up to the Albufera lake, modulating most of the studied variables. The
information gathered here can help to optimize the global study and management of the coastal
Mediterranean wetlands, which are highly linked to agriculture.

Keywords: water quality; agro-ecological wetland; irrigation; nutrients; ecological status

1. Introduction

The impact of human activity on nature is already known to constitute a new geological
epoch, the Anthropocene [1,2]. The main current environmental problems, such as climate
change, the loss of biodiversity, water pollution and desertification, are rooted in the
impact of populations on natural resources and ecosystems. Wetlands are among the
most important freshwater aquatic ecosystems, although they are also among the most
vulnerable on the planet. They are considered indispensable for the ecosystem services
they provide to humanity, including natural reserves of fresh water, the supply of essential
foods, flood control and groundwater recharge and discharge, as well as being natural areas
of great biological diversity [3]. Furthermore, more recently, many studies have confirmed
that wetlands play a significant role in the permanent sequestration of carbon, acting
as important buffers to climate change [4–8]. However, despite their importance, these
aquatic ecosystems are currently at risk of disappearing due to the overexploitation of their
resources and the continuous anthropogenic pressure to which they are subjected. Major
anthropogenic activities include the conversion of natural wetlands into land for intensive
agriculture or for industrial and urban development. As a result, it is now known that
from 1970 to 2015, about 35% of the natural wetlands have disappeared and 36% of coastal
wetland-dependent species have decreased. In addition, the quality of wetland water bodies
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has experienced negative trends due to nutrient run-off from intensive agriculture and
the release of urban pollutants from wastewater treatment plants (WWTPs) and untreated
wastewater discharges [9,10].

In this context, Mediterranean coastal wetlands are examples of the fragility of these
areas. Ecologically, these wetlands are recognized as biodiversity hotspots, especially
for birds, serving as a refuge during migratory processes. In addition, they have a high
economic value, as they are linked to important economic activities such as fishing, salt
production and rice farming [11,12], but in contrast they have undergone several anthro-
pogenic effects [13,14]. These wetlands have experienced dramatic changes in recent years,
which could worsen in the coming decades [15–17]. Climate change has increased mean
temperatures by 1.4 ◦C in the region since the preindustrial period and has also increased
the frequency of severe drought events, contributing to the desertification of these natu-
ral areas [11,18]. Overall, it is estimated that 50% of Mediterranean wetlands have been
lost in the last century [19]. Moreover, they all depend on complex hydrological cycles,
determined mainly by groundwater and irrigation networks [11]. All these factors imply
the complexity of managing of these ecosystems, which makes challenging to develop
monitoring, conservation and environmental restoration strategies [9,11,20].

In recent decades, many environmental agencies around the world have established
policy instruments to protect inland, transitional and coastal waters, as well as procedures
to evaluate their status based mainly on large-scale assessments [9,21]. In 1991, the Eu-
ropean Union (EU) developed the Nitrates Directive (91/676/EEC), which deals with
pollution caused by nitrates from agricultural sources. It requires Member States to identify
polluted waters and “Nitrate Vulnerable Zones” and establish Codes of Good Agricul-
tural Practice and effective Action Programmes [22]. That same year, the EU developed
the Urban Wastewater Treatment Directive (91/271/EEC), which sets out a number of
obligations in relation to collection systems, with further restrictions in areas sensitive to
eutrophication [23]. In 2000, the EU introduced the most ambitious and influential ecologi-
cal legislative framework, the Water Framework Directive (2000/60/EC). This European
Directive, based on a new approach to water policy, had as its first objective the achieve-
ment of a good status for EU waters by 2015 [24], and clearly involves the assessment,
protection and restoration of wetlands as part of its purpose. This directive, together with
the Birds Directive (2009/147/EC) and Habitats Directive (92/43/EEC), aim to achieve the
sustainable use of wetlands resources and the conservation of their ecological functions
and attributes [24].

The trophic state index is commonly used to determine the trophic degree of water
bodies [25]. The Water Framework Directive has water quality indicators that also take
into account the complexity of each aquatic ecosystem: the human pressures to which
they are exposed and the spatio-temporal variation of its physicochemical characteristics,
among other features [21,26–28]. The most important index is the ecological potential: “an
expression of the quality of the structure and functioning of aquatic ecosystems associated
with surface waters” [24]. This approach is based on thresholds assigned to specific
physicochemical, hydrological and biological indices [29] and allows the assessment of the
chemical status of water bodies and reversing deterioration trends.

In addition, recently new tools and methodologies have emerged for the environmen-
tal assessment of wetlands, such as remote sensing [30], which can evaluate the state of
water bodies at spatial and temporal levels at different resolutions, and algorithms have
been developed to measure limnological parameters [31–34]. Moreover, geographic infor-
mation systems (GIS) have allowed new approaches in recent years different environmental
compartments incorporating into environmental studies (known as landscape functional
areas, LFAs) [35], as well as the hydrological connectivity between zones. The model-
ing approach [36] is often specific for an aquatic system [37], but can simulate wetland
characteristics under different scenarios, frequently related to climate change [26,38–40].

The Natural Park of Albufera (Valencia, Spain) is an important Mediterranean coastal
wetland (RAMSAR and NATURA 2000 site), which includes the largest Iberian coastal
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lagoon. This wetland, the Doñana National Park and the Ebro Delta Natural Park represent
three relevant natural reserves and areas for Spanish rice production. The present work
evaluates for the first time the water quality of the different aquatic environments of this
Mediterranean wetland, taking into account their connectivity, the agricultural impact and
the management of irrigation water. The study will assess the current ecological status of
the wetland water systems depending on the different agricultural activities and the origin
of the irrigation water. The main aims of our study are to (1) analyze the differences in the
water quality of the aquatic ecosystems at the beginning and the end of rice cultivation,
(2) study the spatial heterogeneity of the variables using GIS approaches to assess water
quality differentially according to agricultural activities in the catchment area and in relation
to the management of the irrigation water and (3) determine the ecological and trophic
status of the water systems of the wetland. The results can contribute to improving global
databases on Mediterranean coastal wetlands, as well as helping to develop adequate
management and assessment plans for these complex ecosystems.

2. Methods
2.1. Study Area

The study area is an extensive zone that includes part of the main rivers, irrigation
channels and inflows and outflows related to the Natural Park of Albufera, which is located
in eastern Spain (39◦20′ N, 0◦21′ W) (Figure 1A). It is delimited by the rivers Turia (to the
north) and Jucar (to the south). This wetland is near the city of Valencia and it is surrounded
mostly by rice fields, as well as some industries. For this reason, the area presents a complex
relationship between its intrinsic natural importance and human activities. The wetland
has an area of 210 km2 and is an important coastal Mediterranean wetland, protected by
the Ramsar Convention and the European Habitat List NATURA 2000 [41].
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Figure 1. Study area with the principal river networks, the limit of the Natural Park of Albufera and
the area of Albufera Lake. (A) Sampling points classified according to their corresponding aquatic
habitats and arrows showing the principal water flow to the natural park. (B) Sampling points
classified according to the agricultural activity carried out in their vicinity. Base image: OrtoPNOA
2018 CC-BY 4.0 scne.es.
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In the study area there are three main types of crops (Figure 1B). On the one hand, the
rainfed farming that once covered the western lands has been replaced by crops of fruit
trees, especially citrus [42]. Since 1979, this area has been crossed from south to north by the
Jucar-Turia Canal, which was designed to transport water from the Jucar to the Turia River
and supply water to all the irrigated fields on both sides of the canal [43]. On the other
hand, we can also find vegetable crops located near small towns in the border of the natural
park. Finally, the farming activity of greatest interest to our study is rice cultivation, due to
the fact that it has developed practically throughout the entire extent of the natural park,
covering 73% of its surface area [21]. To achieve the effective irrigation of rice paddies, the
entire study area supports a dense structure of overland artificial canals for the irrigation of
59.7 km and a density of 323 m/km2 that connect the water from the Rivers Jucar and Turia
with the crops [44]. However, this complex irrigation system connects many of the canals
with the sewerage infrastructures of the surrounding municipalities, receiving industrial
and urban discharges. These sewage effluents are considered sources of nutrients [45,46]
and emerging pollutants, such as perfluoroalkyl substances, organophosphorus flame
retardants and pharmaceuticals and personal care products, among others [47–50].

In the center of the Natural Park is the Albufera Lake, a shallow (mean depth of 1 m)
and oligohaline (salinity 1–2%) lagoon, that represents the largest Spanish coastal lake,
with a surface area of 23.2 km2, covering approximately 11% of the wetland area [51,52].
The hydrology of the lake combines natural contributions (seasonal rainfall) with complex
water management for rice cultivation [53]. The lake’s hydrological cycle has two periods
of low water renewal from November to December and from April to September during
rice sowing and growing. The higher lake water renovation takes place between January
and March after the emptying of the paddy fields and by September–October after harvest-
ing [34,51,54]. The lake water level is regulated by three artificial outlet canals, which flow
into the Mediterranean Sea [51]. The lake has been eutrophic since the 1970s due to the ur-
ban and industrial discharges and nitrogen-rich effluents from rice fields. These discharges
turned the lake rapidly into a turbid microalga-dominated site, whereas the richness of
aquatic plants and fauna severely decreased after the first half of 20th century [51,55–58].
The plans for the reduction of nutrient-rich sewage discharges over the last three decades
have failed to change the trophic state of the lake [51,59,60]. More detailed information
about the lake is given elsewhere [51,61].

2.2. Sampling Points and Water Collection

A total of 51 water bodies were studied, located in four different aquatic systems: in
sections of the rivers Turia, Jucar and Magro; in the most important ditches that irrigate the
Natural Park; in the Albufera Lake and in the outlet canals that connect the lake with the
Mediterranean Sea (Figure 1A). All these water systems were sampled twice, at the start
and the end of rice cultivation in the wetland, during May and June 2019 and September
and October 2019, respectively. A total of 100 samples were studied. During the first
sampling campaign, 51 freshwater samples were taken, whereas in the second one there
were 49 samples, because two irrigation channel points were dried.

