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Preface

Agriculture stands at the crossroads of two defining challenges of our era: the urgent need to feed
a growing global population and the accelerating pressure of climate change on the natural systems
that make food production possible. Rising temperatures, erratic rainfall, prolonged droughts, and
shifting growing seasons are no longer distant projections — they are present realities that farmers,
agronomists, and policymakers confront every season. It is within this context that the Special Issue
Sustainability of Agriculture: The Impact of Climate Change on Crops, published in the MDPI journal
Sustainability, was conceived and developed.

This Reprint gathers twelve original research articles that address, from multiple scientific angles,
the complex relationships between climatic variables and crop performance. The studies range from
crop yield modelling under future climate scenarios and agronomic adaptation strategies to circular
resource management, policy frameworks, and socioeconomic dimensions of agricultural resilience.
Geographically, the contributions span Europe, the Middle East, Africa, and South America, reflecting
the global urgency and universality of the subject. Crops examined include barley, maize, potato,
strawberry, subterranean clover, date palm, and tea, among others, while analytical approaches
embrace simulation modelling, field experimentation, remote sensing, and social surveys.

The aim of this Reprint is to provide the scientific community, agricultural practitioners, students,
and policymakers with a rigorous and multidisciplinary reference that consolidates current knowledge
on climate-smart agriculture. It is our hope that the findings and methodologies presented here will
inform the design of more resilient cropping systems and contribute to evidence-based agricultural
policy at national and international levels.

We sincerely thank all contributing authors for sharing their research, and the reviewers for their

invaluable expertise and dedication.

Fokion Papathanasiou, Elissavet Ninou, and Ioannis Mylonas
Guest Editors
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Abstract: Mining operations have a significant negative impact on the surrounding ecosystems. The
operation of mines and quarries creates a large amount of waste that accumulate and are practically
unrecyclable in the environment. The involvement of these wastes in economic activity is an extremely
urgent task. This can make the economy more sustainable and reduce its influence on ecosystems.
This work presents the attempts of using quarry wastes as a fertilizer applied for growing tea crops.
The novelty of this research involves revealing the quarry wastes as a fertilizer when growing Camellia
sinensis (L.) O. Kuntze and assessing changes in the productivity of this plant when applying these
calcium wastes. The waste of a quarry intended for extracting crushed stone was studied in this
article. The composition of the waste was analyzed. Fertilizers used for manuring the soil were
prepared based on the waste. Two experimental sites were selected. One of them was a control,
where Camellia sinensis (L.) O. Kuntze was grown without using fertilizers. Fertilizers obtained from
the waste were applied on the second site. The experimental work proceeded for 10 years. When
discussing the results, special attention was paid to climatic conditions. This was caused by the
need to show that it was the use of the fertilizer that influenced the change in the yield, not the
climatic conditions. As a result of using calcium fertilizers based on the waste, the productivity of
Camellia sinensis (L.) O. Kuntze was increased. The application of the fertilizers based on the quarry
wastes was shown to provide an increase in the yield. The possibility of using calcium fertilizers to
overcome unfavorable agroclimatic conditions during the tea cultivation was also demonstrated. To
assess the climatic impact of applying new fertilizers, three-dimensional modeling in the “gnuplot
v.5.4” software was used. As a result, an increase in the average annual precipitation, from 1000 to
1980 mm/year, in the range of the average annual air temperature, from 14 to 16 °C, was found to
lead to an increase (when using a new fertilizer) in the yield of Camellia sinensis (L.) O. Kuntze up to
4.8 times (from 20 to 95 centner/ha). The results have shown that applying fertilizers based on the
quarry wastes is also possible in unfavorable climatic conditions.

Sustainability 2023, 15, 11671. https:/ /doi.org/10.3390/5u151511671 1 https://www.mdpi.com/journal/sustainability
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1. Introduction

According to the latest data, CO; emissions from rivers in the permafrost zone will
increase three times over the next 10 years due to climate change [1,2], which can signifi-
cantly affect life expectancy in certain regions of the world [3]. Differences in the regional
policy when constructing the carbon trading market do not always provide a tangible effect
of industrial sector decarbonization [4]. Along with the increase in the average annual air
temperature, the negative consequences of global climate changes are also manifested in an
increased risk of water scarcity, which may exceed USD 2.7 trillion [5]. In subtropical zone
conditions of the Caucasus in the last 5 years, a change in the trend of the average annual air
temperature towards an increase was traced [6], which deteriorates the growing conditions
for crops. In addition, in the spring period (from March to May), climatic factors have been
proven to have a dominating effect, causing soil organic carbon growth in the layers of
0-10 cm and 10-30 cm [7]. The temperature of the late rainy season can significantly limit
the radial growth of S. superba plantings in the southern rims of the subtropical forests of
Southeastern China [8].

The influence of industrial wastes on agriculture. The mining that exploits “brown
mining technologies” aggravates the anthropogenic component effect (for example, the
influence of landfills of household wastes [9]) on the existing biocenoses [10-12]. The
mining of rich ores at shallow depths is replaced by complicated mining conditions, and
the transportation of interspersed ores to the extraction is accompanied by an increased
consumption of high-tech goods. For example, in the Mufulira River, the presence of
the slurry pulp obtained from the Konkola Copper Mines Plc mine tailings led to an in-
creased SO42—concentration (1396 mg/L) and dissolved Al (2115 pg/L), Co (909 nug/L), Cu
(7405 ng/L), Ni (51.5 pg/L), Pb (161 pg/L), and Zn (346 pg/L), including a decreased pH
(2.04). This fact poses a serious threat to agriculture [11]. In the southwest of Spain, a rather
long-term extraction of sulfide deposits led to the migration of dissolved and suspended
metals and arsenic compounds into surface waters [13]. The authors identified the arsenic
concentrations of 80 ug/L As®>" and 5 mg/L As®*. At the same time, the concentration
of arsenic compounds increases, and the As3* / As®* ratio decreases downstream of the
Agua Agria brook (in the Tarsis Mine area). Many authors point to the presence of uneven
contamination of the soil and surface waters. For example, in Zambia, the soils in the zone
of influence of the Koperbelt mining area (4700 km?) reflect a significant variability in the
geochemical properties of the soils, as well as different contamination degrees (a high pro-
portion of copper in soils equal to 85.5 mg/kg is found even in seemingly uncontaminated
areas) [14]. The levels of heavy metals in various fractions of soil particles (>250, 63-250,
and <63 microns) of the landscapes in suburban areas of Saudi Arabia are determined by
mining (Cd, Cu, Zn, and Pb) [15].

Open-pit mining causes serious damage to land resources and completely transforms
the land relief [16]. Land amelioration is mainly aimed at restoring the ecosystem and the
value of the land exposed to mining, which is still a difficult task [17]. The results of the
high-performance sequencing (using the PIECRUST method) of microbial communities
of aluminum quarry soils have shown the efficiency of using yellow rose, lespedeza, and
sweet wormwood herb to improve the soil quality [18]. When compared to this fact,
spontaneous succession at an abandoned dolomite limestone quarry in Missouri can lead
to the emergence of plant communities, including 74 native species (and 21 non-native
species), which is close to the species diversity of natural communities [19].

The hydroseeding of Leguminosae, Poaceae, and Cyperaceae is effectively used on the
landscapes to reclaim sites and reduce soil erosion in the post-mining period [20]. The
increase in the related environmental problems [21-23] actualizes not only the need to
develop a green mining strategy [24], green technologies for mineral enrichment [25],
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involving other sustainable technologies [26] but also a transition to a sustainable use of
mineral resources based on circular economy models [27-29]. A circular economy implies
the closure of resource flows without forming associated wastes [30-32]. This direction is
the dominant tool in developing national strategies used for sustainable development all
over the world [33]. The process of zero fluid discharge used for extracting struvite and
regenerating the drinking water obtained from wastewater is quite a promising direction
when introducing a closed-cycle economy [34]. When forming sustainable agricultural
processes, a circular economy is most often used in the context of the life cycle assessment
(LCA) theory [35], while waste management issues remain insufficiently studied. Circular
waste management is the most efficient method of soil reclamation. In this regard, a
rather promising direction in solving the problem of waste is developing the directions
for their use in agriculture or closure in the in-house technological cycle. For example,
using composted sewage sludge of an organic fertilizer in sugar cane fertilizers increases
soil fertility and reduces the need for mineral fertilizers [36]. The wastes obtained from
a highly acidic dump in the form of soil substitutes obtain a nutrient medium with the
following parameters: (N (0.37-0.51%), P (0.23-0.47%), K (1.78-3.17%), Ca (4.93-8.39%),
and Mg (1.16-1.71%)). This allows their use for agricultural purposes [37]. In some cases,
for example, using waste drilling mud (>6%) has a negative effect on the germination of
Maize seeds (Zea mays L.), which does not yet allow it to be used for sustainable agriculture
purposes [38,39]. In another study, the influence of using organic wastes on the physical
properties of the soil in arid regions affected by the negative consequences of coal mining
was established [40].

One example of involving the calcium wastes obtained from quarries in the production
process is adding them to cement [41,42] or the thermochemical modification of granular
copper slag [43] for using it as a binder substitute. At the same time, in the regions of the
agricultural or recreational-tourist specialization, their use as fertilizers is more productive.
Investing in innovations of this kind [44,45] will allow the achievement of the carbon
neutrality of individual industries [46], in addition to minimizing the anthropogenic impact.

Meteorological conditions for growing the plants. Tea cultivation in the subtropics
of different regions of the world, as a rule, is associated with the risks of yield losses in
dry years. In the end, the yield losses in adverse meteorological conditions can be 50-60%
or more. According to a number of researchers [47,48], hydrothermal stress leads to the
loss of more than 50% of the tea harvest during rain-fed cultivation. For example, in the
case of chickpeas or soybeans, drought can pose a serious threat [49-52], causing the need
to ensure sustainable agribusiness [53-55]. In this regard, it is interesting to develop the
possibility of cleaning ponds for sedimentation tanks followed by their subsequent use
in agriculture [56] or to use the synergy of agricultural and energy production [57]. The
progressive aridization of the climate actualizes the task of increasing the plants’ resistances
to drought. In this regard, much attention in the research devoted to the tea culture is paid
to studying the mechanisms of its drought resistance, searching for the most informative
markers of drought resistance, as well as creating new resistant varieties and the influence
of exogenous inducers, including mineral fertilizers. Therefore, the influence of applying
the calcined fertilizers on the tea yield is an urgent specific research issue in circular waste
management when ensuring sustainable agriculture. This study hypothesis consisted in
the fact that the introduction of calcium-containing quarry wastes would increase the tea
yield despite the insufficient rainfall.

In this connection, the aim of this study is to assess the productivity of growing
Camellia sinensis (L.) O. Kuntze in conditions of the cyclic management of calcium wastes.

2. Materials and Methods
2.1. Properties of Calcium-Containing Wastes

The object of research and the source of the calcifying fertilizer is the “Kamensky”
quarry, which is located at 43°32'04.5” N 39°58'59.4” E (Figure 1). To characterize the
chemical composition of the sample material, the gross content of the chemical elements
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was determined with quantitative methods. They are mass spectrometric and atomic
emission analyzers using inductively coupled plasma (ICP-MS and ICP-AES) according
to the certified NSAM methodology. The 499-NPP/MS method, “Determination of the
elemental composition of rocks, soils and bottom sediments using the atomic emission
method, having inductively coupled plasma, and the mass spectral method involving
inductively coupled plasma”, was used to conduct these studies [58]. The equipment
included the inductively coupled plasma mass spectrometer Elan-6100 (“Perkin Elmer”,
Waltham, MA, USA) and the atomic emission inductively coupled plasma spectrometer
Optima-4300 DV (“PerkinElmer”, Waltham, MA, USA).
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Figure 1. Location of the waste collection (43.534586, 39.983163 Copyright © Google Earth).

Limestone (CaCOs3) and dolomite (CaMg(CO3),) crushed stone are mined at the
facility, whose sludge waters flow along the streams into the Mzymta river (Figure 2). The
sampling was carried out as follows. During the license revocation period, the facility
was examined to determine the oversized tailing at the industrial site where the rock was
crushed (Figure 2a). To ensure the sample representativeness, the material was selected
once (in three stages). Approximately 2000 kg of the small rocks was filled into bags
(45-50 kg each). As a result, 142 bags were filled for the sampling and then transported to
the warehouse of the scientific center (FRC SSC RAS). Later, before each application, the
packed material was additionally prepared (ground in a laboratory mill) and sieved up to a
grinding thickness of 0.25 mm. The material is characterized by a slightly alkaline reaction
in water (pHyy, o = 8.2).
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Figure 2. Functioning “Kamensky” quarry: (a)—view of the quarry; (b)—its sludge water drains

flowing into the Mzymta river (b).

The obtained results of the elemental composition of the bulk wastes are presented in
Table 1. The data presented in Table 1 are the average values for 10 measurements. The
maximum deviation for the content of the elements over 400 pg/g was 6.3%, for the content
of the elements within 1-400 ug/g it was 8.7%%, for the content of the elements within
0.1-1 ug/g it was 0.05 ug/g, and for the values less than 0.1 pug/g it was 0.02 pg/g. This
substance is characterized by a slightly alkaline reaction of an aqueous suspension (pH
is 8.20). It contains calcium in an exchange form (10.9 mmol (eq)/100 g) and a smaller
amount of magnesium of 2.2 mmol (eq/100 g). The calcium-containing natural material
is the clay-lime waste formed when crushing the limestones into small fractions of the
crushed stone.

Table 1. Chemical composition of the Ca-containing mining waste.

Elements Concentration ug/g Elements Concentration ug/g Elements Concentration ug/g Elements Concentration ug/g
Li 5.76 Sr 709.80 Tb 0.15 Th 0.84
Be 0.15 Nb 1.23 Dy 0.58 U 0.19
Sc 1.43 Mo 0.07 Ho 0.28 Na 783
A% 371 Sn 1.84 Er 0.56 Mg 3848
Cr 222 Sb 0.02 Tm 0.04 Al 3870
Co 1.21 Ba 19.50 Yb 0.41 K 2086
Ni 12.60 Pr 0.62 Lu 0.12 Ti 114.80
Cu 1.920 Nd 2.52 Hf 0.27 Mn 421
Zn 11.13 Sm 0.89 Ta 0.72 Fe 1485
Ga 0.54 Eu 0.17 Pb 4.40 Cd 0.36
Rb 7.50 Gd 0.89 Bi 0.04 I 0.72
As 0.59

After checking the fact that individual chemical elements did not exceed the specified
critical concentrations, a standard biotesting method was applied to them. The studied
quarry wastes turned out to be chemically neutral, as a result of biotesting its extracts [59]
using the single-celled algae Chlorella Vulgaris. The test results showed no significant
deviations from the control in either acute or chronic experiments. This proves that they do
not have reliable toxic properties and can be used in agriculture.

2.2. Experiment Parameters and Possible Limitations

The basis for choosing the plant type was the fact that tea is an industrially significant
crop for this region, which has been grown in the Black Sea coastal area of the Krasnodar
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Territory for more than 100 years. Due to the favorable conditions of tea cultivation in
the subtropics, as well as the presence of experimental plantations, the existing full-aged
tea plantation Camellia sinensis (L.) O. Kuntze (Colchis variety) was chosen to be used for
further experiments (Figure 3).

Lazarevsky district

Razbityi Kotel

Figure 3. Influence of calcium wastes on the yield of tea leaves in different meteorological conditions
(ZAO “Dagomyschai” Copyright © Google Earth): (a)—a variant of using calcium wastes obtained
from a quarry; (b)—a basic variant of cultivation (N250P70K90).

The studies were conducted for nine years, from 2011 to 2020. The object was 2
variants of the field experiment: (1) control (background) was N240P70K90 (in kg d.v./ha)
as a traditional fertilizer system; (2) background + natural calcium-containing material,
whose description is provided in [60]. Tea grew on chernozem (black soil) soil with a
humus content of 6.5%. The granulometric composition of the soil was generally uniform
along the profile. There was no noticeable movement of silt particles. The predominance of
silty—silty fractions in the soil caused a high absorption capacity and moisture capacity.

The material was sieved to obtain a fractional composition of less than 0.25 mm in
fineness. The area of the experimental plots was 100 m2. The tea plantation was founded in
1983 with a high-yielding variety of Colchis in subtropical conditions (Dagomys, Russia);
the experiment scheme was imposed in 2003. The tea plantation plots are located at
43°41'04.8"” N 39°38/14.0"” E (43.684655, 39.637222). Annual fertilization in the amount
of 250 kg/ha of the wastes in the form of a dry white-grayish powder was conducted
in the spring period. The fertilizer was evenly applied to the root zone (manually). The
crop yield was recorded (manual harvesting) during the periods approaching the tea leaf
harvesting, according to agricultural regulations [61]. When designing the experiment plan,
the following problems were taken into account, which could affect the obtained results. In
this case, the factors of “uncontrolled environmental parameters” and insignificant climatic
anomalies were not observed, and the intra-annual variability was conditionally stable
for the entire observation period. The variability factor of the calcium-containing waste
products, due to the uneven distribution of the conditions of the processed rock formations
on the ledges, could significantly affect the results. To neutralize this factor, the material
was taken once from one source, while the composition for the chemical analysis was taken
from the random 10 bags. The “experiment duration” factor was undoubtedly of significant
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interest in the context of assessing the duration of a positive effect (which was one of the
main research issues this time). In this regard, the observation period was approaching
ten years.

During the study period, the soil was analyzed in a standard way. The exchange acidity
of the soils was determined with the potentiometric method using the ionometer “pH-121
EKOSTAB” (OOO “EKOINSTRUMENT”, Moscow, Russia). Easily hydrolyzable nitrogen
was determined with the Tyurin—-Kononova method (colorimetric method involving the
Nessler reagent), including mobile phosphorus (with Oniani having a colorimetric ending
according to Deniges) using the “USF-01" spectrophotometer (FSUE All-Russian Research
Institute of Optical and Physical Measurements, Moscow, Russia). Mobile potassium was
determined with Oniani using an atomic-absorption spectrometer “KVANT-AFA” (OOO
“KORTEK”, Moscow, Russia). The content of the exchange forms of Ca** and Mg?* was
determined with the trigonometric method.

2.3. Mathematical Processing of the Results

When choosing the methods for processing arrays of three-dimensional data, we pro-
ceeded from the experience of solving such types of problems in the relevant fields of knowl-
edge [62-65]. The closest analog is the spatial-temporal problems of geoecology: the as-
sessment of the aerogas regime of the surface layer (earth breathing) [66-69], forecasting the
long-term time series of data [70], geostatistical modeling using GIS technologies [71-73],
applying fractal models [74], deep learning [75,76], or perceptrons [77,78]. In contrast to
using splines [79,80] or the local polynomial regression (LOESS) method [81,82], the primary
data were not smoothed in this work due to the small sample size. The primary data were
processed using Microsoft Excel 2010 software; three-dimensional models (using R. Renka
algorithm implemented as a Python script) were formed based on a standard sequence of
built-in commands: “gnuplot v.5.4” software and “Scilab 6.1.1” software for searching the
regression equations.

3. Results

The essence of the experiment was a long (more than 5-7 years) introduction of a
constant volume of the technogenic fertilizer (whose 40% of the weight was Ca) to confirm
the effectiveness of its application in situ. The main effect of its application in the subtropical
zone was to restore soil fertility and to assist in overcoming unfavorable climatic conditions
of growing Camellia sinensis (L.) O. Kuntze. For this purpose, up to 2000 kg of the primary
fine-dispersed material was selected at the quarry, which after storage, was periodically
sifted and, in a spring period, was manually introduced into the root zone of tea rows. The
material consumption in each period was 250 kg per hectare of the tea plantation. The
three-leave flush was harvested manually; the average yield of tea is provided in Table 2.
The experimental field was divided into nine land plots from which the tea was harvested.
The table provides the average values based on the measurement results. The maximum
deviation from the average value was 3.2%. In our work, we carried out mathematical
processing of the obtained results and for each of the years determined the values of
Student’s f-test—tg. Based on the obtained values of the criterion for each of the years, we
accepted the null hypothesis at a significance level of 0.001. The only exception was in 2012.
This year the average temperature was minimal, and there was little rainfall. This year,
the Student’s t-test passed with a significance level of 0.05. By a null hypothesis, we mean
that the samples are not equivalent, which in turn, indicates a statistically proven effect
of fertilizers on productivity. In most cases, the significance level was less than 0.01. This
indicates that there was no relationship between the results.
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Table 2. Results of tea yield when Ca was applied to the soil as a fertilizer (ZAO “Dagomyschai”).

Yield When CaIs Average

Time Period, Clgg/t;gl’ sCt:II::;:)rl& Introc!uced in the g:,;g:lgrii ts Percenta§e Annual Air Prec;r;it:exl tion,
(Year) (Centner/ha) Deviation Soil, Kg/ha Deviation Increase, %s Temperature, (mm/Year)
(Centner/ha) (°ClYear)

2011 5860 (58.6) 81 6373 (63.73) 93 125 9 14.6 1825.5
2012 2610 (26.1) 39 2563 (25.63) 41 2.5 3 14.1 1396.8
2013 9150 (91.5) 98 11,656 (116.56) 150 42.0 27 15.5 1927.8
2014 6510 (65.1) 74 8241 (82.41) 81 47.3 27 15.2 1433.9
2015 2900 (29.0) 35 4040 (40.40) 46 59.2 39 153 1325.6
2017 4470 (44.7) 51 5683 (56.83) 56 48.0 27 14.3 1439.3
2018 4560 (45.6) 58 6210 (62.10) 68 55.4 36 16.0 1671.1
2019 4930 (49.3) 67 6110 (61.10) 78 34.4 24 15.3 1653.2
2020 3520 (35.2) 38 3730 (37.30) 45 10.7 6 159 1029.8

In the period of study (2011-2020), there were years when the meteorological condi-
tions were relatively favorable, as when the yield varied from 6500 to 11,700 kg/ha (65 to
117 centner /ha). And it was commensurate with the potentially achievable yield for this
variety (9000-11,000 kg/ha or 90-110 centner/ha) and relatively unfavorable conditions, in
which the yield decreased by an average of 50% and was 26—40 kg /ha (26-40 centner/ha).

The application of modern methods of three-dimensional interpolation has revealed
the nature of the relationship between the culture cultivation parameters and the culture
yield level (Figure 4).
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Figure 4. Influence of calcium wastes on the yield of tea leaves in various meteorological conditions:
(a)—variant of using calcium wastes obtained from the quarry; (b)—basic variant of cultivation
(N250P70K90).

The analysis of Figure 4 implies the fact that the surface of the distribution of crop
yield parameters has pronounced nonlinearities, which determines the presence of three
pronounced extremes (two maxima and one minimum). At the same, the overall appear-
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ance of the response surface is the same in both cases; in the case of waste use, the overall
trend is clearly higher relative to the Z-axis.

As to the base case, a logarithmic-type dependence has been revealed (the solution is
shown in Figure 5), whose formula has the following view (R? = 0.84):

U = —646558.11(Int)? 4 79331.38(Int)> — 0.23P — 0.006P?, 1)

where U—tea yield in the control version of the experiment using NPK, centner/ha;
t—average annual air temperature (from October of the previous year to September of the
current year), C/year; P—annual precipitation (for the same period), mm/year.

2000

P, mm/year

14 14.5 15 15.5 16
t, °Clyear

Figure 5. Projection of the logarithmic dependence of the tea yield (1) onto the t—P plane in the case
of the basic variant of growing over a period of 2011-2020.

Figure 5 shows that a precipitation (P) increase from 1230 to 2000 mm/year at an
average annual temperature of T = 14 °C increases the yield of green tea leaves from
20 to 90 centner/ha (4.5 times along a nonlinear trajectory). Simultaneously, a logarithmic
increase from 20 centner/ha is traced up to forming a local maximum (54 centner/ha)
within 1580 and 1600 mm/year, followed by a slight decline (at the level of 4648 cent-
ner/ha) in the range of 1670-1800 mm/year, and subsequent growth to maximum values
(90 centner/ha) when P = 2000 mm/year.

In turn, a temperature increase of up to 16 °C against the same background of pre-
cipitation leads to a similar pattern of yield changes from 20 centner/ha (starting from
P = 1200 mm/year) to a maximum of >100 centner/ha (at P = 2000 mm/year), providing a
five-time increase in the yield. A change in the air temperature from 14 to 16 °C results in a
minimum rate of crop growth from 20 centner/ha (14 °C) up to 23 centner/ha (16 °C). In
the case of a high amount of precipitation (2000 mm/year), in the same range of changes in
the average annual air temperature, the tea yield gradually increases by 25%.

In general, a favorable combination of the average annual temperature and the sum of
the precipitations intended for tea cultivation (control, traditional fertilizer system) based
on the data analysis is the ranges of T = 14-16 °C and P = 1800-2000 mm /year, when the
yield is approximately more than 80 c/ha. The green tea leaf increase in optimal weather
conditions when using the traditional fertilizer system is 17.0%.

The introduction of calcium wastes obtained from the quarry into the soil can signif-
icantly improve the dynamics of its yield due to the growth in the resistance of the tea
plants (Camellia sinensis (L.) O. Kuntze) to adverse meteorological conditions. As a result of
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approximating the experimental data, a logarithmic-type dependence has been established
(its solution is shown in Figure 6), whose formula has the following view (R? = 0.83):

U = 144095.12(Int)® 4 0.90P — 0.009P2, )

where U—tea yield when using a calcium-containing material, centner/ha; the other
designations are the same as they are in Formula (1).

2000

P, mm/year

14 14.5 15 155 16
t, °C/year

Figure 6. Projection of the logarithmic dependence of the tea yield (2) onto the t—P plane in the case
of using the calcium wastes obtained from the quarry.

The nonlinearities typical of Figure 5 are also inherent in the studied Figure 6 (when
using quarry wastes), but their parameters have specific features, namely the stable optimal
productivity zone is located higher (along the Z-axis) than that in the base case.

Figure 6 shows that during the same research period, an increase in the amount of
precipitation from 1200 to 2000 mm /year at an average annual temperature above 14 °C
ensures a yield increase in the tea culture from 20 to more than 100 centner/ha. At the
same time, the logarithmic increase from 20 centner/ha is traced to the formation of a
local maximum (68 centner/ha) when P = 1600 mm/year. This is then replaced by a slight
decline (at the level of 53 centner/ha) in the range of 1800-1823 mm/year and a subsequent
increase up to the maximum values (78 centner/ha) when P = 2000 mm/ year.

In turn, a temperature increase of up to 16 °C against the same background of pre-
cipitations leads to a similar pattern of yield changes from 20 centner/ha (starting from
P =1180 mm/year) to a maximum of >100 centner/ha (when P > 1900 mm/year), pro-
viding a yield increase of more than five times. An air temperature change from 14 to
16 °C results in a minimum rate of crop growth ranging from 20 centner/ha (14 °C) to
28 centner/ha (16 °C). In general, a combination of the average annual temperature and
precipitations that are favorable for the tea cultivation (control, traditional fertilizer system)
proceeding from the data analysis is the ranges of T = 14-16 °C and P = 1800-2000 mm /year,
when the yield is about more than 95 centner/ha. The crop increase in the green tea leaves
in optimal weather conditions and using the calcium wastes obtained from the quarry
increase the maximum productivity area by 50% (when T = 16 °C and P = 2000 mm/year)
compared to the base case.

The combined profiles of the two variants are shown in Figure 7 to visually assess the
additional effects that the wastes have on tea cultivation efficiency.
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Figure 7. Profile surfaces of the productivity of growing Camellia sinensis (L.) O. Kuntze when adding
the calcium wastes obtained from the “Kamensky” quarry over the period of 2011-2020.

The analysis of the productivity dynamics of the tea cultivation shown in Figure 7
implies the fact that when using a differentiated calculation of the areas under the average
profiles of the two surfaces, the difference is about 22%, which determines a direct effect
gained from using the wastes in these microclimatic conditions. The initial agrochemical
characteristic of pHy was 3.75 & 0.14. On average, over the period, the variation range
for the base case was 2.95-3.3, and in the case of the experimental site, it was in the range
of 3.2-3.4. The value of mobile phosphorus (P,0Os5) was 294 + 37; in the case of the base
case, it equaled 780-1100, and it was 560-890 mg/kg when applying the fertilizers. The
value of exchangeable potassium (K,O) was 273 =+ 25 and for the base case was 300-450,
and in the case of the fertilization, it was 400-660 mg/kg. The value of easily hydrolyzable
nitrogen (ng) was 48 £ 6; in the case of the base case, it was equal to 55-270, and in the
case of the fertilization, it was 110-450 mg/kg. The value of the fractions of exchangeable
calcium and magnesium (Ca?* + Mg?") was 8.40 + 1.40; in the case of the base case, it was
2.9-4.5, and when applying the fertilizers, it amounted to 3.9-5.3 mmol (eq)/100 g.

4. Discussion

The main factor studied in this work is undoubtedly the drilled fertilizers based on
the waste obtained from the quarries where crushed stone was extracted. Conducting
a study on the influence of the fertilizers on productivity requires the consideration of
climatic conditions. The climatic conditions are the most important factor influencing both
the productivity of plants and the work of the fertilizer itself. The absence of precipitation
entails the absence of the fertilizers” influence since it will not be dissolved in water, being
in the soil. In this regard, considerable attention is to be paid to climatic conditions. Firstly,
this demonstrates the fact that it was the fertilizer that influenced the productivity increase
of the tea culture under study. Secondly, this fact clarified the difference in the productivity
of the tea culture when applying the fertilizers in different years.

The influence of meteorological conditions on the yield of tea plantations was analyzed
throughout the entire period of tea cultivation in the subtropics [83-85]. P.M. Bushin [84]
established the temperature factor influence on the 1 May harvesting of tea leaves. The
subsequent harvestings (6-8th) depended on the precipitation amount. L.S. Malyukova had
previously found that the unfavorable thermal regime of the spring period (in particular,
frosts in March—April) leads to a significant loss in the first and, accordingly, the gross
yield of tea leaves [86]. Insufficient precipitation (less than 700 mm over the period of
April-October) during the growing season additionally inhibits the shoot formation pro-
cess, reducing shoot activity. An average daily temperature increase in the leaf-harvesting
period up to 23-25 °C—conditioned, as a rule, by a significant increase in daytime tem-
peratures up to the values that reduce the photosynthesis process intensity—Iled to a drop

11
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in the tea plantation yield. At the same time, the precipitation of 390 mm over the leaf-
harvesting period was of critical value for the shoot-forming activity of the tea plant. The
regularities obtained in this study allowed for the detailing of the optimal ranges of the
average annual temperature and annual precipitation specified for tea cultivation: in the
case of the traditional fertilizer system, T = 14.76-16 °C and P = 1575-1780 mm/year; in the
case of using the calcium wastes obtained from the “Kamensky” quarry, T = 14-16 °C and
P =1500-1830 mm/year. The revealed increase in the tea yield against the background of
applying the calcium-containing material in the case of different combinations of climatic
factors was 22%. Similar to the study of conditions in Southwestern Ethiopia [87], fluctu-
ations in yield in specific years seem to be associated with seasonal climate fluctuations
(their influence on the resulting yield values is the topic of further research). In the case of
the rather arid tea-growing conditions in the subtropical zone of the Caucasus (compared
to the optimal range of 2500-3000 mm/year [88]), a slight change in precipitation leads to
significant deviations in the tea yield.

The obtained results do not contradict the studies conducted for the Indian tea variety,
where the presence of the seasonal variability of biochemical compounds in the samples
of Camellia sinensis (L.) O. Kuntze has been convincingly proven [89,90]. In such climatic
growing conditions, the increase in applying the fertilizer from 0 to 300 kg/ha can signifi-
cantly improve the final product quality due to the improved ability of the tea leaf to inhibit
antioxidants [91]. According to the literature data, the material concentration change in the
cytosol represents the first stage in the cell’s recognition of external influences and launches
a signal transduction system for causing a feedback response [92-94]. The reason may be the
influence of abiotic stresses on the growth of metabolites in tea [95]. An important group
of sensors involved in the cascade of calcium ion signals in the cells of higher plants is
Ca-dependent protein kinases [96,97]. Under the action of calcium, there are changes in the
growth, photosynthesis, and water—air regime of the plants, the work of stomata, as well
as the accumulation of stress proteins [98,99]. The influence of calcium-entailed changes
was noted in the growth, photosynthesis, and water—air regime of the plants, stomata
functioning, as well as the antioxidant system induction [100,101]. This contributed to an
increase in the tea plant’s resistance to the combined effects of stress factors by maintaining
the enzymatic activity of the leaves at a higher level, induction of secondary metabolites syn-
thesis—the adaptive restructuring of the pigmentary fund, which on the whole, provided a
higher functional activity of the plants during subsequent rehydration.

When cultivating tea on brown acidic soils, the use of the calcium-containing material
was determined by the need to verify the hypothesis of a possible replenishment of the
calcium content (when leaching it in acidic conditions) and, accordingly, to improve the
resistance of Camellia sinensis (L.) O. Kuntze to abiotic stresses. But at the same time,
it became possible to identify the existence of the pH shift towards the acidic interval
accompanied by a simultaneous increase in the content of exchangeable calcium and
magnesium (see the results of Section 3). This conditions the hypothesis, in which the
mechanism explaining these changes in improving the nutritional regime of the tea plants
in conditions of insufficient water supply is the intensification of the respiratory and
enzymatic activity of soils. Verifying this hypothesis is a prospect for further research.

5. Conclusions

In conditions of humid subtropics and high variability of microclimatic cultivation
parameters, the calcium wastes obtained from quarries can be successfully applied by
agricultural enterprises cyclically when growing tea plants. At the same time, the effect
of using the wastes in these microclimatic conditions when growing Camellia sinensis (L.)
O. Kuntze is about 22%. Finally, the conducted studies have established the fact that an
increase in the average annual precipitation from 1000 to 1980 mm/year, in the range of
the average annual air temperature from 14 to 16 °C, leads to the 4.8-time yield growth of
Camellia sinensis (L.) O. Kuntze with the logarithmic dependence (from 20 to 95 centner/ha).
The work made it possible to reveal for the first time that the crop yield of Camellia sinensis
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(L.) O. Kuntze increases more than five times with the logarithmic dependence (from 20 to
more than 100 centner/ha) when adding the wastes obtained from the “Kamensky” quarry.
At the same time, the zone and absolute values of the region of productive tea cultivation
increase, and the maximum productivity is achieved in the case of less precipitation.

The practical significance of applying mining wastes as a non-traditional type of fertil-
izer for forming sustainable agriculture may consist in the subsequent development of the
technological regulations of their use, including transportation, storage, and introduction
into the soil.

The obtained data have confirmed the positive role, previously revealed by a set of
biophysiochemical indicators, of the calcium-containing natural material in adapting tea
plants to drought and the efficiency of its use in tea plantations. The above-mentioned
conclusions and recommendations are valid only for the range of conditions of the sub-
tropical zone of the Caucasus (acidic soils, P ranging from 1000 to 2000 mm/year, and t
varying between 14 and 16 °C). Further research should be focused on identifying within-
year climate variability during the growing season and the productivity of the fertilizer
application when cultivating tea.
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Abstract: A thorough understanding of the impact of climatic factors on agricultural production is
crucial for improving crop models and enhancing predictability of crop prices and yields. Fluctu-
ations in crop yield and price can have significant implications for the market sector and farming
community. Given the projected increase in frequency and intensity of extreme events, reliable
modelling of cropping patterns becomes essential. Temperature anomalies are expected to play a
prominent role in future extreme events, emphasizing the need to comprehend their influence on
crop yield. Forecasting extreme yield, which encompasses both the highest and lowest levels of agri-
cultural production within a given time period, along with peak crop prices representing the highest
market values, poses greater challenges in forecasting compared to other values. Probability-based
predictions, accounting for uncertainty and variability, offer a more accurate approach for extreme
value estimation and risk assessment. In this study, we employ a multivariate analysis based on vine
copula to explore the interdependencies between temperature anomalies and daily strawberry yield
in Santa Maria, California. By considering the maximum and minimum daily yields each month, we
observe an increased probability of yield loss with rising temperature anomalies. While we do not
explicitly consider the specific impacts of temperature anomalies under individual Representative
Concentration Pathway (RCP) scenarios, our analysis is conducted within the broader context of
the current global warming scenario. This allows us to capture the overall anticipated effects of
regional temperature anomalies on agriculture. The findings of this study have potential impacts and
consequences for understanding the vulnerability of agricultural systems and improving crop model
predictions. By enhancing our understanding of the relationships between temperature anomalies
and crop yield, we can inform decision-making processes related to the impact of climate change on
agriculture. This research contributes to the ongoing efforts in improving agricultural sustainability
and resilience in the face of changing climatic conditions.

Keywords: extreme yield; temperature anomaly; vine copula; conditional probability

1. Introduction

Agricultural production is highly sensitive to climatic variabilities [1-3]. The recur-
rence of extreme events such as heat waves, droughts, flood, etc., are pushing the global
crop productivity to an extremely vulnerable state and this will have a profound impact
on food security [2,4]. Among the climatic factors influencing crop yield, temperature
anomalies are most likely to influence the crop yields negatively [4-8] and can ultimately
impact a crop’s market values. Considering the current climate change crisis, quantifying
the impact of temperature anomalies on crop yields will be of significant value in planning
adaptive strategies to assist agriculture and to avoid risk of food insecurity. The response
of crops to high temperature stress has been studied in detail for different crops such as
groundnut, wheat, maize, and rice, most of them involving experimental studies [9-14].
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Temperatures that lie outside the range of optimum temperature levels for crops can
have severe repercussions on the irrigated crop yields [15]. Both high and low temperatures
can create a distress in the rate of agricultural production [4,16]. Understanding crop
productivity responses to the regional weather and their explicit inclusion in crop models
will aid in improving the planning of agricultural production.

