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Editorial

Sustainable Management and Regulation of Agricultural Water
Resources in the Context of Global Climate Change
Wen Yin 1,* , Xiaolin Yang 2,* and Wenfeng Liu 2

1 State Key Laboratory of Aridland Crop Science, College of Agronomy, Gansu Agricultural University,
Lanzhou 730070, China

2 College of Water Resources & Civil Engineering, China Agricultural University, Beijing 100083, China;
wenfeng.liu@cau.edu.cn

* Correspondence: yinwen@gsau.edu.cn (W.Y.); yangxiaolin429@cau.edu.cn (X.Y.)

Water is the lifeblood of agriculture, a sector that sustains global food security and
livelihoods. However, the increasing complexity of water management in agriculture, exac-
erbated by global climate change, poses significant challenges to the sustainability of this
vital resource. Specifically, climate change has intensified the risks associated with agricul-
tural water management, particularly in regions already grappling with water scarcity [1].
While certain aspects of climate change, such as increased precipitation and elevated CO2

concentrations, may offer localized benefits, the overarching impacts—reduced water avail-
ability, more frequent extreme weather events, and shifting precipitation patterns—threaten
agricultural productivity and water security. Moreover, as the global population continues
to grow, the demand for food and water is increasing, placing additional pressure on
already strained water resources [2]. In addition, climate change exacerbates these pres-
sures by altering precipitation patterns, increasing the frequency and severity of extreme
weather events, and raising temperatures, all of which impact agricultural water use [3].
Consequently, in regions where water scarcity is already a concern, these changes pose
significant economic and social challenges. Despite some localized benefits, the overall
impact of climate change on agricultural water management is overwhelmingly negative,
necessitating the development of robust adaptation strategies [4].

In this context, developing adaptation strategies through sustainable water manage-
ment and regulation is not just a necessity but an imperative. Therefore, this Special Issue
seeks to advance our understanding of the risks and adaptation strategies in agricultural
water management, with the goal of enhancing the efficient use of limited water resources
and ensuring food security in a changing climate. To achieve this, this Special Issue aims
to address these challenges by exploring historical and future trends in crop evapotran-
spiration and irrigation requirements, evaluating the effectiveness of various agronomic
and policy measures, and proposing sustainable pathways for adapting to future climate
change. Ultimately, the goal is to enhance our understanding of the risks and opportunities
associated with agricultural water management under climate change and to provide
policymakers with the knowledge needed to formulate effective strategies for reducing
the vulnerability of the agricultural sector and increasing its resilience. As a result, we
can better prepare for the impacts of climate change and ensure the continued availability
of water resources for agricultural production, thereby safeguarding global food security
and livelihoods.

In the first paper of this Special Issue, Yunquan Zhang and Peiling Yang discuss a
simulation-based optimization model for controlling soil salinization in the Hetao irrigation
district in northwest China. Their results provide water shortage and water distribution
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targets for multiple water sources and levels across five irrigation areas in the HID. These
targets were used as the main input parameters for the SALTMOD model, which is based
on the principle of water and salt balance. The outputs included data on groundwater
mineralization and depth. Their findings revealed that (1) integrated interval two-stage
robust stochastic programming and the SALTMOD model can be coupled to simulate a
model under uncertainty; (2) systemic risk issues were effectively considered; and (3) the
proposed method can be applied to the HID to address soil salinization control. This
approach is particularly applicable to arid and semiarid regions facing similar challenges
(Contribution 1). Similarly, Pan Li, Wen Yin, Guiping Chen, Yao Guo, Zhilong Fan, Falong
Hu, Fuxue Feng, Hong Fan, and Wei He conducted a comprehensive evaluation of yield,
resource utilization efficiency, carbon emissions, and economic benefits based on the crop
rotation of maize with different wheat straw-returning methods. They concluded that no
tillage with 25–30 cm tall wheat straw mulching is a sustainable maize management practice
for increasing economic benefits and improving environmental impacts in arid irrigated
areas (Contribution 2). This finding highlights the importance of adopting conservation
agriculture practices to enhance sustainability in water-scarce regions.

In another study, Xin Zhang, Jianheng Zhang, Jiaxin Xue, and Guiyan Wang con-
firmed that the S086 variety, combined with a total irrigation water amount of 165 mm,
could achieve the dual goals of high crop yields and water use efficiency, thereby reducing
groundwater depletion (Contribution 3). This research underscores the potential of crop
breeding and precision irrigation technologies to optimize water use in agriculture. Fur-
thermore, Vinod Phogat, Jirka Šimůnek, Paul Petrie, Tim Pitt, and Vilim Filipović used a
process-based biophysical numerical model to evaluate water balance and nitrogen (N)
dynamics in soils under rainfed wheat cultivation at low- (219 mm, Pygery) and medium-
rainfall (392 mm, Yeelanna) sites in South Australia over two seasons. Their results suggest
that combining water balance and N modeling can optimize wheat production while
minimizing N losses in rainfed agriculture (Contribution 4). This approach provides a
valuable tool for managing water and nutrient resources in rainfed systems, which are
particularly vulnerable to climate variability. Additionally, Ahmed A. Abdelmoneim, Roula
Khadra, Angela Elkamouh, Bilal Derardja, and Giovanna Dragonetti investigated the field
validation of a low-cost IoT soil moisture tensiometer prototype, comparing weather-based
irrigation to soil moisture-based irrigation in terms of yield and crop water productivity.
They noted that while the sensors were deployed for two months during the lettuce crop
season, further investigation is needed to assess their long-term reliability and maintenance
requirements (Contribution 5). This study not only highlights the potential of IoT-based
technologies to improve irrigation efficiency but also emphasizes the need for robust and
durable sensor systems.

In another significant contribution, Waqas Ahmed, Suhail Ahmed, Jehangir F. Pun-
thakey, Ghulam Hussain Dars, Muhammad Shafqat Ejaz, Abdul Latif Qureshi, and Michael
Mitchell used MODFLOW 2005 to quantify the groundwater budget of the Northern Rohri
Canal Command Area under RCP 4.5 and 8.5 climatic scenarios. Their estimates suggest
that a sustainable yield of approximately 3 ± 0.3 BCM per year should be maintained
to ensure adaptive groundwater reserves during droughts while reducing waterlogging
impacts (Contribution 6). This research provides critical insights for managing groundwa-
ter resources in regions facing both water scarcity and waterlogging. Moreover, Natalia
Julio, Amaya Álvez, Rodrigo Castillo, Kimberly Iglesias, Diego Rivera, Fernando Ochoa,
and Ricardo Figueroa analyzed legal approaches and management mechanisms in Chile,
highlighting the need for River Basin Boards with broader planning powers to incorporate
diverse stakeholders and improve water governance (Contribution 7). Their findings under-
score the importance of inclusive and adaptive governance structures for managing water
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resources in a changing climate. In a different context, Krzysztof Kud, Aleksandra Badora,
and Marian Woźniak used a diagnostic survey method in southeastern Poland to assess
the social awareness of water management under climate change. Their findings revealed
a lack of awareness about natural water retention methods, with respondents favoring
outdated technical solutions like flood embankments and large dams (Contribution 8). This
study highlights the need for public education and engagement to promote sustainable
water management practices.

Additionally, Edson Costa-Filho, José L. Chávez, and Huihui Zhang evaluated remote
sensing (RS) algorithms for estimating maize evapotranspiration (ETa) in semiarid regions.
They found that the MSR5 proximal platform provided optimal data, emphasizing the
need to improve RS data quality from sub-optimal platforms for sustainable irrigation
management (Contribution 9). This research not only demonstrates the potential of remote
sensing technologies to enhance irrigation efficiency but also calls for advancements in
data quality and accessibility. Finally, Andrzej Brandyk, Ryszard Oleszczuk, Grzegorz
Majewski, Mariusz Barszcz, and Katarzyna Rozbicka present a conceptual model for
managing drainage/irrigation systems, which demonstrates close alignment with Modflow
simulations and offers potential for calibration in polder areas (Contribution 10). This
model provides a practical tool for managing water resources in low-lying agricultural
areas, which are particularly vulnerable to flooding and waterlogging.

Climate change is expected to have profound impacts on agricultural water manage-
ment, particularly in regions that are already water-stressed. One of the most significant
impacts is the alteration in precipitation patterns, which can lead to both increased drought
frequency and more intense rainfall events. These changes can reduce water availability for
irrigation, increase the risk of crop failure, and exacerbate soil erosion. Additionally, higher
temperatures can elevate evapotranspiration rates, further straining water resources. The
Intergovernmental Panel on Climate Change (IPCC) has projected that water availability
will decline in many regions, particularly in the subtropics and mid-latitude areas [1]. For
example, in the Mediterranean region, water availability is expected to decrease by 20–30%
by the end of the century, threatening the productivity of water-intense crops like rice and
cotton [5]. Furthermore, extreme weather events such as droughts, floods, and heatwaves
are becoming more frequent and severe, leading to crop failures, soil degradation, and
economic losses. For instance, the 2012 drought in the United States caused significant
reductions in corn and soybean yields [6], while the 2010 Russian heatwave reduced wheat
production by 30%, contributing to a global spike in food prices [7].

In addition to these direct impacts, climate change also affects water quality, further
complicating agricultural water management. For example, higher temperatures can
increase the growth of harmful algae in water bodies [8], while more intense rainfall events
can lead to the increased runoff of agricultural chemicals into water sources [9]. These
changes not only reduce the availability of clean water for irrigation but also pose risks to
human health and ecosystems. Moreover, climate change is expected to exacerbate existing
inequalities in water access. In many developing countries, smallholder farmers, who
rely heavily on rainfed agriculture, are particularly vulnerable to changes in precipitation
patterns and water availability [10]. Without adequate adaptation measures, these farmers
face increased risks of crop failure, food insecurity, and poverty.

To address these challenges, a multi-faceted approach is needed, combining tech-
nological innovation, policy interventions, and community engagement. Technological
solutions, such as precision irrigation, drought-resistant crop varieties, and remote sensing
technologies, can enhance water use efficiency and reduce the vulnerability of agricultural
systems to climate variability [11]. Policy measures, such as water pricing, subsidies for
water-saving technologies, and integrated water resources management, can incentivize
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sustainable water use and ensure equitable access to water resources. Community engage-
ment and education are also critical for promoting sustainable water management practices
and building resilience at the local level [12].

Looking ahead, there are several key areas where further research and innovation are
needed to address the challenges of agricultural water management under climate change.
First, there is a need for more accurate and localized climate projections to inform water
management decisions. Second, research is needed to develop and scale up innovative
technologies, such as smart irrigation systems, drought-tolerant crops, and water-efficient
farming practices. Third, there is a need for more integrated approaches for water manage-
ment that consider the interconnectedness of water, food, energy, and ecosystems. Finally,
there is a need for greater collaboration and knowledge sharing among researchers, policy-
makers, farmers, and other stakeholders to ensure that adaptation strategies are effective,
inclusive, and sustainable. By addressing these research gaps and fostering collaboration
across sectors, we can build a more resilient and sustainable agricultural system that is
capable of meeting the challenges of a changing climate and ensuring food security for all.

In conclusion, climate change poses significant challenges to agricultural water man-
agement, particularly in water-stressed regions. However, by adopting advanced irrigation
technologies, implementing water-saving agronomic practices, and developing policies
that promote sustainable water management, it is possible to enhance the resilience of
agricultural systems and reduce their vulnerability to climate change. This Special Issue
contributes to this goal by exploring historical and future trends in crop evapotranspiration
and irrigation requirements, evaluating the effectiveness of various agronomic and policy
measures, and proposing sustainable pathways for adaptation. By enhancing our under-
standing of the risks and opportunities associated with agricultural water management
under climate change, we can develop more effective strategies to ensure food security
and promote sustainable agricultural production in the face of a changing climate. Ulti-
mately, the sustainable management of agricultural water resources is not only essential
for ensuring food security but also for protecting ecosystems, supporting rural livelihoods,
and promoting economic development. As the global community continues to grapple
with the impacts of climate change, it is imperative that we prioritize the development and
implementation of sustainable water management practices to safeguard this vital resource
for future generations.

Conflicts of Interest: The authors declare no conflicts of interest.
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Article

Model-Supported Groundwater Table Control on the Vistula
River Plain—Methodological Approach

Andrzej Brandyk * , Ryszard Oleszczuk , Grzegorz Majewski , Mariusz Barszcz and Katarzyna Rozbicka

Institute of Environmental Engineering, Warsaw Univeristy of Life Sciences, Nowoursynowska St. 159,
02-776 Warsaw, Poland; ryszard_oleszczuk@sggw.edu.pl (R.O.); grzegorz_majewski@sggw.edu.pl (G.M.);
mariusz_barszcz@sggw.edu.pl (M.B.); katarzyna_rozbicka@sggw.edu.pl (K.R.)
* Correspondence: andrzej_brandyk@sggw.edu.pl; Tel.: +48-22-5935377

Abstract: At present, a sustainable and wise management of water resources requires more insight
into drainage/irrigation practices in river valleys. Since efficient sub-irrigation, based on reliable hy-
drometeorological forecasts, has been extensively considered with respect to water saving, the proper
modeling tools were subsequently developed. An original, conceptual model for the management
of drainage/irrigation systems was presented, taking into account the water inflow and storage in
the soil profile. The aim was to propose a relatively simple procedure with parameters that relate to
easily obtainable variables, e.g., groundwater table depth in the form of uncomplicated equations.
The results of this tool were compared with the groundwater heads simulated using the recognized,
common Modflow model. The comparisons proved a close match of the modeled variables and point
at possibilities to calibrate it on polder areas.

Keywords: groundwater dynamics; drainage/irrigation plots; conceptual model; specific yield;
drainage/irrigation time constant; calibration

1. Introduction

A proper description of river valley polder management at multiple scales and degrees
of achievement has been established as one of the issues of modeling in environmental and
hydrological sciences [1–5]. The existing models are based generally on analytical solutions
of partial differential equations for well-defined soils and porous media or respective
conceptual models dedicated to soil water management [6–8]. Still, the particular character
and choice of those models and their parameters was the subject of controversy in terms of
applicable conditions.

The main research field which still deserves insight and innovative solutions is
drainage/irrigation scheduling, including the parameters that can effectively delineate the
process [7–13]. For this purpose, this paper focuses on a conceptual model [13] based on
the drainage/irrigation time constant, soil-specific yield and water fluxes in the soil profile
related to the groundwater level position in the form of simple equations. The main novelty
was to propose a relatively uncomplicated, analytical model for drainage/irrigation prac-
tices with the parameters related to easily measurable variables, e.g., groundwater table
depth. Its suitability was proven at a polder in central Poland within a subirrigation system,
based on the developed groundwater dynamics equation in ditch midspacing [13]. On the
other hand, the results of the conceptual model were next compared with the common,
numerical Modflow model, as the basic tool for groundwater table simulations over the
valley areas.

2. Materials and Methods
2.1. Study Site

The model calibration was attempted within the sections of Troszyn Polder (with
total area of 550 ha, 52.42–52.43 N, 19.83–19.835 E, and surface of research plots equal to

Sustainability 2024, 16, 11190. https://doi.org/10.3390/su162411190 https://www.mdpi.com/journal/sustainability6
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53 ha) located in the Valley of the Vistula River, central Poland, 15 km south of the city of
Plock. This area was covered by a dense network of drainage/irrigation ditches (Figure 1)
of design spacing equal to 120 m, and divided into basic subirrigation plots (S, A1, A2,
C, B1, B2). They formed a complex hydraulic and hydrologic water distribution system,
supplied by Gabinianka River (northern border), Dobrzykowski Channel (eastern border)
and Słubicki Channel located in the center. The whole polder, situated parallel to the
Vistula River at a distance of 2 km, is also characterized by nearly uniform terrain elevation
(57.70 m above sea level) with subtle differences near the ditches (altitude in a close-to-ditch
zone equals about 57.55 m asl.).
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Figure 1. Troszyn Polder (the whole system of drainage/irrigation plots).

Considerable variability of soil types exists within the area as it was subject to a
number of fluvial processes that finally shaped the structure of the Vistula Valley in this
part of Poland [14]. The complexity of soil-forming processes was manifested through
texture class fractions and variable organic matter content. The research site is covered by
Fluvic Gleyic Phaeozems [15] based on 15 soil samples containing sand fraction—13% on
average, standard deviation (SD)—7.7%; silt-averaging 56%, with SD of 6.0%; clay fraction
equal to 20.5% on average, SD—7.5%; and organic matter content of 11.7% with SD that
equaled 4.0%. A characteristic feature of the above-mentioned heavy soils is their high
organic matter content, while their thickness ranges from 1.8 to 2.1 m and they are underlain
by sandy aquifer. In such geomorphologic conditions, that area forms a typical polder,
with terrain elevation that is approximately equal to mean water levels in the Vistula River.
For those reasons, it needs proper water management to make its current use possible
(3-swath meadows with an average hay yield of 10 t·ha−1) and also provide protection
against flooding phenomena [13].

The current stage of analyses focused only on the northern parts of the plots (A2, B1,
Figure 2) in the elementary spaces between two parallel ditches (120 m wide by about
350 m long). Monitoring points were established within those plots: wells S2 and P2 in
midspacing of the ditches for groundwater table recording; S1 and P1—water gauges for
ditch water level observations; and S3—piezometer for aquifer head measurements.
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Figure 2. Analyzed plots of the polder.

Wells no. S2 and P2 as well as gauge no. S1 were equipped with automatic (Solinst
Levelogger model 3001, Solinst Canada Ltd., Georgetown, ON, Canada) loggers for water
table position recording, while at S3 (piezometer), the measurements were carried out
manually. At well no. S2, the Adcon profile probe (SM1 Soil Moisture Sensor) was installed
for soil moisture content recording with sensor spacing of 0.1 m (6 sensors in depth range
0.1–0.6 m) that was further utilized for rootzone moisture estimates in midspacing of the
ditches. At well no. P2, rootzone volumetric moisture content was estimated through TDR
measurements [16–19].

Based on the retention curve estimations for averaged 30 cm soil layer (rootzone), the
value of θs reached 0.58 cm3/cm3, while θc was equal to 0.38 cm3/cm3, θFC to 0.47 cm3/cm3

and θWP equaled 0.25 cm3/cm3. The calculated, effective capillary range was equal to 1.0 m,
hence the full range zp = za +1 m =1.3 m applied in the conceptual model (depth of root
zone zp = 0.3 m). Additionally, the coefficient of effective precipitation (precipitation use
efficiency) was assumed to be equal to 1 for the sake of modeling, and the values of crop
coefficient for calculation of evapotranspiration were adopted for actual land use as a
three-cut meadow of an average hay yield of 10 t·ha−1 [11,13].

Hydrogeological setting of the analyzed area involved one, unconfined sandy aquifer
of an average thickness of 17 m, underlain by clay formations (Figure 3). This was es-
sential to implement groundwater heads in the main horizon for the upward seepage
representation in both conceptual and numerical model.
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Figure 3. Hydrogeological cross-section through the Polder area: ▼—unconfined water table,
▽—confined water table.
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2.2. Conceptual Modeling Procedures

The main part of the proposed model of drainage/irrigation (subirrigation) function-
ing, elaborated by Kaca [13], can be expressed as a conceptual equation of groundwater
table dynamics in the following form:

h′2j+1 = h2j exp(AT∆t)− 1
AT T

(
h1j+1−n − h1j−n

)
−
[

1
A2

T T

h1j+1−n−h1j−n

∆t + 1
AT

(
1
T h1j−n +

Bz
µ

)]
[1 − exp(AT∆t)] ;

n = 0, 1, 2, . . .

(1)

AT =
Az

µo
− 1

T
µo > 0 (2)

j = number of the current moment of calculation;
∆t = the computation interval of time, e.g., day

(
∆t = tj+1−n − tj−n = tj+1 − tj

)
, [T];

n = natural number and zero;
τ = n · ∆t = time-lag of irrigation or drainage [T];
T = the time constant of drainage/irrigation [T];
Az = vertical groundwater flux (from or to aquifer) [1/L];
Bz = infiltration or capillary rise equivalent of soil water [L/T];
µ0 = the specific yield in soil profile [-];
h′2j+1 = groundwater level in midspacing of the ditches/drainpipes without taking

into account deep percolation of soil water at the moment j + 1 [L];
h2j = initial condition − groundwater level midspacing between the ditches/drain

pipes after taking into account deep percolation of soil water, at the moment j [L];
h1j+1−n and h1j−n = inducing factors − the water table level in the ditches/in soil at

the lines of the drainpipes in moment j + 1 − n and j − n, respectively.

Az = −S, Bz = S
(
zp − zs

)
− (ET − Pe) + qn

for
[(

zp − za

)
< h

′ ≤ zp

]
∧ [(ET − Pe) > 0],

(3)

Az = −S − (ET − Pe)
1

zp−za
, Bz = S

(
zp − za

)
+ qn

for
[
0 < h

′ ≤ (zp − za)
]
∧ [(ET − Pe) > 0],

(4)

Az = −S, Bz = S
(
zp − za

)
+ qn

for
[

h
′
< 0] ∨ [(ET − Pe) ≤ 0]

(5)

where
h
′
= β1h′1 + (1 − β1)h

′
2 = the average shallow level of groundwater at any given time

without taking into account deep percolation of soil water [L];
h′1, h′2 = the water level in the ditches/in the line of the drainpipes and the shallow

groundwater level midspacing between the ditches/drainpipes, respectively, at the cross-
section without taking into account deep percolation of soil water [L];

β1 = coefficient of the shape of the groundwater table curve between the ditches/
drainpipes [-];

ET = flux density of evapotranspiration at the cross-section [L·T−1];
Pe= flux density of effective precipitation and effective sprinkler irrigation rate (infil-

tration into the unsaturated zone) [L·T−1];
zp = depth beneath the land surface to the reference level (full capillary rise range) [L];
za = the depth of the root zone of plants in the soil profile [L];
zs = actual depth to deep aquifer head (confined) [L];
m1 = the thickness of the soil profile [L];
m2 = the thickness of the aquitard over the aquifer[L];
S = water exchange coefficient between the aquifers [T−1];
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qn = qi − q0 = the net lateral flux density of water in horizontal subsurface flow
exchanged with adjacent areas (released from or taken into soil storage) [L·T−1].

At this stage of model description, we omitted a range of equations for water equiva-
lent of transient porosity (water reserves in the soil profile). The relevant, fully developed
equations are given in work [13], stressing a complex interdependence of water equivalent
of transient porosity and the specific yield, evapotranspiration and precipitation rate, capil-
lary rise range and water table position. A number of representative formulas may be also
found for the relationships of the total specific yield and ground water table depth [13].

Since the conceptual model (Figures 4 and 5) requires the input of the water equivalent
of transient porosity, of which starting values are relatively difficult to identify, the resultant
average soil moisture of the soil root zone was incorporated into the model. This also
generates possibility to simulate the soil moisture content or use it in the calibration
process. The average soil moisture of the root layer with a thickness of za, along with the
groundwater table level, hj+1, is given by the following equation:

θ = θs −
Wcorr

j+1 − δaj+1

za
(6)

where
θ—average soil moisture of the root layer with thickness of za [L3L−3];
θs—average saturated soil moisture of the root layer with thickness of za [L3L−3];
δaj+1—transient porosity below the layer of the main mass of plants roots with thick-

ness of za.
The above equation enabled flexibility in conceptual modeling, not by starting with

estimated water equivalent (soil water reserves) of the transient porosity, but by launching
the simulations using actually measured, volumetric soil water contents.
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Figure 4. Model schematic of the soil profile. ▼—unconfined water table, ▽—confined water table.
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Figure 5. Schematic, model cross-section through the field perpendicular to two ditches: 1,
2—observation wells. ▼—unconfined water table, ▽—confined water table.

2.3. Numerical Modelling

A common groundwater flow model recognized world-wide, Modflow, was alterna-
tively used to simulate groundwater table position in ditch midspacing within the analyzed
plots. The following governing equation for a quasi-3-dimensional flow of groundwater in
the saturated zone was utilized [19,20]:

d

dx

(
Tx

dH

dx

)
+

d

dy

(
Ty

dH

dy

)
+

d

dz

(
Ty

dH

dz

)
− W = S

dh

dt
(7)

where
Tx, Ty, Tz,—aquifer transmissivities in three directions, x, y, z [L2T−1], defined as follows:

T =

{
k·m— f or a con f ined aqui f er
k(H − h)— f or an uncon f ined aqui f er;

(8)

k—saturated hydraulic conductivity [L·T−1];
m—aquifer thickness [L];
H—hydraulic head [L];
h—aquifer bottom elevation [L];
W—recharge from internal and external sources [L·T−1];
S—storage coefficient [-].
The differential equation is replaced in the Modlow code by a simplified form, based

on mass conservation law. As a consequence, a continuous groundwater flow system is
transformed into a discrete set of computational model grid cells (Figure 6), consisting of
rows, columns and layers.
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Figure 6. Sample numerical model grid, consisting of 10 columns, 7 rows and 4 layers.
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Simulations involve mass balance conservation of all cells in the grid. Water table
elevation in any individual cell depends on inflows from neighboring cells and external
sources of water, such as precipitation, drain inflows or outflows, wells, pumping stations,
irrigation rates or water reservoir leakage [21,22].

Rows and columns are defined in such a way to cover the whole modeled area in the
plain view. The size of the rows and columns is related to the expected accuracy of the
model but also occurring hydrogeological conditions, e.g., the spots of large hydraulic head
gradients, such as wells, water intakes, flow barriers, etc. The number of model layers, on
the other hand, is crucial to represent the setting of aquifers and aquitards. The layers are
assigned to the main hydrostratigraphic units, with usual simplification of flow conditions;
that is to say, one layer represents one aquifer. It is possible to assign computational layers
to each geologic or stratigraphic formation individually, but it leads to multi-layer grids of
a high complexity in terms of model calibration.

In the case analyzed herein, two model layers were used to represent the main aquifer,
with the first one for shallow sandy layers and the second one used only to simulate
vertical exchange of groundwater (vertical leakance) with the underlaying loamy deposits
(Figure 3).

2.4. Model Assumptions Summary

The conceptual model of groundwater table dynamics (Section 2.2) needs calibration
and validation on real, existing areas (plots), because it constitutes a newly developed tool
(Equations (1)–(6)). The emerging need for testing that model is essential, because it offers
potential to simulate a real water amount taken in or discharged in drainage/irrigation
(subirrigation) conditions and further forecast impacts on soil management and crop yields.
The possibilities are open to develop the conceptual model into operational planning tool
for a number of interconnected plots, on condition that it is combined with water balance
equation, considering the surface water exchange between the plots (connected by supplier
canals) [13].

Detailed implications for water management over plots are the potential of the concep-
tual model, but the base is the modeling of the groundwater table and its variability using
Modflow [17,19–21]. This has become the reason to possibly compare the groundwater
level results of those models.

The advantage of the conceptual model (basically Equation (1)) is the link of

• Unsaturated and saturated zones. The model is capable of calculating the water
reserves and transient leakage from the saturated zone to groundwater horizon. Mod-
flow is pure saturated-zone model and needs calibration of the areal recharge (leakage)
from vadose zone to groundwater table.

• The conceptual model considers only the groundwater table in midspacing of the
ditches or drains. Modflow is capable of simulating it at every point of the plot (owing
to spatial, numerical grid).

• The time of irrigation and groundwater inflow to the plot can be simulated by both
the conceptual and the numerical model.

• The conceptual model takes into account one, main aquifer, which is usually enough
to simulate the water management in drained or irrigated plots. Modflow, depending
on the version, is able to consider dozens of aquifers or layers.

• Surface water inflow rates are considered by the conceptual model. Modflow alone
does not, but since it can be integrated with known surface water models, it may
then offer such possibility. For this reason, the presented conceptual model can
be developed into a scheme of interconnected plots, including drainage/irrigation
channels that connect them for water exchange estimation within the whole system.
Modflow can account for groundwater exchange only, and in its original version is
not capable of also being surface water distribution tool.
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3. Results and Discussion

The simulations of groundwater tables in the midspacing of the ditches were attempted
to gain initial insight into the possibilities of applying a conceptual model (Equations (1)–(6))
to valley area management. That model was subject to optimization [11,13] with the average
approximation error as an estimator of the model quality and also visual comparisons of the
modeled and observed groundwater tables.

Qy =

√
1
N ∑

N

j=1

(
yj − ŷj

)2 (9)

where
N = the number of results of the measurements and calculations taken for comparison;
yj, ŷj = the calculated and measured values, respectively.
The yj, ŷj values stand for the level of groundwater h2j and ĥ2j or alternatively the

moisture content θ2j and θ̂2j in the root layer of the soil, in the middle of the ditches,
calculated and measured, respectively. The criterion function (standard deviation of resid-
ual values) was minimized using the groundwater level data, providing the following
resultant global parameter values: m0—the specific yield (Equations (1) and (2)), T—the
drainage/irrigation time constant (Equations (1) and (2)), S—the water exchange coeffi-
cient between the aquifers (Equations (3)–(5)) and additionally qs—the saturated water
content (Equation (6)). The optimization was based on assumptions of the Hooke–Jeeves
algorithm [23] that introduced reasonable parameter value ranges, randomized their values
within those ranges and defined the starting value of a parameter. Next, the ensemble of
approximation errors was calculated and terminated when the minimum was reached. As
given in Section 2.1, those parameters were optimized for two plots of the polder: B1 and
A2 (Figures 7 and 8).

For both plots, similarities were found with respect to the parameter values. The
specific yield m was equal to 0.13 [-] and the time constant T reached 10.5 days for two
plots, while the S value was equal to 3.0 × 10−5 1/d for the A2 plot and 1.5 × 10−3 1/d
for B1.
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Figure 7. Comparison of modeled and observed groundwater stages at well S2, plot B1, conceptual
model (calibration period).
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Figure 8. Comparison of modeled and observed groundwater stages at well P2, plot A2, conceptual
model (calibration period).

The saturated water content qs reached 0.77 for A2 and 0.68 for B1. The measurements
of retention curve characteristics provided the qs range: 0.57–0.64 for the B1 plot, which is
fairly comparable with the calibrated values [13]. The approximation error (the deviation
between the model and observations Qy) reached 0.044 m for the A2 plot (R2 = 0.88) and
0.057 m for B1 (R2 = 0.84), while the visual comparisons of the measured and simulated
groundwater levels showed a close match.

Next, the results of the conceptual model and Modflow calibration were compared.
The value of the specific yield m was also equal to 0.13, but the time constant T reached
a longer time by Modflow calibration of about 30 days. S, the water exchange coefficient
between the aquifers, showed similarity and equaled 3.2 × 10−5 1/d. The approximation
error Qy amounted to 0.084 m for the Modflow model simulation.

The course of observations and Modflow model results for plot B1 also show agree-
ment through visual comparisons (Figure 9). Taking into account that the trend of ground-
water tables was preserved for both models and average simulation errors Qy were fairly
comparable, the conceptual model has proven its reliability for groundwater dynamic
simulations in ditch midspacing.
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Figure 9. Comparison of modeled and observed groundwater stages for S2 well, plot B1, Modflow
model (calibration period).
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After the calibration stage, in order to complete the required model validation pro-
cedure, the course of independent groundwater table observations was gathered for both
wells: S2 and P2. Those data encompassed the period 10 March 2020–22 August 2020 for
the B1 plot (S2 well) and 10 March 2020–6 August 2020 for the A2 plot (P2 well). The model
was run on the previously calibrated global parameter values, followed by the estimations
of the match between the simulated and observed groundwater stages (Figures 10 and 11).
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Figure 10. Comparison of modeled and observed groundwater stages at well S2, plot B1, conceptual
model (validation period).
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Figure 11. Comparison of modeled and observed groundwater stages at well P2, plot A2, conceptual
model (validation period).

Again, the visual comparisons showed a close agreement of the modeled and observed
variables. The approximation error (the deviation between the model and observations
Qy) reached 0.09 m for the A2 plot (R2 = 0.91) and 0.098 m for B1 (R2 = 0.91) for the
assumed validation period. The model exhibited satisfactory quality after validation to
finally evidence the reliability of the whole modeling procedure, including the calibration
stage followed by the verification of an independent set of observations.

Since the conceptual model is currently in its development and testing phase,
Equations (1)–(6) were implemented as an Excel spreadsheet procedure to verify them
under different conditions of the river valley areas (e.g., soil types, irrigated or drained
plot size, precipitation end evaporation, position in the hydrographic system, etc.). Several
test cases were assumed for groundwater and surface water level data collection, weather
parameter recording and land and crop cover and topography measurements [13]. For the
Solec object in central Poland, 30 km south of Warsaw [17], it was found that the parameters
of the calibration reached the following values: m—a specific yield equal to 0.19, T—a time

15



Sustainability 2024, 16, 11190

constant of 47 days, S—a vertical exchange coefficient of 3.2 × 10−5 1/d and qs—a saturated
water content of 0.75 for peat soils within the subirrigation system. These were comparable
to the previous studies on that area. For the northeastern areas of Poland, however, higher
values of the drainage/irrigation time constant T (80 days) were found for Biebrza case stud-
ies of a subirrigation plot, along with a specific yield, m, of 0.16, a higher vertical exchange
coefficient (0.014 1/d) and a qs equal to 0.82 for the peat–moorsh soil [13]. On the other
hand, the Racot object, located in western Poland, revealed a specific yield, m, of 0.16, a
time constant T of 1 day and a saturated water content, qs, equal to 0.90 for histic gley soils
with two diverse moorshlayers, where the specific yield and saturated water content were
different from the measured values by 16% [8]. It was noted that the main differences pertain
to the drainage/irrigation time constant T, while other parameters manifested comparability
between the research objects, characterized by similar soil types.

4. Conclusions

A conceptual model (Equations (1)–(6)), aimed to become a water management tool for
polder areas, underwent the first attempts of calibration in terms of groundwater dynamic
simulation. This is supposed to be the base for a fully applicable model for valley polders,
on the condition that the fundamental, governing equation proves its calibration and
validation quality. In this respect, we found a close match of the observed and modeled
groundwater tables on two selected plots of the polder for the adopted calibration and
validation periods. Moreover, similarities were reached for the course of groundwater
tables simulated by the numerical, recognized Modflow model.

The calibration (optimization) revealed reasonable values of global parameters of the
conceptual model for heavy soils (Fluvic Gleyic Phaeozems) underlain by sandy deposits
(aquifers). Alternatives are open to also validate that model for rootzone soil water contents
(Equation (6)). In terms of reproducibility, the calibration and validation found evidence
for the correctness of the model assumptions. In a methodological sense, the proposed
modeling procedure is one of the means of managing soil moisture on, e.g., riverside
polders. It is meant to contribute to the existing state of knowledge, providing an alternative
based on soil water equations (water reserves and water table positions), but it also needs
sufficient comparisons with other, accepted models. A vital element, indispensable for
building a complete water management tool for the polders, is the incorporation of the
water balance equation and its on-site validation.
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Abstract: This study evaluated the performance of remote sensing (RS) algorithms for the estimation
of actual maize evapotranspiration (ETa) using different spaceborne, airborne, and proximal multi-
spectral data in a semi-arid climate region to identify the optimal platform that provides the best ETa

estimates to improve irrigation water management and help make irrigated agriculture sustainable.
The RS platforms used in the study included Landsat-8 (30 m pixel spatial resolution), Sentinel-2
(10 m), Planet CubeSat (3 m), multispectral radiometer or MSR (1 m), and a small uncrewed aerial
system or sUAS (0.03 m). Two-source surface energy balance (TSEB) models, implementing the series
and parallel surface resistance approaches, were used in this study to estimate hourly maize ETa.
The data used in this study were obtained from two maize research sites in Greeley and Fort Collins,
CO, USA, in 2020 and 2021. Each research site had different irrigation systems. The Greeley site
had a subsurface drip system, while the Fort Collins site had surface irrigation (furrow). Maize ETa

predictions were compared to observed maize ETa data from an eddy covariance system installed at
each research site. Results indicated that the MSR5 proximal platform (1 m) provided optimal RS
data for the TSEB algorithms. The MSR5 “point-based” nadir-looking surface reflectance data and
surface radiometric temperature combination resulted in the smallest error when predicting hourly
(mm/h) maize ETa. The mean bias and root mean square errors (MBE and RMSE, respectively),
when predicting maize hourly ETa using the MSR5 sensor data, were equal to −0.02 (−3%) ± 0.07
(11%) mm/h MBE ± RMSE and −0.02 (−3%) ± 0.09 (14%) mm/h for the TSEB parallel and series
approaches, respectively. The poorest performance, when predicting hourly TSEB maize ETa, was
from Landsat-8 (30 m) multispectral data combined with its original thermal data, since the errors
were −0.03 (−5%) ± 0.16 (29%) mm/h and −0.07 (−13%) ± 0.15 (29%) mm/h for the TSEB parallel
and series approaches, respectively. These results indicate the need to develop methods to improve
the quality of the RS data from sub-optimal platforms/sensors/scales/calibration to further advance
sustainable irrigation water management.

Keywords: remote sensing; evapotranspiration; crop coefficient; surface energy balance; irrigation

1. Introduction

To improve irrigation water management in agricultural fields and attain sustainability,
it is critical to define the optimal irrigation time and irrigation amounts to replenish the soil
vadose layers, where crop roots develop, to conserve water and soil resources. Irrigation
water management practices are often based on the soil water balance (SWB) approach
for irrigation scheduling development [1,2]. The SWB approach for irrigation provides a
soil water volume balance that accounts for the inflow and outflow of water fluxes in the
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crop root zone to define the temporal changes in the soil volumetric water content [3]. The
simplified daily SWB approach is given by Equation (1):

Dr,i = Dr,i−1 − (P − RO)i − Ii − CRi + ETc,i + DPi (1)

where Dr,i is the water depleted in the root zone at the end of day ith; Dr,i−1 is the water in
the root zone in the previous day (i − 1)th; Pi is the rainfall water depth; ROi is the surface
water runoff; Ii is the net irrigation water depth; CRi is the capillary rise from shallow water
table (groundwater); ETc,i is the daily crop evapotranspiration; DPi is the deep percolation
(vertical water loss beyond the root zone). All variables in Equation (1) are given as water
depth units (e.g., mm or in).

Better irrigation strategies are often related to an SWB approach that accounts for an
accurate ETc estimate through the actual crop evapotranspiration (ETa) rates determination.
This is the correct amount of water depleted in the soil throughout the plant root zone
that would be replenished with irrigation when ETc (through ETa) has been properly
determined. In general, throughout this process, water and nutrient savings or conservation
are achieved because common irrigation practices tend to over-irrigate, promoting water,
soil, and agro-chemical losses through land surface runoff and deep percolation, potentially
contaminating groundwater and/or surface water bodies. At the local farm scale, accurate
crop ETa estimation is critical to support quasi-real-time decision-making approaches for
water allocation and optimization of irrigation water management [4,5].

Modeling advancements in remote sensing (RS) of the environment have facilitated
the quasi-real-time mapping of crop water requirements or ETa for irrigation on a spatio-
temporal basis, using multispectral and thermal imagery from different sensor types [6,7]
since the early 1970s. Remote sensing involves the scientific measurement of emitted and
reflected light across various spectral ranges, including visible, invisible, and longwave
infrared (LWIR), without direct contact with the target area [8]. Optical devices mounted on
aerial platforms (e.g., small aircraft or automated aerial vehicles), spaceborne systems (e.g.,
satellites), and proximal instruments (e.g., handheld roaming or stationary radiometers)
have generated data at different temporal, spectral, and spatial resolutions, benefiting
applications like irrigation water management, soil nutrient monitoring, crop growth
assessment, and yield mapping [9–11]. The use of RS techniques to support sustainability
of irrigation scheduling practices has been investigated for more than 50 years [12,13].

Remote sensing of crop ETa approaches that use multispectral and thermal data to
map crop ETa are fundamentally based on the land surface energy balance (SEB) concept.
The SEB approach for estimating ETa calculates the energy required for evaporating water
(latent heat flux, LE) as the residual term of the simplified SEB (Equation (2)).

LE = Rn − G − H (2)

where LE is the latent heat flux; Rn is the net radiation flux; G is the soil heat flux; and H is
the sensible heat flux. All terms in Equation (2) are given in W/m2. The SEB LE flux is then
converted to instantaneous crop ETa (e.g., mm/h) during the RS sensor overpass. There are
two common methods to determine ETa using the SEB approach: (a) the one-source SEB
(henceforth, OSEB), which considers the combined contributions of soil and vegetation to
ETa rates [14–17], and (b) the two-source SEB (or TSEB) that partitions heat fluxes and the
crop ETa in a component related to the water transpired by the plants and another related
to the evaporated water from the soil [18–21].

The TSEB is a robust SEB approach suitable for estimating spatial ETa that was initially
developed by [21]. The TSEB model has two different approaches for estimating the H flux
in Equation (2): the parallel surface resistances TSEB (henceforth, TSEBpar) and the (in)
series surface resistances TSEB (henceforth, TSEBser). The TSEBpar model considers the pro-
cesses of heat transfer among plants, soil, and the air above the canopy as independent of
each other with two surface resistances for heat transfer. The TSEBser method includes the
concept of heat transfer interconnection in the soil–plant–atmosphere continuum through
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an additional surface resistance term and a parametrization of the aerodynamic surface
temperature (To) as a weighted-average temperature among soil, plant, and air temper-
atures with respective resistances as weights. Typical ETa estimation errors, when using
TSEBpar or TSEBser, were reported to be within 7% to 25% for row crops [22–24]. In regard
to the desired frequency of ETa estimates, the study by [25] indicated that a four-day RS
platform overpass frequency (of usable data) would be the minimum needed for current
interpolation techniques to yield meaningful daily ETa estimates between acquired RS
data. However, with high RS data acquisition frequencies, more reliable and accurate daily
ETa estimations will be possible. Therefore, more timely and accurate irrigation water
amounts would be delivered to surface and pressurized systems if accurate daily ETa maps
were produced.

Examining various RS platforms that offer multispectral images of cropland fields at
diverse spectral and spatial resolutions is crucial for assessing the reliability of different ETa
prediction algorithms and their accuracy when predicting ETa values in time and space [26].
Furthermore, accurate estimation of crop ETa, when used to optimize the irrigation water
amounts and timing of application, advances environmental sustainability by decreasing
topsoil erosion in agricultural areas due to reduced field surface runoff and conserves water
and soil nutrients within agricultural districts, protecting the environment by reducing
groundwater withdrawn rates, maintaining ecological water table levels, and preserving
adequate water quality of both aquifers and surface water bodies (e.g., lakes, artificial
reservoirs, and rivers). However, there have been very few studies attempting to address
the performance of the TSEB RS of ETa algorithms across different spectral and spatial
scales. In a recent study, Ref. [27] explored the accuracy of the TSEB model developed
by [21] using different small uncrewed aerial system (sUAS or drone) imagery pixel sizes,
ranging from 0.10 m to 0.60 m, in a vineyard field located in California. The drone-captured
images were subsequently aggregated to produce lower-resolution imagery with pixel
sizes spanning from 3.6 m to 30 m. The results from [27] demonstrated that errors in Rn
and G were relatively consistent across various RS resolutions. In contrast, errors in H and
LE fluxes exhibited a clear relationship with the spatial resolution of the RS data. Another
study by [28] investigated the effect of pixel heterogeneity for tree–grass when predicting
ETa using hyperspectral airborne imagery (1.5 m to 1000 m spatial resolution) and Sentinel
imagery products at 20 m and 1000 m using a TSEB RS algorithm in central Spain. They
found that large uncertainty, when estimating ETa, occurred for coarse spatial resolutions.

Even though these studies have contributed to science, there have not been compre-
hensive studies that evaluate the differences in accuracy of the TSEB RS of ETa algorithms
using multispectral images from multiscale RS platforms such as those from proximal,
airborne, and spaceborne sensors. The published studies focused only on a few RS sensors
or platforms, often resampling (upscaling) their images to generate different pixel spatial
resolutions. Therefore, in this study, it is hypothesized that, depending on the source of a
given RS image (e.g., spaceborne, airborne, proximal platforms, sensor type, and imagery
post-processing corrections), the accuracy of ETa mapping products will vary for a given RS
of the ETa algorithm. If the stated hypothesis is valid, determining the optimal RS spectral
and spatial resolution becomes necessary (critical) to better sustain irrigated agriculture by
improving the estimation of ETa when sub-optimal RS platforms (data) are used with a
given RS of the ETa algorithm.

Therefore, the objectives of the study were to (a) assess the impact (errors) on hourly
ETa estimation associated with the use of different spectral and spatial resolution RS data
from multispectral spaceborne, airborne, and proximal RS sensors and when using two
different TSEB algorithms, and (b) identify the RS spectral and spatial data (resolution) that
provides the most accurate TSEB-based maize ETa predictions for a specific algorithm.
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2. Materials and Methods
2.1. Description of the Research Sites

2.1.1. Limited Irrigation Research Farm (LIRF)

The Limited Irrigation Research Farm (LIRF) is located in Greeley, Colorado (CO), USA,
and is under the management of the United States Department of Agriculture—Agricultural
Research Service (USDA—ARS). The farm is geographically located at a latitude of 40.4463◦

N, a longitude of 104.6371◦ W, and an elevation of 1432 m above mean sea level (ASL). The
study involved two adjacent rectangular maize fields, each measuring 190 m by 110 m
(Figure 1), where field data were collected during the periods between July and September
of 2020 and 2021.

ff

tt

 

Figure 1. False-color image of the LIRF research site near Greeley, CO, USA. The study maize fields
were Fields W and E located in the southeast corner of the research farm.

For each respective field crop growth season, each field was subjected to different
irrigation water management strategies. In 2020, the West Field, hereafter referred to as
Field W, was fully irrigated. In this context, “fully irrigated” represents the conditions in
which frequent irrigation events were scheduled to maintain soil water content in the crop
(maize) soil root zone at non-water-stress levels. Conversely, the East Field, designated
as Field E, was managed as a deficit-irrigated field, resulting in crop/soil water stress
conditions throughout the growing season. In 2021, the irrigation water management
practices were switched between these treatment plots. Field W was transformed into
the deficit-irrigated field, while Field E became the fully irrigated plot. A summary of
soil wetting events, which includes irrigation and rainfall, for the years 2020 and 2021, is
provided in Table 1.

Each maize field had the same irrigation system, a subsurface drip irrigation setup
with laterals (pipes) buried at a depth of 0.23 m and emitters spaced every 0.30 m. The
maize rows were north–south and were spaced 0.76 m apart. The distance between
adjacent maize plants was 0.17 m. The planting density for maize remained consistent at
87,500 plants per hectare during both years. In 2020, the selected maize variety was drought
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tolerant NK9227-5222A (Syngenta Inc., Basel, Switzerland). Planting took place on 6 May
2020, and the harvest occurred on 13 and 14 October 2020. In 2021, there was a change
in maize varieties with the introduction of other drought-tolerant maize options, P9998Q
and P0157AMXT (Pioneer Hi-Bred International, Inc., Johnston, IA, USA), along with CH
194-49 DG (Channel Bio Corporation, Saint Louis, MO, USA). Planting for this year was
carried out on 13 May 2021, and the harvest took place on 11 and 12 October 2021. Fields
W and E, each comprising approximately 83% of their respective plots, were planted with
the maize variety P0157AMXT, as indicated in Figure 2. The experimental design and data
collection stations at LIRF for the years 2020 and 2021 are shown in Figure 3. It is worth
noting that the prevailing wind direction remained consistent: the wind was from the south
(S) to southeast (SE) direction during both years of data collection.

2.1.2. Irrigation Innovation Consortium (IIC)

This study included data collected from the Colorado State University IIC site during
2020 and 2021. Two maize fields were selected as the primary locations for data collection
(Figure 4). This site is located in Fort Collins, CO, USA, at a latitude of 40.5542◦ N, a longi-
tude of 105.0038◦ W, and an elevation of 1486 m ASL. It has a local climate characterized as
a subtropical steppe with cold semiarid tendencies.

Table 1. Cumulative soil wetting events (irrigation and rainfall) at LIRF Fields W and E in 2020
and 2021.

Irrigation
Scheduling

Growing Season Research Field
Irrigation

Events
Cumulative Gross

Irrigation (mm)
Cumulative

Rainfall (mm)

Fully Irrigated
2020 W 5 472 36

2021 E 4 330 98

Deficit Irrigated
2020 E 3 309 36

2021 W 2 176 98

tt

tt

tz

 

Figure 2. Plant variety map at LIRF (Fields W and E) in 2021. Most of the area was occupied by the
P0157AMXT maize variety.
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Figure 3. The 2020–2021 LIRF experiment design.

 

Figure 4. RGB (red–green–blue) map of the IIC research fields (a) and the maize varieties planted in
2021 (b). The study maize fields were Fields F and D. Areas in green are vegetation surfaces.

The data collection took place in two surface-irrigated (furrow) maize fields during
July to September in both 2020 and 2021, as illustrated in Figure 4a. These two fields,
designated as Fields F and D, had respective surface areas of 64,750 m2 and 74,867 m2.
The crop-row orientation in Field F was east–west, while Field D had rows oriented in a
north–southeast direction, with rows spaced approximately 0.17 m apart. The soil in both
fields had a consistent sandy loam texture throughout the entire maize root zone system,
with measured volumetric water content at field capacity (VWCFC), permanent wilting
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point (VWCPWP), and saturation (VWCSAT) of 0.189, 0.069, and 0.410 m3/m3, respectively.
The surface irrigation system employed 40 mm diameter aluminum siphon tubes and
delivered water to the fields from the main on-site irrigation canal located between the
two research fields. The choice of maize varieties differed between 2020 and 2021. In 2020,
G02K39-3120 (Golden Harvest, Minnetonka, MN, USA) was planted on May 13, at an
approximate rate of 8 seeds per m2. For 2021, the NK0243-3120 and NK0314-5122 varieties
(Syngenta AG, Basel, Switzerland) were planted in both fields, as indicated in Figure 4b.
The seeding date was 13 May 2021, and the planting rate was 8 seeds per m2.

The direction of the irrigation water flow was from east to west in Field F. In the
case of Field D, the irrigation water flowed in the furrows from north to southwest. The
irrigation events usually took place two to three days after obtaining water from the Sand
Dike Lateral Company in Fort Collins, CO, USA. Each irrigation event extended over a
duration of 6 to 12 h. The irrigation scheduling was determined based on the FAO-56
methodology [2], which was an integral component of the Water Irrigation Scheduler for
Efficient (WISE) Application [1]. The WISE application uses a water balance approach for
determining irrigation amounts and timing based on a dual crop coefficient approach for
ETa estimation from tabularized crop coefficient (Kc) values, a water stress coefficient (Ks),
and daily alfalfa reference ET (ETr) rates.

The Ks value was set to 1 since the maize field was constantly irrigated during the data
collection season, and root zone water depletion was assumed to have been kept below
allowable water depletion levels.

Throughout both years of data collection, the prevailing wind direction was consis-
tently from the southeast (SE) to the south (S). A summary of the data related to soil wetting
events, encompassing both irrigation and rainfall events for the years 2020 and 2021, is
given in Table 2.

Table 2. Cumulative soil wetting events (irrigation and rainfall) at IIC Fields F and D in 2020
and 2021.

Maize Growing
Season

Research Field
Number of Irrigation

Events
Cumulative Gross

Irrigation (mm)
Cumulative Rainfall

(mm)

2020
F 7 1620

34
D 5 870

2021
F 8 1081

104
D 4 1064

2.2. Crop Evapotranspiration Algorithm

2.2.1. Two-Source Surface Energy Balance (TSEB)

The TSEB estimates LE as follows (Equations (3)–(5)):

LE = LEc + LEsoil (3)

LEc = Rnc − Hc (4)

LEsoil = Rnsoil − G − Hsoil (5)

where the subscripts “c” and “soil” refer to the “canopy” and “bare soil” conditions,
respectively. All terms in Equations (3)–(5) have W/m2 units.

The LE is converted from W/m2 to hourly ETa (mm/h) using Equation (6):

ETah = Cf × df ×
LE
λvρa

(6)

where ETah is the hourly instantaneous actual crop ETa (mm/h); df is a time-scale factor in
seconds (e.g., 1 h = 3600 s); λv is the latent heat of water vaporization (J/kg); ρa is the air
density (kg/m3); Cf is a length scale conversion factor (e.g., 1000 mm/1 m).
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The G model used was the soil heat flux (Equation (7)) approach recommended by [21],
which is a fraction of the net radiation from the soil layer (Rnsoil) during midday conditions
coinciding with most spaceborne RS platform overpass times.

G = 0.35Rnsoil (7)

The Rnc and Rnsoil terms (appearing later in Equations (18) and (19)) are calculated
following the approaches by [19,21] and indicated by Equations (8) and (9), respectively:

Rnc = (1 − Ωsolar)(1 − αc)Rs + exp(−0.95LAI)Lsky + [1 − exp(−0.95LAI)]ϵcσT4
cK − ϵsoilσT4

soilK (8)

Rnsoil = Ωsolar(1 − αsoil)Rs + [1 − exp(−0.95LAI)]
[
ϵaσT4

aK + ϵsoilσT4
soilK − 2ϵcσT4

cK

]
(9)

where Ωsolar is the solar atmospheric transmittance (dimensionless); αc and αsoil are the
canopy and bare soil albedo (dimensionless), respectively; ϵc is the canopy thermal emis-
sivity (dimensionless); ϵsoil is the bare soil thermal emissivity (dimensionless); ϵa is the air
emissivity (dimensionless); TcK is the canopy temperature (K); TsoilK is the soil temperature
(K); TaK is the air temperature (K); Lsky is the longwave radiation from the sky (W/m2);
σ is the Stefan–Boltzmann constant (5.67 × 10−8 W/m2/K4); LAI is the leaf area index
(m2/m2); Rs is the incoming shortwave solar radiation (W/m2).

The αc and αsoil were calculated following the approaches by [29] and [30], respectively.
The study by [29] gave an exponential model that relates maize albedo and green LAI for a
semi-arid climate region. The study by [30] provided a multivariate model that relates αsoil
and the visible surface reflectance bands of the light spectrum (RED, GREEN, and BLUE).
The Ωsolar variable was calculated using the nonlinear model from [31], in which the Ωsolar
is a function of LAI, surface absorptivity factor [32], light extinction coefficient, and the
fraction of incident photosynthetically active radiation or PAR [33–35].

The TcK and TsoilK are calculated through an iterative approach using Equation (10)
below [21]:

TsK
∼=
[
fc(φ)T4

cK +
(

1 − fc(φ)T4
soilK

)]0.25
(10)

where TsK is the equivalent nadir-looking surface temperature calculated from plant and soil
temperature composites (K); fc(φ) is the fractional green vegetation cover for a radiometric
field-of-view angle φ [21].

The TSEB Series Approach for H Estimation

In the TSEB series algorithm (TSEBser), the heat exchange between soil, plant, and air
is assumed to be interconnected [21]. The expressions for calculating H using the TSEBser
approach are given by Equations (11)–(13) below [21]:

H[ser] = H[ser]
c + H[ser]

soil (11)

H[ser]
c = ρaCpa

(
Tc − T[ser]

o

rx

)
(12)

H[ser]
soil = ρaCpa

(
Tsoil − T[ser]

o

rsoil

)
(13)

where Tc, Tsoil, and To
[ser] are the canopy, bare soil, and TSEBser aerodynamic temperatures

(K), respectively; rx and rsoil are the total boundary layer resistance of canopy leaves (s/m)
and the soil resistance (s/m), respectively. The superscript [ser] refers to the TSEBser (series)
algorithm. More details on how to calculate these resistance terms and other auxiliary
variable inputs for the TSEB can be found in Appendices A and B.

25



Sustainability 2024, 16, 4850

The air parameters ρa and Cpa are calculated as indicated by Equations (14) and (15),
respectively (as used in [36]):

ρa =

(
P

RdTa

)(
1 − 0.378ea

P

)
(14)

Cpa = 1004.7 ×
(

1 +
0.522ea

P

)
(15)

where P is the local atmospheric pressure (Pa); ea is actual vapor pressure (Pa); Rd is the gas
constant for dry air (≈287.04 J/kg/K). The air parameters ρa and Cpa are given in kg/m3

and J/kg/K units, respectively.
The To

[ser] (given in K) is calculated as indicated by Equation (16) [21]:

T[ser]
o =

Ta/rah + Tsoil/rsoilTc/rx

1/rah + 1/rsoil + 1/rx
(16)

In this study, we followed the improved TSEBser approach from [18] and used the
modified Penman–Monteith (PM) approach instead of the Priestley–Taylor (PT) modified
model (as described in [21]) to calculate an initial Tc value to derive the surface temperature
composites (Tc and Tsoil). The modified PM approach for an initial Tc value is indicated by
Equation (17):

TcO = Ta +
Rncrahγ(1 + rc/rah)

ρaCpa[∆ + γ(1 + rc/rah)]
− es − ea

∆ + γ(1 + rc/rah)
(17)

where TcO is the initial guess for canopy temperature (K); γ is the psychometric constant
(kPa/◦C); rc is the bulk canopy resistance (s/m); ∆ is the slope of the saturation vapor
pressure curve (kPa/◦C); es and ea are the saturated and actual vapor pressures in kPa,
respectively. The calculation of rc is described in Appendix B.

The TSEB Parallel Approach for H Estimation

The TSEB parallel (TSEBpar) assumes that the processes that derive the heat transfer
among plants, soil, and the air above are independent and can be modeled with two
separate resistances for heat transfer [18,21]. The expressions for calculating H using the
TSEBpar approach are given by Equations (18)–(20) below [21]:

H[par] = H[par]
c + H[par]

soil (18)

H[par]
c = ρaCpa

(
Tc − Ta

rah

)
(19)

H[par]
soil = ρaCpa

(
Tsoil − Ta

rah + rsoil

)
(20)

where the superscript [par] refers to the TSEBpar (parallel) algorithm.
For the TSEBpar algorithm, the initial assumption regarding the initial value for LEc

was based on the original work from [21] and indicated by Equation (21), as follows:

LEci =

[
1.3fg

(
∆

∆ + γ

)]
[Rnc + Rnsoil − (Rnc + Rnsoil)× exp(0.90 ln(1 − fc))] (21)

where LEci is the initial guess value for iterating Tc and Tsoil (W/m2), and fg is the green
fraction of LAI (dimensionless), calculated as indicated by [21].
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2.3. Vegetation Indices Calculation

The normalized difference vegetation index (NDVI) and optimized soil-adjusted
vegetation index (OSAVI) [37] were calculated by Equations (22) and (23), respectively:

NDVI =
NIR − RED
NIR + RED

(22)

OSAVI =
NIR − RED

NIR + RED + 0.16
× 1.16 (23)

where NIR and RED are the surface reflectance values (decimals), for the near-infrared and
red bands, provided by a given RS platform (dimensionless).

The fc model used in the TSEBser and TSEBpar approaches is presented by Equations
(24)–(28), as follows [21]:

fc,o = 1 − exp(−0.50LAI) (24)

LAIL = LAI/fc,o (25)

fs = 1 + fc,o × exp(−0.50LAIL)− fc,o (26)

CF = −ln
(

fs

0.50LAI

)
(27)

fc = 1 − exp(−0.50 × CF × LAI) (28)

where fc,o is the initial fc value before adjustments (dimensionless); LAIL is the local LAI
(m2/m2); fs is the soil fractional cover (dimensionless); CF is the vegetation clumping factor
(dimensionless).

The LAI is calculated using the model from [38], an exponential model calibrated for
maize and sorghum and indicated by Equation (29) below:

LAI = 0.263 × exp(3.813 × OSAVI) (29)

Maize hc was estimated through an exponential model for maize and soybeans and
indicated by Equation (30) below [39]:

hc = (1.86OSAVI − 0.20)×
[
1 + 4.82 × 10−7exp(17.69OSAVI)

]
(30)

2.4. Remote Sensing Platforms

2.4.1. Spaceborne
Landsat-8

Landsat-8 is a satellite-based RS platform jointly managed by the United States Geo-
logical Service (USGS) and the National Aeronautics and Space Administration (NASA).
A Landsat-8 satellite is equipped with an operational land imager (OLI) and a thermal
infrared sensor (TIRS). These instruments capture images of Earth’s surface, with the OLI
providing data at a spatial pixel resolution of 30 m and the TIRS at 100 m, resampled to
30 m [40]. These images are acquired every 16 days. The OLI sensor captures shortwave
multispectral data, while the TIRS camera records longwave infrared (LWIR) thermal radi-
ation images. The study sites, LIRF and IIC, are strategically located in the overlapping
region of Landsat-8 scenes with path/row designations of 33/32 and 34/32, respectively.
As a result, the temporal resolution for data acquisition for Landsat-8, in this study, was
once every eight days depending on sky cloudiness conditions near noon time.