Sampling points were classified for further analysis (Supplementary Material, Table
S1). Firstly, they were identified with their corresponding aquatic habitat: rivers, irrigation
channels or lake points (including outlet canals) (Figure 1A). Secondly, thanks to the
digital layer “Corine Land Cover 2018 Classification” provided by the Copernicus Global
Land Service (CGLS) [62], each sampling point was classified according to the agricultural
activity carried out in its vicinity. The activities identified were traditional orchards, mosaic
cultivation, rice cultivation (carried out inside the Natural Park) and fruit tree cultivation
(Figure 1B). The water samples taken from the lake, outlet canals and tancats were excluded
from this classification as they are not associated with any crop. Finally, the sampling
points were also classified according to their irrigation zones [63] (Figure 2). The irrigation
zones sampled were the following: Mislata, Benager and Faitanar (included in a single
zone called “Huerta Oeste”), Favara, Oro, Acequia Real del Júcar (abbreviated as ARJ),
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Sueca and Cullera. The Turia and Magro river points are not located in any irrigation zone
and were classified separately, as happened with the lake points, also including the tancats.
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Figure 2. Agricultural (irrigation zones) and urban contextualization of the study area and spatial
representation of the maximum levels of TP, TN, nitrite, nitrate and ammonium nitrogen together
with the average concentrations of TOC and phytoplanktonic chlorophyll a. Base image: OrtoPNOA
2018 CC-BY 4.0 scne.es.

Water samples were taken in clean polyethylene bottles (capacity 0.5 L and 1 L). At
each sampling point, the bottles were pre-rinsed with the sample water three times. The
bottles were maintained at 4 ◦C until reaching the laboratory. Once there, samples were
filtered through 0.45 µm glass microfiber GF/F filters (Whatman, UK) and the filters were
stored in glass tubes in the dark at −20 ◦C for pigments extractions.
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2.3. Water Analyses

Turbidity, pH and conductivity were measured in situ directly from the water bodies
whenever possible, using an AquaFluor® Handheld Turbidimeter from Turner Designs
(San Jose, CA, USA), and a pH and EC waterproof testers from Hannah Instruments®

(Woonsocket, RI, USA), respectively. When direct data collection was not possible, 1 L of
water was taken from the sampling point, using clean polyethylene beakers, pre-washed
with the sample water three times. Organic matter, dissolved inorganic nitrogen (DIN:
nitrate, nitrite and ammonium nitrogen) and phosphorus concentrations (SRP) were ana-
lyzed according to the standard methods [64]. For the analyses of total inorganic carbon
(TIC), total organic carbon (TOC) and total nitrogen (TN), unfiltered water samples were
first treated in an ultrasonic bath for 15 min in order to achieve an optimal mixture of
dissolved and particulate components. Then, determinations were made using a carbon
and nitrogen analyzer (a TOC-V combustion catalytic oxidation/NDIR system in com-
bination with an ASI-V sampler from Shimadzu; Kyoto, Japan) according to ISO-CEN
EN 1484:1997 [65]. Specifically, TIC was detected as CO2 using a non-dispersive infrared
detector (NDIR), from the acidification of the sample and its subsequent catalytic oxidation.
After removal of the TIC fraction from the sample, TOC was determined as non-volatile
organic carbon (NPOC) through catalytic oxidation of the remaining carbon (TOC by
acidification/sparging method). TN was decomposed to nitrogen monoxide using a ther-
mal decomposition catalyst and detected using a chemiluminescence detector. The total
dissolved organic carbon (DOC) and the total dissolved nitrogen (DN) were analyzed in
filtered water samples following the same methods described above, except for the previous
step with the ultrasonic bath. Total phosphorus (TP) concentrations were determined in un-
filtered samples by means of the molybdate-blue method after acid persulfate digestion [66].
Particulate phosphorus (Ppart) and dissolved organic nitrogen (DON) were calculated by
subtracting the respective SRP portion from the TP concentration, and subtracting the DIN
portion from the DN concentration, respectively. The total carbon (TC) was calculated as
the sum of NPOC and TIC. Chlorophyll a and carotene were extracted with acetone 90%
and determined according to APHA [64] and Jeffrey and Humphrey [67]. LOD and LOQ
information is provided in Table S2 (Supplementary Material).

2.4. Water Quality Assessment

The average of each study variable per sampling point was calculated and subjected
to different evaluations. The trophic statuses of water bodies were calculated according
to Chlorophyll a, TP [68] and TN levels [69]. The ecological potential was studied based
on biological and physicochemical quality elements [24,70]. For this ecological assessment
of water bodies, the sampling points were first classified according to their water body
typology, applying the Water Framework Directive and following the requirements of
Decree 1/2016. Information about the water body typologies included in our study is
available in Table S1 (Supplementary Material).

All the results obtained were integrated into different digital vector layers using
QGIS (3.12) software. The maps developed were delimited according to surface waters
distribution, combining natural and irrigation networks. The GIS covers allowed us to
carry out studies using different spatial approaches.

2.5. Meteorological Data

The daily and monthly meteorological data recorded in the basin during the study
period (May–June and September–October 2019) were obtained from two different stations:
one located in the city of Valencia (Penya-Roja station) and another located on the shore of
the Albufera Lake (Tancat de la Pipa station) [71].

2.6. Statistical Analyses

Univariate statistical analyses were used to obtain descriptive statistics for each vari-
able and sampling period and for the average values of the variables. The assumptions
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of normality of the data were checked prior to statistical analyses, and non-parametric
tests were used when variables were not normally distributed (Shapiro–Wilk test, p < 0.05).
Student’s t-test was used to identify statistically significant differences between the two
sampling periods and the unequal variance t-test was used as an alternative when variances
between pairs of data were very different. The average of each study variable per sampling
point was then calculated, transformed and subjected to a principal components analysis
(PCA) using the correlation matrix. Multidimensional clustering using Euclidean distance
was calculated to detect relationships between groups of points and main driving factors.
Spearman´s rank-order correlation coefficient was used to obtain the correlation between
study variables. In addition, the average data were subjected to some Kruskal–Wallis and
PERMANOVA tests (with the Mann–Whitney post hoc test) to identify significant differ-
ences between the different clustering factors (zoning study). Analyses were performed
using PAST (3.22) software [72].

3. Results

The study area has a Mediterranean climate. During the period of May–June 2019, the
average temperature recorded was 20.4 ◦C, with a standard deviation of 2.9 ◦C; an absolute
daily maximum of 31.6 ◦C and minimum of 10.2 ◦C. The total precipitation recorded was
26.6 mm, with an absolute daily maximum of 7.6 mm. During the second study period,
September–October 2019, the average temperature recorded was 22.1 ◦C, the standard
deviation was 2.8 ◦C; the absolute daily maximum was 33.7 ◦C and the minimum was
12.0 ◦C. The total precipitation recorded was 247.2 mm, with an absolute daily maximum of
52.3 mm. In accordance with the climate of the study area, the highest rainfall was recorded
during the second study period, during autumn, when half of the total rainfall of the year
is usually recorded. No extraordinary drought events were recorded.

3.1. Effects of Rice Cultivation on Water Quality

Table S3 (Supplementary Material) shows the results obtained for the variables ana-
lyzed in all the water bodies at different phases of rice cultivation. In general, the values
ranged similarly at the start and the end of the cultivation. By considering the whole study
system (referred to henceforth as the “wetland”) we found only significant differences in
pH, EC, alkalinity and TC (p < 0.05) (Figure 3), with no significant changes observed in
photosynthetic pigment concentrations or nutrient levels (p > 0.05). The rivers samples
only increased their pH significantly and had a significant carbon decrease (TIC and TC)
(p < 0.05) (Figure 3). The irrigation canals studied experienced the same significant changes
as the wetland system and a decrease in ammonium nitrogen (NH4-N) concentrations
(p < 0.05) (Figure 3). The lake was the aquatic ecosystem that experienced the greatest
changes during the cultivation period, with alkalinity, pH, TIC and TC increasing signif-
icantly (p < 0.05) (Figure 3). In contrast, the lake experienced a significant decrease in
turbidity, EC, pigment concentrations and some nutrient levels (p < 0.05) (Figure 3) as a
result of the dilution of the lake water after the emptying of the rice fields before harvesting.

3.2. Global Wetland Approach

For an evaluation of the wetland, the average values of the physicochemical and
biological variables were studied per sampling point. In relation to the physical vari-
ables, turbidity reached a mean value of 11.57 NTU ± 1.46 and the EC reached a mean
of 1550.3 µS cm−1 ± 86.7 (Table 1). Regarding dissolved nutrients, in general, the mean
concentrations of NH4-N and nitrite nitrogen were relatively moderate (Table 1). Nitrate
nitrogen reached higher concentrations in water systems, with a mean concentration of
1.947 mg N L−1 ± 0.188 (Table 1). Phosphate concentrations were significant and reached
a maximum value of 1.451 mg P L−1 (Table 1). The mean concentrations of TN, TP and
TC were 6.30 mg N L−1 ± 0.67, 0.226 mg P L−1 ± 0.05 and 35.82 mg C L−1 ± 1.48, re-
spectively (Table 1). About 60–90% of TN was dissolved forms and about 50–90% of TP
was particulate. TC was mainly inorganic, with TIC reaching a mean concentration of
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29.90 mg C L−1 ± 1.43 (Table 1). In relation to the biological variables, Chl-a and carotenes
reached a mean concentration of 25.3 mg m−3 ± 3.9 and 11.2 mg m−3 ± 1.8, respectively
(Table 1).
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Table 1. Mean, standard error, maximum and minimum values of the physico-chemical and biological
variables studied in the water bodies during rice cultivation (May to October 2019), together with
the results obtained for the Kruskal–Wallis tests to observe differences between (A) aquatic habitats,
(B) agricultural activities and (C) irrigation zones. Probabilities are: * p < 0.05, ** p < 0.01; ns = not
significant differences.