Over the past few years, significant progress has been made in understanding the
climate—yield relationships by many researchers. For instance, Goulart et al., 2021 [17] used
a random forest model and global warming scenarios to predict an increase in soybean
crop failures in the Midwestern United States due to warmer summer conditions. They
introduced the concept of impact-analogues, which are expected to increase with warmer
climates, providing a comprehensive risk estimation of future scenarios. Zhang et al.,
2023 [18] examined the impact of climate extremes on vegetation growth on the Tibetan
Plateau, utilizing event coincidence analysis to assess the susceptibility of different vegeta-
tion types to drought, extreme wet, hot, and cold events. They highlighted the importance
of understanding vegetation responses to climate variability and identified ecologically
sensitive regions that may be at risk due to changing climate conditions. Feng et al.,
2021 [19] examined the evolving relationship between climate variables and crop yield,
highlighting the impact of concurrent changes in precipitation-yield and temperature—yield
relationships on the risk of crop yield reduction. They proposed a statistical approach to
assess these risks, especially under compound dry-hot conditions, and underscored the
importance of adapting agricultural planning to these changing climate-yield dynamics.
Powell et al., 2015 [20] examined the impact of extreme weather events on wheat yields in
the Netherlands, utilizing econometric techniques on farm-level panel data and established
a correlation between increased frequency of such events and reduced yields, highlighting
the importance of local-level analysis for accurate measurement and forecasting. Shayan-
mehr et al., 2020 [21] examined the impact of climate change on potato yield and variability
in Iran’s Agro-Ecological Zones (AEZs) for the 2050s, using models to project local cli-
mate scenarios and assess future agricultural outcomes. They highlighted the need for
region-specific strategies to mitigate yield reduction and ensure food security in the face of
changing climatic conditions.

Some of the previous similar studies focus on the influence of isolated extreme events
such as heat waves and droughts on crop yields [22,23]. Recent studies have shown that
the concurrent weather extremes can create larger impacts to the crop yield than isolated
extreme events [19,24].

While different crop models and Al models were able to predict the non-extreme yield
and price of strawberry and other crops with reasonable accuracy, the accurate prediction
of extreme (both maximum and minimum) yield and price is found to be difficult [25,26].
However, these extreme yields are highly important in quantifying the profits for different
stakeholders such as farmers and the market sector. Identifying the interdependence of
extreme values in the crop sector can play a crucial role in improving the extreme value
prediction performance of models. An integrated, probabilistic model by incorporating the
uncertainties and interdependencies between the crop yield and weather anomalies can
improve the prediction of crop yield, especially the extreme values [27].

This study focuses on analyzing the variations in strawberry yield in relation to the
anomalies in regional air temperature within the study area in California, United States.
Strawberry is a lucrative farm produce and has a critically low shelf life. Currently, the
market for strawberries alone is worth USD 3.02 billion and they are one of the top ten
most valued commodities for California and the United States” economy [28].

Strawberries reach maturity and bear fruit relatively quickly due to their shallow root
systems, necessitating optimal light conditions for high yield and fruit quality. Addition-
ally, proper water management is essential to maximize both yield and fruit quality in
strawberries [29]. With an aim of explaining the influence of regional weather conditions
on strawberries, several studies have been carried out [29-31]. Some of these studies have
shown a critical correlation between strawberry yield and temperature changes [29,30,32].
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Temperature affects nutrient uptake and photosynthesis in strawberry plants [33]. High
temperature can also inhibit developmental stages during flower formation and can even-
tually bog down the fruit quality [34].

In our study, we made a deliberate choice to primarily focus on temperature anomalies
as the key climatic factor influencing crop yield. This decision is supported by compelling
justifications based on the unique characteristics of the study area and the current irrigation
practices used to grow this commercial crop. Firstly, the area is characterized by strict
irrigation practices, where crop growth and yield are predominantly reliant on controlled
water supply rather than natural precipitation. This reduces the impact of variations
in precipitation on crop yield [35], making temperature anomalies one of the primary
climatic factors of interest. While soil moisture is undoubtedly crucial for crop growth
and development, strict irrigation practices in the study area ensure that soil moisture
levels are maintained at optimal levels, minimizing their variability and impact on crop
yield. Additionally, extensive analysis of historical data revealed a strong and consistent
correlation between temperature anomalies and crop yield in the study area. In contrast,
the correlation between precipitation and yield was found to be comparatively weaker
and hence is not reported here. This finding highlights the dominant role of temperature
anomalies in driving yield variations, underscoring the need to investigate and understand
their impact for improved agricultural predictions.

Furthermore, our choice to focus on temperature anomalies aligns with previous
studies conducted in similar agricultural contexts. Existing research consistently high-
lights the significant influence of temperature fluctuations on crop growth, development,
and yield potential [36-38]. By emphasizing temperature anomalies, we build upon this
knowledge and contribute to the growing understanding of their impact on agricultural
systems. Considering the expected temperature rise and its potential consequences for
agricultural production [39], understanding the influence of temperature anomalies be-
comes crucial. Higher temperatures can have profound effects on critical physiological
processes in crops, such as photosynthesis, respiration [39], and water use efficiency [36].
By focusing on temperature anomalies, we aim to uncover the specific interdependencies
between temperature variations and crop performance, contributing to the development
of more robust and accurate agricultural models and predictions. Here, we present a
data-based analysis of the influence of temperature anomalies on the extreme strawberry
yield over the Southwestern United States. This study here is trying to analyze and figure
out the importance of extreme value analyses. A multivariate copula analysis has been
used to understand the conditional probability of decreasing yield given the temperature
anomalies. Understanding of the influence of temperature anomalies on crop yield will
help in the development of appropriate adaptation measures for agriculture planning and
management. The findings of this work help in understanding responses of strawberry
extreme yields to the regional temperature anomalies, which is critical to address the needs
of the farming communities and to help the agricultural marketing industry in making
appropriate price predictions.

2. Materials and Methods
2.1. Data

In this study, the strawberry yield from Santa Maria County in California, United
States, was analyzed with respect to the regional air temperature anomalies. California
holds significant importance in the global strawberry industry, being responsible for pro-
ducing over 80% of the fresh market and processed strawberries grown in the United
States. Moreover, it accounts for approximately 20% of the world’s total strawberry pro-
duction [40]. The Central Coast and Santa Maria Valley of California collectively host
two-thirds of the total acreage dedicated to strawberry production [28,40].

Growers in the Santa Maria region have historically employed drip irrigation systems.
In the Santa Maria Valley, strawberry fields are typically divided into drip-irrigated sections
ranging from 1 to 5 acres. The drip lines used have lengths varying between 200 and
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325 feet, with high-flow, 4 mil drip tape featuring emitters spaced every 8 inches and
installed at depths of 1 to 3 inches. Additionally, drip tapes are replaced annually to
ensure optimal irrigation efficiency [41]. Furthermore, to address concerns regarding the
representativeness of monitored meteorological conditions, it is important to note that the
cultivation practices described herein are widely adopted across the entire region [41]. This
ensures that temperature data collected accurately reflect the prevailing environmental
conditions experienced by strawberry crops in the Santa Maria Valley.

The study period spans from 2011 to 2019, capturing a comprehensive dataset of
strawberry yield variations in the Santa Maria Valley. It is pertinent to note that throughout
the study period, consistent irrigation practices were maintained, with minimal devia-
tions observed. This ensures the reliability of yield data and allows for a more accurate
assessment of the impact of temperature anomalies on strawberry yield dynamics.

The daily data of strawberry yield and temperature pertaining to Santa Maria County
in California for a time period from 2011 to 2019 were collected from two publicly available
websites [42,43]. In this study, the influence of temperature anomalies on the strawberry
yields was analyzed. For this purpose, the monthly maximum temperature anomalies were
estimated as the deviations from the average monthly temperature from 1991 to 2021 that
is publicly available on the website [44].

In order to define the yield loss with respect to the daily strawberry yield extremes,
the following guidelines were proposed in this study.

The standardised yield was estimated by standardizing the maximum and minimum
daily yield over each month by means of z score transformation as given below.

Y, _
Std. Yingy = X —Fmex (1)
max
Y P .
Std. Y, = i @)
min

where Std. Y,,x and Std. Y,,;, are the standardised daily maximum and minimum yield
over each month, Y.y and Y,,;, are the maximum and minimum daily yield over each
month, yya¢ and pi,,;, are the mean of the maximum and minimum yield time series data
(for every month in the time period), and ¢4 and oy, are the standard deviation of the
maximum and minimum yield time series data.

In this study, for better understanding, the yield loss is defined as three types of losses
(low, moderate, and high). The three categories of yield loss are defined in this study

as follows:
—-1.0< StdY < —-05 Low Yield loss
—1.5 < Std.Y < —1.0 : Moderate Yield loss 3)
Stdy < -15 : High Yield loss

The monthly temperature anomalies were analyzed with the standardised maximum
and minimum strawberry yield at Santa Maria for the time period from 2011 to 2019.

2.2. Copula Analysis

Sklar [45] first introduced copula in 1959. Copulas are largely useful in describing the
dependencies between random variables [46]. They are mathematical functions by which
we can obtain a joint distribution of random variables using their univariate distributions.
The major utility of copulas comes where the random variables under consideration do not
follow the same marginal distributions in which case it is difficult to find joint distribution
without the use of a copula.

Sklar’s theorem states that for a given joint multivariate distribution function and
relevant marginal distributions for the corresponding random variables, there always exists
a copula function that relates the marginal distributions of the variables [45] which can be
mathematically derived as follows:
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Consider the bivariate case with two random variables, X7 and X», with distribution
functions F;1(X1) and F,(X»), respectively. As per Sklar’s theorem there always exists a
copula function (C) such that,

F(X1 =x1, X3 = x2) = C(F1(x1), F2(x2)) 4)

where C(uj,uy) is itself a distribution function where 11 and u; are Fi(x1), F2(x2)), respectively.

A copula can be described as a cumulative distribution function with a uniform
marginal. Each of the marginal distributions produces a probability of events. The copula
function maps these probabilities to a joint probability, by giving a relationship on the
probabilities. Hence, copulas build multivariate distributions by merely determining the
dependence between the random variables without having any influence on the marginals.
The detailed mathematical formulations and derivations of copulas can be seen in many
scientific articles [47-49]

In contrast to bivariate copulas, which are very popular in various fields such as
finance, marketing, hydrology [50-54], etc., applicability of multivariate copulas was
seldom explored until recently due to the complexity in the construction of multivariate
copulas. Vine copula is a flexible multi-variate copula construction method [49,55,56] which
has a large potential for many multi-variate data analysis applications. The underlying
theory for the vine copula is from Joe [57]. The use of vine copulas is gaining popularity in
various fields [58-63].

2.3. Construction of a 3-Dimensional Vine Copula

The selection of the copula function that best describes the given data is a crucial step in
the analysis of data using copulas. In the current study, the focus will be on a 3-dimensional
vine copula coupling the three marginal distributions of three random variables, X, Y and
Z (monthly maximum yield, monthly minimum yield, and monthly temperature anomaly).
We assume that the samples of all three variables were each transformed (U, V, and W) so that
all three variables are now approximately uniformly distributed on [0, 1]. The fundamental
idea of vine copulas is to construct multivariate copulas based on a hierarchical mixing of
bivariate copulas [64]. All pairwise dependencies are modelled with bivariate copulas. If
all mutual dependencies defined are with respect to the same variable, the construction is
called a canonical vine (C-vine). If all mutual dependences are considered one after the
other variable, this is called a D-vine [65]. C- and D-vines are special cases of regular vines.

Fitting a C-vine might be advantageous when a particular variable is known to be a
key variable that governs interactions in the data set. In such a case, this variable can be
placed at the root of the canonical vine structure [66]. Different vine copula decomposi-
tions produce different multivariate distributions [65]. The selection of the vine copula
structure is an important stage in the modelling process, which can be performed by any
of the available methods in the literature such as based on the absolute empirical Kendall
tau [67], and maximum likelihood method [66]. Here, the maximum likelihood method
is used, by considering different copula families and the best fit is determined by the
highest log-likelihood value. The estimations in this paper were performed using R 4.2.2,
which is an open-source software environment for statistical computing, and the package
“VineCopula” [68].

2.4. Calculation of Joint Probability of Occurrence of Events Using Copula

The major focus of this study is to understand the dependency of standardised straw-
berry yields (both maximum and minimum) on temperature anomaly. A 3D copula is used
in this study and the joint probabilities of occurrence of strawberry yield and temperature
anomalies for various scenarios are estimated. Different combinations of relations with the
fitted copula distribution and the marginal distributions can be used to estimate the joint
probabilities of occurrence of events. Some of which, those that were used in this study, are
given below:
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2.4.1. Univariate Probability

Univariate probability denotes the probability of an event by considering the marginal
distribution of the random variable alone. The mutual dependencies of the variable with
other random variables are not considered here. This type of probability will be referred to
as UP in this paper from here onwards.

UP(X < x) = F(x) (5)

UP(X>x) =1 — F(x) )

where F is the cumulative distribution function of the random variable (X).

2.4.2. Joint Probability for Tri-Variate Events

In multivariate frequency analysis involving three variables using copula, the follow-
ing probability distributions can be used where C is the copula function.

P(Xi <x1) =F(x1) =, P(X2 <x2) = K(x2) =0, P(X3 < x3) = B(x3) =w;  (7)

Cia(u,v) = Fia(x1,x2) = P1a(X3 < x1, X3 < x2); (8)
Cia(u, w) = Fi3(x1,x3) = P13(X1 < x1, X3 < x3) )
Cos(v,w) = Fp3(x2,x3) = Pa3(Xa < x2, X3 < x3) (10)
C(u,v,w) = F(xq,x2,x3) = P(X1 < x1,Xp < x3, X3 < x3) (11)

For tri-variate random variables, X7, X5, and X3, some of the formulae of tri-variate
probability distributions is given as follows [49]:

P(X; <x1, X5 <x,X3 > x3) = Pp(X1 < x1, Xp <p) — P(Xy < xp, Xp < %9, X3 < x3)

= Clz(u,U) —C(u,v,w) (12)

P(X1 > x1,Xp > xp, X3 < JC3)
= P(X3<x3)—Pi3(Xy <x1,X3 <x3) — Pos(Xp < x0, X3 < x3) + P(Xq < 11, Xp < x0, X3 < x3) (13)
= w—Cp(u,w) — Cx(v,w) + C(u,v,w)

2.4.3. Conditional Probability of Tri-Variate Events

For tri-variate random variables, X7, X,, and X3, the conditional probability of occur-
rence of events can be estimated with the help of the underlying copulas. An example case
is defined below [49]:

Case 1:

X1>x1ﬂX2>x2|X3:x3 (OI‘Xl>xlﬁX3>X3|X2=X2,X2>XZQX3>X3|X1=x1)

In this case, under the condition X3 = x3, both values of X; and X, are exceeded. In
this case:

(P(Xl >x1NXy > xp | X3=X3) 21—P(X1 < x1 | X3=JC3)—P(X2 <x | X3:X3)+P(X1 <x1,Xp; <x2 | X3 ZX3) (14:)
where

dC13(u, w 0Cxs (v, w
P < xi | Xa =) = B piy <y | 3y =) = 2B
W=w W=w

More detailed mathematical expressions can be found in Zhang and Singh [49].
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3. Preliminary Data Analysis

Before starting any modelling process, it is always advisable to carry out a preliminary
data analysis. The primary focus of this study is on strawberry yield affected by temper-
ature anomalies. Hence, the maximum and minimum daily yield over each month have
been estimated and are given in Figure 1a. It can be observed that the yield data are an
approximately stationary process with a predominant seasonal pattern with peak yield
during June. Similarly, the maximum monthly temperature observed at Santa Maria from
2011 to 2019 and the average maximum temperature over months based on temperature
data from 1990 to 2021 [44] are given in Figure 1b. The monthly maximum temperature
anomalies are estimated by calculating the deviation of the observed maximum tempera-
ture from the average maximum temperature over months and are shown in Figure 1b,c.
As the data length is comparatively short to estimate long-term trends in the data, the
temperature anomaly does not show any predominant trend (Figure 1c). It can be inferred
that the yield and the temperature anomaly data are approximate stationary processes
during the time period of 2011-2019. The basic statistics of the data are given in Table 1.
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Figure 1. (a) Maximum and minimum monthly strawberry yield at Santa Maria from 2011 to 2019;
(b) the observed temperature at Santa Maria from 2011 to 2019 and the temperature anomalies
estimated; (c) trend of monthly maximum temperature anomalies observed from 2011 to 2019.

Table 1. Basic statistics of the yield and temperature anomaly data.

Statistics Max Yield Min Yield Max Temp Anomaly

(Pounds/Acre) (Pounds/Acre) (°F)

Min. 57.94 1 —11.9

1st Qu. 128.5 17.72 —-2.6
Median 185 73.74 45

Mean 245.66 86.21 5.839

3rd Qu 327.67 123.15 13.85
Max. 686 356.32 259
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4. Results and Discussion

In order to identify the correlation of strawberry yield and the temperature anomaly,
a 3D copula analysis was carried out with standardised maximum and minimum daily
strawberry yield over each month and monthly maximum temperature anomaly as the
three random variables. To conduct multi-variate copula analysis, a vine copula structure
was selected for this study. Apart from a multivariate analysis, individual univariate
frequency analyses of the random variables were also conducted to identify the relevance
of using copula analysis in conducting analysis of dependent random variables.

4.1. Univariate Analysis

As the first case, univariate frequency analysis of the random variables is conducted
without considering the interdependence between the random variables. The random
variables (standardised maximum yield, standardised minimum yield, and the temperature
anomaly) were analyzed individually. The histograms of the variables are given in Figure 2.
It can be observed from the histograms that the standardised maximum and minimum
yields are positively skewed whereas the temperature anomalies show both skewness and
heavy tails.
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Figure 2. Histogram of (a) standardised maximum strawberry yield at Santa Maria; (b) standardised
minimum strawberry yield at Santa Maria; (c) temperature anomaly at Santa Maria for each month.

Different probability distributions were tested and the marginal probability distribu-
tion that describes the process best was selected for each of the random variables. The
“GAMLSS” [69,70] package in R was used for the purpose. Skew exponential power type 111
(SEP3) distribution was found to be the best fit for standardised maximum and minimum
yield data whereas skewed exponential power type II (SEP2) distribution was found to
best describe the temperature anomaly process.
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Hence, the identified univariate probability distributions for the three variables were
fitted to the data. From the marginal distribution, the probability of different cases (events)
as described in Equation (3) were calculated using Equations (5) and (6) and are tabulated,
which is given in Table 2.

Table 2. Probability of the yield loss events and temperature anomaly (T) to be more than the given
thresholds using the univariate probability distribution of the random variables.

Events Probability of Occurrence Remarks

Std. Yiuax < —0.5,5td. Yy, < —0.5 0.004 Yield loss

Std. Yiex < —1.0, Std. Yy, < —1.0 0.0001 Moderate or high yield loss

Std. Yiux < —1.5,5td. Y, < —1.5 0.25 x 107° High yield loss

Tp>1, Ty <2 0.036 Tempeorature anomaly is between the range of 1 °F
and 2 °F

To>2Tx <3 0.042 Tempeirature anomaly is between the range of 2 °F
and 3 °F

Tpo >3 0.61 Temperature anomaly greater than 3 °F

As the standardised maximum and minimum yields follow the same marginal distri-
bution (SEP3), their joint probability can be found by directly applying the product rule for
independent events as follows:

P(Std. Yar < a, Std. Yyiy < b) = P(Std. Ypar < a) X P(Std. Yy < b)  (16)

4.2. Multivariate Copula Analysis Using Vine Copula

We employed vine copulas also known as pair-copula constructions (PCC) to model
the dependence of strawberry yield and temperature anomaly. To model the dependence
using vine copula, the data from the real domain were transformed to copula data, such
that all data points lie inside [0, 1]. This was accomplished by computing the pseudo-
observations of the data matrix by weighing the original variables based on the covariance
structure of the data. The use of pseudo-observations helps to retain the essential structure
of the data while making it easier to fit statistical models and interpret the results. Working
with the pseudo-observations eliminates the marginal properties of the variables and
retains the information about their interdependence [71].

The root node of a C-vine tree is identified by identifying the node with the strongest
dependencies to all other nodes. The node with the maximum column sum in the empirical
Kendall’s tau matrix is selected as the root node. To do this, the Kendall correlation matrix
for the variables was generated and the absolute value of the correlation coefficient of
each variable was added together (Table 3). The variable with the highest sum is selected
as the root node of the C-vine tree. In our case study, the root node of the C-vine tree is
the minimum strawberry yield. The vine tree structure selected for this study is given in
Figure 3.

Table 3. Kendall correlation matrix for the variables.

Std. Max Std. Min Temperature

Variables Yield Yield Anomaly Sum
Standardised maximum yield 1 0.55 —0.29 1.84
Standardised minimum yield 0.55 1 —0.417 1.967

Temperature anomaly -0.29 -0.417 1 1.707

We used bivariate copulas to formulate the PCC for the three links. Each link represents
a bivariate copula that best describes the dependence between the corresponding variables.
The bivariate copulas selected for each of the links are also shown in Figure 3. The selection
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and fitting of the copula were performed in R 4.2.2 using the “VineCopula” package.
Copulas are fitted against the data using maximum likelihood estimation, and then the
Akaike information criteria (AIC) criterion is computed for different copula families in R
package “VineCopula” [68]. The Tawn II copula (asymmetric logistic copula) [72,73] which
is an extension of the Gumbel copula describes the dependence of the marginal distributions
of standardised minimum yield and standardised maximum yield. BB8 (Joe—Frank) copula,
which is a mixture model of the Joe and Frank copulas, describes the relation between
standardised minimum yield and temperature anomaly, and the Joe copula describes the
conditional relation with standardised maximum yield and temperature anomaly given
standardised minimum yield.

Tree 1 Tree 2
Tawn 11
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(e}

S
&S
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1. Standardised Max Yield, 2. Standardised Min Yield, 3. Temperature anomaly
Figure 3. C-Vine tree structure showing the dependencies and pair-copula structure.

Based on the fitted copula, the standardised maximum strawberry yield, standardised
minimum strawberry yield, and temperature anomaly were simulated and compared with
the observed data (Figure 4). It was observed that the copula could capture the pattern and
behaviour of the yield and temperature data.

The joint probability analysis of standardised minimum and maximum strawberry
yield and temperature anomaly was conducted using a vine copula. The focus of this
study was to determine the impact of temperature anomaly on strawberry yield through
conditional probability analysis. The conditional probability (CP) of standardised minimum
and maximum strawberry yield (as given in Equation (3)) given the temperature anomaly
was analyzed using the established vine copula. The results of the scenarios analyzed
are presented in Table 4, which displays the conditional probability of various yield loss
conditions for different temperature anomalies.

Table 4 demonstrates the impact of temperature anomalies on the standardised mini-
mum and maximum strawberry yields. The table shows the probability of yield loss events
(with its severity) for different temperature anomaly conditions. Our findings clearly
demonstrate that temperature anomalies have a significant impact on strawberry yield in
Santa Maria, California. By comparing the univariate and multivariate analysis results (as
shown in Tables 2 and 4), we highlight the significance of multivariate probabilistic analysis
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in crop yield studies. The univariate analysis (Table 2), which focuses solely on marginal
distributions, tends to underestimate the likelihood of yield loss events. This oversight

occurs because it overlooks the intricate relationship between temperature anomalies and
crop yields.
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Figure 4. The standardised maximum and minimum strawberry yield and temperature anomaly
along with the corresponding simulated data using the fitted copula.

Table 4. Multivariate probability of yield loss events for different temperature anomaly conditions.

Conditional Probability of Occurrence

No Events of Events Given the Following T (°F) Remarks
1< To<2 2< TA<3 Ta>3
1 Std. Yipax < —0.5 & Std. Y, < —051Tx 0.584 0.56 0.8 Yield loss
2 Std. Yiaxr < —1 &Std. Y, < —11Txp 0.039 0.037 0.66 Moderate or high yield loss
3 Std. Yiuax < —1.5 &Std. Yy, < —1.51Txy 0.0006 0.0005 0.63 High yield loss

In contrast, the multivariate copula analysis, incorporating the joint dependence struc-
ture, allows for a more accurate assessment of the conditional probabilities of yield loss
events for different temperature anomalies. This approach captures the interdependen-
cies between temperature anomalies and crop yield, revealing the complex relationship
between the variables. By considering the joint dependence structure, our analysis reveals
that the conditional probability of various yield loss events is much higher for different
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possible temperature anomalies. For instance, we observe that when the temperature
anomaly exceeds 3 °F, high yield loss events are highly probable. This highlights the critical
importance of considering the intricate relationship between temperature anomalies and
crop yields.

This comparison between the univariate and multivariate analyses underscores the
importance of considering multivariate dependencies when studying the effects of temper-
ature anomalies on crop yield, particularly in the context of climate change. Thus, copula-
based multivariate analysis offers valuable insights by capturing the joint dependence
structure between variables, enabling a more realistic assessment of the risks associated
with temperature anomalies.

This study highlights the importance of understanding the influence of temperature
anomalies on extreme crop yields and estimating the risk of yield reduction under extreme
weather conditions to ensure food security under global warming. By applying copula
analysis, we can accurately assess conditional probabilities and gain detailed insights into
the influence of temperature anomalies on crop yields. It offers a more realistic assess-
ment of the risks associated with temperature anomalies, enabling stakeholders to devise
more effective risk management and climate change adaptation strategies. This becomes
particularly relevant in the current climate change scenario, where global warming is
projected and understanding the impact of temperature anomalies on agricultural pro-
duction becomes crucial for effective adaptation and decision making. By understanding
the complex relationship between temperature anomalies and crop yields, stakeholders
can implement targeted measures to minimize yield losses and enhance the resilience of
agricultural systems in the face of climate change.

The results of this study will be helpful in developing an integrated probabilistic crop
climate model with improved prediction performance, especially in predicting the extreme
crop yields and prices. The implications of our findings are significant for strawberry
farmers in Santa Maria, California. Understanding the dependency patterns between
temperature anomalies and crop yield can inform farmers about the risks associated with
temperature extremes and help them make informed decisions regarding crop management
practices, irrigation scheduling, and other adaptation measures. This knowledge can guide
farmers and policymakers in implementing effective climate change adaptation strategies
in strawberry production and potentially in other high-value agricultural crops.

5. Limitations of This Study

Despite the valuable insights gained from our study, it is important to acknowledge
its limitations. These limitations include the following:

Generalizability: The findings of our study are specific to the context of Santa Maria,
California, and the strawberry crop. Extrapolating these results to other regions or agri-
cultural crops should be done with caution, as different crops and regions may exhibit
unique climatic and agronomic characteristics. A significant area of future research could
be exploring the potential compounding effects of extreme heat and drought on crops,
especially in rain-fed regions, by considering other climate variables.

Biotic factors: In the current study, we considered commercial fully irrigated (pest
controlled) crops, hence the influence of biotic factors, such as diseases, on crop yield
was not explicitly considered in our analysis. Incorporating biotic variables into the
copula modelling framework is a potential avenue for future research to improve the
comprehensiveness of yield predictions especially for noncommercially grown crops.

Time scale: Another limitation of our study is the relatively short time scale of the
research data, which ranges from 2011 to 2019. A longer time scale, ideally spanning at
least 30 years, would be more suitable for studying the relationship between crop yield and
climate change. This limitation should be acknowledged as it may affect the generalizability
of our findings to longer-term climate variations. As future research, expanding the time
frame can be considered, which will enhance our understanding of the changing climate—
crop dynamics.
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Despite these limitations, this study offers a valuable tool for analyzing the influence
of temperature anomalies on strawberry yield. It provides a framework for studying
the complex dependencies between climate variables and crop performance. Our results
contribute to the growing understanding of climate—crop relationships and demonstrate
the potential for utilizing multivariate copula analysis in agricultural decision making and
climate change adaptation.

6. Conclusions

This study utilizes C-vine copula analysis to investigate the relationship between
temperature anomalies and strawberry yield in Santa Maria, California. The findings
demonstrate a significant dependence between temperature anomalies and crop yield,
highlighting the importance of considering temperature variations in crop climate models.

While our study illustrates the influence of temperature on crop yield, integrating
such analysis into broader crop models can yield more actionable insights for agricultural
production practices. Such integrated models hold practical implications, offering guidance
for decision-making processes aimed at mitigating the effects of temperature anomalies
on crop production and contributing to the broader knowledge base on climate and agri-
culture. By incorporating temperature anomalies into crop models, resource allocation
can be optimized, crop yield predictions can be improved, and farming system resilience
can be enhanced.

This research contributes to the broader understanding of the intricate relationships
between regional temperature anomalies and agricultural outcomes. By employing mul-
tivariate copula analysis, we showcase its effectiveness in quantifying the dependence
between temperature anomalies and crop yield.

Future research can expand on our findings by including additional factors such as bi-
otic factors and applying copula analysis to other high-value agricultural crops. This would
further refine the predictive capabilities of crop climate models and provide a comprehen-
sive understanding of temperature anomalies” impact on different agricultural systems.
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Abstract: Soil water scarcity hinders crop productivity globally, emphasizing the imperative for
sustainable agriculture. This study investigated the role of nitrogen in alleviating drought stress
in barley. Parameters such as relative water content, photosynthetic rate, stomatal conductance,
mesophyll concentration of CO5, total leaf nitrogen, grain yield, total organic nitrogen content, starch
content, and macronutrient concentrations (N, P, K, Ca, Mg) were examined. The optimal grain
yield (3.73 t-ha~!) was achieved with 1 g of nitrogen per container (near 200 kg N hectare ') under
ideal moisture conditions. However, under drought stress, nitrogen supply variants (1 g and 2 g per
container) exhibited a significant decrease in photosynthetic rate (Pn), NRA activities, and a notable
increase in Ci values. Stomatal conductance exhibited a substantial decrease by 84% in the early
growth phase, especially with a 2 g dose of nitrogen supply. Nitrogen enhanced crude protein levels,
yet both drought stress and nitrogen application reduced grain weight and starch content. Nitrogen
effectively improved metabolic processes under drought, particularly in earlier growth stages (e.g.,
tillering). This research highlights the importance of sustainable agricultural practices related to the
growth stage of barley, emphasizing nitrogen optimization to enhance crop resilience in water-scarce
environments. The results underscore the intricate interplay between nitrogen fertilization, drought
stress, and crop yield, indicating benefits during initial stress exposure but detrimental effects in
subsequent growth stages.

Keywords: sustainable agriculture; relative water content; CO, assimilation; drought stress; nitrogen
use efficiency

1. Introduction

The emerging impacts of climate change present a growing threat to agricultural crops,
especially in tropical and sub-tropical regions. Drought stress stands out as a critical factor
negatively influencing crop growth and productivity [1]. Simulation models play a crucial
role in predicting the changing scenario of drought conditions due to climate change. The
effort to enhance the resilience of strategic crops against the harmful effects of drought
stress, inevitably resulting in reduced crop productivity, is essential for more sustainable
agricultural practices [2].

The success of the Green Revolution can be primarily attributed to the development
of superior plant varieties and the extensive application of fertilizers, particularly synthetic
nitrogen fertilizers, to realize the increased yield potential of these new varieties. Approx-
imately 50% of the nitrogen fertilizer applied to fields is assimilated and utilized by the
designated crop, with the remainder being lost to the environment [3]. A small percentage
is converted to the potent greenhouse gas N,O, which contributes substantially to the
total greenhouse gas emissions from agriculture. By the way, Green Economy thinking
aims to promote sustainability through N,O emission reduction in the context of the wider
nitrogen cycle, with an emphasis on improving full-chain nitrogen use efficiency, optimal
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dose use for each crop plant and region, and exploiting a combination of technical measures
in agriculture and other combustion sources [4,5]

Barley, a widely cultivated and economically valuable crop, stands at the forefront
of the agricultural landscape [6]. The correlation between agronomic yield and nitrogen
supply under well-watered conditions is well established [7]. Nitrogen, when efficiently
managed, possesses the potential to alleviate water stress in crops by sustaining metabolic
activities even under low tissue water potential. Establishing optimal fertilizer regimes is
therefore essential to enhance metabolic and regulatory processes during kernel develop-
ment in cereal crops [8]. Nitrogen application has been shown to influence starch synthesis
and grain quality, particularly under drought stress conditions [9].

In the quest for sustainable solutions, the use of nitrogen supply not only improves
water use efficiency but also supports the antioxidant system. This includes crucial en-
zymes like superoxide dismutase and catalase, which play a role in mitigating the stress
associated with deficit irrigation [10]. Nitrogen serves as a regulator influencing the
impact of short-term heat, drought, and combined stresses on diverse aspects of wheat
physiology, encompassing photosynthesis, yield, nitrogen metabolism, and nitrogen use
efficiency [11,12].

Despite extensive global research on plant responses to drought stress, studies on the
role of nitrogen in mitigating drought stress in barley compared to other cereals crops are
comparatively rare [13]. Barley, a resilient crop cultivated in both highly productive agri-
cultural systems and marginal subsistence environments, holds the position of the fourth
most important cereal crop globally, following wheat, maize, and rice [14,15]. Although its
direct contribution to human food may be minor, the potential for new applications that
leverage the health benefits of whole grains and beta-glucans is significant [16].

Drought stress significantly impacts barley physiology, affecting soluble and insoluble
sugar levels, as well as the uptake of grain nitrogen (N), phosphorus (P), and potassium
(K) [17]. The pursuit of climate-resilient and high-yielding barley varieties is ongoing, with
researchers focusing on understanding the genetic controls influencing morphological and
physiological responses to drought at different stages of plant growth [18].

In tandem with breeding strategies, exploring locally sourced barley genotypes be-
comes crucial to harness the potential of plant biodiversity in mitigating drought stress
with the aid of nitrogen supply. Parameters such as relative water content, photosynthetic
rate, stomatal conductance, mesophyll concentration of CO,, total leaf nitrogen, grain
yield, total organic nitrogen content, starch content, and macronutrient concentrations
(N, P, K, Ca, Mg) are significant for optimizing agricultural practices. The current study
aimed to investigate, through a long-term vegetation pot experiment, the above-mentioned
parameters in spring barley measured under the influence of drought stress and different
dosages of nitrogen supply. A focus on the potential of nitrogen supply in mitigating
drought stress is important in developing more sustainable agricultural practices.

2. Materials and Methods
2.1. Plant Experiment

This three-year field experiment involved the cultivation of spring barley (variety
Kompakt) plants in cylindrical plastic containers measuring 290 mm in diameter and
260 mm in height. Each container, as detailed in the preceding section, received 15 kg of
soil, which was meticulously homogenized through thorough mixing. Soil was introduced
into the containers ten days before sowing to facilitate proper settling. Before sowing, any
germinating weeds on the soil surface were eliminated, and the top 30 mm of the soil was
aerated by loosening.

The experiment aimed to investigate the impact of three different nutrition strategies
under two levels of water regimes during three distinct growth phases of spring barley
(shooting, stalk elongation, and budding flowering). An optimal water regime was set up
and maintained at the level of 50 to 60% of field water capacity. Under drought stress, soil
humidity was reduced to 15-20% of field water capacity.
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The following fertilization methods were employed:

1st variant—without N fertilization (control);

2nd variant—N fertilization to the level of 1 g per pot + 0.33 g P + 1.1 g K (near
200 kg N hectare™);

3rd variant—N fertilization to the level of 2 g per container + 0.33 g P + 1.1 g K (near
400 kg N hectare™1).

In the context of the presented pot experiment, we consciously opted to maintain the
original values of 1 g and 2 g of nitrogen per container, thereby preserving the experiment’s
initial framework. Simultaneously, we introduced the conversion to kg N hectare !,
acknowledging its dependency on various factors in field experiments. This assumption
was made with the intention of fertilizing one hectare of soil to a depth of 0.2 m. Considering
an approximate weight of 3,000,000 kg per hectare of land and assuming uniform soil
density (1.5 g/cm?) in the Slovak Republic, this value was employed for calculations.

The nitrogen fertilizer utilized in this study was DAM 390 (containing 30% nitro-
gen). For phosphorus fertilization, we employed triple superphosphate (containing 20%
phosphorus), and for potassium, we used potassium salt with a potassium content of 60%
(equivalent to 49.8% K). These fertilizers were incorporated into the soil in predetermined
amounts during the filling of the experimental containers. Each combination of experi-
mental factors, defined by the interaction between moisture regime and fertilization, was
replicated four times. The biological replication for each variant was n = 10 (10 containers
for each variant, 29 plants in one container), and the analytical replication for the studied
experimental parameters was n = 3.

The investigation focused on different fertilization variants applied under two distinct
soil moisture regimes:

1.  Optimal water regime (50-60% PVK);
2. Stress due to water deficit (15-20% PVK).

The growth and development of the spring barley plants was monitored during the
growing season, and the onset of the main growth phases were recorded by date. The
growth phases were rated using the DC scale:

1st branching (DC 21-DC 29);
2nd stabling end (DC 30-DC 49);
3rd blooming end (DC 50-DC 69).

DC is decimal code for the development stages of cereals (wheat, barley), correspond-
ing to Zadoks et al. (1974) [19].

2.2. Relative Water Content

The relative water content (RWC), expressed as a percentage, reflects the relationship
between the water content within a plant organ (e.g., leaf) and its water content under full
turgor pressure conditions, as described by Turner (1981) and Olsovska et al. (2016) [20,21].
RWC values were calculated both before initiating the drought treatment (control, repre-
senting turgid plants) and after specific periods or stages of water deprivation (drought).