Landsat-8 follows a sun-synchronous orbit around Earth, orbiting at an altitude of
705 km, with equator crossings occurring at approximately 11:30 a.m. local time. The
original radiometric resolution of Landsat-8 imagery is 12 bits, but this is enhanced to
16 bits after post-processing by USGS/NASA. To convert digital numbers (DN) into ground
surface reflectance and nadir-looking temperature (Landsat-8 Level-2 imagery), linear
calibration coefficients are provided in the metadata of the imagery file. Level-2 images un-
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dergo rigorous calibration procedures, eliminating the need for additional post-processing
once the final surface reflectance and temperature images are accurately derived from the
original DN values, following the methods outlined by Roy et al. [40] in 2014. Further
details regarding atmospheric corrections applied to Landsat-8 imagery can be found
in [41]. Table 3 presents the spectral characteristics of the Landsat-8 bands considered
in this research. The pixels that overlapped with the measurement stations at each re-
search site were considered to be representative for the estimation of maize ETa using the
TSEB algorithm.

Table 3. Landsat-8 multispectral bands used in this study at both LIRF and IIC sites.

Bands Central Wavelength (nm) Bandwidth (nm) Spatial Resolution (m)

BLUE 480 60 30

GREEN 560 60 30

RED 655 30 30

NIR 870 30 30

LWIR 1090 60 100 (Resampled to 30)

Sentinel-2

The Sentinel-2 satellites are under the care and operation of the European Space
Agency (ESA), an intergovernmental organization representing 22 European countries.
The management of the Sentinel satellite missions falls within the purview of the Coperni-
cus Programme. This satellite constellation comprises two units, Sentinel-2A (S2A) and
Sentinel-2B (S2B), taking Earth’s landscape images at noon. Each of these satellites takes
multispectral image scenes, covering an area of 290 km by 290 km. They orbit the Earth,
providing imagery every 10 days for a single satellite device around the equator. When both
satellites are combined, this interval shortens to 5 days. For areas located at mid-latitudes,
such as the LIRF and IIC research facilities, the revisiting time is as frequent as every 2 to
3 days near local noon time. Additional details concerning the satellite’s design, operation,
and components can be found in the work of [42].

Both the S2A and S2B satellites follow sun-synchronous orbits, maintaining an average
altitude of 786 km, with equator crossings occurring around noon local time (12 p.m.). It is
important to note that Sentinel-2 satellites currently do not provide thermal imagery. The
spatial resolution of Sentinel-2 images varies and depends on the specific multispectral
bands in use, ranging from 10 m to 60 m. For this study, we have considered only Sentinel-2
bands 2, 3, 4, and 8, which offer a spatial resolution of 10 m, as these bands are provided at
their original spatial resolution, as documented in Table 4.

Table 4. Sentinel-2 multispectral bands used in this study at LIRF and IIC research sites.

Bands Central Wavelength (nm) Bandwidth (nm) Spatial Resolution (m)

BLUE 492 66 10

GREEN 560 36 10

RED 665 31 10

NIR 833 106 10

The original radiometric resolution of Sentinel-2 images is 12 bits. However, ESA
enhances these images to a 16-bit radiometric resolution through post-processing. Sentinel-
2 Level-2 images undergo calibration and pre-processing, aiming to provide ground-based
surface reflectance. The surface reflectance images provided (downloaded) include a scaling
factor of 10,000. To obtain surface reflectance decimal values, the Sentinel downloaded
images are divided by 10,000. The atmospheric corrections are carried out using a radiative
transfer algorithm developed by ESA, known as Sen2Cor. For details regarding the use
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of Sen2Cor in atmospherically correcting S2A and S2B satellite images, refer to the work
of [43]. The pixels that contained the stations of measurements for each research site were
considered representative for the calculations of maize ETa using the TSEB approaches.

Planet CubeSat

Planet CubeSat is a cost-effective commercial constellation of micro (Dove) satellites,
managed by Planet Labs, Inc. in San Francisco, California, USA. Comprising over 130
CubeSat units, these satellites observe Earth’s landscapes, providing high temporal (daily)
and spatial resolutions (3 m). Planet CubeSat microsatellites capture multispectral imagery in
the visible and near-infrared (NIR) portions of the light spectrum. The radiometric resolution
of Planet CubeSat imagery starts at 12 bits during image acquisition but is enhanced to a
16-bit resolution through post-processing before it is made accessible for download. Planet
CubeSat satellites are notably smaller and lighter (0.10 m × 0.10 m × 0.30 m and 4 kg,
respectively) compared to their counterparts, like Landsat-8 and Sentinel-2. Operating in
a sun-synchronous orbit with an altitude ranging from 450 km to 580 km, these satellites
pass over the equator between 9:30 and 11:30 a.m. local time. We used imagery files from
11:30 a.m. since it was the closest to the other time of RS data acquisition regarding the
other RS sensors in this study. Planet CubeSat’s capabilities are exclusively limited to
multispectral imagery, as detailed in Table 5. Unfortunately, thermal imagery is still not
provided by these constellations of microsatellites.

Table 5. Planet CubeSat multispectral bands used in this study at LIRF and IIC research sites.

Bands
Central Wavelength

(nm)
Bandwidth (nm)

Spatial Resolution
(m)

BLUE 491 60 3

GREEN 566 90 3

RED 666 80 3

NIR 867 80 3

The surface reflectance images obtained by Planet CubeSat undergo pre-processing
and calibration, also incorporating a scaling factor of 10,000. The imagery pre-processing
and calibration process encompass adjustments for radiation scattering due to atmospheric
gases, aerosol concentration, and their altitude-dependent variations between Earth’s
surface and the satellite’s at-sensor camera in space. To enhance their calibration, data from
MODIS (Moderate Resolution Imaging Spectroradiometer), such as water vapor, ozone,
and aerosol quality control products, are utilized, along with the 6SV2.1 radiative transfer
model. However, the atmospheric correction process is still evolving, primarily because
Planet’s imagery calibration does not currently address effects like stray light, haze, and
the influence of thin cirrus clouds. The approach by Planet Labs assumes that Earth’s
landscapes behave as Lambertian surfaces, scattering light uniformly in all directions,
and that all scenes are effectively at sea level. Following image acquisition, geometric
corrections are meticulously executed using sensor telemetry, ground control points (GCP),
and finely detailed digital elevation models (DEM). Furthermore, the Planet Team released
a harmonized version of Planet imagery, including CubeSat data, aligning the quality of
multispectral data with (calibration to) Sentinel-2 standards. For further details on the
image harmonization processes, refer to the works of [44,45]. In this study, the primary
data source used was the CubeSat harmonized images.

In our study using the data from the LIRF and IIC using all listed spaceborne RS
sensors, we specifically focused on clear-sky images. This deliberate choice was made to
ensure that cloud cover conditions did not interfere with the accuracy of ground-based
surface reflectance and temperature values in our research fields. For Landsat-8, the
evaluation of evapotranspiration (ETa) included two different datasets. The first dataset
involved the use of the original Landsat-8 platform, encompassing imagery data from OLIS
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(multispectral) and TIRS (thermal). The second Landsat-8 dataset combined OLIS data
with ground-based infrared temperature (IRT) data. The utilization of TIRS and ground-
based Ts data was specific to the Landsat-8 spaceborne platform since Planet CubeSat
and Sentinel-2 relied on ground-based nadir-looking IRT Ts data for input in the TSEB
RS of the ETa algorithms. This choice, in the case of the Landsat-8 imagery, was made
due to the pivotal role of its TIRS data, albeit its original pixel size, in providing original
spaceborne Ts information for maize ETa estimation. The Planet Cubesat pixel data that
had the measurement stations at LIRF and IIC were used for the estimation of maize ETa
using the TSEB algorithms.

2.4.2. Proximal

At the LIRF and IIC research sites, proximal surface reflectance and nadir-looking
Ts data was obtained using a handheld multispectral radiometer (MSR5, CropScan Inc.,
Rochester, MN, USA). The MSR5 radiometer is a compact device consisting of a quasi-cubic
radiometer measuring 0.80 × 0.80 × 0.10 m. It features an integrated IRT sensor from
Exergen Corporation in Watertown, Massachusetts. The radiometer has a field of view
(FOV) of 28 degrees and captures readings at an altitude of 2.2 m above ground level (AGS).
This measurement setup covers an area on the ground equivalent to a 1-meter-diameter
circle, with a 2V:1H aspect ratio (Table 6). The attached Exergen IRT, with a FOV ratio of
3V:1H, results in a spatial footprint of 0.80 m in diameter. The MSR5 is a passive sensor,
relying on natural sunlight for data collection of surface temperature. It replicates the
spectral characteristics of Landsat-5, obtaining data in the visible, NIR, and MIR (mid-
infrared) light spectrum. For this study, we deployed MSR5 units at both the LIRF and IIC
sites. The multispectral data from these MSR5 devices were sampled about once a week,
with four readings at each measurement location across all research sites: more specifically,
two readings within the crop rows and two readings in the maize inter-row spaces per
site. These readings around solar noon (11:30 a.m. to 1:30 p.m.) were then averaged to
obtain the final measurements per sampling location in each research site per field visit.
The MSR5 measurements’ locations were the reference for the selection of pixels from the
different images/platforms or scales, considering areas with homogenous soil texture and
canopy cover.

Table 6. The MSR5 multispectral bands used in this study at the LIRF and IIC research sites.

Bands Central Wavelength (nm) Bandwidth (nm) Spatial Resolution (m)

BLUE 485 70 1

GREEN 560 80 1

RED 660 60 1

NIR 830 140 1

Airborne

The USDA-ARS Water Management and Systems Research Unit and the CSU Drone
Center scheduled UAS missions for the research sites around local solar noon (11:30 a.m. to
1:30 p.m. MST). At the LIRF, the USDA-ARS team was responsible for conducting UAS
missions, while the CSU Drone Center took charge of the UAS missions at the IIC site.
These UAS images were acquired using a MicaSense RedEdge-MX multispectral camera
(MicaSense Inc., Seattle, WA, USA), seamlessly integrated into the airborne platform. The
RedEdge-MX detector captures data across the visible and invisible light spectrum, with
bands including BLUE (475 nm, 32 nm bandwidth), GREEN (560 nm, 27 nm bandwidth),
RED (668 nm, 14 nm bandwidth), and NIR (842 nm, 57 nm bandwidth).

The UAS’s surface reflectance imagery data serve as another RS sensor for this study,
and they were complemented by nadir-looking Ts data obtained from point-based mea-
surements conducted at each of the research sites. This combined dataset is utilized as
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input for estimating hourly maize ETa using the TSEB approaches. For an overview of the
UAS missions carried out in 2020 and 2021 at LIRF and IIC, refer to Table 7.

Table 7. The UAS mission summary for the USDA-ARS and CSU Drone Center at all sites.

USD—ARS CSU Drone Center

UAS Unit DJI S900 DJI M600

Flight Altitude (m) 120 100

UAS Speed (m/s) 5 5

Temporal Resolution Weekly Weekly

Imagery Pixel Size (m) 0.03 0.08

Overlap/Sidelap Percentage (%) 88/70 80/70

Calibrated Reflectance Panel Yes Yes

Orthorectified Coordinate System WGS84 UTM WGS84 UTM

Post-processing Imagery Software Agisoft Metashape Pix4D v4.5.6

2.5. Field Data Collection

The experiment was replicated in both the LIRF and IIC sites to obtain similar datasets
for the evaluation of the airborne, spaceborne, and proximal platforms’ derived RS data
when used in the prediction of ETa using TSEB RS algorithms. A total of three field
measurement stations provided the ground-based input data to estimate and evaluate
maize ETa. The following data were measured at each station: Rn, G, nadir-looking
surface radiometric temperature (Ts), incoming shortwave solar radiation (Rs), shallow soil
temperature, and volumetric water content. A flux tower provided measurements of H
and LE in each research site (Figures 3 and 4a).

2.5.1. Surface Heat Fluxes

At the IIC site, a two-way NR-Lite and two four-way CNR1 net radiometers (Kipp
and Zonen, Delft, The Netherlands) measured Rn at the height of 3.3 m AGS. At the LIRF
site, each of the three net radiometers was a two-way NR-Lite in 2020 and 2021. The
CNR1 radiometer was installed on Field F (west station). NR-Lite radiometers measure
net shortwave and longwave radiation within a spectral range from 0.2 to 100 µm, temper-
ature dependency of 0.12%/◦C, and a directional error of less than 30 W/m2 at, at least,
1000 W/m2 [46]. The CNR1 radiometer provides data regarding all four terms of the net
radiation budget, and it has a measurement uncertainty that is within 10 to 35 µV/W/m2

and a directional error of 25 W/m2 at 1000 W/m2 [47].
Surface G data were determined using the soil heat flux plate method. At LIRF,

two HFT3-L soil heat flux plates (Radiation and Energy Balance Inc., Bellevue, WA, USA)
were buried at 0.08 m between and below maize rows at each measurement station. At
the IIC site, the HFT3-L plates were placed between two consecutive maize rows due to
the flooded furrow during irrigation events. One 5TE soil water content sensor (Decagon
Devices Inc., Pullman, WA, USA) was buried at 0.04 m. Two T107 temperature probes
(Campbell Scientific Inc., Logan, UT, USA) were installed at 0.02 and 0.06 m below ground
surface (BGS) to determine average soil temperature and for the calculation of soil heat
storage above the 0.08 m soil layer from the HFT3-L plates. The HFT3-L sensors have
thicknesses and diameters equal to 3.91 and 38.2 mm, respectively. The measurement
uncertainty of soil heat flux from the plates is 5% [48].

Measured LE and H data were produced from acquired high-frequency wind speed,
air temperature, and water vapor measurements using an eddy covariance (EC) system
installed at each research site. At the IIC (Figure 5a), the EC system consisted of an LI-7500A
open-path CO2/H2O gas analyzer (LI-COR Biosciences, Lincoln, NE, USA) and a CSAT
three-dimensional (3D) sonic anemometer (Campbell Scientific Inc., Logan, UT, USA). At
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LIRF (Figure 5b), an LI-7500DS open-path gas analyzer (LI-COR Biosciences, Lincoln, NE,
USA) and a Gill WindMaster three-dimensional (3D) sonic anemometer (Gill Instruments,
Lymington, Hampshire, UK) provided measurements of LE and H, respectively. Both EC
systems at LIRF and IIC were installed at 3.5 m AGS, positioned facing the prevailing
wind direction at each site (135◦ azimuth angle), and set to a sampling frequency equal to
10 Hz. The EC turbulent fluxes and respective ancillary data were recorded as 15-min and
half-hour averages at the IIC and LIRF sites, respectively. The EC system often provides
imbalanced turbulent fluxes regarding SEB closure [49–51], with the closure SEB ratio “(H +
LE)/(Rn − G)” ranging from 70 to 90% [52,53]. To improve the representativeness of H, LE,
and ETa measurements from the EC system, the residual-LE closure approach was chosen
in this study to ensure the closure of the surface heat fluxes. The work of [54] indicated
that the residual-LE method calculates measured LE as the difference among measured Rn,
G, and H (from the EC system) and that most of the unresolved EC system closure issues
are due to LE rather than H. Table 8 shows the corrections performed in the high-frequency
EC data at LIRF and IIC in 2020 and 2021.

−

ff

 

σ

Figure 5. EC systems were installed at the LIRF (a) and IIC (b) sites in 2020 and 2021 at 3.5 m AGS.
(a) courtesy of Jon Altenhofen.

Table 8. Correction methods applied to the EC data at LIRF and IIC.

Correction Method Source Research Site

Wind coordinate or tilt correction [55,56] LIRF and IIC

Air density fluctuation—the Webb–Pearman–Leuning
(WPL) correction

[57] LIRF and IIC

Humidity correction of sonic temperature [58,59] LIRF and IIC

Statistical analysis of data screening [60] LIRF

The angle of attack correction for 3D wind components [61] LIRF

A two-dimensional (2D) EC heat flux (source) footprint analysis was performed to
filter the EC-derived heat flux data to consider only flux source areas contributing to H and
LE fluxes coming strictly from the maize fields at both the LIRF and IIC sites (as described
in [62]), which is an analytical heat-flux-source approach that provides 2D footprint extents
based on turbulence characteristics of the air flow and surface, such as Monin–Obukhov
atmospheric stability length (LMO, m), friction velocity (u*, m/s), the standard deviation of
lateral velocity (σv), Zu, Zom, and the atmospheric boundary layer height (HL). To compare
the predictions of ETa at each station of measurement with the hourly and daily EC ETa
data, it was assumed that the fixed measurement instrumentation stations that were within
the 2D EC footprint were representative of observed ETa data from the EC system during
the RS platform overpass date and time (Figure 5). At the IIC site, the EC flux tower was
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located at the northwest corner of the field in 2020. Since the west and east measurement
stations (Field F on Figure 4a) were farther from the footprint area for H and LE fluxes, the
data from the west station was assumed to represent a maize ETa comparison between the
EC data and the remote sensing of ETa predictions since it was the closest station to the
flux tower. Figures 6 and 7 show the 2D EC footprints that served as a reference to filter the
EC data at the LIRF and IIC sites, respectively.

 

Figure 6. Two-dimensional EC footprint (yellow areas) at LIRF maize fields in 2020 (a) and 2021 (b).

 

Figure 7. Two-dimensional EC footprint (yellow areas) at the IIC maize field F in 2020 (a) and 2021 (b).
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2.5.2. Micrometeorological Data

Micrometeorological data were obtained at the EC heat flux or weather tower in each
field. An HMP45C sensor probe (Vaisala, Helsinki, Finland) measured air temperature
(Ta, ◦C) and relative humidity (RH, %) at 3.5 m AGS. The HMP45C probe has a 1000-ohm
thermometer with measurement uncertainty within 0.20 to 0.30 ◦C at ambient temperatures
varying from 20 to 40 ◦C. Within the HMP45C sensor, a HUMICAP H-chip measures RH
with an uncertainty of approximately ±1% when Ta equals 20 ◦C [63]. Wind speed and
direction were measured using a three-dimensional (3D) sonic anemometer installed at
each research site, 3.5 m AGS. At IIC, the 3D sonic anemometer was a CSAT (Campbell
Scientific Inc., Logan, UT, USA). In contrast, at LIRF, the 3D sonic anemometer was a
Gill WindMaster 3D sonic anemometer (Gill Instruments, Lymington, Hampshire, UK).
Incoming shortwave solar radiation was measured using an LI-200X pyranometer (LI-COR,
Lincoln, NE, USA) at LIRF (3.3 m AGS) and the CNR01 net radiometer at the IIC site. The
on-site weather data were recorded every minute and averaged every 15 min in CR1000
and CR3000 dataloggers (Campbell Scientific Inc., Logan, UT, USA) at the IIC and LIRF
sites, respectively.

2.5.3. Surface Temperature Data

Nadir-looking Ts data were measured using SI-111 IRT sensors (Apogee Instruments,
Logan, UT, USA). Each measurement station had one SI-111 IRT sensor installed 1 m above
the canopy, nadir-looking, during the data collection campaign at IIC and LIRF. The IRT
sensors were placed in a 4-meter-tall vertical post and raised to higher heights until the
canopy reached maximum hc, always keeping the 1-meter distance between the sensor and
the top of the canopy. The FOV of SI-111 IRT sensors is a 22◦ half-angle. The sensors have a
fast response time (<1 s) and a small uncertainty (±0.20 ◦C) when the target temperatures
are between −20 ◦C and 65 ◦C. The ground-based area where most of the thermal radiation
is sensed by the IRTs was equivalent to a 3-meter-diameter circumference. If we consider
the upper part of the canopy, the footprint of the area sensed by the IRTs was about 1 m
in diameter. The Ts data, alongside measured Rn and buried sensors to calculate surface
G, were recorded every minute and averaged every 15 min in either a CR1000 or CR3000
datalogger (Campbell Scientific Inc., Logan, UT, USA) in each measurement station at LIRF
and IIC. The SI-111 IRT sensors provided the input data to run the TSEB approaches in this
study considering all RS sensors but the MSR.

2.6. Statistical Data Analysis

The following statistical variables have been considered to compare the performance
of the different ETa models across the spaceborne and airborne RS platforms: mean bias
error (MBE), root mean square error (RMSE), normalized MBE (NMBE), normalized RMSE
(NRMSE), and the coefficient of determination (R2). Equations (31)–(34) indicate MBE,
NMBE, RMSE, and NRMSE, respectively:

MBE =

(
1
n

) n

∑
i=1

(Ei − Oi) (31)

NMBE =

(
MBE

O

)
× 100% (32)

RMSE =

√(
1
n

) n

∑
i=1

(Ei − Oi)
2 (33)

NRMSE =

(
RMSE

O

)
× 100% (34)

where O is the mean of the observed data; n is the sample size; Ei and Oi are the estimated
and observed values, respectively. NMBE and NRMSE are given in percentages, while
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Equations (32) and (34) provide statistical indicators with the same units of the primary
variables. Based on the guidelines in [64], the performances of the ETa models have
been classified into one of the following categories: excellent (NRMSE ≤ 10%), good
(10% < NRMSE ≤ 20%), fair (20% < NRMSE ≤ 30%), and poor (NRMSE > 30%).

The R2, in the context of model performance assessment, informs about the degree of
variability in the observed data explained by the modeling approach. Equation (35) gives
the mathematical expression for R2:

R2 =
∑
(
Ei − E

)(
Oi − O

)
√[

∑
(
Ei − E

)2
][

∑
(
Oi − O

)2
] (35)

where E is the mean value of the predictions. This study defines the optimal remote sensing
platform as the source of multispectral data with the smallest NRMSE. In case two or
more platforms have identical NRMSE, the highest dr index between the two platforms is
considered the optimal data for a given remote sensing of the ETa algorithm. The modified
index of agreement (dr) was calculated to assess model performance by comparing the
sum of the residuals to the total difference between observed values and the respective
mean of the measured data. Higher dr values indicate that the predicted values have more
statistical agreement with the observed data, showing better model performance [65].

Outliers have been excluded from the analysis based on the median absolute deviation
approach (MADA). The MADA method for filtering extreme values in a dataset uses the
median instead of the mean as a central tendency measure. The median allows for flagging
points that do not conform with the sampled data’s trends [66]. The MADA index is
defined by Equation (36) when a Gaussian distribution assumption is considered for the
data without the influence of extreme values [67].

MADA = 1.4826 × Median[|xi − Median(x)|] (36)

where xi is the value of a given variable at a specified timestep; Median(x) is the median
of the variable’s sample size. In this study, the criteria for filtering the data for potential
outliers was the recommendation by [66]. The median ± 2.5 times the MADA index is the
cutoff value expected in each sampled dataset.

3. Results
3.1. Error Analysis from the TSEB Algorithms

3.1.1. TSEB Data Analysis Combined (LIRF and IIC 2020–2021)

The results from TSEBpar and TSEBser of the ETa algorithms indicated that data used
from the MSR5 (1 m) RS sensor resulted in the best performance when estimating hourly
maize ETa compared to the use of other RS platforms’ data, since the smallest NRMSE was
11% and 14%, respectively, for both TSEB algorithms used. The overall errors in predicting
hourly maize ETa using MSR5 (1 m) data were −0.02 (−3%) ± 0.07 (11%) mm/h and −0.02
(−4%) ± 0.09 (14%) mm/h for the TSEBpar and TSEBser, respectively. The errors associated
with Landsat-8 (30 m) TIRS data used in the RS of ETa estimation were −0.03 (−5%) ± 0.16
(29%) mm/h and −0.07 (−13%) ± 0.15 (29%) mm/h, while reductions of 31% and 34% in
NRMSE were observed when the TIRS was replaced by the ground-based IRT data for the
TSEBpar and TSEBser, respectively (Figures 8 and 9).

The NRMSE errors in estimating H using Landsat-8 multispectral visible and NIR
and TIRS data were greater than 30% for the TSEBpar and TSEBser, while the NRMSE
from the remaining spaceborne, airborne, and proximal platforms were within 20 to 30%
(Figures 10 and 11). Using proximal IRT data to estimate maize ETa with Landsat-8
(30 m), surface reflectance improved the estimation of hourly maize ETa, with reduced
model performance errors of 0.02 (4%) ± 0.10 (19%) mm/h and −0.04 (−8%) ± 0.11 (20%)
mm/h for the TSEBpar and TSEBser, respectively. Most of the improvements in hourly
maize ETa using TSEBpar and TSEBser were due to better H predictions than the accuracy
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on the estimation of Rn and G fluxes. For the TSEBpar, the performance of the Rn model did
not significantly change when using TIRS and IRT data since the NRMSE was 13% and 14%,
respectively. The TSEB G model NRMSE ranged from 20 to 45% across all the RS platforms
in this study, which had a fair to poor performance since NRMSE > 20%. However, since
the magnitude of G is much smaller than Rn and H, the error propagation in LE estimates
due to G is also smaller than the other two SEB input fluxes. Furthermore, the original
TSEB G model assumes that G varies linearly with the Rn flux associated with bare soil.
However, the work of [18] indicated that G and bare soil Rn have a time-phased difference
between the two fluxes that requires a specific local calibration.
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Figure 8. Scatter plots (1:1 line) and error analysis results regarding the TSEB parallel (TSEBpar) maize
hourly ETa modeling results for the combined LIRF and IIC 2020–2021 data. The sample size (n) of
each platform is indicated in the figure.
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Figure 9. Scatter plots (1:1 line) and error analysis results regarding the TSEB series (TSEBser) maize
hourly ETa modeling results for the combined LIRF and IIC 2020–2021 data. The sample size (n) of
each platform is indicated in the figure.
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Figure 10. Error analysis of the SEB fluxes using the TSEB series (TSEBser) algorithm and LIRF and
IIC 2020–2021 data combined.
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Figure 11. Error analysis of the SEB fluxes using the TSEB parallel (TSEBpar) algorithm and LIRF and
IIC 2020–2021 data combined.
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A consistent trend of maize ETa underestimation was present for all spaceborne
platforms/sensors (data) when considering the TSEBser RS of the ETa algorithm. The
TSEBser hourly maize ETa underestimation range was within −3% (CubeSat) to −13%
(Landsat-8 TIRS). When considering the TSEBpar algorithm, there was an underestimation
of hourly maize ETa when using UAS (−3%), MSR5 (−3%), Sentinel-2 (−3%), and Landsat-
8 TIRS (−5%). The slight overestimations of hourly maize ETa for CubeSat (3 m) and
Landsat-8 IRT (30 m) were 2% and 4%, respectively. Sentinel-2 (10 m) and Planet CubeSat
(3 m) had similar performances since the NRMSE for TSEBpar and TSEBser had a 6%
difference between the two high-resolution spaceborne platforms.

The underestimation trend shows a concurrent bias in the TSEBser algorithm’s ability to
predict actual ETa rates across various platforms. The largest underestimation by Landsat-8
TIRS could be attributed to its thermal infrared sensor’s spatial resolution and spectral
characteristics, which may not fully capture the heterogeneous surface temperature and
moisture conditions within agricultural fields. This result suggests that there are limitations,
inherent to this sensor, in accurately detecting surface temperatures for relatively small
maize fields displaying some surface heterogeneity. The slight overestimations noted
with CubeSat and Landsat-8 IRT suggest that these sensors, at their respective resolutions,
might capture more of the variance in surface temperatures and moisture levels than the
TIRS sensor. These discrepancies underscore the importance of the spectral and spatial
resolution’s role in capturing field heterogeneity.

The comparative performance of Sentinel-2 and Planet CubeSat, with a minimal
difference in NRMSE for both TSEB algorithms, indicates that high-resolution spaceborne
platforms are capable of providing reliable ETa estimates, as compared to Landsat-8. The
similar performance of these two sensors, despite their different operational designs and
data characteristics, suggests that high-spatial-resolution spaceborne sensors have better
results for small agricultural fields, compared to coarse satellite pixel resolutions. It also
highlights the critical role of spatial resolution in capturing the detailed variability of
agricultural landscapes, which is essential for promoting conditions to enhance sustainable
irrigation water management in cropland fields.

In addition, the trend of underestimation observed with the TSEBpar algorithm across
UAS, MSR5, Sentinel-2, and Landsat-8 TIRS (with relatively minor variations) suggests the
need for algorithmic adjustments or enhancements to further improve ETa estimates. The
TSEB RS of the ETa models were originally developed and validated using airborne data at
a 5 m spatial resolution. Given the large number of input parameters in the TSEB RS of ETa,
some of the uncertainty in the final maize ETa estimation might be due to sub-models that
do not have locally calibrated parameters for the semi-arid region across different climate
conditions. Nevertheless, the performance of the ETa algorithm is acceptable.

In our study, the range of accuracy of both TSEB approaches for maize ETa (10–30%)
was consistent with previously reported values in the current existing literature for other
row crops such as vineyards when using sUAS imagery aggregated to different local spatial
scales (e.g., 4 m, 7 m, 14 m, and 30 m) [27] and soybeans and maize when using Landsat-7
(30 m) and UAS (6 m) imagery spatial scales [68]. The similar results obtained between
maize ETa observed and estimated values from previous studies using different spatial and
spectral resolution RS sensors reinforces the reliability of selecting finer RS spatial resolution
sensors to use as input for predicting crop ETa with a TSEB RS of the ETa algorithm to
advance sustainable agricultural water management. Both Ref. [27] and Ref. [68] indicated
that the smallest errors observed when predicting LE and crop ETa occurred at spatial
resolutions less than 15 m.

The comparative analysis of multiple RS sensors presented a relevant understanding
of their data quality as input for predicting maize ETa using the TSEB RS of the ETa
algorithms evaluated in the study. Despite the overall agreement in ETa accuracy observed
in the existing literature, it is important to consider factors such as spectral resolution,
revisit frequency, and sensor-specific limitations when deciding which RS sensor (data)
is better, given the site-specific conditions and sustainable irrigation needs. Since the
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MSR5 (proximal RS sensor) has limitations regarding the spatial coverage of large fields in a
timely manner, operational costs, and data processing, its use could be hindered throughout
different stages of the growing season. Given that the high-spatial-resolution spaceborne
platforms (e.g., Sentinel-2 and Planet CubeSat) had similar accuracy performances (NMBE
and NRMSE) compared to the MSR5 (Figures 10 and 11), their use could be justified when
proximal RS devices are not ideal for collecting data over large agriculture fields with
significant areas of canopy heterogeneity that make on-site data acquisition challenging
and unrealistic.

3.1.2. TSEB Data Analysis Separately for LIRF and IIC 2020–2021 Data

When evaluating the LIRF 2020–2021 data alone, the results were also consistent with
the previous combined data from LIRF and IIC regarding both the TSEBser and TSEBpar
algorithms. The proximal platform MSR5 (1 m) outperformed all other platforms since it
had the smallest NRMSE equal to 10% (TSEBpar) and 14% (TSEBser) see Tables 9 and 10.
Underestimation (NMBE) of TSEBpar hourly maize ETa predictions ranged from −1 to
−7% for the Landsat-8 TIRS (30 m), Sentinel-2 (10 m), MSR5 (1 m), and UAS (0.03 m).
Overestimation of TSEBpar maize ETa was observed in the case of RS data used from the
Planet CubeSat (3 m) and Landsat-8 IRT platforms, with respective NMBE equal to 4% and
3%. Regarding the TSEBser RS of the ETa algorithm, similar trends of underestimation and
overestimation of hourly maize ETa were observed compared to the TSEBpar algorithm.
There were 28% and 26% reductions in NRMSE, respectively, for the TSEBpar and TSEBser
RS of ETa results when Landsat-8 surface reflectance and IRT Ts data were used to estimate
hourly maize ETa. When evaluating the IIC 2020–2021 data alone, the results were again
consistent with the previous analysis regarding LIRF and the combined LIRF-IIC data.
Similarly, the MSR5 (1 m) outperformed the spaceborne and airborne platforms/sensors,
with an overall error equal to −0.03 (−4%) ± 0.08 (12%) mm/h and −0.04 (−6%) ± 0.09
(14%) for the TSEBpar and TSEBser, respectively.

Table 9. Error analysis from the TSEBpar hourly maize ETa evaluation for the LIRF and IIC
2020–2021 data.

Site Platform
Spatial

Resolution (m)
n

MBE
(mm/d)

NMBE (%)
RMSE
(mm/d)

NRMSE (%) R2

LIRF

Landsat-8 TIRS 30 14 −0.04 −7% 0.13 25% 0.51

Landsat-8 IRT 30 14 0.02 3% 0.09 18% 0.73

Sentinel-2 10 35 −0.02 −4% 0.09 16% 0.85

CubeSat 3 63 0.02 4% 0.10 18% 0.69

MSR5 1 17 −0.01 −1% 0.06 10% 0.91

UAS 0.03 11 −0.03 −5% 0.09 15% 0.67

IIC

Landsat-8 TIRS 30 12 −0.02 −3% 0.18 33% 0.24

Landsat-8 IRT 30 12 0.03 5% 0.11 21% 0.76

Sentinel-2 10 32 −0.01 −2% 0.09 15% 0.73

CubeSat 3 62 0 0% 0.08 14% 0.76

MSR5 1 28 −0.03 −4% 0.08 12% 0.82

UAS 0.03 13 −0.01 −2% 0.09 14% 0.58
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Table 10. Error analysis from the TSEBser hourly maize ETa evaluation for the LIRF and IIC
2020–2021 data.

Site Platform
Spatial

Resolution (m)
n

MBE
(mm/d)

NMBE (%)
RMSE
(mm/d)

NRMSE (%) R2

LIRF

Landsat-8 TIRS 30 14 −0.07 −13% 0.14 27% 0.48

Landsat-8 IRT 30 14 −0.07 −13% 0.10 20% 0.81

Sentinel-2 10 35 −0.01 −2% 0.08 15% 0.83

CubeSat 3 63 −0.03 −6% 0.09 16% 0.79

MSR5 1 17 0 0% 0.08 14% 0.82

UAS 0.03 11 −0.04 −8% 0.08 14% 0.78

IIC

Landsat-8 TIRS 30 12 −0.07 −13% 0.16 30% 0.41

Landsat-8 IRT 30 12 −0.01 −2% 0.12 21% 0.71

Sentinel-2 10 32 −0.05 −8% 0.11 17% 0.75

CubeSat 3 62 0.01 1% 0.08 13% 0.78

MSR5 1 28 −0.04 −6% 0.09 14% 0.75

UAS 0.03 13 −0.09 −13% 0.11 17% 0.72

4. Discussion

The observed results were related to differences in RS sensor types, the assumptions
of the TSEB ETa model and inherent uncertainty, and the complex physical processes that
derive the heat and water vapor transfer between the surface and atmosphere. Regarding
the RS data characteristics, the spatial resolution significantly impacts the accuracy of the
hourly maize ETa.

The RS platforms with higher spatial resolution (<10 m) capture finer surface feature
details within agricultural fields. These high-spatial-resolution data have the potential to
better characterize spatial variability in soil and vegetation conditions, which is essential
for accurate crop ETa estimation using the TSEB RS of ETa algorithm. The RS sensors with
coarse spatial resolution, such as Landsat-8 (30 m), have limitations in providing relevant
multispectral data that represents well local variations of the Ts and surface reflectance
values for smaller agricultural fields. These limitations can lead to increased uncertainty in
ETa estimates, particularly in row crop fields.

The integration of ground-based measurements, such as IRT nadir-looking Ts data,
has been shown to significantly improve the accuracy of RS-based ETa estimates, especially
when coarse Ts spatial-resolution data are not representative of local field conditions.
The observed underestimation of the ETa estimation, when using the proximal, airborne,
and spaceborne RS surface reflectance data, may be related to uncertainties in the TSEB
model parameters and the simplifications of the surface energy balance equations. Another
challenge regarding the use of different RS sensors is the temporal resolution. Limited
revisit frequencies and local atmospheric effects (e.g., aerosols) can introduce uncertainty
in data acquisition and quality, ultimately impacting ETa estimates.

Accurate, spatio-temporal ETa predictions are essential for increasing crop yields while
mitigating water scarcity issues, a critical factor in securing water sustainability within a
diverse range of water stakeholders. While remote sensing data, particularly through the
TSEB model, has significantly advanced our understanding of crop ETa, challenges persist
in implementing sustainable solutions within agricultural settings.

Despite the potential of RS to advance sustainable water management in irrigated
fields, limitations exist. Spaceborne data such as those from Landsat-8, Sentinel-2, and
Planet CubeSat often lack consistent daily imagery acquisition for ideal ETa modeling
conditions, and this inconsistency can create challenges in implementing daily irrigation
scheduling based on RS data inputs. To overcome the limitations, we propose an approach
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that integrates multiscale RS imagery from different platforms to generate RS data on a daily
basis with similar radiometric quality to be readily available for water stakeholders (e.g.,
water management authorities, engineers, and agronomists). This integrated multiscale
approach can provide consistent daily RS data for calculating crop ETa and supporting
water management decisions at local and large scales in agricultural settings.

Beyond the RS platforms’ spectral resolution, revisit frequency, and sensor-specific
limitations and calibration, other factors merit consideration for a comprehensive under-
standing and effective adoption of RS technologies in agriculture. Atmospheric variables
such as humidity, temperature, concentration of gases, dust, and wind speed can signif-
icantly affect the accuracy of RS data, particularly for spaceborne sensors. Nonetheless,
a multi-source RS data analysis can compensate for the limitations of individual RS sen-
sors/platforms, offering an expanded perspective of crop water requirements that can lead
to more sustainable irrigation practices in cropland.

5. Conclusions

This research was conducted in a semi-arid climate area, in maize fields irrigated with
sub-surface drip and furrow irrigation systems, at two research sites in northern Colorado,
USA. We aim to investigate the performance of two TSEB remote sensing of ETa algorithms
when using input data from different (multiscale) remote sensing sensors/platforms. The
hypothesis was that the accuracy of RS of ETa estimation depended on both the pixel spatial
and spectral/radiometric resolutions of the multispectral data used and on the specific
parameters within the RS of the ETa algorithms. The primary conclusion is that, for both
TSEB approaches evaluated (TSEBpar and TSEBser), the best remote-sensing-based surface
reflectance and temperature data for predicting maize hourly ETa were those from the
handheld MSR5 radiometer. The second-best RS data were multispectral surface reflectance
images from the UAS, Planet, and Sentinel-2 RS platforms (plus surface temperature from
stationary IRT sensors). However, using RS data from Landsat (optical and TIRS) resulted
in larger ETa estimation errors.

While it is possible to estimate crop ETa using various remote sensing platforms, se-
lecting the most suitable RS data for a given ETa algorithm has the potential to significantly
enhance irrigation water management by using more accurate ETa estimates. In this study,
it was found that the accuracy of the ETa predictions was not the same across the different
remote sensing sensors.

The use of the appropriate remote sensing data (i.e., MSR5) with the TSEB remote
sensing of ETa algorithms, to optimize maize irrigation scheduling, presents a significant
contribution toward advancing sustainability in irrigated agriculture. The combination of
MSR5 multispectral and thermal data to determine the contributions of soil and vegetation
components to ETa can offer a more accurate understanding of water consumption in
cropland ecosystems, compared to the most common Landsat data use.

To improve the effectiveness of sustainable solutions using remote sensing data, future
research in sustainability should focus on refining the TSEB algorithms, integrating diverse
datasets within the same data analysis context, and addressing challenges associated with
scaling from local (e.g., farms) to regional (e.g., irrigation districts and watersheds) levels.

This study highlights the need for further research aimed at improving the data quality
of sub-optimal remote sensing platforms/sensors when only those data are available. It
is critical to develop imagery calibration protocols to improve the quality of the remote
sensing data needed for the prediction of crop ETa under different surface and climate
conditions. This would help enable the use of the most desirable remote sensing data with
high accuracy for effective irrigation water management. Also, we recognize the need for
more research including a wider range of commercial crops to strengthen the analysis of
how the TSEB approaches perform when estimating crop ETa for other crop types.

Additionally, the role of advanced spatial data analysis and machine learning algo-
rithms in processing and interpreting RS data could be an alternative to explore to improve
the quality of the RS data for the sensors that did not perform better than the MSR5. These
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technologies can provide a possible framework to address complex patterns and relation-
ships within large imagery datasets, facilitating more applied and predictive approaches to
crop water use and stress levels. By leveraging the computational capabilities of these artifi-
cial intelligence models, researchers and practitioners can refine the application of TSEB RS
algorithms and determine irrigation scheduling practices to meet the water requirements
of specific crops under local field conditions.
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Appendix A. Calculation of Auxiliary Variables for the TSEB Algorithm

The rah term is calculated using Equation (A1) as follows (as in [69]):

rah =
ln
(

zu−d
zoh

)
−ψh

u∗k
(A1)

where zu is the height of wind speed measurement (m); d is the zero-plane displacement
height (m); zoh is the roughness length for heat transfer (m); ψh is the atmospheric stability
correction function for heat transfer (dimensionless); k is the von Kármán constant and is
set to 0.41 [70,71].

The shear or friction velocity (Equation (A2)) is calculated as follows (as in [69]):

u∗ =
Uk

ln
(

zu−d
zom

)
−ψm

(A2)

where u* is the mean shear velocity (m/s), ψm is the atmospheric stability correction func-
tion for momentum transfer (dimensionless); zom is the roughness length for momentum
transfer (m); and U is the mean horizontal wind speed (m/s).

The ψh and ψm are equal to zero for quasi-neutral atmospheric conditions. When
thermal stratification exists, the Monin–Obukhov stability length (LMO) and theory is
considered to correct the estimations of momentum and heat transfer [72]. For unstable
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(LMO < 0) and stable (LMO > 0) atmospheric conditions, Equations (A3) and (A4) present
the models for the atmospheric stability corrections for heat transfer [73–75]:

ψh =





2 × ln

(
1 + x2

1
2

)
− 2 × ln

(
1 + x2

1
2

)
, LMO < 0

−5 ×
(

zu − d

LMO

)
, LMO > 0

(A3)

x1 =

[
1 − 16

(
zu − d

LMO

)]0.25

(A4)

where LMO is the Monin–Obukhov stability length (m) and is calculated as indicated by
Equation (A5) below:

LMO = −u3
∗ Ta ρa Cpa

g k H
(A5)

where g is the gravitational acceleration (≈9.81 m/s2).
For unstable and stable atmospheric conditions, Equation (A6) indicates the models

for the atmospheric stability corrections for momentum transfer [73–75]:

ψm =





2 ln

(
1 + x1

2

)
+ ln

(
1 + x2

1
2

)
− 2arctan(x1) +

π

2
, LMO < 0

−5 ×
(

zu − d

LMO

)
, LMO > 0

(A6)

The roughness elements d, zom, and zoh are calculated as indicated by Equations
(A7)–(A9), respectively [76]:

zom =

{
z′o + 0.28 hc

√
J, 0 ≤ J ≤ 0.20

0.3 hc

(
1 − d

hc

)
, 0.20 < J ≤ 2

(A7)

d = hc

[
ln
(

1 + J
1
6

)
+ 0.03 ln

(
1 + J6

)]
(A8)

zoh = 0.10 × zom (A9)

where z′o is the roughness length of the soil surface (z′o ≈ 0.01 m), and J is equal to 20% of
LAI (m2/m2).

Appendix B. Calculation of TSEB Soil and Canopy Resistances When Estimating H

The rsoil (s/m) is calculated using Equations (A10)–(A13) [21]:

rsoil =
1

0.004 + 0.012 Usoil
(A10)

Usoil = Ucanopy × exp
(
−aext ×

[
1 − 0.05

hc

])
(A11)

Ucanopy =
u∗
k

× ln
(

hc − d

zom

)
(A12)

aext = 0.28 × (CF × LAI)
2
3 ×h

1
3
c ×w

− 1
3

c (A13)

where Usoil is the mean horizontal wind speed at the ground surface (m/s); Ucanopy is the
mean horizontal wind speed at the top of the canopy (m/s); wc is the mean leaf width (for
maize, 0.09 m); aext is the wind factor (dimensionless).
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The rx term (s/m) is calculated using Equations (A14) and (A15) below [21]:

rx =
C′

LAI

(
∆

Ud+zom

) 1
2

(A14)

Ud+zom
= Ucanopy × exp

[
−aext ×

(
1 − d + zom

hc

)]
(A15)

where C′ is a weighing coefficient (set to 90 as indicated by [77]) and Ud+zom is the mean
horizontal wind speed at the height equal to d + zom (m/s).

The rc term is calculated using Equations (A16) and (A17) [78]:

rc

rah
=





3.09 × r∗
rah

+ 2.41 ×
√

r∗
rah

+ 0.62, LAI < 2

2.74 × r∗
rah

− 5.90 ×
√

r∗
rah

+ 7.04, LAI ≥ 2
(A16)

r∗ = ρaCpa

[
es − ea

γ(Rn − G)

]
(A17)

where r∗ is the climatic resistance (s/m).
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Abstract: Sustainable development is implemented not only at the global level, but primarily in local
environments. Shaping the space of river valleys becomes particularly important in the face of climate
change and growing water deficit. The article therefore addresses the issue of the social perception
of water management in the context of climate change. The aim was to answer the questions: what
is the social awareness of water management in the face of climate change, and what sustainable
solutions are socially accepted? The research was carried out in the south-eastern part of Poland, in
the Podkarpackie and Lublin voivodeships. The diagnostic survey method, an original survey form,
and the CAWI technique were used. The study group analyzed the perception of global, negative
megatrends, and challenges related to water retention in the context of climate change. The task was
to identify respondents’ awareness of new sustainable management methods in river valleys. Due to
the fact that the studied area is largely agricultural, differences in the perception of the studied items
were sought, depending on the place of residence. It was assumed that inhabitants of rural areas
have greater contact with nature, which may change their perception, and differences were looked
for depending on the region of residence. Differences in the perceptions of the studied phenomena
were also searched for, depending on the respondent’s sex. The calculations show that the place of
residence (urban–rural) and the regions (Podkarpackie–Lublin voivodeships) do not differentiate
the perceptions of most of the examined items. However, sex primarily affects the perception of
global megatrends and the perception of climate change. The results indicate the respondents’ lack
of awareness about natural forms of water retention. Respondents expected the implementation of
outdated technical forms of flood protection. Expectations focused mainly on flood embankments
and large dam reservoirs. There was strong belief among respondents regarding global megatrends
and their impacts on social and economic life. A knowledge deficit was identified in relation to
sustainable management methods in river valleys that favor water retention.

Keywords: water management and retention; climate change; sustainable development of river
valleys; economics and public goods; south-eastern Poland

1. Introduction

Water security can be defined as the adaptive capacity to ensure the sustainable avail-
ability and safe use of adequate, reliable, and resilient water quantity and quality for health,
livelihoods, ecosystems, and a productive economy, and for disaster risk reduction [1].
Ensuring water security involves managing too much or too little water and its quality.
Water security refers to the growing importance of the sustainable management of water
resources in a way that protects against any water-related disasters. Water security concerns
both ecosystem health and economic development [2]. In environmental–ecological terms,
water security shows the amount of water needed to maintain or improve environmen-
tal quality [3]. Available water resources are under pressure from many sectors, such as
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agriculture, industry, tourism, transport, and energy. The issue of water security is also
the subject of activities of the European Union [4]. The EU pays particular attention to
the allocation and use of water resources, in particular, in sensitive economic sectors [5].
Currently, it is equally important to reduce the risk of floods, but also to limit the effects
of drought.

All investment decisions, regarding flood protection, are mainly based on the results
of a cost benefit analysis. This analysis can answer the questions related to economic
efficiency, investment outlays, replacement costs of operation, and maintenance of technical
infrastructure, as well as social and environmental costs related to changes in the conditions
of natural ecosystems, biodiversity, and landscape [6]. Expenditures on flood protection
measures in EU countries were estimated at a total of EUR 2.5 billion per year. In turn,
expenditure under the European Regional Development Fund and the Cohesion Fund, in
2014–2020, intended for adaptation to climate change, and the prevention and management
of climate-related risks, including floods and droughts, amounted to approximately EUR
6.3 billion. This presents an average of approximately EUR 0.9 billion per year [7]. In light
of the presented challenges, the sustainable management of river valleys, with particular
emphasis on natural water retention mechanisms, becomes of great importance [8].

1.1. The Impact of the Economy on Strategies to Ensure Water Security

Proper water management is becoming increasingly important, especially in the
context of observed climate changes. Modern climate change includes an increase in air
temperature on Earth, which, in turn, may affect other elements that shape the climate.
According to some authors [9], in the years 2011–2020, the average temperature of the
Earth was 1.09 ◦C higher, compared to the pre-industrial period, i.e., in the years 1850–1900.
A change in one factor can, in turn, create a new set of conditions, which, in turn, can
secondarily drive changes in the weather and climate elements. Currently, for example,
there are intense droughts, water shortages, and serious fires on the one hand, and on
the other hand, there are melting glaciers, rising sea levels, floods, catastrophic storms,
and similar weather phenomena. The abovementioned phenomena have an impact on
the environmental economy and are perceived differently, socially, in different regions
of the world [10–12]. Changes in water resources and the biodiversity of water and land
reservoirs are just some of the effects of violent weather phenomena. However, they imply
a negative impact on agriculture and forestry [13], and on human health [14].

According to [15], an author who used 12 climate models for quantitative analysis,
describing the impact of climate effects on global water resources; there will be an increase
in the impact of climate effects on water resources in eastern Equatorial Africa, North
America, and Eurasia, and in the La Plata Basin in South America. This increase will be in
the range of 10–40% in 2050. In turn, the described dependence will decrease by 10–30% in
Southern Europe, the Middle East, the western part of North America, and the Republic
of South Africa [16]. Some authors [17] conducted research aimed at linking climate
change and the chemical composition of groundwater. The research shows that seasonal
floods, caused by extreme precipitation, are responsible for biochemical and geochemical
redox processes, which result in groundwater contamination in post-flood areas. However,
another author [18] concluded that the sustainable development of river valleys has a
retention function and ensures safety both during floods and droughts. Riparian meadows
can also be a source of biomass for fodder, or an energy carrier. Moreover, flood meadows
can be an ecological buffer, capturing excess nutrients from surface runoff [18]. In turn, other
authors [19] conducted a case study to show how to solve water scarcity problems resulting
from climate change. These authors presented a hydro-economic model that combines
elements of hydrology, economics, and the environment. This model was applied to arid
and semi-arid regions in Spain. The research results indicate that the occurring drought
phenomena have a significant impact on social wellbeing, and in the conditions examined
by the abovementioned authors, there was a reduction in net agricultural production.
Agriculture is the sector that consumes the most water in the world and needs it to feed
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humanity [20]. Energy is also highly dependent on water, making electricity production
one of the main drivers of global water scarcity [21]. In fact, it is difficult to imagine any
human activity that is independent of water [22,23].

Hydrological droughts and forecasts of their occurrence in the future are becoming
a serious challenge due to the complex interactions between climate, hydrology, and
humans [24]. In many parts of the world, there are heated discussions about expanding
reservoirs to counteract droughts and water shortages. However, contrary to popular belief,
in some cases, the construction of reservoirs increases the risk of susceptibility to drought
threats, and this, in turn, increases the potential damage associated with the construction of
such water storage facilities [25]. Dam reservoirs operate mainly at points, which leads to an
increase in the groundwater level, only in a limited area around the reservoir. At the same
time, the groundwater level lowers downstream. As a result, this leads to local droughts.
Still water retained in a reservoir evaporates faster, compared to water moved by a river
current or retained in a wetland. Paradoxically, dam reservoirs contribute to a faster loss of
water that should be retained in the environment. It is also often associated with the need
to relocate entire settlements. Areas with high historical, cultural, agricultural, and natural
values are therefore irretrievably lost. The construction of dam reservoirs is not a solution
to the water deficit because, most often, it does not solve the problem of drought, but
only transfers its effects to the lower sections of the river. The construction of water stages
and dam reservoirs also disrupts the ecological continuity of a river, i.e., the transport of
trailing debris, and interrupts the movement routes of fish and other animal species. In this
situation, the properties of water, its temperature, oxygenation, and fertility also change,
contributing to the threat and elimination of the lives of typical river organisms [26,27]. On
the other hand, projections of the impact of climate change on flood characteristics are very
sensitive to the detailed nature of these changes. The hydrological cycle is expected to be
intensified by global warming, which is likely to increase the intensity of extreme rainfall
events and the risk of flooding. It is also estimated that extreme rainfall and flooding may
occur in all climatic regions. These phenomena may result in an excessive supply of various
nutrients and pollutants to wetlands [28,29].

There are examples of synergies and antagonisms between the risk of floods and
droughts and the actions limiting their impacts on the environment [30]. The very concept
of a multifunctional dam reservoir illustrates just such a conflict. In order to reduce the
risk of flooding, a given empty volume of the warehouse must be maintained, and thus, a
possible flood wave is taken into account. However, the flood control measures described
above mean the loss of the ability to store larger amounts of water, which may be very
valuable in the event of a hydrological drought [31]. Therefore, to prevent drought, a
“wet” reservoir would be preferred, while, to reduce flood risk, a “dry” reservoir (polder)
would be preferred, collecting a larger amount of flood water. Therefore, what is better for
reducing flood risk may not be good for reducing drought risk.

To ensure sustainable management in river valleys, the restoration of catchment
areas is important. It involves restoring the flooding of coastal areas by moving flood
embankments away. Activities of this type are also important for flood protection by
slowing down water outflow. On the scale of the entire catchment area, it is important
to protect wetlands in the water management system. The basis for ensuring proper
water conditions in wetlands is to maintain the natural hydrological regime of the river,
including periods of elevated water levels. It should be emphasized that drainage is one
of the main causes of the destruction of wetlands. It is therefore necessary to limit water
runoff as the primary method of protecting them. Natural riparian meadows are a very
important element of sustainable management in river valleys. An important element of
natural valleys of large rivers are ecosystems shaped by floodplains, complexes of rushes,
thickets, and riparian forests. These ecosystems, now often cut off from the river by flood
embankments, are subject to degradation and evolving into distorted land systems [32,33].
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Hence, river restoration techniques, such as moving embankments by increasing their
span and creating polders, may be beneficial in both cases [34].

Water retention—storing water when it is abundant and releasing it when it is scarce—is
an essential measure to reduce the risks of floods and droughts [35,36]. The effectiveness of
different types of flood storage systems should be considered in the context of their impact
on reducing the volume of flood runoff. Created forests and other green areas, as well as
small reservoirs or polders, can serve as integrated solutions and reduce the risk of flooding
for many years. In turn, reducing the risk of long-term floods (e.g., by protecting against
100-year floods) requires the renaturalization of river spaces (i.e., “space for the river”)
and ensuring a large retention capacity in reservoirs [37]. To reduce the risk of floods and
droughts, it is necessary to increase the capacity of various types of storage facilities, both
natural and artificial [38]. These plans should also take into account water retention in the
river valley landscape or soil retention, which is based on the assumption that an increase
in the content of organic matter in the soil results in an increase in water storage [39]. The
storage capacity of aquifers and the possibility of their recharge by abundant floodwaters
should also be taken into account [40]. The appropriate connection of retention activities
must be adapted to the actual hydrological, geological, and environmental conditions,
as well as the existing and planned infrastructure in the river basin [41]. It also requires
monitoring the effectiveness of such activities within local and regional systems, and
adapting them to spatial development plans [42].

Public awareness that water management is a political issue is growing. Therefore,
there is currently a tendency to talk about tasks related to water management as water
resources management [43]. Water management, in particular, rainwater management in
urbanized areas, seems to be the main challenge in the era of climate transformation [44].
Despite imprecise legal regulations, many Polish cities—especially those exposed to the
effects of river floods or, in general, to the effects of flash floods—have started implementing
organizational and legal changes to find and create an appropriate model for rainwater
management in their area. This is a model that is intended to reduce the risk of floods and
minimize the effects of drought, while enabling the cofinancing of their occurrence [45].

Polish legal regulations specify that flood protection is achieved, in particular, by:
“(1) shaping the spatial development of river valleys or flood areas, mainly areas of par-
ticular flood risk; (2) rational water retention and use of flood protection structures, as
well as control of water flows; (3) ensuring the functioning of the early warning system
against dangerous phenomena, occurring in the atmosphere and hydrosphere, and flood
forecasting; (4) preservation, creation and restoration of water retention systems; (5) con-
struction, reconstruction and maintenance of flood protection structures; (6) conducting
icebreaking campaigns and (7) conducting information policy, regarding flood protection
and limiting its effects” [46]. Polish legal conditions are consistent with the European Union
Directive [47].

Growing concerns related to climate change have focused spatial management in cities
on mainly flood protection. As a consequence of such actions, cities are often not prepared
for water shortages [48]. There are also studies on the maximization of water resources,
but they are less concerned with the control and management of its demand. Achieving
synergies and benefits in urban agglomerations, in the case of rainwater collection and
reuse systems, are presented as topics requiring development, not only from the point of
view of design, but also from the points of view of the management, decision making, and
preparation of the final consumer for the “new water” that can be used in the context of
the circular economy [49]. According to some authors [50], the implementation of green
and blue urban infrastructure (GBI) is a positive undertaking because it ensures carbon
dioxide sequestration, water retention, regulation, thermal comfort, and the improvement
of biodiversity in the built environment, as well as around urban settlements [51]. Other
studies have found that water quality in cities has improved significantly, as it has decreased,
the number of waterborne diseases [52,53]. Moreover, the quality and availability of
recreational facilities in urban surroundings have also increased [54].
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Ecologists and landscape historians, as well as flood managers, attach more and more
importance to the protection of flood meadows. They are valued as heritage, have ecolog-
ical potential, and provide opportunities for local flood management [55]. According to
some authors [56], flood meadows are characterized by specific flora and fauna that have
settled and flourished, partly due to the humid environment and partly due to specific
management practices. Some other authors [57] found that vegetation succession is con-
trolled by water table configuration. The proper management of flood meadows therefore
allows for more sustainable hay yields [58]. According to the report [59], an important task
is to increase the availability of water in small river valleys through traditional irrigation.
This type of treatment should also be treated as a proecological factor.

Most studies also indicate a positive relationship between species diversity and bio-
mass production in flood meadows [60–62]. However, some studies have shown that
managing grasslands to maintain high biodiversity is often incompatible with managing
them to obtain maximum economic profit [63]. Therefore, even if the production conditions
and quality of biomass are limited, the benefits for biodiversity and potentially for other
ecosystem services fully justify the use and appropriate management of grasslands. It is
also important that, in these areas, there are diversified subsidy systems, developed in
accordance with European programs and subsidies to maintain the high value of natural
grasslands [64]. Moreover, economic aspects are always important when investing in new
irrigation networks or the modernization of existing irrigation systems [65]. On the one
hand, the costs of investment, maintenance of the irrigation system, management expenses,
and water prices should be taken into account, and on the other hand, the benefits resulting
from increasing or stabilizing biomass yields [66].

1.2. Management in River Valleys to Promote Water Retention

Human settlements and the development of a country’s economy are closely depen-
dent on rivers. An example of such a relationship is ancient Egypt, or the cultures of
Mesopotamia. Nowadays, especially in the context of climate change, the proper manage-
ment of river valleys is becoming more and more important. Water retention solutions
concern water supply for residents, industry, flood safety, and limiting the effects of drought.
The use of various forms of retention, including natural (protection of water resources and
the restoration or maintenance of natural ecosystems), significantly contribute to reducing
the sensitivity of society, the environment, and the country’s economy to the effects of
climate change. Providing an appropriate amount of water in conditions of high climatic
uncertainty, through its rational use, will allow the water needs of all users to be met. Water
retention activities are aimed at limiting and slowing down the outflow of water from
the catchment area [67]. Water retention solutions existing in Poland, but also in other
European Union countries, require a transformation and adaptation to new challenges [68].

Poland’s water resources are much smaller, compared to other European countries.
The average amount of rainfall in our country is approximately 630 mm [44]; therefore,
among other things, the country’s spatial development should take into account increased
water retention. The most well-known division of retention includes the distinction of
whether water is stored in natural or manmade forms. This is how a distinction is made
between natural and artificial retention [63]. Water retention capacity is an important
element of the landscape in river valleys. In turn, the thickness of the humus layer has a
significant impact on the soil’s retention capacity [69]. Therefore, the proper development
of agriculture is an element of increasing the retention capacity of the area.

The development of urbanization and technical transformation of river valleys con-
tributed to the reduction in the water retention capacity [70]. The unfavorable environmen-
tal effects of river transformations have become an impulse to modify river management
methods and search for more effective solutions. Among these activities, the restoration
of rivers deserves attention [71] and, where possible, preserving their natural character.
Restoring rivers to their natural state helps reduce the speed of water flow, which is slowed
down by aquatic vegetation as well, as the diversified course of the riverbed.
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However, technical flood protection methods do not provide the expected safety and
are very expensive. Additionally, they often accelerate the outflow of water from the
catchment area. High flood embankments cause water to accumulate, and the narrow area
between the embankments increases the risk of catastrophic floods because there is no
room to store a large mass of water in a small volume. The embankments limit the alluvial
process, which reduces the fertility of alluvial soils in the river valley. The consequences
are the accumulation of sediments in the embankment area and the aggradation of the bed.
Additionally, it increases the risk of flooding because, sometimes, the river flows higher
than the bottom of its valley [72].