Variable Mean SE Maximum Minimum
(A) (B) (C)

p-Value p-Value p-Value

Turbidity (NTU) 11.57 1.46 50.80 0.60 ns ** ns
pH 7.86 0.04 8.80 7.30 ns * ns
Conductivity (µS cm−1) 1550.3 86.7 5136.0 663.0 ** * **
Organic matter (mg L−1) 1.240 0.095 3.449 0.340 ** ** **
Ammonium nitrogen (mgN L−1) 0.551 0.123 3.920 0.005 ** ** **
Nitrite nitrogen (mgN L−1) 0.141 0.021 0.600 0.001 ** ** **
Nitrate nitrogen (mgN L−1) 1.947 0.188 4.705 0.013 ns * **
Dissolved inorganic nitrogen (DIN; mgN L−1) 2.639 0.247 7.155 0.358 * ** **
Dissolved organic nitrogen (DON; mgN L−1) 2.972 0.675 26.075 0.021 ns * ns
Dissolved nitrogen (DN; mgN L−1) 5.61 0.67 26.51 0.70 ** ns ns
Total nitrogen (TN; mgN L−1) 6.30 0.67 27.47 1.07 ns * ns
Soluble reactive phosphorus (SRP; mgP L−1) 0.073 0.029 1.451 0.001 ** ns **
Particulate phosphorus (Ppart; mgP L−1) 0.153 0.043 2.018 0.004 ns ** **
Total phosphorus (TP; mgP L−1) 0.226 0.052 2.121 0.009 * ** **
Chorophyll-a (Chl-a; mg m−3) 25.3 3.9 84.3 1.0 ** ** **
Carotene (mg m−3) 11.2 1.8 42.7 1.0 ** ** **
Inorganic carbon (TIC; mgC L−1) 29.90 1.43 53.05 12.84 * ns **
Dissolved organic carbon (DOC; mgC L−1) 5.16 0.45 12.02 1.32 ** ** **
Total organic carbon (TOC; mgC L−1) 5.91 0.54 13.94 1.94 ** ** **
Total carbon (TC; mgC L−1) 35.82 1.48 59.76 22.33 ns * **
Alkalinity (meq L−1) 2.49 0.12 4.42 1.07 * ns **

The nitrogen and phosphorus levels of the rivers to the wetland were taken as reference
values to evaluate the balance of nutrients (Table 2). The assessment of the average nutrient
concentration achieved in the wetland indicated that 16% of the sampling points had
TN concentrations above 10 mg N L−1 and 90% exceeded 2 mg N L−1, whereas 4% of
the sites had TP concentrations higher than 1 mg P L−1 and 61% exceeded 0.1 mg P L−1

(Table 3). Analyzing the results according to the aquatic habitats, none of the rivers sampled
exceeded an average TN concentration of 10 mg N L−1 and an average TP concentration of
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1 mg P L−1 (Tables 2 and 3), although the Turia River had TN concentrations higher than
5 mg N L−1 (Table 2). Regarding the irrigation channels, 21% and 72% exceeded by one
order of magnitude the average concentrations of TN and TP reached by the Jucar River
(Table 2). In addition, 21% of the irrigation channels studied exceeded TN concentrations
of 10 mg N L−1 and 69% had TP concentrations above 0.1 mg P L−1 (Table 3). Finally, for
the Albufera lake (and outlet canals), 100% of the points had TN and TP concentrations
higher than 2 mg N L−1 and 0.05 mg P L−1, respectively (Table 3).

Table 2. Average concentrations of TN and TP reached in the Turia, Magro and Jucar rivers during
the rice cultivation period (May 2019–October 2019).

TN and TP Concentrations in the Rivers Sampled

Mean TN (mg N L−1) Mean TP (mg P L−1)

Turia River-Masía Traver 5.66 0.01
Turia River-La Presa 5.44 0.02

Magro River 2.80 0.11
Júcar River 1.08 0.01

Table 3. Percentages of TN and TP for the different studied aquatic systems respect to the limits referenced.

% Ecosystems According to Nutrients Levels *

Total Nitrogen (TN)

Habitats n Total >10 mgN L−1 [73] >2 mgN L−1 [74] >0.65 mgN L−1

[69]
Global 51 16% 90% 100%
River 4 0% 75% 100%

Irrigation channel 39 21% 90% 100%
Lake 8 0% 100% 100%

Total Phosphorus (TP)

Habitats n Total >1 mgP L−1 [73] >0.1mgP L−1 [63] >0.05 mgP L−1

[75]
>0.035 mgP L−1

[68]
Global 51 4% 61% 82% 86%
River 4 0% 25% 25% 75%

Irrigation channel 39 5% 69% 85% 90%
Lake 8 0% 38% 100% 100%

* Percentages obtained from the calculated averages of TN and TP.

3.3. Spatial Mapping of the Variables

None of the variables studied presented a normal distribution (Shapiro–Wilk test,
p < 0.05; Figure S1, Supplementary Material). There were significant differences in physic-
ochemical and biological variables for the different irrigation zones in our study (PER-
MANOVA, F = 8.973, p < 0.001). No significant differences were observed with respect to
different aquatic habitats and agricultural activities (PERMANOVA, p > 0.05).

Most of the variables studied had significant differences between the zoning groups
independently (Kruskal–Wallis, p < 0.05) (Table 1). Turbidity, pH, nitrates, DON, TN,
Ppart and TC did not differ significantly between the different aquatic habitats (p > 0.05)
(Table 1). The lake group had the highest conductivity values and the highest concentration
of pigments and organic carbon (Mann–Whitney post hoc tests, p < 0.05). The irrigation
channels group showed the highest values of NH4-N, nitrites nitrogen and phosphates
(Mann–Whitney post hoc tests, p < 0.05).

According to the agricultural activities, DN, SRP, TIC and alkalinity were the only
variables that did not differ significantly (p > 0.05) (Table 1). The rice group was associated
with the highest concentrations of photosynthetic pigments and also differed statistically
from the mosaic and fruit groups due to its having the highest values of conductivity,
turbidity, organic matter and organic carbon (Mann–Whitney post hoc tests, p < 0.02). In ad-
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dition, the rice and vegetable groups were those with higher concentrations of phosphorus
compounds (Mann–Whitney post hoc tests, p < 0.05).

Geographical average values of the physicochemical and biological variables of the
water bodies were well identified using GIS layers (Figure 2). In the north of the natural
park, the groups of the Huerta Oeste, Favara and Oro irrigation zones were related to higher
concentrations of NH4-N and nitrite nitrogen (Mann–Whitney post hoc tests, p < 0.05)
(Figures 2 and 4). Turia River, Huerta Oeste and Favara were also the irrigation zones with
the highest levels of nitrate nitrogen (Mann–Whitney post hoc tests, p < 0.02). Furthermore,
Oro was the group with the highest concentrations of organic matter and total carbon
(Mann–Whitney post hoc tests, p < 0.05) (Figures 2 and 4). Finally, turbidity, pH, DON, DN
and TN did not differ significantly between irrigation zones (p > 0.05) (Table 1).
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When we used multivariate analyses for a spatial approach to the studied points, the
two first axes of the PCA analysis explained 52% of the variability in the data. The first
axis accounted for most of the variance (31%) and clearly segregated the points sampled
according to the concentrations of dissolved nutrients (especially phosphates, NH4-N and
nitrite nitrogen). The second axis (21%) distributed the water bodies according to the
concentration of photosynthetic pigments and turbidity. The cluster analysis grouped the
points mainly according to conductivity and chlorophyll concentration, and showed greater
variability among the water systems, with the lowest values for both variables.

The main variables that correlated significantly (p < 0.05) and positively with phyto-
planktonic chlorophyll a were TOC (r = 0.768), DOC (r = 0.754), turbidity (r = 0.711) and
organic matter (r = 0.650). All statistically significant correlations obtained for the main
studied variables can be found in Supplementary Material, Figures S2 and S3.

3.4. Trophic State and Ecological Potential of the Wetland

The trophic status of water bodies was calculated first according to TP and Chl-a
limits established by OECD [68]. Most of the aquatic systems (75%) were classified as
hypertrophic, 12% eutrophic and 12% mesotrophic. Only 2% presented meso-oligotrophic
conditions (Figure 5A). Secondly, trophic state was also calculated according to TN lim-
its established by Nürnberg [69]. Almost all aquatic ecosystems (94%) were defined as
hypertrophic, with the remaining 6% being eutrophic (Figure 5B).
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In relation to the ecological potential, 39% of the water systems had the worst quality
category of “bad” ecological potential, followed by 6% and 25% of the sites classified
with “poor” and “moderate” ecological potential, respectively. Only a small percentage
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of 14% of the aquatic systems had a “high” ecological potential (Figure 6 and Figure S4,
Supplementary Material).
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Ecological potential was also assessed according to the different grouping criteria
for aquatic ecosystems. Analyzing the water systems according to their water typologies,
59% of the sampling points located inside the natural park (categorized as L-T18-HM)
had a “bad” ecological status, 9% presented a “poor” status and 26% a “moderate” status.
The sampling points located in the north of the study area (classified as R-T14) generally
presented the worst ecological potential compared to those located in the south (classified
as R-T17). According to the aquatic habitats, 100% of lake sampling points had a “bad”
ecological potential. The irrigation channels group was represented by all categories and
globally had a “poor” ecological potential. The river group was the group with the best
quality, with a “good” ecological potential (50% “high” and 50% “good”). According to
the different agricultural activities, the groups with the best global ecological potential
were fruit crops and mosaic (“good”), whereas rice was the group with the worst quality
(“bad”). Finally, in relation to the irrigation zones the groups with the best global ecological
potential were Magro and Jucar (“high” and “good”, respectively). The irrigation zones
with the worst water quality were Favara, Oro, ARJ and Cullera, with a “poor” ecological
potential. The percentages obtained from these analyses are shown in the Supplementary
Material, Figure S4.