To determine RWC, leaf discs were extracted from the central region of an experimental
leaf. Fresh weight (FW) was measured immediately after conducting gas exchange analyses.
Turgid weight (TW) was obtained after hydrating the leaf disc in distilled water at 4 °C in
the dark for 12 h. Dry weight (DW) was determined after drying the leaf disc at 80 °C for a
24 h period.

RWC = FW-DW/TW-DW 1)

FW—fresh weight of the leaf segment;
TW—weight of the leaf segment in full turgor;
DW—dry weight of the analysed leaf segment.
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2.3. Net Assimilation Rate of CO,

The net assimilation rate of CO, (Pn—umol-m~2-s~!) was determined by measuring
the CO, consumption in intact photosynthesizing plant leaves enclosed within an assimi-
lation chamber of the CIRAS-3 DC (PP Systems International, Inc., Amesbury, MA, USA)
non-dispersive, open-type infra-red gas analyser, which contained, in the Ciras-3 console,
four independent gas analysers simultaneously measuring absolute CO, and H,O for both
reference and analysis gas streams. All measurements were corrected for temperature
and pressure. The external CO, concentration was maintained at 370 puL-L~!, and the
illumination level was set at 800 umol-m~2-s~1.

2.4. Stomatal Conductance and Internal CO, Concentration

Stomatal conductance, denoted as g5 in mmol-m~2-s7!, and internal CO, concen-

tration (Ci) in (umol.m~2.mol ') were derived from the same measurements of the CO,
and H,O flows in the CIRAS-3 photosynthetic system as Pn, as outlined by Olsovskd and
Brestic in 2001 [22].

2.5. Monitoring of Crop-Forming Elements
The following crop-forming elements were monitored in the container experiment:

(a) Grain yield per container (g);
(b) Thousand kernel (grain) weight—HTZ (g) (used DIPOS grain counter).

2.6. Assessment of Spring Barley Grain Quality

Following post-harvest maturation, the barley grain underwent evaluation based on
the following parameters:

(a) Starch content (%): Determined using the Ewers polarimetric method.

(b) Measurement of total nitrogen: This was accomplished through Kjeldahl analysis,
with nitrogen content being multiplied by 6.25 to calculate total nitrogen levels as per
the method outlined by Kjeldahl in 1883 [23].

2.7. Agrochemical Analyses of Plants

Plant yield and the concentrations of nitrogen (N), phosphorus (P), potassium (K),
calcium (Ca), and magnesium (Mg) were evaluated annually throughout the duration of
the experimental study. The spring barley yield was determined by manually harvesting
plants from two adjacent central rows at various growth stages: shoot emergence or when
the second stem node became visible (DC 29), the second phase of stem elongation (DC 49),
and the third phase of flowering (DC 69).

For the analysis of nutrient concentrations, six randomly selected spring barley plants
(including both control and drought treatment groups) were divided into stem, leaf, husk,
and grain components. These plant samples were dried at 65 °C to a constant weight and
subsequently ground for further analyses. Nitrogen concentration in the plant material was
determined using the Kjeldahl method [23]. Phosphorus and potassium concentrations
were assessed in ground plant material after mineralization at 550 °C for 6 h. The resulting
ash was mixed with 2 cm? of diluted HNOj3 (a 1:1 mixture of concentrated nitric acid and
distilled water). Phosphorus was quantified calorimetrically using vanadium—-ammonium
molybdate, while potassium and calcium concentrations were determined via flame pho-
tometry (SpectrAA-250Plus, Varian, Markham, ON, Canada). Magnesium was quantified
using atomic absorption spectrophotometry.

All macronutrient concentrations (N, P, K, Ca, Mg) were expressed as percentages
based on their dry weight representation, and macronutrient uptakes by above-ground
biomass were recalculated per kilogram per hectare (kg-ha™!). This paper will present the
results of the statistical analysis of the investigated agrochemical parameters.
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2.8. Statistical Analyses

Statistical analyses were carried out using the Statistica v. 10 software (StatSoft Inc.,
Tulsa, OK, USA) and the graphics software SigmaPlot version 11.0 (Systat Software Inc.,
San Jose, CA, USA).

3. Results

Over the span of three experimental years, in conditions of optimal soil moisture, a
positive impact of nitrogen fertilization on Nitrate Reductase Activity (NRA) was observed
in all growth phases, regardless of the nitrogen dosage. NRA displayed a slight upward
trend as the growth phases progressed, signifying an increase as the stand aged. The
highest NRA value, reaching 45.8 nmol N-NO?~ g~! fresh mass.min!, was observed
during the scallion growth phase, when 2 g N per container was applied (Table 1).

Table 1. The physiological parameters of spring barley, as influenced by the growth phase, water
regime, and fertilization treatments, averaged over a three-year period.

A B C D E F G H I
$ v 7
ik T L
o ™ oy . g £ (nmol N- RWC P, G gs
g € e o & j NO,.g~1 %) (umol. (umol. (mmol.
A E % g z Fresh ° m—2.s-1) m2mol~1) m2s1)
5} =z o » mass.min—1)
= Og Okg 8.89 93.89 9.35 126.42 73.35
"E lg 200 kg 39.79 94.92 8.37 94.68 53.22
8
Eq S g 100 kg 3035 94.38 9.02 95.53 59.59
-
% * Og 0kg 5.01 83.57 5.82 120.21 34.09
_‘9? lg 200 kg 16.83 65.31 3.52 145.94 18.43
? 2g 400 kg 15.61 69.28 0.98 183.33 9.09
= Og Okg 8.66 91.01 12.97 131.42 108.68
'E' lg 200 kg 27.78 91.37 10.12 76.59 62.41
8
,_%D © 2g 400 kg 39.09 87.52 9.37 65.95 59.26
5
,;_:i * Og Okg 7.50 79.40 10.84 98.54 85.43
g 1g 200 kg 168 63.90 2.83 20448 19.09
” 2g 400 kg 12.91 62.05 3.62 202.00 2211
= Og Okg 18.77 92.77 12.15 216.30 137.37
o0 ‘E lg 200 kg 31.12 89.99 14.30 217.40 134.04
g
é “ 2g 400 kg 45.80 90.69 11.43 178.81 57.49
3 . 0Og 0Okg 9.22 77.60 7.00 21359 7657
el
_‘é lg 200 kg 7.01 64.95 2.77 438.49 15.17
? 2g 400 kg 19.77 63.14 423 382.00 15.36

Under drought conditions, significantly lower NRA values were consistently recorded
at all growth stages and under various nutrition levels in comparison to plants grown
under optimal soil moisture conditions. Among the stressed plants, NRA values decreased
during the seedling phase in fertilized variants but increased during the tillering stage,
particularly when a higher fertilization level (2 g N per container) was applied, compared
to NRA values recorded during the tillering phase.
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When averaged over three years, as well as within individual years, the relative water
content (RWC) of the leaf tissues in optimally irrigated plants was found to be statistically
significantly higher than that of leaves from plants subjected to soil drought.

In the nitrogen-fertilized treatments, a reduction in relative water content (RWC) was
observed in all growth phases except for the tillering stage under optimal moisture con-
ditions when compared to the unfertilized control. Over the average of the experimental
years, net assimilation (Pn) in the main stem leaves of barley showed statistically signifi-
cantly higher values in all monitored growth phases when grown under optimal irrigation
conditions compared to the Pn values measured in the barley plants subjected to drought
stress conditions. In all experimental variants with different nitrogen supplies (0 g,1g,2 g
of N), a significant decrease in Pn values was observed under the effects of drought stress,
especially during the shooting phase of barley growth. Drought stress led to decreases in
Pn values of 84% in the 0 g N supply variant, 72% in the 1 g nitrogen supply variant, and
61% in the 2 g nitrogen supply variant compared to the control (without N supply).

Under optimal soil moisture conditions, barley leaves displayed the highest intercel-
lular CO, concentration (Ci) values on the non-fertilized treatments (ranging from 120
to 216 pmol CO,-m~2-s71) in the individual growth phases, in contrast to the nitrogen-
fertilized treatments, where a significant decrease in Ci values was evident (statistically
supported). Under stress conditions, the barley plants responded differently to nitrogen
fertilization concerning this parameter. The lowest Ci values were recorded in the unfertil-
ized control treatment in all three growth phases. A particularly significant decrease of 25%
in Ci value was observed during the shooting growth phase in the variant with 0 g N under
drought stress. Nitrogen fertilization significantly increased the intercellular concentration
of CO; in barley leaves, reaching peak values (438.49 or 382.00 umol CO, m~2s71h) during
the shooting growth phase, with a greater impact observed at the lower nitrogen dose
(1 g N). At the lower N dose (1 g per container), the Ci values increased by 35% during the
tillering growth phase, by 66% during the shooting growth phase, and by 50% during the
blooming phase. Interestingly, higher increases in Ci values were observed in the variant
with a higher nitrogen dose (2 g per container)—by 48% during the tillering growth phase,
67% during the shooting growth phase, and 52% during the blooming phase, respectively.

Overall, the stomatal conductance (gs) values were higher in the unfertilized, opti-
mally irrigated plants (ranging from 73.35 to 137.37 mmol-m 2:s~!) compared to the
values obtained for the plants grown under stress conditions (ranging from 34.09 to
85.43 mmol-m~2-s~!), indicating that drought reduced stomatal conductance (through
stomata closure). However, there was a substantial 84% reduction in stomatal conductance
observed in the variant with a 2 g N supply during the early growth phase (tillering).
In the variant with a 1 g N supply under drought stress, the barley plants exhibited a
65% decrease in stomatal conductance compared to the control variant without drought
stress. As the growth stages progressed, both variants with nitrogen supply demonstrated
noteworthy reductions in stomatal conductance values. Notably, the early stage of barley
growth proved to be more sensitive to drought stress, displaying a significantly higher
difference in the response between the variant with a 1 g N supply and the variant with a
2 g N supply—a 19% difference.

Nitrate reductase activity (NRA) was significantly decreased under drought stress in
both experimental variants with N supply. At the tillering growth stage, NRA values were
reduced by 58% in the variant with a nitrogen supply dose of 1 g and by 49% in the variant
with a N supply dose of 1 g. At further growth stages, the variant with a nitrogen supply
dose of 1 g under drought stress showed a significant decrease in NRA by 83% and 78% at
the shooting and blooming growth phases, respectively. In the subsequent growth stages,
the barley plants in the variant receiving 2 g of N supply under drought stress exhibited a
noteworthy reduction in NRA, with decreases of 67% during the shooting growth phase
and 57% during the blooming growth phase.

Across an average of three experimental years, all monitored factors, including year,
growth phase, and fertilization, had a statistically significant effect on all of the observed
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physiological characteristics of barley, namely NRA, RWC, net CO, assimilation rate (Pn),
intercellular CO, concentration (Ci), and stomatal conductance (gs), under both optimal
and stress moisture levels.

All experimental variables demonstrated a statistically significant influence on the
nutrient concentration (N, P, K, Ca, Mg) within the dry matter of barley’s above-ground
biomass and the nutrient uptake by the above-ground plant biomass (Table 2). However,
there were exceptions to this pattern. Notably, the impact of the year on the concentration
and uptake of potassium (K) and magnesium (Mg) during barley cultivation under optimal
moisture conditions did not reach statistical significance. In contrast, under drought
stress conditions in barley plants, both the year’s effect on Mg uptake and the impact of
fertilization on the dry matter concentration of Mg were found to be statistically significant.

Table 2. Overview of the influence of experimental factors on the concentration of nutrients in the
dry matter of the above-ground biomass and the uptake of nutrients by the above-ground mass of

spring barley.
Optimal Water Regime Water Stress
Monitored (n = 108) (n = 108)
Parameter
Year Growth Phase Fertilization Year Growth Phase Fertilization
Concentration N ++ ++ ++ ++ ++ ++
Concentration P ++ ++ ++ ++ ++ ++
Concentration K - ++ ++ ++ ++ ++
Concentration Ca ++ ++ ++ ++ ++ ++
Concentration Mg ++ ++ ++ ++ ++ +
Variant N ++ ++ ++ ++ ++ ++
Variant P ++ ++ ++ ++ ++ ++
Variant K - ++ ++ ++ ++ ++
Variant Ca ++ ++ ++ ++ ++ ++
Variant Mg - ++ ++ + ++ ++

Note: ++ statistically highly demonstrable influence; + statistically demonstrable influence; - statistically un-
proven influence.

Over a three-year period, the nitrogen fertilization of spring barley resulted in a
twofold increase in nitrogen (N) concentration within the dry matter of the above-ground
biomass, both under optimal soil moisture conditions and in the plants subjected to stress
compared to the unfertilized control. As the growth phases progressed, a dilution effect led
to a reduction in N concentration in the dry matter for both the fertilized and unfertilized
variants (Table 3).

In the final observed growth phase (heading), the N concentration in dry matter was
higher for the fertilized variants of the stressed plants (2.19% and 2.71%, respectively)
compared to the same fertilized plants grown under optimal conditions (1.85% and 2.41%,
respectively). Nitrogen fertilization, whether under optimal or stress conditions, increased
N uptake by the above-ground biomass; however, the rate of this increase was notably
lower under stress conditions when compared to the plants grown under optimal moisture
conditions. The application of 2 g N per container proved to be more effective in all cases
than the half-dose of 1 g N per container.

Throughout all three years, the total harvested yield (HTZ) in the unfertilized treat-
ments under stress conditions remained relatively consistent, occasionally even surpassing
that of the unfertilized treatments under stress-free conditions (Table 3). Nitrogen fertiliza-
tion further exacerbated this reduction. Conversely, when stress was applied during the
different growth phases, nitrogen fertilization had the opposite effect, decreasing HTZ. At
the tillering growth phase in the variants with N supply under drought stress, the HTZ
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values were mostly at the control level (without N supply). The HTZ values decreased
under drought stress in barley plants of both nitrogen treatment variants (1 g and 2 g N)
by 18% and 15%, respectively. This decreasing tendency regarding the HTZ level also
continued at the shooting and blooming growth phase.

Nitrogen enhanced crude protein levels, yet both drought stress and nitrogen applica-
tion reduced starch content. A significant increase in crude protein levels was observed
in both the shooting and blooming growth phases. In the variant with a dose of 1 g of
N supply, it increased by 43% in the shooting growth phase and by 34% in the blooming
growth phase. Similar results with an increasing crude protein level were shown for the
variant with a dose of N 2 g—by 43% in the shooting growth phase and by 33% in the
blooming growth phase.

Table 3. Effect of stress on barley grain yield, HTZ, and quality parameters (average of three years).

A B C D E F G
stress dose dose . Crude Content of
in growth N N Grain harvest HIZ protein starch
phase g.conteiner_1 kg hectare~! (tha™1) (g.container‘l) (8) (%) (%)
o0 Og Okg 1.01 6.69 32.84 12.17 63.14
Ej lg 200 kg 3.14 20.72 30.86 13.99 60.65
= 2¢g 400 kg 3.07 20.27 34.05 19.50 59.11
0 0g Okg 1.21 8.01 36.09 10.25 63.85
é lg 200 kg 1.10 7.24 29.64 17.79 58.73
@ 2¢g 400 kg 0.97 6.43 30.62 17.71 58.09
%D 0g Okg 0.95 6.29 29.95 11.72 62.17
g 1lg 200 kg 2.32 15.31 21.16 17.63 61.34
_% 2¢g 400 kg 0.98 6.45 21.90 17.58 56.21
g Og Okg 1.116 7.37 31.35 12.72 60.75
£ 1g 200 kg 373 24.60 40.18 14.08 57.61
& 2¢g 400 kg 2.24 14.76 37.00 16.25 55.79

4. Discussion
4.1. The Physiological Parameters of Spring Barley, as Influenced by the Growth Phase, Drought
Stress, and Nitrogen Fertilization Treatments

A significant increase in the intercellular CO, concentration in barley leaves, par-
ticularly during the steaming growth phase, attributed to nitrogen fertilization, with a
more pronounced effect at a lower dose (1 g per container), was estimated. Concurrently,
stomatal conductance (gs) values displayed a noticeable trend, indicating higher values
in the unfertilized, optimally irrigated plants compared to those under stress conditions,
highlighting reduced gs during drought. High levels of internal CO, and decreasing trends
in stomatal conductance under drought stress are principal responses of C3 plants to help
to reduce transpiration water loss by decreasing stomatal conductance and simultaneously
increasing assimilation rates [24-26]. The changes in stomatal conductance indicate the
adaptive changes of the experimental barley plants under different treatments, among
which the dose of 2 g of N supply was evidently more stressful, presumably exposing the
plant seedlings to soil osmotic stress.

Nitrogen fertilization had a negative impact on photosynthesis (Pn), resulting in
reduced net assimilation values, though this impact was especially minor under irrigated
conditions (except for the 1 g dose during the early growth phase). The high N application
rate did not improve the net photosynthetic rate of the leaves but was able to inhibit it
to some extent [27]. Specifically, this was visible in our experiment at the early stage of
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barley growth (tillering stage) for the variant with a 2 g dose of N. However, approved
markable reductions in the photosynthesis of the plants under water deficit and combined
N and water deficit were attributed to an imbalanced ATP/NADPH ratio, linked to the
photosynthetic light reactions influencing carbon metabolism in the Calvin cycle [28].
Antagonistic, synergetic, and neutral effects between nitrogen addition and drought on
resource use efficiency were found as well [29].

Conversely, under drought stress growing conditions, CO, assimilation was greater
due to fertilization than in the non-fertilized control, resulting in Pn values dropping by
84% in the 0 g N supply variant. The decrease of 72% in the 1 g N supply variant and
the decrease of 61% in the 2 g N supply variant compared to the control variant (without
N) was estimated as well. In support of our findings, Guo et al. (2021) demonstrated
that coupling a 20% reduced irrigation with traditional nitrogen application significantly
enhanced grain yield in medium-density planted maize. This improvement was associated
with heightened photosynthesis (Pn) and Y(NPQ) and a reduction in Y(NO) [30].

NRA was significantly decreased under drought stress in both experimental variants
with N supply. However, during the early stage of barley growth (tillering), the variants
with N supply showed a more moderate decrease in NRA activity compared to the variant
without N under drought stress. Drought stress elevated nitrate nitrogen (NO3 —N) while
concurrently diminishing the activities of N metabolism enzymes and the transcriptional
levels of nitrate reductase, glutamine synthetase, and glutamate synthase [31].

Furthermore, during the early stage of barley growth (tillering), the variants with N
supply demonstrated a more moderate decrease in NRA activity compared to the variant
without N under drought stress. This may serve as evidence of a possible mitigating effect
of nitrogen supply on barley plants under the influence of drought stress. Ru et al. (2022)
demonstrated that a moderate application of nitrogen enhanced the activities of nitrate
reductase and glutamine synthase in grains under post-anthesis heat and drought stress
alone. This provided a basis for the accumulation of nitrogen and protein in the grains at
the later stage of growth [11,32]. Chang et al. observed that nitrogen supply significantly
enhanced the drought tolerance of grass plants. This improvement was attributed to the
promotion of antioxidant metabolism and nitrogen metabolism, thereby safeguarding cell
membranes against oxidative damage [33].

4.2. The Influence of Experimental Factors on the Concentration of Nutrients and Their Uptake in
the Dry Matter of the Above-Ground Biomass of Barley Plants

The accumulation of minerals in plants during drought stress plays a crucial role
in enhancing drought tolerance [34]. Plants employ various strategies to mitigate the
deleterious effects of drought stress, including the promotion of phosphorus (P) and
potassium (K) accumulation in various organs. They also regulate mineral concentrations in
the phloem and xylem to prevent xylem embolism. Additionally, a decrease in magnesium
(Mg) uptake was observed under drought stress [35]. All experimental variants with
N supply under drought stress demonstrated a statistically significant influence on the
nutrient concentration (N, P, K, Ca, Mg) within the dry matter of barley’s above-ground
biomass and the nutrient uptake by the above-ground plant biomass. Plants adapt to
the high N and drought environment by altering their N uptake preference, and mineral
uptake may explain changes in biomass with crude protein levels, nitrogen deposition, and
drought [36].

The impact of drought stress on barley plants revealed a statistically significant effect
on the annual uptake of magnesium (Mg) and the positive influence of nitrogen supply
on the dry matter concentration of Mg. Additionally, another study confirmed that under
rained conditions, nitrogen (N) fertilization significantly enhances barley productivity
through its indirect influence on nitrogen accumulation in grain and straw. This process
concurrently leads to an enhancement in grain quality by augmenting the accumulation of
micronutrients such as magnesium (Mg) [37].
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4.3. Effect of Stress on Barley Grain Yield, HTZ, and Quality Parameters: Average of Three Years

After our experimental assessment, it became clear that early exposure to stress during
tillering significantly benefited the barley grain yield in terms of the stands’ growth status.
Kfen et al. (2014) acknowledged that the timely and accurate prediction of grain yield and
quality in spring barley is an essential requirement for efficient crop management [38]. To
mitigate yield losses in plant objects due to high temperatures, it is crucial to apply the
optimal amount of total nitrogen [10,39,40]. However, in the present study, in the later
growth phases, starting from tillering, stress had a detrimental effect on grain yields.

Tillering is recognized as a crucial agronomic trait influencing the quality of plant
crop populations and grain productivity. Wang et al., in 2017, illustrated that increased
N levels enhanced the quantity and productivity of late-emerging tillers in rice, although
these tillers demonstrated significantly fewer spikelets per panicle and less efficient grain
filling in comparison to the primary stem or early-emerging tillers across varying nitrogen
levels [41]. In our research, nitrogen application during the tillering phase in spring barley
partially alleviated the detrimental effects of stress on the crop but proved ineffective when
applied under stressful conditions or even resulted in a negative impact on grain yield.
Abid et al. (2016) demonstrated that nitrogen nutrition enhances the capacity of wheat
plant to mitigate the impacts of drought stress during vegetative growth stages [42].

Throughout all three years, the thousand kernel weight (HTZ) in the unfertilized treat-
ments under stress conditions remained relatively consistent, occasionally even surpassing
that of the unfertilized treatments under stress-free conditions. In the first year of the field
experiment, drought stress consistently led to a reduction in HTZ, regardless of when the
stress occurred. Nitrogen fertilization further exacerbated this reduction. In the second and
third years of the experiment, HTZ increased in plants exposed to stress during tillering as
a result of nitrogen fertilization. Conversely, when stress was applied during the seedling
or tillering phases, nitrogen fertilization had the opposite effect, decreasing HTZ.

Utilizing linear fitting analysis, Wang et al. (2023) demonstrated a parabolic trend in
grain yield, biomass yield, hundred kernel weight, and the ear grain number of maize plants
as the nitrogen fertilization rate increased [43]. Across the three-year average considered,
it became apparent that a fertilization rate of 1 g N per container significantly boosted
yield. The application of moderate nitrogen levels was demonstrated to mitigate yield loss
and ameliorate the decline in maize grain quality caused by post-silking heat stress [40].
In contrast, a double dose was found to be ineffective for optimal crop development,
demonstrating a suppressive effect on crop formation, leading to reduced grain yield
compared to the lower nitrogen dosage.

The barley plants demonstrated the lowest sensitivity to drought stress with regard to
grain yield when the stress coincided with the tillering growth phase. Previous studies have
highlighted that drought leads to a reduction in the number of tillers, plant height, and
grains per ear in barley [44]. Overall, drought induced alterations in the morphology and
architecture of the barley roots, with the roots transmitting stress signals to the caryopses,
triggering the expression of various genes associated with protein biosynthesis, ultimately
resulting in an increased accumulation of endosperm protein [45]. In this scenario, nitrogen
fertilization demonstrated a significant stress-mitigating effect, maintaining grain yields at
a high level. Conversely, the plants displayed the greatest sensitivity to stress in conjunction
with fertilization when subjected to stress during transplanting. In this case, neither basal
nor double nitrogen fertilization countered the impact of drought stress. When stress
was induced during heading, a 1 g N per pot dose exhibited relatively effective stress
mitigation, while the double dose failed to demonstrate any stress-mitigating effect, with
yields remaining comparable to the unfertilized control.

Nitrogen enhanced crude protein levels, yet both drought stress and nitrogen applica-
tion reduced starch content. A significant increase in crude protein levels was observed in
the shooting and blooming growth phases. In the variant with a dose of 1 g of nitrogen
supply, it increased by 43% in the shooting growth phase and by 34% in the blooming
growth phases. Li and Wang (2023) reported a reduction in protein synthesis in barley
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leaves under drought stress conditions with a deficient nitrogen supply. The degradation
of proteins in leaves was intensified in the absence of nitrogen [46]. The application of
nitrogen amplifies the impact of pre-drought priming by modulating starch and protein
biosynthesis in wheat [47]. Therefore, based on our results, we suppose that additional
nitrogen supply may have a mitigating effect on barley plants under drought stress.

An investigation into the combined effect of drought stress and nitrogen fertilization
on soybean plants revealed that a high nitrogen (N) rate is not advisable in the absence
of drought conditions. In comparison to a low rate, it led to a reduction in the number of
flowers and pods per plant, plant height, and seed yield. Conversely, under drought stress
conditions, a high N rate positively influenced most traits, with thousand kernel weight
showing the strongest correlation with yield [48].

Simultaneously, a modest reduction in nitrogen fertilizer application leads to enhanced
plant quality through the modulation of starch properties without inducing any discernible
yield loss. This was confirmed by our results derived from the use of 1 g of N supply as
well. However, the augmentation of nitrogen levels induces alterations in the structure and
characteristics of starch [49].

Nitrogen supply has been reported to be especially important under abiotic stresses [50,51].
When considering the three-year average data, it is evident that lower harvest total yield (HTZ)
consistently occurred under stress conditions in the nitrogen-fertilized treatments compared
to their counterparts, with analogous fertilization under optimal water conditions. Notably,
nitrogen supply led to an increase in crude protein level and the maintenance of a moderate
level of total yield compared to the unfertilized control.

5. Conclusions

In summary, our study reveals the complexity of nitrogen’s role in sustainable barley
cultivation. The additional nitrogen supply during drought stress heightened CO, con-
centration throughout the barley growth period, affecting stomatal conductance. Positive
effects on magnesium uptake enhanced barley productivity, but the temporal dynamics
varied across growth phases.

The thousand kernel weight (HTZ) responded inconsistently over three years, influ-
enced by nitrogen and stress timing. While nitrogen boosted HTZ during tillering under
stress, the complexities in the outcomes highlight the challenge of balancing nitrogen,
water stress, and barley yield. Further research is essential for refined, sustainable crop
management strategies.

Our findings underscore the intricate interplay between nitrogen fertilization, drought
stress, and crop yield. The benefits observed during the early exposure of the plants to
stress contrasted with the adverse effects in the later growth phases, emphasizing the need
for a nuanced approach in sustainable crop management. These insights contribute to
evolving strategies for effective and sustainable barley cultivation in changing environmen-
tal conditions.
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Abstract: In this study, we identify the spatial distribution of water deficits in Poland. The analyses
considered expert knowledge in soil categories importance in water stress evaluation influencing the
climate suitability for maize production using the analytical hierarchy process (AHP). The Climatic
Water Balance was calculated from April to September, for the baseline (BL) period (1981-2010) and
two future periods of 2041-2070 (2050s) and 2071-2100 (2080s) using a six-member ensemble of
GCM-RCM chain simulations under two representative concentration pathways (RCP) scenarios: low
emissions (LE, RCP4.5) and high emissions (HE, RCP8.5). Taking into consideration water deficiency
for the BL period, about 81% of Poland proved highly suitable, 18% moderately suitable and 1%
marginally suitable for maize cultivation. According to LE and HE scenarios, the area of Poland that
is highly suitable for maize production would decrease to 67 and 69% by the 2050s, and to 64 and
44% by the 2080s. By the 2080s, under the HE scenario, rain-fed maize production would become
risky, as 21% of Poland would be marginally suitable, while 11% would not be suitable. According
to our findings, supplemental irrigation is one of the effective adaptation strategies to maintain the
production potential of maize in Poland.

Keywords: analytic hierarchy process; water deficit; climatic water balance; irrigation

1. Introduction

In Poland, the area under grain maize has increased significantly over the last 30 years,
from 56 thousand ha in 1992 to 998 thousand ha in 2021, accounting for 11% of the total grain
maize area in the EU [1]. The average grain maize yield over the last 30 years (1992-2021)
was 5.9 t per 1 ha with a stable yield increase trend (0.7 t/10 years) but characterised by
relatively high yield variability from year to year [2], from 3.7 t in 1992 to 7.3 t in 2012 [1].

Previous studies on land suitability for maize cultivation in Poland have mainly fo-
cused on thermal conditions [3]; however, in recent years, there has also been growing
interest in other factors, mainly drought [2]. Climate change, with projected temperature
increases, will increase the number of years with extremely unfavourable drought condi-
tions, which might result in higher interannual yield variability and constitute a challenge
for crop management [4]. In view of the increasing risk associated with drought and heat
stress, the suitable production area for certain crops will change [5]. Previous studies have
highlighted the need for adaptation measures to optimise water use on arable land [6].
The introduction of climate adaptation measures is necessary due to the predicted increase
of droughts in Central Europe in the future [7]. Our study contributes to increasing the
knowledge of adaptation practices in maize cultivation in the face of climate change. The
methodology used in this work will be applied for further research aimed at assessing
the suitability of land for maize cultivation in Poland, considering other climate change
hazards such as spring frost stress, heat stress, etc.
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In the context of climate change, it is essential to assess shifts in land suitability for
crop production to minimise crop production risks [8]. Land suitability assessments may
also help to indicate proper adaptation strategies to optimise agricultural production for
improving the resilience of farming systems to climate change [9,10]. Land suitability
assessment is a technique used to determine how suitable the land is for growing a given
crop in a given region [11]. It involves the combination of several parameters, such as topo-
graphic, soil, climatic and management parameters, and is, therefore, a multi-dimensional
problem [12]. Various multi-criteria evaluation techniques have been used to address crop
suitability, such as Analytical Hierarchy Process (AHP) [12,13], Fuzzy Analytical Hierarchy
Process (FAHP) [14-16], Analytic Network Process (ANP) [14], Technique for Order of
Preference by Similarity to Ideal Solution (TOPSIS) [17,18] and ELimination Et Choice
Translating REality (ELECTRE) [19] integrated with remote sensing and Geographical
Information System [11]. Some studies [14,20-23] have carried out a comparative analy-
sis in land suitability assessment. Seyedmohammadi et al. [14] compared two methods
(square root and fuzzy set) for land suitability assessment for irrigated maize cultivation.
Rodcha et al. [20] compared parametric, classical AHP, and fuzzy AHP (FAP) approaches
in the suitability assessment of cash crops. Elaalem [21] compared Parametric and Fuzzy
Multicriteria Methods to evaluate land suitability for olive production. Kalichkin et al. [22]
obtained the criteria weights based on AHP and the direct ranking method in land suit-
ability evaluation for spring wheat. Elaalem [23] compared two approaches, Boolean and
Fuzzy MCDA for land suitability evaluation of sorghum production.

One of the challenges in water deficiency assessment for crops is considering the
dependence of crop water requirements and different characteristics of soil retention
related to granulometric composition according to soil categories [24,25]. Such analyses are
conducted as part of the sustainability assessment of production by determining the criteria
weights and can also be applied in the analysis of the suitability of areas. There are various
methods that can be used to determine the criteria weights, one of which is the analytical
hierarchy process (AHP) [13,26]. The AHP has been used to determine the weights of
the parameters in the land suitability assessment for maize [13,27-29] and other crops
such as tea [30,31], rice and soybean [29]. The AHP has the advantage of incorporating
experts’ opinion to prioritise the criteria [27]. Another advantage over other methods is the
measurement and control of judgement inconsistency. One of the drawbacks of the AHP
methodology is that it involves a subjective judgement of the relative importance of two
criteria being compared, while there is a possibility of omitting interrelationships between
other criteria [13].

As climate change may impact the land suitability for crop production, in some
studies climate change projections with adaptation options were considered. According
to an analysis in Europe, the most important factor for cultivated crops is the spatially
distributed water availability from rainfall [32]; however, an increasing risk of late frost
will also be very important [33]. Lopez-Blanco et al. [9] identified suitable areas for rainfed
maize production in Mexico for current and future climate conditions projected under
different climate change scenarios. Jia et al. [34] evaluated the suitable areas for maize
cultivation in China and their change under future climate conditions. Tan et al. [10]
evaluated suitable areas for maize and wheat in Ethiopia under current and future climate
conditions using the GIS-MCE Planting Ecological Adaptability model.

In the last years, there has been a tendency for the growing intensity of the agricultural
drought in Poland [35]. While assessing drought risk, it is important to distinguish between
the different soil categories, crops and geographic regions [24]. Wéjcik et al. [35] determined
Central Poland (among others the Dolnoslaskie Voivodeship) as an area with the highest
frequencies of agricultural droughts in spring cereals, while in the Matopolskie Voivodeship
drought occurred only twice. Labedzki et al. [36] noted that the tendency of water shortage
for crops will increase with the foreseen climate warming. Somorowska [37] indicated
the increase of drought severity in relatively large area extending from the south-west to
Central Poland over the 60-year period that was analysed. Among the adaptation strategies
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proposed to minimise possible climate related yield losses, there are various adaptation
practices, including changing the timing of cultivation, introducing irrigation, selecting
varieties with both a shorter and a longer maturity [38].

Therefore, this study attempts to analyse the distribution of water deficiency parame-
ters that influence climate suitability for maize production in Poland using the analytical
hierarchy process (AHP). The study considers irrigation as an agricultural practice for
drought risk reduction. The next section presents the description of the study area and
the climate data used in the study. The methodology for water condition evaluation and
land suitability assessment is also presented. Section 3 shows temperature and water
conditions in the current and future climate, as well as the results of the assessment of the
climatic water balance in Poland. At the end of this section, the results of the sustainability
assessment considering water deficiency on different soil categories are presented with
testing the addition of different amounts of water supply through irrigation. Section 4
presents a discussion of the results obtained, which are summarised in Section 5.

2. Materials and Methods
2.1. Study Area

Poland is situated in a transitional warm temperate climate zone. A mild oceanic
climate and a dry continental climate have an influence on the Polish climate. The mean
annual air temperature varies from 6 to 9 °C and decreases from south-west to north-
east [36,39]. The growing season in Poland varies from 180 to 225 days while in the
mountains it is up to 150 days [40]. In Poland, there is spatial and temporal variability of
precipitation [41]. The annual precipitation sum is about 550-650 mm in Central Poland,
650-850 mm in Northern Poland, 700-900 mm in Southern Poland and more than 1000 mm
in the mountains [40]. Natural conditions in Poland are rather favourable for agriculture,
but droughts may appear every 4-5 years and become an important risk factor [42].

2.2. Climate Data

The gridded climate data was derived from the regional downscaled dataset generated
by the EURO-CORDEX project [43]. In the following study, we used EURO-CORDEX
simulations for Europe with horizontal resolutions of 0.11° (EUR-11, ~12.5 km) [44]. The
original gridded data were bilinearly interpolated to a regular grid by using CDO (climate
data operators; v. 1.7.0) software [45]. In the study, a six-member ensemble of GCM-RCM
chain simulations (Table 1) were used, and the ensemble mean was used as final indicator
value. The bias adjustment model output performed under the CORDEX-Adjust project
(SMHI-DBS45-MESAN, 1989-2010) was used [46,47]. The EURO-CORDEX simulations
uses the RCP scenarios (Representative Concentration Pathways) used in the IPCC fifth
assessment report [48]. For the present study, we applied two anthropogenic forcing
scenarios, namely with low (LE, RCP4.5) and high emissions (HE, RCP8.5). The RCP4.5
is an intermediate stabilisation pathway that assumes radiative forcing stabilisation at
4.5 Wm~2 after year 2100 while RCP8.5 is a high pathway for which radiative forcing after
year 2100 still continues to rise above 8.5 Wm ™2 [49]. The analyses were performed for the
three time periods: (1) baseline period (BL) 1981-2010, and two future periods, (2) 2050s
(2041-2070) and (3) 2080s (2071-2100).

Table 1. GCM-RCM chain simulations used in the study.

N GCMs RCMs Institution
1 CNRM-CERFACS-CNRM-CM5 SMHI-RCA4 SMHI

2 ICHEC-EC-EARTH SMHI-RCA4 SMHI

3 ICHEC-EC-EARTH KNMI-RACMO22E KNMI

4 ICHEC-EC-EARTH DMI-HIRHAMS5 DMI

5 IPSL-IPSL-CM5A-MR SMHI-RCA4 SMHI

6 MPI-M-MPI-ESM-LR SMHI-RCA4 SMHI
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While using climate change scenarios, it should be mentioned that the results of nu-
merical simulations differ from observations, therefore it is necessary to compare them [50].
Ensemble mean of six bias-corrected simulations were evaluated for annual mean tem-
perature and annual precipitation sum. Following other studies [51], the averaged error
values and RMSEs were calculated for 42 Institute of Meteorology and Water Manage-
ment (IMGW-PIB) meteorological stations [52] for 1981-2010 time frame (Figure 1). The
RMSE in annual means was 0.3 °C for temperature and 36 mm/year (6%) for precipitation.
For each meteorological station, the error for precipitation was less than 15% that is an
acceptable model bias of up to 20% of true precipitation due to a systematic rain gauge
undercatch [50,53].

Figure 1. Location of meteorological stations (green dot) of Institute of Meteorology and Water Man-
agement (IMGW-PIB) considered in comparison between observations and climate scenarios data.