In order to increase water retention, flood areas are to be excluded from intensive
agricultural production and are to be allocated to extensive meadows or areas excluded
from use, left to recreate the natural plant community’s characteristic of a given area [73].
Technical flood management strategies that produce unsatisfactory results find an alter-
native in natural flood management. Strategies of this type are implemented, by leaving
space for rivers and increasing the retention capacity of the river valley [32].

Therefore, the development of valleys should be adapted to current environmental
conditions [72], for example, giving up the construction of groans and embankments that
limit the free shaping of the riverbed, then natural riverbed systems will be reconstructed.
Moreover, the area between the embankments can be significantly expanded by moving
flood embankments or eliminating them altogether in areas that may experience local
flooding. This will allow the river to freely shape its bed (returning to the meandering,
braided, or ridged nature of the river), and will slow down the water outflow [71]. It is also
possible to expand the area between embankments in the mouth sections of tributaries to
enable the deposition of carried material in their valleys. A good way is to create polders
for the periodic retention of flood waters. The removal of trees and shrubs from the area
between the embankments should also be abandoned to enable the regeneration of natural
riverside ecosystems. In addition, drainage should be improved so that fields and meadows
can be irrigated when there is a lack of moisture in the soil. It is also necessary to withdraw
settlements and infrastructure from the flood terrace [59]. Revitalization and restoration
make it possible to manage flood risk and reduce the risk of flooding caused by too deeply
incised riverbeds and the inability to dissipate the energy of flood waters, and reduce
flood loss caused by accelerated water runoff, due to a lack of retention in flood areas.
Restoration reduces the threat of drought, resulting from accelerated runoff, and the lack
of resistance of regulated rivers to low flows resulting from the lack of differentiation in
hydromorphological conditions. As a result, restored rivers do not require maintenance
activities and their valleys constitute an important element of water retention [74].

It should be emphasized that restoration activities are expensive, so wherever the river
has a nature close to natural, it is necessary to preserve this character. Local communities
should be made aware of this because they decide what local space development looks like.
Spatial management is shaped according to the principles established at the national level,
but is implemented at the lowest level of administration, i.e., in municipalities. Moreover,
spatial development plans are subject to public consultations, so the way the space is
shaped largely depends on society’s expectations. However, social expectations depend on
the level of public awareness; therefore, the research problem presented in this scientific
article can be formulated as a general question: “what is society’s awareness of water
management in the situation of climate change, and what solutions are socially accepted?”.

2. Materials and Methods

Based on the main question, presented at the end of the previous chapter, detailed
research questions were asked:

• How do respondents perceive water deficit amid negative megatrends?
• Do respondents understand the need to increase water retention?
• How do respondents imagine the proper management of river valleys to ensure

water security?
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• Is the free flow of flood waters perceived by respondents as an element of proper
water management?

• Do the respondents’ sex and place of residence influence the perception of water
resources management?

Table 1 presents the research items that were posed to respondents in the survey
questionnaire. These items were divided into three groups: (i) regarding megatrends;
(ii) relating to water management; and (iii) regarding climate change. In the respondents’
answers, attempts were made to find correlations within each group and between the
mentioned groups of items.

Table 1. List of studied items.

Items Related to Megatrends

1. The most important global problem is environmental pollution;
2. The most important global problem is poverty and misery;

3. The most important global problem is hunger;
4. The most important global problem is water deficit;

5. The most important global problem is lifestyle diseases;
6. The most important global problem is climate change;

7. The most important global problem is the depletion of non-renewable energy sources;
8. The most important global problem is the growing world population;

Items Related to Water Management

9. Poland is facing a deep water deficit;
10. here is a need to increase small water retention;

11. Several large dams need to be built on major rivers;
12. Cities lack water retention infrastructure;

13. Developed riverside areas should be embanked;
14. Riverside areas used for agriculture should be embanked;

15. Undeveloped riverside areas should allow flood waters to flow freely;
16. Rivers need regulation;

17. Agricultural development of flood areas favoring water retention should be co-financed
from the state budget;

18. Flood embankments in agricultural areas should be limited;
19. Development of flood plains should be prohibited;

Items Related to Climate Change

20. Climate change is currently one of the greatest threats to modern civilization;
21. Climate change has a direct impact on people’s lives;

22. There are many issues more important than climate change and they require action first;
23. Climate change is a natural phenomenon, therefore it does not require our intervention;

24. Climate change is now virtually unstoppable;
25. Climate change causes fear and anxiety;

26. Humanity is transforming the landscape and consuming natural resources at a rate that makes
their natural reproduction impossible;

27. The average temperature on our planet depends on the amount of solar radiation,
absorbed by the Earth’s surface and atmosphere, and on the amount and type of

greenhouse gases in the atmosphere;
28. Current human activity significantly changes the state of the climate system,

and the functioning of natural processes;
29. The increase in greenhouse gas emissions is closely related to the development of

human civilization

The CAWI (Computer-Assisted Web Interview) technique was used in the diagnostic
examination. Respondents were invited by sending them a link to the survey form. There
were several dozen people in both voivodeships (Lubelskie and Podkarpackie). At the same
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time, an invitation to participate in the study was posted on social media, and a survey
was sent to enterprises and institutions cooperating with the authors of this publication.
Then, the respondents also invited their friends who met the conditions regarding place
of residence in one, or another voivodeship, to participate in the study. The survey was
partial, nonprobabilistic, each participation was voluntary, and anonymous, and each
respondent could stop filling out the form at any time. Therefore, it is not possible, to
locate each respondent in a specific place on the map of each voivodeship (Scheme 1). Of
the 825 collected questionnaires, 732 were accepted by the authors, because they were
completely reliably and met the requirements of the respondent’s place of residence in the
surveyed voivodeships.

≥

fb
− −

ff

ff

ff

Research areas 

Scheme 1. Research area—marking the number of respondents in voivodeships [75].

The target group was adults aged ≥18 years old. They were residents of south-eastern
Poland, from the voivodeships mentioned in the previous paragraph of the description.
The study area was selected due to the agricultural and natural environmental values in
both regions [76]. Moreover, both voivodeships are located in the temperate climate zone,
with elements of maritime and continental climates [77,78]. However, according to the
Köppen–Geiger classification [79,80], some regions in eastern Poland were classified as
Dfb (snow climate). In both studied voivodeships, average winter temperatures range
from −2 to −3 ◦C, and in summer the average temperature is about 18 ◦C, while average
annual rainfall is 500–650 mm in the Lublin region, and 750–800 mm in Podkarpacie [81].
When characterizing the research regions, it should be emphasized that, despite many
environmental similarities, we observed some differences. In the context of this research, the
fact that there is a greater number and frequency of floods and flooding in the Podkarpackie
voivodeship, compared to the Lublin voivodeship, may be significant. However, in the
Lublin voivodeship, we experience droughts more often [82,83]. This assumption was taken
into account by the authors of this publication, which is why a different number of surveys
was deliberately collected in individual regions (Scheme 1). Therefore, the last detailed
research question, included at the beginning of this chapter, concerns the place of residence,
not only in the urban–rural context, but also in the context of the region from which the
respondent came. The authors of this publication also assumed that respondents from
rural areas, regardless of the voivodeship, have a slightly different view of the existence of
floods and flooding in agricultural areas than respondents from cities. Farmers, from both
voivodeships, have closer contact with nature and can be included in programs regarding
subsidies for retention systems in flood areas, which in turn may be important in the
perception of water management issues [84]. Moreover, the studied area of Poland is a
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microscale, referring to a broader, nationwide problem, because it is known that water in
agriculture is crucial in every region.

The survey questionnaire was subjected to reliability analysis using the Cronbach’s
alpha test. The test result was 0.709491, which is a satisfactory level [85,86]. The study was
correlational in nature as it looked for relationships between individual groups of items,
as well as between items in each group, without the possibility of influencing the level
of individual variables. Since the study was not probabilistic in nature, the conclusions
apply only to the surveyed group of respondents. To evaluate individual items, a five-point
Likert scale, with a neutral value, was used [87]. The values on the scale are marked as
follows: 1—definitely not; 2—probably not; 3—neither yes nor no; 4—probably yes; and
5—definitely yes. The structure of the response scores was calculated and analyzed. A
simple Pearson correlation (r) between the examined items was also calculated, with a
significance level of 0.05. In order to verify the answers to the research questions regarding
the differences between qualitative variables, such as sex and place of residence (urban–
rural), regardless of the voivodeship, and in the context of residence in a given voivodeship
(Lubelskie–Podkarpackie), regardless of origin from an urban or rural area, a chi-squared
test of independence was performed [88,89]. Categorized charts of the average scores of
the tested items were also prepared. The results are presented in the tables and figures in
the next section.

3. Results

The research group consisted of 732 people. Women constituted 67% of the respon-
dents and men 33%. A total of 48% of all respondents lived in cities and 52% in rural areas;
these percentages were the same by sex. Figures 1–3 present the structure of item ratings
and the cumulative percentage of positive and negative ratings.

ff

 

Figure 1. Structure of assessments of diagnostic items regarding megatrends. *—The names of the
items are included in Table 1.

All, of the abovementioned negative megatrends were appreciated by the respondents
(Figure 1). Water deficit (item 4; 88.7% of responses), hunger (item 3; 85.4%), and environ-
mental pollution (item 1; 86.1%) were considered the most important on a global scale. It is
worth emphasizing that all global problems were clearly noticed by the respondents, except
for the issue of the overpopulation of the planet (item 8). In this case, the answers were
more diverse than in the case of the other megatrends. These results indicate that the study
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group was highly aware of water shortages on a global scale. However, we assessed the
same phenomenon differently on a national scale. The problem of water deficit in Poland
(item 9) was noticed by 47.7% of the respondents, most of whom assessed this fact with
some uncertainty, while 29.8% of people adopted a neutral, undecided attitude.
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Figure 2. Structure of ratings for items relating to water management in Poland. *—The names of the
items are included in Table 1.
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Figure 3. Structure of ratings for items relating to climate change. *—The names of the items are
included in Table 1.

In the assessment of water management (Figure 2), the highest support was received
for agricultural co-financing for the development of flood areas that favors retention (63.8%
of support, item 17). This means that respondents expect state intervention in activities that
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increase water retention. However, 35% of the respondents are against the liquidation of
flood embankments in agricultural areas (item 18), which contradicts the implementation
of the decision of including riverside areas used for agriculture into the organized small
retention system. It is worth emphasizing that the respondents expect the construction of
flood embankments to protect built up areas (60.1% of responses; item 15), which could
indicate a lack of the respondents’ sense of security. It should be emphasized that the
respondents’ belief in the effectiveness of flood embankments in ensuring safety contradicts
the actions that increase water retention and slow down its outflow. On this basis, it can
be concluded that the studied community still expects the implementation of a negatively
verified strategy to withdraw people’s access to water.

It is worth emphasizing that, in the assessment of item 15, relating to the free flow of
flood waters in undeveloped riparian areas, 43% of respondents assessed such solutions
positively, however over 1/3 of the respondents (34.6%) showed a neutral attitude. “Neither
yes nor not”. Such results indicate the need to conduct educational activities that increase
the level of knowledge about the benefits resulting from the alluvial process in meadows
and pastures, and from slowing down the outflow of water from river catchments. At the
same time, an important aspect of shaping the development of river valleys, favoring water
retention, are economic incentives encouraging farmers to change the form of land use.

More than half of the respondents (61.3%) also noted the lack of retention infrastructure
in cities (item 12). This opens up another area of research related to green–blue urban
infrastructure, which is important, not only for aesthetic reasons, but, above all, for limiting
the formation of heat islands in cities.

In the part of the study regarding the perception of climate change, the vast majority
of respondents (75.8%; item 29) expressed a belief in the anthropogenic causes of this
phenomenon. At the same time, opinions were expressed about the direct impact of climate
change on people’s lives (75.4%; item 21), and it was indicated that climate change causes
fear and anxiety (71.4% of affirmative answers; item 25).

Item 23, relating to the natural causes of climate change, was opposed by the respon-
dents (59.7% of respondents). However, the vast majority of respondents were convinced
that human activity changes the state of the climate system (70.7%; item 28), and that
the increase in greenhouse gas emissions is closely related to the development of human
civilization (75.8%; item 29). These data indicate the respondents’ strong belief in the
anthropogenic causes of climate change (Figure 3).

The respondents’ belief regarding the causative role of humans in shaping natural
phenomena may also concern flood safety. The trust of respondents in the technical flood
protection measures discussed above makes it difficult to implement the strategy of leaving
space for rivers. This is related to the development of the technical expansion of rivers,
maintaining a false sense of security, and maintaining a vicious circle of flood protection.

A simple Pearson correlation analysis was performed in the collected research ma-
terial. Its aim was to identify the relationships between the ratings of individual items.
Tables 2–5 use a color scale to indicate the strength of correlation, according to the scale,
presented by some authors [89]. Table 2 shows the correlation coefficients between item
ratings regarding negative megatrends. A strong, positive correlation was found between
respondents’ perception of water deficit (item 4) and the perceptions of environmental
pollution problems (item 1), poverty (item 2), hunger (item 3), and lifestyle diseases (item 5).
A strong correlation was also found between the perception of climate change (item 12) and
the depletion of non-renewable energy sources (item 13). The above correlation coefficients
were positive, which proves the high level of ecological sensitivity of the respondents. This
is also confirmed by the results presented in Figure 1.
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Table 2. Correlation coefficients (r) between items, regarding threats resulting from civilization
development *.

Rated Items 1 * 2 3 4 5 6 7

2
0.318

p = 0.000

3
0.311 0.731

p = 0.000 p = 0.000

4
0.461 0.465 0.559

p = 0.000 p = 0.000 p = 0.000

5
0.306 0.326 0.312 0.408

p = 0.000 p = 0.000 p = 0.000 p = 0.000

6
0.534 0.148 0.170 0.358 0.348

p = 0.000 p = 0.000 p = 0.000 p = 0.000 p = 0.000

7
0.340 0.249 0.182 0.348 0.356 0.504

p = 0.000 p = 0.000 p = 0.000 p = 0.000 p = 0.000 p = 0.000

8
0.211 0.065 0.074 0.193 0.132 0.282 0.335

p = 0.000 p = 0.079 p = 0.046 p = 0.000 p = 0.000 p = 0.000 p = 0.000

Explanation of the color scale

None Negligible Weak Moderate Strong Very Strong Perfect
Statistically significant

coefficient
<0.1 0.1–0.2 0.2–0.3 0.3–0.4 0.4–0.7 0.7–0.9 0.9–1 p≤ 0.05

*—The names of the items are included in Table 1.

Table 3. Correlation coefficients (r) between issues related to the assessment of Poland’s water
management.

Rated Items 9 10 11 12 13 14 15 16 17 18

10
0.515

p = 0.000

11
0.371 0.443

p = 0.000 p = 0.000

12
0.357 0.462 0.361

p = 0.000 p = 0.000 p = 0.000

13
0.189 0.216 0.317 0.407

p = 0.000 p = 0.000 p = 0.000 p = 0.000

14
0.091 0.201 0.267 0.261 0.550

p = 0.014 p = 0.000 p = 0.000 p = 0.000 p = 0.000

15
0.119 0.128 0.069 0.154 0.182 0.073

p = 0.001 p = 0.001 p = 0.064 p = 0.000 p = 0.000 p = 0.050

16
0.064 0.114 0.328 0.159 0.258 0.280 −0.010

p = 0.084 p = 0.002 p = 0.000 p = 0.000 p = 0.000 p = 0.000 p = 0.781

17
0.179 0.267 0.181 0.258 0.286 0.305 0.163 0.269

p = 0.000 p = 0.000 p = 0.000 p = 0.000 p = 0.000 p = 0.000 p = 0.000 p = 0.000

18
0.084 0.082 0.046 0.111 −0.046 −0.112 0.183 0.014 0.015

p = 0.024 p = 0.026 p = 0.212 p = 0.003 p = 0.217 p = 0.002 p = 0.000 p = 0.698 p = 0.694

19
0.164 0.224 0.122 0.214 0.210 0.094 0.138 0.032 0.194 0.160

p = 0.000 p = 0.000 p = 0.001 p = 0.000 p = 0.000 p = 0.011 p = 0.000 p = 0.390 p = 0.000 p = 0.000

Explanation of the color scale

None Negligible Weak Moderate Strong Very Strong Perfect
Statistically significant

coefficient
<0.1 0.1–0.2 0.2–0.3 0.3–0.4 0.4–0.7 0.7–0.9 0.9–1 p≤ 0.05

*—The names of the items are included in Table 1.
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Table 4. Correlation coefficients (r) between issues related to climate change.

Rated Items 20 21 22 23 24 25 26 27 28

21
0.6203

p = 0.000

22
−0.2853 −0.1945
p = 0.000 p = 0.000

23
−0.3693 −0.3300 0.3454
p = 0.000 p = 0.000 p = 0.000

24
−0.0664 −0.0836 0.1697 0.3754
p = 0.073 p = 0.024 p = 0.000 p = 0.000

25
0.4559 0.4543 −0.1800 −0.2442 0.0073

p = 0.000 p = 0.000 p = 0.000 p = 0.000 p = 0.844

26
0.3291 0.2848 −0.0808 −0.0998 0.0952 0.3956

p = 0.000 p = 0.000 p = 0.029 p = 0.007 p = 0.010 p = 0.000

27
0.1951 0.2709 0.0577 −0.0137 0.0594 0.2455 0.3468

p = 0.000 p = 0.000 p = 0.119 p = 0.712 p = 0.109 p = 0.000 p = 0.000

28
0.3750 0.3577 −0.1296 −0.2407 −0.0532 0.3286 0.3423 0.3094

p = 0.000 p = 0.000 p = 0.000 p = 0.000 p = 0.150 p = 0.000 p = 0.000 p = 0.000

29
0.2904 0.2804 −0.0036 −0.1820 0.0202 0.2441 0.3392 0.3628 0.5116

p = 0.000 p = 0.000 p = 0.921 p = 0.000 p = 0.585 p = 0.000 p = 0.000 p = 0.000 p = 0.000
Explanation of the color scale

None Negligible Weak Moderate Strong Very Strong Perfect Statistically significant
coefficient

<0.1 0.1–0.2 0.2–0.3 0.3–0.4 0.4–0.7 0.7–0.9 0.9–1 p≤ 0.05

*—The names of the items are included in Table 1.

Table 5. Correlation coefficients (r) between the assessment of water management and the perception
of the problem of climate change.

Rated Items 20 21 22 23 24 25 26 27 28 29

9
0.320 0.240 −0.104 −0.164 −0.067 0.185 0.151 0.120 0.183 0.157

p = 0.000 p = 0.000 p = 0.005 p = 0.000 p = 0.070 p = 0.000 p = 0.000 p = 0.001 p = 0.000 p = 0.000

10
0.292 0.307 −0.077 −0.189 −0.059 0.200 0.132 0.115 0.243 0.178

p = 0.000 p = 0.000 p = 0.038 p = 0.000 p = 0.108 p = 0.000 p = 0.000 p = 0.002 p = 0.000 p = 0.000

11
0.230 0.213 −0.074 −0.118 0.011 0.197 0.114 0.050 0.187 0.137

p = 0.000 p = 0.000 p = 0.044 p = 0.001 p = 0.775 p = 0.000 p = 0.002 p = 0.174 p = 0.000 p = 0.000

12
0.255 0.269 −0.074 −0.124 −0.011 0.233 0.145 0.048 0.199 0.161

p = 0.000 p = 0.000 p = 0.047 p = 0.001 p = 0.762 p = 0.000 p = 0.000 p = 0.194 p = 0.000 p = 0.000

13
0.200 0.236 0.052 −0.057 −0.013 0.190 0.163 0.143 0.172 0.128

p = 0.000 p = 0.000 p = 0.157 p = 0.123 p = 0.724 p = 0.000 p = 0.000 p = 0.000 p = 0.000 p = 0.001

14
0.183 0.185 −0.022 −0.114 −0.040 0.230 0.131 0.086 0.191 0.117

p = 0.000 p = 0.000 p = 0.557 p = 0.002 p = 0.280 p = 0.000 p = 0.000 p = 0.020 p = 0.000 p = 0.001

15
0.058 0.104 0.086 0.056 0.024 0.055 0.097 0.131 0.026 −0.005

p = 0.119 p = 0.005 p = 0.020 p = 0.129 p = 0.517 p = 0.134 p = 0.008 p = 0.000 p = 0.477 p = 0.901

16
0.180 0.148 0.028 −0.085 −0.038 0.148 0.098 0.023 0.100 0.054

p = 0.000 p = 0.000 p = 0.445 p = 0.021 p = 0.306 p = 0.000 p = 0.008 p = 0.544 p = 0.007 p = 0.145

17
0.170 0.226 −0.021 −0.075 0.017 0.206 0.149 0.183 0.165 0.228

p = 0.000 p = 0.000 p = 0.575 p = 0.041 p = 0.656 p = 0.000 p = 0.000 p = 0.000 p = 0.000 p = 0.000

18
−0.002 0.012 0.069 0.097 0.133 −0.031 −0.047 −0.019 −0.073 0.010

p = 0.955 p = 0.755 p = 0.064 p = 0.009 p = 0.000 p = 0.400 p = 0.207 p = 0.611 p = 0.048 p = 0.779

19
0.096 0.103 0.034 −0.082 −0.027 0.084 0.107 0.093 0.079 0.104

p = 0.009 p = 0.005 p = 0.359 p = 0.026 p = 0.465 p = 0.024 p = 0.004 p = 0.012 p = 0.033 p = 0.005
Explanation of the color scale

None Negligible Weak Moderate Strong Very Strong Perfect Statistically significant
coefficient

<0.1 0.1–0.2 0.2–0.3 0.3–0.4 0.4–0.7 0.7–0.9 0.9–1 p≤ 0.05

*—The names of the items are included in Table 1.
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Table 3 presents the results of a simple correlation, calculated between items, regard-
ing water management in Poland. A strong positive correlation was found between the
respondents’ perception of the need to increase low retention (item 10), the awareness of
water deficit (item 9), and the belief in the lack of reference infrastructure in cities (item 12).
It is worth emphasizing that there was a strong correlation between the belief in the need
to increase small retention (item 10) and the belief in the need to build large dam reservoirs
(item 11). These results indicate a certain dissonance, because modern space development,
which favors water retention, is moving away from the construction of large dam reservoirs
to the development of all forms of small retention. The obtained results may indicate that
the level of awareness of the surveyed society is too low. This observation is also confirmed
by the results of a strong correlation between expectations regarding the construction of
flood embankments to protect built up areas (item 13) and agricultural areas (item 14). This
proves that respondents believe that flood embankments provide effective protection. In
this context, however, it is worth emphasizing the existence of a medium-degree correlation
between respondents’ expectations regarding river regulation (item 16) and the belief in
the need to build large dams (item 11).

It is worth emphasizing that no significant correlations were found between the
assessment of the possibility of flood waters spreading freely in coastal areas (item 15) and
other elements of the water management assessment. In the light of the results presented
in Table 3 and Figure 2, it can be concluded that respondents expect the introduction of
rational management in river valleys, but based on river regulation, the construction of
flood embankments and large retention reservoirs.

Table 4 contains the results of a simple correlation analysis between the ratings of items
regarding the issue of climate change. The data in the Table 4 show that respondents who
considered climate change to be one of the most important threats to modern civilization
(item 20) also admitted that these changes have a direct impact on people’s lives (item 21)
and are the reasons for anxiety and even fear (item 25). These people also believe that we
are currently dealing with excessive consumption (item 26), and they see human activity as
the cause of changes in the climate system (item 28). A significant number of respondents
(see Chart 3) were convinced that human activities are causing climate change and that it is
possible to stop this change. Some respondents (less than 16%; Figure 3), however, believe
that climate change is a natural phenomenon and does not require human intervention.

It is worth emphasizing that there was a correlation between the assessments of the
anthropogenic impact on climate change (item 28) and the recognition of these changes as
the main problem concerning civilization (item 20). This was confirmed by the respondents’
recognition of the direct impact of climate change on humans (item 21) and other items (25,
26, 27, and 29) regarding the threats resulting from these changes.

The analysis of correlations between items relating to the assessment of water manage-
ment and the assessment of negative megatrends did not indicate any strong dependencies.
A weak correlation was found between the assessment of water deficit on a global scale
(item 4) and water deficit in Poland (item 9), r = 0.2042. A similar relationship was deter-
mined in relation to the perception of climate change (item 6) and the need to increase
low retention (item 10), r = 0.2297. There was also a weak correlation between the items
regarding the lack of infrastructure to retain water in the city (item 12) and environmental
pollution (item 1), r = 0.02158, and the perception of climate change (item 6), r = 0.2007. All
correlation coefficients listed here were statistically significant.

Table 5 shows the results of a simple correlation between the items on water manage-
ment and the items on the perception of climate change. A weak and moderate correlation
was found between the perception of climate change, as the main civilization problem
(item 20) and the belief in the direct impact of climate change on people’s lives (item 21), as
well as between the awareness of water deficit (item 9), the need for development small
retention (item 10), the belief in the need to build large dams (item 11), or awareness of the
lack of water retention in cities (item 12).
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This research showed that the majority of respondents believed in the anthropogenic
causes of climate change pointing to the negative effects of human activity. However, with
regard to water management, there is no such reflection. Simple correlation coefficients
calculated between the assessment of the need to limit flood embankments (item 18), the
assessment of the need to exclude flood areas from development (item 19) and issues related
to climate change (items 20 to 29) indicated no or insignificant correlations. Therefore, it
can be assumed that the respondents are not aware of the negative effects of improper land
use in flood areas. However, in relation to climate, there is an awareness of human errors.
Therefore, the conclusion is that intensive educational work is needed in the field of proper
management in river valleys.

At the conceptualization stage, it was assumed that the respondents’ sex and place of
residence were determinants of the perception of the surveyed items. Place of residence was
defined in two ways. First of all, the calculations were carried out in relation to cities and
villages, and secondly in relation to the region from which the respondents came. Therefore,
the null hypothesis (H0) of no relationship and the alternative hypothesis (H1) were formu-
lated, according to which the variables are explained under the influence of determinants. In
order to verify the H0 hypothesis, the chi-squared test of independence was calculated, and
categorized charts were prepared. The results are presented in Table 6 and Figures 4–7.

Table 6. Results of the chi-squared test regarding the independence of the influence of respondents’
sex and place of residence on the obtained results (N = 732).

Item **
Sex

Place of Residence
Town/Village

Region of Residence

χ2 df p χ2 df p χ2 df p

Items related to megatrends
1 38.899 df = 4 p = 0.00000 * 4.980 df = 4 p = 0.28938 0.6210 df = 4 p = 0.96070
2 36.267 df = 4 p = 0.00000 * 0.334 df = 4 p = 0.98754 3.749 df = 4 p = 0.44110
3 24.249 df = 4 p = 0.00007 * 7.154 df = 4 p = 0.12799 1.405 df = 4 p = 0.84339
4 30.439 df = 4 p = 0.00000 * 8.393 df = 4 p = 0.07819 3.093 df = 4 p = 0.54242
5 26.367 df = 4 p = 0.00003 * 3.042 df = 4 p = 0.55082 2.269 df = 4 p = 0.68638
6 16.409 df = 4 p = 0.00252 * 6.821 df = 4 p = 0.14564 11.344 df = 4 p = 0.02295 *
7 20.426 df = 4 p = 0.00041 * 2.992 df = 4 p = 0.55924 2.997 df = 4 p = 0.55840
8 1.082 df = 4 p = 0.89709 1.670 df = 4 p = 0.79619 1.630 df = 4 p = 0.80339

Items related to water management
9 4.274 df = 4 p = 0.37013 2.275 df = 4 p = 0.68533 8.693 df = 4 p = 0.06926

10 4.654 df = 4 p = 0.32471 4.852 df = 4 p = 0.30278 1.568 df = 4 p = 0.81450
11 5.688 df = 4 p = 0.22366 3.624 df = 4 p = 0.45926 10.273 df = 4 p = 0.03607 *
12 4.401 df = 4 p = 0.35442 3.355 df = 4 p = 0.50032 4.507 df = 4 p = 0.34167
13 3.194 df = 4 p = 0.52593 0.399 df = 4 p = 0.98258 3.659 df = 4 p = 0.45414
14 13.642 df = 4 p = 0.00853 * 0.921 df = 4 p = 0.92159 12.876 df = 4 p = 0.01190 *
15 1.656 df = 4 p = 0.79863 4.846 df = 4 p = 0.30348 1.759 df = 4 p = 0.77990
16 1.577 df = 4 p = 0.81291 6.831 df = 4 p = 0.14511 10.387 df = 4 p = 0.03438 *
17 3.295 df = 4 p = 0.50977 4.289 df = 4 p = 0.36828 5.3485 df = 4 p = 0.25337
18 2.000 df = 4 p = 0.73567 18.304 df = 4 p = 0.00108 * 7.612 df = 4 p = 0.10686
19 4.157 df = 4 p = 0.38521 2.486 df = 4 p = 0.64710 0.7387 df = 4 p = 0.94647

Items related to climate change
20 27.478 df = 4 p = 0.00002 * 2.147 df = 4 p = 0.70867 1.963 df = 4 p = 0.74261
21 18.000 df = 4 p = 0.00123 * 4.474 df = 4 p = 0.34562 8.654 df = 4 p = 0.07037
22 10.884 df = 4 p = 0.02790 * 2.511 df = 4 p = 0.64269 7.512 df = 4 p = 0.11118
23 24.071 df = 4 p = 0.00008 * 1.750 df = 4 p = 0.78170 0.934 df = 4 p = 0.91969
24 3.700 df = 4 p = 0.44808 0.598 df = 4 p = 0.96330 3.867 df = 4 p = 0.42425
25 22.517 df = 4 p = 0.00016 * 3.793 df = 4 p = 0.43479 1.976 df = 4 p = 0.74025
26 9.532 df = 4 p = 0.04909 * 3.438 df = 4 p = 0.48729 1.560 df = 4 p = 0.81606
27 3.852 df = 4 p = 0.42635 6.095 df = 4 p = 0.19218 8.336 df = 4 p = 0.08003
28 7.219 df = 4 p = 0.12478 6.056 df = 4 p = 0.19497 7.692 df = 4 p = 0.10354
29 13.480 df = 4 p = 0.00915 * 0.483 df = 4 p = 0.97511 3.727 df = 4 p = 0.44414

*—Statistically significant coefficient. **—The names of the items are included in Table 1.
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Figure 4. Average ratings for megatrend items. Chart divided by (a) sex and (b) place of residence of
respondents (urban–rural). The names of the items are listed in Table 1.
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Figure 5. Average ratings for water management items. Chart divided by (a) sex and (b) place of
residence of respondents (urban–rural). The names of the items are listed in Table 1.
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Figure 6. Average ratings for climate change items. Chart divided by (a) sex and (b) place of residence
of respondents (urban–rural). The names of the items are listed in Table 1.
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Figure 7. Average ratings for items regarding water management. Chart categorized by respondents’
regions of residence (Lublin–Podkarpackie voivodeships). The names of the items are listed in Table 1.

The calculations show that the sex of the respondents differentiates the perception
of negative megatrends (Table 6). Women had a higher level of sensitivity to negative
phenomena on a global scale, which is confirmed by the data in Figure 4a. In the scale used,
the value of 3.0 was a neutral position, so it is worth emphasizing that all average ratings
indicate a confirmation of the existence of a given problem. The lowest averages related to
the issue of planet overpopulation (item 8). In this case, no differences were found between
the respondent’s sex and opinions on this subject.

In the conducted research, the perception of negative megatrends was not determined
by the respondents’ place of residence. Although the average ratings differed slightly
between rural and urban residents, these differences were not statistically significant
(Table 6 and Figure 4b).

Among the items relating to water management, sex did not generally determine the
perception of the examined issues. Only in relation to the construction of flood embank-
ments to protect agricultural land (item 14) was there a difference between the assessments
of women and men. In this case, women showed greater acceptance of such investments
(Figure 5a). Therefore, when planning educational campaigns aimed at promoting a secu-
rity strategy that involves leaving space for rivers, it should be considered that it should be
addressed primarily to women.

The respondents’ place of residence was not a factor differentiating the perception of
water management in Poland (Table 6 and Figure 5b). Only in relation to the limitation of
flood embankments in agricultural areas, statistically significant differences were found
between urban and rural inhabitants. It should be emphasized that the average ratings for
this item were lower than 3.0, which means that such activities are not accepted. In this
case, rural residents expressed a more determined opposition to the liquidation of flood
embankments in agricultural areas.

When looking for differences in the assessment of water management, depending on
the region where the respondents lived, the chi-squared test in most cases confirmed the
null hypothesis (H0) of no differences (Table 6). This means that the perception of most of
the studied water management items was similar in both regions. Statistically significant
differences were noted only for three items (Figure 7). The data presented in Figure 7 show
that respondents living in the Podkarpackie voivodeship assessed the need to build large
dam reservoirs on main rivers (item 11) and the need to embank the riverside areas used for
agriculture more highly than respondents from the Lublin region. However, respondents
living in the Lublin voivodeship assessed the need to regulate rivers more highly (item
16). It is worth emphasizing that the cases discussed concerned the implementation of
an outdated strategy for ensuring water security. The differences indicated here concern
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average ratings that were above the neutral value and, therefore, were positive assessments
of ineffective actions.

In the group of items regarding climate change, most of the ratings varied, depending
on the sex of the respondents (Table 6 and Figure 6a). Comparing the average ratings of
the examined items categorized by sex, it can be concluded that women expressed greater
concerns about climate change (items 20 and 21) and a greater belief that human actions will
influence the observed changes (item 23). However, the respondents’ place of residence did
not determine their perception of the issue of climate change (Table 6 and Figure 6b). This
may mean that the perception of global phenomena, such as climate change, was shaped
by more than local factors. This can be treated as a guideline for creating educational
campaigns regarding strategies to increase water retention. Popularization of this issue,
and reliable and easily accessible knowledge on this subject, would create a positive social
climate, conducive to activities that increase low water retention.

4. Discussion
4.1. Perception of Sustainable Management in River Valleys

The third decade of the 21st century is characterized by tensions and difficulties of
a social, military, and natural nature. The observed climate changes are characterized
by an increasingly frequent occurrence of extreme phenomena, such as floods, droughts,
hurricane winds, and long periods of high temperatures [28,63,78,81]. Per capita water
availability is decreasing around the world. This decline varies across regions of the world,
with Europe having the lowest one [90]. Since this is a relative measure for demographic
reasons in European countries, this coefficient is decreasing more slowly than, for example,
in Africa. Therefore, an important issue is to determine social perceptions of issues related
to water management.

Nearly a quarter of a century ago, in 2000, the World Commission on Dams Report
was published, in which the authors point out the need to change the strategy for ensuring
water safety [27]. This report drew attention to the growing flood losses resulting from
increased technical development in flood areas. The negatively verified strategy of moving
water away from people, consisting of building large dams, regulating rivers, and building
flood embankments, must gradually be replaced by a strategy of increasing water retention,
by leaving space for rivers [64]. The research was intended to identify society’s awareness
of water management.

The area of research conducted is specific for two reasons. Firstly, in Poland, during
the period of communism and a centrally controlled economy, spatial development was
carried out, aimed at limiting wetlands. Flood prevention activities primarily focused on
accelerating water outflow [37,40]. Secondly, the south-eastern part of Poland is agricultural
in nature, with a fragmented spatial structure of arable fields [76,91], which can be used
to increase soil and landscape retention. Knowledge of the social perceptions of negative
megatrends, climate change, and water management is a cognitive gap that this study aims
to fill, at least partially.

Water security covers not only the availability of water, but also situations of its excess,
i.e., floods [92]. Research by other authors [27,93,94] indicates that dams create a false sense
of security among the local community. Therefore, it is important not only to learn about the
social perception of water safety, but also to provide education addressed to both residents
and decision makers. At the same time, the hydrological effects of large dams vary. It
sometimes happens that negative consequences occur in the part of the river located below
the dam [95]. It should also be emphasized that large dams have a negative impact on
fishing and agriculture, and often have negative social effects [96]. Our research identified
respondents’ attitudes regarding their trust in dams as a means of ensuring safety.

It is worth emphasizing that, in the study area, there is a complex of large dams in the
towns of Solina and Myczkowce. Therefore, some respondents live in areas that are pro-
tected against flooding by infrastructure measures. Research conducted in Switzerland [94]
shows that the best security effects are achieved by combining infrastructure measures
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with non-structural measures, such as spatial planning and river restoration, focused on
natural security mechanisms. The authors of these studies emphasize the role of the social
perception of flood risk in shaping an appropriate safety policy. The analysis of our research
shows that respondents underestimate non-structural measures.

In the research conducted in neighboring countries (Germany, the Czech Republic, and
Slovakia) [97], the authors pointed out the important role of natural landscapes in shaping
water retention. Natural remedies have been shown to retain water in the soil, increasing
crop productivity and helping to cool the landscape. However, in our research, landscape
retention measures were not appreciated by the respondents. The research shows that the
construction of large retention reservoirs was expected.

The perception of many phenomena, e.g., climate change, depends, on the place of
residence and profession [98]. Farmers who, while performing their work, are in close
contact with nature on a daily basis, have a good understanding of the human–environment
relationship [99].

4.2. Factors Differentiating the Perception of Sustainable Management in River Valleys

Adaptation activities that improve water security, especially in the context of climate
change, include traditional activities. They involve proper agricultural management and
space management in a way that increases water retention. Even though these activities
are traditional methods, they are treated as innovative [8].

The research area of south-eastern Poland included two voivodeships that share many
similarities [76,81]. However, there are differences in terms of hydrology and flood risk. The
Podkarpackie voivodeship is at greater risk of flooding than the Lublin voivodeship [82].
Therefore, one might expect differences in the approach to water management, depending
on the region of residence of the respondents. A statistical confirmation of these differences
was noted in this research, only in relation to methods of ensuring flood safety. The
surveyed inhabitants of the Podkarpackie voivodeship expected the construction of large
retention reservoirs and embankments of agricultural land in flood areas to a greater extent
than the inhabitants of the Lublin voivodeship. The inhabitants of the Lublin voivodeship
expected river regulation, to a greater extent.

Differences in the perception of water management, depending on the place of res-
idence, have not been confirmed. Residents of both rural and urban areas perceived the
studied items in a similar way. However, differences were found in the perceptions of
negative megatrends and climate change, depending on the sex of the respondents. In this
case, women showed a level of concern about global problems and the state of the Earth’s
climate. The obtained results confirm the research of other authors [100,101]. However, in
relation to the perception of water management, the sex of the respondents did not play a
significant role.

In the light of these results, it can be concluded that the message regarding climate
change effectively shapes the public’s perception of this phenomenon. However, with
regard to effective methods of ensuring flood safety and mitigating the effects of drought, a
gap in the public’s awareness was identified. Therefore, knowledge should be disseminated
regarding the possibility of increasing retention through the proper management of river
valleys. This is a task for government and local government authorities, as well as scientific
associations and communities of practice [42].

Economic mechanisms used by state authorities could contribute to increasing reten-
tion in rivers, thanks to permanent grasslands cultivated in riparian areas. Recognizing
meadows and pastures in riparian areas, increasing water retention as public goods co-
financed from the state budget, could encourage farmers to change the way, they use
riverside areas [39]. For this to happen, first of all, it is necessary to change the perception
of water management and popularize the strategy of ensuring flood safety, which involves
leaving space for rivers.
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5. Summary and Conclusions

In terms of the first two research questions regarding water deficit and the need to
increase water retention based on the conducted research, it can be concluded that the
respondents are well informed about global, negative megatrends. These phenomena also
include water deficit. The people surveyed were aware of the growing water deficit, both
on a global and national scale. Women have shown greater sensitivity to global issues.
Similar conclusions can be drawn regarding the perception of climate change. The surveyed
people were convinced that climate change is one of the most important problems of the
modern world. At the same time, they had a strong belief in the anthropogenic causes of
these changes and the possibility of limiting them. Items containing information about the
natural causes of climate change, and the impossibility of stopping it, were met with fierce
opposition. This means that activities shaping the perception of climate issues and social
sensitivity to major, negative, global megatrends have effectively shaped the perception of
these topics.

The respondents’ perception of water management varied, but most of them were
views and expectations that were part of the strategy of moving water away from people.
The respondents noticed the water deficit in Poland and were aware of the lack of water
retention infrastructure in cities. However, they associated the issue of water retention
mainly with the construction of large retention reservoirs. The respondents widely ex-
pected the construction of flood embankments. Measures to slow down water runoff by
allowing rivers to flow freely have met with a lack of acceptance. Yes, the respondents
expected financial support from the state authorities, but the allocation of riparian areas to
meadows and pastures was not understood by them. These type of meadows can consti-
tute an element of water retention, only if they are not embanked and the river can flow
freely. Meanwhile, the respondents proposed the construction of flood embankments along
agricultural areas.

Based on the collected data, the following conclusions were formulated:

1. The surveyed community noticed the problem of growing water deficit.
2. The study group was aware of the need to increase water retention, but the knowledge

regarding the methods of implementing this task was outdated and limited.
3. Respondents expected government support in activities increasing water retention,

but they also expected activities to accelerate the rate of water outflow.
4. A cognitive gap was identified in the study group regarding the benefits of the free

flow of flood waters in riparian areas.
5. An extensive information campaign is necessary, increasing the public’s awareness of

the need to develop small retention and eco-innovative developments of river valleys.
6. The research showed that the place of residence (urban–rural) and the regions

(Podkarpackie–Lublin voivodeship) do not differentiate the perception of most of the
examined items. However, sex primarily affected the perception of global megatrends
and the perception of climate change.

6. Contributions and Limitations

The contribution of this study to the development of science is to fill the gap in
identifying the perception of proper water management by the inhabitants of one of the
poorest regions in Poland. The contribution of the research to the development of science is
also the identification of the lack of awareness of respondents regarding new sustainable
management methods in river valleys. The research results can be a source of information
for decision makers, as they can be used to shape public perception of the challenges related
to spatial management, which promotes increased water retention, and social education to
reduce the negative effects of floods and droughts. Greater attention should also be paid to
education related to the ecological and buffer roles of flood meadows.

The limitations of this study are that all the variables were measured simultaneously,
so the study is cross-sectional, and greater attention may be needed concerning other causes
of the phenomena under study. Further research in this direction would provide a clearer
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picture. Moreover, the exploratory nature of the study provides important insights, but
these should be interpreted as general results.

We propose repeating this study several times in the future. This would provide
an image of changes, over time, in the perception of sustainable management in river
valleys. To continue this work, we suggest that future studies be carried out in a larger
area covering the entire country and take into account the nature of river valleys. We
also propose probabilistic sampling, which will better reflect the demographics of the
study area.
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Abstract: Chile is currently facing a mega-drought, which is expected to lead to a significant increase
in the water stress level. Social conflicts related to water use are linked to the effects of climate change
and a governance system marked by the privatization of the natural resources of public interest. This
study aims to analyze whether the current Chilean water governance scheme can adapt to the effects
of climate change through a critical observation of the role of the River Vigilance Committees (RVCs;
private user organizations exercising the public function of water management), from the perspective
of Ostrom’s design principles for long-enduring Common-pool Resource (CPR) institutions. We
analyze legal approaches, management mechanisms, and decision-making processes under the
socio-climatic conditions that the country is currently facing. The results indicate that, with a few
exceptions, the Chilean governance system does not allow RVCs to effectively incorporate the design
principles—and, therefore, to achieve adaptation—due to dispersed functions, the exclusion of water
users, and a lack of planning at different levels. We propose that water governance should consider
the creation of River Basin Boards with broader planning powers, as well as the incorporation of
different relevant stakeholders.

Keywords: adaptive governance; climate change; Elinor Ostrom; river vigilance committees; water
governance

1. Introduction

Water is regarded as a scarce resource, and it is becoming scarcer. Global freshwater
use accounts for 3895.5 billion cubic meters per year [1], and approximately 2 billion people
live in water-scarce countries [2]. Among the uses of freshwater, agriculture currently
accounts for 69% of total water withdrawals [3], having been reported as 82% in the case of
Chile (for agricultural and livestock activities) [4].

Chile has based its economic growth on the exploitation of natural resources, meaning
that water is a fundamental element for the agricultural sector. Unfortunately, Chile has been
experiencing a water crisis, influenced in part by a mega-drought that has extended over the
past 14 years due to (among other factors) climate change [5]. Water scarcity poses problems
not only for social and economic development, but also for environmental conservation [6].
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The decrease in rainfall has intensified throughout the country over the past three decades,
and significant deficits have been observed at almost all precipitation gauging stations [7].
Moreover, the World Resources Institute [8] indicated that Chile could face significantly
increased water stress levels by 2040, classifying this risk as “extremely high”.

Disputes over the use of water have significantly marked the history of social conflicts
in Chile over the last three decades. The National Institute of Human Rights has indicated
that 44% of the socio-environmental conflicts in the country are directly related to water [9],
initially linked to droughts and the depletion of aquifers [10], but are now also related to
inadequate water management and governance [11]. Considering a scenario of uncertainty
regarding the effects of climate change, the World Bank [12,13] issued a series of recom-
mendations to Chile concerning these matters; however, they still need to be implemented.
Furthermore, water governance in the country has received multiple criticisms related to
social inequality and the negative impacts on aquatic ecosystems [14–17].

The current Water Code (enacted in 1981) is Chile’s most important legal body regu-
lating water management, introducing water as a private good through Water Use Rights
(WUR). The development of this model has occurred through three key principles: (i) the
use of water markets for the management of water demand and supply; (ii) the right to
exploit water as a private good protected by the State; and (iii) the delegation of water
allocation management to private users [18–20].

The latter is regarded as a ‘self-management’ approach [21], meaning that private
WUR holders become the most relevant actors involved in water use, management, and
control within a specific territorial extent. They are generally grouped into Water Users
Organizations (WUOs), described as private institutions exercising public functions in
accordance with the Water Code. We distinguish two types of WUOs, based on the purpose
of their administration: (i) WUOs extracting water from private artificial irrigation channels;
and (ii) WUOs extracting water directly from rivers (natural flows). Within this second
group, the River Vigilance Committees (RVCs) gather special attention, given that they are
conceived as private institutions managing a public good (river basins or river sections).
In this sense, managing water as a national asset for public use implies an important
responsibility for RVCs, not only for having a coordinating role but also for taking care for
the adequate allocation and conservation of water resources [22].

The political regime implemented during the military dictatorship in Chile set the
context for the privatization of natural resources (and services of public interest) in the
1970s, 1980s, and 1990s [23], a process theoretically supported by the statements of Hardin’s
Tragedy of the Commons [24]. Years later, one of its most powerful critiques was proposed
by Ostrom [25]—in her work titled Governing the Commons—where, in opposition to the
dualistic classification of public and private goods, she invites us to take a third approach:
the collective governance of common-pool resources [26].

Ostrom’s theoretical approach has significantly guided Common-Pool Resource (CPR)
institutions, and her eight design principles have been prominent across different disci-
plines [27]. Moreover, considering the climate change scenario, experienced not only in
Chile but also worldwide, some studies have proposed Ostrom’s principles as an alter-
native to achieve an adaptive water governance system that is sustainable, resilient to
change and uncertainty, and which can address existing and upcoming conflicts involving
water [28,29]. For instance, Heikkila et al. [30] analyzed fourteen interstate river basin
compacts (agreements among states for managing interstate rivers) varying in terms of
supply and demand settings. They analyzed the types of linkages established by each
compact through a documentary analysis of their constitution agreements, official meeting
minutes, and annual reports, which were coded according to Ostrom´s design principles.
They concluded that there exists a direct correlation between the quality of the linkages and
the socio-climatic conditions and management issues the states faced when signing those
agreements, noting that the linkages which had been signed in times of scarcity and conflict
had a broader diversity of principles involved. In addition, Quinn et al. [31] performed a
qualitative assessment (through semi-structured interviews) of the extent to which each
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design principle seemed to function in the administration of forest, pasture, and water
resources in twelve villages in semi-arid Tanzania. They concluded that boundary-related
issues and conflict-negotiation mechanisms were key in semi-arid zones, and that the need
to adapt to address ecological uncertainty implied that numerous management organi-
zations would be viewed as lacking or non-existent when evaluated through the lens of
the design principle methodology, suggesting that the design principles should not be
used as an imposed blueprint for water resource management systems; rather, they offer
a framework for analysis. In this sense, Huntjens et al. [28] studied the applicability of
eight refined and extended institutional design propositions based on Ostrom’s principles,
performing a documentary analysis of water management policies in the Netherlands,
South Africa (river basins), and Western Australia (groundwater systems), and proposed a
“management of learning” approach to deal with complexity and uncertainty, according to
context-specific socio-climatic conditions.

Taking this into consideration, we agree that Ostrom’s design principles comprise
adaptive management processes, regarding adaptive governance as a social dimension in
a sustainable ecosystem management (including freshwater systems) [32]. Therefore, we
consider it important to analyze the applicability of Ostrom’s design principles for CPR
institutions within the context of the Chilean water governance system under the current
socio-climatic conditions that the country is currently facing, within a scenario of increasing
conflicts over access to water and uncertainty about the effects of climate change.

In Chile, Ostrom’s Theory of the Commons has been applied within the legal frame-
work, both in studies on the economic development model [33] and the communal property
regime [34]. In addition, it has inspired a review of natural common property manage-
ment structures [35], and their design principles for CPR institutions were partially used
in the analysis of the Chilean legal groundwater regulation [17] and water management
schemes [36]. In turn, the distinction among different methods for configuring property has
been quoted by Vergara [37], justifying water markets (supply and demand relationships
for the allocation of water resources) and creating distance from the conception of water as
a public good of state concern.

Although Ostrom’s precepts have already been used in the general analysis of water
management in Chile, we find it interesting to evaluate whether the country´s unique water
management model can promote adaptation to climate change, regarding the RVCs as an
object of analysis. Given the significant influence that the self-management approach of the
RVCs has in the water sector, it is important to analyze their role in addressing social and
environmental conflicts within the current Chilean water governance framework. Therefore,
this study aims to understand the performance of RVCs in adapting to the current climate
change scenario, taking Ostrom’s eight design principles as a baseline for analysis. For this,
we examine RVCs as long-enduring Common-Pool Resource organizations, focusing on their
integration mechanisms, decision-making processes, and socio-environmental responsibilities.

2. The Socio-Climatic Scenario: The Current State of Water Resources and Water
Management in Chile
2.1. Hydrological and Climatic Conditions

The Chilean continental territory spans from 18◦ S to 55◦ S (4300 km) and is surrounded
by the Pacific Ocean and the Andes mountains, encompassing a large latitudinal and
longitudinal diversity of geographical, hydrogeological, and climate settings.

The climatic characteristics are highly variable across the country. In the northern part
(18–33◦ S), arid and semi-arid conditions are observed, varying to a Mediterranean climate
in central Chile (33–42◦ S) and temperate-wet climates in the southern area (42–55◦ S).
Rainfall displays great intra-seasonal, inter-annual, and decadal variability, controlled
by both frontal systems hitting the coast and large-scale climate processes such as the El
Niño Southern Oscillation [38]. The average annual rainfall varies from 0 mm/y in the
northernmost part of the country to 200–1000 mm/y in central Chile, while in the area
extending from 35◦ S to the south, precipitation increases to over 1000 mm per year [39].
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Regarding the seasonal variability in central Chile, the winter months (May to August)
concentrate 85% of the total annual rainfall while, during the summer months (December
to March), the average annual rainfall is less than 5%.

Regarding surface water, the average runoff values in the northern region have been
observed in the range of 1 to 20 m3/s, those in the central zone vary from 100 to 4000 m3/s,
and those in southern Chile may reach over 10,000 m3/s [40]. Groundwater in the north
is made up of fossil waters, as rainfall is extremely low, while central Chile has alluvial
aquifers of very high transmissivity, so water users are prone to use groundwater both as
a backup and a primary choice for use. Snowpacks and glaciers are critical components
of the water supply in Chile, and snowmelt is the main streamflow source during the dry
season [41].

Just as rainfall and runoff rates vary across the country, the same can be observed for
water availability, which is territorially unequal. From central Chile to the north, the average
water availability per inhabitant is less than 800 m3/year while, in the south, this average
exceeds 10,000 m3/year [42]. Likewise, nearly 60% of the population is concentrated in a
territory that is considered arid, where more than 70% of the national GDP is produced [43].
Traditionally, Chile has concentrated its irrigated agricultural production in the central zone
for internal consumption and exportation based on fruit trees and cereal crops. Irrigation is
key for producing high-quality crops and orchards, as rainfall is less than 15% of average
annual values in the middle of the agricultural season [40].

However, climate change has posed an increasing risk to water supply. Chile is
currently experiencing a situation of water scarcity, as reflected by a decrease in rainfall
that has been intensifying [7]. If these conditions continue, the agricultural sector will be
significantly affected. Due to climate change effects such as global warming, the main
export-earning crops are expected to move south (resulting in land-use changes), and
agricultural employment may decrease over the next few decades [44].

2.2. Chilean Water Management and Governance

In Chile, it is difficult to specify the functions related to entities managing water due
to institutional dispersion in the matter. According to an assessment carried out by the
World Bank in 2013, more than 40 public and private organizations are involved in water
management in the country, revealing a system that presents overlaps and a lack of clarity
in the performed functions [13].

In its original version presented in 1981, the Chilean Water Code allowed water
regulation as a private good through WURs, expressed in units of volume per unit of time
(i.e., cubic meters per hour; liters per second). WURs were given in perpetuity and free of
charge. They are conceived as private property and, therefore, could be sold or mortgaged.
Furthermore, a WUR was not subject to a specific use, and the holder could change its use
without justification. The State grants a WUR to anyone who requests it, if it is available,
and the Water Code allows for the use of water markets for re-allocation. In this sense, in
the case of irrigated agriculture, for instance, WUR owners can use a transaction system to
re-allocate the resource to those users who need more water to satisfy their production.

This situation was recently changed by a legal reform in 2022 (Law 21.435), in which
important environmental and human rights aspects were incorporated into the regulations
of the Chilean Water Code. Although the structure of the water market is maintained in the
regulation, obligations to report the use of water to individuals are incorporated, the period
for the constitution of WURs is limited, and a hierarchy of uses has been incorporated for
the first time, prioritizing human consumption and ecosystem preservation [45,46].

Regarding management aspects, the Water Code allowed for the establishment of a
dual institutional system: a centralized administration exercised by the state administrative
institutions, within which the General Water Directorate (DGA, in its Spanish acronym)
plays a very important role, and a decentralized administration, corresponding to the
WUR holders organized in different sections of the same river basin—the River Vigilance
Committees (RVCs).
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At present, the bodies that manage water at the basin level are the RVCs. Currently,
there are 57 RVCs legally constituted throughout the country [47]. Despite recognizing
and promoting the importance of self-management, the RVCs do not ensure that all those
affected by water management can participate in decision-making or resolve conflicts, as
the RVCs are composed exclusively of WURs holders. The RVCs are mainly located in
sectors related to agricultural activities in water-scarce areas, where the current Chilean
water management system has been regarded as ineffective and insufficient to deal with
the water crisis [14,15].

3. Materials and Methods

This study used a qualitative strategy, which allowed us to collect data to obtain more
robust evidence to achieve our research aim [48], based on three steps: (i) descriptive legal
analysis, (ii) documentary analysis, and (iii) semi-structured interviews.

The descriptive legal analysis involved a review of the legal norms applicable to water
governance in Chile, as they are applied at the national level, regardless of geography- or
climate-specific characteristics. The descriptive legal analysis was useful to determine the
nature of the legal bodies involved in water management, the type of institutions involved,
and the modifications that this normative scheme has undergone over the past few decades.
The main legal bodies reviewed were the Political Constitution of Chile of 1980, the Water
Code of 1981, and Law 21.435, which modified the Water Code [49]. This method allowed us
to analyze the relationship among the normative configuration of the Chilean legal scheme
and the practical consequences observed when exercising the functions of RVCs in Chile.

The second step involved analyzing the theoretical approaches of Ostrom’s eight
principles for long-enduring CPR institutions applicable to the RVCs, regarding the eco-
social reality in which the RVCs carry out their functions (Table 1). For this, we performed
a documentary analysis, which included government reports and the scientific literature on
the functioning of river management in Chile and its socio-climatic conditions. The public
sources of these reports were the Chilean General Water Directorate (DGA), the National
Irrigation Commission (CNR), the National Institute of Human Rights (INDH), the Chilean
Ministry of Environment and the Chilean Ministry of Agriculture. The main sources among
the private organizations were the Chilean Institute of Engineers and Fundación Chile.

Finally, after the documentary analysis, we conducted five semi-structured interviews
(year 2022) with one government employee, two academic experts on the management
carried out by the RVCs, and two members of two RVCs that were considered pioneers in
carrying out activities that go beyond what is merely established by the law, which therefore
deserved to be particularly analyzed as, according to our knowledge, they could involve a
greater diversity of principles than other RVCs at the national level. These RVCs covered
the Biobío River Basin and the first section of the Cachapoal River and its tributaries. These
five interviewees were asked questions about the functioning, organizational forms, and
management schemes of these RVCs.

In this sense, documents and transcripts of interviews were critically analyzed in rela-
tion to their compliance to Ostrom’s design principles for long-enduring CPR institutions
in the following manner: (i) the legal and documentary analysis allowed us to identify the
degree to which norms and the general management context governing the operation of
RVCs in Chile complies with Ostrom´s principles, and (ii) the semi-structured interviews
allowed us to identify which of Ostrom´s design principles were particularly followed by
the two selected RVCs, in relation to the legal context in which they were embedded.
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Table 1. Ostrom’s design principles for long-enduring Common-Pool Resource (CPR) institutions [25].

Number Principle Content

1 Clearly defined boundaries
Individuals or households who have rights to withdraw resource
units from the CPR must be clearly defined, as must the boundaries
of the CPR itself

2
Congruence between appropriation and
provision rules and local conditions

Appropriation rules restricting time, place, technology, and/or
quantity of resource units are related to local conditions and to
provision rules requiring labor, materials, and/or money

3 Collective Choice Arrangements
Most individuals affected by the operational rules can participate in
modifying the operational rules.

4 Monitoring
Monitors, who actively audit CPR conditions and appropriator
behavior, are accountable for the appropriators or are appropriators

5 Graduated sanctions

Appropriators who violate operational rules are likely to be
assessed by graduated sanctions (depending on the seriousness and
context of the offense) by other appropriators, by officials
accountable to these appropriators, or by both

6 Conflict resolution mechanisms
Appropriators and their officials have rapid access to low-cost local
arenas to resolve conflicts among appropriators or between
appropriators and officials

7 Minimal recognition of rights to organize
The rights of appropriators to devise their own institutions are not
challenged by external governmental authorities.

8
For CPRs that are parts of larger systems:
Nested enterprises

Appropriation, provision, monitoring, enforcement, conflict
resolution, and governance activities are organized in multiple
layers of nested enterprises

Study Areas

Figure 1 shows the jurisdiction of the RVC of the first section of the Cachapoal River
and its tributaries and the RVC of the Biobío River Basin, which operate in the river basin
of the same names, located in central and south-central Chile, respectively. The Cachapoal
River sub-basin (34◦ S 70◦ W) runs for 170 km and is characterized by a temperate Mediter-
ranean climate. Its population is 584,000 inhabitants, 30% of whom work in agricultural
activities, and it originates from the Andes Mountains and ends in the Rapel Reservoir [50].
Three different RVCs operate on the territories of this sub-basin; namely, the first, second,
and third sections, with the RVC of the first section of the Cachapoal River and its tributaries
(from now on, the ‘RVC of the first section of the Cachapoal River’) being located at the
headwaters of the river.

The Biobío River basin (36◦ S 73◦ W) originates from the Icalma and Galletué lakes
in the Andes mountains and flows to enter the Pacific Ocean near Concepción city after
following a course of 380 km. The basin has a population of about 1,206,070 inhabitants [51].
Its climate is a transition zone between a warm temperate Mediterranean climate and a
humid temperate or rainy climate. Productive sectors in the basin are related to forestry,
agriculture, industry (pulp and paper, metallurgic, chemical and oil refinery industries),
and the hydroelectric sector, being the main source of energy supply in the country [52].
Land-uses in this region are mainly allocated to forest plantations, at 2.2 million hectares
(about 60% of the total area) [53].

Figure 2 illustrates time-series for the first section of the Cachapoal River and the
Biobío River basin, based on data obtained from Alvarez-Garreton et al. [54]. Available
time-series are representative for each region, providing homogenized data on precipitation,
temperatures, potential evapotranspiration, and streamflow at the basin scale.
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Figure 1. The jurisdiction of the RVCs of the first section of the Cachapoal River and The Biobío
River Basin.