4. Discussion

In this study, the analysis of the physicochemical and biological variables of the
different aquatic systems allowed us to evaluate the effect of agriculture and the irrigation
water management, the wetland heterogeneity and the locations with a higher pollution
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impact according to the different human activities. In the study wetland, the cultivation
of rice severely modulates water management and affected water pH and conductivity.
The average conductivity of the aquatic systems found during this study defines this
Mediterranean wetland as brackish with a moderate marine influence due the water
management for agriculture. This is similar to the results reported by Soria et al. [76]
in a specific study on the conductivity of Lake Albufera, with certain oscillations due to
fluvial contributions.

The second effect observed due to agriculture in the wetland was the decrease in water
turbidity, microalgae concentrations and levels of some nutrients, mainly affecting the
lake at the end of the rice cultivation as a consequence of drainage of the rice fields before
harvesting. At this period, rapid flushing of the system has also been reported, together
with negative consequences for the water quality of the nearby coastal sea [51,52,77].

An interesting result of our study is that the system is continuously overloaded with
nutrients during the whole rice cultivation period and the water discharges from the main
rivers are too poor to contribute positively to the water quality of this coastal ecosystem.
The average levels of TN and TP clearly indicate the impact of nutrient loadings in the
wetland. About 16% and 4% of the sampling points exceeded the concentration limits of TN
and TP, respectively, established by the legislation that regulates the discharges of treated
urban wastewater in sensitive areas [73] (Table 3). More specifically, all the rivers studied,
with the exception of the Jucar River, presented TN concentrations above the recommended
limit [74] and all of them were eutrophic (Tables 2 and 3). When we analyzed the irrigation
channels, 21% and 5% exceeded the TN and TP limits established by law and TP was even
69% higher than the recommended values [63].

Therefore, the obtained results show a nutrient-rich hydrographic network, where
the entry of good quality water is not guaranteed. Furthermore, it is confirmed that the
concentrations of nutrients present in the lake interfere with the recovery process of its
biological richness. For instance, 90% and 82% of the water bodies studied exceeded the
levels of TN and TP recommended for the recovery of submerged aquatic plants, which are
key species required to shift the trophic states of shallow lakes [74,75]. The intensive uses
of pesticides in the park also prevents colonization by submerged plants [78]. Interestingly,
the average concentrations of dissolved nutrients in the wetland greatly exceeded those
reached in the Mar Menor lagoon (Murcia, Spain) during the break phase of 2016–2017 [79].
In contrast, dissolved nutrients were lower than those attained in the main streams feeding
the Doñana National Park, which is also affected by intensive agriculture [80].

The trophic status and ecological potential clearly showed the severe degradation of
the wetland water systems. About 59% of the sampling points located inside the natural
park had a “bad” ecological status and almost all sampling points (94%) were hypertrophic.
The level of TN in the wetland is one order of magnitude higher than the limit for a
eutrophic system (650 µg N L−1 vs. 6300 µg N L−1). In terms of the ecological potential, the
natural park’s water bodies are classified as poor, especially its lake and the surrounding
ditches (Figure 6). In regard to photosynthetic pigment levels, the average chlorophyll
concentration in the wetland exceeds the limit established by the OECD [68] to describe a
water body as hypertrophic (25.3 vs. 25.0 mg m−3), which is remarkable, considering that
this value includes all the different aquatic habitats studied. Although the maximum values
were reached in the lake points, it is relevant to indicate that in several irrigation ditches
the concentration of microalgae exceeded 50 mg m−3. This eutrophication in irrigation
systems is similar to the levels detected in the three sub-catchments that feed the Doñana
marsh [80]. As a comparison, in the artificial Lake Nasser (Egypt) fed by the Nile River,
chlorophyll levels never exceeded 12 mg m−3, representing a very different system, free
from the impact of agriculture [81]. Algal biomass in our study wetland was related to
turbidity, DOC and TOC (Supplementary Material, Figure S2). Turbidity in lake Albufera
can be also related to punctual precipitations [82] and sediment resuspension by wind [83].
In particular, a positive gradient of organic carbon and microalgae was observed, which
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starts in the north area of the Natural Park (nearby Pinedo I and II treatment plants and the
Rambla de Torrent) and reaches the lake (Figure 2).

Mapping by different approaches the heterogeneity of the Natural Park of the Albufera
has showed the complexity of this agroecosystem. The results show clear spatial differences
in the water quality between the northern and southern aquatic systems. The north
part has a greater influence of the metropolitan area of Valencia, wastewater treatment
plants and industry pollution. The southern part is more affected by the extension of
agriculture (mainly paddy fields). The evaluation of the ecological potential by areas
provided further information about the irrigation sectors and the reuse of wastewater for
agricultural activities.

The digital covers provided by QGIS were used to integrate the results obtained from
the analytical analyses and allowed a detailed spatial assessment of the aquatic ecosystems
of the wetland and part of the river catchment area. Firstly, the already rich nutrient waters
in the irrigation channels are mixed and enriched by effluents from different wastewater
treatment plants (WWTPs), especially those located in the north. The water taken from the
River Turia circulates, mixed with effluents from various WWTPs and industrial treatment
plants [45,84]. The WWTPs of Quart de Benager and Pinedo had the maximum values of
NH4-N and nitrite nitrogen, whereas the maximum nitrate nitrogen and TP values were
also found in an irrigation ditch of this zone (Favara, Figures 2 and 4). The pollution with
TP was also punctual in different irrigation sectors. The maximum TN values (exceeding
14 mg N L−1) were found mainly in the northwest of the lake, in irrigation ditches used for
fruit and rice crops (Figure 4), but there were also some points of high dissolved organic
nitrogen in the south (Figures 2 and 4). The diffuse and punctual discharges of nitrogen
and phosphorus affected to the entire wetland. It is relevant that no significant differences
were observed between agricultural activities, suggesting that the environmental impact
depended on the water management in the wetland.

The multivariate statistical study of the irrigation sectors corroborated the location
of the sites for dissolved nutrients in the northern part of the wetland (Turia River and
up to the Huerta Oeste, Favara and Oro sectors). The latter two sectors and the Albufera
Lake also accumulated the highest levels of organic matter, DOC and TOC (Figure 5). All
these sectors are characterized by the reuse of treated wastewaters in the rice fields during
the cultivation period [85]. The results pointed out that the quality of the effluents from
the WWTPs is deficient in removing nutrients [45–48] and additionally can also be rich in
emerging contaminants [48–50]. Overall, it seems inappropriate to use effluents from these
WWTPs for agriculture in the Natural Park of the Albufera. As a possible practical solution,
hybrid treatments could be included during the secondary treatment phase of the WWTPs,
which keep activated sludge and biofilms in the same reactor, ensuring a higher nutrient
removal efficiency [86]. More innovative proposals such as the inoculation of microalgae
associated with ZnO nanoparticles into the bioreactor, or the installation of an osmotic
dynamic membrane bioreactor/nanofiltration (OsMBR/NF) system, can be considered for
the near future [87,88]. With a successful reduction of the nutrient levels, the use of the
WWTP effluents to flood the rice fields could be considered, with no ecological risk to the
Albufera lake or to the rest of the water bodies.

The Mediterranean Spanish coastal systems seem to be severely impacted by agricul-
ture and the use of the limited water resources, which has become especially complicated in
relation to rice crops, for example, in the Albufera Natural Park and the Ebro Delta [89,90].
In the Doñana National Park, the loss of water quality was related in equal parts to indus-
trial and urban pressures (WWTPs) and also to rice cultivation [80,91]. In the Mar Menor,
nitrates derived from irrigation water in the orchards shifted a whole marine ecosystem in a
very short period [92]. Furthermore, in recent years other studies focusing on water quality
and the correct management of Mediterranean coastal wetlands have reported the fragility
and complexity of these ecosystems when they are impacted by agriculture [11,19,38,93,94].
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5. Conclusions

In the present study, we evaluated the current ecological status of the Natural Park of
Albufera, one of the main Spanish coastal wetlands, taking into account the anthropogenic
impacts derived from agriculture, water management and the connectivity of the irrigation
network. The results show that the aquatic ecosystems of the wetland are in eutrophic
conditions, with poor ecological potential. The wetland is nutrient (phosphorus and
nitrogen)-overloaded during the entire rice cultivation period. The input into the wetland
of good quality water is deficient, since the river network already contains high levels of
nutrients and pollutants, especially in the northern area, where, in addition, the poor water
quality from the main river is mixed with inappropriate effluents from WWTPs.

The extensive spatial study carried out allowed the mapping of the problematic
points of pollution. These locations should become focuses of attention for environmental
measures. We could not help but question the sustainability of the intensive rice cultivation
in the wetland. This is a reasonable concern when considering climate change scenarios.

The impact of agriculture and the water management intensively affected the lake Al-
bufera within the Natural Park, modulating most of its studied variables. This is a sensitive
habitat of flux and the accumulation of pollutants could end up in the Mediterranean Sea.
The connectivity of the hydrological system in this coastal ecosystem implies a complex
cause-and-effect effect from the water catchment areas to the sea.