2.3. Water Condition Evaluation for Maize Cultivation

Climatic water balance (CWB) is one of the indicators used in Poland for meteorologi-
cal drought monitoring as well as for assessment of its intensity [24]. CWB is the difference
between precipitation (P) and potential evapotranspiration (PET) [54]. Since there is a
tendency for increasing the frequency of extreme weather phenomena such as drought [55],
water deficiency indicated by climatic water balance sum for the period from April to
September was indicated as suitability criteria for maize cultivation. In the literature, there
are many methods for PET calculation, however, some of them require numerous input
data. Depending on the application, a number of simplifications is possible to implement
in PET formula [56]. Doroszewski and Gorski [56] elaborated an index of PET as a function
of sunshine duration, daylength and temperature. In the following study, the calculation
of an index of potential evapotranspiration was carried out on the basis of the simplified
Penman formula presented by Doroszewski and Gérski [56] and Zylowska et al. [57].We
calculated CWB based on an indicator of moisture conditions as a function of mean monthly
air temperature and monthly precipitation sum [57].

2.4. Suitability Assessment

AHP models were used in several studies for weighting factors in land suitability
assessment [13,27,29,31]. Thus, the selected criteria were rated using the AHP methodology
introduced by Saaty [58]. Steps of the AHP are given as follows:

Step 1: Construction of pairwise comparison matrix. In this step, two criteria are
evaluated at the time in terms of their relative importance regarding the suitability of the
land for maize cultivation, considering water deficiency occurrence [59]. In AHP 9 points
importance scale is used to express individual preferences or judgments (Table 2) [31,58].
The pairwise comparison matrixes were created by consulting the opinions of the team
experts from the Institute of Soil Science and Plant Cultivation (IUNG) and workers of
Agricultural Experimental Stations (RZD IUNG) leading long-term experiments.
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Table 2. Scale of relative importance of selected criteria based on Saaty [58].

Intensity of Importance Definition

1 Equal importance

3 Moderate importance

5 Strong importance

7 Very strong importance

9 Extreme importance

2,4,6,8 Compromise between above values
Reciprocals of above Values for inverse comparison

Step 2: Calculation of the eigenvectors and eigenvalue of the judgment matrix. After
construction of pairwise comparison matrix, the eigenvectors w; (weights of criteria) and
eigenvalue Apnax were calculated as follows [29]:

/T ay
W)= ————— (1)

o n n ’
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Amax = % . Z?:l (AVVV\:)I/ (2)
where i and j is number of rank and column of A.

Step 3: Consistency test. By using AHP methodology, the inconsistency in pairwise
comparison matrix is identified and taken into account [60,61]. The consistency ratio (CR)
proposed by Saaty [58] is used to test the consistency of pairwise comparisons. If the CR is
below 0.10, it is considered that the inconsistency of the judgments is acceptable [31,58,60].
The consistency index (CI) and the consistency ratio (CR) is given by [62]:

- Amax — 1
Cl=—="—, ®)
CI
CR = oo @)
where RI is Random Consistency Index which depends on n (number of elements), listed

in Table 3.

Table 3. Random Consistency Index (RI) values [58].

n 1 2 3 4 5 6 7 8 9 10
RI 0.00 0.00 0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49

Step 4: Group decision making. Since decision making frequently involves contri-
bution of many respondents with different individual opinions, group decision making
process has been applied to aggregate them [63,64]. There are alternative methods sug-
gested by the literature to aggregate individual opinions applied in AHP methodology,
depending on whether the decision group is assumed to be a synergistic unit or simply a
collection of individuals. When the individuals act in concert, judgments should be pooled
in such a way that the group ‘merges’ the different individuals into a new ‘individual’
representing it. Aggregation of Individual Judgments (Al]) is suggested for this purpose,
that requires satisfaction of reciprocity condition for the synthesis alike the individual
judgments. This is provided by the geometric mean, thus in AlJ, the elements of aggregated
comparison matrix (ai]-)g would be calculated as follows [63-65]:

(aij)g = N\/ Hf:l (aij)lnd_n’ (5)
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where (ajj), 4 n 18 the judgment of individual n, N is number of individuals that belong to
the group.

The selected suitability criteria (CWB values for four soil types) were reclassified
into four suitability classes (S1, S2, S3, N) (Tables 4 and 5). The soil types reflect their
agronomic category according to their granulometric composition [66,67]. The soils are
divided into four categories reflecting their different susceptibility to drought in relation
to the amount of available water (AW): very light soils—the most susceptible (AW less
than 127.5 mm), light soils—susceptible soils (AW between 127.5 and 169.9 mm), medium
soils—moderately susceptible soils (AW between 170 and 202.5 mm) and heavy soils—soils
with low susceptibility to drought (AW more than 202.5 mm) [66]. The range of field
water capacity in the soil profile from 0 to 100 cm of these categories of soils is as follows:
110-145 mm, 146-210 mm, 211-270 mm and 271-460 mm [67]. The final suitability map
was generated by using weighted overlay method, by combining the standardized criterion
maps with the criterion weights [59,61] using QGIS 3.28.4.

Weighted Overlay = Z?:l G -W;, (6)

where C; is each reclassified criterion (i), Wj is the weight of the selected criteria, n is the
total number of criteria.

The final suitability map was divided into four suitability classes according to FAO [29,68].
The flowchart of the methodology is presented in Figure 2.

[ Climate change scenarios data Climatic Water Balance calculations

Reclassification of suitability levels

{ Interviewing experts and farmers Weight analysis (AHP)

Suitable area maps (Weighted overlay)

S A N S

L

Suitable area maps ‘
for different amount of water supply

Figure 2. Flowchart of the methodology for assessing the suitability area for maize production in
relation to the climate change and water deficiency.

Table 4. Suitability level per selected criteria [68].

Suitability Class Description
S1—highly suitable No significant limitations or only minor limitations
S2—moderately suitable Moderately severe limitations that reduce productivity or benefits and rise inputs

Severe limitations that reduce productivity or benefits and rise inputs to the extent

S3—marginally suitable of being marginally justifiable

N—not suitable Severe limitations that may preclude sustained use of the land in a specific manner

53



Sustainability 2024, 16, 852

Table 5. Factor ratings of climate suitability for maize regarding water deficiency.

Characteristic Suitability Class ! References
Criteria S1 S2 S3 N
Rating scale 85-100 60-85 40-60 0-40 [29,68]
on very light soils [mm] >—150 —200-—150  —250-—200 <—250 [69]
Climatic water on light soils [mm] >—210 —260-—210 —310-—260 <—310 [69]
balance on medium soils [mm] >—250 —300-—250 —350-—300 <—350 [69]
on heavy soils [mm] >—290 —340-—290 —390-—340 <—390 [69]

1 S1—highly suitable, S2—moderately suitable, S3—marginally suitable, N—not suitable.

2.5. Irrigation as Potential Adaptation Strategy

Nowadays irrigation in Poland is treated as a supplemental practice, it is usually used
in short time spans during the vegetation period. However, it can mitigate the effects of
droughts on crop production locally. During the period from April to September, potential
evapotranspiration usually exceeds precipitation causing a water deficit. It is seen especially
on light soils with low water-holding capacity. The net irrigation water requirement in the
growing period in Central Poland for maize is 50-70 mm [70]. Labedzki [71] identified the
need to assess the impact of climate change on irrigation requirements in Poland. Due to
temperature increases with lower precipitation during summer, it is expected that irrigation
needs will increase [71]. Therefore, in the current study, we tested irrigation by 30, 80
and 140 mm by adding three different amounts of irrigation water that impacted CWB for
the growing season from April to September. The chosen amount of water supply (30, 80
and 140 mm) during irrigation is an example to test three types of irrigation requirements:
(1) small (less than 50 mm—it is about 3 irrigation treatments per season), (2) medium
(between 50 and 100 mm) and (3) high (more than 100 mm) [72].

3. Results
3.1. Mean Annual Temperature and Mean Annual Precipitation Sum for Baseline Period and by
2050s and 2080s

According to the ensemble mean of six analysed RCMs, the mean annual air tem-
perature in Poland for 1981-2010 (BL) was 8.2 °C, while the mean annual precipitation
sum was about 622 mm (Table 6). The spatial distribution of mean annual air temperature
(Figure 3) shows its decrease from the southwest to the northeast of Poland under both
current and future climate conditions. The projected increase in the annual temperature
from the BL to the 2050s according to the LE scenario is about 1.5 °C and 2.1 °C to the
2080s (Table 6). For the HE scenario, projected mean annual temperature changes can reach
about 2.1 °C and 3.8 °C by the 2050s and 2080s, respectively. The spatial distribution of
mean annual precipitation is presented in Figure 4. Both in the baseline period and under
future climate conditions, the highest annual precipitation occurs in mountainous areas
(southern Poland) and the lowest in central Poland. According to the LE scenario, the
annual precipitation will not change significantly in the 2050 perspective, whereas the
increase in precipitation will be greater in the 2080 perspective. The HE scenario predicts a
higher increase in precipitation than the LE scenario. Projected changes in mean annual
precipitation sum according to the analysed ensembles of models are about +9% and +14%
in the 2050s and +11% and +19% in the 2080s for the LE and HE scenarios, respectively.

54



Sustainability 2024, 16, 852

Table 6. Mean values of annual temperature and annual precipitation sum and their changes (in
brackets) in Poland.

Period ! BL 2050s 2080s

Emission Scenario 2 LE HE LE HE
Mean annual temperature [°C] 8.2 9.7 (+1.5) 10.3 (+2.1) 10.3 (+2.1) 12.0 (+3.8)
Mean annual precipitation [mm] 622 676 (+9%) 710 (+14%) 692 (+11%) 741 (+19%)

1 BL—baseline; 2 LE—low emissions scenario; HE—high emissions scenario.

LE
BL 2050s 2080s 2050s

R

Il <=cMl6-707-8 8-9/ 9-107 110-11 W0 11-12 M 12-13 Ml 13- 14

- .

B <=125 [[0150-1.75_ 2.00-225[  250-2.75 T 3.00-3.25 I 3.25-3.50 M 3.50 - 3.75 M > 3.75
W 1.25-1.50 | 1.75-2.00 2.25-2.50 [ 2.75-3.00

(@)

(b)

Figure 3. (a) Multimodel ensemble mean annual air temperature [°C]; (b) Changes in annual air
temperature [°C] in Poland: baseline (BL, 1981-2010) and projected temperatures according to low
emissions (LE, RCP4.5) and high emissions (HE, RCP8.5) scenarios for the 2050s (2041-2070) and the
2080s (2071-2100).

LE HE
BL 2050s 2080s 2050s 2080s

TRV

400 -500 [ 600 - 700 MM 800 - 900 [ 1000 - 1100 MM 1200 - 1300
500 - 600 [ 700 - 800 M 900 - 1000 M 1100 - 1200

| 0-5% [0 5-10% W 10 - 15% W 15 - 20% M 20 - 25% Il >25%

Figure 4. (a) Multimodel ensemble mean of annual precipitation sum [mm]; (b) Relative changes
in annual precipitation sum [%] in Poland: baseline (BL, 1981-2010) and projected precipitation
according to low emissions (LE, RCP4.5) and high emissions (HE, RCP8.5) scenarios for the 2050s
(2041-2070) and the 2080s (2071-2100).
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3.2. Mean Climatic Water Balance in the Period from April to September for Baseline Period and by
2050s and 2080s

The growing season sum of CWB (from April to September), averaged over Poland
for the BL, was —213 mm (Table 7). According to the analysed LE scenario, the CWB will
decrease by about 11% in the 2050s and will not change according to the HE scenario. In
the 2080s, the seasonal CWB change will decrease by 13% according to the LE scenario and
by 8% according to HE. The spatial distribution of the CWB for the growing season (from
April to September) is shown in Figure 5. For most of the area of Poland, the CWB was
negative as the PE exceeded the sum of precipitation. The highest positive values of CWB
(more than 100 mm) were found in the south of Poland, where the sum of precipitation
exceeded the PE. In north-western part of Poland (near the Baltic Sea) and in the southern
part of Poland the values of CWB were more than —150 mm. The lowest values of the
climatic water balance (less than —250 mm) were observed in the central Poland. The area
with CWB less than —300 mm is projected to increase in the future, and according to the
RCP8.5 scenario this area will dominate in 2071-2100.

Table 7. Mean values of the climatic water balance sum and its changes (in brackets) from April to
September in Poland.

Period ! BL 2050s 2080s
Emission Scenario 2 LE HE LE HE
CWB sum (Apr-Sept) [mm] —213 —237 (—11%) —214 (0%) —240 (—13%) —230 (—8%)

(b)

1 BL—baseline; 2 LE—low emissions scenario; HE—high emissions scenario.

LE HE
BL 2050s 2080s 2050s 2080s

Il <= -300 [ | -300- -250 -250 - —200 -200 - -150 -150 - 100 [ > 100

L

W e e

I <=-120 [ -120- -100 "1 —100 - —80 -80 - -60 —60 - —40 -40--20 -20-0 W 0-20 N > 20

Figure 5. (a) Multimodel ensemble mean of the climatic water balance [mm]; (b) Changes in climatic
water balance in the months of April to September: the baseline (BL, 1981-2010) and projected CWB
according to the low emissions (LE, RCP4.5) and high emissions (HE, RCP8.5) scenario for the 2050s
(2041-2070) and the 2080s (2071-2100).

3.3. Suitability Assessment

While assessing drought risk, it is important to distinguish water deficiency between
the different soil categories. In the following study, we reclassified CWB values into four
suitability classes varying according to soil types (Table 5, Figure 6). According to BL, the
not suitable areas was observed for very light and light soils in central Poland. On very
light soils, not suitable areas are going to increase in the future from 43% for BL to 57%
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medium light very light

heavy

for LE and 72% of Poland for HE, while for light soil the area is projected to increase from
10% for BL to 26% for LE and 48% of Poland for the HE scenario. On heavy soils, there is
no extreme deficiency for CWB observed in neither baseline nor futures scenarios apart
from 2080s for the HE scenario. The highly suitable areas are observed on all kinds of soil
in north-west and south of Poland, however the largest area is observed for medium and

heavy soils.

LE HE
2050s 2080s 2050s 2080s

G 3

Il N - not suitable [ S3 - marginally suitable | S2 - moderately suitable [ S1 - highly suitable

Figure 6. Water deficiency suitability classes on very light, light, medium and heavy soils for the
baseline (1981-2010) and projected according to the low emissions (LE, RCP4.5) and high emissions
(HE, RCP8.5) scenarios for the 2050s (2041-2070) and 2080s (2071-2100).

Four soil categories (very light, light, medium and heavy) were weighted using farm-
ers’ (5) and agricultural advisors/experts’ (5) opinion using AHP pairwise comparison
matrix (in total, 10 individuals). The purpose of the weighting is to determine the im-
portance of each soil categories relative to others that influence land suitability for maize
production, considering the occurrence of water deficiencys on these soil categories. The
respondents indicated what type of soil they would choose for growing corn in the context
of water stress (drought). The mean judgement of the individuals derived through pairwise
comparisons is presented in Table 8. The weights of each soil categories calculated by
the AHP method are listed in the last column of Table 8, with the higher value indicating
that the criterion is more important. Based on the calculated values of the criteria weights
(Table 8), medium soil categories are the most important factor, followed by heavy soils,
while light soils are significantly less important. The least important factor in considering
land suitability for maize cultivation due to water deficiency occurrence are very light soils.
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In this suitability analysis, the consistency ratio (CR) value is 0.0535, which is below the
threshold value of 0.1 indicating a reasonable level of consistency of the experts’ judgment.

Table 8. AHP pairwise comparison matrix for the main criteria and resulted weight vector.

Criteria Very Light Light Medium Heavy Weights
Very light 1.0000 0.2194 0.1305 0.1386 0.0433
Light 4.5581 1.0000 0.1909 0.2437 0.1169
Medium 7.6617 5.2382 1.0000 1.3286 0.4655
Heavy 7.2157 4.1038 0.7526 1.0000 0.3743

The final suitability map (Figure 7) was generated by using the weighted overlay
method, by combining the reclassified criterion maps (Figure 6) with the criterion weights
(Table 8). The suitability maps of the water deficiency indicators for maize cultivation were
categorised into four suitability classes, namely: highly suitable (S51), moderately suitable
(52), marginally suitable (S3) and not suitable (N). The percentage of the suitability classes
in Poland is presented in Table 9. Water deficiency is one of the key climate variables for
maize, in consequence, climate change could significantly impact its production. Central
Poland is the only area of Poland that has moderate suitability (18%) for maize cultivation
due to the occurrence of water deficiency in the current climate. Subsequently, these
conditions will extend to 22-26% of Poland depending on the period and scenario analysed.
By the end of the century, water deficiency will increase and, according to HE, 11% of the
area is projected to be not suitable while 21% will be only marginally suitable for rainfed
maize cultivation (0 and 1% respectively in current conditions).

RCP4.5 RCP8.5
BL 2050s 2080s 2050s 2080s

Il N - not suitable || $3 - marginally suitable | S2 - moderately suitable [ S1 - highly suitable

Figure 7. Final evaluation of climate suitability for maize regarding water deficiency for the baseline
(1981-2010) and projected according to the low emissions (LE, RCP4.5) and high emissions (HE,
RCP8.5) scenarios for the 2050s (2041-2070) and 2080s (2071-2100).

Table 9. Percentages of different water deficiency suitability levels for maize in Poland for the baseline
(1981-2010) and projected according to low emissions (LE, RCP4.5) and high emissions (HE, RCP8.5)
scenarios for the 2050s (2041-2070) and 2080s (2071-2100).

RCP RCP4.5 RCP8.5

Period BL 2050s 2080s 2050s 2080s
Rating scale ! S1 S2 S3 N S1 S2 S3 N S1 S2 S3 N ST S2 S3 N ST S22 S3 N
Percentage 81 18 1 0 67 26 7 0 64 24 12 0 69 22 8 0 44 24 21 11

1 S1—highly suitable, S2—moderately suitable, S3—marginally suitable, N—not suitable.

58



Sustainability 2024, 16, 852

3.4. Adaptation Strategies Increasing Land Suitability for Maize—Irrigation

Considering water deficiency, climate suitability for maize will decrease over time.
The distribution with water limitations is shown in Figure 8. According to water stress,
19% of Poland, mainly in central Poland, was moderately or marginally suitable for maize
cultivation under current climate conditions (Table 10). Furthermore, under future climate
conditions, this area will increase to 33 and 30% in the 2050s and 36 and 45% in the 2080s
for the LE and HE scenarios, respectively. However, in the 2080s for the RCP8.5 scenario
according to water deficiency, 11% of the analysed area will not be suitable for maize
production. Under current climate conditions, according to the results of reclassification of
water deficiency, the highly suitable area would increase by 13%, 19% and 19% if 30, 80
and 140 mm of water were applied in irrigation, respectively. In the 2050s, the application
of 30 mm of water will help to avoid marginally suitable areas for maize cultivation,
while irrigation with 140 mm of water will create highly suitable conditions for the whole
of Poland regarding water deficiency. In the 2080s, according to the HE scenario, the
application of 30 mm of water will help to eliminate not suitable areas for maize cultivation,
but to avoid marginally suitable areas, irrigation with 80 mm of water will be necessary.
If 80 mm of water is applied by irrigation, about 18% of the analysed area will remain
moderately suitable for maize production.

RCP4.5 RCP8.5
2080s 2050s 2080s

S
s
CEed
CEew

Il N - not suitable [ S3 - marginally suitable | S2 - moderately suitable [ S1 - highly suitable

No irrigation

30 mm
..aﬂw
ﬁ

80 mm

140 mm

Figure 8. Climate suitability for different amount of water supply through irrigation (30, 80 and
140 mm per season) in maize cultivation for the baseline (1981-2010) and projected according to the
low emissions (LE, RCP4.5) and high emissions (HE, RCP8.5) scenarios for the 2050s (2041-2070) and
2080s (2071-2100).
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Table 10. Percentages of different water deficiency suitability levels for different amounts of water
supply through irrigation (30, 80 and 140 mm per season) in maize cultivation in Poland for the
baseline (1981-2010) and projected according to low emissions (LE, RCP4.5) and high emissions (HE,
RCP8.5) scenarios for the 2050s (2041-2070) and 2080s (2071-2100).

RCP RCP4.5 RCP8.5
Period BL 2050s 2080s 2050s 2080s
Rating scale ! S1 S2 S3 N S1 S2 S3 N S1 S2 S3 N S1 S22 S3 N S1 S2 S3 N
0 mm 81 18 1 0 67 26 7 0 64 24 12 0 69 22 8 0 4 24 21 11
30 mm 94 6 0 0 84 16 O 0 79 20 2 0 82 16 1 0 57 23 18 1
80 mm 100 O 0 0 100 O 0 0 98 2 0 0 99 1 0 0 80 18 1 0
140 mm 100 0 0 0 100 O 0 0 100 O 0 0 100 O 0 0 100 O 0 0

1 S1—highly suitable, S2—moderately suitable, S3—marginally suitable, N—not suitable.

4. Discussion
4.1. Climate Change Impact on Maize

The growth and yield of maize is significantly affected by climate change. There
has been a tendency for grain maize area and yield to increase in Poland over the last
30 years [1]. This study presents the spatial distribution of selected climatic variables and
how they change over time related to climate change. According to the climate change
scenarios analysed, the increase in both annual temperature and precipitation sum is
projected for Poland. The highest increase (by almost 4 °C) in annual mean temperature is
projected in HE scenario for 2080s. Similarly, warmer and wetter conditions are projected
for Poland on an annual scale by Mezghani et al. [51] and Struzewska et al. [73] together
with an intensification of the changes expected by the end of the 21st century.

The obtained results show that despite the fact that annual precipitation sum is
projected to increase in both LE and HE scenarios, the growing season sum of CWB is
projected to decrease. The potential evapotranspiration exceeds precipitation over most of
Poland during the period of April to September, resulting in a water deficit. The highest
water deficit was observed in the Central Poland and this area is projected to increase
under future climate conditions. Similar spatial distribution of climatic water balance
is presented in [36]. Other studies highlight the uncertainty of summer precipitation
projections depending on the models analysed, which leads to considerable uncertainty in
the assessment of the impacts of climate change on the water balance [74].

Ziernicka-Wojtaszek [75] evaluated changes in thermal resources and CWB in Poland
for two time periods: 1971-2000 and 1981-2010. It was shown that the very warm and
dry areas increased from 10% to 48% and from 34 to 48%, respectively. The novelty of this
paper is that we have also considered the expert opinion on soil categories importance
in water deficiency evaluation, influencing climate suitability for maize production, that
was not concerned in previous research on adaptation of maize production in Poland. Our
study focused on water deficiency determined based on the climatic water balance and
tested an adaptive irrigation practice that can mitigate the effects of increasingly frequent
droughts.

In our study, soil categories were weighted using AHP methodology based on farm-
ers’ and experts’ opinions. The aim of weighting the soil categories was to determine
their relative importance in influencing land suitability for maize production due to the
occurrence of water deficiency. According to the mean opinion of farmers and experts,
medium and heavy soils were defined as the most important soil category in assessing
land suitability evaluation for maize production, while light and very light soils were much
less important. However, in Poland, the share of light and very light soils with low water
capacity is predominant (60%) [76] and water deficit is most frequently observed on these
soils [35].

Observed changes in climatic conditions indicate that increasingly frequent water
shortages will be the main constraint for maize production in Poland, while thermal
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conditions will no longer limit production [77]. Therefore, we decided to evaluate the
climate suitability for maize production in relation to occurrence of water stress under
current and future climate conditions. Under current climate conditions, Poland has
highly and moderately suitable water conditions for maize cultivation. In the future,
water conditions for maize cultivation will worsen and about 10% of Poland will become
marginally suitable. However, the biggest changes are observed in 2080s according to
HE scenario, where 21% of Poland will have marginally suitable and 11% not suitable
water conditions for maize production. The worsening of water conditions for maize
production will be in central Poland, where the climatic water balance is the lowest. The
previous studies [77,78] show an improvement of climatic conditions for maize cultivation
in Poland. With climate warming the areas suitable for maize cultivation have increased
significantly [77]. Ziernicka-Wojtaszek [79] introduced new agroclimatic regionalisation
of the Polish area. It was simulated that increase in temperature by 1 °C and 2 °C with
unchanged precipitation will result in a decrease in the area of optimal humidity from
70 to 48% and 26% respectively [79]. Ramirez-Cabral et al. [80] modelled the potential
climate distribution of maize at global level in current and future climate conditions using
the CLIMEX model taking into account stress factors that reduce climate suitability. The
medium suitability for maize cultivation in Poland was mostly projected under current
climate conditions, except in central Poland where marginal climate suitability occurs. For
further climate conditions, different results were obtained for different general circulation
models (GCM) CSIRO and MIROC. CSIRO projected a slight increase in the marginal
suitability category, especially for the year 2100. However, for 2050 MIROC projected a
change from suitable to optimal suitability in the northern and southern part of Poland
while in 2100 almost the whole of Poland is projected to be optimal for maize cultivation
except for the central part where suitable areas occur [80].

It should be noted as limitation of this research that the analyses carried out mainly
focused on water deficiency factors and only include climatic factors and their changes in
the future climate conditions, while the potential genetic progress of the species was not
considered. Other research [80] suggests that it would be desirable to include non-climatic
factors such as topography, land use, soil taxonomy and its physico-chemical properties in
further studies. While including expert opinion in the identification of criteria relevance,
especially when many criteria are evaluated, it is important to provide simple and intuitive
techniques to obtain it, due to the possibility of errors occurring in the evaluation of
criteria importance. There is interest in the literature for methods that better handle expert
hesitation that can arise in subjective weighting methods. Wieckowski et al. [81] proposed
the RANCOM method, which is based on the ranking of criteria to obtain criteria weights
on the basis of expert knowledge. RANCOM could be a valuable method for evaluating
criteria weights or its comparison with the AHP methodology used in our study for future
research since RANCOM is a simple method which can be adapted for both less and more
experienced users. The RANCOM method can provide more repeatable results than the
AHP method. This is especially true for a larger number of criteria [81].

4.2. Adaptation to Climate Change

Irrigation is a treatment that can effectively prevent the impact of drought on crops [82].
The use of irrigation in the cultivation of grain maize results in high yield increases that are
difficult to achieve with other farming technique treatments [82]. The effect of agricultural
drought on crops mainly depends on its size, duration and intensity [24]. Irrigation may
help stabilize crop yields [82]. In assessing the impact of climate change on agriculture
due to the lack of a clear picture regarding the amount of precipitation and the increase
in evapotranspiration resulting in a deterioration of climatic water balances, the need for
irrigation is increasingly being indicated [83]. Hence, we decided to test irrigation with 30,
80 and 140 mm of water and its impact on land suitability for maize production in Poland.
According to water deficiency, Poland is highly or moderately suitable for maize production
under current climatic conditions, but suitability is projected to decrease over time. In
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the future, marginally suitable water conditions and even not suitable water conditions
are going to appear in central Poland. Under current climatic conditions, 80 mm of water
should be applied to achieve highly suitable water conditions for maize production in
almost all of Poland, while under future climatic conditions, 140 mm should be applied.
Thanks to the application of 30 mm of water, the water conditions for maize production can
be improved in future climate conditions, so that no marginally suitable areas will appear,
except in the 2080s, according to the HE scenario where 80 mm of water should be applied.

Despite a considerable number of studies, it is very difficult to determine the amount
of irrigation required for a given crop due to the variation in water demand caused by soil
and meteorological factors [25]. The use of irrigation in maize production is essential in
an area of distinct water deficits with low precipitation and soils with very low retention
capacity [84]. Water requirements also vary between crops and their varieties, depending
on the length of the growing season and the sensitivity to water shortages at different stages
of development [25]. In Poland, agricultural drought is determined by the Agricultural
Drought Monitoring System (ADMS) based on the Climatic Water Balance (CWB). In the
determination of agricultural drought, the characteristics of the soil retention related to its
granulometric composition constitute an important factor that is considered in ADMS. In
the system, critical values of climatic water balance are differentiated for particular groups
and species of crop plants [54].

The literature suggests that some adaptive agricultural practices should be introduced
to counteract the negative effects of climate change, such as variety renovation, adjust-
ing sowing dates, improving irrigation and fertiliser efficiency [85]. According to some
research, irrigation in maize production can increase maize yield as well as stabilise yield
under Polish conditions [82,86-89]. However, the use of irrigation in maize production
has not always been cost effective [86]. The production effect is the main indicator of
the desirability of irrigation. The production results are strongly influenced by weather
conditions, in particular the amount and distribution of rainfall [82]. The effect of irrigation
depends on precipitation sum in July and August, the lower precipitation, the higher the
yield increase [82,87]. In the study developed by Zarski et al. [89] during the wet season,
the maize grain yield increase was non-significant while in dry seasons the yield increased
by more than half. Due to increased drought under climate change, soil water conservation
practices along with more drought-resistant varieties are also proposed to adapt to these
changes in maize production [90]. Furthermore, Zhao et al. [90] identified the use of culti-
vars that are more drought-resistant and cultivars with higher temperature requirements
as effective adaptations to climate change in maize production in Poland (Central Europe).

5. Conclusions

This study assessed the potential effects of climate change on climate suitability related
to water deficiency for maize cultivation in Poland using multi-criteria evaluation through
the Analytical Hierarchy Process (AHP). The weights of soil category were calculated by
AHP to include the expert opinion in the evaluation.

The obtained results suggest that the water stress limitations depend on the soil
category and under the current climate conditions the extreme deficiency of the climatic
water balance was observed on very light and light soils in central Poland, but not on heavy
soils. Considering all soil categories with different relative importance according to experts’
opinion, central Poland was moderately suitable under current climate conditions, while
the rest of Poland was highly suitable. However, in the future, the suitability according to
water deficiency is predicted to decrease, and some areas in central Poland will become
marginally suitable for maize cultivation or even not suitable in the 2080s according to the
RCP8.5 scenario.

This study focused on the impact of climate change on maize suitability in Poland,
therefore water deficiency factors that may harm maize production in the future were con-
sidered. Studying the climate suitability of a particular crop can help to manage the impact
of climate change on crop production. However, in future studies, the combined considera-

62



Sustainability 2024, 16, 852

tion of topographic, climatic and soil factors would allow a more complex assessment of
maize land suitability.

The obtained results show that due to climate change and higher temperatures, there
will be problems related to water deficiency. This study indicated that water deficiency may
limit climate suitability for maize cultivation in far future, but irrigation could mitigate this
effect. The results of the study could be used to develop adaptation strategies to enhance
maize productivity under future climatic conditions. Identification of climate limitations,
their spatial variability and changes in the future may play an important role in keeping
maize production risk at a minimum level. The methods applied in the study can be
used as a tool for finding pathways to enhance the resilience of farming systems dealing
with challenges.
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Abstract: This study investigates the spatial dynamics of participation in the carbon farm-
ing eco-scheme in Poland under the EU CAP for 2023-2027. Addressing the broader
context of sustainable agriculture and climate change mitigation, this research explores
how farm size and structural characteristics influence the adoption of regenerative prac-
tices incentivised through this eco-scheme. Using spatial statistical methods, including
the global Moran’s I test and the global spatial cross-correlation index, this study anal-
yses county-level data from 2023 to 2024 on farm size, the number of beneficiaries, and
payment levels. The findings reveal distinct spatial clusters in eco-scheme participation,
with larger farms showing greater regional concentration and smaller farms displaying
stronger local clustering in payment distribution. The findings highlight varied spatial
mechanisms that influence adoption and financial support patterns, indicating that both
farm size and regional context play a significant role in shaping the uptake of eco-schemes.
This study emphasises the significance of comprehensive spatial and socio-economic data
in the formulation of effective, evidence-based policies pertaining to sustainable agriculture.
It establishes a basis for more precisely targeted interventions and optimal resource allo-
cation, thereby supporting both national and EU climate objectives while simultaneously
enhancing the resilience and sustainability of rural regions.

Keywords: carbon farming; sustainable agriculture; EU Common Agricultural Policy;
direct payments; eco-scheme

1. Introduction

Nowadays, the greatest threat to the development of civilisation is climate change.
In response to this challenge, it is necessary to adapt to changing climatic conditions
and take decisive action to reduce greenhouse gas emissions. One solution is sustainable
agriculture, an approach to agricultural production that harmoniously combines economic
and social goals with environmental requirements. Its main objective is the effective use
of natural resources such as soil, water, and energy in a way that minimises negative
environmental impacts while ensuring production profitability and social acceptance [1].
The intensification of agriculture over recent decades—driven by the increasing demand
for food production—has led to significant changes in the natural environment. Intensive
land use, focused mainly on maximising the yield of plant and animal production through
the use of chemicals, cultivation of new crop varieties and mechanisation, has brought
economic benefits but has also negatively impacted the environment. The consequences
of these practices include soil degradation, reduced biodiversity, increased greenhouse
gas emissions, and intensified erosion and landscape deprivation due to the introduction
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of so-called monocultures. This model of industrial agriculture is now heavily criticised,
primarily because of its negative externalities [2].

Regenerative agriculture offers solutions aimed at reversing the negative trends asso-
ciated with production intensification. Its core practices include maintaining plant cover
throughout the year (e.g., by incorporationg cover crops), using natural fertilisers, imple-
menting crop rotation, and reducing tillage. Promoting such sustainable farming practices
and developing policies that support farmers in adopting them is essential—not only for
ensuring food security but also for protecting our planet for future generations [3]. In the re-
port “Climate Change and Land”, this model of agriculture is defined as a “sustainable land
management practice” that “can be effective in building resilience of agro-ecosystems” [4].
According to the Food and Land Use Coalition (FOLU), regenerative agriculture is one of
the ten critical transitions needed to transform food and land use systems. Their definition
includes practices that regenerate soil, reduce (though not necessarily eliminate) synthetic
pesticides and fertilisers, and go beyond minimising negative impacts by ensuring that
agriculture has a positive effect on the environment—while also maintaining high produc-
tivity levels [5]. Rhodos [6] defines regenerative agriculture as an alternative method of
food production that may have a lower—or even net positive—impact on the environment
and/or society. It is described as a holistic design that aims to grow as much food as possi-
ble using the least amount of resources in a way that revitalises rather than depletes soil,
while offering a solution to the problem of carbon sequestration. Rodale [7], on the other
hand, defines it as agriculture that “increases productivity levels, enhances the biological
base of our land and soil and has high built-in economic and biological stability”. By apply-
ing regenerative agricultural practices, not only can positive environmental outcomes be
achieved, but the resulting soil conditions also allow farmers to attain satisfying production
and economic results [3,8]. This type of farming creates opportunities to reduce input costs,
especially for energy, labour, fertilisers, and crop protection products [9].

An integral part of regenerative agriculture is carbon farming. Through restoring and
maintaining the yield potential of soil—which is a natural CO; sink—farmers can counteract
adverse climate changes by maximising organic matter content in the soil. Actions taken in
this regard are referred to as carbon farming. Some use the terms regenerative agriculture
and carbon farming interchangeably (although the authors argue that carbon farming
would not exist without regenerative practices). Undoubtedly, carbon farming is based on
regenerative agriculture principles, with its key goal being to increase CO, sequestration in
soil. In practice, this means that the use of regenerative methods not only helps mitigate
climate change but also improves soil structure and productivity (via increased organic
matter), enhances agroecosystem resilience to extreme weather conditions, and improves
the quality of produced food. The development of carbon farming is a result of the EU
policy direction, which has adopted regulations aimed at achieving climate neutrality.
According to the European Climate Law, greenhouse gas emissions and absorption in
the European Union (EU) must be balanced no later than 2050 [10]. Farmers will play
a significant role in achieving these goals, as they are now included in the system for
“managing” carbon dioxide and other greenhouse gases. In light of the additional benefits
that farmers may receive for applying carbon farming practices, the demand for knowledge
in this area is expected to grow in the coming years.

In Poland, carbon farming activities align with the EU’s Common Agricultural Policy
(CAP) for 2023-2027. The key institutional tool of this policy is eco-schemes, voluntary
financial mechanisms encouraging farmers to adopt environmentally and climate-friendly
practices. The total budget for eco-schemes amounts to EUR 44.7 billion, compared to
EUR 190 billion allocated to the entire CAP Pillar I for 2023-2027 [11]. According to the
European Commission’s recommendations, EU member states are required to allocate
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at least 25% of Pillar I funds for the years 2023-2027 to payments under eco-schemes.
However, member states may reduce this share, provided that they increase financial
allocations for environmental actions under Pillar II, which focuses on environmental
protection, supporting structural changes in agriculture and rural development [12].

In Poland, as per the Strategic Plan for the CAP 2023-2027, financial resources
amounting to EUR 25.2 billion are allocated for activities under both pillars. Of this,
EUR 17.3 billion from the EU budget is designated for direct payments (Pillar I), while
EUR 4.7 billion is allocated to rural development (Pillar II), supplemented with additional
national contributions [13].

The so-called area-based eco-schemes are annual environmental interventions im-
plemented under the direct payment system. In 2023, Poland introduced five area-based
eco-schemes:

1. Carbon farming and nutrient management;

2. Areas with melliferous plants;

3. Water retention on permanent grasslands;

4. Plant production under the Integrated Plant Production scheme;
5. Organic crop protection.

Additionally, from 2024, farmers could apply for payments under the new eco-scheme
“Decoupled land” and from 2025 under the eco-scheme “Seed material: elite and certified
categories” [14]. Practices that directly support carbon farming have been included in the
Strategic Plan of the CAP 2023-2027 under the eco-scheme “Carbon farming and nutrient
management”. It is one of the most comprehensive eco-schemes in Poland. This interven-
tion supports nine practices that increase carbon storage in soil, capture atmospheric CO,
in plants, and reduce its emissions.