The study areas have different hydrological situations, even though the same climate
regime forces both. Figure 2 highlights water scarcity, climate change, and variability
conditions, showing the records for two main hydroclimatic variables that affect the water
balance: precipitation and streamflow at the outlet. On one hand, precipitation is the only
water input to the systems, while streamflow mimics water availability. It is worth noting
that topography, geomorphology, hydrogeological setting, size, land-use, and land-cover
control rainfall–runoff processes. Overall, since 2010, there has been a decreasing trend in
rainfall and streamflow for both sites, while granted water rights show negligible increases,
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conforming to a scarcity scenario worsened by the current drought. The first section of
the Cachapoal River encompasses 2400 km2 with a maximum elevation of 5150 masl. The
mean annual precipitation is 1328 mm with a strong seasonality that peaks in winter (May
to September). Since 2008, the 48-month Standardized Precipitation Index has been in the
drought band, from marginal values in 2010 to extreme drought in 2020, as precipitation
has declined significantly. The seasonal, inter-annual, and decadal variability is related to
a substantial decrease in stream flow (ca. 30 m3/s per decade). Annual mean flows are
less than 20 m3/s, with peaks during winter from runoff and spring from snowmelt, while
surface water rights account for ca. 5 m3/s.
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Figure 2. Time-series of precipitation and streamflow at the outlet for both study areas. Both variables
are in mm for comparison. Data from Alvarez-Garreton et al. [54].

The Biobio River encompasses 24,270 km2 with a maximum elevation of 3509 masl,
which discharges into the Pacific Ocean after 380 km. The mean annual precipitation
is 840 mm, with a strong seasonality that peaks in winter (May to September). As the
drainage area is ten times that of the first section of the Cachapoal River, stream flows are
less sensitive to rainfall. However, the annual precipitation in headwater watersheds is
close to 3000 mm. Since 2008, the 48-month Standardized Precipitation Index has been in
the drought band, from marginal values in 2010 to strong drought in 2020, as precipitation
has declined significantly. The decrease in streamflow has been ca. 55 m3/s per decade.
Annual mean flows are less than 1000 m3/s, with peaks during winter. Since 2010, the
summer streamflow has been less than 200 m3/s, while surface water rights account for ca.
149 m3/s.

Both sites are under increasing pressure, facing decreasing precipitation, and rising
seasonal and inter-annual variability. However, the Biobio River basin appears to be in
a better position, as its size allows it to buffer upstream changes in rainfall and snowfall.
For instance, water from the Andes re-circulates in the central valley through natural
groundwater recharge, percolation from irrigation land, and discharge from industries.
The Cachapoal River heavily depends on rainfall and snowmelt in a smaller area, with a
much lower chance of water re-circulation within the system.
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4. Results
4.1. Ostrom’s Design Principles for Long-Enduring CPR Institutions Applied to RVCs

Ostrom provided several examples of long-lasting CPR institutions, arguing that
institutions maintained over a prolonged period are signals of success [27]. She explored
the favorable and unfavorable conditions for developing long-lasting CPR institutions,
and identified the eight design principles which are essential for success [25]. Below, we
critically apply Ostrom’s design principles of CPR Institutions to the internal decision-
making mechanisms of RVCs, including the processes of participation, collective action,
and learning.

4.1.1. Clearly Defined Boundaries

Defining the boundaries of a CPR and specifying who is authorized to use it is the
first step in organizing a collective action. It is essential to determine the scale of the
processes and to recognize the actors involved in terms of defining who is responsible for
the management, construction of the rules of use, and the development of the mechanisms
to exclude others in order to prevent over-exploitation. Additionally, it is important to
determine the carrying capacity of the system to sustain the extraction by the individuals
of the collective and to understand the regenerative capacity of the natural system [25].

The current Chilean water management model has been criticized for a lack of updated
information (which is also deeply centralized) regarding the current availability of water, the
effects of climate change on surface water and groundwater, and the hydrogeological behavior
of the aquifers [11], which is the responsibility of government organizations. For this reason,
collecting adequate data about the CPR’s boundaries, the carrying capacity of the system, and
the number of actors involved is usually performed by the RVCs, which generally use their
resources to obtain such data. However, economic and professional resources differ among
the RVCs in the country, and some cannot afford data-monitoring systems.

Another issue regarding CPR boundaries is related to determining an adequate spatial
unit for water management. Globally, the river basin is generally considered the most accepted
territorial unit for water resource management [55–57]; however, although the Water Code
specifies that RVCs have jurisdiction on a river basin, in practice, these institutions have been
historically organized on river sections (articles 263 and 264 of the Water Code).

In this sense, multiple RVCs can co-exist in a single river basin, as is the case for the
RVC of the first section of the Cachapoal River (located at the headwaters of the Cachapoal
River) with respect to the RVCs of the second and third sections (located downstream, in
the same river). The fact that the same river stream is shared by three institutions that have
independent forms of self-management inevitably causes some conflict and communication
problems among them, which have arisen due to the mega-drought conditions that the
country is currently experiencing.

The latter does not seem to be a problem for the Biobío basin, as it is the only basin that
has a RVC with a jurisdiction extending from the source of the river to its river’s mouth.
This implies an advantage when it comes to resolving conflicts and managing the river
basin according to its complete hydrological condition.

4.1.2. Congruence between Appropriation and Provision Rules and Local Conditions

The rules for using, managing, and protecting water must be clearly defined. Com-
munity decision-making requires adopting a collective agreement that considers the per-
spective of local cultural and social values, thus considering the collective capacities and
ecological characteristics of the CPR. In this sense, the rules of use must be defined in
accordance with the environmental, social, and economic conditions within the boundaries
of the CPR [25].

This principle is linked to the first one, in terms of the coherence among the norms and
local conditions that respond to the need to react to the specific management challenges of
the CPR. In the case of water management, this specificity connects to a ‘territorialization’
of WURs (i.e., a process that is a consequence of geographical and climatic diversity).
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This process forces—especially in conditions of scarcity—the performance of different
practices to precisely address the resolution of problems regarding governance and resource
allocation [58].

General legal and management factors in the Chilean case, however, encounter two
obstacles: on one hand, national standards that homogenize the management of radically
different water realities are used [17], while on the other hand, the artificial sectioning
of river basins (two or more RVCs can manage different river sections) has been carried
out, thus reducing the capacity for internal coordination. In addition, territorial planning
instruments are currently only obliged to include urban areas (communal, inter-communal,
and metropolitan), and not rural areas, which can encompass important zones of the river
basin that are not adequately regulated.

In this regard, RVCs have shown an unequal performance when facing the various
issues that may occur in their areas of action, involving the contamination of irrigation
channels, coordination between different uses, and the need to increase efficiency when
facing conditions of scarcity [59]. Some of these organizations, such as the RVC of the first
section of the Cachapoal River, have been able to address such issues, assuming roles that
go beyond the conventional duty of water distribution. This RVC participates in the river
quality monitoring program organized by state and private agencies, actively engaging
with scientists and other RVCs. As an example, one of its members stated the following:

“I insist that cooperation agreements work as long as people want them to work. Therefore,
people are more important than documents. We have been involved in different water
boards, such as environmental certification boards for agricultural schools, and we are
free to do so. Others have told us not to get involved in things that are not written (Water
Code). But not here. Here, in everything related to the water problem, we say: let’s do it!”
Member of the RVC of the first section of the Cachapoal River

In addition, the RVC of the Biobío River Basin aims to incorporate an Integrated
River Basin Management, considering the protection of water quality, ecosystems, and
groundwater availability [60]. As one of its members declared,

“I arranged a second meeting, a few months later, in the same place with the same actors
[. . .]. I asked them to make other decisions, for example, the characteristics that our RVC
was going to have. I suggested that the characteristics of this RVC should not be the
standard characteristics of all the RVCs, but rather that we should aspire to something
more, that we should aspire to a basin organization that would really allow us to carry
out integrated management. And I believe that this got a lot of people excited. I asked
the universities to explain to us what the training process was like [. . .] which were the
limitations and problems for this [. . .]. One of the characteristics we defined was that we
were going to cover the entire basin [. . .] from the source of the river in the lagoons to
its estuary” Member of the RVC of the Biobío River Basin

4.1.3. Collective Choice Arrangements

This principle enables CPR institutions to adapt their rules to local circumstances, as
individuals interacting directly with each other and the physical environment can modify
these rules over time to better adapt them to changing environmental conditions. The rules
of use may be flexible under critical disturbances; however, with the return of standard
conditions, the community should review the rules and their compliance [25].

When reviewing the basic conditions that allow agents to jointly manage an economic
good, Ostrom has pointed out that most individuals affected by the operating rules should
participate in their modification. This possibility is manifested not only in the foundation
of these rules, but also in their permanent revision and adaptation following the social-
environmental changes observed at the local level. Water regulation requires feedback, as
the current environmental crisis scenarios force the need for a dynamic perspective [61].

Taking these factors into consideration, the Chilean management model presents
some particularities in relation to what it considers to be the “most affected individuals”.
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According to Ostrom, this concept clarifies that those affected by a certain condition
(i.e., water scarcity) suffer—in one way or another—the consequences of changes in the
allocation or administration of the CPR [25]. According to the Chilean legislation, RVCs
can only be composed by WUR holders and, in practice, most of the country’s RVCs are
composed of agricultural irrigators [62]. However, there are other water uses that could be
affected by the changing socio-climatic conditions of the river basin, such as cultural and
recreational activities that do not operate under the WUR system. In this regard, there are
individuals who use water for several different purposes and do not have the opportunity
to participate in the RVC’s decision-making processes.

Although the RVCs were traditionally mostly composed of farmers who used water
for irrigation and industrial purposes, since the beginning of the 2000s, several RVCs have
changed their statutes to incorporate sanitary and hydroelectric companies. The RVC of the
first section of the Cachapoal River initiated this process, including actors such as mining,
sanitation, and hydroelectric power generation companies. Some RVCs have considered
incorporating different users since the beginning of their foundation process, as is the case
of the RVC of the Biobío River Basin. Moreover, it is important to highlight that some
agricultural irrigators have recently incorporated hydroelectric generation systems within
their irrigation channels.

4.1.4. Monitoring

CPR institutions have monitoring mechanisms relevant to the conservation of natural
resources. In this sense, safeguarding natural resources through adequate management
entails a greater community commitment to observing and recording processes, events and,
in some cases, physical and environmental variables. This community-based monitoring
system does not necessarily have to be valued by external agencies. The collective institu-
tion carries out the mechanisms to supervise the proper use of the resource. When the state
or an external agent must sanction or validate a community monitoring mechanism, it is an
indicator of the weakness and fragility of the community [25].

The factors subject to monitoring by the management institution vary. In the spe-
cific case of water management, this includes—among other aspects—the evaluation of
compliance and decisions on extraction quotas, the proper use of extraction systems, the
maintenance of minimum flows, and the environmental quality of the waters subject
to administration.

In the Chilean management system, the Water Code provides the RVCs with the
structure for their administrative bodies for exercising control and monitoring functions.
In this matter, the Board of Directors of the RVC is empowered to ensure that water is
collected by adequate structures (Water Code, article 274.1). In addition, this body may
appoint a water distributor who reports to the RVC, in order to ensure that water is not
subtracted or used by those without WURs (Water Code, article 278.2).

Monitoring water extraction is also carried out by public agencies, particularly by the
DGA. Since the legal reforms implemented in 2018 and 2022, the State has expanded the
DGA’s attributions, incorporating the monitoring of the quality and quantity of the water
in attention to its conservation and protection.

In the case of the first section of the Cachapoal River and the Biobío River Basin, both
RVCs benefit from water quality monitoring programs at the river basin level, which are
carried out thanks to the coordination of government agencies and private companies.
The former RVC participates in the Cachapoal River Board of Directors which, together
with other environmental committees, has collaborated with other RVCs, government
agencies, and private companies to obtain water quality monitoring data in the sub-basins
that composed the Rapel River basin for approximately 12 years. Although it does not
participate directly, the RVC of the Biobío River Basin makes its decisions based on a
program called the Biobío River quality monitoring program. The PMBB (in its Spanish
acronym) was created in 1994, and has been monitoring the water quality of the Biobío
river basin in a joint effort between the University of Concepción and private companies.
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4.1.5. Graduated Sanctions

In solid CPR institutions, supervision and penalization are not carried out by external
authorities but rather by the participants. The CPR appropriators create an internal compli-
ance system to discourage those who are tempted to break the rules. Supervision costs are
low in many long-term CPR institutions due to the rules in use, as there are usually both
economic and moral sanctions. In collective action institutions, being repeatedly recognized
as an infringer puts not only an individual at risk, but also the reputation of the collective
unit (e.g., family) to which they belong [25].

Within the Chilean management context, it is important to highlight that RVCs follow
the precepts of the Water Code with respect to the application of sanctions to its mem-
bers. In this case, the supervisory duty carried out by the DGA as a governmental body
is imperative. The DGA’s resolution Number 185 established the Control and Enforce-
ment Department, the main objective of which is to provide guidance, direct norms, and
contribute to the “water watching and supervision” function exercised by the DGA in
accordance with article 299 letters c and d [63].

Control and enforcement are administrative procedures defined in the Water Code,
encompassing sanctions (if applicable), mainly of an economic nature (such as fines), and
the ordering of certain administrative actions (i.e., shutting down illegal water extraction
infrastructure). In the case of an infringement of the Water Code regulations, fines may
be applied for tax benefits, which are graduated on a scale from the first to the fifth
degree, depending on the nature of the infringement (articles 173 and 173ter of the Water
Code). For the determination of the amount of the fine, the Water Code states that certain
circumstances must be taken into consideration, such as the affected flow rate, surface
waters or groundwater, whether the rights of third parties are affected, the number of
harmed users, the degree to which the aquifer is affected, and the zone in which the
infringement takes place, among others. For instance, obtaining a double registration of
a WUR in the Public Water Registry, either intentionally for personal benefit or to the
detriment of third parties, is one of the most serious punishable behaviors.

In addition to the rules that the RVCs must comply with according to the Water Code,
some RVCs have additional graduated sanctions, such as the RVC of the first section of the
Cachapoal River, which are related to moral sanctions. As one of its members detailed, it is
possible to observe that this RCV has a monitoring system that involves sanctions if rules
are not followed:

“One of our functions is to monitor extractions. We check the extractions all day and
every day. We have a person who is assigned to do that. We have an operator who goes
around and checks and telemetry systems that report. And now we are developing a
software with a ‘traffic lights’ system that indicates that when is red, you are behaving
badly or, if is green, you are doing well. It is that simple, with colors, because nobody
has time to read a lot of numbers. But if you look at the website and somebody is green,
and you are red, and everybody knows you are red, you are going to worry. Regardless of
whether you are red or orange. Period. Nobody wants to be orange or red”. Member of
the RVC of the First Section of the Cachapoal River

4.1.6. Conflict Resolution Mechanisms

In theory, in models of rule-governed behavior, rules are enforced by external agents
and are usually indisputable. However, this is not often observed in practice, as rules can
be interpreted differently by diverse appropriators. If individuals must follow specific
rules for a long period of time, when infractions occur, there must be a mechanism through
which the problem can be discussed and resolved [25].

In the case of RVCs, Rojas [22] has distinguished three ways of resolving conflicts
arising from the use and management of water: (i) conflicts related to the exercise of
WURs (in situations of faults or abuses committed in water allocation, or in their economic
management) can be solved by the RVC’s Board of Directors as an arbitrator (without the
formalities of a court), and subsequently claimed in the courts of justice; (ii) requesting
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external arbitration for the resolution of conflicts regarding the exercise of WURs through
an administrative procedure initiated by the DGA; and (iii) directly resolving conflicts
regarding the exercise and loss of WURs and all other water-related issues (article 181
to 185 of the Water Code) through a claim for protection that has a single objective—the
immediate re-establishment of water use—ending with the interferences that disturb the
exercise of the WUR [64]. Regarding the internal conflict resolution mechanism of the
Board of Directors, fines and sanctions such as cutting off the water supply can be applied.

Other types of conflicts related to water use in river basins can be solved through
administrative and legal means external to the RVCs (as they are not part of their legal
attributions). A frequently used legal means to resolve conflicts is the “protection action”
to safeguard certain fundamental rights contemplated by the Political Constitution (1980);
for instance, to resolve conflicts involving the exercise of the human right to water [65].
However, this kind of action has not yet generated significant modifications to the water
management system.

In the case of the RVC of the first section of the Cachapoal River and the RVC of
the Biobío River basin, both entities do not have registered internal conflicts. This is
particularity due, in our opinion, to the fact that the former has an advantage as it receives
water in the highest section of the river, where there is generally greater control of the river
flow distribution, while the latter has hydrological conditions that still allow it to have
adequate availability for its members, who formed this RVC under a preventive principle
in the face of negative projections of water availability in the future.

4.1.7. Minimal Recognition of Rights to Organize

Appropriators often design their own rules without developing formal governmental
supervision systems. If external government agents control the development and compliance
of the internal community’s rules, this compliance system will not be sustained over time.

In this case, the RVC is considered to have a high level of autonomy in decision-making
within the limits of its jurisdiction. Although the RCVs must be governed minimally by what
is specified in the Water Code, the State does not intervene in internal water allocation systems
or the mechanisms for re-allocating WURs (water markets usually govern the latter).

Under this level of autonomy, the RVCs can elaborate their statutes, conflict resolution
mechanisms (through private arbitration), sanctions, and the composition of their manage-
ment bodies, all within the legal framework. Within the Chilean water governance system,
this situation—far from generating a consensus on the exercise of these functions as an
adequate exercise of autonomy—has been criticized due to the differences between the
public administrative role (i.e., performed by the DGA) and the role carried out by the RVCs,
the former presenting severe defects in terms of its supervisory capacity, support in conflict
resolution, and maintenance of an adequate information system [36]. However, regarding
the organizations, some interviewees recognized that maintaining a good relationship with
government agencies and other RCVs is beneficial for water management.

4.1.8. Nested Enterprises

Complex and enduring CPR institutions are organized in various layers at the local,
regional, and national levels. In this sense, the management of the CPR must be performed
within a network of coordination, congruence, and effective communication between
these levels [25].

The RVCs in Chile do not comply (or, at least, not fully) with this principle, considering
the lack of mechanisms for linking local to larger-scale management plans. The only
connection/correlation that could occur at different levels can be observed in the case of
the RVCs regarding the other WUOs that compose them (Irrigation Channels Associations,
Water Communities, and Drainage Communities). However, as they are goods (resources)
of a different nature (a common good on one hand, and already-extracted private water on
the other), it would not exactly imply a case of “nested enterprises”.
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In the case of a basin management organization being sub-divided to perform its
functions under the supervision of a higher authority, or when sections of the same river
coordinate their functions, shared management could occur at different levels, allowing the
generation of management plans and general norms regarding the whole river basin in a
binding manner. In Chile, the discussion about who could fulfil such a role has been settled
either at the political or the legislative level, with relevant developments in the reform
of the Water Code in the year 2022 and the Climate Change Law in 2022, both of which
consider the future existence of strategic water resource plans at the basin level, elaborated
within the framework of a national water resource policy.

Considering the principle of nested enterprises, two cases were observed in which
the RVC of the first section of the Cachapoal River has associated with other public and
private administrative entities: the Board of Directors of the Cachapoal River and the
Colchagua´s Clean Water Board, both of which are coordinated by the regional ministerial
secretary of the Environment (in a representation of the Ministry of the Environment at the
regional level). These boards, which have operated since 2001, manage issues related to
financing and monitoring the Cachapoal River’s water quality, and are collaborative bodies
in developing environmental education initiatives.

Before its formation, the RVC of the Biobío Basin attempted to conform a River
Basin Council, aiming to link with other institutions at other levels. According to one of
its members:

“(Given the uncertainty caused by Climate Change and other threats, such as the future
Hydric Highway project) I organized a meeting in a very nice restaurant by the Biobio
River, and I invited as many people as I could have access to, in order to discuss this
issue. On that occasion, I took the precaution of also inviting users from the hydroelectric
world, the industrial world and, of course, all the WUOs. I invited representatives of civil
society, such as some people who also represented other uses, such as tourism, fishing
[. . .]. I also included the academia [. . .] and I also included people from the government. I
did a presentation about how I think resources should me managed [. . .] and, finally, I
asked them a question: if after having learned about this, they thought it was necessary to
organize a RVC. This was done in a very well-documented way, notes were taken, very
orderly. And the response was unanimous [...] all those who attended were motivated
and said: yes, let’s organize it”. Member of the RVC of the Biobio River Basin

5. Discussion

In Ostrom’s Theory of the Commons, the regulation of natural resources and property
avoids the strict and traditional conception of state–private separation and, instead, consti-
tutes a fertile mix of private and public institutions, recognizing the importance of local
actors in the conservation or degradation of the commons. According to Singleton [27],
Ostrom´s Theory of the Commons is prevalent, in part, as it becomes an alternative to the
pessimistic approaches of a homo economicus that cannot cooperate effectively around
natural resources. She responds to Hardin’s Tragedy of the Commons, which points out
that a group of individuals pursuing their interests in the administration of goods will tend
to exploit the resource until its total depletion. In contrast to Hardin, Ostrom indicates that
resources will not necessarily be depleted, as she analyzed certain cases in which resources
were managed sustainably, rationally, and better than in a system based on individual
private property [25].

This review of Ostrom’s management principles in relation to the structure and func-
tioning of RVCs provided some elements for discussion: the geographical framework of
action, the concept of ‘user’, and issues regarding collective choice arrangements.

5.1. The Geographical Framework: Moving from Sectioning to an Integrated Management of
the Commons

Regarding spatial (geographical) scale, some critiques have arisen around Ostrom’s
design principles. Singleton [27] has argued that, besides individual self-interest as a barrier
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to successful CPR institutions, socio-economic forces outside the CPR institution could be
important with respect to its likely success. However, the same author stated that this is
partly valid because some design principles are aware that local institutions do not exist in
isolation. In addition, Araral [66] has stated that Ostrom’s critique of Hardin is useful in
the case of small-scale, locally governed commons, while Hardin´s theory seems to remain
valid for large-scale and global commons. This occurs as trust and reciprocity—two core
factors to achieve cooperation in the commons [67]—can be observed due to face-to-face
communication [66]. Thus, even though they are largely accepted, Ostrom’s principles
are continuously challenged under new theoretical developments and new observational
information. In fact, trust and reciprocity were mentioned by interviewees when asked
about the relationship that the RVC of the first section of the Cachapoal River had with other
RVCs and public entities. The exchange of knowledge regarding how to respond to new
environmental conditions has involved a learning process to move towards adaptation.

An important element of discussion is the definition of a range of actions for the
management body, which must be determined in the geographical dimension. In the
case of the RVCs, although initially determined by the river basin (defined in Article
3 of the Water Code), the law admits the possibility of sectioning a single river basin.
This fragmentation generally exacerbates conflicts between upstream and downstream
boards. To the best to our knowledge, the RVC of the Biobío River Basin is the only RVC
in Chile whose jurisdiction covers the river from its source to its mouth. This has brought
advantages in terms of resolving possible conflicts and is a positive step toward Integrated
River Basin Management, which has been promoted to adapt to the effects of climate
change [68].

Another issue that impacts the separation of the ranges of action corresponds to the
separation that Chilean legislation makes for water management regarding the territory
and its physical characteristics. Territorial planning instruments mainly concentrate on
urban areas, not including the situation of watersheds that are not located in the urban
context, with little possibility of regulating activities that cause direct and indirect effects
on water availability and quality. In addition, the exclusion of WUR holders who extract
water from the ground through wells [17] also affects the determination of the action ratio
in geographical terms, due to a separation (in terms of management) between surface and
underground water.

The proposal to strengthen the management of common goods in the case of water, by
supporting the attributions and intervention of the RCVs or the creation of basin boards,
should consider an extension of the territorial scope that effectively integrates the entire
river basin, in both its urban and rural dimensions, and consider the capacity to influence
and provide feedback to those institutions in charge of territorial planning. In addition, the
legal territorial framework should allow enough flexibility to grant local management that
adapts to the conditions of each river basin throughout the territory, according to different
socio-climatic characteristics and the development of nested enterprises.

We argue that Ostrom’s design principles are suitable for analyzing the community
administration of river basins as common goods through a self-management approach. At
the river basin scale, this mechanism adapts to territorial characteristics and the social tradi-
tions of those who benefit from CPR use. These principles applied to the RVCs emphasize
integrating different types of stakeholders and their forms of participation, the relation-
ship between these institutions and non-extractive uses, and their role in environmental
conservation and the maintenance of water availability.

5.2. The RVCs and the Concept of ‘User’

In Governing the Commons, Ostrom [25] refers to the concept of ‘user for purposes of
participation’ which, in the Chilean case, applies to the RVCs as the entities in charge of
managing WURs in rivers and/or river sections. According to Ostrom’s perspective, this
concept is geared towards considering users as individuals affected by the operating rules.
In our opinion, in the case of water, this might not be so clear due to specific needs related
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to advances in technology, population growth, and the effects of climate change, affecting
its availability for ecosystem functions. In our understanding, this determines an unclear
definition of the category of ‘users’.

In the Chilean legislation, water management involves a restricted conception of users
when establishing WUOs in the Water Code, particularly the RVCs. Such participation is
restricted to WUR holders, represented by the Board of Directors. In this way, the user
concept—which includes self-management organizations—is linked to the owner of the
actual private right of exploitation. This situation, which is allowed by the Water Code, is
detrimental with respect to the process of participation within the RVCs and, therefore, in
conceiving an adaptive governance system.

The RVCs recognize the safeguarding of public interest [18], as their functions affect
the conservation of a national good for public use, such as river basins. The conception
of users, understood as only those with a direct economic interest in water extraction
(consumptive or not), moves away from the configuration of a community regime such as
the Theory of the Commons, as it does not incorporate all those affected by the decisions
of the management body. Instead, it is concerned with generating mechanisms to protect
the property rights of WUR holders. The Water Code does not distinguish geographical
or cultural spaces in determining individuals or groups affected by decisions and rules.
However, RVCs have made efforts to assume the functions that their context requires, even
if they are not provided by law, as noted in Section 4.

The duality that RVCs face in terms of being a body constituted by private actors
fulfilling the functions of a public body affects the incorporation of key users. The legis-
lation does not distinguish the type of rights in question; therefore, the ancestral rights
of native people and groundwater rights are not usually incorporated into RVCs. Indeed,
groundwater users are allowed to conform to a different entity, different from surface water
uses, even being part of the same basin. The problems caused by this lack of incorporation
not only relate to an impairment of the right of some stakeholders to participate in the
decision-making process within the RVC, but also to an impact on the public interest in
trying—at least in part—to carry out a harmonious management of water allocation.

The described situation has been reversed in some cases by incorporating these types
of users, but within the frameworks prescribed by the Water Code [69]. This is the case of
the RVC of the first section of the Cachapoal River, into which legal entities such as ESSBIO
(water sanitation company), the state company CODELCO (mining), and hydroelectric
companies have been incorporated, which are WUR holders that have been excluded in
the past. However, this is an exceptional situation in most RVCs, which has been driven
by conflicts, some even reaching the Chilean courts. In this matter, the expansion of the
concept of a Water User emerges as a necessary objective to be achieved to comply with
real participation, which is a principle of adaptive governance of the commons.

It is essential to highlight that the modification of water governance in Chile does not
necessarily imply a direct integration of other stakeholders into the RVCs. Rather, it is also
important to re-think their role within a larger context, such as the already mentioned River
Basin Councils.

5.3. Issues about Collective Choice Arrangements: The Water Shares

The existence of collective choice arrangements is one of the principles that Ostrom
established in the configuration of permanent models for the management of a CPR. The
possibility that the decisions are made by the majority of those affected corresponds to an
important contribution of the author in the notion of democracy in the management of
natural resources.

The application of the voting mechanism to RVC members based on shares, which
are distributed according to the number of WURs held by each member (Water Code,
article 268), is similar in this matter to the system of administration of a Joint-Stock Com-
pany [18]. Equating these shares to decision-making power is a sort of internal governance
system, especially in the case of those profit-seeking legal entities, as could be the case of
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business companies and corporations. The rationale is that the greater the investment (or
economic interest involved), the greater the right to decide regarding the CPR. Although
this could be understandable in a business company, we believe that, in managing the
common interest, it does not adequately consider the special characteristics of water as a
national good for public use.

The eventual inclusion of new stakeholders for whom the use of water goes beyond
economic interest (subsistence farming communities, citizens and native peoples, among
others) into management bodies necessarily implies re-consideration of the current decision-
making mechanisms. In fact, the formal incorporation of other stakeholders in the use
of water has been proposed for more than a decade. Documents such as the World Bank
report [13] or the one prepared by the Chilean Institute of Engineers on Integrated Water
Resources Management [70] have included several technical proposals to improve water
management, incorporating the concept of integration into the Chilean water governance
system. One proposal is to create new institutions (i.e., River Basin Boards) with the
power to include different social and economic actors in the use of water resources, or the
joint development of basin management plans that include RVCs and other WUOs. This
could be a solution to the restricted power in decision-making that the current legislation
provides for RVCs. However, the formal extension of the decision-making power of RVCs
implies the inclusion of new actors besides WUR holders. Although this option regards
the characteristics of a CPR institution (according to Ostrom’s conception), it is currently
doubtful whether RVCs will fulfill functions for which they are not mandated by law or
for which they do not have financial aid. In this sense, transforming into an adaptive
decision-making model requires major legal changes, including amendments to the current
Chilean Constitution.

In this sense, the RVC of the first section of the Cachapoal River and the RVC of the
Biobío River Basin go beyond some of the functions and boundaries stated by the Water
Code. Although these RVCs participate in educational stances, collaborate with other
entities, are worried about water quality issues, and are willing to consider the opinions of
other relevant water users in the future, they do not fully comply with all eight of Ostrom’s
design principles for long-enduring CPR institutions.

6. Conclusions

From an analysis of the general characteristics of the water management and gover-
nance situation in Chile, it was determined that, although the RVCs recognize and promote
the importance of self-management, they do not ensure that all those affected by water
management can participate in decision-making or resolve conflicts, as they are composed
exclusively of WUR holders. Contrasting with the obtained legal research results with
Ostrom’s design principles for long-enduring CPR institutions, there is an important ex-
clusion of some critical water users (especially non-extractive users with no recognized
or constituted water rights), an unequal decision-making process based on the number of
water shares (in some cases linked to economic power), and a lack of integrated planning
at different levels. Furthermore, as mentioned above, RVCs usually cover a specific section
of a river basin, not the whole river basin. These characteristics, added to the current
water crisis in Chile, seem worrisome when considering how to move towards an adaptive
governance system.

The maintenance of the current water model in Chile contributes to the deepening of
a governance and availability crisis, to social conflicts associated with water access and
allocation, and to the imbalance in its different uses and functions to the detriment of those
that are outside of the extractive economic categories.

The recent reform to the Chilean water legislation seems to be insufficient to correct
these inequalities and inadequate in the face of the challenges posed by climate change
and governance of the CPR. Chilean water governance should consider the existence of
River Basin Boards with broader planning powers, incorporating water users in the various
dimensions that such management affects.
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A new form of governance that goes beyond these management mechanisms must take
on these challenges to increase integration, enabling fair decision-making and coordination
between different levels. To this end, the principles of the governance of the commons
can provide not only a prism of analysis—as in this work—but also a basis for projection,
adapted to the water and social realities in the Chilean case and worldwide.
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Abstract: Agricultural intensification is increasing global demand for water, with groundwater
especially susceptible given its year-round reliability. Climate change impacts on groundwater
recharge exacerbate uncertainties for future access and use, especially for large aquifers across
alluvial plains such as the Indus Basin of Pakistan. To generate better understanding of climate
change impacts on groundwater balances in such contexts, we used MODFLOW 2005 to quantify the
groundwater budget of the Northern Rohri Canal Command Area under RCP 4.5 and 8.5 climatic
scenarios, while also taking climatic regionalisation into account. Under a baseline scenario, total
annual pumping in the northern Rohri command was estimated to be 3.619 billion cubic metres
(BCM), and the total net loss in storage over the simulation period from October 2010 to April
2014 was estimated at 1.244 BCM per year. By 2047, net decline in storage is projected to more
than double to 2.185 per year under RCP 4.5 scenario and 2.214 under RCP 8.5. Our estimates
suggest that a sustainable yield across the command area should be managed at approximately
3 ± 0.3 BCM per year to ensure sufficient adaptive reserves of groundwater for access during times
of drought and inadequate surface supply, while also reducing waterlogging impacts from high
watertables. This first-time estimate of sustainable yield provides irrigation system managers with
an overall guide from which divisional-scale measures to achieve the goal can be identified through
stakeholder engagement.

Keywords: groundwater; climate change; Mann–Kendall; Sen’s slope; RCPs

1. Introduction

Groundwater is an essential source of water for irrigation, industry, and human
consumption. Across the Indus Basin Irrigation System (IBIS) of Pakistan, access to ground-
water allows farmers to irrigate crops on demand, compensating for temporal and spatial
shortages in IBIS canal water supplies. Farmers thus use groundwater as a dependable sup-
plemental supply to irrigate their crops according to requirements [1,2]. Recent estimates
suggest that groundwater provides up to 60% of Pakistan’s irrigation supply [3], with
Pakistan now the third-largest user of groundwater for irrigation in the world [4]. However,
access to groundwater also varies from year to year, depending on climatic conditions
and river flows. In some parts of the IBIS, increased use of groundwater is enabled by
the accumulation of fresh groundwater due to seepage from canals and irrigation return
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flows, allowing farmers in such areas to increase cropping intensity, thus helping address
the nation’s food security needs. During dry years and times of low canal supply, ground-
water supply is critical. This can also be observed from the increasing rate of tubewells in
Pakistan, with an estimated 1.39 million in operation in 2019, and broad consensus that
rates of groundwater pumping exceed recharge [5]. Such imbalances not only mean that
groundwater levels are in decline [6], but there is also increasing risk of saline intrusion [7],
reduced groundwater quality [8], and higher pumping costs borne by farmers [9]. In the
irrigated and coastal regions of Sindh province, these problems are more severe because of
seawater intrusion, poor irrigation practices, and industrial effluents that further worsen
groundwater quality. A total of 75% of groundwater in Sindh is saline and 70% of tubewells
pump saline water [10]. Managing the use of marginal and brackish groundwater will
require farmers to adopt improved conjunctive management strategies.

Climate change is already changing the functioning of natural ecosystems, including
groundwater. Pakistan is especially susceptible, ranked seventh most affected country
by climate change in the Global Climate Risk Index [11]. Most of the country is arid or
semi-arid with temporal and spatial variability in climatic parameters, making it crucial to
understand the impacts of climate change on water availability and management. Yet one
IPCC report noted a global dearth of research on the potential impacts of climate change
on groundwater [12], even though its share in the use of water worldwide has increased,
especially in arid and semi-arid regions. The effects of climate change on groundwater
are not straightforward. There is a substantial uncertainty in the estimation of magnitude
and trends of climate change in terms of rainfall, temperature, evapotranspiration, and
vapour pressure [13]. While it might be assumed that greater rainfall leads to increased
recharge, there are exceptions. Such a link can be affected by rainfall seasonality, intensity,
humidity, air temperature, and crop evapotranspiration under changing climatic conditions.
While projections of increased rainfall variability may increase groundwater recharge due
to intense rainfall that eventually infiltrates to become part of the watertable, projected
higher temperatures under climate change mean higher rates of crop evapotranspiration,
resulting in less net recharge of groundwater.

Groundwater flow modelling provides a simulation environment to assess the impact
of climatic stress on the groundwater system. Several studies in the Central Indus Basin
used groundwater modelling to assess the impact of external stresses (e.g., [14,15]). In
the Lower Indus Basin, groundwater modelling studies have been conducted at small
spatial scales to study groundwater hydraulics and hydro salinity behaviour (e.g., [16–18]).
Studies related to the impacts of climatic change on groundwater in the Lower Indus Basin
are limited, especially at the regional scale.

Given the lack of research and considerable uncertainty, a practical way forward is
to pursue more local-focused research so that the particular combination of parameters
that may be influenced by climate change in particular places can be determined, which
can then offer suggestions for management and planning relevant to those places. The
current study was therefore designed to evaluate groundwater resources for the Northern
Rohri Canal Command Area, a component of the IBIS located in the Sindh province of
Pakistan, where irrigation with marginal quality groundwater and a changing climate are
resulting in increased risk to agricultural production. The possible parameters of interest
include rainfall and crop evapotranspiration, and increased groundwater extractions for
irrigated regions, as these parameters may behave differently under a changing climate.
The primary objectives of the study were to: (1) delineate zones with similar characteristics
based on long-term trends of rainfall and evapotranspiration datasets; (2) identify the
statistically significant trends in different zones for rainfall or evapotranspiration based on
future trends; and (3) quantify and assess groundwater sustainability with respect to water
levels and water balance.
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2. Hydrogeology of the Lower Indus Basin

The Lower Indus Basin (LIB) lies in the Himalayan foredeep—a region of subsidence
in front of the Himalayan belt. The alluvial complex of the LIB forms a highly permeable
unconfined aquifer. The thickness of the alluvium is not known accurately but it exceeds
182 metres over large parts of the basin [19]. Hydraulic conductivity varies between 10 and
20 metres/day (m/d) with anisotropy kh:kv between 100 and 500, and specific yield ranges
from 5 to 15% [20,21].

The pattern of the regional flow follows the direction of the river quite closely though
some of the flow drains towards the desert in the east and the hills in the west. The ground-
water has its origin in the river system which has been flowing through the valley since late
Tertiary times in contrast to the central and upper Indus plains where rainfall contributes
significantly to recharge [22]. Historically, the watertable has remained shallow. A generally
rising watertable trend (moving upward) has prevailed in recent times [23], with 32% of
the canal command area under shallow watertables (1.6 to 3 m), and approximately 60%
considered waterlogged (in the range of 0.25 to 1.5 m) [24].

Major recharge in the region can be attributed to the river system, canal leakages,
and infiltration from irrigation return flows. In recent years (i.e., 2010, 2011, and 2022),
short-duration high-rainfall events have occurred across the region, which would be a
significant contribution to recharging the aquifer and requires further investigation. Due to
shallow watertables, direct evapotranspiration from the groundwater is also significant in
the LIB. Groundwater use in the LIB is moderate and mostly concentrated in freshwater
zones. The reason for this is the constraint on the useable volume in some areas due to the
presence of salinity and high arsenic contamination [25,26].

3. Materials and Methods
3.1. Study Area

The study area chosen is the Northern Rohri Canal Command Area (CCA), supplied
from the left bank of Sukkur Barrage, which covers an intensively cultivated area across the
districts of Sukkur, Khairpur, Naushero Feroze, and Shaheed Benazirabad (Figure 1). The
study area has four major canals and is divided into five irrigation divisions, i.e., Khaipur
West, Khairpur East, Rohri, Dad, and Nasrat divisions. Surface irrigation is the main source
and groundwater is secondary but significant, especially between the Indus River and
Rohri Canal. The geographical region of the study area is mostly arid and semi-arid, with
low annual rainfall and higher evapotranspiration rates, and where temperature increments
are expected to be greater than average. May and June have maximum temperatures which
can exceed 45 ◦C, while January is considered the coldest month when temperatures can go
below 10 ◦C. Most rainfall occurs in the months of July, August, and September, with mean
annual rainfall ranging between 100 mm to 200 mm. An increasing shortage of surface
water has led to a dramatic increase in groundwater use. The groundwater in the area
ranges from fresh along the Indus River to marginally fresh and saline across the CCA,
dictating where groundwater is likely to be used for irrigation.

3.2. Input Data

Table 1 shows the input dataset used in the study, and a description of the preprocess-
ing of the raw dataset is provided below for acquiring the final data used to model the
groundwater system.

3.2.1. Aquifer Properties

A database of 163 bores with logs was compiled from sources provided by Sindh
Irrigation Department (SID), WAPDA’s SCARP Monitoring Organization (SMO), and from
various previous field studies. These logs were scanned, georeferenced, and compiled in a
lithology database. The borelogs, including additional logs from drilling undertaken in
our case study sites, were used to estimate hydraulic conductivity, specific yield, specific
storage, and porosity.
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Figure 1. Location of the study area and its features (topography, rivers, canals, branches, drainage
system, and observation wells).

3.2.2. Precipitation and Temperature

Average monthly temperature and precipitation data over ninety years (2010–2099) for
Sindh were acquired from the Numerical Modelling Group of Research and Development
Division, Pakistan Metrological Department (PMD). In the current study, RCP4.5, and
RCP8.5, both medium and high-end scenario were used. Details for processing methods of
the climate dataset can be found in [27].

3.2.3. Evapotranspiration

The number of weather stations with long-term or multi-parameter data records in the
Indus Basin is limited and the climate data in much of the region are limited to maximum
and minimum temperatures, and rainfall. For our study, we therefore used the Blaney–
Criddle Equation (1) to calculate potential evapotranspiration (ETo) using temperature
estimated for RC 4.5 and RCP 8.5 scenarios. This is a temperature-based method and
can be calculated from the mean temperature as a function of latitude and longitude (see

96



Sustainability 2024, 16, 441

Equation (1)). These data were re-gridded on the groundwater model grid of 1000 m by
1000 m using kriging interpolation.

ETo = p ∗ (0.46 ∗ T(mean) + 8) (1)

where ETo is the reference crop evapotranspiration (mm/d); T(mean) is the mean daily
temperature (◦C); and p is the mean daily percentage of annual daytime hours.

Table 1. Summary of datasets, their resolution, and sources used in the study.

Method Data
Spatial and Temporal

Resolution
Source

Climatic
Regionalisation

and trend analysis
Precipitation Monthly, 25 km × 25 km

https://www.pmd.gov.pk/rnd/
rndweb/rnd_new/climchange_ar5.php

(accessed on 3 January 2024)

Temperature Monthly, 25 km × 25 km
https://www.pmd.gov.pk/rnd/

rndweb/rnd_new/climchange_ar5.php
(accessed on 3 January 2024)

Potential Evapotranspiration Monthly, 25 km × 25 km
Derived from Temperature datasets using

Blaney-Criddle approach

Groundwater
model

Topography 90 m × 90 m

https:
//csidotinfo.wordpress.com/data/srtm-

90m-digital-elevation-database-v4-1/
(accessed on 3 January 2024)

Aquifer properties
163 borelogs spatially spread

in the study area

https:
//doi.org/10.4225/08/5a3b567bc9004

(accessed on 3 January 2024)

River, canal, and drainage
hydraulic properties

Properties at main regulators.
Interpolated at every

kilometre.

Sindh Irrigation Department and Sindh
Irrigation and Drainage Authority

Initial water levels
Bi-annually from 2010 to 2014,

59 spatial points observed
SCARP Monitoring Organization,

WAPDA

Surface water supplies Monthly
Sindh Irrigation Department and Sindh

Irrigation and Drainage Authority
Pumping Extraction per unit square km Estimated through survey.

3.2.4. River and Drainage Properties

The river, canal, and drainage aquifer interaction can be represented by the conduc-
tance such that the seepage from/to the river is proportional to the head in the river stage
and head in the aquifer cell. In order to define the conductance, river, canal, and drainage
hydraulic properties at the main regulators and control sections were collected from SID.
These were digitised and interpolated for model cells.

3.2.5. Groundwater Pumping

In order to estimate the pumping, a survey was conducted to estimate a density of
5 wells per square kilometre. Most of the private tube wells have a capacity of 1–2 cusecs
and pump for an average of 8 h per day. At the tail reaches, groundwater was the sole
source of irrigation, and at the mid reaches, farmers used groundwater during periods of
surface water shortages.

3.3. Methods

Figure 2 shows the flow chart of the overall methodology. In the first step, climatic
regionalisation was carried out for Sindh using Spatial K’luster Analysis using the Tree
Edge Removal (SKATER) algorithm [28]. In the second step, trend analysis was performed
using Mann–Kendall and Sen’s slope statistics on datasets of precipitation and potential
evapotranspiration (PET) for 2010–2099 [29,30]. In the third step, a groundwater flow
model using MODFLOW 2005 [31] was calibrated for the study area from October 2010 to
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April 2014 and simulated until 2047 for generating future water level and budget timeseries.
Then, a detail groundwater sustainability assessment was performed using these simulated
timeseries of water level and water budget.

 

α

Figure 2. Flow chart for overall methodology.

3.3.1. Climate Regionalisation

Regionalising is a valuable technique used frequently in disciplines dealing with
large spatial datasets. The goal is to preserve the patterns in the dataset and produce
homogeneous and contiguous clusters. The SKATER method [28] was chosen to regionalise
Sindh based on projected annual average precipitation and potential evapotranspiration.
Its efficiency for regionalisation is because it “combines the use of a minimum spanning
tree with combinational optimisation techniques” [28] (p. 809). SKATER represents the
objects as graphs that captures adjacency relationships among objects as connections.

3.3.2. Trend Analysis

The Mann–Kendall trend [29] was used to detect any statistically significant trends
in precipitation, potential evapotranspiration, and droughts in the future due to climate
change. This is a non-parametric test and suitable for those data series where the trend
is assumed to be monotonic (i.e., the trend is continuously increasing or continuously
decreasing). The test was conducted on a significant level α: 0.05, meaning that there is a
5% probability that the values are from a random distribution, and with that probability,
it would be erroneous to reject the null hypothesis (Ho) of no trend. For prediction of the
magnitude of the true slope of hydro-climatic time series data, a non-parametric Sen’s slope
estimator [30] method was used.

3.3.3. Groundwater Flow Model Development

Water balance assessment was performed via calibration of the groundwater flow
model (i.e., MODFLOW 2005 [31]) from October 2010 to April 2014. A monthly water
balance was quantified. MODFLOW 2005 uses a continuity equation for water balance
(Equation (2)) and a finite difference scheme to solve it numerically:
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where h = hydraulic head; k = permeability; So = storativity; and Wo = source/sink

Model Conceptualisation and Discretisation

The conceptualisation of the various components of this hydro system is shown in
Figure 3. We considered a two-layered aquifer system. The top of Layer 1 is defined by
the surface topography obtained from NASA’s surface radar topography mission’s (SRTM)
digital elevation model (DEM), which was upscaled to the model grid. The top layer, which
extends from the surface to approximately 35 m, is an unconfined layer that includes the
Indus River, canals, drains, and shallow private tubewells. The thickness of Layer 2 is
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between 22 and 306 m, which varies based on the bottom of the aquifer as defined by
borelogs. This layer includes deep private tubewells, as well as deep scavenger tubewells,
which extract groundwater for disposal into drains. These layers also interact through
leakage between them.

∂∂x ൬𝑘௙௫ ∂h∂x൰ + ∂∂y ൬𝑘௙௬ ∂h∂y൰ + ∂∂z ൬𝑘௙௭ ∂h∂z൰ =  𝑆௢ ∂h∂t + 𝑊௢

Figure 3. Model conceptualisation and typical cross-section of the model. Red cells are pumping
cells, and green cells show river cells. Arrow shows the water balance components.

The sub-regional model of Sindh is bounded between 376,000 and 523,000 metres east
and between 2,872,000 and 3,078,000 metres north. The spatial grid of the model is 1000 m
(east) by 1000 m (north) size, with 206 rows and 147 columns. A monthly stress period
divided into three time steps was considered for temporal discretisation. The model was
calibrated from October 2010 to April 2014 to cover the Rabi and Kharif cropping seasons.
Then, the model was simulated through to 2047 for impact assessment of climate change
on the groundwater budget. Initial heads were assigned using the SMO dataset post-2015,
and point data were interpolated on the model grid using kriging interpolation.

Aquifer Parameterisation

Aquifer parameterisation was performed for two-layer conceptualisation. Based on
the material appearing in the borelogs, an initial value was assigned from the standard
values for the material, and then kriging interpolation was performed to generate the
gridded values. Based on the initial values, the distribution of conductivity and specific
yield values is generally higher throughout the study area. There is also a prominent low
value zone in the northeast section of the model which coincides with the outcrop areas.
Table 2 shows the ranges for the initial values of the parameters. Zonation and adjustment
were performed on these initial values during the calibration.

Table 2. Initial values of aquifer parameters assigned to the model.

Kh [m/d] Kh:Kv Depth [m] Sy [-] Ss [1/m]

Layer-1 21.5 to 33 100 35 0.12 to 0.16. 1.84 × 10−4 to 8.92 × 10−6

Layer-2 12 to 35 100 22–306 0.01 to 0.17 2.77 × 10−4 to 5.096 × 10−6

Initial and Boundary Conditions

Initial water levels were assigned based on the initial values for October 2010. Initial
water levels are generally shallow in the study area, particularly along the major canals.
Therefore, direct evapotranspiration (EVT) from groundwater is expected to be high. In
order to capture this phenomenon, evapotranspiration boundary condition based on extinc-
tion depth was applied. Monthly data was used for each stress period in the study area, and
temporal EVT rates obtained by multiplying potential EVT with crop coefficients were used
as a model input. In June and July, maximum EVT rates exceeded 300 mm per month, and
varied spatially, with highest values occurring from farm fields. The extinction depth was
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estimated by using 163 borelogs from the districts of Sukkur, Khairpur, Naushero Feroze,
and Shaheed Benazirabad and interpreting the near surface borelog. The extinction depths
assigned to each log were adopted from [32]. Major contributions to recharge are from
rainfall and irrigation, so a recharge boundary was assigned to quantify these. This was
estimated by aggregating recharge from rainfall, canal irrigation, and tubewell irrigation.
Basin and furrow irrigation methods are widely used for supplying water to wheat, cotton,
vegetable, fruit, and fodder crops during Rabi and Kharif seasons in the study area. The
irrigation water supply of the canal command area was estimated for the modelled area
on a monthly basis. Since surface irrigation methods are deemed to be 40 to 60 percent
efficient, it was estimated that 50 to 60 percent of irrigation water in the modelled area
contributed to the aquifer as recharge. The amount was adjusted spatially and temporally
during the calibration process. Based on the water supply, each grid cell was assigned
returns from irrigation for each monthly stress period.

The river and canals were taken as river boundary cells. The river and canal system
in the model is defined by segmenting the river and canal into reaches, such that each
reach resides in a single cell so that the area required for calculating conductance is taken
for each grid cell. The thickness of bed material (m) is assumed to be 1, with riverbed
conductivity included as a model calibration parameter. A similar approach was taken for
the drainage boundary.

Calibration

Calibration is a process of varying the quantity and spatial distribution of uncertain
model parameters within a probable range until a sufficient consistence of modelled and
measured data is achieved. The procedure involves adjusting aquifer hydraulic properties,
storage, boundary conditions, and system stresses (recharge, evaporation, river and canal–
aquifer interactions) such that the model is capable of simulating both spatial and temporal
responses. In this study, the strategy we adopted for calibration involved the following:

• In Step 1, we divided the aquifer into different zones based on the aquifer properties
in the area. Zones were defined based on interpretation of aquifer parameters, and
then units with similar properties were grouped.

• Each unit was assigned a zone number, in which a multiplier was used to adjust the
input parameter values.

• In Step 2, we divided the model domain into different recharge/discharge zones based
on irrigation divisions in the model domain. A multiplier was assigned for each
parameter to adjust the sink and source terms in each zone, including: (i) rainfall
recharge; (ii) irrigation recharge; (iii) evapotranspiration; and (iv) pumping.

• Fifty-nine observation wells were considered for calibration to compare the observed
versus simulated water heads. Model calibration was performed for 42 stress periods
from October 2010 to April 2014. The head measured in October 2010 (post-monsoon)
was taken as the initial head condition. Observed heads were arranged for the post-
and pre-monsoon season for each year from 2010 to 2014.

3.3.4. Scenario Assessment

Scenario assessment was performed to evaluate the impact of policy intervention to
ensure the sustainable use of groundwater in Sindh. The starting point for these scenarios
was the initial head conditions observed in October 2010. The following scenarios were
assessed to establish future management policy for sustainable use of groundwater:

• Scenario 1: Baseline/no change. This scenario assumes that pumping will remain
the same as for the calibrated model and is used as a base case to compare with
other scenarios.

• Scenario 2: 10% decrease in surface water supply. This scenario was developed in
consultation with SID to assist in understanding its impact on freshwater zones. In
this scenario, water supply in the early Kharif period (i.e., April to July) was reduced
by 10% of historical amounts.
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• Scenario 3: 10% increased pumping. In this scenario, pumping was increased from the
freshwater zone in the same early Kharif period to help identify threshold depth and
time scale of depletion, thus helping to set extraction limits for the freshwater lens.

• Scenario 4: 10% increased pumping and 10% decrease in water supply. In this scenario,
pumping was increased for freshwater zone while overall surface water supply was
decreased for the early Kharif period to depict a water shortage scenario.

• Scenario 5: Climate change scenarios. Two scenarios were created where water balance
assessment was performed using RCP 4.5 and RCP 8.5 time-series climatic predictions
input data.

4. Results
4.1. Regionalisation

Given the significant climate variability across Sindh, the province was divided into
five homogenous regions using the SKATER algorithm, drawing on two factors: the spatial
contiguity of the dataset, and similarity of key parameters, being the average annual
precipitation and PET. These five zones are shown in Figure 4a. Zone 1 (Central) covers
the Khairpur, Naushero Feroze, Shaheed Benazirabad, Sanghar, Hyderabad, Dadu, Tando
Allahyar, and Matiari districts. Zone 2 (South-Eastern) includes the desert districts of Umar
Kot, Badin, and Tharparkar. Zone 3 (Upper) includes districts with high temperatures
like Kashmore–Kandhkot, Jacobabad, Ghotki, Sukkur, Shikarpur, Larkana, and Qambar
Shahdadkot. Zone 4 (South-Western) contains the districts of Sujawal, Thatta, and lower
parts of Karachi. Zone 5 (West) includes Jamshoro and upper parts of the Karachi district.
The following sections provide the statistical analysis of spatiotemporal variability for the
two climate parameters. The focus of the study is on the intensively cultivated areas of
northern Rohri, which includes the Central and Upper Zones (1 and 3).

4.2. Spatiotemporal Precipitation Trends for Northern Rohri CCA

Tables for precipitation trend analysis results are provided as Supplementary Material.
The analysis shows future precipitation increasing in the south-eastern Zone 2 for both
RCP scenarios, especially in the Tharparkar district. Our study area of interest (AOI), the
Northern Rohri CCA, shows a non-significant increasing trend of precipitation in both
scenarios. The RCP 4.5 scenario analysis for Zones 1 and 3, wherein our study area is
located, reveals that maximum average precipitation (mm/day) and standard deviations
are high for the months of July, August, and September, especially for Zone 1 (the southern
areas of our study area). The Mann–Kendall (MK) monthly precipitation trends for both
these zones show an increasing trend for March and for September to December and a
decreasing trend for other months. There is a significantly decreasing trend early in the
monsoon period (July and July) for both zones, which suggests a delay in the monsoon
period that historically occurs from June to September towards the months of August to
October. Sen’s slope (Q) analysis shows the magnitude of the trends in mm/year, which
for both zones are significantly negative for June to August, but positive for September
to November. According to the RCP 8.5 high emission scenario analysis, the maximum
average precipitation and standard deviations are again high in both Zones 1 and 3 for
the months of August and September, and mostly higher than for the RCP 4.5 scenario.
The Mann–Kendall monthly precipitation trends show an increasing trend for a longer
period from January through to March as well as for September to December for both
zones. The trend for the RCP 8.5 scenario again suggests a delay in the monsoon with
a significantly decreasing trend in participation for June and July, coupled with a highly
significant increase in future winter precipitation. Sen’s slope (Q) analysis reveals that
the magnitude of precipitation trend in the first five months of the year is approximately
zero, significantly negative for June to August, and significantly positive for September
to December.
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Figure 4. (a) Climate zones produced after running the SKATER algorithm; (b) spatiotemporal
pattern of precipitation (mm); (c) spatiotemporal pattern of potential evapotranspiration. AOI refers
to the Northern Rohri CCA as our area of interest and is replicated across all maps.

4.3. Spatiotemporal Potential Evapotranspiration Trends (PET) for Northern Rohri CCA

After calculating PET using Blaney Criddle’s equation, the spatiotemporal trends for
Sindh were analysed. Tables for PET trend analysis results are provided as Supplementary
Material. Significantly increasing PET trends are observed in Zone 3 for all three future
periods shown, and a generally increasing trend is observed for our study area under both
scenarios. Under the RCP 4.5 scenario, the PET trends for Zones 1 and 3 greatly increased
over time in summer, while they decreased during winter months. The Mann–Kendall
(Z) and Sen’s slope (Q) analyses both show negative PET trends from March to May for
both zones.

Under the RCP 8.5 scenario, PET is at its maximum in June and July, with a high
increase in PET across the summer months. The Mann–Kendall and Sen’s slope analyses
reveal negative trends for just two months (March and April), with a highly increasing PET
trend for all remaining months.

4.4. Groundwater Model Calibration

Figure 5 shows spatial calibration for 59 observation points obtained at the end of
the model calibration period (April 2014). At the end of the model calibration, most (39)
piezometers in the study area showed a low residual value (i.e., a difference between the
observed and the simulated water levels) in the range of 0–1 m, with 20 having a higher
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residual, mostly located towards the northern end (18 in the range of 1–2 m, and two
greater than 2 m). A root mean square value of 0.82 and absolute mean error of 0.62 m
were obtained, suggesting an acceptable calibration of the simulated water levels over the
model domain.

Figure 5. Calibration statistics.

The observed levels during the calibration in each irrigation division showed ground-
water level declines in response to pumping as well as recovery following monsoonal
rainfall recharge. Almost all pumping in the model domain is from the shallow (Layer 1)
watertables that had developed due to rainfall, canal seepage, and irrigation return flows.
These shallow freshwater lenses provide an opportunity for farmers to extract groundwater
for irrigation. The bore responses show that water levels are either stable or declining
by less than 1 m during the calibration period (October 2010 to April 2014). This result
is reassuring given that approximately 3 BCM of groundwater is used annually in this
area by farmers as supplementary irrigation when surface water supplies are inadequate.
However, improved monitoring is required in areas with declining water levels to ensure
the water quality of the freshwater lens does not decline at current extraction rates. Access
to this groundwater allows farmers to maintain crop productivity and is an important
supplementary source safeguarding their livelihoods.
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4.5. Modelled Water Balance

The modelled water balance we undertook for Layers 1 and 2 for the period 2010 to
2014 confirms that the major inflow to Layer 1 is recharge (3.943 BCM) followed by an
upward flow from Layer 2 (2.051 BCM), with the Indus contributing 1.16 BCM. Recharge
from the Indus has been curtailed in recent times due to the construction of levies to
control flooding during high flows, and significant upstream diversions. In its natural state,
the Indus would have more frequently breached its banks during monsoon floods. The
reduced recharge from the river has now been supplemented by increased recharge from
canal seepage and irrigation. Significant outflows from Layer 1 are a result of pumped
extractions (2.942 BCM) and the downward flow of groundwater to Layer 2 (2.48 BCM).
The overall movement of water between Layers 1 and 2 indicates that Layer 1 is, on balance,
contributing to inflows to Layer 2. It is important to ensure that an overall reversal of
these gradient flows does not occur as this would lead to salinity transport from the lower
layer to the upper layer, with the increased salinity in the upper layer likely to reduce crop
productivity and thus undermine farming family livelihoods. The other significant loss
from the top layer is through evapotranspiration (1.606 BCM), indicating the prevalence of
shallow watertables in the model area.

In addition to the downward inflows to Layer 2 from Layer 1, there is a small amount
of Layer 2 recharge occurring near the Kirther formation outcrop in the Khairpur district.
However, the largest outflows from Layer 2 are actually upward flows to Layer 1, indicating
that, in some areas of the model, groundwater pumping has become so significant that
gradients between the layers may have reversed and an upward flow is occurring. This
will need to be managed to avoid upward transport of deeper dissolved salts, reducing the
useability of freshwater lenses in the upper layer. The other major outflow from Layer 2
involves boundary outflows (0.859 BCM) along the model’s eastern boundary towards the
Thar Desert. There is also a small amount of pumping by SCARP tubewells from Layer
2 (0.307 BCM) which is used for vertical drainage. This is where groundwater from the
deeper layer is pumped into drainage channels so that the saline water can be removed via
the Left Bank Outfall Drain (LBOD) to the sea.

4.6. Modelled Water Balance for the Longer-Term Scenario

The water balance for the scenarios based on historical climatic cycles is presented in
Table 3. All values are in BCM and are averaged over the 32 years of simulation. In the
baseline scenario, the two major components of the water balance inflows are recharge
from irrigation and river/canal leakages (4.282 BCM). The major outflow is from wells
(3.619 BCM) and evapotranspiration (1.754 BCM). The net loss for the baseline scenario
is −1.244 BCM, which is equivalent to a 73 mm/year decline in average water levels.
Reducing canal supplies by 10% during early Kharif (Scenario 2) will not have a significant
change in the average groundwater recharge over the simulation period as compared
with the baseline scenario. Net storage will only decrease slightly from −1.244 (baseline)
to −1.343 BCM (Scenario 2). The 10% increase in pumping scenario will reduce net
storage from −1.244 to −1.436 BCM, which represents an almost 15% decline in net storage
compared with the baseline scenario. If both a 10% increase in pumping and 10% decrease
in recharge were to take place simultaneously (Scenario 4), then the net loss in storage for
the model increases from −1.244 (baseline) to −1.535 BCM, which is equivalent to a decline
in water levels of 90 mm per year.