For all these reasons, the implementation of appropriate environmental measures is
considered necessary for the Albufera Natural Park. This could involve extensive and
continuous monitoring of the human uses and activities in the wetland and taking action
on the sources of pollution. It is important to emphasize the need to increase the ecological
inputs provided by fluvial systems with higher water quality and the importance of
optimizing WWPTs. It seems inappropriate to use effluents from WWTPs for agriculture in
the Natural Park of the Albufera. Finally, it is clear from the results that the recovery of an
adequate ecological potential requires more restrictive nutrient thresholds and legislation.
The information gathered in the Albufera Park can help to optimize the global study and
management of coastal Mediterranean wetlands.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12020486/s1. Table S1: Classification of sampling
points according to their corresponding aquatic habitat, the agricultural activity carried out in
its vicinity, the irrigation zone and the water body typology. Water body typology established
according to the Water Framework Directive [24] and Decree 1/2016 (reference: BOE-A-2016-439);
Table S2: Limit of detection (LOD) and limit of quantification (LOQ) of the main physico-chemical and
biological variables determined in the laboratory, studied in the water bodies during rice cultivation
(May to October 2019); Table S3: Mean, standard error, maximum and minimum values of the
physico-chemical and biological variables studied in the wetland for the two sampling campaigns at
the beginning and the end of rice cultivation (see Section 2 for more details); Figure S1: Frequency
distribution and adjustment curves of turbidity, pH, conductivity, total nutrients, organic matter and
phytoplanktonic chlorophyll for the values of the two sampling periods; Figure S2: Significant linear
relationships (p < 0.01) of the study variables related to chlorophyll (A) and nitrogen (B), together
with the values of Spearman’s correlation coefficient; Figure S3: Significant linear relationships (p
< 0.01) of the study variables related to phosphorus (A) and carbon (B), together with the values of
Spearman’s correlation coefficient; Figure S4: Percentages of the ecological potential for the different
aquatic ecosystems and typologies [24,70]. Results for (A) the global study of the wetland and for
the distinct water body typologies, (B) considering aquatic habitats, (C) according to agricultural
activities and (D) according to irrigation zones.
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Abstract: Soil salinization induced by shallow saline groundwater in coastal areas can be managed
using subsurface pipe drainage (SPD) for agricultural land reclamation. However, a reasonable SPD
system layout should comprehensively consider local hydrological conditions and crop physiological
characteristics based on long-term model evaluations. The objectives of this study were to test the
applicability of a crop growth model (AquaCrop) for simulating winter wheat growth in SPD-applied
fields by employing the water table behaviors predicted by the soil hydrologic model HYDRUS.
Model calibration and validation based on field observations suggested that HYDRUS accurately
predicted the distributions of soil water–salt dynamics, and the seasonal variations of canopy cover
and biomass production predicted by AquaCrop were close to the measured values. The simulation
scenarios considering the long-term effect of groundwater salinity (10.53, 21.06, and 31.59 g L−1 for
low, medium, and high levels), drain spacing (10, 20, 30, 40 m, and no-SPD), and precipitation category
(dry, normal, and wet year) on soil solute transport, grain yield (GY), water productivity (WP), and
groundwater supply (GS) were further explored using a combination of HYDRUS and AquaCrop.
The simulation results indicated that narrowing the drain spacing could improve the desalination
performance of SPD, but there was no continuous downward trend of soil solute concentration during
the long-term application of SPD when groundwater salinity was constant. The SPD application could
improve grain yield by 0.81–1.65 t ha−1, water productivity by 0.13–0.35 kg m−3, and groundwater
supply by 6.06–31.03 mm compared to the no-SPD scenarios, but such increases would be less
pronounced in dry years with groundwater salinity at the low level. This study demonstrated that
the co-application of hydrologic and crop growth models is a feasible method for revealing the effects
of SPD on agricultural land reclamation in coastal areas.

Keywords: subsurface pipe drainage; soil salinity; saline groundwater; winter wheat; numerical
simulation

1. Introduction

By the end of the 21st century, the global extent of coastal marshes is predicted to
increase by 60% compared to the current area (approximately 2 × 105 km2), under the
present level of fluvial sediment supply [1]. Therefore, coastal land reclamation is widely
regarded as a sustainable strategy for meeting the increasing land resource demand for
urbanization, industrialization, and agriculture [2]. However, the hydrological and hydro-
chemical conditions in the freshwater–seawater-interacting coastal stratum are controlled
by land–ocean hydraulic gradients [3,4], which are likely to induce seawater intrusion and
cause soil salinization in low-lying terrain (such as salt marshes or mudflats), which is often
considered to be land resources reserved for cultivation [5]. The salinity dynamics in the soil
surface layer of the coastal area are affected by precipitation, phreatic water evaporation,
surface ecosystems, topography, and seawater intrusion [6–8], but the root cause of soil
salinization is capillary-driven upward solute transport from saline groundwater, which
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may cause salt stress that severely constrains the development of crop-based agriculture
when adequate soil leaching and reasonable drainage management are lacking [9].

Subsurface pipe drainage (SPD) has been reported as a suitable method for the desalin-
ization process during land reclamation in coastal areas with a shallow groundwater table
and low-permeability soil texture [10,11]. By increasing the lateral discharge of soil water,
SPD can control the groundwater table in a timely manner and further limit the capillary-
driven upward solute build-up in the upper layers, thereby persistently protecting crop
growth from salt stress [12,13]. As numerous previous studies have suggested, the drainage
performance of SPD is highly dependent on the layout pattern of the subsurface drainpipe,
including drain spacing, buried depth, and drainpipe diameter. The drain spacing can
vary from a few to hundreds of meters based on different application requirements, and is
the most researched factor during SPD system design [14–16]. Reasonable drain spacing
usually corresponds to the optimal efficiency of water table control or salt discharge under
a specific agricultural condition. Notably, blindly pursuing an SPD with high drainage
capacity can induce excessive soil nutrient loss and restricted groundwater supply, which
in turn affects crop growth and limits water use efficiency [17]. Therefore, the response of
crop growth could be the most intuitive indicator for evaluating land reclamation status
under the application of SPD, and the salt dynamics in the soil profile should be analyzed
in the long term concerning groundwater salinity and SPD layout patterns.

Multiple factors (e.g., soil properties, weather, crop species, and field management)
influence the performance of SPD systems, making it challenging to fully assess their inter-
actions through limited field experimentation. A hydrologic numerical model, HYDRUS,
is widely reported to be a powerful tool for integrating various environmental and man-
agement factors that influence soil water and solute transport under different SPD system
designs [18–20]. The HYDRUS model has the advantage of providing flexible boundary
conditions and great applicability to variably saturated media, which is convenient for
establishing the scenario simulations that take varying rainfall and water table behaviors
into account [21]. Additionally, the HYDRUS model uses an osmotic-pressure-related
equation to calculate root water uptake [22], and incorporates a compensatory mechanism
for the simulation of root-level physiological responses subject to salt and water stress
situations [23]. However, the HYDRUS model lacks the ability to predict stress-affected
crop biomass development and final grain yield, limiting the model application prospect
in the evaluation of land reclamation for agricultural purposes. Therefore, the HYDRUS
model has been recommended to be co-applied with crop growth models such as WOFOST,
DSSAT, and AquaCrop to predict the crop development in fields with particular fertilization
or irrigation regimes [24–26]. In terms of the crop-based model, the canopy-level AquaCrop
model, based on the conservative relationship between crop biomass and transpiration,
has been extensively studied to guide field-scale water or fertilizer management by esti-
mating crop biomass progression, grain yield, and associated water productivity [27–29].
Meanwhile, in AquaCrop, the effect of soil salinity on biomass production is described
by a salinity stress–crop response curve which consists of a lower and an upper thresh-
old of soil salt content that corresponds to the extent of salt stress from no effect to full
effect [30]. However, the drainage process in the soil profile is simplified in AquaCrop and
is uniformly classified as deep percolation [31], which causes AquaCrop to be unable to
calculate the lateral flow in drained fields or further simulate water table behaviors affected
by SPD [32,33]. So far, AquaCrop has not been combined with HYDRUS to simulate the
crop growth response to SPD in a coastal reclamation area where soil salinization is mainly
caused by capillary-raised solutes from saline groundwater.

Thus, the main objectives of this study were to: (1) verify the feasibility of the
AquaCrop model for simulating the response of crop growth in SPD-applied fields based
on HYDRUS-predicted water table behaviors; (2) explore the evolution of soil solute con-
centration under long-term (30 years) application of the SPD system; and (3) investigate
the variability of crop grain yield, water productivity, and groundwater upward supply as
a function of groundwater salinity and drain spacing in different precipitation years.
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2. Materials and Methods
2.1. Experimental Site Description and Data Collection

This study was conducted from 2020 to 2021 at the Coastal Area Research Station of
Jiangsu Hydraulic Research Institute, located in Dongtai, Jiangsu Province, Eastern China
(120◦53′ E, 32◦51′ N, mean altitude 4 m above sea level, approximately 5 km away from the
Yellow Sea). Formed by sedimentation, the topography in this area is extremely flat (slope
ranging from 0.1/1000 to 1/1000), and the dominated land use type is cultivated land for
rice and wheat farming. The experimental site has a subtropical monsoon climate, and
the long-term average annual air temperature, precipitation, relative humidity, sunshine
duration, pan evaporation, and solar radiation are 14.9 ◦C, 969.2 mm, 79.6%, 1685.5 h,
1064 mm, and 1169 MJ m−1, respectively (meteorological data series of 1953–2020 from the
weather station of Dongtai, No. 58251). More than 60% of precipitation is concentrated
between June and September. The measured basic physical soil properties at 0–300 cm
depth in the experimental field are present in Table 1. The salinity of the 0–300 cm soil
profile was averaged at 2.75 dS m−1 (saturated electrical conductivity ECe), which is
classified as a slightly saline soil [34].

Table 1. Soil properties in the experimental site.