Eco-schemes represent an innovative agricultural policy tool aimed at achieving the
EU’s climate and environmental goals, and their implementation started in 2023. Con-
sequently, both in Poland and other European countries, a significant gap in research
focused on identifying the determinants of the successful implementation of this initiative
is observed. Understanding the various patterns and factors influencing the implementa-
tion of specific public interventions, such as carbon farming eco-schemes, across different
levels of the CAP governance, is a topic that has not been extensively explored. This
issue is particularly critical due to the highly spatially differentiated nature of agriculture,
which varies significantly in terms of climate and environmental conditions, as well as the
socio-economic structures in Poland and other EU member states. The empirical analyses
presented here fit into a reflection on the dilemma between the rationale of achieving
common environmental and climate objectives (fiscal vs. environmental federalism) and
the need for solutions better targeted to local and regional needs (place-based policy). In
addition to advancing theoretical knowledge, conducting such analyses serves to provide
robust scientific arguments for more effectively aligning agricultural policy tools with the
real needs of beneficiaries, increasing the efficiency of resource use, and supporting the sus-
tainable development of rural regions. Moreover, insights presented here may contribute
to the ongoing debate on the CAP post-2027 reform, particularly in efforts to enhance its
decentralisation and regionalisation [15,16]. Providing robust spatial and socio-economic
data supports the decision-making process, including the implementation of new pro-
grams aimed at achieving climate goals and advancing carbon farming in Poland and other
EU countries.

The aim of this study is to identify selected determinants of the spatial distribution of
participation in the carbon farming eco-scheme in Poland, taking into account differences
resulting from the farm size structure. The analytical context also includes variations in
agricultural structures, diverse farming conditions, and other socio-economic factors that
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may influence the spatial differentiation of farm participation in carbon farming practices.
The conducted empirical research seeks to answer the following research questions:

1. Does farm size influence the occurrence of spatial clusters in terms of participation
and payment levels within the carbon farming eco-scheme?

2. What are the spatial patterns of participation in the eco-scheme across different farm
size groups, and how do these patterns change over time?

3. Is there a spatial correlation between farm size and payment levels? What does this
imply about the direction and effectiveness of agricultural policy?

4. How do counties with the highest and lowest levels of agricultural support, number
of beneficiaries, and farm size differ in terms of agricultural structure, socio-economic
characteristics, and rural area typologies?

2. The Role of Carbon Farming in Sustainable Agriculture

Sustainable agriculture is a comprehensive concept based on three fundamental pillars:
economic, social, and environmental [17-19]. This concept aims to strike a balance between
agricultural production efficiency, concern for societal well-being, and the protection of
the natural environment. Modern forms of sustainable agriculture began to take shape
in Europe only in 1992 when the reform of the CAP placed emphasis on ecological as-
pects by integrating agri-environmental policy with farming practices. The CAP reform
marked a breakthrough by linking rural development issues, ensuring appropriate eco-
nomic conditions for farmers and integrating environmental protection principles into
agricultural practices. These actions aimed to improve the quality of life in rural areas and
ensure the long-term profitability of the agricultural economy while also working toward
environmental protection. The CAP is one of main EU policy, managed and funded at
the European level from the Union’s budget. Its goals include supporting farmers and
improving agricultural efficiency by ensuring a stable supply of food at affordable prices
while also raising farmers’ living standards—contributing to the development of rural
areas. A key component of the CAP is the promotion of the sustainable management of
natural resources, combating climate change, and protecting rural areas and landscapes
across the Union, all of which support biodiversity conservation.

Sustainable agriculture is a term with various definitions in the literature, but a com-
mon denominator among most of them is the aim to organise agricultural production
in a way that does not cause negative environmental changes—or seeks to minimise
them—while eliminating resource degradation. The difficulty in defining this term stems
from diverse methods of describing and measuring agricultural phenomena, as well as
the considerable organisational and functional complexity of agriculture, production di-
versity, regional differences in management conditions, and the complexity of economic,
demographic, and social processes—unparalleled in other types of economic activity [20].

In 1987, the Food and Agriculture Organization (FAO) of the United Nations adopted
the following definition of sustainable agricultural development: “Sustainable develop-
ment involves the utilisation and conservation of natural resources and the shaping of
technologies and institutions in such a way as to meet the needs of present and future
generations. Such development in agriculture, forestry and fisheries, through the conser-
vation of soil, water resources, plants, and animal genetic resources, does not degrade
the environment, uses appropriate technologies, is economically viable, and is socially
acceptable” [21].

According to Stinner and Blair [22], sustainable agriculture differs from conventional
high-input agriculture because it focuses on long-term yield stability with minimal envi-
ronmental impact rather than short-term goals like yield maximisation. Kutkowska [23]
emphasises that sustainable agriculture is a farming system that combines economic, so-
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cial, and ethical priorities with ecological security. This is achieved through appropriate
management, rational use of ecosystem self-regulation mechanisms, and scientific and
technological progress. In practice, this primarily means reducing intensive production
characterised by heavy chemical inputs and excessive mechanisation. At its core lies the
principle of ensuring the longevity of agricultural systems by minimising negative envi-
ronmental impacts, optimising resource utilisation, and enhancing resilience to external
shocks [24].

Sustainable agricultural development has become a key component of the European
Green Deal, a comprehensive policy agenda aimed at transitioning toward a climate-neutral,
circular economy [25]. A crucial element of this strategy is the “Farm to Fork” initiative,
which sets ambitious goals for reducing greenhouse gas emissions, promoting organic
farming, and protecting biodiversity within the agricultural sector [26,27].

Carbon farming plays a key role in sustainable agricultural development, primar-
ily through the sequestration of carbon dioxide (CO;) in the soil, which contributes to
mitigating climate change.

Contemporary global changes—such as advancing globalisation, technological devel-
opment, and economic growth—are leading to significant transformations in the natural
environment. One of the most significant consequences is the sharp increase in carbon
dioxide emissions, which drives global warming. Data analysis shows that CO;, emissions
rose from about 5 billion tons per year in the mid-20th century to over 35 billion tons
per year at the turn of the 21st century [28]. As a result, many institutions recognise the
growing CO, emissions as the most urgent issue that must be addressed.

Carbon farming is an approach aimed at both reducing carbon dioxide emissions
and storing this gas from the atmosphere in plants and soils using various agronomic
techniques. Definitions of carbon farming vary slightly depending on the author, but they
all focus on integrating agricultural methods that support carbon sequestration. Foley
et al. [29] view carbon farming as part of a more complex agricultural strategy, which seeks
to balance food production, environmental protection, and climate change by applying
practices that reduce greenhouse gas emissions and actively contribute to the absorption of
carbon dioxide from the atmosphere.

Lal [30], one of the pioneers of research on carbon farming, sees it as a set of practices
that contribute to long-term carbon storage in the soil. He lists practices such as the use of
compost, organic fertilisers, and minimal soil tillage, and the introduction of agroecosys-
tems that enhance the efficiency of carbon sequestration. Similarly, according to Jarosz
et al. [31], carbon farming consists of practices that minimise greenhouse gas emissions
while maximising carbon uptake in the soil. These include techniques such as appropriate
crop cultivation, implementation of strip farming, soil quality improvement, and crop
rotation. The FAO defines carbon farming in a similar way. It understands carbon farming
as a set of activities aimed at increasing carbon sequestration in the soil, improving its
health, and enhancing the productivity of agricultural production [32].

Carbon-absorbing cultivation can also be defined as an ecological business model in
which land managers are rewarded for adopting improved land management practices
that lead to increased carbon sequestration in biomass, dead organic matter, and soil by
enhancing CO, capture or limiting the release of carbon dioxide into the atmosphere. This
is performed in accordance with ecological principles that support biodiversity and benefit
overall natural capital [33].

In light of the expected outcomes of carbon farming—namely, carbon dioxide se-
questration and the reduction of existing emissions, as well as the avoidance of future
greenhouse gas emissions—specific agronomic and technological practices have been iden-
tified for support and promotion under the framework of carbon farming. Examples of
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supported practices include restoring wetlands and peatlands, establishing agroforestry
systems, maintaining and increasing organic carbon content in soil and effective livestock
and manure management, as well as nutrient management on arable land and grasslands.
Through these practices, carbon farming becomes a foundation for achieving carbon neu-
trality goals, contributing both to climate change mitigation and the protection of natural
resources [33].

3. Eco-Scheme—A Support Policy for Carbon Farming in Poland

The EU’s climate goals are extremely ambitious and achieving climate neutrality by
2050 requires member states to adapt their strategies and implement effective methods
for reducing greenhouse gas emissions across all sectors of the economy. The reduction
in greenhouse gas emissions through the implementation of carbon farming practices in
the EU has been estimated at 101-444 Mt CO,-eq per year [34]. According to data from the
Intergovernmental Panel on Climate Change (IPCC), one hectare of agricultural land where
regenerative farming practices are applied can sequester between 0.4 and even 3 tons of
CO; annually, whereas, in the case of peatlands and forests, sequestration may reach up to
8.6 Gt COy-eq per year [35].

Carbon farming plays a significant role in reducing greenhouse gas emissions in the
agricultural sector. Therefore, governments and international organisations are introducing
financial support programs for farmers who decide to adopt sustainable agricultural
practices.

Eco-schemes are a new tool under Pillar I of the CAP, and there have been and
continue to be great expectations that they will support the implementation of the goals of
the European Green Deal as they pertain to agricultural management. These policy goals
include, among others, supporting fair farmer incomes, increasing the competitiveness
of farms, improving farmers’ position in the value chain, combating climate change, and
protecting the environment and biodiversity [36]. EU countries have developed national
CAP Strategic Plans to help achieve these objectives, taking into account local needs and
conditions [14].

Although eco-schemes are a new instrument in agricultural policy, their significance
goes beyond the political sphere and has become a subject of interest to the scientific
community. Researchers are analysing the effectiveness of these practices in terms of envi-
ronmental protection and economic efficiency, and evaluating their impact on biodiversity,
soil quality, and the adaptation of agriculture to climate change [37-45].

Eco-schemes are mandatory for all member states but voluntary for farmers [46,47].
They are annual, additionally paid practices tailored to national conditions and needs
but evaluated by the European Commission in terms of achieving the environmental and
climate objectives of the new CAP [48]. In Poland, eco-schemes have been designed to
promote practices that translate into farm incomes by increasing soil fertility and rational
fertilisation, and improving crop quality. The main mechanism for this is the carbon
farming eco-scheme, under which farmers can choose from eight available practices that
best suit their needs.

The practices covered by the eco-scheme include the following [49]:

1. Extensive use of permanent grasslands with livestock grazing—maintaining meadows
and pastures through grazing, which supports the increase in organic matter content
in the soil.

2. Winter catch crops or undersown crops—sowing cover crops during the autumn-
winter period to protect the soil against erosion and increase its fertility.

3. Development and compliance with a fertilisation plan:

a.  Basic variant—preparation of a fertilisation plan tailored to crop needs.
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b.  Variant with liming—additionally includes liming to improve soil pH.

4.  Diverse crop structure—cultivating various crops to increase biodiversity and improve
soil structure.

5. Incorporation of manure into arable land within 12 h of application—quick mixing of
manure with soil limits ammonia emissions and improves fertilisation efficiency.

6.  Application of natural liquid fertilisers using methods other than splashing—applying
liquid fertilisers in ways that reduce nutrient loss.

7. Simplified tillage systems—using methods that minimise soil disturbance, such as
no-till farming, which supports increased soil organic carbon content.

8. Incorporation of straw into the soil—leaving and mixing straw after harvest to enrich
soil with organic matter.

Each of the above practices is assessed using a point system, where 1 point corresponds
to a specified payment amount. To qualify for the eco-scheme, the farmer must obtain a
minimum number of points, which equals the number of points awarded for implementing
the highest-rated practice on at least 25% of the agricultural land on the farm. To benefit
from the eco-schemes, a farmer must meet specific criteria (e.g., maintain appropriate
documentation, such as an agrotechnical log, and submit statements or geotagged photos
confirming the implementation of the practice) and submit an application for payment to
the The Agency for Restructuring and Modernisation of Agriculture (ARMA), which is a
public body implementing the instruments co-financed from the EU’s budget as well as
providing of aid from national funds.

Subsidies for implementing individual practices are calculated based on the number of
points assigned to them. In 2023, the value of 1 point was PLN 104.89. It is noteworthy that
the greatest interest was not directed towards the practices with the highest point values,
but rather towards those that were the most straightforward for farmers to implement. At
the start of the scheme “Carbon farming and nutrient management”, 393,651 farmers in
Poland submitted applications, covering nearly 8 million ha (7,648,652.39 ha) (ARMA, as of
11.2023) [50]. This represented as much as 79.6% of all eco-schemes submitted nationwide.

Based on the number of applications submitted, the three most popular prac-
tices nationwide were “incorporation of straw into the soil” (229,050), “winter catch
crops/undersown crops” (153,814), and “incorporation of manure into arable land within 12 h
of application” (106,869). It should be emphasised that the selected practices had already been
widely used by farmers and the introduction of payments aimed to reward their earlier efforts
in preserving soil structure, specifically through maintaining or increasing the levels of organic
matter and nutrients in the soil. However, the results of the analysis of the area declared for
individual practices present a different picture. Nearly 5 million ha were declared under two
carbon farming practices: “simplified tillage systems” (2,683,495.40 ha) and “incorporation
of straw into the soil” (2,180,127.04 ha). In third place was “diverse crop structure”, with
an area of 1,529,942.07 ha reported under this practice. The least interest among farmers
was shown for the practice “development and compliance with a fertilisation plan”, par-
ticularly its liming variant, for which only 5356 applications were submitted (covering
147,692.20 ha) (see Figure 1).
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Figure 1. Structure of individual practices within the eco-scheme “Carbon farming and nutrient
management” (based on the declared area). Source: own elaboration based on data from ARMA (as
of 11.2023) [50].

An analysis of the data reveals clear regional variations, both in terms of the number
of applications and the size of the declared area. The wielkopolskie and mazowieckie
voivodeships stand out compared to other regions in terms of the area covered by eco-
schemes (1,023,044.96 ha and 790,496.09 ha, respectively). In the case of the most popu-
lar practice, “simplified tillage systems”, the leader was the wielkopolskie voivodeship
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(407,379.33 ha), which is linked to its specific agrarian structure. Notably, the Polish CAP
Strategic Plan allocated 800,000 ha for this practice using the simplified system, whereas
farmers submitted applications for a total of 2,683,495.40 ha. This situation was related
to a change in the payment rate. However, it should be noted that, according to the rules,
farmers were allowed to combine several eco-schemes within a single application, which
makes it difficult to assess the true scale of interest in this form of support.

4. Materials and Methods
4.1. Materials

An empirical analysis was conducted for Poland, one of the largest recipients of finan-
cial support from the European Union budget. This study focuses on regional disparities
in agricultural support, using data aggregated at the county (powiat, NUTS 4) level. The
county (powiat) is a second-level administrative unit in Poland, situated between the munic-
ipality (gmina, NUTS 5) and the voivodeship (wojewé6dztwo, NUTS 2). It plays a key role
in the Poland’s administrative structure, managing responsibilities that exceed the scope
of individual municipalities but do not require intervention at the regional (voivodeship)
level.

To achieve the stated research objective, a review of the relevant literature was con-
ducted, supplemented by the use of data from several official national sources, covering
both administrative and statistical domains. Information on the farm area, number of
beneficiaries, and the amount of payments for the carbon farming eco-scheme for the years
2023 and 2024 was obtained from the ARMA, which manages the distribution of EU and na-
tional agricultural subsidies in Poland. Data on the total number of farms, dominant types
of farming specialisation, and farm economic class sizes were sourced from the Central
Statistical Office in Poland (Statistics Poland), based on the agricultural census conducted
in 2020. These data provided a structural overview of Polish agriculture (see Appendix A).
In addition, the typological classification of rural areas was derived from the Monitoring of
Rural Areas Development based on data available for the year 2023 [51], which categorises
municipalities according to functional, economic, and demographic characteristics.

4.2. Methods

In order to investigate the spatial dependence of farm area and payment amounts by
farm size, we applied the global and local Moran's I statistics. These methods enable the
detection of spatial autocorrelation, providing insight into whether the value of a variable
in a given location is influenced by values in neighbouring areas [52,53]. Additionally, to
explore the spatial relationship between these two variables, we used the global spatial
cross-correlation index (GSCI), which allows for assessing the degree of co-dependence
between spatial patterns of distinct variables.

4.2.1. Global and Local Autocorrelation

Global Moran’s I is among the most commonly used measures of spatial autocorre-
lation. It is especially valuable for assessing whether the observed spatial distribution
of a phenomenon is random, clustered, or dispersed. This measure was originally intro-
duced by [54] and later formalised and expanded in the fields of spatial econometrics and
geographic information science [55,56]. The statistic is defined as follows:

_ Y Y wij(xi — %) (x; — %)
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where x; is the observed value in spatial unit I, X is the mean of all observed values, w;; is
the spatial weight between units I and j, and 7 is the number of spatial units. The spatial
weights matrix W = [wi]'] reflects the spatial structure and was row-standardised so that
each row sums to 1.

Positive spatial autocorrelation (I > 0) means that similar values (either high or low)
tend to cluster together. Negative spatial autocorrelation (I < 0) indicates that dissimilar
values are neighbours, suggesting spatial dispersion (hot spots). As noted by [53], when the
spatial weights matrix is appropriately defined, the Moran’s I statistic can be interpreted
as a form of a weighted correlation coefficient. It serves to identify spatial patterns in the
distribution of variable x, specifically by testing whether adjacent regions exhibit greater
similarity in their values than would be expected under a random, purely stochastic process.
The significance of the Moran'’s I statistic can be assessed either through theoretical moments
or a permutation-based approach. If the theoretical mean (expected value) of Moran’s I
approximates zero, it is interpreted as an indication of spatial randomness. To estimate the
theoretical variance in the statistic, the randomisation method was employed [56,57].

To visualise spatial autocorrelation in each county, we employed a Moran scatterplot,
displayed as a map based on the local Moran’s ] statistic. This map categorises data into
four quarters (see Table 1), each indicating distinct spatial relationships:

Table 1. Relationships between regions and neighbours.

Low Values in Region (L) High Values in Region (H)
High values in neighbours (H) LH: negative autocorrelation HH: positive autocorrelation
Low values in neighbours (L) LL: positive autocorrelation HL: negative autocorrelation

Source: own elaboration based on Kopczewska [52].

This interpretation helps identify local clusters (HH—high value in the region with
high values in neighbours, LL—low value in the region with low values in neigh-
bours) and spatial outliers (HL—high value in the region with low values in neighbours,
LH—Ilow value in the region with high values in neighbours), providing a diagnostic tool
for detecting spatial heterogeneity and potential spatial regimes.

The global Moran’s I provides a synthetic measure indicating whether clustering exists
across the entire study area, making it useful for general assessments. However, it does not
identify where such clusters occur or their nature. In contrast, local Moran’s I highlights
specific areas of high or low spatial association, offering detailed insights into spatial
patterns. It enables the detection of regions that strongly influence the formation of local
clusters, the investigation of non-random local clusters, so-called hot spots, local instability,
significant outlier observations, and spatial regimes [58]. Despite this advantage, local
statistics are more sensitive to multiple testing issues and spatial outliers. Both methods
depend heavily on the definition of spatial weights and assume stationarity, which can
limit their interpretability in heterogeneous landscapes.

4.2.2. Global Spatial Cross-correlation Index

The GSCI is a measure designed to capture the spatial dependence between two
variables across a given geographic area. Proposed by [59], the index extends the traditional
concept of spatial autocorrelation by quantifying the cross-correlation between two different
variables rather than a single variable’s spatial distribution. The GSCI can be expressed as
the sum of two components:

Re = xTWy 3)
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Chen [59] shows that the following relationship exists between Pearson’s linear corre-
lation coefficient and the GSCI:
Ro=Rc+Ry 4)

where Ry is the overall spatial cross-correlation (Pearson linear correlation coefficient), Rc
is the indirect component, capturing the influence of spatial effects, and R, is the direct
component, reflecting the correlation between variables that is not explained by the spatial
structure. This index provides a global perspective on how strongly and in what manner
two variables co-vary in space, offering insight into their spatial co-distribution patterns.

5. Results
5.1. Farm Size and Spatial Clustering in the Carbon Farming Eco-Scheme over Time

In order to examine the spatial patterns pertaining to the uptake and distribution of
carbon farming payments (eco-scheme) in Poland, a spatial statistical analysis employing
the Global Moran’s I statistic was performed (see Table 2). This analysis was categorised
by farm size to evaluate spatial dependencies across two dimensions: the total number of
beneficiaries and the average payment amount (in EUR) received per beneficiary at the
county (powiat) level for the years 2023 and 2024.

Table 2. Results of global Moran I test under randomisation.

Share of Beneficiaries Share of Beneficiaries Average Pavment Average Pavment
Farm Size in the Total Number of in the Total Number of %2023)}’ %202 4)y
Farms (2023) Farms (2024)

<15 ha 0.277 0.306 0.339 0.395
15-30 ha 0.580 0.577 0.158 0.183
30-50 ha 0.633 0.612 0.151 0.200
50-100 ha 0.644 0.610 0.138 0.194
>100 ha 0.635 0.543 0.214 0.255

For all results of the global Moran I test, the p-values were below 0.01. Source: own calculation.

For farms with an area smaller than 15 ha (see Figure 2), the spatial autocorrelation of
the number of beneficiaries demonstrated a positive and statistically significant correlation,
registering at 0.28 in the year 2023, and experiencing a marginal increase to 0.31 in 2024.
Notable low-value clusters were predominantly identified in the southern, north-western,
and north-eastern regions of Poland in 2023; however, in 2024, these clusters extended into
the central-eastern areas. The mean payment amount exhibited a heightened level of spatial
autocorrelation, rising from 0.34 in 2023 to 0.39 in 2024, thereby distinctly highlighting
high-value clusters in the northern regions and low-value clusters in the southern regions.

Farms with an area of 15 to 30 ha (see Figure 3) exhibited a considerably higher
spatial autocorrelation in the number of beneficiaries, recorded at 0.58 in both 2023 and
2024. Notably, prominent low-value clusters were detected in the south-eastern and
central-eastern regions, while high-value clusters emerged distinctly in western Poland.
In contrast, the spatial autocorrelation pertaining to average payments was significantly
weaker, measured at 0.16 in 2023 and 0.18 in 2024, lacking a clear cluster formation.
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Figure 2. Spatial autocorrelation in the group of farms up to 15 ha. Source: the author’s own
elaboration.
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Figure 3. Spatial autocorrelation in the group of farms of 15-30 ha. Source: the author’s own
elaboration.

For farms ranging from 30 to 50 ha (see Figure 4), spatial autocorrelation among
beneficiaries exhibited a pronounced strength, as evidenced by Moran’s I values of
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0.63 and 0.61 for the years 2023 and 2024, respectively. This phenomenon was typified by
clear low-value clusters predominantly located in south-eastern Poland, while high-value
clusters displayed a notable shift towards north-western regions in 2024. In contrast, the
autocorrelation of average payments was markedly weaker, recording values of 0.15 in
2023 and 0.20 in 2024, and it exhibited no recognisable clustering patterns.

Share of beneficiaries in the total number of farms (2023) Share of beneficiaries in the total number of farms (2024)

@ | quarter - HH @ | quarter - HH
® || quarter - LH @ |l quarter - LH
B ||l quarter - LL | |l quarter - LL
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Average payment (2023) Average payment (2024)
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B || quarter - LH B || quarter - LH
| |ll quarter - LL B ||l quarter - LL
O IV quarter- HL O |V quarter - HL

Figure 4. Spatial autocorrelation in the group of farms of 30-50 ha. Source: the author’s own
elaboration.

Within the category of farms ranging from 50 to 100 ha (see Figure 5), the Moran’s I
statistic for the number of beneficiaries peaked at 0.64 in 2023, subsequently experiencing a
slight decline to 0.61 in 2024. These data reveal prominent low-value clusters situated in
eastern Poland, alongside high-value clusters apparent in the western regions. Conversely,
the spatial autocorrelation of average payments exhibited a modest value of 0.14 in 2023,
with a slight increase to 0.19 in 2024, indicating the formation of low-value clusters in
southern Poland.

In the case of the largest farms, exceeding 100 ha (see Figure 6), the spatial autocorrela-
tion of beneficiary distribution demonstrated a notably strong correlation (0.63 in 2023, 0.54
in 2024). This observation highlights a distinct spatial regime characterised by high-value
clusters situated in western Poland, in contrast to low-value clusters located in the eastern
regions. Furthermore, the spatial autocorrelation of average payments, while relatively
low, remained statistically significant (0.21 in 2023 and 0.26 in 2024), thereby indicating the
existence of low-value clusters in the south-eastern region of Poland.
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Figure 5. Spatial autocorrelation in the group of farms of 50-100 ha. Source: the author’s own
elaboration.
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Figure 6. Spatial autocorrelation in the group of farms over 100 ha. Source: the author’s own
elaboration.

The analysis reveals that uptake clustering tends to increase with the size of the farm,
indicating that larger farms demonstrate a greater regional concentration with respect to the
adoption of eco-schemes in carbon farming, potentially reflecting the spatial distribution
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characteristic of farms in Poland. In contrast, payment clustering exhibits an inverse trend,
diminishing as farm size increases. It is noteworthy that the strongest spatial dependency
with regard to payment amounts is observed among the smallest farms, signifying a more
localised spatial regime. Furthermore, an inverse relationship exists between uptake and
payment spatial regimes: smaller farms exhibit more spatial structures in payments relative
to uptake, whereas larger farms display the opposite pattern. These findings imply that
diverse policy drivers and spatial mechanisms are influencing the adoption of eco-schemes
in a manner distinct from the magnitude of financial benefits across different farm scales.

5.2. Spatial Correlation Between Farm Size and Payment Levels

Considering the emerging spatial patterns, we delved deeper into the connection
between farm size and payment amounts by utilising the GSCI for 2023 and 2024 (see
Table 3). This approach enabled us to assess the extent of spatial co-dependence between
these two factors throughout all Polish counties, offering a further understanding of how
the spatial arrangement of farm sizes may influence or relate to the spatial distribution of
support under carbon farming.

Table 3. Results of spatial cross-correlation between total farm area and payments under carbon

farming.
2023 2024
GSCI (p-value) 0.096 (0.00) 0.102 (0.00)
Pearson correlation 0.983 0.884
Spatial effect 9.8% 11.5%
Cross-correlation effect 88.5% 87%

Source: own calculation.

The spatial cross-correlation results in Table 3 reveal that for both 2023 and 2024,
the global spatial cross-correlation index is statistically significant (p-value = 0.00). This
indicates a correlation between total farm area and payments under the eco-scheme on
carbon farming, as well as spatial clustering. In 2023, the GSCI value stands at 0.096, with a
Pearson correlation of 0.983, suggesting that approximately 9.8% of the total correlation
between these variables is due to spatial relationships. Likewise, in 2024, this spatial
contribution slightly rises to 11.5% (GSCI = 0.102, Pearson correlation = 0.884). This suggests
that while the overall linear correlation declines slightly over time, spatial dependence
increasingly influences this relationship. The cross-correlation effect, representing the
portion of Pearson correlation not explained by spatial dependence, remains dominant in
both years—at 88.5% in 2023 and 87% in 2024. This highlights that temporal or non-spatial
factors are more significant in the observed correlation between farm area and payments.
These findings support the idea that while spatial effects are meaningful, broader systemic
or policy-driven influences are more critical. However, the rise in the spatial share from
2023 to 2024 may indicate emerging localised patterns or more spatially targeted policy
adjustments.

5.3. Differences in Agricultural Structure and Rural Characteristics Across Counties with Varying
Support Levels

In the final stage of the analysis, we examined the best- and worst-performing counties
in terms of the number of beneficiaries, total farm area, and total payment amounts (see
Figure 7 and Tables 4 and 5). This case-based approach enabled a deeper interpretation of
spatial patterns and helped identify outliers in the dataset.
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O Not selected

B Bottom 4
B Top4

Figure 7. Top and bottom counties. Source: the author’s own elaboration.

Table 4. Top and bottom counties by number of beneficiaries, area, and payments under the carbon

farming eco-scheme.

((:‘(;u.ntdei;Fe Plju(;nbe: oi Total Areain  Total Payments Plj;;nlc)::soii Total Areain  Total Payments
otvodeship ocucers 1 2023 in ha in 2023 in EUR u 2024 in ha in 2024 in EUR
Name) 2023 2024
Bottom 4
 skarzyski 53 489.54 48,971.6 53 500.55 17,000.9
(Swietokrzyskie
chrzanowski 53 540.66 45,474.8 57 674.24 9879.1
(matopolskie)
leski 57 390.48 33,654.5 53 374.21 14,974.1
(podkarpackie)
bieszczadzki 70 649.42 71,362.8 51 519.29 18,083
(podkarpackie)
Top 4
poznariski 2221 99,247.04 10,718,100 2203 101,108.14 4,400,240
(wielkopolskie)
plocki - 4181 75,346.24 6,740,087 4086 77,087.66 1,268,832.9
(mazowieckie)
bialski (lubelskie) 5070 69,450.05 6,584,446.2 5110 73,528.46 3,031,713.3
lubelski (lubelskie) 6269 68,620.47 5,201,413.3 6345 71,041.75 1,794,490

Source: Agriculture Restructurisation and Modernisation Agency in Poland.

A detailed comparison between the best- and worst-performing counties in terms of

agricultural payments, farm area, and number of beneficiaries reveals a clear divide shaped
by both structural and socio-economic factors. The worst-performing counties (skarzyski,
chrzanowski, leski, and bieszczadzki) are all located in the less agriculturally developed
voivodeships of south-eastern and central Poland. These areas exhibit low numbers of
producers (ranging from 51 to 70 in both years), small total farm areas (between ~374 and
675 ha in 2024), and very modest total payments on carbon farming, with some counties
showing a sharp decline in support—most notably skarzyski and chrzanowski, where
payments in 2024 dropped by over 60% compared to 2023.
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These counties are characterised by dominant low-value farming systems, primarily
field crops, grazing livestock, and a significant share of unclassified agricultural activity.
The economic potential of farms is extremely limited—over 60% of producers in these
counties belong to the lowest economic class (less than EUR 2000 SO). This reflects a highly
fragmented agrarian structure and low market orientation. Additionally, these counties fall
within rural typologies, such as rural areas with dispersed agriculture and multiple sources
of income or urbanised rural areas with reduced agriculture, suggesting marginalisation in
terms of agricultural function and a dependence on non-farm income sources.

In contrast, the best-performing counties (poznanski, ptocki, bialski and lubelski)
are spread across agriculturally strong regions, primarily in central and eastern Poland.
These counties report vastly higher numbers of producers (over 2000 and up to 6300),
significantly larger agricultural areas (between 69,000 and 101,000 ha in total in 2024),
and the highest payment on carbon farming, although some also experienced a drop in
total payments (e.g., poznanski). Farming systems in these counties are specialised and
market-oriented, with a dominance of field crops and a more balanced inclusion of mixed
and livestock farming. Economic class structures are significantly more varied, lacking
a dominant class. From the perspective of a socio-economic development typology, the
aforementioned leading counties are situated within more functionally dynamic rural
regions, which include multifunctional rural areas characterised by a balance of sectors,
highly urbanised rural areas, or regions predominantly dedicated to traditional agriculture.

6. Discussion

Eco-schemes designed to achieve climate and environmental objectives are a vital
part of the EU’s new and improved green agricultural policy. This policy aims to promote
agriculture in the EU that is sustainable economically, socially, and environmentally. Eco-
schemes account for one-quarter of the total allocation for direct payments, highlighting
their importance in fostering sustainable agricultural practices in Europe [60]. Carbon
farming and other proposed eco-schemes form a key element of the new reform of the
EU CAP 2023-2027 and the implementation of EU strategies under the European Green
Deal (the Farm to Fork and Biodiversity strategies) [48]. Our study showed that carbon
farming turned out to be the relatively most popular instrument among all the eco-schemes
implemented under the CAP in Poland during the analysed period. This eco-scheme in-
volved the implementation of eight environmentally and climate-friendly farming practices,
which provide compensation for incurred costs and rewards for generating public goods
like carbon sequestration [29]. This mechanism was originally designed as a response
to growing consumer expectations for agricultural policy to promote healthier and more
environmentally, climate-friendly, and sustainable agriculture [1,6].

However, from the beginning of the implementation process of this instrum-
ent—intended to encourage voluntary but above-standard actions on farms—a number
of controversies and practical difficulties have been faced. In the first two years of their
perpetration (2023 and 2024), only a third of the total number of farms in Poland (around
390 thousand) used them. The new CAP proposal, which includes eco-schemes, has faced
criticism from farmers not only in Poland but also across other EU countries [61]. Regard-
less of the various reasons for protest, the limited adoption of these instruments could be
attributed to political factors, including farmers’ resistance to new tighter solutions with
greater environmental ambitions and errors in their creation and implementation at both
the EU and member state levels [62]. The eco-schemes, along with other new components
of the revised agricultural policy, were often perceived not as voluntary environmental
solutions intended to improve farming conditions and the natural environment but as
measures leading to income reductions and the next set of complex and burdensome
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administrative obligations, often described as an ‘iron cage’ of bureaucracy imposed on
beneficiaries [63].

Comparative insights from other EU countries reinforce the need to revise the ap-
proach to eco-shemes. As highlighted in a recent cross-country analysis by BirdLife and
NABU [64], the uptake and effectiveness of eco-schemes vary significantly across EU mem-
ber states. In countries such as Spain or the Netherlands, nutrient management and carbon
farming schemes recorded high levels of adoption—often surpassing 100% of planned
areas. However, many of these schemes supported practices that were already widespread,
resulting in limited additional environmental value. Similarly, in the Netherlands, the popu-
larity of simple measures with a low environmental impact reflects a menu-based approach
geared toward maximizing farmer participation. Conversely, biodiversity-oriented mea-
sures, like flower strips or landscape elements, although ecologically ambitious, faced low
uptake due to their complexity and insufficient financial incentives. Poland demonstrates
a similar pattern, where more demanding practices—despite their ecological potential—
attracted fewer applicants. This evidence supports the argument that one-size-fits-all
support mechanisms are suboptimal. Regionally differentiated eco-schemes, including
tiered payments or region-specific practice menus, are increasingly recommended to better
reflect agricultural realities.

Nevertheless, it is essential to interpret the effectiveness and reception of eco-schemes
and the entire new CAP framework (including new conditionality standards, which tied
the payment of direct subsidies to the fulfilment of specific requirements) not only in light
of their design and implementation features, but also within the broader macroeconomic
and geopolitical context. The scepticism toward eco-schemes and the broader CAP reform
package, particularly the new conditionality rules linking direct payments to environmental
compliance, was significantly reinforced by concurrent external shocks. These included the
economic and political repercussions of Russia’s aggression against Ukraine, as well as the
deterioration of global agri-food markets, both of which substantially undermined farm
income and production profitability. In such conditions, farmers” willingness to engage in
new, often complex environmental schemes diminished further, regardless of their potential
long-term benefits [65,66].

Although it is important to consider the general effects of political, administrative,
and market conditions on the implementation of carbon farming eco-schemes, our analysis
shows that in Poland, persistent spatial and structural factors at the local and regional
level had an impact on this process as well. Among these structural determinants, the
differentiated agrarian structure and the varying farm sizes, reflecting their economic
potential, were of importance. Firstly, our analysis showed that uptake clustering tends
to increase with the size of the farm, indicating that larger farms demonstrated a greater
regional concentration with respect to the adoption of eco-schemes in carbon farming,
potentially reflecting the spatial distribution characteristic of farms in Poland. The use
of carbon farming eco-schemes was greater in the counties of western, northern, and
south-western Poland—regions characterized by developed commodity agriculture and
more concentrated agricultural structures [67]. In both years analysed (2023 and 2024), the
observed spatial pattern showing greater participation in eco-schemes of group of larger
farms did not change over time.

Secondly, in the analysis, an inverse relationship between uptake and payment spatial
regimes was noted. In other words, the smaller farms exhibit more spatial structure in
payments relative to uptake, whereas larger farms display the opposite pattern. Larger eco-
scheme payments were generally received by small farms located in northern Poland com-
pared to those in the south, which may indicate differences in the number of eco-schemes
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per farm. This trend is associated with the relatively lower significance of commodity
agricultural production and farming activities for farm users in southern Poland [68].
Using the spatial cross-correlation, a strong, positive, and statistically significant rela-
tionship between farm size and the amount of support under carbon farming eco-schemes
was confirmed. This observation was in line with other studies [69]. Nonetheless, the spa-
tial effect for the correlation considered was relatively low, increasing from 9.8% to 11.5%
in 2023-2024, indicating the importance of other determinants. In general, larger farms
benefited more from carbon farming eco-schemes due to implementing more practices.
However, the limited scale of use suggests that eco-schemes should be designed to be
straightforward and tailored to the requirements of both larger and smaller farms. The
case-based approach implemented in this paper enabled a deeper interpretation of spatial
patterns and helped identify outliers in the dataset. A detailed comparison between the
best- and worst-performing counties in terms of agricultural payments, farm area, and
number of beneficiaries of carbon farming eco-schemes revealed a clear spatial divide
shaped by both structural and socio-economic factors. In the case of small farms located in
the eastern and particularly in south-eastern regions of Poland, the design, availability, and
scale of support for carbon farming eco-schemes should consider the unique characteristics
of agriculture in these areas. Often, this farming is not-marked oriented and constrained by
natural conditions. While it is essential to meet EU climate and environmental objectives,
the proposed support should also reflect a demand for the greater regionalisation of these
payments (while not making it more complex) as well as offer more training and infor-
mation activities for their users [37,70]. Better regionalised and tailored carbon farming
eco-schemes to address different productions systems, agrarian structures, and natural
constrains based on collaboration at different levels (farmers, advisors, central and regional
authorities) could increase farmer and societal acceptance for this CAP support [71,72].