Under the climate change scenarios RCP 4.5 and RCP 8.5, the net loss in storage
increases substantially to −2.815 and −2.214 BCM, respectively. This outcome results from
the projected lower rainfall and higher temperatures, which would drive higher evapotran-
spiration, especially in the RCP 8.5 scenario. The recharge in the system decreases from
3.944 BCM to 3.769 (for RCP 4.5) and 3.732 BCM (for RCP 8.5) compared with the baseline
scenario. In response to high projected temperatures, outflow due to evapotranspiration is
seen to increase by approximately 36–38% in RCP 4.5 and RCP 8.5 scenarios compared with
the baseline scenario. All other water balance terms remain unchanged, except drainage
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outflows, which reduce from 0.47 (baseline) to 0.27 (RCP 4.5 and 8.5) due to a lowering of
the watertables from higher rates of evapotranspiration.

Table 3. Water balance assessments for Scenario 1 (baseline); Scenario 2 (10% reduced canal supplies);
Scenario 3 (10% increased pumping); Scenario 4 (10% reduced canal supplies and 10% increased
pumping); and the RCP 4.5 and RCP 8.5 climate change scenarios. All values are in BCM and
averaged over the simulation period.

Inflows Calibrated Scenario 1 Scenario 2 Scenario 3 Scenario 4 RCP 4.5 RCP 8.5

Boundary 0.071 0.077 0.079 0.079 0.081 0.128 0.131

Wells 0 0 0 0 0 0 0

Drains 0 0 0 0 0 0 0

River Leakage 1.16 1.094 1.096 1.099 1.101 1.153 1.16

ET 0 0 0 0 0 0 0

Recharge 3.944 4.282 4.162 4.282 4.162 3.769 3.732

Total Inflows 5.175 5.453 5.337 5.46 5.344 5.049 5.023

Outflows Calibrated Scenario 1 Scenario 2 Scenario 3 Scenario 4 RCP 4.5 RCP 8.5

Boundary 0.859 0.972 0.965 0.969 0.962 0.837 0.831

Wells 3.25 3.619 3.619 3.826 3.826 3.619 3.619

Drains 0.467 0.294 0.285 0.289 0.28 0.271 0.27

River Leakage 0.033 0.059 0.058 0.059 0.058 0.05 0.049

ET 1.606 1.754 1.754 1.754 1.754 2.458 2.468

Recharge 0 0 0 0 0 0 0

Total Outflows 6.215 6.697 6.68 6.897 6.879 7.234 7.237

Net −1.04 −1.244 −1.343 −1.437 −1.535 −2.185 −2.214

4.7. Water Level Assessment under Different Scenarios

The spatial distribution of groundwater depths for the calibrated model and vari-
ous scenarios is shown in Figure 6, with modelled temporal trends in watertable levels
for selected piezometers shown in Figure 7. Depth to water (DTW) levels are divided
into categories: waterlogged (dark blue in Figure 6); shallow watertables (0–1.5 m and
1.5–3.0 m—lighter blue); moderate water levels (3.0–10 m—yellow and orange); and deep
water levels (>10 m—pink and red). For 2015, across all canal command areas, DTW is in
the shallow or moderate watertable category. Shallow watertables can be seen at the head
and mid reaches of distributaries, whereas DTW falls to moderate levels at the tail reaches,
especially for canal command areas near the Indus River. This is because tail reaches near
the Indus River comprise areas with more substantial reserves of non-saline groundwater
that is extensively used for irrigation. DTW levels in non-irrigated areas are deeper as
these areas are distanced away from where most of the recharge occurs (i.e., from irrigation
return flows, canal leakage, and river inflows). In non-irrigated areas, the only source of
recharge is from surrounding boundaries or from precipitation, which is minimal. For the
baseline scenario, DTW levels by 2047 in the Khairpur East (KE) irrigation division are
expected to change from moderate to deep, indicating declining trends. Most of KE will
have DTW levels between 10 and 15 m, except the riverine area, which will maintain its
moderate water levels. Such a large decline in DTW levels will deteriorate groundwater
quality significantly. It is worth noting, however, that, in the simulation, the extent of
groundwater extraction was not constrained. Realistically, farmers will stop pumping
groundwater when its quality makes it unusable. If farmers continue pumping beyond this
limit due to water shortages, then the resulting increased accumulation of salts in the root
zone will have an adverse impact on agriculture land and productivity.
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Figure 6. Spatial distribution of depth to groundwater level from top of natural surface in 2015 for:
(a) depth to water level in 2015 for calibrated model; and in 2047 for (b) baseline scenario; (c) 10%
decrease surface water supplies; (d) 10% increase in pumping; (e) increase in pumping and 10%
decrease surface water supplies; (f) RCP 4.5; (g) RCP 8.5.
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Figure 7. Simulated heads [mMSL] for selected monitoring points. The locations of these points are
shown in Figure 1.

Climate change scenarios also showed lowering trends for DTW, but the gradient of
decline was less constant (see purple and brown lines in Figure 7). For two monitoring
locations (SK-152 and NC-094), the DTW trends over time sometimes increased but mostly
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decreased, with the DTW in 2047 ending up similar to that for the baseline scenario. For
two other monitoring locations (B-39 in the north and SK-223 in the south), the gradient
diverges from that of the baseline scenario after the year 2028, showing a less pronounced
decline, and DTW for the climate change scenarios, ending up 5 m higher than for the
baseline scenario. One monitoring location in Nasrat irrigation division (NC-144) revealed
a reverse trend, with DTW ending up at a higher level for all scenarios due to very low
groundwater extractions at that location, an area of flat topography. This trend indicates
that drainage will play an important role in such areas to minimise waterlogging from
rising watertables and thus maintain agricultural productivity.

5. Discussion

Given climate variability in Sindh, the region was divided into five contiguous zones
using the SKATER algorithm technique based on two climate parameters: precipitation
and potential evapotranspiration. Analysis of the zones generated for the Northern Rohri
CCA showed a negative trend for monsoon precipitation for both RCP 4.5 and RCP 8.5 cli-
mate scenarios and a delay in monsoon occurrence. Potential evapotranspiration showed
a decreasing trend in winter season and a significantly increasing trend in summer in
both scenarios.

The groundwater budget for the Norther Rohri CCA model indicated that river–
aquifer connectivity, canal recharge, evapotranspiration, and groundwater pumping for
irrigation were significant components for the upper layer of the aquifer, and, for the
lower layer, interlayer leakage and pumping of saline water are important considerations.
The results showed that the net loss in storage over the simulation period from October
2010 to April 2014 was −1.04 BCM/year. The net decline in storage in Layer 1 was
−0.374 BCM and −0.665 in Layer 2. The sustainable yield was estimated at 3 ± 0.3 BCM to
allow for adaptive management during times of drought and inadequate surface supplies
and to safeguard livelihoods. For the RCP 4.5 scenario, the net loss in storage over the
simulation period for 2010–2047 was −2.185 BCM/year (compared with −1.04 BCM/year
for the baseline scenario). The net decline in storage was −0.625 BCM/year in Layer 1
and −1.558 BCM/year in Layer 2. For the RCP 8.5 scenario, the net loss in storage over
the simulation period (2010–2047) was −2.214 BCM/year as compared with the baseline
scenario (−1.04 BCM/year).

Groundwater level trends show an overall declining trend. This is concerning given
that the freshwater lens in Sindh is a few metres thick and overlies deeper saline ground-
water. A lack of access to groundwater in the future will force farmers to reduce cropping
intensity with consequent adverse impacts on food security and the need to increase food
imports. Continued use of groundwater in this environment will need to be accompanied
by investments in water productivity to minimise adverse impacts of waterlogging and
salinisation, and to preserve the freshwater lenses for the future of groundwater irrigation
in Sindh. As climatic conditions become more challenging, management rules will be
needed for pumping from the freshwater zones in the upper layer to avoid salinisation of
the aquifer.

Our regionalised analysis, as exemplified by the Norther Rohri CCA groundwater
model and budget, also provides implications for strategies that can be adopted to achieve
the above-referred measures needed to secure groundwater yields that are sustainable and
to avoid waterlogging and salinisation. This is the first time an estimate of sustainable yield
has been made for this important agricultural region of Sindh and this will provide the
irrigation authorities with guidance on groundwater planning, which in the past has largely
been ignored. Our approach has led to recommendations that groundwater management
strategies be developed at regional (irrigation division) scales [33,34], drawing on similar
strategies adopted in Australia. In Australia, long-term sustainable yields are determined
for specific groundwater management areas through agreement with users [35,36]. These
area-specific sustainable yields can be revised after 5 to 10 years of application according to
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agreements that have been made with groundwater users, or in response to droughts or
increased development of groundwater use in the management area.

Such a regionalised process could be developed for groundwater management areas
in Sindh, which would rely on having revised and improved groundwater models in place.
These would enable SID, as the manager of these water resources, to develop an improved
understanding of risks to groundwater from overexploitation and salinity intrusion, as
well as to support SID’s capacity to meet objectives of both the National and Sindh Water
Policies. The importance that the National Water Policy has placed on groundwater will
require significant investment in building capacity within SID to improve management
of groundwater. With effective stakeholder engagement, this will ensure an equitable
framework can be developed for sustainable management of groundwater [36,37].

Setting an allocation limit based on an assessment of sustainable yield does not
necessarily mean hotspots will not occur, particularly in groundwater systems in the LIB.
With increasing pressures on groundwater resources, resource managers recognise that
despite an overall sustainable yield for a groundwater management area, localised areas of
declining groundwater levels and quality would require water level response management,
especially for systems nearing full allocation [35]. Future management of groundwater in
the Indus Basin will thus require improved strategies focused on hotspots where sustainable
future use of groundwater is critical.

The model simulated declining groundwater levels across all five SID divisions that
traverse the area. Expansion of groundwater abstractions in all divisions except Nasrat
should be monitored meticulously, with allocation limits adopted in consultation with
users to manage hotspots and to ensure groundwater availability with suitable quality is
maintained for future users. Most of the Nasrat division has poor groundwater quality, so
the likelihood of additional pumping is low. However, shallow watertable management
may be required to limit the spread of waterlogging and salinity. This could be achieved
by adopting crops that use less water, improving irrigation management practices, and
land management. Systematic monitoring of groundwater in the Northern Rohri CCA is
essential to allow irrigation agencies and farming communities to improve the management
of groundwater and to allow model extension to account for the increased number of
tubewells and ensure the robustness of calibration.

6. Conclusions

The canal command areas supplied from the left bank of the Sukkur Barrage is con-
sidered the food basket for the people of Sindh province. Farmers across these areas add
substantially to the provincial and national economy through their agricultural activities
while also supporting the livelihoods of their families by making good use of the human,
land, and water resources available to them. It is important, therefore, that use of these
resources is managed sustainably, especially given the projected impacts of climate change,
which is expected to be felt especially severely by Pakistan [11]. Our above regional assess-
ment of the impacts from climate change and other factors on groundwater offers tangible
benefits for planning and managing the resource for the Northern Rohri CCA in particular.
Based on the assessment, it can be concluded that Sindh can be divided into five zones
for future climate change assessment. In Upper Sindh and Central Sindh, there will be
no significant changes in precipitation but evapotranspiration will increase. This increase
will affect the groundwater use zones in the area. In order to sustain the groundwater
resources of the Northern Rohri CCA, which is the most important groundwater extraction
zone, a sustainable yield would need to be no greater than 3 ± (0.3) BCM. In order to
sustain agriculture land in shallow zones, we recommend that an allowance of 10% of the
sustainable yield (0.3 BCM) would allow farmers to increase extraction during drought
years, which could then be replenished when rainfall and surface water flows increase. As
the impacts of climatic change intensify, groundwater managers will need to collaborate
with users to modify how much is pumped from upper-level freshwater zones to avoid
increased salinisation of the aquifer.
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Abstract: Predictive weather-based models are widely used to schedule irrigation through the
estimation of crop evapotranspiration. However, perceiving real-time crop water requirements
remains a challenge. This research aims at field validating and exploiting a low-cost IoT soil moisture
tensiometer prototype to consequently compare weather-based irrigation to soil water moisture-
based irrigation in terms of yield and crop water productivity. The prototype is based on the ESP32
microcontroller and BMP180 barometric sensor. When compared to a mechanical tensiometer, the
IoT prototype proved its accuracy, registering an average R2 equal to 0.8 and an RMSE range of
4.25–7.1 kPa. In a second step, the irrigation of a Romaine lettuce field (Lactuca sativa L.) cultivated
under a drip system was managed according to two different scenarios: (1) using the data feed
from the IoT tensiometers, irrigation was performed to keep the soil water potential between −15
and −25 kPa; (2) using the data provided by the in-situ weather station to estimate the crop water
requirements. When comparing the yield, no significant difference was registered between the two
scenarios. However, the water productivity was significantly higher, registering a 36.44% increment
in scenario 1. The experiment highlights the water-saving potential achievable through real-time
monitoring of soil moisture conditions. Since it is a low-cost device (82.20 USD), the introduced
prototype facilitates deploying and managing a fleet of sensors for soil water potential live mapping.

Keywords: precision irrigation; agriculture water management; water productivity; IoT Irrigation;
ESP32; sensors

1. Introduction

Water is fundamental for our existence. Although it covers 71% of the planet, only
2.5% is fresh water, out of which only 1% is accessible [1]. Thus, mismanagement is a luxury
that cannot be afforded. Moreover, the combination of population growth and climate
change is placing additional stress on the already limited water resources, particularly in
the Mediterranean region and Eurasia. This is affecting livelihoods, food security, economic
development, and even social stability [2].

On a global scale, 70% of freshwater consumption is attributed to irrigated agriculture,
which serves as the main cause and causality of water scarcity [3,4]. Consequently, there is
a significant need to prioritize and improve on-farm irrigation management to effectively
address such challenges.

Precision irrigation stands as a cornerstone for advancing agricultural sustainability.
By leveraging technologies like soil moisture sensors, weather data, and automated irriga-
tion systems, it enables farmers to deliver water precisely where and when it is needed [5].
This targeted approach conserves water resources and mitigates the strain on increasingly
scarce water supplies. Furthermore, precision irrigation allows for the optimization of nu-
trient delivery, thus reducing excess runoff and minimizing the risk of water pollution. This
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practice not only enhances crop health and yields but also supports the long-term resilience
of the soil, which is crucial for sustainable agriculture [6]. Overall, precision irrigation is a
key strategy for promoting agricultural sustainability, ensuring that agriculture can meet
the growing global demand for food while minimizing its environmental impact. Yet, the
lack of affordable and dependable data monitoring systems poses a major barrier to such
potential enhancements [7]. Considering the spatially variable and stochastic nature of
agricultural systems, it becomes imperative to have access to cost-effective and energy-
efficient data acquisition systems. Such systems could play a major role in more accurate
scheduling, monitoring, and assessment of irrigation activities [8].

This research work aims to (i) field validate a low-cost prototype DIY soil moisture
tensiometer and (ii) exploit its use by comparing soil moisture-based irrigation management
to weather-based irrigation management in terms of yield and water productivity.

2. Materials and Methods
2.1. Irrigation Scheduling

Irrigation scheduling directly impacts water use efficiency as it involves making
decisions regarding the timing and quantity of water application to the field [9]. To
efficiently schedule irrigation events, one must comprehend the dynamics of the plant
water continuum, which is influenced by the interaction between weather conditions, soil
characteristics, and plant physiology, usually referred to as SPAC (Soil-Plant-Atmosphere-
Continuum) [10]. Hence, the criteria on which irrigation scheduling approaches are based
are divided into (i) weather-based scheduling, (ii) soil moisture-based scheduling, and
(iii) plant status-based scheduling.

Coupled with the rapid development of solid-state sensors and cloud platform-based
services, monitoring systems could be integrated into the three aforementioned approaches.
In the next section, the first two main approaches and their comparisons in relation to
monitoring systems will be briefly presented.

It is worth mentioning that other factors could impact the actual implementation of
an irrigation schedule outside the SPAC [11], such as the water supply routine, existing
irrigation infrastructure, irrigator preferences based on social behavior patterns, fertigation
and leaching requirements, . . . etc. Yet, this study is based on on-farm irrigation events that
target the full satisfaction of plant water requirements using an on-demand, supplied drip
irrigation system.

2.1.1. Weather Conditions Based Scheduling

It implies estimating reference evapotranspiration (ET0) using measured weather
parameters for a well-irrigated theoretical Alfalfa grass with a height of 12 cm, settled and
immovable plane resistance of 70 s m−1 and an albedo of 0.23, vigorously rising, effectively
watered, and entirely covering the land [12]. Several models were developed to estimate
ETc. One of the most used models is the FAO 56—Penman–Monteith [12–14] (Equation (1)).

ET0 =
0.408∆(Rn − G) + γ 900

T+273 u2(es − ea)

∆+ γ (1 + 0.34u2)
πr2 (1)

where ET0 is the reference evapotranspiration (mm day−1), Rn is the net radiation at
the crop surface (MJ m−2 day−1), G is the soil heat flux density (MJ m−2 day−1), T is
the air temperature at 2 m height (◦C), u2 is the wind speed at 2 m height (m s−1), es is
the saturation vapor pressure (kPa), ea is the actual vapor pressure (kPa), es − ea is the
saturation vapor pressure deficit (kPa), ∆ is the slope vapor pressure curve (kPa ◦C−1), and
γ is the psychrometric constant (kPa ◦C−1).

Once ET0 is estimated, it must be corrected using an empirical factor to represent
the crop evapotranspiration (ETc) (mm day−1) relative to ET0 at each growth stage (crop
coefficient Kc) where:

ETc = ET0. Kc (2)
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ETc represents the potential crop evapotranspiration, i.e., the crop water requirement.
The objective of an efficient irrigation schedule based on this model is to replenish ETc
as readily available water (RAW) to be taken by the plant’s effective root zone while
minimizing the water losses that may occur along the distribution system. This could be
represented by Equation (3) [15]:

RAW = MAD .
(

θ f c − θpwp

)
. Dr . 10 (3)

where MAD is the management allowed depletion (the fraction of total available water
that is allowed to be depleted before the next event), θfc is volumetric water content at field
capacity (cm3 · cm−3), θpwp is volumetric water content at the permanent wilting point
(cm3 · cm−3), and Dr is the effective root zone depth in cm. RAW is expressed in mm.

Automated weather monitoring was one of the earliest systems to be integrated
into irrigation management [16]. Currently, wireless weather stations are commercially
available and equipped with sensors capable of measuring all the parameters mentioned in
Equation (1) and automating ET0 calculations using variable transmission protocols.

Yet, the main uncertainty of this method stems from the agronomic inputs needed to
simulate crop evapotranspiration, mainly the estimation of Kc and yield response to stresses
represented by the stress coefficient Ks [17]. Estimating Kc for crops is a complicated process
that requires estimating the crop’s ETc using well-irrigated lysimeters and back-calculating
Kc relative to ET0 [18]. As it is not a feasible task for the majority of irrigators, Kc is usually
assumed from pre-defined values that could be found in the literature for similar climatic
zones and various crops [12,19,20]. Another significant challenge arises from the daily
variation of Kc values, which can change as crops grow and their leaf area expands [21,22].

An additional important point to consider when scheduling irrigation based on
weather conditions is the time frame of the weather data used to estimate ET0. Two
main methods are found in the literature:

1. Predictive weather-based models that use a probabilistic approach to generate a
representative set from historical recorded data for the targeted period consider dry
years re-occurrence with a certain predefined probability. In this case, the generated
schedule should be adjusted while being implemented based on daily data, especially
rain fall events [23–26].

2. Near-real-time weather-based models that use short forecasting for daily estimations
of ET0 to automate irrigation events accordingly [27].

In conclusion, accurate implementation of ET-based irrigation scheduling on a com-
mercial basis can prove challenging for growers, even if a more accurate estimation of Kc is
provided. The process involves retrieving daily ET0 values from a representative weather
station installed in a location with certain standard specifications [28]. Such limitations
drive farmers towards using publicly available ET0 coupled with predefined Kc from the
literature, usually leading to overirrigation [21].

2.1.2. Soil Moisture Based Scheduling

When managing irrigation events, farmers tend to rely on experience by sensing the
soil using their bare hands to judge its moisture condition based on its texture, structure, and
wetness. This judgment intuition could be described scientifically by two main terms: (i) soil
moisture content and (ii) soil water matric potential [29]. The first describes the amount
of water stored in the soil relative to its dry mass in volumetric or gravimetric terms. The
second is the energy that plant roots need to exert to draw water from the soil, or the forces
exerted by the soil matrix to hold the water, usually measured by tensiometers [30]. Soil
moisture condition sensors are commercially available for measuring both soil volumetric
water content and soil water matrix potential. A comprehensive review of the most
commonly used sensors and their working concepts can be found in [31].

Monitoring soil water potential is crucial for effective irrigation management as it
provides more accurate information about the availability of water to plants and their
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ability to extract it from the soil. While soil water content indicates the amount of water
present in the soil, regardless of the plant’s ability to access that water [32].

Soil moisture tensiometers are one of the earliest and most widely adopted devices for
measuring soil water potential. They consist of a porous cup and a vacuum gauge for mea-
suring the equivalent negative pressure or water tension in unsaturated soils [33]. Unlike
soil water content sensors, tensiometers are not sensitive to variations in soil texture [34],
so they do not require prior calibration to be used for determining the matric potential at
the current moment. Yet, it is important to couple soil water content readings with soil
water potential monitoring to avoid over-irrigation, as tensiometers are inaccurate under
high tensions (−80 to −100 kPa), especially in fine-textured soils [30].

Soil water potential (SWP) could be described as follows:

ψ = ψm +ψo +ψp +ψg (4)

where ψ (kPa) is the potential energy per unit mass, volume, or weight of water and the
sub-scripts m, o, p, and g are the matric, osmotic, pressure, and gravitational potentials,
respectively [35].

Irrigation scheduling based on soil water potential, typically obtained through soil
moisture tensiometers, is a practical and profound approach to ensuring efficient and
rational use of water resources in irrigated agriculture [36,37]. It implies defining a soil
water potential threshold—or a comfortable zone—for a specific crop below which the
plant begins to suffer [38]. A lot of predefined thresholds could be found in the literature
for various crops [30,35,38–48].

Several studies reported potential improvements in water productivity when switch-
ing to soil water-based irrigation compared to other irrigation approaches [49]. However,
few have compared soil water potential-based irrigation to the FAO method of estimating
crop water requirements [12] or any other weather-based irrigation approach. Smajstrla
and Locascio [50] Smajstrla and Locascio compared irrigation scheduling based on pan
evaporation to soil water potential-based scheduling using tensiometers under tomato
drip cultivation. Water productivity increased by 40 and 50% when soil water potential
was kept at −10 and −15 kPa, respectively, compared to the pan-evaporation-based field.
Also, in a tomato drip-irrigated field, [51] compared soil water potential-based irrigation
management using two thresholds (−10 kPa and −15 kPa) to conventional farmer practices.
The results showed up to 73% of potential water reduction when irrigation was based on
the soil water potential with minimal impact on yield. In Green houses, Buttaro, et al. [52]
reported water savings of 35% and 45% for tomato and cucumber, respectively, when set-
ting an irrigation schedule based on tension threshold ranges of −10 to −40 kPa for tomato
and −10 to −30 kPa for cucumber. Yang, et al. [53] reported an improvement of 43.1%
to 50.3% in water productivity when switching to soil water potential-based irrigation
management under rice cultivation, where the SWP was kept at −15 kPa.

2.2. Experimental Layout

The experiment was conducted in CIHEAM Bari’s experimental field located in Valen-
zano, Puglia region, South of Italy (41◦2′40.3872′′ N, 16◦53′3.8364′′ E), during the period
April–June 2023, under transplanted Romaine lettuce (Lactuca sativa L.).

The designed area was 15 m × 9 m divided into two plots, 7.5 m × 9 m each. Both plots
were equipped with a drip irrigation system where the distance between lines was 1 m and
the distance between the drippers (plants) was 0.25 m. Drippers were self-compensating
with a designed flow rate of 2 L/h. All 16 mm laterals feeding the drippers were equipped
with small butterfly valves to ensure precise control of each dripper line, an important
design feature as the irrigation schedule will be different from one plot to the next. Figure 1
shows the experimental layout.
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Figure 1. Layout of the irrigation network and the experimental field.

The first plot (Control) was irrigated according to the potential evapotranspiration 
derived from a weather station adjacent to the field using Penman–Monteith (Equation 
(1)) and adjusted using crop coefficients at variable growth stages based on FAO 56 [12] 
to calculate the potential crop water requirement as explained in Equation (2). Other ag-
ronomic and soil parameters are needed to simulate lettuce growth in the identified loca-
tion. Table 1 summarizes all parameters used to generate the irrigation schedule, along 
with their sources and whether they were estimated or lab-measured. To facilitate the cal-
culation process, Aquacrop [54] was used to generate the irrigation schedule.

Irrigation management for this plot was implemented according to the generated ir-
rigation schedule; however, the daily gross irrigation requirement was adjusted according 
to the measured daily rainfall during the season to avoid over-irrigation. All amounts of 
water supplied to the plot during the season were recorded using the water flowmeter 
installed upstream of the network.

Table 1. Climate, crop, management, and soil parameters are used to generate the weather-based 
irrigation schedule.
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Figure 1. Layout of the irrigation network and the experimental field.

The first plot (Control) was irrigated according to the potential evapotranspiration
derived from a weather station adjacent to the field using Penman–Monteith (Equation (1))
and adjusted using crop coefficients at variable growth stages based on FAO 56 [12] to
calculate the potential crop water requirement as explained in Equation (2). Other agro-
nomic and soil parameters are needed to simulate lettuce growth in the identified location.
Table 1 summarizes all parameters used to generate the irrigation schedule, along with
their sources and whether they were estimated or lab-measured. To facilitate the calculation
process, Aquacrop [54] was used to generate the irrigation schedule.

Table 1. Climate, crop, management, and soil parameters are used to generate the weather-based
irrigation schedule.

Parameter Reference/Source

Climate

Rainfall (mm)
Daily data for the past 3 years was provided from the weather
station situated close to the field at CIHEAM Bari

Evapotranspiration (mm)

Minimum and Maximum Temperature (◦C)

Mean annual CO2 concentration (ppm) MaunaLoa.CO2 file from Aquacrop data base

Crop

Calendar Growing period From 21 April to 21 June 2023

Crop

Description Display crop parameters: Full set

Mode Mode in: Growing Degree Days

Development

• Initial canopy cover: 2.25%
• Type of planting method: Transplanting
• Maximum canopy cover: 60 days after transplant [55]
• Root deepening: Shallow rooted crop (max 0.30 m)
• Canopy growth coefficient (CGC): 15%/days

Fertility stress
Not considered

Salinity and cold stress

Temperature
• Base temperature for crop development: 7 ◦C
• Upper temperature for crop development: 30 ◦C [55]

Water

• Canopy expansion: Moderately tolerant to water stress
• Upper threshold for canopy expansion: 0.25
• Lower threshold for canopy expansion: 0.55
• Shape factor for stress coefficient of canopy expansion: 3
• Stomatal closure: Moderately sensitive to water stress
• Upper threshold for canopy expansion: 0.50
• Shape factor for stress coefficient for stomatal closure: 3 [55]
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Table 1. Cont.

Parameter Reference/Source

Crop Crop Type

• Annuals: Leafy vegetable
crops

• Type of photosynthetic
pathways: C3 crop

From the FAO irrigation
and drainage paper No. 56
“Crop evapotranspiration”

Management
Irrigation

Mode Generation of irrigation schedule

Chosen by user preferences

Irrigation method
• Drip irrigation
• Percentage of soil surface

wetted: 30%

Time and depth criteria

• Time criteria: Allowable
depletion (20% of RAW)

• Depth criteria: Back to field
capacity

• Irrigation water quality
(Excellent)

Field None

Soil
Soil profile

Characteristic of soil
horizons

• Description: Silt loam (clay
17.25%, silt 59.25%, sand
23.5%)

• Thickness: 1.20 m
• TAW: 130 mm/m
• PWP: 13 vol %
• FC: 26.0 vol %
• SAT: 46 vol %
• Hydraulic conductivity:

150 mm/day

Measured through a soil
texture and structure
analysis performed in the
CIHEAM Bari soil lab

Groundwater None

Irrigation management for this plot was implemented according to the generated
irrigation schedule; however, the daily gross irrigation requirement was adjusted according
to the measured daily rainfall during the season to avoid over-irrigation. All amounts of
water supplied to the plot during the season were recorded using the water flowmeter
installed upstream of the network.

On the other hand, the second plot was irrigated on demand using the data feed from
three IoT soil moisture tensiometers developed by CIHEAMs Bari digital agriculture lab [33].
They measure the soil moisture and plot it on a cloud service platform (ThingSpeak™).
ThingSpeak is a cloud-based IoT analytics platform service that enables the aggregation,
visualization, and analysis of real-time data streams [56]. It was integrated into the IoT
prototypes to visualize the data by linking a designated channel as a client using its
identification number (ID) to receive strings from the devices (IoT tensiometers) identified
by their internet protocol (Ips).

The three IoT prototypes were placed diagonally in rows no. 2, 5, and 8 at 15 cm depth
(Figure 1). This depth was identified according to [57], as the ceramic cup was placed at half
of the expected root zone during the season. In each measuring point, another conventional
tensiometer with a mechanical manometer (JET FILL 2725) was added alongside the IoT
one at the same depth (Figure 2). This was carried out to validate the developed IoT
prototype and ensure its reliability.
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Figure 2. IoT and mechanical tensiometers as installed in the field.

2.3. Design and Development of the IoT Soil Moisture Tensiometer Prototype
The IoT-tensiometer integrates an isolated BMP180 barometric pressure sensor posi-

tioned near the top of the tensiometer tube, just beneath the closing cap. This sensor is 
linked to an ESP32 microcontroller through four slender wires (measuring 0.55 mm in 
diameter) utilizing an Inter-Integrated Circuit interface (I2C). The BMP180 operates on a 
logic voltage of 3.3 V and boosts the capability to detect barometric pressure up to 110 kPa 
with exceptional precision (2 Pa), making it well-suited for discerning even slight fluctu-
ations in the tensiometer’s vacuum. Serving as the prototype’s central processing unit is 
the ESP32-WROOM MCU, a cost-effective and potent microcontroller module featuring 
integrated WiFi and dual-mode Bluetooth capabilities. The detailed blueprints and de-
scription of the prototype can be found in [33].

In this study, the ESP32s deep sleep functionality was exploited to conserve power 
and ensure the prototype’s self-sufficient operation. Figure 3 shows the algorithm 
flowchart. It works as follows: The ESP32 rouses itself every six hours (referred to as the 
“time slot” in the flowchart) to gauge the tension within the tensiometer’s vacuum via the 
BMP180 sensors, then it transmits three data points to the ThingSpeak cloud service and 
reverts back to sleep mode.

If the MCU is unable to locate an accessible network within 30 s (as denoted by the 
“threshold” on the flowchart), it returns to sleep mode. Similarly, if the MCU manages to 
establish a connection but is unable to detect the sensors, it subsequently returns to sleep 
mode, awaiting the next designated time slot. Figure 3 provides a visual representation of 
the code algorithm, scripted in the C++ language within the Arduino IDE environment.

The prototype is powered by two 3.7 V Li-Ion batteries connected in series, providing 
a combined voltage of 7.4 V. These batteries are recharged using a 1.1 W solar panel 
through an MT3608 DC-DC voltage regulator, which stabilizes the incoming charging 
voltage from the panels to 9 V. The MT3608 is a compact, cost-effective step-up booster 
converter module designed to elevate voltage from as low as 2 V up to a maximum of 28 
V DC.

Figure 2. IoT and mechanical tensiometers as installed in the field.

Irrigation was managed according to the soil water potential in the root zoon. The
comfortable range thresholds for the Romaine lettuce were investigated in previous studies.
Michael and Barry [58] recommended −15 to −25 kPa in the establish phase and −25 to
−35 kPa in the post-establish phase. Within the same range, Dessureault-Rompré, et al. [59]
stated that −20 to −30 kPa is the ideal range. In this study, the threshold for initiating an
irrigation event was set to −25 kPa, and the threshold to consider the field well irrigated
was set to −15 kPa. This range was chosen based on literature and previous experience
with soil water retention curves. The feed from the three tensiometers was received daily
through the ThingSpeak platform. Once any of the three tensiometer readings exceeded
−25 kPa, an irrigation event was triggered. The objective is to return that tensiometer within
the comfortable zone. As the feedback from the tensiometers is not instant, continuous
monitoring (each two hours) of the readings of the tensiometers was required in the initial
events to ensure the return to the comfortable zone. During the irrigation season, the
relationship between the amount of water needed and the tensiometer reading above the
triggering threshold (−25 kPa) could be established, as shown in Table 2. All amounts of
water supplied to the plot were recorded using the water flowmeter installed upstream of
the network.

Table 2. Above-threshold tensiometer readings and the relative amount of water required and
allocated to set back the reading.

Reading of Soil Water Tension (kPa) Water Amount Allocated (mm)

−26 to −27 1.76
−27 to −28 2.64
−28 to −29 3.52
−29 to −30 4.4

2.3. Design and Development of the IoT Soil Moisture Tensiometer Prototype

The IoT-tensiometer integrates an isolated BMP180 barometric pressure sensor po-
sitioned near the top of the tensiometer tube, just beneath the closing cap. This sensor
is linked to an ESP32 microcontroller through four slender wires (measuring 0.55 mm
in diameter) utilizing an Inter-Integrated Circuit interface (I2C). The BMP180 operates
on a logic voltage of 3.3 V and boosts the capability to detect barometric pressure up to
110 kPa with exceptional precision (2 Pa), making it well-suited for discerning even slight
fluctuations in the tensiometer’s vacuum. Serving as the prototype’s central processing
unit is the ESP32-WROOM MCU, a cost-effective and potent microcontroller module fea-
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turing integrated WiFi and dual-mode Bluetooth capabilities. The detailed blueprints and
description of the prototype can be found in [33].

In this study, the ESP32s deep sleep functionality was exploited to conserve power and
ensure the prototype’s self-sufficient operation. Figure 3 shows the algorithm flowchart.
It works as follows: The ESP32 rouses itself every six hours (referred to as the “time slot”
in the flowchart) to gauge the tension within the tensiometer’s vacuum via the BMP180
sensors, then it transmits three data points to the ThingSpeak cloud service and reverts
back to sleep mode.

 

Figure 3. Algorithm Flowchart.

All components have been affixed to a designed platform and printed using Polyeth-
ylene Terephthalate Glycol material (PTEG). The design prioritized durability under out-
door conditions by minimizing openings or holes. The mounted electronic components 
are enclosed within an elongated sleeve-like box with two securely fitted side ducts (like 
a drawer), with the solar panel positioned on top as depicted in Figure 4.
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Figure 4. The IoT tensiometer prototype: (a) The components; (b) the sealed prototype [33].

Figure 3. Algorithm Flowchart.

If the MCU is unable to locate an accessible network within 30 s (as denoted by the
“threshold” on the flowchart), it returns to sleep mode. Similarly, if the MCU manages to
establish a connection but is unable to detect the sensors, it subsequently returns to sleep
mode, awaiting the next designated time slot. Figure 3 provides a visual representation of
the code algorithm, scripted in the C++ language within the Arduino IDE environment.

The prototype is powered by two 3.7 V Li-Ion batteries connected in series, providing
a combined voltage of 7.4 V. These batteries are recharged using a 1.1 W solar panel through
an MT3608 DC-DC voltage regulator, which stabilizes the incoming charging voltage from
the panels to 9 V. The MT3608 is a compact, cost-effective step-up booster converter module
designed to elevate voltage from as low as 2 V up to a maximum of 28 V DC.

All components have been affixed to a designed platform and printed using Polyethy-
lene Terephthalate Glycol material (PTEG). The design prioritized durability under outdoor
conditions by minimizing openings or holes. The mounted electronic components are
enclosed within an elongated sleeve-like box with two securely fitted side ducts (like a
drawer), with the solar panel positioned on top as depicted in Figure 4.
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3. Results

The data feed from the three IoT prototyped tensiometers was compared to the read-
ings of the mechanical tensiometers with a daily step along the season. Figure 5 shows
the format of the data received on the ThingSpeak platform on a daily basis. The tool
allowed for online and continuous soil water potential visualization and tracking, was
easily accessed through personal devices, and could be downloaded as a .CSV file if needed.

3. Results
The data feed from the three IoT prototyped tensiometers was compared to the read-

ings of the mechanical tensiometers with a daily step along the season. Figure 5 shows the 
format of the data received on the ThingSpeak platform on a daily basis. The tool allowed 
for online and continuous soil water potential visualization and tracking, was easily ac-
cessed through personal devices, and could be downloaded as a.CSV file if needed.

The deep sleep feature enabled the prototype to achieve a high degree of autonomy. 
It draws (0.8 µA) while in sleep mode and peaks at 50 mA for a duration of 5 s when 
uploading data. On days with ample sunlight, the solar panel generates a charging current 
ranging between 100 and 120 milliamperes. Thus, a 2400 mAh Li-ion battery was more 
than sufficient to supply the prototype on dim, cloudy days or at night during the test 
period (29 days from the 24th of May to the 21st of June in Valenzano, south Italy, 2023).

The deployed prototypes were able to detect the variation in soil water potential dur-
ing the reported period. Figure 6 shows a high correlation between the three tested proto-
types and their accompanied mechanical manometers, with an average R2 of 0.8 while the 
root mean square error (RMSE) was insignificant, ranging from = 2.87 to 5.38. As the pro-
totype was previously lab validated using bare soil pots [33], it is interesting to discuss 
how repeating the validation process in the open field impacted the prototype’s accuracy. 
Compared to the lab validation, R2 is reduced from 0.99 to 0.8, while the RMSE range 
increased from 0.7–1.1 Kpa in the lab to 2.87–5.38 Kpa in the open field. Such results could 
be interpreted mainly as follows: (i) The medium scale: compared to large-scale open field 
soil structures, the soil pots (30 × 28 cm) provided a more confined environment, thus 
permitting the validation setup to be less prone to vertical and horizontal soil water move-
ment and redistribution; (ii) The plant's effective root zone: unlike bare soil pots, the 
plant’s roots (in this case Lettuce) were introduced in this validation setup. Despite con-
sidering the tensiometer placement to be as close as possible to the transplants (10–15 cm), 
it is not feasible to predict the effective root zone development and its impact on the pro-
totype accuracy, yet it is an inevitable consequence.

 

Figure 5. Data visualization is conducted on a daily basis, as shown on the ThingSpeak platform.Figure 5. Data visualization is conducted on a daily basis, as shown on the ThingSpeak platform.

The deep sleep feature enabled the prototype to achieve a high degree of autonomy.
It draws (0.8 µA) while in sleep mode and peaks at 50 mA for a duration of 5 s when
uploading data. On days with ample sunlight, the solar panel generates a charging current
ranging between 100 and 120 milliamperes. Thus, a 2400 mAh Li-ion battery was more
than sufficient to supply the prototype on dim, cloudy days or at night during the test
period (29 days from the 24th of May to the 21st of June in Valenzano, south Italy, 2023).

The deployed prototypes were able to detect the variation in soil water potential
during the reported period. Figure 6 shows a high correlation between the three tested
prototypes and their accompanied mechanical manometers, with an average R2 of 0.8
while the root mean square error (RMSE) was insignificant, ranging from = 2.87 to 5.38.
As the prototype was previously lab validated using bare soil pots [33], it is interesting to
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discuss how repeating the validation process in the open field impacted the prototype’s
accuracy. Compared to the lab validation, R2 is reduced from 0.99 to 0.8, while the RMSE
range increased from 0.7–1.1 Kpa in the lab to 2.87–5.38 Kpa in the open field. Such
results could be interpreted mainly as follows: (i) The medium scale: compared to large-
scale open field soil structures, the soil pots (30 × 28 cm) provided a more confined
environment, thus permitting the validation setup to be less prone to vertical and horizontal
soil water movement and redistribution; (ii) The plant’s effective root zone: unlike bare
soil pots, the plant’s roots (in this case Lettuce) were introduced in this validation setup.
Despite considering the tensiometer placement to be as close as possible to the transplants
(10–15 cm), it is not feasible to predict the effective root zone development and its impact
on the prototype accuracy, yet it is an inevitable consequence.

 

Figure 6. Validation of the three prototype sensors as compared to the mechanical manometers.

In terms of water productivity, fresh and dry yield were both weighed, while the 
amount of water allocated was registered using mechanical flowmeters. The fresh yield 
was almost the same: 149.7 Kg in the weather-based plot and 146.9 Kg in the soil-based 
one. On the other hand, the total amount of water allocated to the plots was 18.218 m3 and 
13.103 m3 in the weather-based and soil-based plots, respectively, registering a reduction 
of 28%. Thus, the water productivity was higher by 36.44%, as shown in Figure 7.

Figure 7. Water productivity as a result of irrigation scheduling based on weather and soil moisture 
using IoT tensiometers.

Another result worth mentioning is the frequency of irrigation events. Figure 8 shows 
a comparison between the applied irrigation schedules. In the initial stage, both ap-
proaches were almost the same in terms of timing and quantity. However, after the initial 
stage (first week), the IoT soil-based plot maintained a soil water potential between −15 
and −25 kPa, reducing the number of mandated irrigation events and spacing them apart. 
On the other hand, the gross irrigation requirements based on the simulated evapotran-
spiration from the adjacent weather station necessitated more irrigation events to meet the 
consumptive use. Overall, the weather-based plot required 32 irrigation events with a total 
of 26.7 irrigation hours. While the soil-based plot required only 22 irrigation events with 
21.4 irrigation hours, a 28% reduction in the amount of water allocated. Although energy 

Figure 6. Validation of the three prototype sensors as compared to the mechanical manometers.

In terms of water productivity, fresh and dry yield were both weighed, while the
amount of water allocated was registered using mechanical flowmeters. The fresh yield
was almost the same: 149.7 kg in the weather-based plot and 146.9 kg in the soil-based
one. On the other hand, the total amount of water allocated to the plots was 18.218 m3 and
13.103 m3 in the weather-based and soil-based plots, respectively, registering a reduction of
28%. Thus, the water productivity was higher by 36.44%, as shown in Figure 7.

Another result worth mentioning is the frequency of irrigation events. Figure 8 shows
a comparison between the applied irrigation schedules. In the initial stage, both approaches
were almost the same in terms of timing and quantity. However, after the initial stage (first
week), the IoT soil-based plot maintained a soil water potential between −15 and −25 kPa,
reducing the number of mandated irrigation events and spacing them apart. On the other
hand, the gross irrigation requirements based on the simulated evapotranspiration from the
adjacent weather station necessitated more irrigation events to meet the consumptive use.
Overall, the weather-based plot required 32 irrigation events with a total of 26.7 irrigation
hours. While the soil-based plot required only 22 irrigation events with 21.4 irrigation
hours, a 28% reduction in the amount of water allocated. Although energy consumption
was not measured in this study, the irrigation time implies that potential energy savings
could be achieved.

One of the main advantages of the introduced prototype is its low cost, which does
not only consider the initial cost of its components (82.20$) shown in Table 3 and compared
to the readily available commercial versions (2023), whose costs range between 117 USD
(Embsys Technologies Private Limited, Soil moisture tensiometer, Guindy, Chennai, Tamil
Nadu, India) and 481 USD (METER, TEROS 32 Soil moisture tensiometer, 2365 NE Hopkins
Ct. Pullamn, WA 99163, The United States of America). An important consideration instead
is the subscription fee requested by the service provider to access data through the service

121



Sustainability 2024, 16, 306

provider platform. Open source DIY prototypes—such as the one in hand—facilitate access
to low-cost innovative solutions while overcoming the burden of data handling fees and
service providers’ ownership over data.

Figure 6. Validation of the three prototype sensors as compared to the mechanical manometers.

In terms of water productivity, fresh and dry yield were both weighed, while the 
amount of water allocated was registered using mechanical flowmeters. The fresh yield 
was almost the same: 149.7 Kg in the weather-based plot and 146.9 Kg in the soil-based 
one. On the other hand, the total amount of water allocated to the plots was 18.218 m3 and 
13.103 m3 in the weather-based and soil-based plots, respectively, registering a reduction 
of 28%. Thus, the water productivity was higher by 36.44%, as shown in Figure 7.

 

Figure 7. Water productivity as a result of irrigation scheduling based on weather and soil moisture 
using IoT tensiometers.

Another result worth mentioning is the frequency of irrigation events. Figure 8 shows 
a comparison between the applied irrigation schedules. In the initial stage, both ap-
proaches were almost the same in terms of timing and quantity. However, after the initial 
stage (first week), the IoT soil-based plot maintained a soil water potential between −15 
and −25 kPa, reducing the number of mandated irrigation events and spacing them apart. 
On the other hand, the gross irrigation requirements based on the simulated evapotran-
spiration from the adjacent weather station necessitated more irrigation events to meet the 
consumptive use. Overall, the weather-based plot required 32 irrigation events with a total 
of 26.7 irrigation hours. While the soil-based plot required only 22 irrigation events with 
21.4 irrigation hours, a 28% reduction in the amount of water allocated. Although energy 

Figure 7. Water productivity as a result of irrigation scheduling based on weather and soil moisture
using IoT tensiometers.

consumption was not measured in this study, the irrigation time implies that potential 
energy savings could be achieved.

 

Figure 8. Applied irrigation schedules in both plots along the season.

One of the main advantages of the introduced prototype is its low cost, which does 
not only consider the initial cost of its components (82.20$) shown in Table 3 and com-
pared to the readily available commercial versions (2023), whose costs range between 117 
USD (Embsys Technologies Private Limited, Soil moisture tensiometer, Guindy, Chennai, 
Tamil Nadu, India) and 481 USD (METER, TEROS 32 Soil moisture tensiometer, 2365 NE 
Hopkins Ct. Pullamn, WA 99163, The United States of America). An important considera-
tion instead is the subscription fee requested by the service provider to access data 
through the service provider platform. Open source DIY prototypes—such as the one in 
hand—facilitate access to low-cost innovative solutions while overcoming the burden of 
data handling fees and service providers' ownership over data.

Table 3. Breakdown of the cost of the prototype.

Item Quantity Cost ($)
ESP32 WROOM 1 10
BMP 180 sensor 1 2.5
MT3608 DC–DC 1 2 

Tensiometer plexiglass tube 1 15
Permeable ceramic cup 1 15
2 cm airtight rubber cap 1 3.20
Li-ion batteries 3.7 volts 2 11
BMS 2S 10A charging model 1 4
1.1 W 6 V solar panel 1 14
Miscellaneous (Wires, isolation tape, pins…) 1 15 

PTGE filament 0.5 kg 1.5
Total 82.20
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Progress in electronic technologies has granted researchers affordable access to solid-

state sensors and programmable microcontroller-based circuits. Coupled with 3D print-
ing potentials, prototyping for automating data collection has become much more feasi-
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4. Conclusions

Progress in electronic technologies has granted researchers affordable access to solid-
state sensors and programmable microcontroller-based circuits. Coupled with 3D printing
potentials, prototyping for automating data collection has become much more feasible.

In this study, an easy-to-assemble, cost-effective, energy-autonomous prototype of an
IoT tensiometer was field-validated. The IoT tensiometer proved to be reliable and was
able to track the variation in the soil water potential with an average R2 = 0.8 and RMSE
ranging from 4.25 to 7.1. It was then used to compare weather-based to soil-based irrigation
management under drip-irrigated lettuce cultivation.

In consistency with previous studies, irrigation scheduling based on soil water tension
proved potential water savings when compared to a weather-based approach. Water
productivity was improved by 36.44% when irrigation was based on the IoT tensiometer
prototype, setting a threshold of (−15 to −25 kPa) relative to the FAO 56 weather-based
approach [12].

Such a low-cost prototype (82.20$) contributes to an affordable, easy-to-access soil
moisture monitoring system, which is an inherent problem when addressing soil moisture-
based irrigation management.

It is worth mentioning that the field deployment of the sensors lasted for approxi-
mately 2 months, along with the whole cropping season of lettuce. This period served
the objective of this study and allowed for soil-based on-farm irrigation management;
however, it still remains a short period to test the sensors’ durability and their long-term
reliability. For the latter purpose, further investigation is needed, especially to set technical
maintenance/replacement, and periodic recalibration requirements. The same applies for
assessing the improvements in terms of energy consumption that accompany the irrigation
time reduction.
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Abstract: Rainfed wheat production systems are usually characterized by low-fertility soils and
frequent droughts, creating an unfavorable environment for sustainable crop production. In this study,
we used a processed-based biophysical numerical model to evaluate the water balance and nitrogen
(N) dynamics in soils under rainfed wheat cultivation at low (219 mm, Pygery) and medium rainfall
(392 mm, Yeelanna) sites in south Australia over the two seasons. Estimated evapotranspiration
components and N partitioning data were used to calibrate and validate the model and to compute
wheat’s water and N use efficiency. There was a large disparity in the estimated water balance
components at the two sites. Plant water uptake accounted for 40–50% of rainfall, more at the low
rainfall site. In contrast, leaching losses of up to 25% of seasonal rainfall at the medium rainfall site
(Yeelanna) indicate a significant amount of water evading the root zone. The model-predicted N
partitioning revealed that ammonia–nitrogen (NH4–N) contributed little to plant N nutrition, and
its concentration in the soil remained below 2 ppm throughout the crop season except immediately
after the NH4–N-based fertilizer application. Nitrate–nitrogen (NO3–N) contributed to most N
uptake during both seasons at both locations. The N losses from the soil at the medium rainfall
site (3.5–20.5 kg ha−1) were mainly attributed to NH4–N volatilization (Nv) and NO3–N leaching
(NL) below the crop root zone. Water productivity (8–40 kg ha−1 mm−1) and N use efficiency
(31–41 kg kg−1) showed immense variability induced by climate, water availability, and N dynamics
in the soil. These results suggest that combining water balance and N modeling can help manage N
applications to optimize wheat production and minimize N losses in rainfed agriculture.

Keywords: wheat; rainfed; water balance; nitrogen uptake; water productivity; nitrogen use efficiency;
HYDRUS

1. Introduction

Water is one of the most limiting factors to increasing food and fiber production, espe-
cially in the arid and semi-arid regions of the world. In these regions, rainfall is insufficient
and highly variable, often failing to satisfy the evapotranspiration demand of rainfed crop
production. Low and sporadic rainfall in rainfed cultivated regions impacts crop water
uptake and nutrient mineralization in soils of poor fertility [1,2]. Thus, crop production is

Sustainability 2023, 15, 13370. https://doi.org/10.3390/su151813370 https://www.mdpi.com/journal/sustainability126
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affected by the unpredictability of water availability at crucial crop growth stages, causing
yield and quality loss. Numerous studies have shown that grain production in semi-arid
rainfed cropping systems strongly depends on soil moisture and N supply, i.e., it is thus
co-limited [3,4]. Therefore, water-saving technologies, water retention, and effective use of
water and nutrients are of paramount importance in fragile rainfed production systems.

Wheat production in Australia is characterized by low to medium rainfall (<450 mm)
and a very high evaporative demand relative to rainfall (>3:1), with a coefficient of variation
of 25–30% [5], making it one of the driest rainfed cropping environments in the world [6].
Moreover, the soils in rainfed regions vary in texture, composition, water-holding capacity,
and nutrient availability, which adds to the challenges of sustainable crop production.
These factors lead to wide region-to-region and seasonal variability in wheat production.
For example, wheat production during 2021-22 (36 Mt) was more than double that in
2019-20 [7], predominantly associated with favorable climatic conditions. However, a
long-term yield assessment revealed that Australia’s average annual wheat yield was only
50% (1.73 t ha−1) of the potential yield [8]. Therefore, identifying yield-limiting constraints
in the soil–plant–atmosphere continuum [9] can help devise ways and means to close this
wide gap in the water-limited yield and year-to-year variability in wheat production.

Achieving potential yield with less water has always been an endeavor in increasing
crop productivity and water use efficiency. One major stumbling block in this pursuit is
limited and seasonally varying water availability for rainfed wheat. In this regard, the
French and Schultz [10] model has provided a valuable benchmark for assessing the water-
limited yield potential of grain crops based on seasonal rainfall. It is widely used by many
farmers from rainfed regions in Australia and other parts of the world. For example, the
model prediction for wheat is 20 kg grain ha−1 mm−1 of water transpired above 110 mm
evaporation. This prediction has been revised numerous times to include various climatic
factors such as rainfall distribution and evaporative demand of the environment [11,12]
and co-limitation of water and nitrogen factors [13,14]. The co-limitation assessment raised
the water-limited wheat yield to 24 kg ha−1 mm−1, suggesting that low nutrient availability
reduces water use efficiency and increases the gap between actual and water-limited yield
potential. The major limitations of the French and Schultz [10] approach include its inability
to account for the impact of the timing of growing season rain and water losses such
as runoff or drainage and the assumption of constant seasonal evaporation [15]. These
limitations can be addressed by more complex processed-based models commonly used
for water balance studies under cropped conditions [16,17].

Water availability in the soils tremendously impacts nutrient availability and its uptake
by the roots. The soil water content not only determines the crop N uptake but also controls
biogeochemical N transformations, such as volatilization, nitrification, and urea hydrolysis.
Therefore, water and N interactions in the soil affect crop growth and yield attributes,
including photosynthesis, foliage growth, crop yield, protein content, leaf senescence, root-
to-shoot water and N translocations, and microbial enzyme activity in the soil [4,18–21].
Benjamin et al. [22] reported that N uptake and N use efficiency were reduced with limited
water availability during crop growth and corresponding limited N movement in the
soil. On the other hand, N leaching and denitrification can occur when excessive water is
applied [23,24]. Similarly, an appreciable amount of N can be lost to the atmosphere due to
ammonium volatilization, especially when urea is top-dressed on the soil surface during
the growing season [25–27].

Angus and Grace [1] reported that most grain cropping systems in Australia have a
negative N balance, resulting from more N exported off-farm in agricultural products than
applied as fertilizer or through biological nitrogen (N2) fixation. Numerous studies found
that the recovery efficiency of N in rainfed wheat production is as low as 30–50% [1,28–30].
Furthermore, Gastal et al. [28] reported that between 50 and 75% of the applied N is either
retained in the crop residues, remains in the soil, or is lost from the system, leading to
environmental problems. Other studies also revealed that N applications higher than the
crop demand might result in leaching losses, which could contaminate groundwater and
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trigger the eutrophication of freshwater and marine ecosystems [31,32]. Climate change
further aggravates the problem and uncertainty regarding the supply of resources [33]
and their optimum utilization [34]. Thus, maximization of water and N use is essential
for ensuring long-term productive potential and maintaining the ecological functions of
natural resources [35]. Hence, an increase in nitrogen use efficiency (NUE) will not only
reduce the amount of applied N but also minimize N-related environmental pollution [36].
Therefore, accurate estimates of N reactive fluxes, plant uptake, and N losses (including
gaseous) are required to fully understand N dynamics in the soil under rainfed wheat
production systems.

Several process-based models (e.g., APSIM and HYDRUS) can provide estimates of effec-
tive water and N balances, use efficiencies, and losses from agricultural production systems.
These models integrate the effect of rainfall, soil, weather, and other management practices
to predict the dynamics of water and N movement in soils [37]. APSIM has been widely
used in Australia to model the fate of water and nitrogen in rainfed farming systems (e.g.,
Keating et al. [16,38]). However, most of these studies have only used the bucket-type water
balance module, the results of which can deviate from those provided by numerical simulations
(e.g., HYDRUS), which provide more precise solutions of the partial differential equations
describing non-linear water flow and convective–dispersive solute transport in soils [17].

Hence, the objectives of this investigation were to evaluate daily and seasonal soil
water balances, including wheat’s root water uptake and the dynamics of N in the soil
(mineralization, transformation, plant uptake, and gaseous losses), using HYDRUS-1D.
Water (WUE) and N use efficiency (NUE) of wheat were also estimated using the model-
simulated water and N balance components. This information can help devise better
guidelines for enhancing fertilizer use efficiency and reducing N losses in rainfed wheat
production regions.

2. Materials and Methods
2.1. Description of Study Sites

This study was part of a project to evaluate soil moisture and N information to
assist farmers on the Eyre Peninsula in south Australia in making better management
decisions for profitable wheat production. Two sites, i.e., Pygery (−32.9838◦ S, 135.3642◦ E)
and Yeelanna (−34.1369◦ S, 135.7665◦ E), representing different soils, climates, and N
applications, were selected for this study to assess water and nitrogen dynamics in the soils
under wheat production. These sites were selected based on large differences in the rainfall,
soil, growing conditions, and fertilizer use, which enabled the evaluation of diverse rainfed
wheat growing systems. The Pygery (Py) site is located in the west coast region of the Eyre
Peninsula and is characterized as a low rainfall zone. Annual average rainfall and reference
crop evapotranspiration (ET0) at this site during the last 100 years amounted to 327 and
1397 mm, respectively. The Yeelanna (Ye) site is located in the lower Eyre Peninsula region,
with annual average rainfall and ET0 of 411 and 1172 mm, respectively. More details about
this project and specific growing conditions can be found in [39].

Cereals (wheat, barley), rotated with canola or pasture legumes, are the widely grown
crops in the study region. However, a wheat crop was grown at both locations during
the study period (2018 and 2019). Details about wheat variety, spacing, density, sowing,
harvesting, and fertilizer applications during the two seasons are given in Table 1. Notably,
the amount of N fertilizer applied at Yeelanna was much higher than at Pygery. At Pygery,
N was added only at the time of sowing. In 2018, 55 kg of mono ammonium phosphate
(MAP) and 30 kg of a blend of urea and ammonium sulfate/ha was applied, while in 2019,
40 kg of urea and 60 kg of a blend of urea and ammonium sulfate/ha was applied. The
basal dose at Yeelanna applied at the time of sowing was 100 kg urea + 66 kg MAP/ha
and 75 kg urea/ha during the 2018 and 2019 seasons, respectively. Apart from the initial
application, two doses of 100 kg of N were applied during the season as a top dressing
at Yeelanna. An extra N application is typically added in medium rainfall environments
to enhance yield and, thus, profitability [40]. This reflects a wide range of farmers’ N use
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practices in different rainfall regions. Essentially, the extent and timing of N applications
in dryland wheat farming systems depend on the timing and intensity of rainfall, which
provides the necessary water to dissolve the fertilizer in the soil and make it available for
root uptake.

Table 1. Wheat sowing, fertilizer details, and wheat yield at the experimental sites.

2018 2019

Pygery (Py)
Variety Mace Mace

Sowing date 19 May 12 May
Row spacing (mm)

Plant density (plants m−2) 140 160
Fertilizers (applied at sowing)

MAP (kg ha−1) 55 -
Urea (kg ha−1) - 40

Urea/ammonium sulfate blend 30 60
Yield (t ha−1) 1.45 1.6

Yeelanna (Ye)
Variety Emu Rock Mace

Sowing date 12 May 22 May
Row spacing (mm) 307 305

Plant density (plants m−2) 150 150
Fertilizers (applied at sowing)

MAP (kg ha−1) 66
Urea (kg ha−1) 100 75

In-season fertilizer
Urea (kg ha−1) and date 50 on 16 July 100 on 28 June

50 on 17 August 100 on 27 July
Yield (t ha−1) 5.67 3.84

Soil moisture probes (Sentek Sensor Technologies, Adelaide, SA, Australia) were
installed in 2017, with sensors every 10 cm down to a depth of 40 cm and every 20 cm
down to 100 cm. Soil samples were collected in triplicate from close to each sensor before
crop sowing, and a representative composite sample from each layer was analyzed. The
basic physicochemical properties of the soil were estimated following the standard proce-
dures [41]. Data on soil texture, bulk density, pH, and organic carbon content are given in
Table 2 for both sites. Soil texture at Pygery ranged from sandy loam to sandy clay, with
clay contents increasing gradually with depth, while the texture at Yeelanna represents a
typical duplex, sandy clay loam at the surface (0–10 cm) with heavy clay underneath. Both
sites have soils with pH in the alkaline range and almost similar organic carbon contents
(OC), except for a higher OC level (2.03%) in the surface soil at Yeelanna. The soil’s cation
exchange capacity (CEC) at different depths was almost double at Yeelanna than at Pygery
except in the surface layer (0–15 cm). The soil nitrate (NO3–N) and ammonium N (NH4–N)
contents were analyzed at 0–15, 15–30, 30–60, and 60–100 cm soil depths.