Depth (cm)
Bulk

Density
(g cm−3)

Field
Capacity

(cm3 cm−3)

Wilting
Point

(cm−3 cm−3)

Saturated Water
Content

(cm−3 cm−3)

Mechanical Composition (%)
Soil Texture

Sand Slit Clay

0–30 1.36 a 0.22 a 0.12 a 0.46 b 40.9 56.3 2.8

Silt loam
30–100 1.42 b 0.29 b 0.14 a 0.42 a 35.4 61.3 3.3
100–200 1.44 b 0.31 b 0.15 a 0.42 a 35.5 60.4 4.1
200–300 1.45 b 0.32 b 0.15 a 0.41 a 33.9 62.2 3.9

Note: Data are means of five replications, and those followed without the same letter differ significantly at p = 0.05
level. Soil textures are determined by the USDA (United States Department of Agriculture) textural soil classifica-
tion system.

At the research station (Figure 1), field observations of soil water–salt content and
crop growth were conducted in two hydrologically independent rectangular fields (Field
A: 80 m × 91 m; Field B: 80 m × 81 m) which were installed with parallel lateral subsurface
drainpipes (a perforated plastic pipe of 50 mm diameter). The drain depth of the two fields
was set at 0.9 m below the field surface, and the drain spacing was 22.75 and 8.9 m for
fields A and B, respectively. The excess soil water collected by the drainpipes of the
two fields was uniformly discharged into a nearby collector pond. During the study
period, the rain-fed winter wheat (Triticum aestivum L.) variety Ningmai 13 was sown
on 30 October 2020 and harvested on 5 June 2021 for both fields. Urea (225 kg ha−1)
was combined with 375 kg ha−1 of compound fertilizer (N:P2O5:K2O = 15:15:15) as the
base fertilizer, and additional fertilization of 75 kg ha−1 urea and 125 kg ha−1 compound
fertilizer was conducted on 24 January 2021, before the winter wheat reviving stage. Other
agronomic measures, such as weed control and pest management, were practiced according
to local experience.

Observation of soil moisture, salinity, and groundwater table fluctuations in the
two fields began simultaneously in June 2020 and ended in July 2021. Soil samples (with
five replicates) were obtained using a posthole auger at depths of 20, 50, 80, 110, and
140 cm to test the soil gravimetric water content and soil water electrical conductivity
(EC1:5, dS m−1). Groundwater stage gauges (HOBO, U20-001 Onset) were installed in
an observation well (depth of 3 m below the soil surface) located at the middle site between
two parallel drainpipes to continuously measure the groundwater table variations in each
field. Groundwater samples for salinity tests (EC, dS m−1) were monthly collected by
a 200-mL cylindrical bucket from three sampling wells (5 cm diameter, 3 m depth) located
in the middle position of each field. The canopy cover (CC) and biomass of cultivated
wheat were observed at the seedling stage (10 December 2020), tillering stage (1 January
2021), jointing stage (21 March 2021), boot stage (7 April 2021), ripening stage (21 May
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2021), and harvest (5 June 2021) for both the two fields. An automatic color threshold
image analysis package was used to estimate the CC values [35], and the image resources
were captured at five random and non-overlapping observation plots (2 × 2 m for per plot)
in each field using a digital camera (Alpha 6400 E18-135 APS-C 24 MP, SONY, Shanghai,
China) fixed by a monopod (1.5 m) from the top of the canopy. Five non-adjacent wheat
plant areas were selected in each field as the sampling plots (0.5 × 0.5 m per plot) to
obtained the in-season aboveground biomass. The field-collected wheat samples were
firstly oven-dried at 105 ◦C for 30 min and then at 75 ◦C for 48 h to obtain a constant dry
weight for biomass measurement.

Figure 1. Location of the experimental site. Digital Elevation Model data source: National Earth
System Science Data Centre, National science & Technology Infrastructure of China (http://www.
geodata.cn (accessed on 11 December 2022)).

Weather data, including air temperature, precipitation, solar radiation, wind speed at
2.0 m height, and relative humidity, were recorded hourly by an automatic meteorological
station inside the experimental site. Daily reference evapotranspiration (ET0) derived from
meteorological data was estimated using an FAO Penman–Monteith method-based ET0
calculator [36]. The variations in precipitation and ET0 during the study period (June 2020
to July 2021) are presented in Figure 2a.

2.2. Model Description
2.2.1. HYDRUS Model

The HYDRUS (2D/3D) software package used in this study is a finite element nu-
merical model that simulates transient or cumulative water and solute transport in vari-
ably saturated porous media, based on the two- or three-dimensional form of Richards’
equation [18] and convection–dispersion equation [37]. The van Genuchten–Mualem con-
stitutive relationship was employed in HYDRUS to estimate the soil water retention curve
and the unsaturated water conductivity function [38,39].
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Figure 2. (a) Daily reference crop evapotranspiration (ET0) and precipitation during the investigation.
(b) Daily potential evaporation (Ep), transpiration (Tp), and crop coefficient (Kc) during the winter
growing season. DAS refers to the days after wheat sowing.

The model setup of HYDRUS includes geometry establishment, boundary condition
selection, and initial condition definition. In this study, a two-dimensional rectangular flow
domain was designed for simulating the soil profile (vertical section perpendicular to the
drainpipe) for fields A and B. The length of the flow domain corresponded to the actual
field size with a depth of 300 cm. As there was no significant difference in soil proprieties
within the 30–300 cm soil profile (Table 1), the model domain was divided into 0–30 cm for
the surface plough layer and 30–300 cm for the sub-surface layer. The right and left sides of
the flow domain were assigned to the no-flux boundary because an impermeable plastic
film separated each field at this experimental site. The subsurface drainpipe was modelled
by opening a series of 5 cm diameter circular holes on the flow domain at a depth of 90 cm
with a horizontal spacing of 22.75 and 8.9 m for fields A and B, respectively. The boundary
setting of this model domain is presented in Figure 3. A seepage face was imposed as the
boundary condition for these opening holes, simulating the outflow through the drainpipe.
An atmospheric boundary condition regarding time-variable rainfall, surface runoff, and
evapotranspiration was specified at the soil surface. The bottom boundary was described
by a variable pressure head condition, which represented a fluctuating water table (daily
field-measured data). Notably, the rise of the field-measured water table is a response
to rainfall infiltration, while the atmospheric boundary of HYDRSU also considers the
rainfall events, which may accentuate the effect of rainfall events on the simulation results
as the model operated under these two boundaries. Therefore, to reduce the water table
rise caused by rainfall influencing the simulation of SPD performances, the data of water
table depth less than the drain depth (0.9 m) was uniformly adjusted to 0.9 m before
setting the bottom boundary condition. Furthermore, the total amount of dissolved salt in
rainwater was disregarded because its average EC value was only 0.16 dS m−1. The average
groundwater salinity during the investigation period (3.16 g L−1) was set at the bottom
boundary to simulate the condition of saline groundwater. The initial conditions within the
model domain were imposed by the measured soil water content and salt content at the
beginning of the investigation, with a linear variable distribution from the soil surface to
the bottom.
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Figure 3. Two-dimensional modelling domain of Field B (part of the left side), including imposed
boundary conditions and distribution of soil layers.

Daily potential evapotranspiration (ETp) values derived from the daily ET0 were
calculated using crop coefficients at the early (0.7), middle (1.15), and late (0.4) stages of the
winter wheat growing season [40] (Figure 2b). The estimated ETp was further separated
into potential daily evaporation (Es) and transpiration (Tp) based on the variation in the leaf
area index (LAI) [41]. The LAI variations in the studied winter wheat were estimated using
an LAI–CC relationship formula which is applicable to a wide range of field conditions [42].
The distribution of root growth defined in HYDRUS relies on the model reported by
Vrugt et al. [43], and the root parameters of maximum depth and density were adopted
from field observations at harvest assuming a linear root growth system for the model
setting (0–40 cm region with a maximum root density at a 10 cm soil depth). A piecewise
linear model proposed by Feddes [22] was implemented in the HYDRUS software package
to describe the effect of soil water- or salt-stress on the root water uptake of winter wheat,
and the associated threshold and function slopes of Feddes’ model were set to the default
values of the HYDRUS database.

Soil properties were essentially the same in the two studied fields. Therefore, the
model was calibrated using soil moisture and salt content throughout the investigation
of Field A, and validation was based on the corresponding data of soil water and salt
content measured from Field B during the same period. Before calibration, the saturated
and residual water contents inputted into the model were obtained from the soil samples
at the beginning of the study period. The van Genuchtens model parameters, including the
residual and saturated water contents, the inverse of air-entry value, the dimensionless soil
pore size distribution index, and the soil saturated hydraulic conductivity, were initially
predicted using the ROSETTA neural network approach, which relies on the site-measured
soil bulk density and particle size distributions [44]. Then, based on the dataset of measured
water content in field A, the soil hydraulic parameters were verified by repeating model
trials until an optimal calibration result was obtained (Table 2). In addition, the longitudinal
dispersivity (DL) and transverse dispersivity (DT) related to solute transport properties
were set according to the proposed relation of DL/DT = 10 [45], and DL was set to one
tenth of the model flow domain. Molecular diffusion in the soil solution was assumed
to be negligible during the model simulation [46]. To suit the data input requirements of
the HYDRUS model, the measured soil gravimetric water content was converted to volu-
metric water content based on the bulk density in different soil layers, and the measured
soil salinity (EC1:5) was described in terms of the liquid phase concentration (g L−1). In
this study, the saturated soil electrical conductivity (ECe) was estimated using a linear
relationship: ECe = 7.96EC1:5 + 0.33, obtained in the laboratory. The estimated ECe values
were further converted to the electrical conductivity of the soil solution (ECsw), based on
the recommended assumption of ECsw/ECe = 2 [47,48]. The liquid phase concentration
(g L−1) of the simulated soil was obtained from the corresponding ECsw values based on
an empirical conversion equation suggested by Grattan [49].
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Table 2. van Genuchtens parameters describing soil hydraulic properties used in this model study.