7. Conclusions

Eco-schemes, introduced under the CAP 2023-2027, constitute a modern tool sup-
porting farmers in the adoption of environmentally and climate-friendly practices. It is
estimated that only one-third of all farms in Poland benefited from eco-schemes, and the
level of participation varied regionally. The relatively low and spatially varied interest
in eco-schemes (including carbon farming practices) among Polish farmers during the
initial phase of their implementation was due to complex factors. These were primarily
related to the fragmented agrarian structure and diverse natural conditions for conducting
agricultural activity.

It should be emphasised that the implementation of eco-schemes, including their
components, such as carbon farming, posed a challenge for public institutions responsible
for managing and executing the CAP in Poland (e.g., the Ministry of Agriculture and
the paying agency), as these were new policy instruments. The process of designing and
promoting eco-schemes (developing and disseminating the assumptions), followed by their
implementation (creating an appropriate organisational system, including regulations and
procedures) at the national level, progressed at a fast pace, dictated by legislative delays at
the EU institutional level. Consequently, implementing eco-schemes required numerous
actions and adjustments on the part of public administration bodies.

Our study of spatial patterns of uptake and payment distribution under the eco-
scheme “Carbon farming and nutrient management” in Poland in 2023 and 2024 revealed
significant regional differences in both the structure of beneficiaries and the distribution of
payments, with the size of farms having a clear influence on these patterns. An analysis
conducted at the county level using the Moran’s I statistic showed that the larger the farm,
the more pronounced the spatial concentration of both the number of beneficiaries and the
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amount of payments. The largest farms (over 100 ha) demonstrated strong concentration
in the western regions of Poland, while the smallest farms (under 15 ha) showed more
localised clustering, particularly in northern Poland.

An added value of the analysis was the consideration of differences in the spatial
structure of payments. The results showed that small farms exhibited a higher spatial corre-
lation regarding payment amounts, whereas larger farms had a less distinct concentration
of payments. This phenomenon may result from different agricultural policy mechanisms
that affect small and large farms in various ways.

This study also revealed differences between the best- and worst-performing counties.
The best results were recorded in regions with high agricultural potential, such as poznariski
county or plocki county, characterised by large agricultural areas and diverse farming
systems. In contrast, the worst results were observed in counties with less developed
agriculture, such as skarzyski county or chrzanowski county, where smaller, less diversified
farms with low agricultural income predominated.

This research highlighted the significant role of spatial and economic factors, particu-
larly farm size, in the implementation of eco-schemes in Poland. Our study was preliminary,
and further in-depth analyses are needed to better understand how these factors interact,
using varied data and research methods.

The relevance of this research is further underscored by the specific nature of eco-
schemes—while participation is voluntary for farmers and implementation is mandatory
for member states. As such, the design and scope of eco-schemes reflect each country’s
adopted “green strategy”. Member states are obliged to evaluate the effectiveness of their
environmental and climate-related measures, making analytical studies like this particularly
valuable. They offer critical insights into the actual uptake and perceived relevance of
interventions such as carbon farming eco-schemes, thereby supporting evidence-based
assessments of policy rationale.

Collaboration between public administration and the scientific community is crucial
for the effective implementation of eco-schemes. Thanks to scientific research, it is possible
to monitor the effects of these practices, identify the best solutions, and adapt agricultural
policies to evolving environmental and social challenges.
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Appendix A

To provide a more comprehensive context for the interpretation of spatial patterns
observed in the results, the following figures present additional structural characteristics
of agriculture at the county level. Specifically, they illustrate the total number of farms
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(Figure A1), the number of farms by economic size class (Figure A2), the number of farms

by type of farming (Figure A3), the number of beneficiaries of the carbon farming eco-

scheme (Figure A4), the total area covered by the carbon farming eco-scheme (Figure A5),

and the total payment for the carbon farming eco-scheme (Figure A6). These indicators

help to better contextualise the variability in the uptake of the eco-scheme by reflecting the

diversity of farming structures and production profiles across regions.
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Figure A1. Number of farms in 2020.
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Abstract: Ullucus tuberosus is an Andean region crop adapted to high-altitude environments and
dryland cultivation. It is an essential resource that guarantees food security due to its carbohydrate,
protein, and low-fat content. However, current change patterns in precipitation and temperatures
warn of complex scenarios where climate change will affect this crop. Therefore, predicting these
effects through simulation is a valuable tool for evaluating this crop’s sustainability. This study aims
to evaluate ulluco’s crop yield under dryland conditions at 3914 m.a.s.l. considering climate change
scenarios from 2024 to 2100 by using the AquaCrop model. Simulations were carried out using
current meteorological data, crop agronomic information, and simulations for SSP1-2.6, SSP3-7.0,
and SSP5-8.5 of CMIP 6. The results indicate that minimum temperature increases and seasonal
precipitation exacerbation will significantly influence yields. Increases in rainfall and environmental
CO, concentrations show an opportunity window for yield increment in the early stages. However,
a negative trend is observed for 2050-2100, mainly due to crop temperature stress. These findings
highlight the importance of developing more resistant ulluco varieties to heat stress conditions,
adapting water management practices, continuing modeling climate change effects on crops, and
investing in research on smallholder agriculture to reach Sustainable Development Goals 1, 2, and 13.

Keywords: Andean tuber; Ullucus; climate change; AquaCrop; yield response

1. Introduction

Tubers are important crops within Andean societies and their agro-food systems. They
are characterized by their resilience to the region’s adverse conditions. Among these crops,
ulluco is prominent in food security due to its fundamental role in the Andean population’s
diet [1,2]. Itis cultivated primarily in Peru, Bolivia, and Ecuador and is grown between 2000
and 4000 m.a.s.l. at temperatures between 11 and 13 °C [1-3]. Its nutritional contribution
is based on its high carbohydrate content (64.96-84.2%), between 8.5 and 15.7% protein
content, low-fat content (0.1-1.4%), fiber ranging 0.5-5%, and vitamin C [1,4,5]. Generally,
tubers are boiled before eating. Nonetheless, they can also be dried to turn into chufio
or milled into flour [6]. It is grown by more than 60 thousand producers in Peru, and
during 2023, a cropping area of 42,912 ha with a 7.62 t-ha~! average yield was reported,
generating a total production of 173,116 t [7]. On average, dryland ulluco cultivation
represents 82% of Peru’s cropping area of ulluco, widely located in the Quechua and Sunni
regions (94%). Monoculture patterns (86%) prevail over associations (14%) with crops such
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as corn, mashua, potatoes, quinoa, etc. [8]. Even though its productive potential is less than
other Andean tubers or roots [9], it is widely consumed in this region [1,10,11].

In the current context, climate change driven by carbon emissions from agriculture,
livestock, industry, and households affects global agriculture through extreme weather
events [12,13]. To research future impacts, the Working Group I (WGI) of the Intergov-
ernmental Panel on Climate Change (IPCC) analyzed historical information and Global
Climate Models (GCMs), generated as part of the Coupled Model Intercomparison Project
(CMIP) to broaden our comprehension about the process and effects linked to climate
change [14]. The fifth phase of the CMIP (CMIP5) analyzed future climatic projections
based on Representative Concentration Pathways (RCPs), which express the increase in the
most probable radiative forcing for 2100 [14]. Subsequently, the sixth phase’s report pro-
vided different socioeconomic development pathways to achieve each RCP, thus proposing
new levels of mitigation and adaptation actions to the effects of climate change [15]. These
new scenarios are named Shared Socioeconomic Pathways (SSPs). SSP 1 and SSP 5 both
propose increasing human development, differing in that the second proposes intensive
fossil energy consumption as a means to achieve this; SSP 3 and SSP 4 propose pessimistic
and inequitable development trends, while SSP 2 outlines continuity regarding historical
patterns [14,15]. O’Neill et al. [15] identified priority analysis scenarios to update and
cover information gaps of CMIP5 projections for RCPs—SSP1-2.6, SSP2-4.5, SSP3-7.0, and
SSP5-8.5.

With all this information, it is possible to use existing models to explore potential
yield changes in different crops. There are some experiences regarding modeling tuber
and root growth such as potatoes, cassava, and sweet potatoes under diverse climates and
water-available conditions [16-19]. Nevertheless, there is little research on crops in Andean
regions [20-23] or on native crops such as ulluco [24-28], despite its importance for Andean
food security and value in gourmet cuisine and industry.

AquaCrop is a model that simulates crop yields under different conditions based
on plant water consumption; for this, it requires information about climate, crop, soil,
and management conditions without considering pests’ or diseases” potential effects [29].
Constant efforts are made to improve AquaCrop’s simulation results while maintaining its
simple modeling scope [30]. Due to its versatility, a wide range of research is linked to crop
modeling through AquaCrop use for different climatic and management conditions, includ-
ing climate change projections at different latitudes, longitudes, and altitudes [20,31,32].
At this point, the model’s main limitations include its single-field-scale scope, assump-
tions of spatial uniformity inside the field, and the unidimensional vertical water fluxes
simulated [33]. In addition, Vanuytrecht et al. [30] also outline the constant improvement
of AquaCrop results to make them more accessible and understandable for agricultural
extensionists, decision-makers, and stakeholders.

Several studies suggest that smallholding farming productivity in the Peruvian Andes
is at imminent risk of decreasing due to water availability changes and increased tempera-
tures [34-36]. The susceptibility of dryland crops to rainfall variability is exacerbated by
changes in rainfall patterns due to climate change [34,37] which ultimately determines
poverty conditions in rural areas [38]. Additionally, rising temperatures reduce the produc-
tive potential of crops adapted to cold regions [39]. This study focused on precipitation
and temperature changes and their effect on ulluco yield.

Agronomic factors that influence tuber development have been investigated [40—43],
as well as their potential food industry use due to their nutritional benefits [10,44—46]
and their importance in local culture [47,48]. Ulluco’s phenological development and
productivity depend on climatic, edaphic, and genotypic factors, among others. Sowing
dates are usually linked to rain presence in a crop rotation system with potatoes, oca, or
barley [3,49].

Therefore, analyzing crop behavior facing extreme climate events is essential to de-
velop adaptation strategies for different regional conditions [36]. This study evaluates the
yield changes in Ullucus tuberosus, a key native Andean tuber, under dryland cultivation in
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the Peruvian central highlands, according to climate change scenarios from the Coupled
Model Intercomparison Project (CMIP) Phase Six for the 2024-2100 period.

2. Materials and Methods
2.1. Studied Area

This study was conducted in the town of San José de Apata, district of Apata, Jauja
province, department of Junin, Peru. The experimental field was installed at 75°19'30.41"”
W; 11°47'53.73" S at 3914 m.a.s.l. (Figure 1). The area’s climatic conditions are average
annual precipitation, 689 mm; minimum temperatures between —4 °C (June-July) and 4 °C
(March); maximum temperatures between 20 °C (March) and 22 °C (November-December);
and average relative humidity, 72%. Averages were calculated based on historical data
from Peru’s National Service of Meteorology and Hydrology (SENAMHI) [50].
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Figure 1. Studied area; (a) Junin department location within Peru; (b) Jauja province location;
(c) location of the evaluation plot and meteorological stations used; (d) aerial satellite view of the
evaluation plot.
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2.2. Experimental Design

This study had a split-plot design in which the following two factors were tested:
(i) sowing date (main plot with three levels) and (ii) the type of fertilization (sub-plot
with two levels). Thus, six treatments with four replicates per treatment were used for
24 experimental units, as described in Table 1.

Table 1. Factors and levels tested.

Factor Levels
F1: 13 October 2022
Sowing date (F) F2: 28 October 2022

F3: 12 November 2022

M1: Traditional (sub-dose) *
M2: Recommended (optimal dose) *

Fertilization management (M)

* Details of each fertilization management are described in Table of Section 2.5.

2.3. Experimental Plots Set-Up

Experimental plots were installed on a three-year fallow field where potatoes had
previously been grown. Ullucus tuberosus cv. Canario was chosen due to its widespread
cultivation in the central Peruvian Andes [51], sown at a density of 41,666 plants ha-1
(0.8 m x 0.3 m). A net plot consisting of 9 furrows, 6 m long, was established within
each experimental unit. Data were collected from them. The spatial arrangement of the
treatments can be found in Figure 2.
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F1 F2 F3

Figure 2. Field distribution of the experimental units.

2.4. Soil Characteristics

Before installation, a soil study was conducted in the experimental area. First, a soil
pit was dug to a depth of 1.3 m, and, after observation, three horizons were determined,
comprising topsoil (AP) and two strata of partially decomposed parent material (C1 and C2).
For each of them, samples were taken and sent to the Soil, Water and Leaves Laboratory
(LABSAF)—INIA Santa Ana to analyze bulk density (BD) [52], texture (Txt) [53], soil
pH [54], electrical conductivity (EC) [55], organic matter (OM) content, nitrogen (IN),
phosphorus (P), potassium (K), and exchangeable aluminum (Al) [53] (Table 2). In addition,
other soil samples were taken at the central zone of each evaluation unit, at 30 cm depth, to
measure soil moisture content using the gravimetric method [56].
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Table 2. Soil profile characterization.

Cod Depth pH EC OM P K Al N Txt BD
m d-Sm-1 % mg-kg~! mgkg! m;ggoo % g (cm®)1
AP 0.4 5.00 0.11 9.30 24.37 358.05 18.21 047 Loam 1.10
C1 0.65 4.92 0.07 1.15 224 54.61 19.50 0.06 Loam 1.38
C2 13 478 0.07 0.76 419 36.31 7.29 0.04 Sandy 1.80
loam
Cod: horizon code, EC: electrical conductivity, OM: organic matter, P: phosphorus, K: potassium, Al: exchangeable
aluminum, N: total nitrogen, Txt: texture, BD: bulk density.
2.5. Crop Fertilization
Fertilization was planned according to the second factor, proposed management
(Table 1), considering the physical-chemical soil characterization results from the topsoil
(Table 2). Details of the fertilization plan are shown in Table 3.
Table 3. Fertilization plan.
Management Sheep Manure Urea DAF CIK Sulpomag Agr Lime AHII\II?,::::I“
t-ha-1 kg-ha-1 kg-ha1 kg-ha-1 kg-ha1 kg-ha1 kg-ha1
M1: Traditional 5.00 0 0 0 0 0 0
M2: Recommended 5.00 91.36 222.67 138.10 55.55 807.14 91.36
DAF: Diammonium phosphate; CIK: potassium chloride; Sulpomag: potassium and magnesium sulfate; Agr:
Agricultural.
2.6. Weather Data
Weather data were obtained from a Davis Vantage Pro2 station managed by AGRORU-
RAL located at 75°19/28.32” W; 11°47/45.59"” S at 3950 m.a.s.l. Records included the whole
growing season (2022-2023) (Figure 3).
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Figure 3. Apata station data for 2022-2023 on a daily scale. Rainfall (rf), maximum temperature
(maxtemp), and minimum temperature (mintemp).

2.7. Data Collection of Morpho-Physiological Variables for Model Calibration

To calibrate the AquaCrop model, 9 evaluations were carried out during the whole
growing season, starting from the phenological stage of emergence. In each one, five
variables were assessed. In the phenological stage, direct observations of plants within
furrow number 5 (the central 5 m of it) were performed. Plant canopy cover percentage
was evaluated using RGB photographs taken with a NikonD3500 camera and processed
with Image Canopy 3.6 and AutoCAD 2022 software. A total of 12 plants were assessed
from each net plot (three plants from furrow numbers 2, 3, 7, and 8 each). The photographs
were taken approximately 1 m above ground level. A square metal piece measuring 10 cm
on a side was used as a measuring reference. Then, these plants were extracted from the
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ground to measure their height and root depth. Finally, plant leaves were separated and
prepared for dry matter analysis [16].

At the end of the season, samples were taken from the central 9 m? (3m x 3 m) of the
net plot to estimate the following crop-yield-associated variables: crop fresh weight, tuber
dry matter, aerial and total dry matter, tuber dry matter (10 representative tubers per unit
of assessment), and aerial and total dry matter (the sampled plants for yield) [16].

2.8. Statistical Analysis

Morpho-physiological variables were analyzed using a two-way ANOVA (alpha = 0.05)
to examine treatment differences. Model assumptions were verified graphically with the
autoplot function from the ggfortify library for R [57]. Variables that showed significant
differences were analyzed with the Least Significant Difference Test (alpha = 0.05), LSD.test
function from agricolae library for R [58], corrected with the Benjamini—-Hochberg proce-
dure.

2.9. AquaCrop’s Crop Development Modeling

AquaCrop’s climate input came from the weather station. It included rainfall data,
maximum and minimum temperatures, wind speed, and relative humidity on a daily scale,
which enabled the calculation of reference evapotranspiration (ETo) through the Penman-—
Monteith equation using the EToCalculator 3.2. The cropping module was completed with
the image processing results from the canopy coverage analysis. Soil input values were
determined with the information from the physical-chemical analysis of the soil pit. A
management module was configured for dry conditions, weed management, fertilization,
and furrowing characteristics. The iterative calibration process was based on the recom-
mendations of [29], using calibrated parameters for potato cultivation from AquaCrop, the
literature, and experts” opinions. The first simulation was performed with field-collected
data (soil and weather). Missing parameters (conservative and non-conservative) were
completed with available values in the literature, including those from potato crop research,
which is extensive. Canopy cover data were adjusted for each phenological stage, consid-
ering the potential effects of heat and water stress. The impact of traditional fertilization
(Table 1) was also considered. Calibration was performed considering the data from sowing
dates 1 and 2 (Table 1). Model efficiency was evaluated through Pearson’s correlation index
(r) and the Nash-Sutcliffe efficiency index (NSE) for plant canopy coverage and crop yield
data. The model was then validated with the data from sowing date 3 (Table 1), without
changing the conservative parameters but adapting the sowing date. The model’s efficiency
was assessed using both previously mentioned indexes.

2.10. Climate Change Explorations

Since the weather station used for AquaCrop climate input does not have data before
2019, we used data from the SENAMHI network of weather stations [50]. The criteria for
choosing proper data involved proximity to the experimental location and accessibility
to historical data for rainfall (rf), maximum temperature (maxtemp), and minimum tem-
perature (mintemp). Records from 1986 to 2017 were found. Downloaded data from four
weather stations (Jauja: 75°29'12.73" W-11°47"11.87" S; Ingenio: 75°17/47.9” W-11°52'30.8"
S; Ricran: 75°31/38.29” W-11°32/24.05" S; Santa Ana: 75°13/17.7" W-12°0'34.4" S) were
homogenized, and missing registers were filled by the Paulhus and Kohler [59] method
included in the Climatol package in R [60]. Subsequently, homogenized weather data for
the experiment’s geographical location were calculated using the weighted inverse distance
interpolation method (WID) in Excel. Regarding climate change models, a total of 7 Gen-
eral Circulation Models (GCMs) belonging to the Coupled Model Intercomparison Project
Phase 6 (CMIP6) were chosen (Table 4). The selection criteria involved prioritizing those
evaluated for Peru and South America’s conditions, in terms of their statistical downscaling
adjustment [61,62]. GCM data corresponded to the historical period (1980-2014). To avoid
the innate bias problems of the GCMs (over-estimation of minimum temperatures and
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rainfall, as well as under-estimation of maximum temperatures) [62], after climate data
extraction for plot location (using the terra package in R) [63], bias correction by quantile
mapping was performed using the Qmap package in R [64]. Given our historical data,
the model efficiency of all seven GCMs was evaluated to select the best-fitting model,
based on Fernandez-Palomino et al. [62]. As a result of this analysis, the EC-Earth3 model
was chosen to perform future projections, based on the Shared Socio-Economic Pathways’
(SSPs) scenarios SSP1-2.6, SSP3-7.0 and SSP5-8.5, using the chosen model. The SSP1-2.6
scenario corresponds to a sustainable route, in which zero CO, emissions for the second
half of this century are achieved. The SSP3-7.0 scenario considers doubled CO, emissions
by 2100 due to regional rivalries and the absence of additional mitigation measures. The
SSP5-8.5 scenario considers doubled CO, emissions by 2050 and the heavy use of fossil
fuels to achieve human development. No further political measures are taken [14]. ETo
was calculated using the Hargreaves method in the EToCalculator based on maximum and
minimum projected temperature data for the selected model’s future scenarios. To simulate
ulluco yield for 2024-2100, rainfall, temperature, and ETo results were used as inputs for
the climate module of the previously validated AquaCrop model, and atmospheric CO,
concentration corresponded to the software database.

Table 4. Used CMIP6 models.

Historical
Model Member (rf, Mintemp, Maxtemp)
IPSL-CM6A-LR rl4ilplfl [65]
CNRM-CM6-1 rlilp1f2 [66]
CNRM-ESM2-1 rlilp1f2 [67]
MIROC6 r50il1p1fl [68]
MRI-ESM2-0 r5ilp1fl [69]
MPI-ESM1-2-HR r2ilp1fl [70]
EC-Earth3 r150i1p1f1 [71]

3. Results
3.1. Tuber Yields by Sowing Date and Type of Fertilization

In addition to modeling, whether the tested variables influenced ulluco’s yield was
determined, as shown in Table 5.

At the main effects level, the sowing date (F) had no significant effect on fresh and dry
weight yield, nor the number of tubers per kilogram. On the other hand, the fertilization
method significantly affected the three evaluated variables for ulluco. The recommended
dose values doubled under conventional management conditions in fresh weight (FW)
and dry weight (DW) cases. It was found that yield decreases the later the sowing date
takes place. However, mineral fertilization efficiency also decreases because less water
is available as the sowing date is delayed (Table 5). Its efficiency is similar to traditional
manure fertilization (Figure 4). The cumulative rainfall for the F1 growing season was
677 mm, 657 mm for F2, and 635 mm for F3.

Table 5. Ulluco tuber’s yield by sowing dates and type of fertilization.

Treatment Fresh Weight Yield Dry Weight Yield Number of Tubers per
(Mg-ha—1) (Mg-ha—1) kg
F ns ns ns
M %% 3% %%
FxM * ns ns
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Table 5. Cont.

Treatment Fresh Weight Yield Dry Weight Yield Number of Tubers per
(Mg-ha—1) (Mg-ha—1) kg
Sowing Date (F)
F1 10.50 £ 5.0 1.28 £ 0.6 117.7 + 24
F2 9.53 £ 6.8 1.10 £ 0.8 102.6 + 27
F3 841+ 1.6 116 £0.3 108.2 + 17
Fertilization Method (M)
Traditional (M1) 64+23b 0.77 £ 03P 123.0 £222
Recommended (M2) 12.56 +4.72 1.59+052 96.0 £ 15°
FxM
Fl M1 68 £28¢ 0.79 £ 0.3 135.38 + 20.9
M2 142 +372 1.77 £ 0.5 100.06 + 5.7
0 M1 50+£27¢ 057+ 03 111.96 + 30.1
M2 14.1 + 6.8 20 1.64 £0.8 93.14 £24.2
B3 M1 7.4 +0.5bc 0.96 + 0.1 121.7 £ 7
M2 9.4 +1.92abe 1.36 £0.3 947 £ 12

Rainfall (mm)

*** Implies statistical significance at 0.1%; ** implies statistical significance at 1%; * implies statistical significance
at 5%; ns: indicates not significant (p > 0.05); different letters in each testing parameter represent statistical
significance among groups at p < 0.05 for Tukey Test.
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Figure 4. Bar graph showing rainfall (mm); and line graph showing marginal means of fresh weight
yield of ulluco by sowing date (F1: 13 October 2022, F2: 28 October 2022, F3: 12 November 2022)
response, and fertilization management (M1: traditional, M2: recommended).

3.2. Ullucus Tuberosus Cultivation Development Model under Dryland Conditions

The 2022-2023 season was characterized by wetter rainy season, maximum temper-
atures below the historical average, and minimum temperatures similar to the historical
average, even reaching below 0 °C in the last months of the crop’s phenological devel-
opment (Figure 5). The FIM2 and F2M2 field data allowed for the model’s calibration of
conservative parameters in AquaCrop. Efficiency values for this phase of r: 0.99, NSE: 0.98,
and r: 0.91—NSE: 0.82 were obtained for F1 and F2 plant coverage, respectively. Generated
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canopy cover curves from the parameterization are shown in Figures 6 and 7, showing the
model’s slight difficulty in reaching the maximum plant coverage of F2 (simulated canopy
cover [CCsim] vs. observed canopy cover [CCobs]). In the next step, based on the obtained
parameters, the model was validated with F3M2 data, obtaining efficiency indicators of r:
0.94 and NSE: 0.88 (Figure 8). The AquaCrop model calibrated parameters are shown in
Table 6.
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Figure 5. Apata station data (2022-2023) and historical averages on a monthly scale. Rainfall (rf),
maximum temperature (maxtemp), and minimum temperature (mintemp).
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Figure 6. FIM2 calibration. DAS: days after sowing. CC: canopy cover. CCsim: simulated canopy
cover. CCobs: observed canopy cover.
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Figure 7. F2M2 calibration. DAS: days after sowing. CC: canopy cover. CCsim: simulated canopy
cover. CCobs: observed canopy cover.
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Figure 8. F3M2 validation. DAS: days after sowing. CC: canopy cover. CCsim: simulated canopy
cover. CCobs: observed canopy cover.
Table 6. AquaCrop model parameter calibration for ulluco dryland crop.
Parameter Initials Value Unit Meth(.)d O.f Base Literature
Determination
Development
Plant density 41,667 plant ha™! M [1]
Canopy development
Canopy growth coefficient CGC 0.677 % GDD™! C [9]
Canopy decline coefficient CDC 1.337 % GDD ™! C [9]
Root deepening
Max effective rooting depth 0.25 m M
Average root zone expansion 0.1 cm day ™! D
Minimum effective rooting depth 0.2 m E
Shape factor of root deepening 1B D
Evapotranspiration
Soil evaporation
Effect of canopy shelter in late season 60 % D
Crop transpiration Kc tr,x 115 D
Aging 0.15 % day 1 D
Water extraction pattern 40-30-20-10 % D
Production
Normalized Water Productivity (WP%) 13 g m 2 L [16]
Adjustment for yield formation 77 % of (WP¥) L [16]
Performance under elevated CO,
Sink strength 50 % D
Reference Harvest Index Hlo 60 % C 9]
Composition of fresh yield
Yowater 85 Y% C [2,9]
% dry matter 15 % C [2,9]
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Table 6. Cont.

Parameter Initials Value Unit Meth9d O.f Base Literature
Determination
Water stress
Canopy expansion
p (upper) 0.3 E [1,72]
p (lower) 0.65 E [1,72]
shape factor 3 D
Stomatal closure
p (upper) 0.6 D
shape factor 3 D
Early canopy senescence
p (upper) 0.7 D
shape factor 3 D
Temperature stress
Base temperature 2 °C E [1,43]
Upper temperature 26 °C E [1,43]
Crop transpiration affected by cold
stress
Full stress 0 °C
No stress 7 °C D [1,43]
Fertility stress
CCx reduction 47 Y% C
CGC reduction 16 Y% C
Average decline canopy cover 0.2 % day ! C
WP* reduction 25 Y% C
Salinity stress NA

C: calibration; D: AquaCrop default for potato; E: estimation; L: literature; M: measured; NA: not applicable.
GDD: growing degree days; CCx: maximum canopy; Kc tr,x: coefficient for maximum crop transpiration, WP*:
normalized water productivity. Note: gray hatched cells are conservative parameters.

The modelled /measured fresh weight yield was F1: 13.8 t-ha—!/15.28 t-ha~!, F2: 14.9
t-ha=1/17.36 t-ha—!, and F3: 9.19 t-ha—1/10.23 t-ha—!, while the modelled /measured dry
weight yield was F1: 2.07 t-ha~!/1.86 t-ha~!, F2: 2.23 t-ha~!/2.02 tha~!, and F3: 1.38
tha=1/1.49 tha 1.

3.3. Climate Change Scenarios

Bias correction was performed for the three variables of interest in the historical
period per station, and extreme values were represented (Figure 9). The EC-Earth 3 model
was selected from which projected data bias for the 2015-2100 period was extracted and
corrected for the SSP1-2.6 [73], SSP3-7.0 [74], and SSP5-8.5 [75] scenarios (Figure 10).
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Figure 9. Taylor diagrams for extreme values of GCM historical corrected data; (a) rainfall above
the 95th percentile of analyzed values; (b) under 5th minimum temperature percentile of analyzed
values; and (c) above 95th maximum temperature percentile, evaluating monthly aggregates.
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Figure 10. Climate variables projection for SSP126, SSP370, and SSP585 from corrected data of
EC-Earth3; (a) rainfall; (b) minimum temperature; (c¢) maximum temperature. Annual scale grouping
for the three variables.

Regarding the three analyzed scenarios (5S5P1-2.6, SSP3-7.0, and SSP5-8.5) it is possible
to observe that the EC-Earth 3 model projects an increasing trend in cumulative annual
precipitation. In the last projected third (2075-2100), mean monthly value differences
between the dry and wet seasons are accentuated (Figure 11a). On the other hand, increases
in minimum and maximum temperature are observable for the three analyzed scenarios
with an emphasis on the dry season (June-October) and for the minimum temperature.
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Figure 11. Monthly average values for the 2075-2100 period for SSP126, SSP370, and SSP585 from
the EC-Earth3 model, in contrast to the observed historical average; (a) rainfall; (b) minimum
temperature; (c) maximum temperature.

3.4. Yield Projections under Climate Change Conditions

The assessment results show that climate change significantly impacts ulluco yields
under dryland conditions. Projections suggest a rainfall increase, accentuating differences
between dry and rainy seasons, and temperature increase, mainly in the minimum tempera-
tures. Regarding F1 and F2 conditions, a decrease in variability is observed in yield towards
the last projected third in SSP1-2.6, while yield variability persists in SSP3-7.0. By contrast,
a decreasing tendency toward projected yield is observed from the middle of the analysis
period in SSP5-8.5. Regarding F3, it is observed that for the SSP1-2.6 scenarios, there is
higher yield variability compared to SSP3-7.0 and SSP5-8.5. However, for the second half of
the analysis period, this changes. In SSP1-2.6 and SSP3-7.0, a trend towards more constant
yields is noted, while in SSP5-8.5, a decreasing trend is observed from the middle of the
2024-2100 period.

In all evaluated scenarios, there is a prevalence of F3 achieving higher yields compared
to F1 and F2, as well as a lower failed campaign percentage (F1: 18%; F2: 13%; F3: 6%).
However, an initial trend of slightly increasing yields is identified followed by a negative
trend from the projection period’s latter half.

4. Discussion

This study aimed to assess three climate change scenarios and their impact on the
productivity of ulluco crops. To achieve this, historical weather data on rainfall and temper-
ature were used to simulate changes from 2024 to 2100. Results from these simulations and
data collected from the experimental plots were used as inputs for the required modules of
the AquaCrop model. It is important to mention that the chosen area very well represents
the conditions of a typical ulluco-producing area in a rainy, cold climate with dry autumns
and winters [76]. Therefore, the results of this study are relevant for growing areas at the
same altitude and similar soil conditions in the Andean region.

106



Sustainability 2024, 16, 5428

The results of the climate change simulations indicate an increasing trend in accu-
mulated rainfall for the period 2024-2100 for three scenarios (Figure 10). Our findings
contrast with those of Wongchuig et al. [77], who forecasted a reduction in annual precip-
itation for the same period in the Suni and Quechua regions of the Mantaro River basin.
Arana et al. [78] found that historical data from the Jauja, Ingenio, and Ricran weather
stations also showed an ascending pattern. Seeing such discrepancies in the forecasts is
expected because the complexity of the Andean topography largely influences bias correc-
tion processes [62] as a result of constantly changing thermal and moisture fluxes [79]. An
important finding in our results was that in the last 25 years of this century, the distribution
of rain throughout the year will remain similar in the sense that June, July, and August will
remain predominantly dry, and the increase in cumulative precipitation will be allocated
during the wet season. In other words, the rainy season will be rainier, especially in Decem-
ber, January, February, and March (Figure 11). This finding is in line with that of Almazroui
et al. [61] who indicate stronger seasonality for this century’s last period. The simulations
suggest a sharp increase in minimum temperatures (Figure 11), especially for the SSP585
and SSP370 scenarios, which are the most concerning regarding climate change mitigation.
Maximum temperatures seem to remain similar. All this is in accordance with the historical
trends analyzed by Arana-Ruedas et al. [78] and Sanabria et al. [38], who explained that
temperature increases in the studied area will be more pronounced for the minimum rather
than maximum values but without concluding that frost damages in crops will necessarily
be more harmful due to the complexity of this process.

The results of the AquaCrop simulations indicate that the latest sowing date, F3
(Table 3), will have a better fresh weight yield (Figure 12) in all three scenarios, and, on
average, would have a greater increase in fresh weight yield concerning the 2022-2023
season’s base yield (Figure 13). Given that the maximum temperatures will most likely
remain constant, the underlying explanation can be found in minimum temperature and
precipitation changes, specifically from 2075 to 2100 (Figure 10). The optimum temperature
for ulluco has been studied as ranging between 11 and 13 °C [1]. In this sense, warmer
minimum temperatures will affect the daily temperature average, impacting the duration
of phenological transitions [80]. This indicates that the cropping period can be shortened,
which could detrimentally affect yields. On the other hand, this species needs a low-
temperature stimulus to start forming tubers [41]. If late sowing occurs in mid-November,
tuberization induction is expected to happen by the end of February, when minimum tem-
peratures reach 2°C under current conditions (Figure 11). All three scenarios forecast that
minimum temperatures will be between 5 and 10 °C, which could affect tuber formation.
In addition, maximum temperatures are expected to become 2 degrees higher during the
tuber filling stage (March and April) (Figure 11), adding extra physiological problems, as it
could even exceed the optimum range of 11-13 °C. Wahid et al. [81] define heat stress as
plant growth and development limitations, caused by an air temperature increase above
the optimal crop temperature, for a sufficient period to cause damage. Sage et al. [82]
mention that between 5 and 6 °C increases in the plant’s optimal temperature generate dry
matter accumulation inhibition in reserve organs and greater infection susceptibility to
pathogens. Likewise, high temperatures in heat-sensitive plants cause stomatal conduc-
tance decrease, CO, fixation inhibition, and oxidative damage in photosystem II [83,84]. It
is important to consider how temperature increase involves an increase in incidences of
pests and diseases [72]. Unfortunately, AquaCrop does not incorporate these effects in its
calculations [29], so we should be critical regarding this factor.

On the other hand, the fact that wet seasons are expected to become rainier (Figure 11)
might positively affect the early stages of plant development. This can be associated with
the results of the experimental plot (Figures 6-8), in which plant emergence at early sowing
treatments (Figure 6) took place 53 days after sowing, in comparison with normal sowing
(Figure 7) and late sowing (Figure 8), which took place at 90 and 75 days, respectively. By
relating this phenological transition with rainfall registered at the weather station (Figure 3),
we can see that an intense precipitation event before early sowing (13 October 2022) was
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the single different weather variable compared to the other two sowing dates. On the other
hand, during October and November, when sowing of the two latest treatments took place,
only 34-44 mm of accumulated rainfall and around 8.6 °C average temperatures were
recorded, which may have influenced the emergence delay of the last two sowing date
treatments [49]. This suggests that more significant water availability may be beneficial
for accelerating canopy emergence, which is a crucial factor in guaranteeing crop success.
Despite this positive effect of water availability at the early stages of the crop, it is important
to mention that an even distribution of precipitation is crucial, particularly after tuber
induction, which usually takes place 90 days after sowing. Unfortunately, during April and
May 2023, when tubers fill in, precipitation decreased drastically compared to February
and March (Figure 3). This might be why the late sowing treatment at optimum fertilization
rates performed worse than the other two treatments. This indicates the importance of
having good soil moisture content during the filling stage. Fertilization proved to play a
differentiating role when water was available (Figure 4). On its own, proper fertilization
doubled yields compared to the traditional way, which far exceeds that reported by Nieto-
Cabrera et al. [85] who indicated an 18.5% increase due to fertilization effects. However, if
there is a water shortage during the filling stage, fertilization becomes an irrelevant factor,
as the yields will be similar to plots that are not fertilized (Figure 4). The experimental plots
yielded results comparable to those described by Sanchez-Portillo et al. [1], in which 2-10
t-ha~! were obtained under Ecuadorian conditions. In addition to this, fresh and dry weight
relations coincided with the high-water content expected for this tuber (72-87%) [2,9].
However, our fresh yield results were far from the optimal of 26 t ha~!, as reported by
Condori et al. [9] for irrigated ulluco crops, under Bolivian highland conditions. This yield
gap between irrigated ulluco crops and dryland ones indicates how susceptible this crop is
to the lack of a proper water supply. Although the models predict an increasing trend of
accumulated precipitation over the years (Figure 10), it is not certain that such volumes will
be evenly distributed during the growing season, or most importantly, that they will take
place during periods of higher water demand for the crop (emergence and tuber filling).

All in all, this exploratory study alerts stakeholders and decision-makers to the ne-
cessity of strategically planning how to address the previously mentioned problems (i.e.,
temperature increases and excess water in the soil during future rainy seasons). Water
management practices such as rain harvesting can be considered a way of storing exces-
sive rainwater, and complimentary irrigation systems can prevent water shortage during
critical phenological stages. On the other hand, excessive soil moisture could damage
the crop; therefore, drainage systems can be included in plots that become easily flooded.
Furthermore, this is an opportunity to suggest future plant breeding programs that allow
for tuberization at higher temperatures and achieve heat stress-resistant cultivars.