The particle size distribution and bulk density of different layers at the study sites
were measured to estimate the soil hydraulic parameters, which were used as inputs into
the HYDRUS-1D model [17]. Measured values of the air-dry (θr) and saturated (θs) water
contents were used in the simulations. Typically, the θr values (≈1500 kPa) were relatively
high, a characteristic feature of heavy sub-soil clay commonly occurring in the dryland
belt of the study region [42]. These parameters were further fine-tuned during the model
calibration using water content dynamics data in the soil. Optimized parameters for both
sites used in the numerical model are shown in Table 3.
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Table 2. Physicochemical properties of soils at the experimental sites.

Depth
(cm)

Soil
Texture

Sand Silt Clay Db
(g cm−3)

OC
(%)

pH
(H2O)

pH
(CaCl2)

CEC
(Cmol (+) kg−1)% % %

Pygery (Py)
0–15 SL 64.7 13.5 19.8 1.57 1.17 8.5 7.8 17.0

15–30 SCL 58.7 12.3 28.9 1.33 0.75 8.7 8.0 22.5
30–60 SCL 47.0 21.2 31.8 1.33 0.55 9.3 8.3 25.0
60–90 CL 42.7 21.2 36.0 1.42 0.34 9.5 8.5 26.2
90–100 SC 45.0 19.3 35.7 1.42 0.34 9.5 8.5 24.7

Yeelanna (Ye)
0–15 SCL 70.4 8.7 20.9 1.45 2.03 8.1 7.7 26.1

15–30 C 21.8 6.3 71.9 1.34 0.70 8.5 7.9 42.0
30–60 C 22.3 6.4 71.2 1.52 0.42 8.6 8.0 45.5
60–90 C 14.3 10.2 75.6 1.64 0.32 9.3 8.3 47.2
90–100 SC 51.5 3.0 45.5 1.64 0.32 9.3 8.3 51.5

S = sand; C = clay; L = loam; Db = bulk density; OC = organic carbon; CEC = cation exchange capacity.

Table 3. Estimated soil hydraulic parameters at Pygery and Yeelanna used in the HYDRUS-1D
modeling simulations.

Soil
Texture

Soil Depth
(cm)

θr

(cm3 cm−3)
θs

(cm3 cm−3)
a

(cm−1)
n

Ks

(cm d−1)
l

Db

(g cm−3)

Pygery (Py)
Loam 0–15 0.05 0.40 0.024 1.40 27.1 0.5 1.57
Loam 15–30 0.12 0.41 0.022 1.32 19.1 0.5 1.33

Clay loam 30–60 0.2 0.44 0.017 1.37 15.6 0.5 1.33
Clay loam 60–90 0.22 0.45 0.017 1.35 14.4 0.5 1.42
Cay loam 90–105 0.24 0.45 0.018 1.35 15.8 0.5 1.42

Yeelanna (Ye)
Loam 0–15 0.07 0.45 0.025 1.45 53.4 0.5 1.45
Clay 15–30 0.15 0.46 0.023 1.31 17.2 0.5 1.34
Clay 30–60 0.19 0.44 0.021 1.28 9.4 0.5 1.52
Clay 60–90 0.21 0.49 0.019 1.17 5.49 0.5 1.64

Silt loam 90–105 0.24 0.49 0.018 1.16 11.1 0.5 1.64

θr and θs are the residual and saturated water contents, respectively; Ks is the saturated hydraulic conductivity,
Db is the bulk density, and a, n, and l are shape parameters.

2.2. Climate Parameters

Local climate parameters were obtained from the SILO climate database [43] using
the Wudinna Aero station (station 18083) for the Pygery site and the Yeelanna station
(station 18,099) for the Yeelanna site. At Pygery, both 2018 and 2019 were dry years, with
total rainfall during the wheat growing season (May to December) amounting to 208 and
190 mm, respectively (Figure 1). Most of the rain occurred during the winter period (May
to August) when the crop water demand was low. Corresponding values of ET0 at the Py
and Ye sites were 829 and 886 mm, respectively (Figure 1).

At Yeelanna, average values of rainfall and ET0 during the study period (2018–2019)
and the wheat cropping season (May–December) were 365 and 693 mm, respectively
(Figure 1). The ET0 values were usually low during the winter season and then increased
during the wheat’s post-anthesis period, thus enhancing crop water demand between
anthesis and harvest. Thus, low rainfall and high climate water demand at Pygery impose
relatively adverse conditions for wheat cultivation compared to the Yeelanna site. Gradually
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increasing trends in the daily ET0 values suggest that the wheat growing season overlaps
the winter season, slowly transitioning to summer under the Mediterranean climate.
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Figure 1. Daily values of rainfall and reference crop evapotranspiration (ET0) at the Pygery (a,b) and
Yeelanna (c,d) sites during the 2018 (a,c) and 2019 (b,d) wheat growing seasons (May–December).

Daily crop evapotranspiration (ETC) values for wheat were estimated from daily
reference crop evapotranspiration (ET0) and crop coefficients (Kc) for different growth
stages [44]. The daily ETC values were divided into the evaporation (Es) and transpiration
(Tp) components based on the leaf area index (LAI) as follows [45]:

Es = ETc . e−Kgr × LAI (1)

Tp = ETc − Es

where Kgr is the light extinction coefficient for wheat, and its value was set to 0.46 [46] for
rainfed conditions. Estimated LAI values for wheat at both locations are shown in Figure 2.
Daily wheat ETc values during the 2018 and 2019 seasons are shown in Supplementary
Material (Figure S1a–d). Annual ETc values for wheat at Pygery and Yeelanna during 2018
and 2019 were 375.1 and 389.6 and 287.5 and 296.5 mm, respectively. These values and
daily rainfall were then used as inputs into the HYDRUS-1D model to estimate the actual
values of Es and Tp (Es act and Tp act) for wheat at both locations.
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Figure 2. Estimated leaf area index (LAI) of wheat at the (a) Pygery and (b) Yeelanna sites during the
2018 and 2019 seasons.
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2.3. Brief Description of HYDRUS-1D

The HYDRUS-1D software can simulate one-dimensional variably saturated water
flow, heat movement, and transport of solutes involved in sequential first-order decay
reactions [17]. The governing one-dimensional water flow equation is described as follows:

∂θ

∂t
=

∂

∂z

(
K(h)

∂h

∂z
− K(h)

)
− R(h, z, t) (2)

where θ is the soil water content (L3L−3), t is the time (T), h is the soil water pressure head
(L), z is the vertical coordinate (L), K(h) is the unsaturated hydraulic conductivity function
(LT−1), and R(h,z,t) is the sink term accounting for an actual volume of water uptake by
plant roots from a unit volume of soil per unit time (L3L−3T−1). Water extraction R(h,z,t)
from the soil was computed using the Feddes model [47]. Different values of the stress
response function for wheat were taken from the HYDRUS-1D data repository. In this
method, the potential transpiration rate, Tp, is distributed over the root zone using the
normalized root density distribution between 0 and 1 and multiplied by the dimensionless
water stress response function. Hence, this model assigns plant root water uptake rates
according to local soil water pressure heads at any point in the root zone. Therefore,
potential transpiration (Tp) is reduced below its potential value when the soil can no longer
supply the amount of water required by the plant under the prevailing climatic conditions.

The partial differential equations governing one-dimensional dynamics of N involved
in sequential first-order decay chain reactions during transient water flow in a variably
saturated rigid porous medium [17] are given as:

dθC1

dt
=

d

dz

(
θDw

1
dC1

dz

)
− dqC1

dz
− µ′

w,1θC1 (3)

dθC2

dt
+

dρS2
dt

+
davg2

dt
=

d

dz

(
θDw

2
dC2

dz

)
+

d

dz

(
avD

g
2

dg2
dz

)
− dqC2

dz
− µ′

w,2θC2 + γs,2ρ + µ′
w,1θC1 − ra,2 (4)

dθC3

dt
=

d

dz

(
θDw

3
dC3

dz

)
− dqC3

dz
− µ′

w,3θC3 + µ′
w,2θC2 − ra,3 (5)

where C is the solute concentration in the liquid phase (mg L−1), S is the solute concentration
in the solid phase (mg g−1), g is the solute concentration in the gas phase (mg L−1), ρ is the
dry bulk density (g cm−3), q is the volumetric flux density (cm day−1), µ’w is the first-order
rate constant for the solute in the liquid phase (day−1), providing connections between
individual chain species, γs is a zero-order rate constant in the solid phase (day−1), ra is
the root nutrient uptake (mg L−1 day−1), Dw is the dispersion coefficient (cm2 day−1) for
the liquid phase, and Dg is the diffusion coefficient (cm2 day−1) for the gas phase. The
subscripts 1, 2, and 3 represent (NH2)2CO (urea), NH4

+–N (ammonium N), and NO3
−–N

(nitrate N), respectively. Adsorption/desorption of NH4
+ is an instantaneous reaction

between the soil solution and the exchange sites of the soil matrix [48].

2.4. Nitrogen Balance Parameters

Input parameters for the nitrogen transport in HYDRUS-1D are required to character-
ize the three main sets of processes: solute transport, solute reactions/transformations, and
root solute uptake. Baldock et al. [49] defined the following N balance components in the
soil, which are crucial to understanding and estimating the annual soil N dynamics.

N balance = (NF + NMin + Ndfa + Ndep) − (NR + NL + NV + NDen + NE) (6)

where NF is N added to the soil in the form of chemical fertilizers, NMin is N added to the
soil in the form of organic amendments (e.g., manure, composts, etc.), Ndfa is N derived
from atmospheric N2 by symbiotic and non-symbiotic fixation, Ndep is the N deposition
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from the atmosphere, NR is N removed in harvested products, NL is N leached from the
root zone, NV is N volatilized as ammonia from fertilizers and soils, NDen is N lost as N2
and N2O by denitrification, and NE is N lost by erosion.

In the N modeling study, all components of the N balance except for Ndfa, Ndep,
NDen, and NE were considered. Neglected components were either present only in minute
amounts (Ndfa, Ndep) in the wheat fields or represented negligible processes in dryland
conditions (NDen, NE) [50,51]. Organic N mineralization (NMin) was estimated based on
the assumption of 3% annual mineralization estimated for the study region [49].

The following values of solute transport parameters were used in the simulation; the
molecular diffusion coefficients in free water (Dw) for NH4–N and NO3–N were 1.52 and
1.64 cm2 day−1, respectively, the molecular diffusion coefficient in the air (Dg) for NH3 was
optimized as 18057.6 cm2 day−1, similar to other studies [52], the longitudinal dispersivity
was considered equal to one-tenth of the profile depth [53], and Henry’s law constant (KH,
at 25 ◦C) for NH4–N was 2.95 × 10−4 [54]. The distribution coefficients (Kd) for NH4 that
varied from 1.0 to 1.8 cm3 mg−1 in different soil layers were adapted from Li et al. [52].
These values fall within the range reported for different mixed and layered soils [55]. The
urea hydrolysis rate (Kh) of 0.74 day−1 in the topsoil layer (0–10 cm) adapted in the current
study is consistent with the reported values in numerous studies under different soils and
climate conditions [52,56,57].

The nitrification rates were calibrated to vary from 0.02 to 0.25 day−1, with higher
surface soil values, then decreasing gradually with depths. The volatilization rate of
0.24 kg ha−1 day−1 reported under rainfed wheat cultivation in south Australia [27] was
used in the current study. While some of these processes are temperature- and water-
content-dependent, neglecting these dependencies is common [37,52] due to the lack of
such information and measured data. Unlimited passive uptake of NO3–N was allowed in
the root solute uptake model [58] by specifying the maximum allowed uptake concentration
exceeding NO3–N concentrations in the root zone. In addition to passive uptake, active
uptake of NH4–N was also integrated into the simulations. The Michaelis–Menten constant
for active uptake of NH4 was assumed to equal the default value of 0.5 mg L−1.

2.5. Initial and Boundary Conditions

The initial water contents at various depths were set using the soil water contents
measured by the capacitance probe. Measured ammonium and nitrate contents in the
soil, specified in terms of N concentrations (NH4–N and NO3–N), were set as the initial
conditions for N simulations. The initial concentration representing the basal fertilizer
application was calculated using the initial soil water content, assuming fertilizer was
mixed within the surface 10 cm layer. An atmospheric boundary condition with surface
runoff was specified at the soil surface for water flow. The free drainage boundary condition
was imposed at the bottom of the domain (105 cm). Root water uptake was calculated using
the potential transpiration rate, specified rooting depth and density, and the Feddes’ stress
response function [47]. The upper boundary condition for solute transport was set as a
‘volatile’ boundary condition [59] with a stagnant boundary layer of 2.5 cm. This boundary
condition assumes a stagnant boundary layer (air) at the top of the soil profile and that
upward solute movement through this layer is by solute diffusion in air, facilitating the
simulation of volatilization losses of N. A third-type boundary condition was used at the
lower boundary. The concentration fluxes of N for all fertilizer applications were calculated
in N content terms. The top-dressed fertilizer application during the wheat season is
represented in the model by converting the amount of applied urea into the boundary
concentration using the known value of the water content in the topsoil layer (from the
previous water flow simulation) at the time of fertilizer application.

HYDRUS-1D simulations were commenced on 1 May 2018 and continued until 31 De-
cember 2019 for both locations. Theoretical details and more information on the HYDRUS-
1D software and related references can be found at https://www.pc-progress.com/en/
Default.aspx?HYDRUS-3D (accessed on 30 August 2023).
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2.6. Model Evaluation

The modeling performance for water balance was evaluated by comparing capaci-
tance probe-measured (O) soil moisture values at various depths with those predicted by
HYDRUS-1D (P) for the 2018 and 2019 crop seasons. The statistical error estimates, mean
error (ME), mean absolute error (MAE), and root mean square error (RMSE), between the
measured and simulated spatiotemporal water contents, were estimated as:

ME =
1
N ∑

N

i=1(Oi − Pi) (7)

MAE =
1
N ∑

N

i=1|Oi − Pi| (8)

RMSE =

√
1
N ∑

N

i=1(Oi − Pi)2 (9)

3. Results
3.1. Soil Water Dynamics in the Soil

The capacitance probe measured daily soil water contents in 0–30 cm and 30–100 cm
depths at the Pygery and Yeelanna sites, which were compared with corresponding
HYDRUS-1D simulated values in Figure 3. The simulations showed small changes in
the wetting of the upper horizon (<30 cm) at the Py site due to the instant depletion of
soil moisture in response to soil evaporation and plant transpiration. However, at the
medium rainfall site (Ye), the water content rapidly increased in the 0–30 cm horizon. In the
second horizon (30–100 cm), both data sets showed only small changes in moisture content
over the two wheat seasons. A close correspondence between the observed and modeled
moisture distribution patterns exists in both horizons, despite the probe malfunction in
2018 during a short period from mid-February to mid-March 2019 (Figure 3). The moisture
probe measured slightly lower values during the post-harvest wheat season, especially at
deeper depths (>30 cm). The HYDRUS-1D results distinctly show two soil horizons with a
boundary at a depth of 30 cm. It should be noted that measured and simulated moisture
contents in the soil below 30 cm are consistently high during both seasons, especially at the
Yeelanna site (between 0.25 and 0.35 cm3 cm−3). Similar values of soil water contents were
observed in other regional studies [60]. This is a typical characteristic of sub-soil heavy
clay in the study region, with the clay fraction at the Yeelanna site as high as 75% (Table 1).
These soils can hold a large amount of water, varying between 0.2 and 0.25 cm3 cm−3 at
the wilting point (1500 kPa), which is unavailable to plants. In addition, these soils may
have sub-soil constraints such as compaction, which further restricts the water movement
and uptake by growing crop plants [60]. Hence, the water contents in the sub-soils (>30 cm
depth) remained consistently static during the entire cropping season.

Statistical errors (ME, MAE, and RMSE) assessing the comparison between HYDRUS-1D
simulated and measured soil water contents for the soil surface (0–30 cm) and deeper (30–100
cm) layers showed a varied response (Table 4). The RMSE, MAE, and ME values for the surface
depth (0–30 cm) during 2018 and 2019 at Pygery remained between −0.02 and 0.03 cm3 cm−3,
indicating a close agreement. The corresponding values for the 30–100 cm profile were
between −0.06 and 0.07 cm3 cm−3, slightly higher than for the surface layer. At Yeelanna,
the error estimates during 2018 ranged from −0.02 to 0.06 and from 0.03 to 0.04 cm3 cm−3 in
the 0–30 cm and 30–100 cm soil depths, respectively. During the validation period (2019), the
error values varied from −0.04 to 0.07 cm3 cm−3. Wang et al. [61] reported RMSE and mean
relative error (MRE) values of 0.07 cm3 cm−3 and 21.6%, respectively, as accurate estimation
of water content dynamics in the soil by SWAP model under wheat irrigated with varied
levels of deficit irrigations. Error estimates reported in other studies [37,62] also corroborate
well with the values estimated in the current study, which showed a good agreement between
measured and simulated water content dynamics in the soil.
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Figure 3. Comparison of measured soil water contents in the 0–30 cm (top) and 0–100 cm (bottom)
(profile averaged) with the corresponding simulated values during the 2018 and 2019 wheat growing
seasons at the Pygery (a,b) and Yeelanna (c,d) sites on the Eyre Peninsula.

Table 4. Estimated values of the root mean square error (RMSE), mean absolute error (MAE), and
mean error (ME) between measured and model-predicted water content in the soil for the 0–30 cm
and 30–100 cm soil layers at the Pygery and Yeelanna sites during 2018 and 2019.

Site Year
Soil Depth

(cm)
RMSE

(cm3 cm−3)
MAE

(cm3 cm−3)
ME

(cm3 cm−3)

Pygery 2018 0–30 0.02 0.01 −0.01
30–100 0.04 0.03 0.02

2019 0–30 0.03 0.03 −0.02
30–100 0.07 0.06 −0.06

Yeelanna 2018 0–30 0.06 0.02 0.04
30–100 0.04 0.03 0.03

2019 0–30 0.07 0.07 −0.04
30–100 0.05 0.04 −0.02

There are numerous possible reasons for the deviations in the behavior of water
content dynamics in the soil. Apart from model assumptions, capacitance probes can
induce significant errors in the water content measurements. Numerical modeling depends
on three crucial factors: (a) the accuracy of model input parameters; (b) the precision
of observed values compared with the model output; and (c) sensitivity in the initial
conditions. Ramos et al. [62] showed that deviations between measured and model-
predicted water content dynamics in the soils might be related to field measurements,
model inputs, and model structural errors. The moisture probe’s calibration and the
inherent complexities of the soil [63] are additional crucial factors that immensely affect the
extent of the divergence between observed and modeled data. These factors may contribute
to a similar extent of deviations in water contents as obtained by modeling predictions. It
is also likely that higher observed values of the water content at lower depths (>50 cm)
at Yeelanna may have contributed to larger values of the error statistics. Overall, a good
agreement between the measured and simulated data shows that the model can predict
the effects of different weather and soil properties at different sites and respond to various
field variations.
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3.2. Soil Water Balance

Seasonal water balance components (Tp act = actual plant water uptake, Es = soil
evaporation, Dr = drainage, ∆S = soil storage/depletion) for the wheat crop at Pygery (Py)
and Yeelanna (Ye) predicted by HYDRUS-1D during 2018 and 2019 are shown in Table 5.
At Pygery, evaporation losses during the crop season (May to October) varied from 44 to
57%, with an average of 50% of the rainfall received. The remaining water (43–58%) was
attributed to plant uptake, while drainage losses were negligible. At Yeelanna, Es losses
varied from 29 to 42%, with an average value of 33%, significantly lower than at Pygery.
Plant water uptake varied from 41 to 49%, with an average value of 40%. The drainage
component (Dr) represents 12–26% (41–90 mm) of the rainfall received during the cropping
season, which is the main difference between the two sites.

Table 5. Seasonal water balance components (mm) simulated by HYDRUS-1D during the 2018 and
2019 cropping seasons at the Pygery (Py) and Yeelanna (Ye) sites.

Site Year Es Tp act Dr ∆S Rainfall (Season) Rainfall (Annual)

Py 2018 76.6 95.2 0.03 6.4 175.6 235.3
2019 98.6 85.0 0 −2.8 183.6 201.8

Ye
2018 96.3 140.5 40.8 54.9 333 407.6
2019 104.3 140.6 90.4 9.2 348.3 375.5

Tp act = actual plant water uptake, Es = evaporation, Dr = drainage, ∆S = soil storage/depletion.

Daily Tp act and Es components of the water balance simulated by HYDRUS-1D during
2018 and 2019 at Pygery and Yeelanna are shown in Figure 4. At Pygery, daily plant
water uptake varied from 0 to 2.6 mm during 2018, while the maximum value was 2.2 mm
during the 2019 crop season. As expected, daily evaporation losses (Es) were higher before
sowing and after the crop harvest. However, the magnitude remained low during 2018
(0–1.5 mm), reflecting the moisture availability in the surface soil layer. During 2019, spikes
in daily evaporation (up to 2 mm) were similar to plant water uptake, especially during
crop maturity and harvest (September and October).
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Figure 4. Daily rainfall and predicted values of actual evaporation (Es act), actual plant water uptake
(Tp act), and drainage (Dr) under wheat crop during the 2018 (top) and 2019 (bottom) growing seasons
at the Pygery (a,b) and Yeelanna (c,d) sites on the Eyre Peninsula.
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At Yeelanna, the maximum daily plant water uptake (Tp act) reached about 3 mm
during the 2018 and 2019 seasons (Figure 4). The magnitude of daily Tp act losses was
similar to Pygery, but there was less fluctuation in the daily dynamics, probably due to the
consistent availability of moisture in the surface layer. One of the important components
of the water balance at Yeelanna is drainage (Dr), which was negligible at Pygery. Daily
drainage (Dr) losses occurred in August–September of 2018, while these losses were higher
early in the season (mid-May to August) during 2019.

3.3. Nitrogen Simulation in the Soils

Nitrogen species commonly occurring in a dissolved state in the soil solution are
NH4–N and NO3–N. These species control the plant-available forms of N in the soils. The
dynamics of these species depend on the number and magnitude of N pools in the soil, their
interactions, transformations, and exchanges among them. The comparison of measured
and simulated values of NH4–N and NO3–N in the soil at various depths at the time of
wheat harvest is shown in Figure 5 for the Pygery site. Some inconsistencies include the
higher simulated value of NO3–N than measured in the surface soil (0–15 cm) during
2018, which subsequently increased in the second layer (15–30 cm) and then showed a
similar pattern as measured values. Similarly, the measured NH4–N value was higher
than simulated, while the reverse was true for NO3–N in the surface layer during the 2019
season. However, at other depths, the simulated values of both species matched well with
the measured values. Furthermore, the profile-averaged measured NH4–N values of 0.7
and 1.1 ppm were comparable to the corresponding simulated values of 0.8 and 0.9 ppm,
respectively, during the 2018 and 2019 wheat seasons.
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Figure 5. Comparison of measured (M) and simulated (S) values of NH4–N (a,b) and NO3–N (c,d) in the
soil at wheat harvest time (as indicated) during the 2018 (a,c) and 2019 (b,d) seasons at the Pygery site.

Similarly, measured profile-averaged NO3–N contents of 5.4 and 8.5 ppm matched
well with the corresponding simulated values of 4.9 and 8.4 ppm, respectively, during
2018 and 2019. This indicates that the model has been able to simulate the N dynamics
in the soil profile under wheat crop at the Pygery site. Modelled N dynamics in the
soil at the Yeelanna site could not be compared in the absence of appropriate measured
data. Overall, the patterns of NH4–N and NO3–N values in the soil indicate that the
modeling approaches used to account for N mineralization, transformation, plant uptake,
and conversions of N among different pools in the soils are reasonably sound. However,
intensive soil observations for nitrogen transformations, losses, and soil solution species
are required to improve the simulation at both field sites.

The spatiotemporal dynamics of the simulated concentrations of these species are
shown in Figure 6 for both sites. The distribution pattern of N species revealed that a
fraction of NH4–N always remained in the soil due to the continuous decomposition of
organic N to NH4–N considered by the HYDRUS-1D model. High peaks of NH4–N in the
soil, especially in the surface layers (0–15 and 15–30 cm), corresponded to the fertilizer
applications. However, the increasing presence of NH4–N in low concentrations in the
lower layers of the soil profile indicates a slow downward movement of NH4–N in the soil
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with time. However, NH4–N concentrations in the soil remained below 2 ppm throughout
the simulation except after applying the NH4–N fertilizer.
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Figure 6. Simulated distribution of NH4–N (a,c) and NO3–N (b,d) in the soil at different depths (15,
30, 60, and 90 cm) at the Pygery (a,b) and Yeelanna (c,d) sites.

Simulated daily NO3–N concentrations at the Pygery site gradually increased with time,
especially in the surface soil layer (0–40 cm). They fluctuated between 1.2 and 14.9 ppm in
the 0–15 cm layer (Figure 6b). The gradual peaks in the surface layer (0–15 cm) reveal the
conversion of NH4–N to NO3–N via nitrification. These peaks subsequently moved to lower
depths with lower concentrations and a lag time reflecting plant uptake. At deeper soil layers
(below 50 cm), the NO3–N concentrations were more or less stable around 5 ppm, indicating
reduced N uptake and transformation activities in this zone. This also suggests a lack of deep
drainage at Pygery, a crucial driver for transporting NO3–N deeper into the soil. The water
balance at the Pygery site strongly supports this observation (Table 4).

At Yeelanna, HYDRUS-1D predicted higher NH4–N concentrations in the soil than
at Pygery (Figure 6c). The NH4–N concentrations in the surface layer (0–15 cm) reached
high values of 4.8 and 7 ppm after the fertilizer application. The continued presence of
NH4–N in low concentrations in the surface zone indicates the continual production of
NH4–N by mineralizing organic matter. On the other hand, the peak NO3–N concentration
in the 0–15 cm soil depth at Yeelanna was almost 8–10 times higher than at Pygery. During
2018, the NO3–N concentration increased to 112 ppm in response to fertilizer application
and subsequently decreased in early September, likely due to leaching (Figure 6d). Later
in the season, during the post-harvest summer period, the NO3–N concentration in the
upper soil layers (0–15 cm) increased with a decrease in the soil water content. The NO3–N
concentration in the soil peaked at 144 ppm in 2019 due to much higher N application and
then decreased due to plant uptake and late-season leaching. At the end of the simulation
in 2019 (31 December 2019), the NO3–N concentration in the soil ranged from 34 to 91 ppm.
Higher concentrations of NH4–N and NO3–N in the soil at Yeelanna were directly related
to higher N applications. High levels of NO3-N concentration were reported in other
modeling studies under similar N fertilization and wheat production conditions [64].

3.4. Nitrogen Balance in Soils

3.4.1. Mineralization of Organic N in the Soil

The breakdown of organic matter in the soil (NMin) at Pygery during the cropping
season (May–December) added 37.3 kg N ha−1 during 2018 and almost a similar amount
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during 2019 (Figure 7). HYDRUS-1D predicted higher NMin (56.2 to 56.4 kg N ha−1) for
the soil at Yeelanna than at Pygery due to the higher organic carbon content in the soil at
the former (2.03%) relative to the latter (1.17%) site. Additionally, relatively low rainfall
at Pygery perhaps impacted the microbial decomposition of organic matter because the
mineralization rate is only about two-thirds of that at Yeelanna. The absolute values of daily
NMin at Pygery ranged between 0.15 and 0.17 kg N ha−1, whereas the corresponding values
for Yeelanna ranged from 0.22 to 0.25 kg N ha−1, with an average seasonal total of 37.5 and
56.3 kg N ha−1 at Pygery and Yeelanna, respectively. The conversion of NH4–N to NO3–N
in the soil at Pygery was relatively poor compared to Yeelanna due to unfavorable moisture
and temperature conditions. Therefore, relatively higher NH4–N deposition/storage in
the soil occurred at Pygery than at Yeelanna. There was a slight increase in the NMin rate
during the cropping/winter season at both locations. However, these estimates will vary
over the years, depending on the substrate’s content and quality, the C:N ratio, microbial
activity, and climate variability, including rainfall and temperature variations [1,65].
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Figure 7. Predicted components of N balance ((NF = fertilizer nitrogen; NMin = N mineralization
from organic matter; NV = N volatilization; NR_NH4 = plant uptake of ammonium N; NR_NO3 = plant
uptake of nitrate N; NL_NH4 = leaching of ammonium N; NL_NO3 = leaching of nitrate N) during the
(a) 2018 and (b) 2019 at Pygery (Py) and Yeelanna (Ye).

3.4.2. Nitrogen Uptake by Wheat

Nitrogen available to wheat includes inorganic nitrogen (NH4–N and NO3–N), such
as fertilizers, and soluble organic nitrogen. The amount of N delivered from soil to plants
is location-specific due to the variations in the environmental conditions, soil types, and
different agricultural management practices implemented at the two locations. Simulations
showed that NH4–N contributed very little to the plant N nutrition and that most N uptake
was in the form of NO3–N during both crop seasons (Figure 8). The simulated total N
uptake at Yeelanna was more than twice that at Pygery. Daily NH4–N and NO3–N uptake
by wheat at Pygery ranged from 0 to 0.16 mg L−1 and 0 to 13 mg L−1, respectively. While
at Yeelanna, maximum daily NH4–N and NO3–N uptakes were 0.9 and 0.8 mg L−1 in 2018
and 15.5 and 27.8 mg L−1 in 2019, respectively. Notably, wheat’s maximum daily N uptake
occurred from early August to late September, coinciding with the wheat’s maximum
growth period. Seasonal crop N uptake at Pygery ranged from 55 to 62% of the total N
(NF + NMin+ NS), whereas the corresponding N uptake at Yeelanna was only 40–44%.
However, wheat N uptake during 2019 at Yeelanna was roughly double the amount of N
mineralized in the soil (Figure 7). This implies that almost half of the N uptake by wheat
was contributed by the N fertilizer.

3.4.3. Simulated Volatilization Losses of N

Volatilization N losses (NV) usually occur when urea or ammonium fertilizers are
top-dressed or applied on the soil surface. Typically, this is a regular feature of the dryland
cropping system in Australia [27]. When there is not enough moisture in the soil to
hydrolyze and move the dissolved fertilizer into the soil, NH4–N is partially converted
into NH3 and escapes into the atmosphere. High temperatures, high wind, and low
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water contents in the surface layer, commonly present during wheat sowing, create ideal
conditions for NV losses. Moreover, NH4–N may move towards the soil surface via capillary
rise with intense evaporative fluxes, contributing to gaseous losses. There is an even greater
potential for NH3 losses in areas with alkaline soils [66,67].
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Figure 8. Daily NH4–N (a,c) and NO3–N (b,d) uptake by wheat at Pygery (a,b) and Yeelanna (c,d)
during 2018 and 2019 simulated by HYDRUS-1D.

HYDRUS-1D simulations in the current study suggest that volatilization losses of N
(Nv) at Pygery are smaller than at Yeelanna because fertilizer applications at the latter site
(121–151 kg N ha−1) are higher than at the former site (11–15 kg N ha−1) for the same crop
(Figure 9). The maximum daily NV losses at Pygery were only 0.02 and 0.03 kg N ha−1

during 2018 and 2019, respectively (Figure 9a). Corresponding amounts at Yeelanna were
0.26 and 0.15 kg N ha−1, respectively. At the Yeelanna site, daily NV losses increased
initially in response to fertilizer application and then rapidly dropped as the applied N
was translocated deeper into the soil. This was due to high NH4–N concentrations from
the applied fertilizer in the surface soil layer with low water contents providing favorable
conditions for Nv losses. Seasonal NV losses at Pygery were 1.1 and 0.8 kg N ha−1 during
the 2018 and 2019 cropping seasons (Figure 9), respectively. At Yeelanna, the corresponding
losses were 7.3 and 6.9 kg N ha−1, respectively. These losses represent 4.6 to 7.3% of
the N applied. This amount falls within the range of NV losses (1.8–23%) measured by
Turner et al. [27] at different southern Australian locations involving fertilizers applied to
rainfed crops, including wheat.
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3.4.4. Leaching Losses of Nitrogen

Leaching losses refer to the N losses induced by a drainage flux from the root zone
to deeper soil layers and groundwater. These losses usually occur in the form of NO3–N,
a mobile component of N. At Pygery, leaching losses of NO3–N (NL) were negligible as
there was not a sufficient drainage flux to trigger N losses. However, at Yeelanna, seasonal
NO3–N leaching amounted to 3.5 and 20.5 kg ha−1 during 2018 and 2019, respectively
(Figure 9b). In 2018, drainage losses occurred during mid-season (mid-August to late
September), even though drainage fluxes were low during that time. The maximum daily
NO3–N losses were 0.1 kg ha−1 (Figure 9b). On the other hand, N losses increased many
folds during 2019. Most NO3–N losses occurred early in the season when the Tp requirement
was small. Heavy rain events during this period can leach an enormous quantity of NO3–N
from the root zone. Therefore, the daily rate of NO3–N leaching increased to 0.35 kg N ha−1,
leading to N losses via off-site movement. On a percentage basis, NL losses accounted for
3–13.5% of N applied by fertilizers and 1.5–7.6% of the total plant-available N in the soil.

3.5. Water Productivity and N Use Efficiency

Model-simulated seasonal water and nitrogen use and yield estimates for the experi-
mental sites at Pygery and Yeelanna were used to estimate the water productivity in terms
of transpiration (Wp_Tp) and evapotranspiration (Wp_ET), and nitrogen use efficiency
(NUE) of dryland wheat (Figure 10). Both water productivities (Wp_Tp and Wp_ET) and
NUE were higher at Yeelanna (high rainfall zone) as compared to Pygery (low rainfall zone).
This explains a three times higher wheat yield at Yeelanna than the corresponding yield
(1.52 t ha−1) obtained at Pygery. The Wp_Tp and Wp_ET efficiencies at Pygery varied from
15 to 18 and 8 to 9 kg ha−1 mm−1, respectively, while corresponding values at Yeelanna
ranged from 27 to 40 and 16 to 24 kg ha−1 mm−1. Different Wp values obtained at both
sites signify the importance of rainfall quantities, soil’s water retention properties, and
farmers’ management practices.
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Figure 10. Estimated water productivity (kg ha−1 mm−1) for transpiration (Wp_Tp) and evapotran-
spiration (Wp_ET), and nutrient use efficiency (NUE) (kg kg−1) of wheat at Pygery (Py) and Yeelanna
(Ye) during the 2018 and 2019 seasons.

Similarly, NUE varied from 31 to 34 and 34 to 41 kg grain yield kg−1 N uptake at
Pygery and Yeelanna, respectively (Figure 8). Normally, the N use efficiency is relatively
low, irrespective of crop type. For example, Hu et al. [68] found that about 40% of the
N fertilizer is recovered in the aboveground parts of dryland wheat. The rest was either
retained in the soil, denitrified, or lost by N leaching.
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4. Discussion
4.1. Soil Water Balance and Wheat Water Uptake

Under rainfed conditions, the soil moisture regime is dictated by the timing, amounts,
and intensity of rain, which are crucial for sustainable crop production. Therefore, accurate
estimation of soil water balance helps understand the interrelationship among different
hydrological components, including plant water availability and incipient water losses.
Water content dynamics in the soil showed that most of the soil profile moisture regime
variability occurred in the surface layer (0–30 cm), with a more static moisture regime in the
deeper depths (Figure 3). The water content retained in the 0–30 cm horizon is crucial for
seed germination and subsequent growth of crops, as the bulk of the fibrous roots of cereal
crops mine this region for water and nutrient needs [69]. Wang et al. [61] reported that the
root activity of winter wheat is concentrated within the 0–40 cm soil layer and reported
small changes in water content dynamics at the deeper depths.

The model-simulated actual seasonal transpiration (Tp act) at both locations falls within
the range estimated by French and Schultz [10] and Sadras and Angus [11] for the rainfed
wheat crop. Site-specific climate, soil properties, and crop variety highly influence the
extent of water uptake by wheat. In addition to low rainfall at Pygery, soils had low water
holding capacity compared to Yeelanna, significantly influencing wheat’s water availability
in the soil. Indeed, soils with low water holding capacity and scanty rainfall during winter
led to frequent terminal droughts [11]. Seasonal evaporation can tremendously impact the
water availability for crop needs in the surface soils. Several studies [10,11] assumed a fixed
value of the seasonal evaporation loss (110 mm) when determining water availability for
rainfed wheat, which seems unreasonable. However, inter- and intra-season variabilities in
the evaporation losses are common and are highly correlated with the diurnal and seasonal
changes in the climate parameters and ground cover [61]. In the current study, seasonal Es

losses were 5–30% lower than a fixed value (110 mm) suggested by French and Schultz [10].
Numerous other studies [70–72] reported soil evaporation significantly lower (45–70 mm)
than the proposed fixed value. Direct water loss from the soil surface can be reduced by
adopting appropriate water storage and mulching practices, improving water retention
in the soil [73]. Improved water regimes in surface soils can boost wheat growth and
sustainable production in a water-limited environment.

Water uptake and crop yields of rainfed wheat are severely influenced by climate,
soil and crop characteristics, and a large gap exists between the potential and actual crop
yield [11,15]. These variabilities ultimately impact the water use efficiency of crops in rain-
fed environments. The average water productivity (WP_ET) values (8.6 kg ha−1 mm−1)
estimated in the current study are comparable to water use efficiency reported in other
studies in the rainfed region of Australia [11,72]. Similarly, the transpiration efficiency
(WP_Tp) values are similar to values reported by Harries et al. [72] and Sadras and Law-
son [14] for the rainfed wheat production environments. However, the average values of
WP_ET (19.8 kg ha−1 mm−1) and WP_Tp (33.8 kg ha−1 mm−1) obtained at the Yeelanna
site were much higher than those reported in previous studies. Unlike the current study,
these studies usually ignored the deep drainage component. The model predicted that 25%
of rainfall received at Yeelanna is lost as deep drainage, a significant factor contributing
to higher WP_ET and WP_Tp at this site. Thus, HYDRUS-1D has been able to predict
the actual water balance fluxes, including deep drainage, depending on the climate, crop,
and soil conditions [74], and provide an accurate assessment of water use efficiency and
water-limited yield estimation for the rainfed wheat production system.

4.2. Nitrogen Losses and Recovery by Crop

Nitrogen supplement in the form of fertilizer is essential for profitable crop production.
The fertilizer requirement of wheat may vary each season, depending on NMin in the soil
and climate variability. Angus and Grace [1] reported that the minimum level of N fertilizer
applied to dryland wheat should be 45 kg N ha−1 for sustainable crop production. However,
the long-term (15 years) application of the fixed amount of N fertilizer (45 kg ha−1) at
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50 farms resulted in a reduction in the wheat yield by 60% of the water-limited potential
yield [75]. This suggests that the N fertilizer application at the Pygery site was much lower
than required, significantly impacting obtaining a potential water-limited yield and N
use efficiency. On the other hand, the amount of N applied was very high at Yeelanna
(121–151 kg ha−1), potentially leading to high N concentration in the soil and consequent
losses of applied N. Therefore, blanket applications of N adopted by the growers in the
current study can have varied impacts on crop growth and yield and may lead to potential
N losses from the fields. Moreover, N transformation and loss mechanisms are highly
influenced by climate variability and soil environment at different locations, impacting
plant N uptake by rainfed crops. Angus et al. [76] reported that the average aboveground
recovery of total N was around 36% at six commercial dryland wheat sites in south-eastern
Australia. However, with improved management practices, the N recovery efficiency in
grain production can be increased to 44% [1]. Thus, the wheat’s NUE estimates in the
current study corroborate well with other studies.

Soil factors such as texture, pH, and organic matter content, as well as soil constraints
such as salinity and sodicity, also significantly impact the processes of N transformation
in the soils [77]. Therefore, N recovery improvements require better temporal matching
of N supply to periods of high crop demand and avoiding periods when risks of losses
surge [37,65]. Monjardino et al. [78] concluded that adopting non-limiting or near-non-
limiting nitrogen fertilizer practices could help close the wheat yield gap in the Australian
rainfed cropping system. The results from this study indicate that site-specific water
availability and N management play a crucial role in enhancing the efficient resource
utilization of rainfed cropping systems. Thus, we recommend conducting further research
on fertilizer-application timing and evaluating different fertilizer-application scenarios to
increase crop recovery of fertilizers applied to dryland wheat production.

Ammonium volatilization (NV), similar to ammonia and nitrate leaching (NL) from
the root zone, represents an important N loss for rainfed wheat cropping systems. The
Nv losses from applied urea fertilizers typically contribute to greenhouse gas emissions
from rainfed wheat production systems. However, in the present study, this fraction is
lower than the emission threshold (10%) from the applied synthetic fertilizers considered
by IPCC [79]. Nonetheless, NV losses to the extent observed in the current study (4.6 to 7.3%
of the N applied) still represent a major economic loss to farmers. Therefore, an accurate
assessment of NV losses could help devise better management practices for improving the
productive and sustainable practices of rainfed wheat production systems.

Leaching drives the NL losses due to rain events and the mass of N in the NO3–N form
in the soil. In sandy soils, N leaching (NL) can be significantly higher [80], ranging between
6 and 20% of the total N flux (16–159 kg N ha−1 year−1). Numerous other studies [81–84]
have reported significant leaching losses of NO3–N, varying from 4 to 59 kg ha−1 year−1

for different cropping systems in Australia. This represents a financial loss to the growers
and an increased risk of groundwater pollution. Indeed, NO3 leaching occurs infrequently
at most dryland cropping farms in Australia because the soil water-holding capacity is
generally sufficient to retain the surplus rainfall over potential evapotranspiration.

The HYDRUS-1D simulations suggested that maintaining the N balance is crucial for
the wheat production system, explaining how soil N storage changes over the years. Match-
ing the supply of available N to the crop N demand will reduce the potential accumulation
of available N and potential N losses. Although increasing N stocks is encouraged, it should
be acknowledged that temporary periods of mining N stocks are acceptable, provided the
extent of N mining is quantified and followed by a rebuilding phase, in which N stocks
are replenished [49]. It is recommended that annual N balance calculations are performed.
However, these values should be integrated and accumulated over time to define the full
effect of applied management practices and temporal trends. Such information will allow
grain growers to implement appropriate actions to maintain their production base in the
future and continue to maximize profitable grain yield outcomes. Further optimization of
N applications can reduce the N losses by linking them with soil water content, rainfall, and
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meteorological data for a particular site. This requires more modeling efforts and intensive
N estimation at the field site for developing rainfall-based guidelines.

5. Conclusions

Mathematical modeling tools can play a pivotal role in understanding the water and
fertilizer used by the rainfed wheat production system. This study used the numerical
model HYDRUS-1D to simulate the water balance and nitrogen dynamics under rainfed
wheat cultivation at two locations (Pygery and Yeelanna) with varied climate and soil
conditions. The model output of water and N balance was compared with measured data
across various soil depths at both locations.

The modeled and measured water content suggested that plant water uptake by
rainfed wheat mostly occurred in the top 30 cm of soil, signifying the importance of the
surface soil layer, which stores water received by small rain events in rainfed environments.
Nevertheless, moisture retained in the surface layer is vulnerable to evaporation imposed
by hot and dry weather conditions in arid and semi-arid environments. In the current
study, 50 and 30% of seasonal rainfall at low and medium rainfall sites were lost via
evaporation. Significant leaching losses (25% of seasonal rainfall) at the medium rainfall
site indicate considerable water loss in the rainfed wheat production system. Therefore,
adopting appropriate water storage and mulching practices can reduce this direct water
loss, enhancing water availability in the soil and improving the water-limited yield potential
of rainfed wheat.

Assessing the off-site movement of N (leaching losses) can help devise better strategies
for N fertilizer applications, which will reduce the environmental impacts of fertilizer use.
This study showed that ammonium volatilization (NV) and nitrate leaching (NL) represent
large potential N losses under the rainfed wheat system, depending on the seasonal rainfall
and climate pattern. The NV losses account for 4.6 to 7.3% of the added N fertilizer, while
NL losses ranged between 3 and 13.5% of N applied, especially at the medium rainfall
site. Low N volatilization losses suggest that the contribution of dryland wheat farming to
greenhouse N gas emissions is very low. This study evaluated water and N dynamics in
the soil of the rainfed wheat production system for two years only. However, longer-term
efforts are needed to reduce N leaching losses by managing the appropriate timing and
dose of N applications in response to available soil moisture levels and crop needs.
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62. Ramos, T.B.; Šimůnek, J.; Gonçalves, M.C.; Martins, J.C.; Prazeres, A.; Pereira, L.S. Two-dimensional modeling of water and

nitrogen fate from sweet sorghum irrigated with fresh and blended saline waters. Agric. Water Manag. 2012, 111, 87–104.
[CrossRef]

63. Evett, S.R.; Schwartz, R.C.; Casanova, J.J.; Heng, L.K. Soil water sensing for water balance, ET and WUE. Agric. Water Manag.

2012, 104, 1–9. [CrossRef]
64. Shafeeq, P.M.; Aggarwal, P.; Krishnan, P.; Rai, V.; Pramanik, P.; Das, T.K. Modeling the temporal distribution of water, ammonium-

N, and nitrate-N in the root zone of wheat using HYDRUS-2D under conservation agriculture. Environ. Sci. Pollut. Res. Int. 2020,
27, 2197–2216. [CrossRef] [PubMed]

65. Wallace, A.J.; Armstrong, R.D.; Grace, P.R.; Scheer, C.; Partington, D.L. Nitrogen use efficiency of 15N urea applied to wheat
based on fertiliser timing and use of inhibitors. Nutr. Cycl. Agroecosystems 2020, 116, 41–56. [CrossRef]

66. Fenn, L.B.; Miyamoto, S. Ammonia Loss and Associated Reactions of Urea in Calcareous Soils. Soil Sci. Soc. Am. J. 1981, 45,
537–540. [CrossRef]

67. Freney, J.R.; Simpson, J.R.; Denmead, O.T. Volatilization of ammonia. In Gaseous Loss of Nitrogen from Plant-Soil Systems; Freney,
J.R., Simpson, J.R., Eds.; Springer: The Hague, The Netherlands, 1983.

68. Hu, C.; Zheng, C.; Sadras, V.O.; Ding, M.; Yang, X.; Zhang, S. Effect of straw mulch and seeding rate on the harvest index, yield
and water use efficiency of winter wheat. Sci. Rep. 2018, 8, 8167. [CrossRef] [PubMed]

69. White, R.G.; Kirkegaard, J.A. The distribution and abundance of wheat roots in a dense, structured subsoil—Implications for
water uptake. Plant Cell Environ. 2010, 33, 133–148. [CrossRef]

70. Zhang, S.; Sadras, V.; Chen, X.; Zhang, F. Water use efficiency of dryland wheat in the Loess Plateau in response to soil and crop
management. Field Crops Res. 2013, 151, 9–18. [CrossRef]

71. Lollato, R.P.; Edwards, J.T.; Ochsner, T.E. Meteorological limits to winter wheat productivity in the U.S. southern Great Plains.
Field Crops Res. 2017, 203, 212–226. [CrossRef]

72. Harries, M.; Flower, K.C.; Renton, M.; Anderson, G.C. Water use efficiency in Western Australian cropping systems. Crop Pasture

Sci. 2022, 73, 1097–1117. [CrossRef]
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Abstract: Achieving the goal of increasing both crop yield and water-use efficiency with a better
irrigation regime is a major challenge in semi-arid areas. In this study, we presented a two-season
field experiment (October 2018–June 2019 and October 2019–June 2020) that considered drought
stresses, i.e., no irrigation (W0), irrigated in jointing (W1), both in jointing and flowering (W2) after
re-greening, and wheat varieties (S086; J22). The results showed that a 45.5% excess of irrigation
water input did not promote wheat yield (W1 vs. W2). S086 was beneficial for the usage of soil
water consumption under a low amount of irrigation water in both seasons. In addition, irrigation
positively affected the activities of superoxide dismutase and catalase in flag leaves (p < 0.05). A
decrease in irrigation helped to increase the concentrations of soluble sugar and proline and decrease
the amount of malondialdehyde content for S086. For the water- and irrigation-water-use efficiency,
W1 was significantly increased by 20.6–21.7% and 38.3–39.3% in 2018–2019 and 23.4–24.4% and
43.8–44.7% in 2019–2020, respectively, as compared to W2. Additionally, a higher yield for S086
than J22 was found under deficit irrigation. Consequently, our study suggested that the S086 variety
combined with a total amount of irrigation water of 165 mm might be recommended to meet the
win–win goal of high crop yields and water-use efficiency for reducing ground water depletion in
the future.

Keywords: limited irrigation; drought stress; yield; water-use efficiency; northern China

1. Introduction

Intensified winter wheat planting is the primary cropping system in northern China,
which produces >67% of the wheat in China [1]. Northern China is a typical semi-arid area
with an average annual precipitation of 556 mm, but only 27–32% (150–180 mm) of this
falls during the winter wheat growing season [2]. Consequently, precipitation cannot meet
the requirements, and a lack of adequate water thus causes up to a 200–300 mm shortage
of water during the whole winter wheat growing season [3,4]. The irrigation water for
flood irrigation measurements, which is pumped from deep groundwater 3–5 times per
wheat season, accounts for 80% of the total agricultural water used in this region [5]. In
this region, flood irrigation that is used by many farmers causes up to 60% of the irrigation
water lost by evaporation or leaching, and this poses a serious threat for sustainable
agricultural production [6]. As a result, the groundwater level is declining rapidly at a rate
of 0.8–1.5 m yr−1 in this region [3,7], which has become an important issue that is restricting
sustainable development [8,9]. Therefore, formulating optimal irrigation approaches and
improving water-use efficiency in northern China are essential for future agriculture. Since
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the 1990s, limited irrigation methods have been implemented and proposed to reduce the
use of groundwater without decreasing the wheat yield in this region [10]. Because of
the important status of wheat in food consumption over the previous 40 years, a focus on
improving the productivity of irrigation water is probably the most common strategy for
resolving future water-related challenges by adapting proper agricultural management
and implementing irrigation-water-saving measures [11,12].

Deficit irrigation, defined as the application of irrigation water below the full-crop
evapotranspiration (ET) level, is an important practical strategy to affect water-use effi-
ciency and wheat yields, its quality is based on the key growth stages in which the irrigation
water is applied, and it has been globally applied for wheat and other crop fields, par-
ticularly in dry regions such as northern China [13–15]. A reduction in or a total loss of
seasonal irrigation treatments may cause drought stress, which can stimulate wheat roots to
grow into deeper soil (below the 80 cm soil layer) layers and then utilize the soil water and
nitrogen found in the deep soil [8]. Additionally, an appropriate scheduling of irrigation
minimizes the effects of water stress on crop yields and increases the productivity from
water [16]. Li et al. [8] reported that irrigating after the flowering stage could reduce the
consumption of pre-anthesis water and ensure the soil water supply at the critical stage,
thus increasing water-use efficiency. Jha et al. [17] reported that plants that experienced
water stress during the flowering and vegetative growth stages had significantly lower
yields and biomass. However, Davarpanah and Ahmadi [12] reported that irrigation at
the jointing stage was the most efficient irrigation event for achieving a high yield in all
climate conditions. Zhang et al. [18] found that water-saving irrigation contributed to a
high plant N-use efficiency and improved the mitigation of greenhouse gas emission and
soil N losses. In addition, the physiological indicators of wheat leaf, for example, enzymes
in flag leaves such as superoxide dismutase, peroxidase, catalase, and malondialdehyde
(MDA), are directly affected by irrigation regimes. Moreover, the responses of crop yield
production and the sensitivity of the physiological indicators of wheat leaf to irrigation
regimes remain unclear. Thus, the main purpose of this study was to (1) assess the effects
of irrigation on soil water consumption, winter wheat yield, water-use efficiency, and the
sensitivity of the physiological indicators of wheat leaf; then to (2) determine the traits
of two wheat varieties with high yields, such as the WUE and yield; and to (3) explore
the influence of the interaction of year, variety, and irrigation events on wheat yield and
water-use efficiency. Furthermore, this knowledge will aid in the development of appropri-
ate irrigation management strategies and the selection of appropriate wheat varieties in
accordance with future agriculture goals in northern China.

2. Materials and Methods
2.1. Experiment Area

This study was conducted in Quzhou County, Hebei Province (36◦86′ N, 115◦02′ E,
Figure 1a) during the two wheat seasons of 2018–2019 and 2019–2020. Quzhou is a typical
area with the most serious water shortage in northern China with an annual average
temperature of 16.8 ◦C. The long-term average annual precipitation is 541.31 mm, and most
of this rainfall occurs in the summer and comprises 65–80% of the total. The soil parameters,
precipitation, and air temperature values are shown in detail in Table 1 and Figure 1b.

Table 1. Soil conditions of 0–20 cm soil layer.

Year Bulk Density
(g cm−3)

SOM
(g kg−1)

TN
(g kg−1)

Av-N
(mg kg−1)

Av-P
(mg kg−1)

Av-K
(mg kg−1)

2018–2019 1.48 14.12 1.21 110.41 16.41 150.15
2019–2020 1.46 15.35 1.44 100.56 11.62 137.62

Note: SOM, soil organic matters content; TN, total nitrogen content; Av-N, the concentration of available nitrogen;
Av-P, the concentration of available phosphorus; Av-N, the concentration of available potassium.
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Figure 1. (a) The location map of the study area and (b) daily precipitation and average daily air
temperature during the study period.

2.2. Experimental Design

First, we selected two popular local wheat varieties, i.e., J22 and S086. J22 is an ex-
tensively planted variety with steady yield especially in northern China, and S086 is a
drought-resistant variety identified by the Institute of Dry Farming, Hebei Academy of Agri-
cultural Sciences, Baoding, China (2015). Secondly, three limited irrigation treatments were
considered, i.e., W0, no irrigation after re-greening; W1, irrigation during the jointing stage
at 75 mm; W2, irrigation during the jointing and flowering stages at 75 mm for each irriga-
tion, in a total of 150 mm. In this study, all the treatments were irrigated before the winter
growth period with the same amount at 90 mm. More irrigation details are shown in Table 2.
In this study, wheat variety was maintained in the main plot and irrigation treatments
were allocated into sub-plots under a split-plot design. Therefore, six treatments with three
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replicates, resulting in a total of 18 plots (each with an area of 10 m length × 6 m width),
were considered. For fertilizer, 150 kg N ha−1, 120 kg P2O5 ha−1, and 90 kg K2O ha−1 were
applied along with the wheat sowing, and then 60 kg N ha−1 was top-dressed at the jointing
stage. Wheat was sown with a row spacing of 15 cm after deep ploughing on 15 October
2018 and 20 October 2019 and harvested on 12 June 2019 and 13 June 2020. Precipitation
during the wheat growth period between 2019 and 2020 was 133.7 mm, close to the annual
average precipitation of this region.

Table 2. Irrigation amount (mm) in different growth stages during 2018–2020.

Year Varieties Treatment Overwinter
18 December

Jointing
20 March

Flowering
15 May Total

2018–2019/
2019–2020

S086
W0 90 0 0 90
W1 90 75 0 165
W2 90 75 75 240

J22
W0 90 0 0 90
W1 90 75 0 165
W2 90 75 75 240

Note: The dates cited are the time of irrigation events for each growth stage. W0, no irrigation events after
overwintering stage; W1, irrigated in jointing stage; W2, irrigated in jointing and flowering stages.

2.3. Data Collection and Calculation

2.3.1. Crop Yield

To determine the crop yield, the spikes were all counted in one 1 m2 area of each plot
before harvest. The grain number per spike was then counted from 30 randomly selected
plants in each plot. The 1000-grain weight was determined by weighing 1000 grains from
each plot. At maturity, all the wheat plants in a 3 m2 area in each plot were harvested,
threshed, and then dried at 80 ◦C for crop yield calculation. In addition, the actual crop
yield was calculated with a 12.5% moisture basis.

2.3.2. Soil-Water-Holding Consumption and Water-Use Efficiency

Three soil samples were collected in a 0–200 cm soil layer at 20 cm intervals and then
mixed for soil water content analysis at sowing, overwintering, jointing, flowering, filling,
and maturity stages. The soil gravimetric water content (%) was measured by oven-drying
at 105 ◦C for 48 h. The soil-water-holding consumption (SWC, mm) was calculated as the
final soil-water-holding amount (harvest stage) minus the initial one (seeding stage).

Crop evapotranspiration for a given stage (ET) was calculated according to the soil
water balance equation:

ET = ∆S + I + P − R − D + CR (1)

where ∆S (mm) is soil water extraction based on the difference between two close growth
stages, I (mm) is irrigation, P (mm) is rainfall, R (mm) is runoff, D (mm) is drainage deeper
than the 200 cm soil profile, and CR (mm) is the capillary rise into the root zone. R and D
can be ignored in northern China according to [19,20]. Additionally, the groundwater table
at the experimental site is 5–6 m below the ground surface, which was deeper than the root
activity depth of these two wheat varieties selected in this paper (0–2.5 m); therefore, the
CR is negligible.

∆S was calculated according to Equation (2):

∆S = 10
n

∑
i=1

γi Hi(θi1 − θi2) (2)

where n (=10) is the number of soil layers from 0 to 200 cm; γi (g cm−3) is the bulk density
of the ith soil layer; Hi (cm) is the soil depth of the ith soil layer; θi1 (%) and θi2 (%) are the
initial and final gravimetric water content of the ith soil layer, respectively.
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The water consumption intensity (CD, mm d−1) and percentage (CP, %) for a given
stage are calculated as follows:

CD =
ET

D
(3)

CP =
ET

ETT
(4)

where ET (mm) is the crop evapotranspiration for a given stage, D (d) is the duration days
for a given stage, and ETT (mm) is the total ET for the whole growth season.

The water-use efficiency was evaluated based on the use of the total and irrigation
water by the crop, which was estimated as crop-water-use efficiency (WUE, kg m−3) and
irrigation-water-use efficiency (IWUE, kg m−3), as described by Jha et al. [21].

WUE =
GY

ETT × 10
(5)

IWUE =
GY

I × 10
(6)

where GY is the grain yield (kg ha−1), ETT is the total evapotranspiration during a growing
season (mm), and I is irrigation (mm).

2.3.3. Plant Nitrogen Uptake and Utilization

The 6 wheat plants were collected at overwintering, jointing, flowering, filling, and
maturity stages, and then oven-dried and sieved. The total nitrogen (N) content was
determined using the Kjeldahl method. In this study, the NUE indicator was used through
N partial factor productivity for fertilizer (PFPN, kg grain kg−1 Nfert) [10].

PFPN was defined as the ratio of crop yield to fertilizer N applied (7):

PFPN =
GY

N f ert
(7)

where GY is the grain yield (kg ha−1) and Nfert is the fertilizer N application rate (kg ha−1).

2.3.4. Physiological Factors of the Flag Leaf

Twenty flag leaves in each plot were randomly collected at 0, 7, 14, 21, and 24 days
after the flowering stage in 2018–2019 and 2019–2020 and then stored at −20 ◦C before
the biochemical analysis was conducted based on a previous study [19]. In this study,
six related indicators were used: superoxide dismutase (SOD, U g−1 h−1), peroxidase
(POD, U g−1 h−1), catalase (CAT, U g−1 h−1), malondialdehyde (MDA, nmol g−1), soluble
sugar (SS, mg g−1), and proline (Pro, mg g−1) content of flag leaf according to Troll and
Lindsley [22] and Zhang and Kirkham [23].

2.4. Statistical Analysis

The results in the table have been expressed as mean ± standard error of the three
replicates of each treatment. Varieties (i.e., S086 and J22) and irrigation practices (i.e., W1,
W2, and W3) were applied in the main and sub-plot, respectively. Microsoft Excel 2010
(Microsoft Co., Redmond, WA, USA) was used to arrange the experimental data. The effects
of different years, wheat varieties, irrigation practices, and their interactions on crop yield,
N and water consumption, and soil water content were analyzed by SPSS 22.0 software
(SPSS Inc., Chicago, IL, USA) using a three-way ANOVA at a significance level of 0.05.
Significant differences among different irrigation practices under S086 or J22 were tested
using the least significant difference (LSD) test at a significance level of 0.05. Significant
differences between S086 and J22 under W1, W2, and W3 were tested using an independent
t-test at a significance level of 0.05. Simple correlation analysis was performed to determine
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whether soil water characteristics, yield, and water-use efficiency were related to wheat
physiological factors using Origin pro, 2021 (Origin lab, Northampton, MA, USA).

3. Results
3.1. Crop Water Consumption

Water consumption intensity (CD), percentage (CP), and total water consumption
(TWC) were different in differing growth stages and treatments (Table 3). For the filling–ma-
ture stage, the CD of W2 was higher (p < 0.05) than those of W1 and W0.

Table 3. Crop water consumptions in different growth stages.