Soil Layer (cm) θr (cm3 cm−3) θs (cm3 cm−3) α n l Ks (cm day−1)

0~30 cm 0.037 0.463 0.019 1.419 0.5 105.31
30~300 cm 0.041 0.415 0.013 1.453 0.5 58.52

NOTE: θr and θs denote the residual and saturated water contents; α is the inverse of the air-entry value; n is
a pore size distribution index; l is a pore connectivity parameter, set to 0.5 as proved valid for most soil types [38];
and Ks is the saturated hydraulic conductivity.

2.2.2. AquaCrop Model

AquaCrop is a canopy-level and engineering type of crop model that is used to
evaluate crop water productivity within a soil–plant–atmosphere continuum [50,51]. To
describe the response of crop growth to field water availability, the data requirements of
the AquaCrop model consist of irrigation and fertility regimes as well as groundwater con-
ditions. In AquaCrop, the aboveground biomass was calculated as a function of daily crop
transpiration and normalized water productivity associated with air CO2 concentrations
and atmospheric evaporative demand [31]. The grain yield (t ha−1) as a component of the
final crop biomass was estimated using the harvest index (HI), which linearly increased
during the crop growing stages from yield formation to physiological maturity [52]. To
describe the effect of salt stress on crop production, AquaCrop employs a computer routine
called ‘BUDGET’ to dynamically simulate soil salt movement and retention [53]. Moreover,
the effect of groundwater behavior on crop production was considered by estimating the
capillary rise using a function of water table depth and soil hydraulic characteristics [28],
because the upward flux from groundwater becomes pronounced as the water content
ranges within the field capacity and wilting point [54].

The input parameters of the AquaCrop model pertain to the climate of the experimen-
tal site, soil characteristics, farm management, groundwater status, crop growth, and yield
parameters. AquaCrop and HYDRUS share a set of climate data during the wheat growing
season, and the mean annual CO2 concentration was set at 0.39% according to the data
from the Mauna Loa Observatory. The soil profile designed in the AquaCrop model was
also divided into two layers (topsoil 0–30 cm; and subsoil 30–300 cm), with the input of
the relevant soil information gathered before this study (Table 1). Surface runoff was not
observed because the growing season was concentrated during the rainless period, and
rainwater was expected to be totally converted to soil infiltration. Groundwater status
was set under varying depth with constant water salinity, and the corresponding data of
water table depth fluctuation were gathered from the HYDRUS modelling results of the
pressure head distribution. Meanwhile, irrigation management was disregarded owing to
rainfed cropping throughout the growing season, and adequate soil fertility in this study
ensured few restrictions for crop development. The crop parameters in the AquaCrop
model consist of conservative and non-conservative parameters (Table 3). The conservative
parameters are generally crop-specific and show less response to time, field management,
and climatic and geographic conditions, which are often obtained from the default values of
the AquaCrop manual [55,56]. The non-conservative parameters associated with planting
practices and crop phenology were mostly obtained from field measurement or adjusted by
calibration and validation procedures.

Table 3. Input parameters of AquaCrop model used in this study.

Parameter Description Value Status

Non-conservative parameters
Sowing rate 250 kg seed hm−2 M
Cover per seeding 1.5 cm2 plant M
Initial canopy cover 5.2% M
Canopy growth coefficient 3.2% day−1 C
Canopy decline coefficient 6.9% day−1 C
Maximum canopy cover 93% C
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Table 3. Cont.

Parameter Description Value Status

Time from sowing to emergence 12 day M
Time from sowing to max canopy 175 day M
Time from sowing to senescence 197 day M
Time from sowing to maturity 219 day M
Time from sowing to flowing 181 day M
Minimum effective rooting depth 0.3 m C
Maximum effective rooting depth 1.15 C
Time from sowing to maximum rooting depth 90 day C
Sharp factor describing root zone expansion 1.5 D
Reference harvest index 41% C
Minimum temperature of pollination fail 5 ◦C D
Maximum temperature of pollination fail 35 ◦C D
Salinity stress, lower thresholds 6 dS m−1 D
Salinity stress, upper thresholds 20 dS m−1 D

Conservative parameters
Base temperature 0 ◦C D
Upper temperature 26 ◦C D
Canopy cover per seeding 1.5 cm2 Plant−1 D
Normalized crop water productivity 15 g m−2 D
Canopy expansion, upper threshold 0.2% D
Canopy expansion, lower threshold 0.65% D
Stomatal conductance threshold 0.65% D
Stomata stress coefficient curve shape 2.5 D
Senescence stress upper threshold 0.7% D
Senescence stress coefficient curve shape 2.5 D

Note: Status M means the value of the parameter refers to the field measurement; Status D means the value of the
parameter is taken from the model reference manual; Status C means the value was obtained by model calibration.

The calibration and validation procedures were conducted by evaluating the agree-
ment between AquaCrop-simulated and field-measured data of the seasonal progression of
canopy cover and crop biomass. The model under Field A was used for calibration, and the
differences between simulated and measured data were minimized based on trial and error
by repeatedly tuning the phenology-related parameters [55,57]. The calibrated model was
then validated using the conditions of Field B, and the applicability of the model was verified
only when the statistical error of the validation results ranged in an acceptable level.

2.3. Model Evaluation Criterion

The goodness of fit between the measured and model-simulated values was assessed
using statistical indicators, including the mean error (ME), normalized root mean square error
(RMSEn), Nash–Sutcliffe efficiency coefficient (NSE), and coefficient of determination (R2):
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where Mi and Si are the ith measured and simulated value, respectively. M and S are
the means of the total N number data of the measured and simulated values, respectively.
The positive or negative ME value indicates an overestimation or underestimation of the
simulation results. The simulation result is considered reasonable when the RMSEn value
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is less than 0.3 [58]. The model accuracy increases as R2 and NSE approach 1.0, and the
model simulation is remarkable if the NSE value is far less than 0.

2.4. Simulation Scenarios

In the scenario setting, the horizontal spacing was set at 10, 20, 30, and 40 m between
two adjacent subsurface drainpipes, which refers to the actual and practical layout of the
SPD system in fields subjected to a shallow groundwater table [14,59,60]. Furthermore,
a scenario designed to simulate the absence of subsurface drainage was treated as the
control (ND). Salinity levels of shallow groundwater were categorized under three levels:
30% (low level), 60% (medium level), and 90% (high level) of the average value of total
dissolved solute (35.1 g L−1) of porewater within 1.5–3.5 m soil depth in the local area [4].
For each scenario, the response of soil salt dynamics to the combined effect of SPD drain
spacing and groundwater salinity were assessed through a long-term model operation, dur-
ing which the historical climate data for 1990–2020 were obtained from the meteorological
station in Dongtai (No. 58251). Regarding precipitation, years (1990–2020) were divided
into three classes (wet, normal, dry) using the Weibull equation [61] with separating points
of 25%, 50%, and 75% probability, respectively (Figure 4). The calibrated and validated HY-
DRUS model was employed to evaluate the long-term effect of SPD on soil salt dynamics
under different drain spacings and groundwater salinity levels. Additionally, simulations
of seasonal rain-fed crop grain yield (GY) and associated water productivity (WP) and
groundwater supply (GS) in different precipitation years were conducted using the cali-
brated and validated AquaCrop model. The input data of water table depth fluctuations
and initial soil water–salt distribution affected by SPD for AquaCrop operation in years
with different precipitation levels were separately gathered from the HYDRUS results.

Figure 4. Variation in precipitation and reference evapotranspiration during winter wheat growing
season in Dongtai County from 1990 to 2020.

3. Results and Discussion
3.1. Model Performance Evaluation
3.1.1. HYDRUS Model Calibration and Validation

The measured moisture and salt contents (EC1:5) in the soil profiles of fields A and B
throughout the investigation period were compared with the corresponding simulation
values for model calibration (Figure 5) and further validation (Figure 6), respectively. The
simulated data at different soil depths and dates adequately represented soil water and salt
distribution under SPD, and captured the variation trend of the measured data during the
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experimental period. The statistical indicators used to evaluate the differences between
the measured and simulated values are presented in Table 4. Negative ME values were
obtained for both soil moisture and salt content during calibration and validation, indicating
a general underestimation during the simulation period. The extent of deviation in moisture
content can be attributed to the assumption of constant root distribution characteristics,
which likely increased crop water uptake and reduced the moisture content among root
zones that involve the field sampling positions. By contrast, the over/underestimated salt
content can be partly attributed to the model running at the daily step with the assumption
that the rainfall amount is evenly varied daily, which potentially limits the occurrence
of surface runoff caused by short-term (hourly or by the minute) heavy rainfall events
and converts more rainwater to infiltration for soil leaching. Moreover, the statistical
indicators suggest a lower model accuracy for representing soil salt dynamics than soil
moisture because higher RMSEn values and lower NSE and R2 values were observed in
both the calibration and validation stages. The explanation was that HYDRUS establishes
the convection dispersion equation based on the solution of Richards’ equation, and thus
the simulation error of soil moisture will be added to the solute simulation. Although the
statistical errors in the validation stage were generally larger than those in the calibration
stage for both soil moisture and salt content simulations, the corresponding indicators
of RMSEn, NSE, and R2 for evaluating the established model performance all ranged
within an acceptable limit. Generally, despite certain deviations between the measured
and simulated salt contents, the HYDRUS-simulated results showed reasonable agreement
among field-measured values, and the estimation errors were on the lower side of the range
reported in previous model studies related to subsurface pipe drainage [18,62].