The findings of this study highlight the susceptibility of ulluco, a native tuber, to cli-
mate change. Extrapolation of this potential effect to other minor native tubers due to their
characteristic long growth cycles [86] can predict a shift in cultivated crops in highlands.
It could increase the production costs, the loss of traditional field management, and the
disruption of native crop roles in agroecosystems [86]. Losing traditions of native crop
management such as crop rotation could cause soil health degradation, jeopardize agrobio-
diversity conservation, and emphasize poverty patterns due to the settled subsistence of
the agriculture—poverty relation [87]. Therefore, building the resilience of the local food
system and investing in research on smallholder agriculture will be critical for reaching
Sustainable Development Goal (SDG) 2 (Zero hunger) and SDG 1 (No poverty) [87]. In
addition, the good performance of AquaCrop to model tubers allows us to perform climate
change impact predictions to improve national climate change adaptation policies toward
SDG 13 (Take urgent action to combat climate change and its impacts).
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Figure 12. Ulluco’s fresh weight yields (tha™1) projected for (a) SSP1-2.6; (b) SSP3-7.0; and (c) SSP5-

8.5 considering the three sowing dates (F1: 13-oct, F2: 28-oct, F3: 12-nov).

In addition, some policy suggestions are presented comparing this study and the
strategic actions proposed in Peru’s National Adaptation Plan Against Climate Change [88].
Modeling studies should be increased to broaden the prediction of possible climate change
effects on critical food security crops and regional agrobiodiversity conservation. This
measure can enhance the performance of early warning services and the scope of agro-
climatic risk forecasts. However, in Peru, the results of the forecasting service developed
by SENAMHI have restricted scope due to the limited Internet connection in the high-
lands [89] and the short list of commercial crops analyzed [90]. Furthermore, the water
resources management policies for highlands should focus on Natural Infrastructure and
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Water Sowing and Harvesting (WSH) due to their more straightforward and lower-cost
implementation process and easier adaptation to local traditional practices. Therefore, the
more democratic the construction of knowledge is, the easier it will be for farmers to adopt
proposed policies and technologies.

(©)

Figure 13. Ulluco’s fresh weight yield (t-ha~!) variations projected concerning the 20222023 season’s
base yield for (a) SSP1-2.6; (b) SSP3-7.0; and (c) SSP5-8.5 considering the three sowing dates (F1:
13-oct, F2: 28-oct, F3: 12-nov).

5. Conclusions

The AquaCrop model adequately represents ulluco cultivation development under
dryland conditions for Peru’s central highlands, allowing for yield projection analysis and
crop management for changing environmental conditions. In this context, GCM analysis
corresponding to CMIP 6 outlined how the more substantial mitigation and adaptation
measures scenario (SSP1-2.6) projects an increase of up to 50% in precipitation for the rainy
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season in the period 2075-2100 and an average increase of 2 °C for minimum temperature.
The maximum temperature in the rainy season (January—-March) will increase regardless of
mitigation and adaptation measures. By contrast, extreme values in the dry season (June-
August) will be directly related to adopted measures on climate change—more intense for
SSP5-8.5 and SSP3-7.0. Thus, for the intensive fossil fuel scenario (SSP5-8.5), maximum
temperatures will reach 24-25 °C peaks, and minimum temperatures will increase sharply
by 2050 with increases of up to 6 °C and exceeding 0 °C. These changes in maximum and
minimum temperatures will impact ulluco’s yield. In addition, for pessimistic scenarios
(SSP5-8.5 and SSP3-7.0), rainfall in the rainy season can double the historical monthly
precipitation volume, which means more intense events with greater erosive potential.

Increases in rainfall and environmental CO; concentrations show an opportunity
window for yield increment in the early stage of the 2024-2100 period. However, in very
high greenhouse gas concentration scenarios, a negative trend is observed for 2050-2100
mainly due to crop temperature stress, increased soil evaporation, and crop transpiration. A
trend toward yield stability is achieved throughout the projected period for more optimistic
scenarios. In summary, evaluating dryland ulluco cultivation yield under climate change
scenarios using the AquaCrop model highlights the urgency of mitigating potential negative
impacts on this agricultural system. This study remarks on the importance of carrying
out adaptive sustainable practices concerning climate change such as rain harvesting
for storing the excessive amount of rainwater and complimentary irrigation systems to
prevent water shortage during critical phenological stages; the continuity of modeling
future climate change effects to improve the information for agroclimatic risk forecast;
the recommendation to plan plant breeding programs looking for tuberization at higher
temperatures and heat stress-resistant cultivars; or investing in research on smallholder
agriculture to reach SDG 1 and SDG 2.
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Abstract: Climatic conditions are the main factor influencing the suitability of agricultural land for
crop production. Therefore, the evaluation of climate change impact on crop suitability using the best
possible methods and data is needed for successful agricultural climate change adaptation. This study
presents the application of a multi-criteria evaluation approach to assess climate suitability for maize
production in Poland, for a baseline period (BL, 1981-2010) and two future periods 2041-2070 (2050s)
and 2071-2100 (2080s) under two RCP (Representative Concentration Pathways) scenarios: RCP4.5
and RCP8.5. The analyses incorporated expert knowledge using the Analytical Hierarchy Process
(AHP) into the evaluation of criteria weights. The results showed that maturity and frost stress were
the most limiting factors in assessing the climatic suitability of maize cultivation in Poland, with 30%
and 11% of Poland classified as marginally suitable or not suitable for maize cultivation, respectively.
In the future climate, the area limited by maturity and frost stress factors is projected to decrease,
while the area of water stress and heat stress is projected to increase. For 2050 climate projections,
water stress limitation areas occupy 7% and 8% of Poland for RCP4.5 and RCP8.5, respectively, while
for 2080 projections, the same areas occupy 12% and 32% of the country, respectively. By 2080, heat
stress will become a limiting factor for maize cultivation; according to our analysis, 3% of the Polish
area under RCP8.5 will be marginally suitable for maize cultivation because of heat stress. The overall
analyses showed that most of Poland in the BL climate is in the high suitability class (62%) and 38%
is moderately suitable for maize cultivation. This situation will improves until 2050, but will worsen
in the 2080s under the RCP8.5 scenario. Under RCP8.5, by the end of the century (2080s), the highly
suitable area will decrease to 47% and the moderately suitable area will increase to 53%.

Keywords: multi-criteria; analytic hierarchy process; EURO-CORDEX; climate risk

1. Introduction

Observed climate change is seen as one of the major concerns for agriculture, which
poses a challenge for the adaptation of agriculture to ongoing climate change [1]. At the
same time, scientific progress has achieved considerable control over various parameters
affecting agricultural production, such as biophysical soil characteristics. But when climate
is added to the equation of shaping pedoclimatic conditions, things become more compli-
cated, especially with current frequent weather perturbations that pose great challenges
to agricultural science. Various stresses, such as water shortage, heat, frost, pests and
diseases determine both the quantity and quality of crop yields [2]. To minimise risks to
crop production in the context of climate change [3], it is crucial to evaluate changes in land
suitability with a multivariable approach [4], and thus more and more detailed analyses can
be carried out to support the preparation of improved adaptation strategies [3,5]. Refining
land suitability assessments may help decision-making on agricultural land use, which can
then be used by governments and institutions to improve the resilience of farming systems
to climate change [6].
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Maize, as a thermophilic plant, is used in many studies as a model crop to show the
effects of climate change on land suitability [4,6-8]. In previous studies it has been shown
that the expected temperature increase would improve conditions for maize production in
Poland [9], which seems to be already being realised and is shown by statistics. In Poland,
the area under grain maize cultivation has increased significantly, from 152,000 ha in 2000
to 1,196,000 ha in 2022 [10]. The yield over the last 24 years (2000-2023) shows an increasing
trend from 5.6 to 7.0 t/ha. However, this has been accompanied by relatively high year—to-
year yield variability, ranging from 4.2 t/ha in 2006 to 7.5 t/ha in 2021 [11]. It is mainly due
to extreme weather events, with droughts being the most important factor [12,13]. These
conditions require not only a review of the suitability of land for maize production, but also
a different approach to analysis, not just one that is variable-based, but which is also based
on multivariables. An additional condition is the need to rebalance production systems for
proper adaptation actions for a more sustainable model, so-called short-term and long-term
strategies, which should also be taken into account in land suitability analyses [14] and
farmers’ perception [15]. In addition, agriculture should support climate change mitigation,
with a particular focus on reducing emissions from agriculture. This can be achieved
through fertilisation adapted to crop needs and soil conditions, care of the soil environment
and rational management of resources [14].

Through a multicriteria approach in suitability areas assessment for agricultural
production, many factors can be assessed [16,17], involving expert opinions [18]. In the
view of the fact that these criteria have different levels of importance for land suitability,
there are many methods used for criteria weight evaluation [19]. The AHP has been widely
used to determine the weights of the parameters in the land suitability assessment for
maize [20-23] and other crops such as tea [24,25], rice and soybean [23]. The AHP has the
advantage of incorporating experts” opinion in order to prioritise the criteria [21]. Another
advantage over other methods is the measurement and control of judgment inconsistency.
One drawback of the AHP methodology is that it involves a subjective judgement of the
relative importance of two criteria being compared, while there is a possibility of omitting
interrelationships between different criteria [20].

In spite of many studies on the impact of climate change on the conditions for growing
maize in Poland, it is difficult to obtain a clear answer as to whether these changes are
beneficial or not [1]. Therefore, the overall objective of this study is to assess the climatic
conditions for maize cultivation, considering both the positive effects of climate change,
such as the increase in accumulated temperature leading to crop maturity, and the potential
risks, such as those of water deficiency, frost and heat stress. These factors were integrated
using a multicriteria assessment approach. Additionally, the experts” opinion were also
integrated during the evaluation of selected criteria importance. This study expands
on earlier work [26] in which the climate suitability of areas for maize cultivation was
assessed, but only in relation to water deficit stress. Using the same methodology, and the
developed water stress, and adding further factors: heat stress, frost stress and reaching
maturity, we re-evaluated climate suitability for maize cultivation in Poland. Furthermore,
in order to adapt the crop to the climatic conditions and provide more realistic results, the
climate risk indicators were assessed using possible sowing and harvesting dates based on
air temperature.

2. Materials and Methods
2.1. Study Area

Poland is located in Central Europe, from 14°07" E to 24°09' E and from 49° N to
54°50’ N, and covers an area of 311,888 km?. It is mainly a lowland area with an average
altitude of 173 m above sea level, but it has mountains in the south (the Carpathians
and the Sudetes). Poland’s climate is influenced by various air masses: maritime from
Western Europe, continental from the East, polar from the Arctic and subtropical from the
Atlantic, Mediterranean and Black Seas [27]. There are six distinct seasons in Poland: early
spring, spring, summer, autumn, early winter and winter. In Poland the seasons vary from
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year to year due to significant natural variations in the climate [27]. In 2022, the average
annual temperature in Poland was 9.5 °C, and it varied between 8.9 and 9.9 °C in different
areas. In 2022, the average annual precipitation sum in Poland was 534.4 mm and it was
characterised by spatial variability, ranging from over 350 mm to almost 950 mm. The
2022 year should be classified as a very warm and dry year [28]. Based on climatological
norms for the period 1991-2020, the average annual temperature in Poland is 8.4 °C, while
area-averaged precipitation total in Poland is 678.6 mm [29]. The growing season also
varies between areas; in the northeast of Poland it is about 40 days shorter than in the
southwest [27]. The average duration of the growing season in Poland for the period
1991-2020 was 224 days [29].

Natural conditions in Poland are fairly favourable for agriculture, but climate change
is making droughts and floods more frequent and intense [30,31]. Decreases in yields of tra-
ditional crops are also predicted for most of the country, with their inter-annual variability.
However, despite the negative impacts, there are also positive changes observed in agricul-
ture: the length of the vegetative period will increase, and more favourable conditions for
growing crops typical of warmer areas (maize, soya bean, etc.) are predicted [27].

2.2. Climate Data Dataset

Regional climate model (RCM) projections are used for regional climate change stud-
ies and impact assessments. Compared to global climate models (GCMs), they have the
advantage of superior resolution and better representation of the local climate. However,
relying solely on the output of RCMs can be subject to uncertainties and biases that may
affect the accuracy of the results. As part of the Coordinated Regional Downscaling Experi-
ment Project (CORDEX) project, the EURO-CORDEX initiative is providing high resolution
RCM projections for the European domain that are openly available through the Earth
System Grid Federation (ESGF) [32,33]. The climate projections data used in this work were
obtained from the ESGF server (https://esgf-data.dkrz.de/search/cordex-dkrz, accessed
on 6 July 2021). The bias-adjusted daily mean/max/min temperature and precipitation
data are available from the CORDEX-Adjust project. These data are bias-corrected us-
ing a number of different methods [33]. For analysis, the daily precipitation, minimum,
maximum and mean temperature bias-adjusted outputs of RCMs were obtained from the
CORDEX Adjust database. These outputs were generated by the Swedish Meteorological
and Hydrological Institute (SMHI) with Distribution-Based Scaling (DBS45) method [34]
and were calibrated by SMHI according to the MESoscale ANalysis system (MESAN)
reanalysis data [35]. These datasets had an original spatial resolution of 0.11°. CDO (Cli-
mate Data Operators; v. 1.7.0) software [36] was used to bilinearly interpolate the original
gridded data to a regular grid and for further calculations. Due to the fact that there are
considerable uncertainties in the projections of future climate by climate models, previous
studies suggest that an averaged ensemble of several climate models, rather than a single
one whose output is unreliable, should be used to assess future climate [30,32]. Therefore,
in this and our previous study [26], we decided to use a mean ensemble of six GCM-RCM
chain simulations (combination of 4 GCMs and 3 RCMs) to obtain a reliable projection of
future climate variables (Table 1). In this research, the change in climate suitability and
climatic conditions for maize cultivation in Poland was analysed under two Representa-
tive Concentration Pathways (RCP) scenarios: RCP4.5 (low emissions, LE) and RCP8.5
(high emissions, HE). RCP scenarios correspond to radiative forcing by 2100 relative to
pre-industrial values of +4.5 Wm~2 (RCP 4.5), and to +8.5 Wm~2 (RCP 8.5) [37,38]. We
selected equal 30-year periods for the reference period (1981-2010) and two future periods:
the 2050s (2041-2070) and the 2080s (2071-2100) for our analyses.

Table 2 shows the area-averaged annual temperature and annual precipitation sum in
Poland and their projected changes in future climate conditions. According to the ensemble
mean of six analysed RCMs, the mean annual air temperature in Poland was 8.2 °C for BL,
which increased by 2.1 °C and 3.8 °C for LE and HE scenarios, respectively, by the 2080s.
Furthermore, the mean annual precipitation sum was about 622 mm in BL, with projected
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increase of 9-14% and 11-19% in the 2050s and the 2080s, respectively. When using climate
change scenarios, it is important to note that the results of numerical simulations may differ
from observations. It is therefore essential to make comparisons between the two in order
to assess the performance and capability of the climate models used [30,39]. The detailed
information related to the comparison between observations and climate scenarios data
used in this study can be found in our previous study [26]. The RMSE (root mean square
error) of the annual mean values was 0.3 °C for the temperature and 36 mm/year (6%) for
the precipitation [26].

Table 1. Combinations of GCMs and RCMs that were used in this study.

Global Climate Models Regional Climate Models
KNMI-
SMHI-RCA4 RACMO22E DMI-HIRHAMS5

CNRM-CERFACS-CNRM-
CM5

ICHEC-EC-EARTH
IPSL-IPSL-CM5A-MR
MPI-M-MPI-ESM-LR

XXX X
s
>

Table 2. The area-averaged annual temperature, annual precipitation sum and their changes (in
brackets) in Poland [26].

Period ! BL 2050s 2080s
Emission Scenario 2 LE HE LE HE
Mean annual temperature [°C] 8.2 9.7 (+1.5) 10.3 (+2.1) 10.3 (+2.1) 12.0 (+3.8)

Mean a“mﬁlfl’ée“p”amn 622 676 (+9%) 710 (+14%) 692 (+11%) 741 (+19%)

1 BL—baseline; 2 LE—low emissions scenario; HE—high emissions scenario.

2.3. Climate Suitability Assessment

The selection of different criteria for climate suitability assessment was based on a
literature review in respect of their relation to maize growth conditions. The weights for the
selected criteria were calculated using the AHP. Then, the suitability map was generated
by application of a weighted overlay. The methodology employed is presented in the form
of a flowchart in Figure 1.

[ Preparation of climate scenarios database ]
!
[ Identification of evaluation criteria ]
!
[ Construction of criteria maps using GIS ]
|
' ! | !

M’_‘t“"ty Frost stress Heat stress ‘Water stress
achievment

I I I |
|

[ Reclassifaction of criteria maps ]
[ Determination of weights using AHP ]
[ Obtaining map of suitability for maize cultivation in Poland ]

Figure 1. Methodology flowchart.

119



Sustainability 2024, 16, 6896

2.4. Identification of Evaluation Criteria

The planting and growth of crops are affected by many factors, and therefore it
is impossible to take all of them into account [23]. In accordance with maize growth
conditions [4,40,41], and their potential changes due to climate change, the following criteria
were selected for the evaluation of land suitability for maize cultivation in Poland: maturity,
spring frost stress, heat stress and water stress. By means of FAO [42] and the literature
review [20,21,23,43,44] the suitability classes are classified as follows: highly suitable (S1),
moderately suitable (S2), marginally suitable (53) and not suitable (N). Subsequently, a
specific level of suitability for each criterion was defined and presented in Table 3.

Table 3. Suitability level per selected criteria.

Characteristics Suitability Rating Score * References
Criteria Sub-criteria S1100-85 S2 85-60 S3 60-40 N 40-0 [23]
M v of FAO210 [number of years] >27 24-27 18-24 <18 [45,46]

aturity o FAO240 [number of years] >27 2427 18-24 <18 [45,46]

maize FAO290 [number of years] >27 24-27 18-24 <18 [45,46]
Frost stress Tmin < 0 °C [number of years] <3 3-6 6-12 >12 [46]
1 Tmax > 35 °C [number of years] <3 3-6 6-12 >12 [46]
eat stress Tmax > 40 °C [number of years] <3 36 6-12 >12 [46]
CWB on very light soils [mm] >—150 —200-—150 —250-—200 <—250 [47]
W CWB on light soils [mm] >-210 —260-—210  —310-—260  <—310 [47]
ater stress CWB on medium soils [mm] >—250 ~300--250  —350-—-300  <—350 [47]
CWB on heavy soils [mm] >—290 —340-—290 —390-—340 <—390 [47]

* S1—highly suitable, S2—moderately suitable, S3—marginally suitable and N—not suitable.

It is evident that climate exerts a significant influence on agricultural production
potential [23,40]. Indeed, the necessity of agricultural management adjustment to local
climatic conditions has been pointed out for the best use of these potentials. Due to changes
in these conditions over time and space, it is important to consider them in the planning of
adaptation measures [40]. Climatic suitability is largely influenced by heat, moisture and
sunshine [23]. In agricultural practice, the temperature is typically regarded as the primary
indicator that determines the sowing date [48]. The yield-forming effect of temperature is
reflected in both the heat sum necessary to ensure all phenological phases occur and the
temperature thresholds for critical phenological phases [49]. It is anticipated that extreme
temperature events resulting from global warming will occur with greater frequency and
greater intensity, which will have an impact on the growth and development of crops [50].
Therefore, frost and heat stress parameters are considered to be limiting factors for grain
maize [40].

2.4.1. Maturity of Maize (GDD)

Maize is a thermophilic plant, and therefore the vegetation period for this crop should
be relatively long with high values of degree-days [41]. The effective temperature sum
that is needed for maize maturity depends on the type of earliness that is determined by
the FAO number and the utilisation mode (for grain, CCM and silage). The choice of a
variety with a desired length of the growing season ensures that maize can be cultivated
on the entire area of Poland, with the exception of mountain regions [51]. It was assumed
that the recommended average date of maize sowing is the first day when the average
temperature over the last five days exceeds 11 °C. As the end of the maize growing season,
the first day when the average temperature drops below 10 °C for five consecutive days
was determined. A 6 °C threshold was used to calculate Growing Degree Days (GDD) for
maize. By comparing its thermal requirements with GDD, it is possible to determine the
possibility of reaching maize maturity [41]. In the following study, the number of years
in which maize reaches maturity within a 30-year period is used as a suitable criterion for
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maize cultivation for three different maize maturity types: (1) FAO210, (2) FAO240 and
(3) FAO290 as examples of early, medium-early and medium-late varieties.

2.4.2. Late Spring Frost Stress (LSF)

Maize is tolerant of a wide range of environmental conditions, although it is highly
susceptible to frost [50,52,53]. Frost is a phenomenon that is difficult to predict and which
can cause partial or complete damage to maize [4,54]. Frost stress occurs when the daily
minimum temperature drops below 0 °C [40,54]. One of the most critical extreme events
occurring in temperate regions, among others, is late spring frost (LSF), which affects plant
performance. When the leaves are young, plants are most susceptible to frost, so the onset
of freezing temperatures in late spring has a major impact on the growth, competitiveness
and range of plants [55]. Consequently, frost occurrence was defined as one day with a
minimum temperature below 0 °C from the sowing date until the end of June, and the
frequency of years with at least one frost occurrence in a 30-year period was calculated.

2.4.3. Heat Stress (HS)

Maize is tolerant of high temperatures, although extremely high temperatures can
reduce yield [4]. The optimum temperature differs among development processes, but is
usually determined as 28-34 °C [56]. Daily maximum temperatures exceeding 35 °C can
affect maize grain [40,57]. We defined heat stress as five consecutive days with a maximum
temperature above 35 °C. Given that maize development can cease at temperatures of
more than 40 °C, the heat stress temperature was additionally defined as one day with
a temperature above 40 °C [4,56]. HS criteria were evaluated within sowing and end of
growing season date.

2.4.4. Water Stress (WS)

The climatic water balance (CWB), employed in Poland as an indicator for meteorolog-
ical and agricultural drought monitoring represents the difference between precipitation
and potential evapotranspiration [58]. Given the observed increase in the frequency of
water stress, the CWB was selected as one climate suitability criterion for maize cultiva-
tion [26,47]. Numerous methods for potential evapotranspiration (PET) calculation exist
in the literature, with varying data requirements. The numerous data requirements allow
for the potential for implementing simplifications in PET formulae based on specific ap-
plication needs. The following study utilises the results of a previous study [26] on the
calculated CWB sum for the period from April to September, based on a simplified Penman
formula presented by Doroszewski and Gorski [59] and Zytowska et al. [60].

2.5. Determination of Weights (AHP)

An Analytical Hierarchy Process (AHP) method is used to determine the weights of
selected main criteria and sub-criteria. The weights need to be chosen carefully as they
reflect the relative importance of each criterion. Thanks to the AHP method, qualitative
data, assessed by experts, can be converted into quantitative data [61].

In this study, a team of ten crop specialists (comprising five experts and five farmers)
was asked to determine the relative importance of each criterion. The group of experts was
selected on the basis of their extensive knowledge and experience in agriculture. It included
scientists from the Institute of Soil Science and Plant Cultivation (IUNG-PIB), who conduct
research in crops and agrometeorology, as well as head of crop units from the Agricultural
Advisory Centre and the Regional Centre of Agricultural Advisory Services. The group of
farmers comprised five directors and workers from the Agricultural Experimental Stations
(AES IUNG-PIB), selected on the basis of their experience in leading long-term agricultural
experiments across a range of voivodeships in Poland. A questionnaire was designed to
compare the four main criteria pairwise regarding their importance in achieving maize
suitability. Based on the proposed hierarchy (Figure 2), the sub-criteria are then compared
pairwise in terms of their importance in achieving their upper-level criteria. Table 4 shows
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Saaty’s [62] linguistic scales for assessing the relative importance for evaluation of the
selected criteria using AHP methodology.

[ Evaluation of climate suitability for maize production ]
Achievement Frost Heat Water
of maturity stress stress stress
of of One day 5 days One day
. . with with with . On
Of early medium- medium- 4 Trsag Tmsax On very On light e — On heavy
varieties early late Tmin less light soils soils . soils
varieties varieties than 0°C e HRO Soils
than 35°C than 40°C
Highly Moderately Marginally Not
suitable suitable suitable suitable

Figure 2. The AHP methodology framework for assessing climate suitability for maize production.

Table 4. Analytic Hierarchy Process linguistic pairwise comparison scale based on Saaty [62].

Degree of Importance Definition

1 Equal importance

3 Moderate importance

5 Strong importance

7 Very strong importance

9 Extreme importance

2,4,6,8 Compromise between above values
Reciprocals of above Values for inverse comparison

Using the AHP as previously discussed, each specialist's opinion was transformed
into a pairwise comparison matrix using a scale of 1-9 (Table 4). This scale was employed
with 1 representing equal importance and 9 representing extreme importance between two
compared criteria. Once the pairwise matrix had been generated, the weights for each
criterion were computed using the eigenvector corresponding to the largest eigenvalue of
the matrix (Amax), and then the sum of the components was normalized to unity [23,61].
The AHP methodology involves the identification and consideration of inconsistencies in
decision-maker judgment through the evaluation of consistency relationship (CR), which
depend on the Consistency Index (CI) and Random Index (RI) [61]. The CI was calculated
using the formula: CI = (Amax —n)/(n —1) [63]. The random consistency index (RI)
related to the number of elements (1) provided in Table 5 was used to determine the
CR based on the formula CR = CI/RI. A CR value of 0.1 or less is deemed acceptable,
although in some studies a value of 0.2 is considered an acceptable consistency level [64].

Table 5. Random Consistency Index (RI) values [62].

n 1 2 3 4 5 6 7 8 9 10
RI 0.00 0.00 0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49

AHP can be used for priorities. According to Forman & Peniwati [65], there are
two basic ways to aggregate individual opinions into a group opinion, depending on
whether the group wants to act together as a unit (e.g., a group of department heads
meeting to set corporate policy) or as separate individuals (e.g., a group consisting of
representative constituencies with stakes in welfare reform, such as taxpayers, politicians,
etc.). Several researchers find agreement in applying the AIJ method in case the target
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group is homogenous and assumed to act as one individual, while the AIP method is
recommended when the group is heterogeneous and is seen as a collection of independent
agents maintaining their own identities.

Given that the evaluation of criteria importance involved ten respondents with dis-
parate opinions, the AHP group decision-making process was employed to aggregate
individual judgments. There were alternative methods used to aggregate individual opin-
ions applied in AHP methodology, depending on whether the group wanted to act together
as a unit assuming consensus or as separate individuals. The Aggregation of Individual
Judgments (AIJ) method is suggested in case the target group is homogenous whereas for
heterogeneous groups the AIP method is recommended [65]. Calculated by the geometric
mean to aggregate comparison matrices (AlJ) or to aggregate priority vectors (AIP) [66].
Srdjevic [67], who goes through a GDM process by utilizing a group of experts, split into
interest subgroups, claims that AlJ is possible to apply only at the subgroup level. Among
different subgroups only AIP is possible for final decision.

2.6. Weighted Overlay

There is a need to standardize the selected criteria as they are expressed in different
units [61]. All selected criteria were reclassified into four suitability classes (S1, S2, S3, N)
according to Table 3. Standardised criteria maps were generated using QGIS 3.28.4. Climate
suitability for maize production was then assessed by combing all standardised criteria
maps and weights of criteria. The final map was generated using the weighted overlay
method in QGIS [44,61].

3. Results
3.1. Growing Season of Maize for Baseline and 2050s and 2080s Climates

The spatial distribution of the start (11 °C) and end (10 °C) dates of the growing season
is presented in Figures 3 and 4. The beginning and end dates of the growing season are
delayed in colder regions (north-east) compared to warmer parts of Poland (south-west).
This is seen in both the baseline timeframe and in the future climate. The projected warmer
climate leads to an acceleration in the occurrence of the beginning and to a delay of the end
dates of the growing season, with the rate of change depending on the time horizon and
the RCP analysed. For the 2050s, the projected rate of acceleration of the start and delay
of the end dates of the growing season is about 5-10 and 10-15 days for the LE and HE
scenarios, respectively. In the 2080s, a higher advancement of about 5-15 days for LE and
approximately 15-25 days for HE was projected.

LE HE
BL 2050s 2080s 2050s 2080s

Bl 27.03-01.04 06.04 — 11.04 16.04 — 21.04 26.04 — 01.05 06.05-11.05 [l 16.05 — 23.06
I 01.04 - 06.04 11.04 - 16.04 21.04 - 26.04 01.05 - 06.05 M 11.05 - 16.05

Figure 3. Multimodel ensemble mean of the date of beginning the growing season (11 °C) for
the baseline (BL, 1981-2010) and projected according to the low emissions (LE, RCP4.5) and high
emissions (HE, RCP8.5) scenario for the 2050s (2041-2070) and 2080s (2071-2100).
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LE HE
BL 2050s 2080s 2050s 2080s

I 02.08 - 21.09 [ 26.09 - 01.10 06.10 - 11.10 16.10 — 21.10 % 26.10 — 31.10 M 05.11 - 10.11
I 21.09 - 26.09 01.10 - 06.10 11.10 - 16.10 21.10-26.10 M 31.10 - 05.11

Figure 4. Multimodel ensemble mean of the date of end of growing season (10 °C) for the baseline
(BL, 1981-2010) and projected according to the low emissions (LE, RCP4.5) and high emissions (HE,
RCP8.5) scenario for the 2050s (2041-2070) and 2080s (2071-2100).

The mean accumulated temperature sum above 6 °C (AT) during the maize growing
season was higher than 1200 °C in the baseline period, except in southern Poland where the
mean AT was lower (Figure 5). Due to climate change, the mean AT is projected to increase.
According to the LE scenario, the AT during the maize growing season is projected to range
from 1600 to 2000 °C in the 2050s and from 1800 to 2200 °C in most areas, whereas the
AT will be much lower in the northern and southern parts of Poland. According to the
HE scenario, the rise in AT is much higher, and by the end of the century, the mean AT is
projected to rise up to 2600 °C in the west-central part of Poland.

LE HE
BL 2050s 2080s 2050s 2080s

B <= 1200 1400 — 1600 1800 — 2000 2200 — 2400 M > 2600
1200 - 1400 1600 - 1800 2000 — 2200 [N 2400 - 2600

Figure 5. Multimodel ensemble mean of accumulated temperature sum of growing season [°C/yr]
for the baseline (BL, 1981-2010) and projected according to the low emissions (LE, RCP4.5) and high
emissions (HE, RCP8.5) scenario for the 2050s (2041-2070) and 2080s (2071-2100).

3.2. Evaluation of Climate Criteria under Baseline and 2050s and 2080s Climates

The probability of the maturity of the different maize varieties is shown in Figure 6
as the reference number of years in which maize reached maturity per analysed 30-year
period. The base line time period (BL) is highly diverse. In the northern and southern parts
of Poland, the probability of reaching maize maturity is low (<60%) even for early-maturing
varieties, and this area increases for later varieties. Furthermore, for early varieties, the
probability of maturation is higher than 90% in 44% of Poland, but for medium-early
varieties, this area decreases to 25% of Poland, while for medium-late varieties, it is almost
non-existent (2%). The projected temperature increase results in greater thermal resources,
allowing the cultivation of even medium-late varieties in a large part of Poland. However,
there will still be regions where choosing a particular variety should involve considering
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the risk of a cold year, but for most of the area (from 65 to 98%) this criterion will not limit
maize cultivation.

LE HE
BL 2050s 2080s 2050s 2080s

CESE
CESW
CESw

B <= 60% 60 — 70% 70 - 80% 80 - 90% [ 90 - 95% M > 95%

Medium-early

Medium-late

Figure 6. Multimodel ensemble-mean of the percentage of years in the 30-year period analysed in
which maize can reach maturity for baseline (1981-2010) and projected according to low-emissions
(LE, RCP4.5) and high-emissions (HE, RCP8.5) scenario for 2050s (2041-2070) and 2080s (2071-2100).
The probability of maturity is evaluated for early, medium-early and medium-late varieties.

Frost stress (FS) was evaluated from the beginning (11 °C) of the growing season
until the end of June, and its spatial distribution is presented in Figure 7. In the baseline
time period, FS (minimum temperature below 0 °C) occurred mainly in 3-6 years out
of the analysed 30-year time period (10-20%). The occurrence of spring FS decreases in
future climate conditions. The area which is highly suitable according to spring frost
risk, where the minimum temperature falls below 0 °C, will increase, and, by the 2080s,
it will cover a large area of Poland (70% and 51% of Poland, according to LE and HE
scenarios, respectively).

Heat stress was evaluated for the growing season and its spatial distribution is pre-
sented in Figure 8. In the baseline (BL) period, the maximum temperature did not exceed
35 °C for at least five consecutive days, while the maximum temperature was higher than
40 °C only for one day in a small area on the west part of Poland (6% of the area). In
the future climate scenarios, the area with a maximum temperature higher than 35 °C for
five days increased. According to RCP8.5, for the 2080s timeframe, it is going to occur
up to 6 times per 30 years in a large area of Poland (97%). According to the frequency of
occurrence of temperatures higher than 35 °C in Poland, there is a highly suitable area
for the cultivation of maize in both current and future climate conditions, except for the
2080s for the HE scenario, where a large area of Poland (71%) is defined as moderately
suitable. Furthermore, the frequency of the event when the maximum temperature exceeds
40 °C is expected to increase in the future. On the baseline, in Poland, there are highly
suitable conditions for maize cultivation according to this stress. However, in the 2050s, in
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>35 °C (5 days)

>40 °C (1 day)

the western part of Poland, there is a large area defined as moderately suitable (this stress
occurs in 3-6 years for 41-45% of Poland). According to the HE scenarios in the 2080s, it is
projected that, in Poland, there will be marginally suitable and not suitable areas for maize
cultivation in the western and central parts of Poland, with this stress occurring for more
than 6 years in 62% and 1% of the area of Poland, respectively.

LE HE
BL 2050s 2080s 2050s 2080s

<=1 1-202-3MN3-cMM6-9MEo-12 M > 12

Figure 7. Multimodel ensemble-mean of number of years with frost stress occurrence for baseline
(1981-2010) and projected according to low-emissions (LE, RCP4.5) and high-emissions (HE, RCP8.5)
scenario for 2050s (2041-2070) and 2080s (2071-2100). Frost stress is defined as frequency of occurrence
of at least one day between the beginning of growing season and the end of June with the minimum
temperature falling below 0 °C during the 30 years analysed period.

LE HE
BL 2050s 2080s 2050s 2080s

B <=1071-2 2-3 3-616-9MWo-12 M > 12

Figure 8. Multimodel ensemble-mean of number of years with heat stress occurrence for baseline
(1981-2010) and projected according to low-emissions (LE, RCP4.5) and high-emissions (HE, RCP8.5)
scenario for 2050s (2041-2070) and 2080s (2071-2100). Heat stress is defined as frequency of occurrence
of 5 consecutive days with maximum temperature exceeding 35 °C, and at least one day with the
maximum temperature greater than 40 °C during the 30 years analysed period.

Water stress (WS) was evaluated in our previous study [26] on the basis of the CWB
sum from April to September and its spatial distribution is presented there [26]. The CWB
values were negative when the potential evapotranspiration exceeded the precipitation
sum, which occured in a large area of Poland. The CWB exceeding 100 mm was observed
only in mountainous areas. The area with CWB less than —300 mm was observed in central
Poland and it is projected to increase in the future.
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3.3. Climate Criteria Weights for Land Suitability Assessment

The opinions of experts (5) and farmers (5) were used to weigh the four main climate
suitability criteria for maize (maturity, frost risk, heat risk and water stress) and sub-criteria
using an AHP pairwise comparison matrix. Tables 6-9 shows the mean judgement of two
sub-groups (experts and farmers) calculated based on geometric mean (AlJ). Then, the final
weights were calculated based on AIP to aggregate two sub-groups.

Table 6. AHP pairwise comparison matrix for the maturity of maize sub-criteria.

Subgroup Experts Farmers Mean
Criteria FAO210 FA 0240 FA 0290 Weights FAO210 FA 0240 FA0290 Weights Weights
FAO210 1.000 0.284 1.600 0.190 1.000 0.367 4.441 0.283 0.232
FAO240 3.519 1.000 6.382 0.696 2.728 1.000 6.921 0.640 0.668
FAO290 0.625 0.157 1.000 0.114 0.225 0.144 1.000 0.077 0.093

Consistency Ratio (CR) = 0.002 Consistency Ratio (CR) = 0.034
Table 7. AHP pairwise comparison matrix for the heat stress sub-criteria.
Subgroup Experts Farmers Mean
Criteria Tmix >35 Tmaox > 40 Weights Tmix >35 Tmaox > 40 Weights Weights
C C C C
Tmax > 35 °C 1.000 3.956 0.798 1.000 5.471 0.845 0.822
Tmax > 40 °C 0.253 1.000 0.202 0.183 1.000 0.155 0.177
Consistency Ratio (CR) = 0.000 Consistency Ratio (CR) = 0.000
Table 8. AHP pairwise comparison matrix for the water stress sub-criteria.

Subgroup Experts Farmers Mean
Criteria Very Light Light Medium Heavy  Weights Very Light Light Medium Heavy  Weights Weights

Very light 1.000 0.186 0.126 0.156 0.044 1.000 0.259 0.135 0.123 0.042 0.043

Light 5.373 1.000 0.223 0.410 0.151 3.866 1.000 0.163 0.145 0.089 0.116

Medium 7.950 4.478 1.000 1.165 0.458 7.384 6.128 1.000 1.516 0.468 0.463

Heavy 6.423 2.440 0.859 1.000 0.346 8.106 6.903 0.660 1.000 0.401 0.372

Consistency Ratio (CR) = 0.046 Consistency Ratio (CR) = 0.079
Table 9. AHP pairwise comparison matrix for the main climate suitability criteria.
Subgroup Experts Farmers Mean
I . Frost Heat Water . . Frost Heat Water . .