Year Varieties Treatment

Seeding to Jointing Jointing to Flowering Flowering to Filling Filling to Mature

CD CP TWCl CD CP TWC CD CP TWC CD CP TWC

mm d−1 % mm mm d−1 % mm mm d−1 % mm mm d−1 % mm

2018–2019

S086
W0 0.43 a 26.26 a 70.92 a 2.93 b 41.16 a 111.17 b 3.00 b 10.01 b 27.04 b 3.15 b 31.46 b 84.97 c
W1 0.40 a 20.14 b 66.43 a 3.61 a 41.63 a 137.32 a 4.68 a 12.76 a 42.08 a 3.83 b 31.39 b 103.53 b
W2 0.42 a 18.04 b 69.42 a 3.90 a 38.55 a 148.36 a 5.51 a 12.90 a 49.63 a 5.04 a 35.34 a 136.00 a

J22
W0 0.45 a 27.43 a 72.34 a 3.16 b 44.33 a 116.92 b 2.92 b 8.86 b 23.38 b 2.83 b 29.02 b 76.53 b
W1 0.46 a 23.32 b 74.92 a 3.84 a 44.18 a 136.93 a 7.12 a 17.73 a 56.98 a 2.98 b 25.06 b 80.51 b
W2 0.47 a 20.08 b 76.92 a 3.97 a 38.35 a 146.94 a 7.31 a 15.27 a 58.50 a 5.36 a 37.79 a 144.76 a

2019–2020

S086
W0 0.54 a 22.84 a 88.98 a 0.89 b 8.65 b 33.69 b 7.32 c 16.92 b 65.90 c 3.28 b 22.71 b 88.48 c
W1 0.51 a 18.94 b 84.99 a 1.77 a 15.01 a 67.32 a 16.96 b 34.03 a 152.65 b 4.30 b 25.85 b 115.99 b
W2 0.56 a 19.28 b 93.02 a 1.83 a 14.40 a 69.48 a 22.24 a 41.50 a 200.19 a 5.39 a 30.15 a 145.43 a

J22
W0 0.43 a 17.89 a 68.94 a 0.95 b 9.08 b 34.98 b 8.36 c 17.37 b 66.91 c 2.69 b 18.83 b 72.55 b
W1 0.35 a 13.89 b 57.45 a 1.48 a 13.26 a 54.84 a 18.60 b 35.98 a 148.80 b 3.17 b 19.42 b 80.29 b
W2 0.35 a 12.34 b 56.21 a 1.52 a 12.37 a 56.35 a 25.88 a 45.45 a 207.03 a 6.14 a 36.42 a 165.91 a

Note: CD: water consumption intensity; CP: water consumption percentage; TWC: total water consumption.
Definitions of different irrigation treatments (i.e., W0, W1, and W2) are given in the caption of Table 2. The same
letter in the same column denotes no significant difference in different irrigation treatments by LSD (p < 0.05) for
these two varieties.

In 2018–2019, a 55.62% (W1) and 83.54% (W2) higher TWC for S086 and 143.71% (W1)
and 150.21% (W2) higher TWC for J22 compared to the W0 treatment were found in the
flowering–filling stage, respectively. Additionally, a 31.36% (S086) and 79.80% (J22) higher
TWC in W2 compared to W1 was found in the filling–mature stage. Similar to 2018–2019,
in 2019–2020, TWC in W2 was highest for all growth stages (Table 3).

The CP especially in jointing–flowering was highest during the whole season, compris-
ing 38.6–41.6% (S086) and 38.4–44.4% (J22) in 2018–2019, while that in the flowering–filling
stage was highest in all irrigation treatments except the seeding–jointing and filling–mature
stages in 2019–2020. During the whole season, TWC was W2 > W1 > W0 during both years
(Figure 2).

3.2. Soil-Water-Holding Consumption

For different irrigation treatments, TWC decreased along with the increase in amount
of irrigation (as the main source of crop water demand). Additionally, the increase in
irrigation amount is related to the increase in TWC and the decrease in soil-water-holding
consumption (SWC). In 2018–2019, for S086, the order of SWC in the 20–100 cm soil layer
was W0 > W1 > W2, while that in 100–180 cm was W1 > W0 > W2. For J22, the order of
SWC in the 20–120 cm soil layer was W0 > W1 > W2, but there was no obvious regularity
in the deeper soil layer (Figure 3).

In 2019–2020, the order of SWC in surface soil (0–20 cm) and the 40–120 cm soil layer
was W0 > W1 > W2 for S086, although there was a lack of an obvious trend in the deeper
soil layer, while that in 20–120 cm was W0 > W1 > W2 for J22 but was not apparently
regulatory in the deeper soil layer.

3.3. Dynamics of the Physiological Factors of Flag Leaves

Irrigation increased the activities of superoxide dismutase (SOD), peroxidase (POD),
and catalase (CAT) from 7 days and the contents of soluble sugar (SS) and proline (Pro) from
14 days after the flowering stage, but decreased the content of malondialdehyde (MDA)
during the whole flowering stage (Figures S1–S6). Accordingly, in W2, the SS content
increased by 9.1–19.0% (S086) and 4.3–19.8% (J22) during 2018–2019 and 3.4–8.4% (S086)
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and 10.2–16.6% (J22) during 2019–2020, compared with the content of W1. The Pro content
of W2 was 5.6–11.7% (S086) and 7.3–15.2% (J22) higher than those of W1 during 2018–2019,
while it was 9.0–10.4% (S086) and 8.3–12.6% (J22) higher than those of W1 during 2019–2020
(Figures S5 and S6). Year and irrigation significantly affected the POD content (p < 0.05),
but no interaction was found (Table 4). However, there was no significant effect of year,
variety, irrigation, and their interactions on SOD, CAT, MDA, sugar, and Pro content.

ff ff
tt

ff ff

ff

Figure 2. Water consumption and percentage from precipitation, irrigation, and soil water depletion
in 0–200 cm soil layer under different treatments. Definitions of different irrigation treatments (i.e.,
W0, W1, and W2) are given in caption of Table 2. The same letter in each soil layer denotes no
significant difference in different irrigation treatments by LSD (p < 0.05).

3.4. Crop Yield

Irrigation helped to cause an increase in the number of spikes and grains per spike
in 2018–2019 (Table 5). Compared to W0, the spikes of S086 increased by 90.51% (W1)
and 66.52% (W2). Similarly, the spikes of J22 increased by 75.63% (W1) and 83.90% (W2),
respectively, compared to W0. In addition, the 1000-grain weight was significantly affected
by year and variety, and their interaction. Additionally, the yield was significantly affected
by irrigation practices and the highest wheat yield was found in S086 in all irrigation
treatments during these two experimental seasons (p < 0.05, Table 4).
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Figure 3. Soil water consumptions under different treatments in 0–200 cm soil layer. Definitions of
different irrigation treatments (i.e., W0, W1, and W2) are given in caption of Table 2. The different
letters in the same soil layer denote a significant difference in different irrigation treatments by LSD
(p < 0.05).

3.5. Crop-Water-Use Efficiency

The water-use efficiency (WUE) and irrigation-water-use efficiency (IWUE) were
significantly affected by year and irrigation, and their interactions (Table 6). In 2018–2019,
the lowest WUE was found in W0 and the lowest IWUE was found in W2, while the highest
WUE and IWUE were found in the W1 treatment for both varieties. In 2019–2020, the WUE
of W1 was 15.5% (p < 0.05) and 9.4% (p < 0.05) higher than those in W0 and W2 for J22,
respectively. However, the highest IWUE was found in W0, followed by W1 in 2019–2020,
which was primarily owing to the higher yield caused by higher rainfall in comparison
with that in 2018–2019.
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Table 4. Two-way ANOVA of the effects of year, irrigation, and wheat variety on soil water consump-
tion and plant physiological factors 7 days after flowering stage.

Year Varieties Irrigation TWC SWC SOD POD CAT MDA Sugar Pro

2018–2019

S086
W0 270.1 ± 88.2 67.5 ± 18.3 461.0 ± 1.6 188.4 ± 8.1 141.4 ± 6.1 20.9 ± 2.5 30.3 ± 2.3 289.5 ± 12.0
W1 329.8 ± 76.5 52.2 ± 9.9 514.9 ± 12.6 202.0 ± 11.3 160.8 ± 10.1 16.1 ± 2.7 25.0 ± 0.5 259.8 ± 16.2
W2 384.9 ± 45.2 32.3 ± 7.8 540.7 ± 15.3 225.3 ± 10.3 178.5 ± 2.3 14.7 ± 2.2 23.0 ± 0.5 238.3 ± 15.4

J22
W0 263.7 ± 21.2 61.1 ± 1.2 473.9 ± 24.3 168.7 ± 5.5 150.0 ± 8.4 17.1 ± 2.1 34.9 ± 1.0 309.6 ± 10.6
W1 321.3 ± 40.6 43.7 ± 3.9 553.0 ± 22.8 195.7 ± 16.9 176.3 ± 8.1 14.9 ± 1.4 31.3 ± 0.5 261.3 ± 8.4
W2 383.1 ± 77.5 30.5 ± 11.5 573.5 ± 28.9 218.6 ± 12.4 183.7 ± 5.9 12.9 ± 1.6 28.3 ± 0.0 231.5 ± 4.2

2019–2020

S086
W0 389.6 ± 32.5 165.9 ± 6.1 485.6 ± 6.9 184.3 ± 8.1 125.3 ± 6.9 19.4 ± 1.0 32.0 ± 0.3 229.5 ± 10.6
W1 448.6 ± 67.9 149.9 ± 13.1 540.3 ± 9.6 216.1 ± 11.3 144.0 ± 9.6 18.1 ± 0.1 26.5 ± 0.1 199.8 ± 11.3
W2 482.4 ± 78.6 108.7 ± 10.8 563.1 ± 1.0 230.7 ± 10.3 150.0 ± 1.0 14.1 ± 1.2 24.3 ± 0.2 183.3 ± 15.5

J22
W0 385.3 ± 22.5 161.6 ± 3.2 457.4 ± 8.8 188.1 ± 5.5 118.0 ± 8.8 15.0 ± 0.2 32.6 ± 0.2 229.6 ± 10.2
W1 413.5 ± 55.2 114.8 ± 4.4 557.6 ± 7.9 206.8 ± 16.9 134.7 ± 7.9 16.8 ± 0.2 28.8 ± 0.3 193.3 ± 11.0
W2 455.5 ± 49.3 81.8 ± 7.8 580.0 ± 9.5 228.1 ± 12.4 148.7 ± 9.5 22.5 ± 0.0 24.3 ± 0.3 171.5 ± 12.0

ANOVA p value

Year (Y) *** *** NS * NS NS NS *
Variety (V) NS *** NS NS NS NS NS NS

Irrigation (I) *** *** NS * NS NS NS NS
Y × V NS ** NS NS NS NS NS NS
Y × I NS *** NS NS NS NS NS NS
V × I NS NS NS NS NS NS NS NS

Y × V × I NS NS NS NS NS NS NS NS

Note: SWC, soil-water-holding consumption; TWC, total water consumption. SOD, superoxide dismutase; POD,
peroxidase; CAT, catalase; MDA, malondialdehyde content; SS, soluble sugar content; Pro, proline content. *, **,
and *** represent the 0.05, 0.01, and 0.001 significance levels, respectively. NS means no significant effect.

Table 5. Wheat yield and related factors under different irrigation treatments.

Year Varieties Irrigation Spike (×104 ha−1) Grains per Spike
Weight (1000-Grain)

/g
Yield

/kg ha−1

2018–2019

S086
W0 331.95 b 26.33 b 36.68 b 3106.9 ± 212.7 d
W1 632.41 a 33.00 a 40.79 a 7803.3 ± 413.3 a
W2 552.75 a 33.67 a 39.57 a 8198.6 ± 178.3 a

J22
W0 391.35 b 27.67 b 34.85 a 3512.9 ± 228.7 d
W1 687.31 a 33.67 a 35.70 a 7773.7 ± 801.7 ab
W2 719.70 a 32.00 a 34.69 a 8110.6 ± 85.0 a

2019–2020

S086
W0 527.67 a 30.61 b 49.28 a 6536.4 ± 206.7 bc
W1 612.03 a 32.17 a 50.33 a 8182.3 ± 311.3 a
W2 646.03 a 32.43 a 50.51 a 8286.0 ± 403.5 a

J22
W0 567.01 a 29.81 b 48.50 a 6502.0 ± 359.2 c
W1 598.36 a 34.47 a 49.08 a 8062.5 ± 211.8 a
W2 601.03 a 35.37 a 48.97 a 8122.3 ± 204.5 a

ANOVA p value

Year (Y) ** ** *** ***
Variety (V) ** NS *** NS

Irrigation (I) *** *** NS ***
Y × V *** NS * NS
Y × I *** * NS ***
V × I NS NS NS NS

Y × V × I NS * NS NS

Note: Definitions of different irrigation treatments (i.e., W0, W1, and W2) are given in caption of Table 2. The same
letter in the same column denotes no significant difference in different irrigation treatments by LSD (p < 0.05) for
these two varieties. *, **, and *** represent the 0.05, 0.01, and 0.001 significance levels, respectively. NS means no
significant effect.

3.6. Combined Effects of Irrigation and Water Consumption on Grain Yield and Water Productivity

Along with the increase in SWC and TWC, POD increased (p < 0.05), but the contents
of MDA and SS significantly decreased (p < 0.05, Figure 4). In addition, the crop yield
was significantly affected by the content of SOD, CAT, and SS of flag leaves and then
indirectly affected the WUE and PFP. Irrigation water productivity, such as IWUE, was
positively correlated with SWC and TWC (p < 0.05). However, irrigation would decrease
the consumption of soil water, which indicated that deficit irrigation could be beneficial for
the increase in antioxidant activity of crops and water productivity.
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Table 6. Crop-water- and N-use efficiency in different irrigation treatments.

Year Varieties Treatments WUE (kg m3) IWUE (kg m3)

2018–2019

S086
W0 1.53 ± 0.10 e 3.45 ± 0.24 d
W1 2.81 ± 0.15 a 4.73 ± 0.25 bc
W2 2.33 ± 0.05 bc 3.42 ± 0.07 d

J22
W0 1.73 ± 0.11 de 3.90 ± 0.25 cd
W1 2.80 ± 0.29 a 4.71 ± 0.49 bc
W2 2.30 ± 0.02 bc 3.38 ± 0.04 a

2019–2020

S086
W0 2.92 ± 0.09 a 7.26 ± 0.23 b
W1 2.74 ± 0.10 ab 4.96 ± 0.19 d
W2 2.22 ± 0.11 c 3.45 ± 0.17 d

J22
W0 2.91 ± 0.16 a 7.22 ± 0.40 a
W1 2.70 ± 0.07 ab 4.89 ± 0.13 b
W2 2.17 ± 0.05 cd 3.38 ± 0.09 d

ANOVA p value

Year (Y) *** ***
Variety (V) NS NS

Irrigation (I) *** ***
Y × V NS NS
Y × I *** ***
V × I NS NS

Y × V × I NS NS
Note: WUE, water-use efficiency; IWUE, irrigation-water-use efficiency. Definitions of different irrigation
treatments (i.e., W0, W1, and W2) are given in caption of Table 2. The same letter in the same column denotes no
significant difference in different irrigation treatments by LSD (p < 0.05) for these two varieties. *** represents the
0.001 significance levels. NS means no significant effect.
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Figure 4. Correlation analysis of physiological factors of flag leaf, yield, and water-use efficiency
with soil water consumptions (p < 0.05). SWC, soil-water-holding consumption; TWC, total water
consumption; SOD, POD, CAT, MDA, SS, and Pro are given in caption of Table 4. * represents the
significant correlation at 0.05 levels.
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4. Discussion
4.1. Grain Yield and Water-Use Efficiency under Irrigation

Soil water is considered to be the main factor that affects crop yields. Irrigation has a
direct impact on soil water content, as well as nutrient availabilities, physiological factors
of the flag leaves, and water-use efficiency (Figure 4), which is in line with Ierna and
Mauromicale [24].

In semiarid areas, like northern China, water is an important limiting factor in winter
wheat yield production [25,26]. Rainfall could effectively supply the demands for crop
water and soil water storage, particularly in the winter wheat season. Even though the
water required in the winter wheat season still reached up to 200–300 mm [3,27], irrigation
was still the main management method to maintain high crop yield production, e.g., the
yield of S086 for W0 vs. W1 vs. W2 was 6536 vs. 8182 vs. 8286 kg ha−1, respectively, in
2019–2020 (Table 5), which indicated that irrigation could increase crop yields by as high
as 27–164%, and these results have been proven by previous studies [1,2], as Jha, Kumar,
and Ines [17] reported that irrigation during dry spells could reduce the wheat yield losses
caused by water stress. Additionally, the selection of drought-resistant varieties was also
beneficial for irrigation water saving with high crop yield. In this study, the highest yield
was found in S086 particularly under one irrigation after the re-greening stage, i.e., W1,
owing to the higher drought resistance index in this plant compared to that of J22.

As expected, the grain yield was closely related to spikes, grain numbers per spike,
and 1000-grain weight [28–30], as well as superoxide dismutase (SOD) and catalase (CAT)
(Figure 4). However, the spikes and grain numbers per spike were highly influenced by
irrigation practices (p < 0.001; Table 5), which is in line with Xu et al. [31]. As reported,
the irrigation 10 days after the jointing stage could decrease the degradation of florets
and improve the numbers per spike [32]. Different irrigation methods cause differences
in water distribution and nitrogen accumulation, resulting in complex changes in the soil
environment, thus altering the environmental responses of plant growth and water-/N-use
efficiency [33]. A soil water deficit in the uppermost soil layers during the jointing to
anthesis period would seriously decrease the grain numbers and reduce the aboveground
biomass at anthesis [31]. The activities of SOD and the contents of malondialdehyde (MDA)
and Pro were increased under the water deficit condition, but the activity of CAT was
increased after irrigation events, particularly during the 14-day to 21-day period after
the flowering stage (Figure S3), which is in line with Mu et al. [34]. Therefore, irrigation
contributed to the antioxidant effect of crops in the pre-flowering stage and to nutrient
transformations during the later stage of flowering. Moreover, the content of soluble sugar
(SS) 14 days after the flowering stage in irrigation treatments contributed to osmoregulation
and antioxidant ability in pre-flowering and then to the transformations of nutrients to
increase the crop yield during the late-flowering stage (Figure 4), which is consistent with
Hui et al. [35]. Above all, irrigation at the stem extension stage (i.e., the jointing stage) of
winter wheat is the most effective time to increase grain yield, WUE, plant growth, and
photosynthesis [31,32,36].

Compared to W1, the crop yield of W2 (increased one more irrigation event) increased
without a significant difference but had a large decrease in the WUE (5.8–12.5%) and IWUE
(27.8–30.7%, p < 0.05), which is not the appropriate approach to meet future sustainable
agriculture [37]. In addition, irrigation was one of the key factors that influence enzymes
(i.e., SOD, POD, and CAT) in flag leaves, which were related to the crop-water-use efficiency
(Figure 4). Additionally, drought stress is often linked with increases in oxidative stress
and decreases in the contents of SS and Pro, which are beneficial to increase the tolerance
to drought [38,39]. Our study found that the increase in irrigation amount would improve
the content of SOD, POD, CAT, SS, and proline (Pro) but decrease the content of MDA
(Figure 4, p < 0.05), which might contribute to the resistance to crop oxidation [40]. However,
increasing irrigation amount was inversely related to water productivity and use efficiency.
Therefore, selections of drought-tolerant varieties were beneficial for the win–win goal of
irrigation water reduction and steady yield under drought stress [41]. In our study, when
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the S086 variety was considered, the reduction in irrigation water amount contributed to
the increase in the content of SS and Pro, particularly 0–14 days after the flowering stage
(p < 0.05, Figures S5 and S6), and then enhanced the ability of drought resistance [40].

As Liu et al. [42] reported, irrigation at 120 mm per wheat season is appropriate for
future sustainable wheat production with high-yielding in the irrigation region. Addi-
tionally, limited irrigation (like deficit irrigation) could cause changes in the soil dry–wet
conditions, which was beneficial to increase the drought resistance of crops (e.g., winter
wheat, cotton), and then increase the transformation of plants to protein and increase crop
yield and qualities, as well as water-use efficiency [14,43]. Thus, the plant system of S086
combined with W1 (165 mm per wheat season) that was recommended in this region was
in accordance with the future agriculture goal.

4.2. Influence of Irrigation on Soil-Water-Holding Consumption

In our study, the crop water consumptions in these two winter wheat varieties were
different between these two seasons (Table 3). Typically, after the re-greening stage, the
physiological growth rate of winter wheat is fast with the increase in water and nutrients
demanded. This is also the key period for plant nutrient transformation and grain forma-
tion [44]. Additionally, deficit irrigation could increase the SWC by winter wheat (Figure 2)
as well, resulting in the increase in root activities and changes in soil microbial communities
with more effective usage of the external water besides irrigation water [45].

Therefore, meeting the water requirement of winter wheat in the jointing–filling stage
could be the key practice to ensure the normal growth and maintain the soil water storage,
which has also been confirmed by other researchers [32,36]. However, SWC primarily
differed in the 0–120 cm soil layer in these different irrigation treatments (Figure 2), which
is in line with Zhang et al. [2]. In addition, the depletion of deeper soil water was increased
when the irrigation water was reduced (i.e., W0 and W1). The SWC in 2019–2020 was
higher than the one in 2018–2019, mainly because of the higher rainfall after winter wheat
harvested in June 2019 and during April–May in 2020 (Figure 1). Previous studies have
reported that severe drought could promote the growth of roots to extract the water in the
deeper soil layers as deep as 160 cm for use, but with the cost of limited growth and lower
biomass and crop yield [8].

In our study, for no irrigation after re-greening, i.e., W0, the soil water of S086 was
higher than that of J22. When irrigated after re-greening, i.e., W1 and W2, the water
required for crop growth primarily originated from irrigation water (36.8–62.7%) and
increased along with the amount of irrigation amount. In addition, the percentage of
irrigation amount to the TWC of S086 was lower than that of J22, which indicated that the
S086 variety could be recommended in the regions with low irrigation amount inputs due
to the high resistance to water stress. Accordingly, the use efficiency of rainfall and soil
water decreased gradually and the irrigation water was still the primary process provided
for the crop water demands. Also, the seasonal evapotranspiration would be increased
when excessive water was irrigated [46,47].

In our study, during these two wheat seasons, we found no significant difference
in crop yield, but a significant difference in total water consumption between W1 and
W2 was found, indicating that improved irrigation practices (i.e., W1) can be considered
suitable and is recommended for future agricultural production, but other optimized
practices should be considered [48], for example, reasonably adjusting or reducing the
single irrigation amount in combination with rainfall or delaying irrigation at the jointing
stage [32], and improving irrigation strategies with drip irrigation [49,50].

Overall, the results of these two-season experiments indicated that the use of variety
S086 under W1 treatment can realize high grain yield and water-use efficiency. However,
some studies have pointed out that quantitative irrigation cannot fit the real demands of
water for plant growth and have suggested that proper deficit irrigation methods should
be carefully considered [15]. For example, our study found a significant influence of year
on TWC and SWC mainly due to the different rainfalls between these two years (Figure 1),
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which caused different soil water supplements for plant demands. Accordingly, further
studies are still required to evaluate the combination effects of appropriate irrigation water
amounts and rainfall on wheat growth and to maintain high yield for future sustainable
agriculture as well as the changes in the micro-environment (e.g., rhizosphere environment,
microbial communities) [25], and the interactions among plant physiology, root growth,
and microbes.

5. Conclusions

The total water consumption (TWC) and soil water consumption (SWC) by winter
wheat under different irrigation treatments all increased along with increasing amounts
of irrigation water applied. However, the wheat yields for both W1 and W2 were not
significantly higher than those of W0 in both 2018–2019 and 2019–2020 seasons; nonethe-
less, the highest yield was observed in the S086 variety in all irrigation treatments in both
seasons. Also, the SWC in the 0–120 cm soil layer was highly related to wheat growth
in all the treatments. During the whole growth period, the crop water consumption was
primarily focused on the jointing to filling stage, particularly in the jointing–flowering
stages (accounting for 38.4–44.3% of total crop water consumption). Additionally, the
drought-resistant variety (i.e., S086) was beneficial for the usage of SWC under a lower
amount of irrigation water applied. Meanwhile, irrigation after the re-greening stage might
highly promote the physiological growth of flag leaves, i.e., superoxide dismutase and
catalase, which could have highly affected crop yield production and water-use efficiency.
This study recommended the combination usage of variety S086 and W1 to meet the win–
win goal of high crop yield and water-use efficiency with low groundwater consumption.
However, further studies are still needed to evaluate the combination effects of an appro-
priate irrigation water amount and rainfall on maintaining high wheat yield and growth
for future sustainable agriculture.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su151310503/s1, Figure S1: Superoxide dismutase (SOD) activities
of flag leaf under different irrigation treatments. a, S086 in 2018~2019; b, J22 in 2018~2019; c, S086 in
2019~2020; d, J22 in 2019~2020; Figure S2: Peroxidase (POD) activities of flag leaf under different
irrigation treatments. a, S086 in 2018~2019; b, J22 in 2018~2019; c, S086 in 2019~2020; d, J22 in
2019~2020; Figure S3: Catalase (CAT) activities of flag leaf under different irrigation treatments.
a, S086 in 2018~2019; b, J22 in 2018~2019; c, S086 in 2019~2020; d, J22 in 2019~2020; Figure S4:
Malondialdehyde (MDA) activities of flag leaf under different irrigation treatments. a, S086 in
2018~2019; b, J22 in 2018~2019; c, S086 in 2019~2020; d, J22 in 2019~2020; Figure S5: Soluble sugar (SS)
activities of flag leaf under different irrigation treatments. a, S086 in 2018~2019; b, J22 in 2018~2019; c,
S086 in 2019~2020; d, J22 in 2019~2020; Figure S6: Proline (Pro) activities of flag leaf under different
irrigation treatments. a, S086 in 2018~2019; b, J22 in 2018~2019; c, S086 in 2019~2020; d, J22 in
2019~2020.
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Abstract: Conservation tillage is widely recognized as an important way to improve soil quality,
ensure food security and mitigate climate change. However, relatively little attention has been paid
to the subject in terms of sustainable evaluation of environmental and economic benefits of the
combination of no tillage and straw returning for maize production in arid irrigated areas. In this
study, grain yield (GY) and water use efficiency based on grain yield (WUEGY), soil carbon emission
characteristics and economic benefits were investigated, and a sustainability evaluation index based
on the above indicators was assessed in maize production under a wheat–maize rotation system from
2009 to 2012. Four wheat straw returning approaches were designed: no tillage with 25 to 30 cm
tall wheat straw mulching (NTSMP), no tillage with 25 to 30 cm tall wheat straw standing (NTSSP),
conventional tillage with 25 to 30 cm tall wheat straw incorporation (CTSP), and conventional tillage
without wheat straw returning (CTP). The results showed that NTSMP treatment could effectively
regulate water consumption characteristics of maize fields and meet the water conditions for high
grain yield formation, thus gaining higher GY and WUEGY. NTSMP increased GY and WUEGY

of maize by 13.7–17.5% and 15.4–16.7% over the CTP treatment, and by 5.6–9.0% and 2.3–11.2%
over the CTSP treatment, respectively. Meanwhile, compared with CTP, the NTSMP treatment
could effectively reduce carbon emissions from maize fields, where average soil carbon emission
fluxes (ACf), carbon emission (CE) and water use efficiency based on carbon emission (WUECE)
were reduced by 17.7–18.9%, 11.1–11.2% and 8.8–12.8% and carbon emission efficiency (CEE) was
increased by 10.2–14.7%. In addition, the NTSMP and NTSSP treatments could effectively increase
total output and reduce human labor and farm machinery input, resulting in higher economic benefit.
Among them, the NTSMP treatment was the most effective, net income (NI) and benefit per cubic
meter of water (BPW) were increased by 16.1–34.2% and 19.1–31.8% over the CTP treatment, and by
13.2–13.3% and 9.8–15.6% over the CTSP treatment, respectively. The sustainability analysis showed
that the NTSMP treatment had a high sustainability evaluation index and was a promising field-
management strategy. Therefore, no tillage with 25 to 30 cm tall wheat straw mulching is a sustainable
maize-management practice for increasing economic benefits and improving environmental impacts
in arid irrigated areas.

Keywords: economic benefits; soil carbon emission; straw returning; sustainable evaluation; water
use efficiency

1. Introduction

Water resources are the main limiting factor for agricultural production [1]. Declining
water resources available for agriculture in the context of global climate change poses
a challenge to ensuring food security [2]. In particular, soil moisture during the crop-
growing season is a key factor in ensuring the formation of crop yield and quality [3].
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Thus, improving crop water use efficiency will help to ensure the sustainability of crop
production. At the same time, the high consumption of fossil fuels contributes to global
warming, but more fossil fuel inputs are often required in high-yield cropping systems [4,5].
As a result, the agricultural production sector is one of the major sources of greenhouse
gas emissions, with agriculture and land use change accounting for about a quarter of total
global greenhouse gas emissions [6]. In addition, a large amount of purchased resources are
invested in conventional agricultural management [4], which in turn increases the cost of
agricultural production and greenhouse gas emissions, making it possible to obtain poorer
net income and ecological benefits [7]. Therefore, there is an urgent need to develop crop-
management technologies that maintain and increase crop yield while reducing greenhouse
gas emissions and improving crop water use efficiency to increase agricultural benefit.

Globally, conservation tillage practices such as reduced tillage or no tillage and straw
returning play a key role in maintaining high soil moisture, increasing crop water use
efficiency, and improving the ecological environment of farmland [8–10]. Straw return-
ing has been regarded as an important agricultural water conservation technology for
soil water storage and moisture retention, reducing ineffective evaporation and surface
runoff [11,12]. At the same time, crop straws are a valuable renewable organic resource,
which can effectively improve soil fertility and crop yield, thus obtaining higher crop
productivity [13,14]. Published research showed long-term no tillage could improve crop
water use efficiency by reducing deep soil root distribution and water uptake [9]. In ad-
dition, the combination of reduced tillage or no tillage and straw returning could further
increase crop yield and water production benefit, and improve soil quality [11,15]. It has
been shown that straw returning could increase water use efficiency by 5.5–36.4% over
straw removal, with the combination of no tillage and straw returning having higher water
use efficiency and economic benefit [11]. At the same time, conservation tillage has been
widely adopted as an effective crop-management measure to reduce CO2 emissions and
ensure food security, with no tillage and straw covering combining the most prominent
advantages [16,17]. Some studies found that no tillage plus straw mulching could increase
crop yield and net income, reduce greenhouse gas emissions and carbon footprint, and ease
the negative environmental impacts of crop production [18]. In addition, no tillage and
maize residue covering integrated with suitable water and nitrogen supply could improve
soil water storage capacity, reduce carbon emissions and increase soil carbon sequestration
potential in arid irrigated areas [10]. Therefore, understanding how the combination of
straw returning and reduced tillage or no tillage affects crop productivity and ecological
environment of fields is important to improve crop yield and water use efficiency, reduce
greenhouse gas emissions and increase economic benefit.

Northwestern China is a typical irrigated arid agricultural region [19], where wheat
and maize are the main food crops [19]. Meanwhile, conservation tillage practices such
as reduced tillage or no tillage and straw returning have positive effects on food security,
improving soil fertility and water production benefit and reducing the environmental
burden in this region [20,21]. However, the long-term continuous cropping pattern of maize
in this region has seriously hampered maize production, resulting in massive damage to
maize yield and soil quality [22]. Crop rotation is an agronomic practice that combines
land use and land conservation, which can break the long-term continuous crop barriers,
balance soil nutrients, improve the ecological environment of fields and ultimately achieve
the purpose of increasing crop yield and net income [23,24]. At present, maize area
accounts for more than 30% of the total food crop area in the region, and conservation
tillage practices such as reduced tillage or no tillage and straw returning integrated in a
wheat–maize rotation system are widely used [22]. It has been shown that long-term no
tillage plus straw-management approaches could significantly reduce soil respiration rate
and cumulative CO2 emissions by increasing soil bulk density and reducing effective gas
diffusivity in a wheat–maize rotation system, thereby reducing the net carbon flux of the
wheat–maize rotation system, while improving the sustainability and carbon productivity
of the wheat–maize rotation system [25]. In addition, several years of research showed that
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the combination of conservation tillage practices and straw returning was conducive to
sustained improvement of maize yields and water use efficiency in arid irrigated areas, and
it significantly increased maize yield in drought years [20]. Therefore, reduced tillage or
no tillage combined with straw returning is a more suitable crop-management practice for
long-term sustainable development of wheat–maize rotation systems in arid irrigated areas.
However, few of these studies have focused on evaluating the environmental and economic
benefits of maize production systems under wheat–maize rotation systems, especially in
arid irrigated areas, with respect to sustainability [10]. Therefore, an integrated study
of water production benefits, environmental costs, agricultural production costs and net
income of maize production in wheat–maize rotation systems based on the integration
of no tillage and straw returning is beneficial to providing a sufficient economic and
environmental basis for the promotion of sustainable agricultural production technologies.

The objective of this study was to investigate the economic and environmental sustain-
ability of maize production in arid irrigated areas. We hypothesized that previous wheat straw
mulching with no tillage under a wheat–maize rotation system in arid irrigated areas could
be a sustainable maize-management practice without increasing the environmental risks.

2. Materials and Methods
2.1. Test Area Description

The field experiment was conducted at Wuwei City, Gansu province, in northwest
China (29◦51′41′ ′ N, 105◦59′53′ ′ E) from 2009 to 2012. The average annual temperature of
the area is 7.2 ◦C, the accumulated temperature of ≥10 ◦C is 2985.4 ◦C and the total number
of sunshine hours is 2945 h. It is suitable for wheat and maize growth. Precipitation in
the region occurs mainly from July to September, and the average annual precipitation
is about 150 mm, but the potential evaporation is over 2000 mm per year. The region is
representative of arid irrigated agriculture. The soil at the Research Station is classified
as a type of desert land filled with calcareous particles. At planting time in 2010, the
soil contained 11.2 g kg−1, 1.78 mg kg−1, and 12.5 mg kg−1 of organic C, NH4

+–N, and
NO3–N, respectively, in the 0 to 30 cm soil layer; in 2012, these values were 12.0 g kg−1,
1.88 mg kg−1, and 12.8 mg kg−1, respectively. The climatic conditions for the maize-
growing season (April–September) in 2010 and 2012 are shown in Figure 1. In a typical
wheat–maize rotation system in northwest China, a consecutive four-year field experiment
was conducted using various wheat straw returning-management practices. The main
research components were as follows: (1) elucidating the effects of wheat straw returning
on maize yield, water consumption characteristics of crops during the growing season,
and water use efficiency; (2) understanding the response of carbon emission characteristics
and economic efficiency of maize field with respect to different wheat straw returning-
management practices; and (3) exploring wheat straw returning-management practices for
sustainable production of maize in rotation of arid irrigated areas.

 

Figure 1. Monthly total precipitation and mean air temperature for the 2010 and 2012 maize-grow-
ing seasons at the Wuwei Experimental Station, northwest China.

2.2. Experimental Design
In 2009, different wheat straw returning approaches were established. This study 

used data related to maize farmland in 2010 and 2012. There were four treatments in the 
experiment: (1) no tillage with 25 to 30 cm tall wheat straw mulching (NTSMP), (2) no 
tillage with 25 to 30 cm tall wheat straw standing (NTSSP), (3) conventional tillage with 
25 to 30 cm tall wheat straw incorporation (CTSP), and (4) conventional tillage without 
wheat straw returning (CTP) (Figure 2). Each treatment was arranged according to a com-
pletely randomized design and replicated three times. Maize (cultivar Wu-ke 2, a popular 
hybrid) was sown on 22 April 2010 and 20 April 2012, and harvested on 28 September 2010 
and 2 October 2012, respectively. The planting density of maize was 82,500 plants ha−1 and 
the plot was 4.8 m2 (10 by 4.8 m) with a 0.5 m wide by 0.3 m high ridge between two 
neighboring plots to eliminate the potential movement of irrigation water.

Figure 2. Schematic diagram of the annual wheat and maize rotation with crop types, wheat straw 
management, and the sowing and harvesting dates of wheat and maize at the arid regions in 2009–
2010.

In 2009 and 2011, according to the experimental treatment, the corresponding straw 
returning approaches were adopted after wheat harvest. Maize was planted in 2010 and 
2012, thus forming the wheat–maize rotation system, and the straw was removed from 

Figure 1. Monthly total precipitation and mean air temperature for the 2010 and 2012 maize-growing
seasons at the Wuwei Experimental Station, northwest China.
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2.2. Experimental Design

In 2009, different wheat straw returning approaches were established. This study
used data related to maize farmland in 2010 and 2012. There were four treatments in the
experiment: (1) no tillage with 25 to 30 cm tall wheat straw mulching (NTSMP), (2) no tillage
with 25 to 30 cm tall wheat straw standing (NTSSP), (3) conventional tillage with 25 to
30 cm tall wheat straw incorporation (CTSP), and (4) conventional tillage without wheat
straw returning (CTP) (Figure 2). Each treatment was arranged according to a completely
randomized design and replicated three times. Maize (cultivar Wu-ke 2, a popular hybrid)
was sown on 22 April 2010 and 20 April 2012, and harvested on 28 September 2010 and
2 October 2012, respectively. The planting density of maize was 82,500 plants ha−1 and
the plot was 4.8 m2 (10 by 4.8 m) with a 0.5 m wide by 0.3 m high ridge between two
neighboring plots to eliminate the potential movement of irrigation water.
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wheat straw returning (CTP) (Figure 2). Each treatment was arranged according to a com-
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hybrid) was sown on 22 April 2010 and 20 April 2012, and harvested on 28 September 2010 
and 2 October 2012, respectively. The planting density of maize was 82,500 plants ha−1 and 
the plot was 4.8 m2 (10 by 4.8 m) with a 0.5 m wide by 0.3 m high ridge between two 
neighboring plots to eliminate the potential movement of irrigation water.

 

Figure 2. Schematic diagram of the annual wheat and maize rotation with crop types, wheat straw 
management, and the sowing and harvesting dates of wheat and maize at the arid regions in 2009–
2010.

In 2009 and 2011, according to the experimental treatment, the corresponding straw 
returning approaches were adopted after wheat harvest. Maize was planted in 2010 and 
2012, thus forming the wheat–maize rotation system, and the straw was removed from 

Figure 2. Schematic diagram of the annual wheat and maize rotation with crop types, wheat straw
management, and the sowing and harvesting dates of wheat and maize at the arid regions in
2009–2010.

In 2009 and 2011, according to the experimental treatment, the corresponding straw
returning approaches were adopted after wheat harvest. Maize was planted in 2010 and
2012, thus forming the wheat–maize rotation system, and the straw was removed from
the maize field after the maize harvest. The CTSP and CTP treatments were tilled after
wheat harvest at a depth of 30 cm; the following year, the base fertilizer was spread and
harrowing and plastic mulching were carried out via machinery. The NTSMP and NTSSP
treatments were no tillage practice after the tall wheat straw was harvested; the following
year, the base fertilizer was spread, and rotary tillage, harrowing, and plastic mulching
were carried out via machinery. Meanwhile, maize was sown in late April via a simple
roller hole seeder. In addition, other field-management practices were the same as in the
local high-yield maize field.

The irrigation and fertilization systems were the same as that of the local high-yield
fields. The irrigation system was 120 mm of irrigation in late fall just before soil freezing,
and 90, 75, 90, 75, and 75 mm of supplemental irrigation at the jointing, pre-heading, silking,
flowering, and filling stages of maize. All treatments received 450 kg N ha−1 and 225 kg
P2O5 ha−1. Meanwhile, phosphorus and nitrogen fertilizers were applied as diammonium
phosphate and urea. All of the P was applied as base fertilizer. The N was applied three
times: 30, 60, and 10% of the total top-dressing before sowing and at the jointing and
grain-filling stages of maize, respectively.
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2.3. Data Collection

Evapotranspiration (ET): The approximate evapotranspiration was calculated using
the following field water balance equation [10,26].

ETi= Pi+Ii − ∆S (1)

where P and I are precipitation and irrigation, respectively, in each maize-growing stage
(mm); ∆S is the difference value of soil water storage (mm) between the pre-growing and
post-growing stages of maize; and i represents the various maize-growing stages. The
upward and downward flows were measured previously at a nearby field, and these two
items were found to be negligible in this semiarid area. Runoff was also negligible due to
small rains, and irrigation was controlled via raised ridges between plots.

Grain yield (GY): The grain yield was determined by using a small combine harvester
at the physiological maturity stage of maize. A sampling square of 5 m was selected
to investigate the ear number for maize in each plot. The grain yield per unit area was
converted to the standard grain water content of 13%.

Water use efficiency based on grain yield (WUEGY):

WUEGY= GY/ET (2)

where WUEGY (kg m−3), GY (kg ha−1), and ET (m3 ha−1) are water use efficiency based on
grain yield, grain yield, and evapotranspiration, respectively.

Average soil CO2 fluxes (ACf): Soil CO2 fluxes (Cf, µmol CO2 m−2 s−1) were measured
using a CFX-2 system (Soil CO2 Flux System, CFX-2, PP System, Hitchin, UK) connected
with a proprietary respiration chamber. Before measuring, all crop residue and other refuse
on the soil surface were removed, and a hole with a diameter the same as the respiration
chamber size was made on the maize field to release the stored CO2 efflux, at least 12 h
before the measurement. The chamber, with a sharp edging point at the bottom, was placed
on the soil surface and then pushed to a depth of 20 mm. Measurements were taken at three
places randomly selected in each plot, five values were recorded for each place within 180 s,
and the average value was used for each plot. The diurnal soil respiration was measured at
2 h intervals from 8:00 a.m. to 8:00 p.m. on the selected dates, the seasonal measurements
started on 21 April 2011 and 22 April 2012, and the rest of the measurements were taken
at 20-day intervals from April to September in each year. Average soil CO2 fluxes (µmol
CO2 m−2 s−1) could be obtained by calculating the average of Cf across the maize-growing
season.

Soil carbon emission (CE): Soil carbon emission (CE) for the entire maize-growing
season was based on Cf. CE was calculated with the following equation [5,10].

CE =∑

[Cf(i+1)+Cfi

2
(ti+1 − ti)× 0.1584

]
× 0.2727 × 24 × 10 (3)

where CE (kg C ha−1) is soil carbon emission, Cf (µmol CO2 m−2 s−1) is soil CO2 fluxes, i
and j are the current and last monitoring dates, respectively, t is days after maize emergence,
0.1584 is the conversion factor between mol CO2 m−2 s−1 and g CO2 m−2 h−1, and 0.2727 is
the conversion factor between g CO2 m−2 h−1 and g C m−2 h−1.

Soil carbon emission efficiency (CEE): Soil carbon emission efficiency (CEE, kg kg−1)
indicates how many kg of grain yield are produced for every 1 kg of carbon emission
from soil [10]. The calculation of carbon emission efficiency (CEE, kg kg−1) quantifies the
association between carbon emissions and grain yield, and it was described as follows.

CEE = GY/CE (4)

where GY (kg ha−1) and CE (kg C ha−1) are grain yield and soil carbon emission, respectively.

168



Sustainability 2023, 15, 8935

Water use efficiency based on soil carbon emission (WUECE): Water use efficiency
based on soil carbon emission (kg C m−3) was determined using the following equation [26].

WUECE= CE/ET (5)

where CE (kg C ha−1) and ET (m3 ha−1) are soil carbon emission and evapotranspiration,
respectively.

Economic benefit: In the two experimental years of this study, the inputs of agricul-
tural materials such as human labor and farm machinery inputs (harrowing, mulching,
fertilization, weeding, pest control, and harvesting), fertilizers, pesticides, seeds, mulch,
drip irrigation tape, and irrigation volume were recorded in detail for the four wheat
straw returning approaches. By combining the grain and straw yield of each plot, output,
input, net income (NI), and input–output ratio were calculated for various wheat straw
returning approaches. The price of grain, straw, agricultural materials, and labor costs were
calculated according to the market price of the year. The benefit per cubic meter of water
(BPW) was based on NI and ET. BPW was calculated with the following equation [27].

BPW = NI/ET (6)

where BPW (¥ m−3), NI (¥ ha−1), and ET (m3 ha−1) are benefit per cubic meter of water,
net income, and evapotranspiration.

Sustainable evaluation: the sustainability evaluation index (SEI) was based on GY,
WUEGY, CE, CEE, WUECE, NR, and BPW of various straw returning approaches. SEI was
used to evaluate the straw returning approach with higher yield and efficiency, and a clean
and friendly environment. A higher index indicates that the straw returning approach is
more environmentally friendly and sustainable. To ensure that the evaluation component
could be compared quantitatively, the variables were not dimensionalized. Three equations
were used to determine the SEI, which was calculated as follows. Three equations were
used to determine the SEI calculation equation. SEI was calculated with the following
equation [4,5].

axij =
xij

xmax

(
i = 1, 2, 3, 4
j = 1, 2, 3 . . . . . . 5

)
or

xmin

xij
=

(
i = 1, 2, 3, 4
j = 6, 7

)
(7)

where axij is a standardized value (0 < axij ≤ 1) at i × j; axij is the corresponding actual
value for the treatment i and variable j; xmax and xmin are the maximum and minimum
value for each variable.

bxij =
1

axij

√
1
m

m

∑
i=1

(ax ij−axij

)2
(

i = 1, 2, 3, 4
j = 1, 2, 3 . . . . . . 7

)
(8)

where bxij is the coefficient of variation for each variable, the average of axij repetitions,
and m is the maximum number for i or j.

SEI =
m

∑
j=1


axij ×

bxij
m
∑

j=1
bxij




(
i = 1, 2, 3, 4
j = 1, 2, 3 . . . . . . 7

)
(9)

where SEI is the sustainability evaluation index of various wheat straw returning approaches,
and the higher the value of this index, the better the sustainability of the approach.

2.4. Statistical Analysis

All data on various parameters were analyzed via analysis of variance (ANOVA) for
treatments using SPSS software 24.0 (IBM, Chicago, IL, USA). The mean values of various
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treatments were tested for statistical significance at a 5% (p < 0.05) level of probability using
Duncan’s multiple range test [27].

3. Results
3.1. Grain Yield and Water Use Efficiency Based on Grain Yield of Maize Affected by Various
Wheat Straw Returning Approaches

3.1.1. Grain Yield of Maize

Wheat straw returning significantly increased grain yield (GY) of maize, but the
difference between the test year, straw returning approaches, and their interaction were not
significant (Figure 3). In 2010 and 2012, compared to conventional tillage without wheat
straw returning (CTP), wheat straw returning (NTSMP, NTSSP, and CTSP) treatments
increased GY by 13.7–17.5%, 12.0–13.9%, and 4.4–11.9%, respectively. Meanwhile, no tillage
with wheat straw mulching (NTSMP) was the most productive treatment and increased GY
by 5.6–9.0% compared to conventional tillage with wheat straw returning (CTSP). Therefore,
no tillage with 25 to 30 cm tall previous wheat straw mulching can effectively increase the
grain yield of maize on the following occasion.

 
 
 

 (8)

where bxij is the coefficient of variation for each variable, the average of axij repetitions, 
and m is the maximum number for i or j.



 
      
 
 




(9)

where SEI is the sustainability evaluation index of various wheat straw returning ap-
proaches, and the higher the value of this index, the better the sustainability of the ap-
proach.
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age with wheat straw mulching (NTSMP) was the most productive treatment and in-
creased GY by 5.6–9.0% compared to conventional tillage with wheat straw returning 
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Figure 3. Grain yield of maize in wheat–maize rotation system under various wheat straw returning 
approaches in arid regions, in 2010 and 2012. NTSMP, no tillage with 25 to 30 cm tall wheat straw 
mulching; NTSSP, no tillage with 25 to 30 cm tall wheat straw standing; CTSP, conventional tillage 

Figure 3. Grain yield of maize in wheat–maize rotation system under various wheat straw returning
approaches in arid regions, in 2010 and 2012. NTSMP, no tillage with 25 to 30 cm tall wheat straw
mulching; NTSSP, no tillage with 25 to 30 cm tall wheat straw standing; CTSP, conventional tillage
with 25 to 30 cm tall wheat straw incorporation; CT, conventional tillage without wheat straw
returning. The smaller bars are standard errors. Different letters indicate significant differences
(p < 0.05) among treatments.

3.1.2. Evapotranspiration of Maize at Each Growth Stage

In 2012, NTSMP treatment had lower total evapotranspiration (ET) of maize during
the whole growing period, reduced by 2.0%, 2.0%, and 2.5% compared to NTSSP, CTSP, and
CTP treatments, respectively, but there was no significant difference between NTSSP, CTSP,
and CTP treatments. While in 2010, NTSMP and NTSSP increased total ET by 3.2% and
3.7% over the CTSP treatments, but there was no significant difference between NTSMP
and CTP treatments (Table 1).
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Table 1. Evapotranspiration of maize at each growth stage under various wheat straw returning
approaches in arid regions, in 2010 and 2012.

Year Treatment

ET (m3 ha−1)
Total

(m3 ha−1)Sowing To Jointing
Stage

Jointing to Large
Bell Mouth Stage

Large Bell Mouth
to Silking Stage

Silking to
Full-Ripe Stage

2010

NTSMP 2181 a 539 c 1056 c 1774 a 5550 ab

NTSSP 2075 ab 626 b 1137 b 1741 a 5580 a

CTSP 1965 bc 665 b 1200 a 1550 b 5380 b

CTP 1902 c 787 a 1230 a 1531 b 5450 ab

2012

NTSMP 1656 c 470 b 1511 b 2157 a 5794 b

NTSSP 1746 b 433 b 1656 a 2080 a 5915 a

CTSP 1656 c 473 b 1713 a 2074 a 5915 a

CTP 1839 a 576 a 1706 a 1825 b 5945 a

Note: NTSMP, no tillage with 25 to 30 cm tall wheat straw mulching; NTSSP, no tillage with 25 to 30 cm tall wheat
straw standing; CTSP, conventional tillage with 25 to 30 cm tall wheat straw incorporation; CT, conventional tillage
without wheat straw returning. Different letters indicate significant differences (p < 0.05) among treatments.

At the sowing to jointing stage of maize, ET accounted for 29.3–37.0% of the total
ET, and the difference was significant between test years. In 2010, no tillage wheat with
straw returning significantly increased maize ET, and NTSMP and NTSSP increased ET by
14.4% and 9.1% over the CTP treatment, and by 11.0% and 5.6% over the CTSP treatment,
respectively, but there was no significant difference between the NTSMP and NTSSP
treatments. In 2012, wheat straw returning significantly had lower ET of maize, NTSMP,
NTSSP, and CTSP decreased by 9.9%, 5.1%, and 9.9% over the CTP treatment, and NTSMP
decreased by 5.2% over the NTSSP treatment, respectively, while there was no significant
difference between NTSMP and CTSP treatments. This indicates that no tillage with wheat
straw returning facilitated the reduction of evapotranspiration from the sowing to jointing
stage in maize as the test year was extended.

At jointing to the large bell mouth stage of maize, the NTSMP, NTSSP, and CTSP
treatments had lower ET, reduced by 18.4–31.5%, 20.5–24.9%, and 15.5–18.0%, compared to
CTP treatment, respectively, with the smallest ET in the NTSMP treatment. Similarly, at the
large bell mouth to silking stage of maize, NTSMP had lower ET by 7.2–8.8%, 11.8–12.0%,
and 11.4–14.2% than that of NTSSP, CTSP, and CTP treatments, respectively. In addition,
at the silking to full-ripe stage of maize, NTSMP and NTSSP increased by 15.9–18.2% and
13.8–14.0% over the CTP treatment, respectively, with the NTSMP treatment having higher
ET, increased by 4.0–14.5% over the CTSP treatment, but there was no significant difference
between NTSMP and NTSSP treatments.

Overall, no tillage with wheat straw returning reduced evapotranspiration before
the silking stage, increased evapotranspiration after the silking stage, and met the water
demand for the formation of higher grain yield in the later stage of maize, with the NTSMP
treatment having the most prominent effect.

3.1.3. Water Use Efficiency Based on Grain Yield of Maize

Wheat straw returning had the effect of significantly improving water use efficiency
based on grain yield (WUEGY) throughout the growing season of maize; the NTSMP
treatment in particular was outstanding (Figure 4). In both trial years, NTSMP, NTSSP, and
CTSP increased WUEGY by 15.4–16.7%, 11.3–12.6%, and 4.9–12.8% over the CTP treatment,
respectively, and NTSMP increased by 2.3–11.2% over the CTSP treatment. In addition,
in 2010, NTSMP increased WUEGY by 3.7% over the NTSSP treatment; in 2012, NTSMP
and NTSSP were not significant with respect to each other, but NTSMP treatment had the
highest WUEGY in both trial years.
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Figure 4. Effects of different wheat straw returning approaches on water use efficiency based on 
grain yield of maize in wheat–maize rotation system in arid regions, in 2010 and 2012. NTSMP, no 
tillage with 25 to 30 cm tall wheat straw mulching; NTSSP, no tillage with 25 to 30 cm tall wheat 
straw standing; CTSP, conventional tillage with 25 to 30 cm tall wheat straw incorporation; CT, con-
ventional tillage without wheat straw returning. The smaller bars are standard errors. Different let-
ters indicate significant differences (p < 0.05) among treatments.

3.2. Regulation Effect of Wheat Straw Returning Approaches on Soil Carbon Emission 
Characteristics of Maize Field
3.2.1. Average Soil CO2 Fluxes and Soil Carbon Emissions during the Maize-Growing 
Season

Different wheat straw returning approaches had significant effects on soil carbon 
emissions during the maize-growing season (Figure 5). Compared to 2010, the average 
soil CO2 emission fluxes (ACf) and carbon emission (CE) of wheat straw returning treat-
ments were lower in 2012, reduced by 3.1% and 4.8%, especially the NTSMP treatment of 
2012 decreased by 4.9% and 5.7% over the NTSMP treatment of 2010, respectively. Overall, 
NTSMP reduced ACf by 10.7–17.7%, 14.3–16.8%, and 17.7–18.9%, and CE decreased by 
5.4–10.0%, 6.1–8.6%, and 11.1–11.2%, respectively. These values indicated that with the 
extension of the test year, the effect of wheat straw returning in reducing carbon emissions 
from maize field has gradually emerged, and the NTSMP treatment had the advantage of 
carbon reduction compared with other wheat straw returning approaches.

Figure 4. Effects of different wheat straw returning approaches on water use efficiency based on
grain yield of maize in wheat–maize rotation system in arid regions, in 2010 and 2012. NTSMP, no
tillage with 25 to 30 cm tall wheat straw mulching; NTSSP, no tillage with 25 to 30 cm tall wheat straw
standing; CTSP, conventional tillage with 25 to 30 cm tall wheat straw incorporation; CT, conventional
tillage without wheat straw returning. The smaller bars are standard errors. Different letters indicate
significant differences (p < 0.05) among treatments.

3.2. Regulation Effect of Wheat Straw Returning Approaches on Soil Carbon Emission
Characteristics of Maize Field

3.2.1. Average Soil CO2 Fluxes and Soil Carbon Emissions during the
Maize-Growing Season

Different wheat straw returning approaches had significant effects on soil carbon
emissions during the maize-growing season (Figure 5). Compared to 2010, the average soil
CO2 emission fluxes (ACf) and carbon emission (CE) of wheat straw returning treatments
were lower in 2012, reduced by 3.1% and 4.8%, especially the NTSMP treatment of 2012
decreased by 4.9% and 5.7% over the NTSMP treatment of 2010, respectively. Overall,
NTSMP reduced ACf by 10.7–17.7%, 14.3–16.8%, and 17.7–18.9%, and CE decreased by
5.4–10.0%, 6.1–8.6%, and 11.1–11.2%, respectively. These values indicated that with the
extension of the test year, the effect of wheat straw returning in reducing carbon emissions
from maize field has gradually emerged, and the NTSMP treatment had the advantage of
carbon reduction compared with other wheat straw returning approaches.

3.2.2. Soil Carbon Emission Efficiency and Water Use Efficiency Based on Soil
Carbon Emission

The test years and wheat straw returning approaches had a significant effect on carbon
emission efficiency (CEE) and water use efficiency based on carbon emissions (WUECE) of
maize field (Figure 6). Compared to 2010, CEE decreased by 3.5% and WUECE increased
by 12.9% in 2012. Wheat straw returning had a significant effect on CEE; NTSMP, NTSSP,
and CTSP increased by 29.9–32.4%, 13.3–21.3%, and 10.2–14.7% over the CTP treatment,
respectively, while NTSMP and NTSSP increased 15.4–16.1% and 2.9–5.8% over the CTSP
treatment, respectively, with the NTSMP treatment having higher CEE by 9.1–12.8% over
the NTSSP treatment. Meanwhile, NTSMP had lower WUECE, reduced by 4.9–8.2%,
4.2–11.4%, and 8.8–12.8% over the NTSSP, CTSP, and CTP treatments, respectively.
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Figure 5. Effects of different wheat straw returning approaches on average soil CO2 fluxes and soil 
carbon emission during the maize-growing season in arid regions, in 2010 and 2012. NTSMP, no 
tillage with 25 to 30 cm tall wheat straw mulching; NTSSP, no tillage with 25 to 30 cm tall wheat 
straw standing; CTSP, conventional tillage with 25 to 30 cm tall wheat straw incorporation; CT, 
conventional tillage without wheat straw returning. The smaller bars are standard errors. Different 
letters indicate significant differences (p < 0.05) among treatments.
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standing; CTSP, conventional tillage with 25 to 30 cm tall wheat straw incorporation; CT, conventional
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significant differences (p < 0.05) among treatments.

 

Figure 6. Effects of different wheat straw returning approaches on soil carbon emission efficiency 
and water use efficiency based on soil carbon emission of maize field in arid regions, in 2010 and 
2012. NTSMP, no tillage with 25 to 30 cm tall wheat straw mulching; NTSSP, no tillage with 25 to 30 
cm tall wheat straw standing; CTSP, conventional tillage with 25 to 30 cm tall wheat straw 
incorporation; CT, conventional tillage without wheat straw returning. The smaller bars are stand-
ard errors. Different letters indicate significant differences (p < 0.05) among treatments.

3.3. Economic Benefit Analysis of Maize Production System under Different Wheat Straw 
Returning Approaches
3.3.1. Input and Output Analysis

The test years and wheat straw returning approaches had a significant effect on grain 
output, straw output, and total output of maize production (Table 2). Compared to 2010, 
grain output, straw output, and total output were significantly higher in 2012, with in-
creases of 3.7%, 27.8%, and 7.5%, respectively. In both years, NTSMP and NTSSP increased 
grain output by 13.5–17.5% and 12.0–13.9% over the CTP treatment, respectively, with the 
NTSMP treatment standing out in output addition, increased by 5.8–5.9% over the CTSP 
treatment, but there was no significant difference between NTSMP and NTSSP treatments. 
In terms of straw output, compared to CTSP and CTP, the NTSM treatment increased by 
7.7% and 7.0% in 2010, respectively, but there was no significant difference between 
NTSMP and NTSSP treatments, while NTSM decreased by 4.2%, 7.4%, and 18.1% over the 
NTSSP, CTSP, and CTP treatments in 2012, respectively. Meanwhile, NTSMP increased 
total output by 6.7–15.8% over the CTP treatment and by 5.8–5.9% over the CTSP treat-
ment. In addition, compared to NTSMP in 2010, the NTSMP treatment increased grain 
output, straw output, and total output by 3.3%, 14.1%, and 4.7% in 2012, respectively. It 
can be seen that no tillage with 25 to 30 cm tall wheat straw covering is beneficial with 
respect to increasing grain and straw output, thus increasing total output of maize pro-
duction.

Figure 6. Effects of different wheat straw returning approaches on soil carbon emission efficiency and
water use efficiency based on soil carbon emission of maize field in arid regions, in 2010 and 2012.
NTSMP, no tillage with 25 to 30 cm tall wheat straw mulching; NTSSP, no tillage with 25 to 30 cm tall
wheat straw standing; CTSP, conventional tillage with 25 to 30 cm tall wheat straw incorporation; CT,
conventional tillage without wheat straw returning. The smaller bars are standard errors. Different
letters indicate significant differences (p < 0.05) among treatments.
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3.3. Economic Benefit Analysis of Maize Production System under Different Wheat Straw
Returning Approaches

3.3.1. Input and Output Analysis

The test years and wheat straw returning approaches had a significant effect on
grain output, straw output, and total output of maize production (Table 2). Compared
to 2010, grain output, straw output, and total output were significantly higher in 2012,
with increases of 3.7%, 27.8%, and 7.5%, respectively. In both years, NTSMP and NTSSP
increased grain output by 13.5–17.5% and 12.0–13.9% over the CTP treatment, respectively,
with the NTSMP treatment standing out in output addition, increased by 5.8–5.9% over
the CTSP treatment, but there was no significant difference between NTSMP and NTSSP
treatments. In terms of straw output, compared to CTSP and CTP, the NTSM treatment
increased by 7.7% and 7.0% in 2010, respectively, but there was no significant difference
between NTSMP and NTSSP treatments, while NTSM decreased by 4.2%, 7.4%, and 18.1%
over the NTSSP, CTSP, and CTP treatments in 2012, respectively. Meanwhile, NTSMP
increased total output by 6.7–15.8% over the CTP treatment and by 5.8–5.9% over the CTSP
treatment. In addition, compared to NTSMP in 2010, the NTSMP treatment increased grain
output, straw output, and total output by 3.3%, 14.1%, and 4.7% in 2012, respectively. It can
be seen that no tillage with 25 to 30 cm tall wheat straw covering is beneficial with respect
to increasing grain and straw output, thus increasing total output of maize production.