Figure 5. Comparison of field-measured and HYDRUS-simulated values of soil moisture and salin-
ity (EC1:5) in field A during the investigation period for model calibration. Note: The date and
its corresponding stage are before sowing (25 July and 25 October 2020), overwintering stage
(10 December 2020 and 21 January 2021), reviving green stage (7 February 2021), jointing stage
(7 April 2021), grain-filling stage (11 May 2021), and maturity stage (3 June 2021). The error bars refer
to the standard error of replicates as follows.
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Figure 6. Comparison of field-measured and HYDRUS-simulated values of soil moisture and salinity
(EC1:5) in field B during the investigation period for model validation.

Table 4. Statistical evaluation of HYDRUS models for simulating soil moisture and salt content.

Stage Data Series ME RMSEn NSE R2

Calibration Moisture (cm3 cm−3) −1.611 7.72% 0.749 0.822
Salt content (dS m−1) −0.058 18.63% 0.677 0.764

Validation Moisture (cm3 cm−3) −3.452 11.71% 0.595 0.778
Salt content (dS m−1) −0.098 29.30% 0.434 0.690

3.1.2. AquaCrop Model Calibration and Validation

Figure 7 presents the difference between the field-measured and AquaCrop-simulated
seasonal progression of winter wheat canopy cover and biomass. In the calibration stage,
the negative ME values suggested that the AquaCrop model generally underestimated both
canopy cover and biomass. The simulated values tended to be lower than the measured val-
ues during the middle growth stage of winter wheat. In the validation stage, the AquaCrop
model results overestimated the canopy cover, and this tendency was more pronounced
before reviving the green stage (approximately 100 DAS), while the biomass progression
was slightly underestimated. Notably, the positive deviation of the simulated final biomass
values from the corresponding measured values could result from the stable parameter
setting of normalized water productivity (15 g m−2) throughout the wheat growing season,
because water productivity represents the rate of crop transpiration converted to biomass
production, which is expected to decline during the late growth stage [63,64]. Furthermore,
the AquaCrop model estimates the flux of groundwater capillary transport to the soil
surface based on the total water balance, resulting in the dynamic distributions of soil
water being less extensively described [65]. By contrast, the HYDRUS model calculated the
upward movement of soil water from the saturated zone of groundwater to the unsaturated
zone based on the finite element method in a field-based model flow domain. Therefore,
the inconsistent calculation pattern between these two models inevitably aggravates the
prediction errors. Overall, despite certain occasional deviations between simulated and
measured values of canopy cover and biomass, the corresponding RMSEn was lower than
10%, and NSE and R2 were close to 1 for both calibration and validation stages. These
findings indicate that the established model presents a satisfactory simulation accuracy
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and further proves the feasibility of using the AquaCrop model to evaluate crop growth in
SPD-applied fields based on the HYDRUS-estimated water table behaviors.

Figure 7. Comparison of field-measured and AquaCrop-simulated values of canopy cover and biomass
during the winter wheat growth season for model calibration (Field A) and validation (Field B).

3.2. Scenario Evaluation and Analysis
3.2.1. Response of Drainage Performance to Groundwater Salinity

In Figure 8, the 30-year variation in solute concentration within the soil layer above
the drain depth (0–0.9 m depth) is nearly in conformity with the annual precipitation, with
high values of soil solute concentration in dry years and lower values in wet years. The
groundwater salinity is the determinant of the range of soil solute concentration, because the
average soil solute concentration under low groundwater salinity conditions for scenarios
with different drainage spacings were 65.9% and 51.2% lower than those of high and
medium salinity scenarios throughout the simulation period. Compared with the no-SPD
scenario (ND), the 30-year average values of soil solute concentration of the four drain-
spacing scenarios decreased by 11.1%, 13.8%, and 14.6% with groundwater salinity at low,
medium, and high levels, respectively. However, there was no continuous downward trend
of soil solute concentration during the long-term application of SPD, indicating that the
desalination performance of SPD may not be relevant to its application time when rainfall
is leached with a constant groundwater salinity. In fact, the average shoreline extension
rate was approximately 200 m year−1 during the last half century [66] in the coastal tidal
flats of Jiangsu Province, and the salinity level of shallow groundwater generally declines
as the distance from the shoreline increases [67]. Therefore, the salt content in the soil
profile should gradually decrease during the long-term development of muddy deposition
in nearshore areas, and the application of SPD can enhance such decreasing trends to
improve the efficiency of land reclamation. Additionally, the discrepancies among the
four drainage scenarios increased as the salinity level of the groundwater increased from
low to high. For instance, the 30-year average value of the 10 m spacing scenario was only
0.22 g L−1 lower than that of the 40 m spacing scenario under low groundwater salinity
conditions, whereas under medium and high salinity levels, the difference between these
two scenarios increased to 0.50 and 0.67 g L−1, respectively. This phenomenon suggests that
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the advantage of SPD with smaller drain spacing in controlling soil solute could be further
pronounced as the field salinization is aggravated by increased groundwater salinity.

Figure 8. Temporal dynamics of soil solute concentrations at 0–0.9 m soil depth under low (a),
medium (b), and high (c) groundwater salinity levels and five drain spacings in 30 years’ meteorolog-
ical condition (1990–2020). ND refers to the no-SPD scenario.

After applying SPD for 30 years under different groundwater salinity conditions, the
total amount of discharged water and solute mass was estimated using the established
field-size HYDRUS model, as shown in Figure 9. The cumulative water discharge amount
was negatively related to the drain spacing and showed less response to the groundwater
salinity. The scenarios with different drain spacings obtained the highest discharge amounts
at high salinity levels, possibly due to the salt stress limiting the root water uptake and
ensuring relatively high soil moisture [13]. In addition, for all the groundwater salinity
levels, the values of the cumulative discharged solute mass of the 40 m spacing scenarios
were 74.6%, 47.2%, and 29.3% lower than those of the scenarios with 10 m, 20 m, and 30 m
spacing, respectively, suggesting that increased drainage spacing resulted in a reduction in
salt discharge, while the extent of such reduction would gradually decrease with further
increase in the drain spacing [15].

3.2.2. Response of Crop Yield, Water Productivity, and Groundwater Supply to
Different Scenarios

Figure 10 presents the box plots of the AquaCrop-simulated grain yield (GY), water
productivity (WP), and groundwater supply (GS) to winter wheat under different precipita-
tion category years and SPD drain spacings. As precipitation is the dominant water source
for rain-fed winter wheat growth, the GY and WP values generally varied in an accordant
tendency, with higher values in wet years and lower values in dry years, which is in contrast
to the variation in GS. Several studies reported similar results that shallow groundwater
tends to move upward by capillary forces under deficit irrigation conditions to supply
evapotranspiration, but such a supplement may not effectively improve crop production
when crops are subject to the restricted water table in drained fields [54,68]. In terms of
groundwater salinity, the values of GY, WP, and GS under low groundwater salinity almost
varied in the same range in the same precipitation years. In contrast, under the medium
and high groundwater salinity, the SPD-applied scenarios generally produced higher GY
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and WP values compared to the no-SPD scenarios, and the corresponding increases in GY,
WP, and GS were 0.81–1.65 t ha−1, 0.13–0.35 kg m−3, and 6.06–31.03 mm, respectively.

Figure 9. Simulation of 30 years cumulative discharge of water (point line) and solute mass (bar
chart) by subsurface pipe drainage under low, medium, and high groundwater salinity condition.

Figure 10. Comparison of simulated (a) grain yield, (b) water productivity, and (c) groundwater
supply in a rain-fed winter wheat field under different groundwater salinity levels and drain spacings
in wet, normal, and dry years. The top and bottom range of the box represent percentiles 25 and 75 of
data. The box whisker represents an outlier range. The lines and red squares within the box represent
median and mean values, respectively.
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Additionally, among the four SPD-applied scenarios, the GY and WP values changed
little with the drain spacing, and the maximum differences in GY and WP between the
10 m and 40 m drain spacing were only 0.37 t ha−1 and 0.11 kg m−3, respectively. The
GS values slightly decreased with increasing drain spacing in the normal and wet years
under medium and high groundwater salinity, the average GS values of 10 m drain spacing
scenarios increased by 2.16%, 3.47%, and 3.66% as compared to the 20 m, 30 m, and 40 m
drain spacing scenarios, respectively. This is because the closer drain spacing allowed
more of the infiltrated water to laterally discharge rather than undergo deep percola-
tion for groundwater recharge [69], resulting in less upward flux of capillary supply for
evapotranspiration [70,71].

4. Conclusions

This study demonstrated that the applicability of the AquaCrop model in simulating
crop growth in fields with the SPD system could be improved by employing the HYDRUS
model-predicted water table behaviors. The HYDRUS and AquaCrop were co-applied to
assess the long-term influence of different precipitation years and groundwater salinity on
the effect of the SPD systems with different drain spacings on soil water–salt transport, crop
yield, water productivity, and groundwater upward supply. Results suggest that narrowing
the drain spacing could facilitate soil solute discharge under rainfall leaching and restrict
soil salinization caused by capillary-raised saline groundwater. However, there was no
continuous downward trend of soil solute concentration during the long-term application
of SPD when the drain fields were subjected to constant groundwater salinity. Additionally,
the application of SPD could increase grain yield by 0.81–1.65 t ha−1, water productivity
by 0.13–0.35 kg m−3, and groundwater supply by 6.06–31.03 mm compared to the no-SPD
scenarios, but such increases would be less pronounced in dry years with groundwater
salinity at the low level. The present study’s findings indicated that the cooperation of
hydrologic and crop models can provide theoretical guidance for long-term agricultural
salinity management in coastal areas, where rainwater is regarded as the primary resource
for soil leaching and crop water uptake. Additionally, a small drain spacing layout pattern
may lead to increased equipment installation and maintenance investment. Therefore,
a trade-off between land reclamation performance and infrastructure expenditure of the
SPD system should be investigated further.
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