Table 2. Economic benefit analysis of maize production system under different wheat straw returning
approaches in arid regions in China in 2010 and 2012.

Year Treatment

Output (¥ ha−1) Input (¥ ha−1) Net

Income

(¥ ha−1)

Input–

Output

RatioGrain Straw
Total

Output

Human Labor and

Farm Machinery

Agricultural

Supplies
Others

Total

Input

2010

NTSMP 26,940 a 4934 a 31,874 a 5538 b 4650 a 1817 c 12,005 a 19,869 a 2.655 a

NTSSP 26,108 ab 5006 a 31,114 ab 5611 b 4650 a 1830 bc 12,091 a 19,023 a 2.573 a

CTSP 25,520 b 4582 b 30,102 b 6055 a 4650 a 1863 ab 12,568 b 17,535 b 2.395 b

CTP 22,920 c 4610 b 27,530 c 6203 a 4650 a 1875 a 12,728 c 14,802 c 2.163 c

2012

NTSMP 27,818 a 5628 c 33,446 a 5992 b 4923 a 1825 b 12,740 a 20,707 a 2.625 a

NTSSP 27,405 a 5876 b 33,281 a 6071 b 4923 a 1840 b 12,834 a 20,448 a 2.593 a

CTSP 25,529 b 6078 b 31,608 b 6529 a 4923 a 1865 a 13,317 b 18,292 b 2.374 b

CTP 24,465 c 6870 a 31,335 b 6690 a 4923 a 1885 a 13,498 b 17,838 b 2.322 b

Note: NTSMP, no tillage with 25 to 30 cm tall wheat straw mulching; NTSSP, no tillage with 25 to 30 cm tall wheat
straw standing; CTSP, conventional tillage with 25 to 30 cm tall wheat straw incorporation; CT, conventional tillage
without wheat straw returning. Different letters indicate significant differences (p < 0.05) among treatments.

NTSMP and NTSSP had lower cost input of maize production, reduced by 5.6–5.7%
and 4.9–5.0% over the CTP treatment, and reduced by 4.3–4.5% and 3.6–3.8% over the CTSP
treatment, respectively (Table 2). In particular, NTSMP and NTSSP reduced human labor
and farm machinery by 10.4–10.7% and 9.3–9.5% over the CTP treatment and by 8.2–8.5%
and 7.0–7.3% over the CTSP treatment, respectively. However, there was no significant
difference in agricultural supplies and others between the treatments. Meanwhile, due
to higher market prices in 2012, compared to 2010, total input increased by 6.1% in 2012,
human labor and farm machinery and agricultural supplies increased by 8.0% and 5.9%,
respectively, while the difference in other inputs was not significant. Therefore, at the
same market prices, the NTSMP treatment can effectively reduce human labor and farm
machinery input, and thus a certain degree of reduction in cost input of maize production.

The effect of wheat straw returning approaches on input–output ratio of maize was
significant, while the test year did not have a significant effect on input–output ratio
(Table 2). In the two test years, no tillage with wheat straw returning had higher input–
output ratio, with NTSMP and NTSSP increased by 13.1–22.8% and 11.7–19.0% over the
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CTP treatment, and by 10.6–10.9% and 7.4–9.3% over the CTSP treatment, respectively,
among which the NTSMP treatment had obvious advantages.

Analysis of the above results shows that no tillage with 25 to 30 cm tall wheat straw
mulching could increase total output and reduce total input by increasing grain and straw
output and reducing human labor and farm machinery input, thus obtaining a higher input–
output ratio, which was conducive to improving the economic benefits of maize production.

3.3.2. Net Income

The test years and wheat straw returning approaches had a significant effect on net
income (NI) of maize production (Table 2). Compared to 2010, NI increased by 7.8% in
2012. In both test years, no tillage with wheat straw returning had higher NI; NTSMP and
NTSSP increased by 16.1–34.2% and 14.6–28.5% over the CTP treatment, and by 13.2–13.3%
and 8.5–11.8% over the CTSP treatment, while the difference between NTSMP and NTSSP
treatments was not significant, but the highest NI was observed with NTSMP treatment.
Meanwhile, NTSMP improved NI by 4.2% in 2012 over the NTSMP treatment in 2010.
Therefore, no tillage with 25 to 30 cm tall wheat straw mulching can gain higher net income,
which helps farmers to increase their income, and the advantage become more and more
prominent with the extension of the test year.

3.3.3. Benefit Per Cubic Meter of Water

No tillage with wheat straw returning had the effect of significantly increasing benefit
per cubic meter of water (BPW) of maize production, with the most prominent advantage
being with NTSMP treatment (Figure 7). In both trial years, NTSMP and NTSSP increased
BPW by 19.1–31.8% and 15.2–25.2% over the CTP treatment, and by 9.8–15.6% and 4.6–11.8%
over the CTSP treatment, respectively. In 2010, CTSP increased BPW by 20.0% over the CTP
treatment, but the difference between CTSP and CTP treatment was not significant in 2012.
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Figure 7. Effects of different wheat straw returning approaches with respect to benefit per cubic 
meter of water for maize in arid regions in China in 2010 and 2012. NTSMP, no tillage with 25 to 30 
cm tall wheat straw mulching; NTSSP, no tillage with 25 to 30 cm tall wheat straw standing; CTSP, 
conventional tillage with 25 to 30 cm tall wheat straw incorporation; CT, conventional tillage 
without wheat straw returning. The smaller bars are standard errors. Different letters indicate sig-
nificant differences (p < 0.05) among treatments.

3.4. Sustainable Evaluation of Maize Production in Arid Irrigated Areas
In this study, GY, WUEGY, CE, CEE, WUECE, NI, and BPW were used to assess the 

sustainability of various wheat straw returning approaches (Figure 8a). Among the four 
wheat straw returning approaches, the highest sustainable evaluation index (SEI) was 
found in the NTSMP treatment, where NTSMP, NTSSP, and CTSP increased by 21.1%, 
14.7%, and 9.1% over the CTP treatment, respectively; NTSMP and NTSSP increased by 
11.0% and 5.2% over the CTSP treatment, respectively; NTSMP increased by 5.6% over the 
NTSSP treatment (Figure 8b). In particular, the NTSMP treatment had higher CEE and 
BPW, mainly because of higher GY and NR, and lower CE and ET (Figure 8c).

Figure 7. Effects of different wheat straw returning approaches with respect to benefit per cubic
meter of water for maize in arid regions in China in 2010 and 2012. NTSMP, no tillage with 25 to
30 cm tall wheat straw mulching; NTSSP, no tillage with 25 to 30 cm tall wheat straw standing; CTSP,
conventional tillage with 25 to 30 cm tall wheat straw incorporation; CT, conventional tillage without
wheat straw returning. The smaller bars are standard errors. Different letters indicate significant
differences (p < 0.05) among treatments.

3.4. Sustainable Evaluation of Maize Production in Arid Irrigated Areas

In this study, GY, WUEGY, CE, CEE, WUECE, NI, and BPW were used to assess the
sustainability of various wheat straw returning approaches (Figure 8a). Among the four
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wheat straw returning approaches, the highest sustainable evaluation index (SEI) was
found in the NTSMP treatment, where NTSMP, NTSSP, and CTSP increased by 21.1%,
14.7%, and 9.1% over the CTP treatment, respectively; NTSMP and NTSSP increased by
11.0% and 5.2% over the CTSP treatment, respectively; NTSMP increased by 5.6% over the
NTSSP treatment (Figure 8b). In particular, the NTSMP treatment had higher CEE and
BPW, mainly because of higher GY and NR, and lower CE and ET (Figure 8c).

Figure 8. Functional components and the sustainable evaluation index for assessing the sustainabil-
ity of various wheat straw returning approaches in arid regions in China in 2010 and 2012. Func-
tional components of sustainable evaluation of maize production (a), the sustainability index of dif-
ferent wheat straw returning approaches (b), and performance of evaluated components for differ-
ent wheat straw returning approaches using radar chart (c). GY, grain yield; WUEGY, water use effi-
ciency based on grain yield; CE, carbon emission; CEE, carbon emission efficiency; WUECE, water 
use efficiency based on carbon emission; NI, net income; BPW, benefit per cubic meter of water. 
NTSMP, no tillage with 25 to 30 cm tall wheat straw mulching; NTSSP, no tillage with 25 to 30 cm 
tall wheat straw standing; CTSP, conventional tillage with 25 to 30 cm tall wheat straw incorporation; 
CT, conventional tillage without wheat straw returning. The smaller bars are standard errors. Dif-
ferent letters indicate significant differences (p < 0.05) among treatments.

4. Discussion
4.1. Crop Yield and Water Use Efficiency of Maize Affected by Various Wheat Straw Returning 
Approaches

Different wheat straw returning approaches had different effects on maize yield [17]. 
At present, under the conditions of straw returning, tillage practices commonly used in 
China’s maize production are conventional tillage (plow tillage), no tillage, and reduced 
tillage (subsoil tillage and rotary tillage) [17]. In this study, we found that maize yield 
under no tillage conditions was significantly higher for the wheat straw returning treat-
ments (NTSMP and NTSSP) than the CTP treatment, with the highest yield in the NTSMP 
treatment, which was similar to the results of previous studies (Figure 3). Previous studies 
showed that 33% straw mulching, 67% straw mulching, and 100% straw mulching signif-
icantly increased maize yield under no tillage over the conventional tillage [28]. However, 
another study found that crop yield of no tillage without straw returning was lower than 
plow tillage without straw returning, while no tillage with straw returning significantly 
increased crop yield compared to plow tillage without straw returning [29]. This suggests 
that no tillage can have a negative impact on crop yield to some extent under specific 
regions and climatic conditions [29]. Meanwhile, the combination of no tillage and straw 
returning could effectively increase soil organic carbon, effective potassium, effective ni-
trogen, and water storage [30,31], thus improving soil quality and offsetting this negative 
impact and contributing to higher crop productivity. Meanwhile, it has been shown that 
no tillage, straw mulching, and crop rotation (three important techniques in conservation 

Figure 8. Functional components and the sustainable evaluation index for assessing the sustainability
of various wheat straw returning approaches in arid regions in China in 2010 and 2012. Functional
components of sustainable evaluation of maize production (a), the sustainability index of different
wheat straw returning approaches (b), and performance of evaluated components for different wheat
straw returning approaches using radar chart (c). GY, grain yield; WUEGY, water use efficiency based
on grain yield; CE, carbon emission; CEE, carbon emission efficiency; WUECE, water use efficiency
based on carbon emission; NI, net income; BPW, benefit per cubic meter of water. NTSMP, no tillage
with 25 to 30 cm tall wheat straw mulching; NTSSP, no tillage with 25 to 30 cm tall wheat straw
standing; CTSP, conventional tillage with 25 to 30 cm tall wheat straw incorporation; CT, conventional
tillage without wheat straw returning. The smaller bars are standard errors. Different letters indicate
significant differences (p < 0.05) among treatments.

4. Discussion
4.1. Crop Yield and Water Use Efficiency of Maize Affected by Various Wheat Straw
Returning Approaches

Different wheat straw returning approaches had different effects on maize yield [17].
At present, under the conditions of straw returning, tillage practices commonly used in
China’s maize production are conventional tillage (plow tillage), no tillage, and reduced
tillage (subsoil tillage and rotary tillage) [17]. In this study, we found that maize yield
under no tillage conditions was significantly higher for the wheat straw returning treat-
ments (NTSMP and NTSSP) than the CTP treatment, with the highest yield in the NTSMP
treatment, which was similar to the results of previous studies (Figure 3). Previous stud-
ies showed that 33% straw mulching, 67% straw mulching, and 100% straw mulching
significantly increased maize yield under no tillage over the conventional tillage [28].
However, another study found that crop yield of no tillage without straw returning was
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lower than plow tillage without straw returning, while no tillage with straw returning
significantly increased crop yield compared to plow tillage without straw returning [29].
This suggests that no tillage can have a negative impact on crop yield to some extent under
specific regions and climatic conditions [29]. Meanwhile, the combination of no tillage
and straw returning could effectively increase soil organic carbon, effective potassium,
effective nitrogen, and water storage [30,31], thus improving soil quality and offsetting
this negative impact and contributing to higher crop productivity. Meanwhile, it has been
shown that no tillage, straw mulching, and crop rotation (three important techniques in
conservation agriculture) used in combination could maintain the same or significantly
increase crop yield with conventional tillage practices [32,33], which was consistent with
the crop-management practices in this study, i.e., combination of no tillage and wheat straw
mulching applied in a wheat–maize rotation system (Figure 2). Therefore, the NTSMP
treatment in a wheat–maize rotation system is an effective crop-management practice in
arid irrigated areas that could improve maize yield. At the same time, this study found
that the NTSMP treatment effectively regulated water consumption characteristics of maize
during the growing season, which laid the foundation for grain yield formation in late
maize reproduction, thus significantly improving water use efficiency based on grain
yield (Table 1, Figure 4). It was also found that in semiarid areas, no tillage with straw
mulching could retain and improve soil water and optimize crop water transfer compared
to conventional tillage without straw returning, thus significantly improving crop yield
and water use efficiency [34]. This was mainly because no tillage with straw mulching
could effectively increase precipitation infiltration, reduce soil bulk density, and enhance
soil water storage capacity, which was conducive to reducing field water consumption and
increasing soil water content [35,36]. In addition, no tillage with straw mulching could also
reduce ineffective evaporation of soil water, which contributed to the maintenance and
regulation of field water and was conducive to improving crop water use efficiency [11].
Therefore, no tillage with wheat straw mulching can significantly improve maize yield and
water use efficiency in a wheat–maize rotation system, thus ensuring food security in arid
irrigated areas.

4.2. The Influence of Wheat Straw Returning Approaches on Soil Carbon Emission of Maize Field

Soil carbon sequestration is a clean and effective carbon emission mitigation strat-
egy [37]. However, soil biodiversity had a strong influence on carbon sequestration and was
influenced by factors such as temperature, rainfall, fossil fuels, and chemical fertilizers [38].
Rich substrates of renewable organic resources (crop straw) increased soil microbial and
enzymatic activity related to carbon and nutrient cycling, and improved soil structure [39].
It has been shown that straw returning changed the community and function of soil bacteria
and also increased the soil nutrient and soil organic carbon content in the subsoil [40], thus
enhancing the carbon sequestration capacity of the crop field. However, numerous studies
have shown that higher soil organic carbon content obtained through certain carbon seques-
tration measures might promote soil microbial respiration and lead to increased carbon
emissions [25,41]. In terms of straw returning practices, previous studies have found that
straw returning might also promote microbial decomposition of soil organic carbon, and
accelerate soil carbon mineralization and acidification, thus significantly increasing carbon
emissions from the field [42]. This process is mainly influenced by straw type, crop type,
soil texture, temperature straw returning duration, and soil microbial species [38]. Never-
theless, straw returning had an important role in increasing crop yield and maintaining
soil productivity [43,44]. Thus, there is an urgent need to optimize straw return methods
to achieve a win–win situation in terms of increasing crop yield and reducing carbon
emissions for crop production. At the same time, in our study, straw returning seems to
reduce carbon emission from a field, as seen from the slightly reduced total soil carbon
emission of CTSP compared to CTP, though this variation was not statistically significant
in 2010 (Figure 5). Other studies have shown that no tillage practice could significantly
reduce carbon emissions from the field by increasing soil bulk density and reducing the
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effective oxygen diffusion coefficient due to reducing soil disturbance compared with
conventional tillage, thus facilitating adaptation and mitigation of global climate change in
the agricultural production sector [25,42]. In addition, a combination of conservation tillage
practices such as straw returning and reduced tillage or no tillage in agricultural production
could ensure food security, improve yield stability, and contribute to atmospheric CO2
reduction through soil organic carbon sequestration [45]. It has been found that in arid
irrigated areas, no tillage with straw mulching significantly reduced soil carbon emissions
compared with conventional tillage, further improving carbon emission efficiency and
having smaller carbon emissions per unit of water [26], which was similar to the results
of this study. In this study, we found that the combination of no tillage and wheat straw
mulching in wheat–maize rotation system had smaller average soil CO2 fluxes, signifi-
cantly reduced carbon emission from maize field, and lower water use efficiency based
on carbon emission, which in turn improved carbon emission efficiency of maize fields in
arid irrigated areas (Figures 5 and 6). Therefore, the combination of no tillage with straw
mulching has the potential to mitigate climate change by reducing soil carbon emissions
from crop production systems, providing an important theoretical basis for sustainable
agriculture in arid irrigated areas.

4.3. The Sustainability of Maize Production by Wheat Straw Returning Approaches

In arid irrigated areas, the biggest challenge for maize production is to obtain maxi-
mum economic benefit with minimum risk input [46]. Previous studies have shown that
no tillage with straw returning in maize production could achieve higher economic benefit
and help increase farmers’ income in the North China Plain [11]. Similarly, among the
four treatments in this study, the NTSMP treatment had lower total input and higher total
output, resulting in higher economic benefit (Table 2). This result was largely attributed
to the reduction of resource inputs such as fossil fuels, human labor, and farm machinery
with no tillage practices [46], and the NTSMP treatment had the highest maize yield, which
in turn resulted in higher grain and straw output. However, some studies found no sig-
nificant effect of straw returning on economic benefit, which was contrary to the results
of this study [47]. This possibility was due to the apparent differences in straw returning
approaches and other crop-management practices as well as soil characteristics and climatic
conditions [42,45]. Meanwhile, in this study, the NTSMP and NTSSP treatments had higher
benefit per cubic meter of water (Figure 7). This indicated that no tillage with wheat straw
returning promoted transpiration of maize to a large extent and suppressed ineffective soil
evaporation, thus increasing benefit per cubic meter of water [20]. Therefore, no tillage
with wheat straw mulching can gain higher economic benefit for maize production under a
wheat–maize rotation system with equal input of resources in arid irrigated areas.

From the sustainability analysis of the four wheat straw returning approaches, the
NTSMP treatment had the highest sustainability evaluation index (Figure 8). This was
mainly because no tillage with wheat straw mulching increased maize yield, and reduced
water consumption and soil carbon emissions from maize field, and obtained higher net in-
come, thus gaining higher carbon efficiency and benefit per cubic meter of water. Therefore,
no tillage with wheat straw mulching is an effective crop-management practice with respect
to achieving both economic and environmental win–win situations for maize production
in arid irrigated areas. However, taking into account the great spatial heterogeneity of
climate, soil characteristics, cropping systems, and agricultural management practices, it is
not certain that the results obtained are fully applicable to other dry irrigated agricultural
regions of the world. Future research is needed to evaluate the overall effectiveness of no
tillage with wheat straw mulching at larger regional and even national scales to improve
its application in sustainable maize production globally.

5. Conclusions

This study explored the effects of different wheat straw returning approaches on grain
yield and water use efficiency based on grain yield, soil carbon emission characteristics,
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and economic benefits in maize production and sustainability analysis under a wheat–
maize rotation system in arid irrigated areas. The NTSMP treatment could effectively
regulate water consumption characteristics of a maize field during the entire growing
season and meet the water demand of maize in the late growing season, thus significantly
improving maize grain yield and water use efficiency based on grain yield. Meanwhile,
the NTSMP treatment reduced average soil CO2 fluxes and soil carbon emissions for the
maize-growing season compared to the other three treatments, thus reducing water use
efficiency based on soil carbon emissions. In addition, the NTSMP and NTSSP treatments
significantly increased total output of maize fields and reduced total input compared to
CTP treatment, which gained higher net income and input–output ratio. Among them, the
NTSMP treatment had higher soil carbon emission efficiency and benefit per cubic meter
of water, and the sustainability evaluation index was higher than the other treatments. In
conclusion, no tillage with 25 to 30 cm tall wheat straw mulching is an effective and feasible
way to achieve higher yields and improved economic benefits for maize and to reduce soil
carbon emissions in arid irrigated areas.
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Abstract: The average annual water diversion of the Hetao Irrigation District (HID) from the Yellow
River is 4.5 billion cubic meters, mainly used for surface irrigation. Because the groundwater
depth is shallow, strong evaporation conditions and unmatched irrigation conditions lead to serious
soil salinization in the area; thus, the irrigation area’s ecological environment is fragile. Based
on the current situation of the Yellow River irrigation project in the area, an interval two-stage
robust stochastic optimization model is proposed to address the problem. In 2015, the Shuguang
Experimental Station in the middle of the HID, Inner Mongolia, discussed the impact of different
degrees of water–salt coordinated regulation on water consumption, yield and price of wheat, maize
and sunflower under drip irrigation conditions. The obtained results provide the water shortage and
water distribution targets of multiple water sources and multiple water levels in five irrigation areas
of the HID. Those water distribution targets were used as the main input parameter and entered into
the SALTMOD model based on the principle of water and salt balance. The output included data on
groundwater mineralization and groundwater depth. It was observed that (1) integrated interval
two-stage robust stochastic programming and the SALTMOD Model to couple optimization model
under uncertainty can simulate a model together; (2) systemic risk issues were considered; and (3) the
proposed method can be applied to the HID in northwest China to solve the soil salinization control
problem. This approach is applicable to arid and semiarid regions that face similar problems.

Keywords: environmental simulation; pollution control; water resources management; eco-hydrology

1. Introduction

China’s saline-alkali land is distributed in 17 provinces including northeast China,
north China, northwest China and coastal areas, where the total area of saline-alkali
land and wasteland affecting cultivated land exceeds 500 million mu. Among them, the
agricultural development potential accounts for more than 10% of the total cultivated land
in China [1]. The Hetao Plain is located inland and is the most important agricultural and
ecologically fragile area in northwestern China [2]. The rainfall in this area is relatively
small, with the annual rainfall only 150~200 mm, while the annual evaporation is as
high as 2000~3000 mm, 10~20 times the annual rainfall. Even though water from the
Yellow River is introduced into this area, this water resource basically does not flow out
through surface runoff. Instead, part of it evaporates and the other part is replenished
by groundwater, which causes the salt contained in the water to accumulate in the area
over a long time, causing salinization of the soil surface [3]. Moreover, with the gradual
enhancement of groundwater evaporation in the region, soil salinization in the Hetao
Irrigation District (HID) has aggravated, seriously affecting the ecological, agricultural
and socio-economic development of the region [4]. Therefore, the joint application of
surface water and groundwater with the optimal scheduling strategy of well and channel
combinations can be used to control the groundwater level of the area below the critical
depth, and reduce soil salinity in the irrigation area; this can be a reference for controlling
soil salinization in the area [5].

Sustainability 2023, 15, 4467. https://doi.org/10.3390/su15054467 https://www.mdpi.com/journal/sustainability182
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In the regional agricultural water and soil resource management system, there are
complexities such as runoff, rainfall, planning period supply and demand, and fluctuations
in economic parameters, in the measures to control the salinization of surface land, water
and salt migration, and droughts or floods, which intensify the work uncertainty. This leads
to the use of traditional deterministic optimization methods, such as integer programming,
multi-objective programming, dynamic programming, linear programming, and nonlinear
programming, that cannot solve these problems. This requires uncertainty optimization
technology that is widely used, including interval planning, fuzzy programming and
stochastic programming methods [6]. These can be used to solve the problem of uncertainty
in the prevention and control of surface land salinization by introducing the concepts of
interval parameters, fuzzy number sets and probability density distribution. Among these
methods, the interval two-stage robust stochastic programming (ITRM) model has a strong
advantage in controlling soil salinization through the well-channel combination method.
Its first stage decision must be made before the occurrence of uncertain events, and the
second stage decision is a modification of the first stage decision, in order to minimize the
“penalty” caused by the infeasible decision of the first stage [7].

Li and Huang et al. found an interval parameter multi-stage stochastic linear pro-
gramming method (IMSLP) for uncertain water resources decision-making, combining
probability density function and discrete interval in the optimization framework [8]. Li
and Fu et al. created an interval linear multi-objective programming (ILMP) model for
the uncertainty caused by climate change and human activities, and realized synergistic
management of irrigated agricultural efficiency, yield increase and water saving [9]. Zhang
and Tan et al. formed a multi-objective stochastic programming allocation model based
on entropy methods combined with crop level prediction to analyze the ecological and
economic trade-offs of irrigated agriculture [10]. The above optimization model is very
effective in dealing with uncertain factors; if the optimization methods in the above refer-
ences are applied to the treatment of saline-alkali land, the systemic risk problem is ignored.
After application, it produces soil returning salt and agricultural production reduction. The
model results are not absolutely feasible. The robust optimization method can effectively
avoid risks in the planning process, and judge the relationship between variable random
values and recourse costs in the system. For example, Li and Huang et al. built a two-stage
fuzzy stochastic robust programming that represented uncertain parameters as probability
density and/or fuzzy membership function, enhancing the robustness of the optimization
results, and was used for regional air quality management [11]. Chen et al. set up a robust
risk analysis method (RRAM) for uncertain water resources decision-making, combining
interval parameter programming and robust optimization in a stochastic programming
framework [12]. Tan and Zhang established a robust fractional programming (RFP) method
that coupled fractional programming with robust optimization to improve agricultural
water efficiency under uncertainty conditions [13].

Yao and Yang et al. utilized SALTMOD to investigate the effects of varying drainage
and irrigation practices on root zone salinity and water table depth [14]. In Bahceci and
Dinc et al.’s paper, the SALTMOD model was tested with data collected from the Karkin
pilot area, and the effects of current irrigation–drainage practices on root zone salinity
and drain discharge rate were evaluated [15]. Singh evaluated different options to solve
the water-logging and soil salinization problem; the computer-based simulation model,
SALTMOD, was applied in a waterlogged area of Haryana state in India [16]. There
are uncertainties in the input parameters of crops, groundwater, irrigation and drainage
reuse, which affect the simulation results of the SALTMOD model. The model cannot
accurately describe the water and salt dynamics of a study area; therefore, combining it
with a mathematical model can better solve this problem. In Mao and Yang et al.’s paper,
two SALTMOD models are used to separately simulate canal- and well-irrigated areas, and
an exchange flux is used as an additional mass balance term to calculate the mass balance
of the canal- and well-irrigated areas [17]. In Sarangi and Singh et al.’s paper, comparative
performance of artificial neural networks (ANNs) and the conceptual SALTMOD model
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were used to simulate subsurface drainage effluent and root zone soil salinity in the
coastal rice fields of Andhra Pradesh, India. The BPNN with the feed forward learning
algorithm was a better model than SALTMOD in predicting salinity of drainage effluent
from salt-affected subsurface drained rice fields. [18]. In Singh’s paper, after successful
calibration and validation, the computer-based simulation model, SALTMOD was applied
in a waterlogged area of northwest India [19].

Complexity and uncertainty in agricultural irrigation planning based on soil salin-
ization control at the irrigation district scale, uneven distribution of water resources in
agriculture, industry, life and ecology, may result in high-risk water distribution for agricul-
ture (such as lack of water during critical periods of crop growth, salt return to soil, etc.).
The existing research has less consideration of systemic risk issues and cannot guaran-
tee the absolute feasibility of model optimal solutions [15–19]. The robust optimization
method can embody the function risk, effectively evaluate the risk, avoid the risk in the
planning process, balance the relationship between the income and the risk in the regional
agricultural water and land resource management system, and can effectively increase the
feasibility of the model optimal solution and the stability of the system [20].

Therefore, the purpose of this study was to develop a method of coupling interval two-
stage robust stochastic programming (ITRSP) with the SALTMOD model to jointly dispatch
surface water and groundwater resources to deal with land salinization. The ITRSP model
can address multiple concerns of two-level decision-makers and the robustness of runoff
and obtained optimization schemes. Furthermore, by coupling with the SALTMOD model,
the ecological and environmental impacts of irrigation and drainage measures, the objective
and subjective factors of decision-making, and the environmental impacts of groundwater
depth changes in the irrigation area are fully considered. Thus, the developed model can
optimally allocate limited irrigation water, wells, and canals in a sustainable way. As
shown in Figure 1, the developed method was then applied to a practical case for the
HID of Inner Mongolia, northwest China. The results obtained from the model can help
local decision-makers formulate a low-cost optimal allocation strategy under limited water
supply that controls the groundwater burial depth below the critical depth, and further
contribute to green agricultural development.

 

Figure 1. Framework of ITRSP and SALTMOD Coupled Model.
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2. Modeling Formulation
2.1. Establishment of the Interval Two-Stage Robust Stochastic Programming Model

This study takes the water requirement of crops in the HID as the decision-making
variable, introduces water cost and a water shortage penalty coefficient, and determines
the optimal allocation of water resources in the HID in two stages [21–24].

To indicate the uncertainty, an interval parameter is introduced to represent the
uncertainty parameter. “+” indicates the upper limit of the parameter, “−” indicates the
lower limit of the parameter, then the interval two-stage robust stochastic programming
(ITRM) model is established [25].

min f± =
m

∑
i=1

n

∑
j=1

Cij
±Wij

± +
m

∑
i=1

n

∑
j=1

Dij
±

3

∑
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PkSijk
± + α

m

∑
i=1

n

∑
j=1

3

∑
k=1

Pk

(
Dij

±Sijk
± − Pk

3

∑
k=1

Dij
±Sijk

± + 2θijk
±
)

(1)

subject to:

(1) Water demand constraint

Wijmax
± ≥

m

∑
i=1

n

∑
j=1

Wij
± ≥ Wijmin

± (∀i, j) (2)

where

Wijmax: the maximum water requirement for crop j normal growth
Wijmin: the minimum water requirement for crop j normal growth

(2) Recourse variable constraint





Dij
±Sijk

± − Pk

3
∑

k=1
Dij

±Sijk
± + θijk

± ≥ 0 (∀i, j, k)

θijk
± ≥ 0

(3)

(3) Water source maximum water supply constraint

Wimax ≥
n

∑
j=1

Wij
± (∀i, j) (4)

where Wimax: water source i maximum water supply, m3

(4) Surface available water constraint and groundwater available constraint

Qij
± + qik

± − Qsi
± − ∑

n

j=1

(
Wij

± − Sijk
±
)
= Qim

± ≥ Qimin (i = 1, 2, . . . , n) (5)

Qij
± + qik

± − Qsi
± −

n

∑
j=1

(
Wij

± − Sijk
±
)
= Qim

± ≥ Qimin(i = n + 1, n + 2, . . . , m) (6)

(5) Groundwater depth constraint

{
Ht ≤ H − Zα

Ht ≥ H − Xα
∀t (7)

where H : average ground elevation

Zα: critical depth of groundwater in each period
Xα: maximum allowable depth of groundwater at each time quantum

(6) Salt content constraint
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Simax ≥
n

∑
j=1

Sij
± (∀i, j) (8)

where Simax : water source i maximum salt content

(7) Non-negative constraint

Wij
± ≥ Sijk

± ≥ 0 (∀i, j) (9)

2.2. Solution of the Interval Two-Stage Robust Stochastic Programming Model

According to the characteristics of the interval two-stage robust stochastic program-
ming model, the parameters are represented by intervals, and there are uncertainties in
the Wij

±. Huang and Loucks [26] found it difficult to judge what value is required to
minimize the system cost; therefore, they introduced the decision variable zij, zij ∈ [0, 1] ,
and transformed Wij

± = Wij
− + ∆Wijzij. Among them ∆Wij = Wij

+ − Wij
−, and it is a

certain value.
When Wij approaches its lower bound (when zij = 0), the water distribution costs for

crops are minimum, but when the water allocation is less than the crop water requirement,
the penalty cost of the crop will increase. Similarly, if the crop water requirement is met
and Wij is close to its upper limit (when zij = 1), the cost of crop penalties is reduced, but
in order to meet the water demand of crops, the cost of water distribution will increase.

By introducing zij, the pre-target water distribution Wij
± and the decision variable

optimal value zijopt can be obtained by using Wij
± = Wij

− + ∆Wijzijopt. When the value is
a known condition, Wij can be determined by this equation when the cost of the irrigation
system is at a minimum. Using Matlab software to obtain fopt

± and Sijopt
±, the final

optimal allocation of water resources in the HID can be determined. According to the
above solution and the interactive algorithm proposed by Xu and Diwekar [27], the ITRSP
model was divided into two sub-models, since the goal of the model is to minimize the
cost; therefore, the model corresponding to f− was first solved:
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(11)

Among them, zij and Sijk
− are decision variables, and Sijopt

−, zijopt , fopt
− are model

solutions. Similarly, the objective function upper bound sub-model is obtained as:
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After solving and calculating Sijopt
+ and fopt

+, and combining the two sub-models,
the solution of the interval two-stage robust stochastic programming model was as follows:

fopt
±=

[
fopt

−, fopt
+
]

Sijopt
± =

[
Sijopt

−, Sijopt
+
]
(∀i, j)

zij = zijopt (∀i, j)

The water optimal distribution target is:

Oij
± = Wijopt

± − Sijopt
± (∀i, j)

where Oij: the water optimal distribution target for water source i to crop j.

2.3. Introduction of the SALTMOD Model

The SALTMOD model was developed by Professor Oosterbaan and Senna of the
Netherlands International Institute for Land Reclamation and Improvement (ILRI) based
on the principle of water–salt balance, in the irrigation district of arid and semi-arid areas.
The obtained irrigation and drainage measures showed that water and salinity change
regularly in the aeration zone and phreatic water in different seasons of the year [28].
The model is mainly used to simulate and predict displacement and drainage salinity,
groundwater depth, mineralization of soil water, groundwater and drainage, etc. Idris and
Nazmi et al. [29] found it can also simulate farmers’ responses to soil salinity, waterlogging,
water scarcity, etc., and is suitable for different agricultural types, such as irrigated or non-
irrigated agriculture, paddy fields or dry crops. The model has been successfully applied
to the plains of Mashtul in Egypt and the coastal plains of Leziria Grande in Portugal.

The SALTMOD model is based on the principle of water and salt balance. The main
input parameters include meteorology, soil, crops, irrigation and drainage, groundwater,
etc.; the main output data includes groundwater depth, groundwater mineralization, soil
salinity, and displacement. Based on local climatic conditions, crop growth, etc., the
SALTMOD model can be divided into one to four simulation seasons, and the water–salt
balance in the vertical direction of the soil is divided into four layers: aquifer, transition
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layer, root layer and surface layer; for each layer both water balance and salt balance are
entered as seasonal data and all factors are assumed to be evenly distributed throughout
the study area.

The water–salt model has some shortcomings. For example, it is not flexible in
inputting irrigation water or salinity data. Only one salinity value can be set, and the
salinity of irrigation water for each season cannot be distinguished. Therefore, in the
simulation study alternate irrigation of brackish and fresh water is limited [30].

In this research, based on the current situation of the Yellow River irrigation project in
the HID of Inner Mongolia, the interval two-stage robust stochastic programming model is
proposed to address the surface land salinization problem. The obtained results provide
water shortage and water distribution targets of multiple water sources and multiple water
levels in five irrigation areas. Those water distribution targets are used as main input
parameters, and are substituted into the SALTMOD model based on the principle of water
balance and salt balance, the output includes data on groundwater mineralization and
groundwater depth.

3. Application
3.1. Regional Overview

The HID of Inner Mongolia is located in the western part of the Inner Mongolia
Autonomous Region. It is one of the three largest irrigation districts in China and the
largest one song artesian irrigation district in Asia. As shown in Figure 2, it is located
between 105◦12′ to 109◦53′ east longitude and 40◦13′ to 42◦28′ north latitude. The total land
area of the irrigation area is 11 million mu, and the existing irrigation area is 574,000 hm2.
From south to north, it can be divided into five irrigation areas, namely Yigan, Jiefangzha,
Yongji, Yichang and Urad irrigation areas. The HID is located on a plateau, far from the
ocean. It is affected by the Mongolian high pressure, with a large amount of wind and
sand and less rainfall, forming a more typical continental monsoon climate. It is also an
important commodity grain and oil production base in China. The main food crops are
wheat, maize and sunflower, as well as cash crops such as processed tomato, watermelon
and pepper. The irrigation area is located in an arid and semi-arid zone. Tainfall is sparse
and the evaporation intensity is large. Without irrigation from the Yellow River, there
would be no agricultural development [31].

′ ′ ′ ′

 

Figure 2. The geographical position of the study area.

The northeastern part of the Hetao Plain, where the HID is located, is the Yinshan
Mountains. Rocks in the mountain area are strongly weathered and the salt is decomposed.
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The low-lying areas of the plain have poor drainage, the water level is elevated, and the
shallow groundwater has a high salt content. Water and salt rise to the surface through the
soil capillary water, the water evaporates, and the salt remains on the surface. In addition,
the formation of saline-alkali is supplemented by drought and waterlogging disasters.
Long-term salinity has resulted in barren land and long-term stagnant food production.
The lives of the masses are miserable. They eat red sorghum and wild vegetables, drink
bitter and salty water, and live in earthen houses and cottages, strongly affected by the
ecological, agricultural, and socio-economic development of the region [32].

3.2. Data Collection and Analysis

Three crops, wheat, corn and oil sunflower, were selected as research objects. Based on
data from the 1985 to 2015 Inner Mongolia Statistical Yearbook, Bayannaoer Statistical Yearbook,
and Bayannaoer Water Resources Bulletin, as well as data obtained from field surveys, water
levels were divided into three categories: low, medium, and high [33]. According to the
historical statistics of runoff and rainfall in the HID, it was concluded that the probability
of occurrence of medium flow is greater than that of high flow and low flow, and the
probability of occurrence of high flow and low flow is basically the same, consistent with the
normal distribution law. Therefore, this study assumed that the probability of occurrence
for three incoming water levels in the forecast year are 0.2, 0.6, and 0.2, respectively [34].
According to statistical data, Table 1 lists the upper and lower limits of the amount of
surface and groundwater available for each administrative area under different incoming
water levels in the forecast year.

Table 1. Allowable water of each district under different water levels.

Administrative Region Inflow Level Available Water (108 m3) Probability

Surface Water Groundwater

LinHe Low [10.4, 10.6] [3.5, 3.7] 0.2
Middle [10.5, 11.2] [3.6, 4.2] 0.6
High [10.7, 12.8] [4.0, 4.8] 0.2

DengKou Low [5.7, 5.9] [4.5, 4.8] 0.2
Middle [8.2, 8.6] [5.2, 5.9] 0.6
High [12.0, 12.7] [8.3, 9.8] 0.2

HangJinHou banner Low [9.2, 9.6] [3.3, 3.6] 0.2
Middle [10.0, 10.8] [4.1, 4.8] 0.6
High [11.3, 12.2] [7.7, 8.2] 0.2

Wuyuan Low [9.9, 10.8] [3.0, 3.5] 0.2
Middle [10.5, 10.9] [4.2, 4.6] 0.6
High [11.3, 12.8] [5.2, 5.8] 0.2

Urad Front banner Low [5.9, 8.2] [2.7, 3.2] 0.2
Middle [9.8, 13.2] [4.4, 5.8] 0.6
High [12.2, 16.5] [6.6, 7.2] 0.2

Data on the area of the three crops planted in the typical year of 2015 were selected
as known conditions. It was also assumed that the planting structure of the three crops
in the forecast year would not change to determine the optimal water supply target [35].
Table 2 shows the planting area of three crops in different administrative regions and
the water demand data under sufficient irrigation conditions for different crops under
advanced decision. Both were determined based on the survey data provided by the HID
Administration and the measured data collected at the Shuguang Experimental Station in
the middle reaches of the HID, Inner Mongolia in 2015.
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Table 2. Water demand prediction analysis of each administrative region.

Administrative
Region Crop Acreage/103 hm2 Water Demand of Crop/mm

Wheat Maize Sunflower Total Wheat Maize Sunflower Total

LinHe 19.93 3.24 3.69 26.86 [300, 310] [635, 650] [320, 335] [1255, 1295]
DengKou 85.77 9.28 10.16 105.21 [252, 268.5] [580, 595.5] [232.5, 250] [1064.5, 1114]
HangJinHou banner 52.40 14.35 13.19 79.94 [286.5, 302.5] [590.5, 600.5] [300, 308.5] [1177, 1211.5]
Wuyuan 60.51 15.85 33.62 109.98 [296.5, 305.5] [630, 645] [303, 315.5] [1229.5, 1266]
Urad Front banner 34.29 6.98 10.52 51.79 [295, 302.5] [628, 635] [305, 325.5] [1228, 1263]

In the planning and utilization of agricultural water resources, if the estimated water
availability meets the crop water demand, there will only be the cost of Yellow River
water diversion; if the crop water demand is not met, the water shortage penalty will
result [36]. Table 3 shows the maximum and minimum original water volume of each
administrative area of the HID, and the corresponding diversion costs and water shortage
penalty coefficients, in combination with relevant references.

Table 3. Cost of water delivery and water shortage penalty coefficient under different water conditions.

Region Headwaters
Max. Original
Water/108 m3

Min. Original
Water/108 m3 Net Benefit

Penalty
Coefficient

LinHe Surface water 13.27 10.44 [2.6, 3.2] [3.2, 4.2]
Groundwater 4.65 3.55 [2.8, 3.5] [3.5, 4.8]

DengKou Surface water 13.42 5.70 [3.5, 5.0] [4.5, 6.2]
Groundwater 5.20 4.46 [3.9, 4.8] [4.8, 6.5]

HangJinHou banner Surface water 12.60 10.18 [6.3, 7.9] [7.2, 8.5]
Groundwater 4.37 3.62 [7.8, 8.5] [8.3, 9.6]

Wuyuan Surface water 13.25 10.00 [3.2, 4.2] [3.8, 7.2]
Groundwater 5.52 3.01 [4.8, 5.5] [5.8, 7.0]

Urad Front banner Surface water 17.24 5.90 [7.9, 9.2] [8.6, 9.6]
Groundwater 2.94 2.70 [8.6, 9.8] [9.5, 10.8]

4. Results Analysis
4.1. Optimized Water Distribution Plan

Using Matlab 7 software and Lingo 11 programming, the ITRSP model for multi-
water source allocation in the HID of Inner Mongolia was robustly solved. The water
shortage under different robust coefficients in the forecast year was obtained according to
the calculation results of the sub-model, followed by the optimal allocation water volume
at different flow levels [37]. The results are shown in Table 4.

Table 4 shows that for the Linhe District, the optimal decision variable zijopt0.2 was
0.2, and the corresponding optimal water supply for surface water and groundwater were
4.12 × 108 m3 and 2.26 × 108 m3, respectively. The optimal allocation of water was close to
the lower limit of the predicted water demand, and the water shortage was 0, indicating
that for this region, the benefit of increased crop yield is less than the cost of water caused
by increased water consumption. Therefore, in selecting the risk of crop yield increase or
decrease, the model can be selected to meet the basic water requirements of the crop; the
optimal allocation of surface water and groundwater was equal to the optimal water supply
target and was less than the minimum original water volume of Linhe District, 1.044 × 109

and 3.55 × 108 m3, respectively, indicating that no external water was used [38].
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Table 4. Results of optimal allocation of water resources at different water levels of each administrative
region.

Administrative
Region Headwaters Inflow Level Pk

Optimal Water
Supply

Target/108 m3

Water
Shortage/m3

Optimal
Allocation of

Water/m3

Decision
Variable

Low 0.2 4.12 0 4.12 0.2
Surface water Middle 0.6 4.12 0 4.12 0.2

LinHe High 0.2 4.12 0 4.12 0.2
Low 0.2 2.26 0 2.26 0.2

Groundwater Middle 0.6 2.26 0 2.26 0.2
High 0.2 2.26 0 2.26 0.2

Low 0.2 12.64 [2.23, 4.31] [8.15, 10.02] 0.15
Surface water Middle 0.6 12.64 [1.68, 3.35] [8.28, 10.68] 0.15

DengKou High 0.2 12.64 0 12.64 0.15
Low 0.2 7.15 0 7.15 0.15

Groundwater Middle 0.6 7.15 0 7.15 0.15
High 0.2 7.15 0 7.15 0.15

Low 0.2 15.34 [4.45, 6.72] [8.62, 10.15] 0.35
Surface water Middle 0.6 15.34 [3.18, 5.92] [8.87, 10.37] 0.35

HangJinHou
banner High 0.2 15.34 [2.62, 5.59] [9.18, 11.12] 0.35

Low 0.2 5.58 [1.12, 2.15] [3.05, 3.56] 0.35
Groundwater Middle 0.6 5.58 [1.03, 2.12] [3.11, 3.69] 0.35

High 0.2 5.58 [0, 0.87] [4.42, 5.14] 0.35

Low 0.2 10.02 [5.68, 7.76] [4.44, 5.36] 0.48
Surfacewater Middle 0.6 10.02 [3.34, 6.15] [5.86, 6.82] 0.48

Wuyuan High 0.2 10.02 0 10.02 0.48
Low 0.2 5.18 [2.12, 3.35] [2.28, 3.47] 0.48

Groundwater Middle 0.6 5.18 [2.01, 3.28] [2.46, 3.52] 0.48
High 0.2 5.18 0 5.18 0.48

Low 0.2 20.50 [8.62, 12.14] [10.08, 12.25] 0.52
Surface water Middle 0.6 20.50 [7.28, 10.62] [11.14, 12.98] 0.52

Urad Front
banner High 0.2 20.50 0 8.65 0.52

Low 0.2 8.65 0 8.65 0.52
Groundwater Middle 0.6 8.65 0 8.65 0.52

High 0.2 8.65 0 8.65 0.52

Table 4 shows that for Dengkou County, the optimal decision variable zijopt0.15 = 0.15,
then the corresponding optimal water supply for surface water and groundwater is
1.264 × 109 and 7.15× 108 m3, respectively. With zijopt0.52 = 0.52 in Urad Front Banner,
the corresponding optimal amounts of surface water and groundwater are 2.05 × 109

and 8.65 × 108 m3, respectively. For Dengkou County and Urad Front Banner, the water
shortage for both groundwater and surface water was 0 at the high water level. As can
be seen in Table 3, the cost of surface water is lower than of groundwater. In order to
ensure maximum benefits, in the process of water resources allocation, the surface water
allocation is prioritized. Dengkou County had a small amount of water shortage at low
and medium water levels. The surface water shortages reached 2.23 × 108~4.31 × 108 and
1.68× 108~3.35 × 108 m3, respectively, which indicates that the crop water demand in this
area is relatively low compared to the soil salinization in this area. At the low incoming
water level in Dengkou County, the optimal allocation of surface water and groundwater
was 8.15 × 108~1.002 × 109 and 7.15 × 108 m3, respectively, both larger than the minimum
original water volume of 5.7 × 108 and 4.46 × 108 m3, respectively, indicating that some
external water was used. However, because the amount of groundwater resources was less
than the amount of surface water resources, and the cost of mining is high, the optimal
allocation of water should mainly come from surface water [39].

As seen in Table 4, for HangJinHou banner, the optimal decision variable zijopt0.35 = 0.35,
and the corresponding optimal water supply for surface water and groundwater was
1.534 × 109 and 5.58 × 108 m3, respectively. The water shortage in HangJinHou banner
was relatively large at low incoming water levels. The surface and groundwater shortages
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reached 4.45 × 108~6.72 × 108 and 1.12 × 108~2.15 × 108 m3, respectively. This shows
that the region needs a larger amount of crop water, which is related to the larger crop
cultivation area in the region. At a low incoming water level, the optimal allocation of
surface water and groundwater in HangJinHou banner was 8.62 × 108~1.015 × 109 and
3.05 × 108~3.56 × 108 m3, respectively, both less than the minimum original water volume
of 1.018 × 109 and 3.62 × 108 m3, respectively, indicating that water resources were scarce
at low water supply levels; considering the higher cost of water, the amount of water
allocated to crops should be relatively reduced [40].

As seen in Table 4, for Wuyuan County, the optimal decision variable zijopt0.48 = 0.48,
and the corresponding optimal water supply for surface water and groundwater was
1.002 × 109 and 5.18 × 108 m3, respectively. In Wuyuan County, the surface water and
groundwater shortage were only at the high water supply level, which means that at the
high water supply level, water resources basically meet the water demand.

Based on the calculation results, the overall water supply structure of the HID was
further calculated. At the low incoming water level of the forecast year, the ratio of surface
water use was 63.2%, and the proportion of groundwater was 36.8%. At the middle
incoming water level of the forecast year, the ratio of surface water use was 65.8%, and the
proportion of groundwater was 34.2%. At the high incoming water level of the forecast year,
the ratio of surface water use was 67.9%, and the proportion of groundwater was 32.1%.
This suggests that the optimized proportion of surface water consumption increased, which
has certain practical significance for mitigating groundwater over-exploitation, controlling
groundwater below a critical depth, and preventing soil salinization in the HID.

4.2. Salt Control Analysis

The SALTMOD model was calibrated and validated using 1990–2010 field data for
groundwater table depth and groundwater salinity (Figures 3 and 4). For groundwater
table depth, the Nash–Sutcliffe efficiency (NSE) values were 0.68 (in calibration) and 0.65 (in
validation), and the coefficient of correlation (R2) 0.71 (in calibration) and 0.74 (in validation).
For groundwater salinity, the NSE values were 0.66 (in calibration) and 0.58 (in validation),
and the R2 0.72 (in calibration) and 0.65 (in validation); thus, the SALTMOD modeling
simulated the water and salt transport law in the HID very well. Multi-source, multi-
region and different water-supply targets obtained from the two-stage robust stochastic
optimization model as main parameters were input into the SALTMOD model based on
the principle of water and salt balance. The output includes data such as groundwater
mineralization and groundwater burial depth [41].

  

(a) (b) 

Figure 3. Simulated versus observed groundwater table depths during (a) calibration from January
2001 to January 2010, and (b) verification from January 1991 to January 2000.
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(a) (b) 

Figure 4. Simulated versus observed groundwater table values during (a) calibration from January
2001 to January 2010, and (b) verification from January 1991 to January 2000.

From 2010 to 2014, the combination of wells with canals was not implemented, and
from 2015 to 2019, surface water and groundwater joint scheduling was implemented in
the HID.

The HID has low precipitation and high evaporation, the movement of groundwater
belongs to the type of vertical infiltration and evaporation, and the salt content of irrigation
water is about 0.5 g/L; this leads to serious secondary soil salinization in the HID. As shown
in Figures 5 and 6, with the implementation of combined measures of wells with canals in
the HID in 2015, for many years the groundwater table depth increased by approximately
0.3 m on average, and the groundwater salinity decreased by approximately 0.2 g/L on
average. These two phenomena have a synergistic effect. However, the promotion of the
combined measures of wells with canals should increase the area and extend the time to
prevent the occurrence of salt return in the Wu Yuan irrigation area.

  

  

Figure 5. Cont.
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Figure 5. Comparison of simulated and measured values of groundwater depth.

  

  

 

Figure 6. Comparison of simulated and measured values for water mineralization.
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The measured groundwater depths in the different administrative areas of the HID
were compared with the groundwater depth data output by the SALTMOD model. It was
concluded that after combining wells and canals, over many years of pumping, the ground-
water levels in the different administrative areas of the HID decreased by approximately
0.3 m [42].

The measured values of groundwater salinity in different administrative areas of the
HID were also compared with those of groundwater salinity output by the SALTMOD
model. It was concluded that after combining the wells and canals, the soil salt content
in the different administrative areas of the HID will decrease slightly. The wheat, corn
and oil sunflower roots have larger growth space, wider distribution, and enhanced stress
resistance, which promote the high quality and yield of the three crops.

4.3. Risk Analysis under Different Incoming Water Conditions

The model was solved to obtain the minimum comprehensive cost of surface water
and groundwater in the five irrigation areas in the case of joint dispatch fopt = 1.38 × 109

~3.24 × 109 yuan. Due to the different water distribution forms and the uncertainty of
the system, the final cost was given as an interval value to accommodate different water
distribution decisions [43]. In order to illustrate the effect of the robustness coefficient on
the objective function value, the change of the objective function value of the water cost
with the robustness coefficient at the three levels of low-medium-high water supply was
calculated. The calculation results are shown in Figure 7.

𝑓௢௣௧

 

 

Figure 7. Cont.
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Figure 7. Minimum cost of water optimal allocation of different water levels under different α.

Under three types of incoming water probability, the robust coefficient α changes
from 0 to 5 [44]. From Figure 7, it can be seen that the minimum cost of optimal allocation
of water resources varies with α: (1) at the low water supply level: when α = 0, the
model is an ordinary interval two-stage stochastic programming model, which means that
decision-makers think more about the economics of the system and ignore the system
risks. The minimum cost is 1.7 × 109~2.4 × 109 yuan; as α increases, the objective function
gradually increases. When α = 5, the minimum cost is between 3 × 109~3.1 × 109 yuan.
(2) At the middle water supply level: the objective function value gradually increases
with the increase of α, and the minimum cost increases from 1.8 × 109~3 × 109 yuan to
3.4 × 109~3.7 × 109 yuan. (3) At the high water supply level: the objective function value
also gradually increases with the increase of α, and the minimum cost increases from
1.4 × 109~2.6 × 109 to 3 × 109~3.5 × 109 yuan.

With the change of optimal allocation of water resources [45], the system cost shows
a certain change law: (1) the increase of the robust coefficient causes the system cost
to increase. When α ≥ 2, the cost is almost unchanged, indicating that the system has
stabilized. (2) With the increase of the robust coefficient, the difference between the upper
and lower limits of the cost becomes smaller, the stability of the system increases, and the
economy and stability are well balanced.

5. Discussion

The interval two-stage stochastic optimization model is very effective in dealing with
uncertain factors, but it ignores the risk issues in a saline-alkali land management system.
After application, it can cause problems, such as soil salt return, agricultural production
reduction and water shortage, in key periods of crop growth; thus, model results are not
absolutely feasible. The robust optimization method can effectively avoid risks during the
planning process and weigh the relationship between variable random values and recourse
costs in the system. It is introduced into the interval two-stage stochastic programming
model and coupled with the SALTMOD model. The results obtained can make the economy
and stability of the saline-alkali land treatment system better balanced [46].

5.1. Precision Analysis of Water Distribution Model with the Actual Situation

Taking the agricultural water situation of HangJinHou banner in 2017 as an example,
the model accuracy analysis was performed [47]. According to the statistics 2017 was
calculated as the middle level of water supply. From the agricultural water in HangJinHou
banner, the actual surface water and groundwater use was compared with the calculation
results in the model. The results are shown in Table 5. The relative errors of the optimal
allocation of surface water and groundwater were within 10%, the RMSE was approximately
30% and the d-index was smaller than 0.5. Overall, the model optimization results were
consistent with the actual situation.
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Table 5. Actual value and error analysis of water.

Administrative Region Surface Water

Calculated Value/108 m3 Actual Value/108 m3 Relative Error/% RMSE d-Index

HangJinHou banner [8.87, 10.37] 11.48 9.40 0.32 0.42

Administrative Region Groundwater

Calculated Value/108 m3 Actual Value/108 m3 Relative Error/% RMSE d-Index

HangJinHou banner [3.11, 3.69] 3.90 4.60 0.35 0.49

Through analysis, it is known that the planting structure data of the typical year
2015 was used as the known conditions when the model was optimized and solved, and
the planting structure was adjusted accordingly in 2017, resulting in certain errors in the
model [48]. However, the planting structure in the model can be adjusted through related
parameters to reduce the error; surface water has a slightly larger error because the runoff
cycle is more complicated than groundwater.

5.2. Precision Analysis of the Salt Control Model

The 2014–2016 output of the HID’s Urat irrigation area through the SALTMOD model
was used to compare the groundwater depth and mineralization of the groundwater with
the measured values [49,50]. Among them, the combination of wells and canals was not
implemented before 2015. After 2015, surface water and groundwater joint dispatching
was implemented in the Urat irrigation area.

The comparison of the annual groundwater depth and actual measured values of
the Urat irrigation area from 2014 to 2016 is shown in Table 6. The changing process of
groundwater depth is shown in Figure 5e. Only the relative error of the simulation in 2014
was slightly greater than 15%, the rest were within 10%, and the RMSE for three years
was smaller than 0.2. The simulation accuracy was high [51,52]. The comparison of the
measured and simulated groundwater mineralization in the Urat irrigation area from 2014
to 2016 is shown in Table 7 and Figure 6e. The average relative error of mineralization
of groundwater in the Urat irrigation area was between 12% and15%, and the RMSE for
three years was within 0.1. The simulated values better reflect the dynamic changes of
root salinity for main crops in the HID, and more accurately simulated the process of salt
reduction due to the combination of wells and canals from 2015 to 2019 [53,54].

Table 6. Comparison of measured and simulated groundwater levels in the Urat irrigation area from
2014 to 2016.

Measured Value (m) Simulated Value (m) Relative Error RMSE d-Index

2014 1.81 1.55 16.90% 0.18 0.13
2015 1.62 1.60 1.10% 0.01 0.997
2016 2.02 2.21 6.34% 0.13 0.01

The annual average 1.82 1.79 2.26% 0.02 0.002

Table 7. Comparison of measured and simulated groundwater mineralization in the Urat irrigation
area from 2014 to 2016.

Measured Value (g/L) Simulated Value (g/L) Mean Relative Error RMSE d-Index

2014 2.67 2.79 13.52% 0.08 0.002
2015 2.84 2.83 5.18% 0.01 0.988
2016 2.88 2.74 14.78% 0.10 0.002

The annual average 2.80 2.79 5.06% 0.007 0.002
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6. Conclusions

In this study, an interval two-stage robust stochastic programming (ITRSP) and SALT-
MOD coupling model was established to coordinate agricultural irrigation and environ-
mental protection under a variety of uncertainties, and to address risk issues in saline-alkali
land management systems. The developed ITRSP-SALTMOD model can reflect the interac-
tion of agricultural irrigation and salt control issues into a framework to support policy
makers in developing comprehensive plans at the irrigation district scale. It can support
agricultural irrigation and drainage under different robust coefficients, and then formulate
related current policies to control the groundwater burial depth of irrigation districts below
a critical depth while reducing groundwater mineralization. At the same time, it can also be
used to reduce the cost of saline-alkali land management systems and realize considerable
social and economic system benefits. In addition, it can provide solutions for protecting the
agro-ecological environment of the HID and achieve green development in the region. The
ITRSP-SALTMOD coupling model is a good example that can be applied and extended to
salinized areas mainly distributed in Xinjiang, Gansu, Qinghai, Inner Mongolia, Ningxia
and other areas in northwest China, as well as the eastern coastal areas.

With the aid of the model, several discoveries were found, as follows: (a) combining
uncertainty and risk can avoid the shortcomings of the traditional interval two-stage
stochastic programming method, and introduce robust optimization to seek the minimum
water cost of optimal water resources allocation to prevent and control soil salinity, avoiding
the situation of concentrating risk losses in a certain irrigation area. (b) Through an
interval two-stage robust stochastic optimization model, from 2015, the implementation
of combined surface water and groundwater use of optimal dispatching schemes had
a positive significance for regulating groundwater depth and changing soil water and
salt dynamics. (c) The SALTMOD model can better simulate the dynamic changes of the
groundwater burial depth and soil root layer salinity in the irrigation districts of different
administrative areas in the HID, providing a basis for decision-makers to reasonably
control salt in the future. Correspondingly, specific suggestions for decision-makers can
be summarized as follows: based on the existing “Three North” shelter forest system
construction project in the HID, the crop planting structure should be adjusted, and the
resistance to drought, smoke and salt-alkali crops, such as Sophora japonica, increased,
improving salt control efficiency, while promoting local economic growth; governmental
support and financial subsidies should be advocated, and the optimal dispatching scheme
for expanding the combined use of surface water and groundwater promoted and applied in
arid and semi-arid areas. Furthermore, consciousness and robust methods for identification
of risk adoption should be considered in decision-making, such as the conditional value at
risk (CVaR) method, which could fortify the reliability of interval two-stage (ITS) strategies.
Since there are interactive relationships between water supply, irrigation, precipitation,
water consumption and water demand in the irrigation district, multi-stage programming
should be considered; due to the particularity of the complex system of water resources, it
is necessary to introduce intuitionistic fuzzy sets to obtain the water resources allocation
scheme based on group decision-making. These are worthy of further research in the future.
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