Criteria Maturity g o0 Stress Stress Weights  Maturity Stress Stress Stress  Weights  Weights

Maturity 1.000 2.460 4.004 0.678 0.3111 1.000 1.450 1.467 0.644 0.2092 0.2551

Frost stress 0.407 1.000 2.569 0.286 0.1431 0.690 1.000 1.217 0.138 0.1128 0.1271

Heat stress 0.250 0.389 1.000 0.136 0.0657 0.681 0.822 1.000 0.143 0.1029 0.0822

Water stress 1.476 3.497 7.331 1.000 0.4801 1.552 7237 6.971 1.000 0.5751 0.5254

Consistency Ratio (CR) = 0.007 Consistency Ratio (CR) = 0.064

Tables 6-9 show consistency ratio (CR) values for main, maturity and water stress
criteria, which were below the threshold value of 0.1, suggesting a reasonable level of
consistency in the experts’ and farmers’ judgment. The judgement for heat stress was
acceptable as there were only two sub-criteria compared (Rl is 0). The analysed four climate
factors that we indicated were as follows: probability of maturity, frost stress risk, heat
stress risk and water stress risk. Water stress risk (53%) and probability of maturity (26%)
were the main factors contributing to suitable areas’” evaluation for maize cultivation in
Poland according to respondents” opinion (Figure 9). The other two analysed climate
factors, frost risk (13%) and heat stress risk (8%), were found to be less important but are
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still considered by experts. They most often decided to use the medium-early varieties
(67%) rather than early varieties (23%) and medium-late varieties (10%). The heat stress
indicators, with an event when the maximum temperature exceeds 35 °C for 5 days or
more, were the most important (83%) in relation to an event when the temperature is more
than 40 °C for at least one day (17%). In order to avoid water stress, the respondents were
considering cultivating maize on medium (47%) and heavy soils (37%). However they
were also considering cultivating maize on light (12%) and very light soils (4%), although
they see climate risks. It is important to note that the calculated weights of the sub-criteria
and main criteria differ between the two sub-groups (experts and farmers). Therefore, if
we do not aggregate them and produce suitability maps for different groups, the results
may vary.

Tmax > 35°C (5 Tmax > 40°C
Heat stress consecutive days) (1 day)
0.83 0.17
S
St
B
2 Frost stress g Ui
2 1.00
=]
=
<
8
g FAO240 FA0290
=1 . FAO210
5 Maturity 023 0.67 0.10
g
<
=
. i Maturity
Main criteria 026
0.00 0.20 0.40 0.60 0.80 1.00
Weight

Figure 9. The relative importance (weights) for sub-criteria and main criteria according to pairwise
comparisons.

3.4. Climate Suitability for Maize in the Baseline and Future Scenarios

The presented suitability maps of the main climatic criteria (maturity, frost stress, heat
stress and water stress) as well as the final climatic suitability maps were classified into four
suitability classes: high (S1), moderate (S2), marginal (S3) and not suitable (N). Table 10
and Figure 10 show the percentages of the suitability classes of Poland’s area.

Table 10. Percentages of different climate suitability levels for maize cultivation in Poland according
to maturity, frost stress, heat stress, water stress for the baseline (1981-2010) and projected climate
according to low emissions (LE, RCP4.5) and high emissions (HE, RCP8.5) scenarios for the 2050s
(2041-2070) and 2080s (2071-2100).

RCP LE HE
Period BL 2050s 2080s 2050s 2080s
Rating Scale o1 gp g3 N s1 s2 s3 N S1 S2 S3 N SI S2 S3 N SI S2 S3 N
Maturity 43 27 19 11 9% 3 1 2 9% 1 2 1 10 0 0 0 100 0 0 0
Froststréss 24 65 11 0 4 5 1 0 7 3 0 0 5 4 2 0 5 4 3 0
Heatstress 100 0 0 0 100 O 0 0 10 0 0 0 10 0 0 0 2 71 3 0
Waterstress 81 18 1 0 6/ 26 7 0 64 24 12 0 6 22 8 0 44 24 21 11

1 S1—highly suitable, S2—moderately suitable, S3—marginally suitable, N—not suitable.
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Figure 10. Percentages of different climate suitability levels (S1—highly suitable, S2—moderately
suitable) for maize cultivation in Poland according to overall analyses for the baseline (1981-2010)
and projected climate according to low emissions (LE, RCP4.5) and high emissions (HE, RCP8.5)
scenarios for the 2050s (2041-2070) and 2080s (2071-2100).

From the reclassification results (Figure 11), taking into consideration maturity, it is
shown that around 43% of the study area was highly suitable, whilst 27% was moderately
suitable and 19% was marginally suitable for maize cultivation. However, about 11% of
Poland was classified as unsuitable. Furthermore, as a result of the future increase in the
accumulated temperature sum in both scenarios, the highly suitable areas will increase
and it is projected that they will cover more than 90% of Poland, allowing cultivation of
later maturing varieties than in the current climate. The obtained results show that frost
stress limits climate suitability for maize production in Poland; for the baseline 24% of
country area is highly suitable, 65% moderately suitable, while 11% is marginally suitable
for maize cultivation. In the future, frost stress is predicted to decrease, and more than 50%
of Poland is going to be highly suitable with the largest share of 70% of the area in the 2080s
for RCP4.5. Considering heat stress, the entire analysed area was highly suitable under the
current climatic conditions, and it will remain so in the future except for the HE scenario,
in which heat stress will occur more frequently in the 2080s than in the past, thus reducing
the highly suitable areas to moderately and marginally suitable in 71 and 3% of Poland,
respectively. Due to the occurrence of water deficiency in the current climate, only central
Poland is limited by water stress and has a moderate or marginal climate suitability (19%)
for maize production. In the future, depending on the period and scenario analysed, these
conditions are projected to extend to 30-45% of Poland. The increase in water stress will
continue into the far future, and by the end of the century, according to the HE scenario,
21% of the area of Poland will be marginally suitable for maize production, and 11% will
be unsuitable.

Finally, the climate suitability analysis (Figures 10 and 11) using the AHP weights
shows that 62% of Poland was highly suitable and 38% was moderately suitable under
current climate conditions. Furthermore, in the future climate conditions the highly suitable
area will increase to 69-73%, except in the 2080s according to the HE scenario where this
area will decrease to 47%. The rest of Poland is projected to be moderately suitable
according to the selected climate factors.
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Figure 11. Average climate suitability for maize cultivation for baseline (1981-2010) and projected
climate according to low-emissions (LE, RCP4.5) and high-emissions (HE, RCP8.5) scenario for 2050s
(2041-2070) and 2080s (2071-2100).

4. Discussion

The climate in Poland and Europe is changing, with both average air temperatures
and the frequency of extreme weather events increasing [68]. Observed climate changes
may have both positive and negative effects on plant development. Projected warming
may lead to a decrease in wheat yield, while it may increase in maize yields [69].

With future climate change and projected temperature increase, an acceleration of the
beginning and delay of the end dates for the maize growing season are observed in the
future reaching 15-25 days by the 2080s for the RCP8.5 scenario. These alterations will allow
for the prolongation of the growing season, which will, in turn, allow the introduction of
longer-duration cultivars [70]. A longer growing season can be associated with an increase
in productivity and therefore an increase in nutrient requirements [70]. Furthermore, in
both current and future climate conditions, the geographical diversity in the specific dates
of the beginning and end of the growing season should be noted. The delayed beginning
date and an accelerated end of the growing season in the northern part of the country
was observed compared to the other parts of the country. This is also reflected in the
study conducted by Nierdbca et al. [9], where the south-eastern part of Poland has more
suitable climatic conditions for maize cultivation than northern regions [9]. Another benefit
of climate change is the increase in thermal resources, allowing the cultivation of even
medium-late varieties in a large part of Poland. However, even under future climate
conditions, in a small area of the country in regions with a lower probability of maturity
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(less than 80%), the risk of a cold year should still be taken into account when choosing a
variety [45].

Due to climate change and temperature increase, the number of frost days is projected
to decrease in Poland [1,30]. Zarski et al. [71] assessed changes in climate risk indicators,
such as the occurrence of late spring frost for grain maize in the Bydgoszcz region. They
showed that late spring ground frost in May and June occurred 83% of the time in this
region during the period analysed (between 1985 and 2014). However ground temperature
below —2 °C occurred 30% of the time [71]. However, when the near-future was analysed
(2026-2050), an increase in frost days compared to the historical period was predicted for
central Poland [30]. Regarding frost risk that increased in the recent years, the phenological
strategies (sowing later with respect to thermal requirements) that helped trees tolerate
past frost frequencies will thus be increasingly mismatched with future conditions [55].

Despite the fact that maize is a thermophilic plant, the increased risk of heat that has
caused plants injuries is reported by loannis Charalampopoulos [72]. For BL, the maximum
temperature did not exceed 35 °C for 5 consecutive days and exceeded 40 °C for one day in
just one year for a small area in Poland. However, the number of years with these extremes
will increase in the future, and according to RCP8.5, heat stress will limit the suitability
for maize cultivation in the 2080s. Previous studies have also assessed that the number of
extremely hot days with Tmax above 35 °C will increase in the future in Poland [30]. In
cooler zones of Europe (including Poland) lower heat stress is observed for maize than for
wheat and barley whereas it is higher in warmer zones compared to current conditions [70].
Olesen et al. [70] noted that the occurrence of heat stress in the summer could be reduced
by adopting earlier sowing dates.

Our study indicates that the most important element in assessing the climate suitability
of areas for maize cultivation in Poland is water stress. A useful indicator for measuring
this stress is climatic water balance, i.e., the difference between total precipitation and total
evaporation. At present, evapotranspiration exceeds summer precipitation in almost all
parts of Poland, resulting in an increase in water deficit [27]. A negative trend in availability
of soil water during summer months and possible important effects on yield in central and
eastern Europe is indicated by Pinke et al. [73], with warning about grain production stabil-
ity and needs for intervention including implementation of water conservation agricultural
practices. Olesen et al. [70] observed that water-conserving tillage practices can be a crucial
adaptation measure in both warm and dry zones. In the preceding study [26], the impact
of irrigation on water stress in maize cultivation was evaluated, and it was found that this
practice is an appropriate method for adapting the increase in water stress related to climate
change. According to work by Gobin et al. [74], the observed risk of drought for grain
maize shifts earlier in the season. This is due to the fact that spring drought affects earlier
vegetative stages, while summer drought poses a risk to anthesis. The development of
smart irrigation systems and water management strategies is required, however relatively
little research effort in this direction was noted by Lopes [75].

Our overall assessment of the consequences of climate change shows an improvement
in growing conditions in northern Poland and a worsening in the central part of the country.
However, the projected worsening of some climate conditions does not imply a decline in
maize yields, at least according to the 2050 perspective, as pointed out by Parent et al. [76].
This trend may be positive or unchanged compared to the baseline if farms adopt upgraded
practices regarding choosing varieties with optimal sowing dates and growing cycle lengths,
and using the best of genetic variability suitable to the local environment. Ramirez-Cabral
et al. [4] found crucial the importance of evaluating the regional climatic suitability for
maize production variation under climate change. The ecoclimatic index (EI) was evaluated
using a CLIMEX distribution model at the global level, assuming an A2 emissions scenario.
In the current climate, the majority of Poland was identified as having medium climate
suitability, with a small area in the centre indicated as having marginal suitability. In future
climate conditions, the CSIRO model predicts that by 2050, the majority of Poland will
be suitable for maize cultivation, with marginal climate suitability in central Poland that
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will increase in 2100. In contrast, the MIROC model indicates that the climate suitability
for maize cultivation will be enhanced by climate change with the majority of Poland
becoming optimal for this purpose by 2100 [4].

It should be noted that in our assessment we did not consider the spread of pests,
weeds, or diseases among crops, which are also related to new climatic conditions, so it
is relatively unknown how these major pathways of crop failure may amplify each other
in the future [77]. Furthermore, our analysis did not consider non-climatic factors (e.g.,
topography, soil conditions and land use) or the potential genetic advancement of the
species. Suitability may be significantly influenced by soil characteristics, particularly
organic matter [78]. It would be beneficial for future studies to include such an analysis [4].
In our study we adapted the sowing date of maize to the predicted climatic conditions,
which was not a fixed day of the year, therefore the predicted conditions for maize cul-
tivation in relation to frost stress will improve in the future. In future studies it would
be advisable to see how the sowing date affects these conditions. Karapetsas et al. [79]
evaluated the effectiveness of SICSs (Soil-Improving Cropping Systems) as a long-term
mitigation measure against the impacts of climate change on land suitability for maize, in
addition to assessing current suitability for maize. There are some methods that can be
used in combination in MCDA to provide more comprehensive assessments in agricultural
land evaluation. Agrawal et al. [80] proposed a machine learning (ML)-based approach
as a valuable method for assessing the suitability of agricultural land. Rangzan et al. [81]
used an integration of Fuzzy logic, the Analytical Hierarchy Process (AHP) and satellite
images in identifying optimal areas for wheat cultivation. AHP is a multi-criteria method
based on pairwise comparison. It relies on expert judgement to determine priority scales,
based on the principle that people's experience and knowledge are at least as valuable
in decision making as the data they use [82]. More complexity and uncertainty can be
brought to the process with large group of decision makers [83]. As the values of the criteria
weights have an impact on the final suitability assessment, the choice of group and number
of decision experts is challenging and varies between studies. Han et al. [23] noted that
consultation with several experts is required to assign weights to selected criteria using an
AHP method. Rodcha et al. [84] invited seven experts on crop plantations to determine
the weights. Morales and de Vries [85] established the criteria weights with 20 experts.
Some authors evaluated the weights based on previous studies, the literature and expert
judgment [25,44]. Therefore, the group of experts could be expanded in future studies.
A sensitivity analysis of the influence of the weights given by different respondents or
different groups could be carried out in the future for a detailed analysis of the results [86].

5. Conclusions

The analysis of climate suitability for maize is important for increasing the capacity
to cope with the impacts of climate change on maize production. In this study, climate
suitability for maize was assessed for the baseline period and two future periods (2050s
and 2080s). The climate risk indicators were assessed with possible sowing and harvesting
dates set based on air temperature in order to adapt the crop to climate conditions and
provide more realistic results.

A deeper understanding of the pros and cons of climate change impacts on maize
development was achieved through the use of multi-criteria evaluation. The criteria chosen
reflected the positive effects of climate change, i.e., the increase in thermal resources,
and the negative effects related to the frequency of extreme weather events (frost, high
temperatures, water stress). The use of a mean ensemble from six GCM-RCM climate
simulations reduced the uncertainty in projections of further climate. Additionally, the
participation of crop experts and farmers was important for incorporating their knowledge
in the evaluation of criteria weights, having in mind that this evaluation is also subjective.
Our main findings indicated that areas of high climate suitability for maize production in
Poland are expected to increase due to increase in maturity achievement and a reduction in
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frost stress, with the exception of the 2080s forecast under scenario RCP8.5. In this scenario,
a reduction in climate suitability is projected due to an increase in heat and water stress.

The results and methodology used can be useful in planning adaptation measures for
climate change conditions. These changes in climatic conditions will require the implemen-
tation of adaptation agricultural techniques. Heat and water stress may limit the suitability
of maize in the future, but these negative effects of climate change can be attenuated with
new varieties that are resistant to increasingly frequent heat and drought stress. On the
other hand, greater thermal resources as a result of climate change provide opportunities to
grow maize varieties with higher heat requirements with less risk of not reaching maturity.
Projected higher air temperatures will result in the acceleration of sowing dates and the de-
lay of harvesting dates, affecting the potential scheduling of field operations, the possibility
of introducing longer-duration cultivars, as well as increased productivity.
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Abstract: Ensuring global food security and adapting to the challenges posed by climate change,
particularly in rainfed agriculture, are paramount concerns. This research investigates the impacts
of climate change on the yield of the potato crop variety Imilla Negra (Solanum tuberosum spp.)
under the extreme climatic conditions of the Peruvian Altiplano. From the experimentation in six
crop plots under a rainfed agricultural system, periodic crop growth parameter measurements were
obtained from 2017 to 2018. The results showed a good performance of the AquaCrop model in
the calibration and validation, successfully simulating crop growth and yield parameters. Climate
projections showed precipitation decreases and temperature and evapotranspiration increases for
the representative concentration pathway (RCP), RCP 4.5, and RCP 8.5 scenarios in 2023-2050. A
comparison of crop yields between the base period (2006-2021) and the period 2023-2037 showed no
significant changes, whereas a more considerable decrease was observed for the period 2038-2050. It
is concluded that climate change generates moderate impacts on potato crop yields under the rainfed
agricultural system in the Peruvian Altiplano due to the average reduction in precipitation.

Keywords: climate change; crop yields; sustainable; AquaCrop; food security; rainfed agriculture;
Altiplano

1. Introduction

Global warming is the increase in the Earth’s temperature and has a significant impact
on water supply; over the last 33 years, water demand has increased considerably, while
water supply has been precarious [1]. This distribution of water resources will be further
unbalanced at the river basin level, where agricultural production will be influenced by
these complex movements of the water deficit [2], by significant projected climate changes,
including unprecedented global mean surface temperature increases since the mid-20th
century (1.5 to 5.0 °C) [3], and reduction in precipitation rate in summer (—25%) [4], leading
to a higher frequency of these extreme weather events [5] attributed to climate change,
which is defined as the change in climatic elements in a given period [6].

Climatic variables, mainly precipitation and temperatures, are changing [7], affecting
crop growth and productivity [8]. These effects mostly turn out to be adverse, becoming a
major global threat during the dry season due to increased temperatures and decreased
precipitation [9]. In developing countries, this situation is aggravated by the fact that
agricultural activities are more sensitive and vulnerable to climatic conditions and climate
change, as well as by different resource, technological, and institutional constraints [10].
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In addition, climate change and precipitation shortages limit agricultural production and
significantly impact rainfed crop production [11]. The increase in temperature threshold
and water scarcity affect the development of the different phenological phases [12,13] in
potato crops, mainly in the formation of tubers [12].

Climate change is one of the world’s most crucial concerns. It is a significant threat to
the global food supply, mainly in family or subsistence farming [13], because it influences
the primary conditions of agriculture [14], which are carried out with scarce resources,
directly affecting the quality of life of farmers [15]. Agriculture is the mainstay of the
economy and contributes to the food security and employment of rural households [16];
however, under the conditions of climate change and variability in the availability of water
resources, adopting efficient irrigation systems, cultivating crops better suited to withstand
drought conditions, implementing sustainable agriculture practices, adopting the strategy
of climate-resilient sustainable agriculture (CRSA), and reducing our reliance on rainfall
will be necessary to address this challenge to ensure crop production and guarantee food
security [1,17,18]. Also, sustainable agriculture provides a potential solution to enable
agricultural systems to feed a growing population while successfully operating within
the changing environmental conditions [19]. Rainfed agriculture is currently one of the
main economic activities most affected by climate change due to its significant social and
economic consequences for human well-being [20].

Many approaches have been used to investigate the impacts of climate change on
agriculture [21] using the AquaCrop model in a variety of seasons and locales; in all of them,
good model performances were obtained [22,23]. However, the Peruvian Altiplano has
particular characteristics, where rainfed agriculture is the principal agricultural production
system and most vulnerable to climate change [24], so it is essential to study the impacts of
climate change and to develop and improve practical assessment tools, which are crucial
to reducing uncertainty in agriculture [25]. Therefore, in this research, we propose and
evaluate the yields of the rainfed potato crop under climate change scenarios using the
AquaCrop model in the conditions of the Peruvian Altiplano.

2. Materials and Methods
2.1. Study Area

The experiment was carried out in the rural community of San Martin, in the district
and province of Azangaro, in the department of Puno in the Peruvian Altiplano. The field
is located at 14° 04’ 05" S and 70° 25’ 25.6"” W, with an altitude of 4315 m above sea level
(Figure 1). It has a semi-arid climate typical of the northern Altiplano, characterized by a
short rainy season (December—March) and a long dry season (April-November) [26,27].
According to Azangaro station data, the annual total precipitation is 597.8 mm, 67% of
which occurs in the rainy season and 33% in the dry season. The yearly average temperature
is 8.8 °C, with the minimum temperature recorded in July at 5.6 °C and the maximum in
November at 10.8 °C (Figure 2).

2.2. Experimental Details

Six experimental plots of potato cultivation, variety Imilla Negra (Solanum tuberosum
spp.), with the characteristics detailed in Table 1, were determined. The sowing date was
4 November 2017, and the harvest date was 2 April 2018, with a vegetative period of 151
days. Given that potato cultivation in the Peruvian Altiplano is mainly developed under the
rainfed agriculture system, a single treatment for potato cultivation called rainfed potato
crop (RPC) was determined, as was also carried out in previous research [22,28,29]. Sixteen
canopy cover assessments were made during the growing season, with six replicates,
obtaining 96 canopy cover data during the crop growing season. At the end of the growing
season, potato crop yields in fresh weight (t ha~!) were determined. The soil sample was
collected from the study area, and the soil properties laboratory analysis is presented in
Table 1.
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Figure 1. The location of the study area in Altiplano, Peru.
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Table 1. Characteristics of experimental potato crop plots and soil properties.

Characteristic Values
Total area 150.0 m?
Number of plots 6
Plot area 25.0 m?
Number of rows per plot 6
Furrow length 10.0 m
Row spacing 0.42m
Plant spacing 0.40 m
Number of plants per row 25
Soil texture sandy loam
Field capacity 27.6%
Permanent wilting point 14.2%
Bulk density 1.6gem™3
Saturation percentage 42-49%
Hydraulic conductivity 400 mm day !
Soil depth 0-60 cm
pH 5.8
Organic matter 3.15%
Total nitrogen, phosphorus, and potassium 0.15%, 8.6 ppm, 119 ppm

2.3. Climate Data

Daily climatic data on precipitation and maximum and minimum temperature were
obtained from the Azangaro station of the National Service for Meteorology and Hydrology
of Peru (SENAMHI), located at 14° 54’ 52.2” S and 70° 11’ 27.1” W. Due to the limitation of
climatic data, the Hargreaves method was used to estimate the reference evapotranspira-
tion [30-33]. Figure 2 shows the monthly behavior of temperature and precipitation during
the vegetative period of the potato crop (2017-2018).

2.4. Field Data Collection and AquaCrop Model Input Data

The setup of the AquaCrop model needs input data containing climatic parameters,
crop, soil, field, and irrigation management data [23]. The daily precipitation and tem-
perature values of Azangaro station were entered into the model, and evapotranspiration
(ETo) values were also calculated using AquaCrop (ETo calculator) daily meteorological
data. The canopy cover values were obtained through aerial images of plants from each
repetition. The images were analyzed and processed in AutoCAD 24.2 to obtain the canopy
cover. Final biomass and crop yield were obtained following maturity using samples from
the experimental plot. The final aboveground biomass samples were collected by cutting
the crop at the ground level and finally weighed digitally. The final yield samples were
also harvested and weighed on the digital scale. Photographs of the process are shown in
Supplementary Materials.

The physical and chemical properties of the soil characterized in samples taken from
the study area (Table 1) were entered into the AquaCrop model. No irrigation management
data was entered because it was considered a rainfed potato crop. The field management
components include the soil fertility levels and weed infestation, which are the main
agricultural activities in the study area [23]. Likewise, the model requires a set of soil and
crop input parameters that were subsequently adjusted in the model’s calibration.

2.5. AquaCrop Model Calibration and Validation

The AquaCrop model was calibrated with the observed field experiment values
obtained from 2017-2018 for the rainfed potato crop (three experimental plots), according to
the procedure described [34]. The field data were input variables to simulate rainfed potato
crop growth and production. The fit of three growth parameters, such as canopy curve
(CC), biomass (B), and crop yield (CY), obtained from the AquaCrop model, was evaluated
with the field measurements made for the period 2017-2018, as also performed by [35], as
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well as statistics of the average annual yield of the potato crop obtained by the Regional
Agrarian Directorate Puno for the period 2005-2017, using statistical evaluation criteria
such as the Nash—Sutcliffe efficiency coefficient (NE), Pearson’s correlation coefficient (r),
normalized root mean squared error (NRMSE), and Willmott’s aggregation index (d) [36].

The model was validated with the measurements of the field experiment for the 2017-
2018 period (the other three experimental plots). The previously calibrated parameter
values were used for the validation stage, and their evaluation was carried out using the
NEC, r, NRMSE, and d performance criteria. The optimal value of NE is 1, representing a
perfect fit; values of r close to 1 indicate a good association between the variables, while
values below 30% are considered acceptable, and values of d close to 1 indicate a good
fit [35,37,38].

2.6. Development of Climate Change Scenarios

Climate scenarios project gas emissions and temperatures for the future; the IPCC
developed four climate scenarios called Representative Concentration Pathways (RCPs)
(RCP2.6, RCP4.5, RCP6.0, and RCP8.5) [39]. For this research, two climate change scenarios
were defined, RCP 4.5 and RCP 8.5, used in IPCC AR5. The RCP4.5 scenario corresponds
to a medium stabilization scenario, and the RCP8.5 scenario corresponds to a very-high-
emissions reference scenario. The precipitation and temperature projections used in this
research correspond to data generated by CPTEC/INPE that are available on the climate
change project platform for South America regionalized by the ETA Model (PROJETA),
available at “https:/ /projeta.cptec.inpe.br/ (accessed on 6 November 2022)” [40-42]. The
projection database considers the CANESM2-ES, HadGEM2, and MIROCS5 models region-
alized at a 20 x 20 km spatial scale. The base period was defined as 1975-2005 and the
projection period as 2023-2050.

Bias correction for daily precipitation maximum and minimum temperature projec-
tions was performed according to the procedure suggested by [43,44] for bias correction of
regional climate models. From the corrected temperature projections, reference evapotran-
spiration was estimated using the Hargreaves method for the historical period (2006-2021)
and the projected period (2023-2050). The reference evapotranspiration and precipitation
were used as inputs to the AquaCrop model previously calibrated for the estimation of
historical and projected potato crop production, as detailed in Figure 3.

awor.

Sowing date, ‘ Precipitation Texture ‘ St ‘
s ] () Irrigation type
senescence | [ Field capacity |
| Temperature Irrigation
Ciroidh Max. and Min. Wilting point amoust (mm)
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Depth of roots

AquaCrop model
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Figure 3. Methodological sequence for calibration, validation, and simulation of potato crop yield in
the AquaCrop model.
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3. Results
3.1. Calibration and Validation of the AquaCrop Model

The simulated canopy cover was compared with the potato crop canopy cover mea-
surements recorded in the 2017-2018 season (Figure 4). It was observed that the values
simulated with the AquaCrop model present consistency and a good fit with the field
measurements of the canopy cover, obtaining an R? value of 0.95. Table 2 shows the perfor-
mance statistics of the AquaCrop model for the calibration and validation phase. It was
observed that the r, NRMSE, NEC, and d values had magnitudes of 0.98, 17.8, 0.86, and

0.96, respectively.
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Figure 4. Calibration model: (a) comparison of the canopy cover simulated in the AquaCrop model
and observed in the 2017-2018 period of the potato crop; (b) simulated vs. observed values of canopy
cover.

Table 2. AquaCrop model performance statistics for canopy cover in calibration and validation

phases.
Stage r NRMSE NEC d
Calibration 0.98 17.8 0.86 0.96
Validation 1.00 26.9 0.72 0.95

In the validation phase, good approximation was observed between simulated and
observed canopy cover values for the 2017-2018 period recorded on 19 dates after planting.
R2 fit values of 0.99 were obtained, while the efficiency statistics of r, NRMSE, NEC, and d
presented values of 1.00, 26.9, 0.72, and 0.95, respectively.

Concerning comparing observed and simulated dry aerial biomass with the AquaCrop
model (Table 3), in the calibration stage, the performance statistics r, NRMSE, NE, and d
presented values of 0.98, 6.4, 0.97, and 0.98, respectively, while in the validation stage, r,
NRMSE, NE, and d were obtained with magnitudes of 0.96, 9.6, 0.96, and 0.98, respectively.
Table 4 compares potato crop yield in dry weight observed and simulated by the AquaCrop
model. In the calibration stage, a percentage difference of —0.44% was determined between
the observed and simulated yield, while in the validation stage, the percentage difference
was 0.87%.
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Table 3. AquaCrop model performance statistics for dry aboveground biomass in the calibration and
validation phases.

Stage r NRMSE NEC d
Calibration 0.98 6.4 0.97 0.98
Validation 0.96 9.6 0.96 0.98

Table 4. Comparison of observed and simulated crop yields at the harvest stage.

Performance (t ha—1) 5 Difference
Stage
Observed Simulated Absolute Percentual
Calibration 11.73 11.78 —0.06 —0.44
Validation 11.12 10.57 0.53 0.87

In Figure 4, it can be seen that for the period between the emergence and tuberization
stages (27 to 60 days after planting), a marked underestimation of the simulated canopy
cover was observed. In comparison, an underestimation of the simulated canopy cover
was observed for the period between the lodging and fruiting stages (69 to 126 days after
planting). Likewise, the model slightly overestimated the canopy cover values for the
period from the onset of senescence to crop maturity (134 to 175 days after sowing). There-
fore, the AquaCrop model in the calibration stage overestimated canopy cover compared
to the observed values. As for the validation stage (Figure 5), it was observed that in
the hilling stage (69 days after planting) and the period between the yield formation and
fruiting stages (91 to 126 days after planting), the AquaCrop model generated a slight
overestimation of the canopy cover values. These results are consistent with the error
statistics (NRMSE) obtained for the calibration and validation stages, which in both cases
were positive, which is an indicator of overestimation of the simulated canopy cover values.
For biomass (Table 3), the performance statistics (NRMSE) showed that the AquaCrop
model slightly overestimated the simulated biomass values. At the same time, for yield, it
was observed that in the calibration stage, the model slightly underestimated the simulated
yield values, and the opposite for the validation stage, as can be seen in the difference
values in Table 4.

70
a b
@ ® .
a Observed canopy coverage 60 - e Canopy Cover :
. . ) o
—Simulated canopy coverage %O .,.i“
o 50 A
8 K
S .
& 40 -
b=
< o .
< 30 - o @
9]
=
g 20 4
'LF) .-'.."
104 y =1.0016x - 0.1506
y R?=0.9932
- Ll T T T T T T T 0 T T T T T T
20 40 60 80 100 120 140 160 0 10 20 30 40 50 60 70
Days after sowing Observed canopy coverage

Figure 5. Validation model: (a) comparison of the canopy cover simulated in the AquaCrop model
and observed in the 2017-2018 period of the potato crop; (b) simulated vs observed canopy cover
values.
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3.2. Precipitation Changes

The historical total annual precipitation (2006-2021) in the study area reached 610.5
mm, with yearly variations (Figure 6). For the projected period (2023-2050), using the
CANESM?2 model, it reached 687.07 mm and 743.66 mm per year, respectively, in the
two scenarios RCP 4.5 (Figure 6a) and RCP 8.5 (Figure 6b). The average of the projected
values shows a decreasing trend from December to April concerning the observed historical
average values. It is deduced that the CANESM2 model behaves as an optimistic model in
the two projected routes (RCP 4.5 and RCP 8.5) because its values favor the months of the
agricultural season.
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Figure 6. Projected average monthly precipitation (2023-2050) in scenarios (a) RCP 4.5 and (b)
RCP 8.5. The curved lines show historical monthly precipitation summaries from January 2006 to
December 2021 at the Azangaro station and the average of projected precipitation.

The values of the projected annual cumulative precipitation estimates correspond
to the RCP 4.5 and RCP 8.5 scenarios (Figure 7); the former are represented by the solid
lines and the latter by the dashed lines on the right margin, while the bar on the left
side represents the observed historical precipitation. The vertical gray band marks the
end of the observed historical precipitation graph and the beginning of the projections.
The CANESM?2 model in the two concentration paths (RCP 4.5 and RCP 8.5), which is
represented as the most optimistic, shows relatively stable values above the historical by
120 mm per year throughout the projections; the highest peaks show the RCP 8.5 scenario.
CANESM2 for the years 2023 and 2036 exceeds 900 mm per year; on the contrary, the RCP
4.5 CA-NESM2 scenario shows reductions for the year 2048, when it only reaches 350 mm
per year (Figure 7). In general, the results of the average precipitation projections (2023—
2050) made in the RCP 4.5 scenario estimate a decrease in precipitation from December to
April, with reductions of 21.5%. For the RCP 8.5 scenario, the total rainfall for evaluating
the period value reduces by 22.6% in relation to the base period.
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Figure 7. Historical annual precipitation (2006-2021) and projections with six climate change models
for 2023-2050.
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3.3. Analysis of the Change in Maximum and Minimum Temperature

Figure 8 shows the monthly behavior of the average monthly maximum temperature
of the general circulation models under the representative concentration pathways RCP
4.5 (Figure 8a) and RCP 8.5 (Figure 8b) for the period 2023-2050 concerning the historical
monthly maximum temperatures (2006-2021), noting that the overall projected maximum
temperatures are in an average range of 17 °C to 19 °C in the case of the RCP 4.5 scenario
and 17.5 °C to 19.3 °C for the representative concentration pathway RCP 8.5.
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Figure 8. Average monthly maximum temperature for 20232050 for climate change scenarios (a)
RCP 4.5 and (b) RCP 8.5, compared to historical values 2006-2021.

In general, they show more significant temperature variations because their scenarios
project an increase in the average temperature of up to 13% compared to historical temper-
atures. The middle launched in the three models of the RCP 4.5 and RCP 8.5 routes show
higher values than those recorded (Figure 8), except for November in the RCP 4.5.

For the minimum temperature, the RCP 4.5 and RCP 8.5 concentration pathways show
greater increases between October and April; the CANESM2 model shows higher values in
the RCP 8.5 pathway because its RCP 4.5 and RCP 8.5 scenarios project a higher average
increase of up to 16% concerning the historical ones. This section indicates that all the
scenarios under study are favorable since the minimum temperatures will have a relative
increase, mainly in the months of the agricultural season (Figure 9). Regarding changes in
mean temperature, it was observed that 2023-2050 temperature increases of 0.54 °C for the
RCP 4.5 scenario and 0.88 °C for RCP 8.5 in the experimental area were observed.
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Figure 9. Average monthly minimum temperature in the period (2023-2050) in scenarios: (a) RCP 4.5
and (b) RCP 8.5 and historical (2006-2021) at the Azangaro station.

3.4. Crop Yields under Climate Change Scenarios

Figure 10 shows the simulation results using the AquaCrop model for the fresh
weight yields in the concentration routes RCP 4.5 and RCP 8.5 for the period from 2023
to 2050; once these yields were adjusted in the process of calibration and validation of
the AquaCrop model with the values observed during the 2017-2018 crop year, the fresh
weight yields were simulated for the period 2006-2021. The new weight yields obtained
remained relatively stable from 2023 to 2027 under two concentration pathways, RCP
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4.5 and RCP 8.5, achieving an average annual result of 11.26 t ha~!. For the second
half (2038-2050), a decrease in potato crop yield is observed for the six future climate
change scenarios, according to the AquaCrop model, reaching an annual average of 10.84 t
ha~!. In most years, it can be indicated that precipitation forecasts help to moderate the
effects of temperature increases; however, there is a tendency for yields to fall in the most

extreme years.
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Figure 10. Annual crop yields for 2023-2050 in the climate change scenarios RCP 4.5 and RCP 8.5,
compared to historical values 2006-2021.

The highest potato crop yield is in the RCP 4.5 MIROC 5 scenario (12.382 t ha~!) and

the lowest is for the RCP 4.5 HADGEM?2-ES scenario (9.077 t ha~1), where the trends of the
results are favorable for the RCP 8.5 scenario and harmful for the RCP 4.5 scenario (Table 5).

Under these future climate conditions, a slight negative impact on potato crop production

in the Peruvian Altiplano was observed.

Table 5. Percentage change in simulated yields (2023-2050) compared to historical (2006-2021).

Scenarios
Routes CANESM?2 HADGEM2-ES MIROC 5
RCP 4.5 —1.90% —2.93% —5.40%
RCP 8.5 2.30% 0.92% 0.49%

4. Discussion
The efficiency results of the simulation of rainfed potato crop development and pro-

duction in the AquaCrop model in the calibration and validation stages showed satisfactory
results. Despite slight over- and under-estimates of the model in canopy cover, biomass,
and yield, which were also reported by other studies for the cultivation of potatoes [23,35],
these results suggest that the AquaCrop model can satisfactorily simulate the development
and production of rainfed potato crops under the extreme climatic conditions of the Pe-
ruvian Altiplano, since it simulates canopy cover, dry aerial biomass, and crop yield very
closely to the observed values. The results obtained are consistent with previous research,
which showed excellent performance of the AquaCrop model for simulating the work of
different crops in different regions [34,35,45]. For example, in Ethiopia [23], coefficients of
determination values (1?) greater than 0.92 were found for the relation between observed
and simulated values of canopy cover for potato crops under deficit irrigation, which are
similar to those determined in this study (>0.95). In relation to the values of NRMSE,
NE, and d, we found identical values to those obtained for Ethiopia, which suggests a
high degree of adaptability of the AquaCrop model to different climatic conditions, soils,

and crops.

146



Sustainability 2024, 16, 71

Once the AquaCrop model was calibrated and validated, potato crop yields were
simulated for the extended period (2005-2017). The simulated average annual yield results
(Table 6), when compared with the yield statistics of the Direccion Regional Agraria Puno
(DRA) for the province of Azangaro [46], show a good approximation. The mean difference
analysis (t-Student) performed on the observed and simulated potato yields indicates no
significant differences at a 5% significance level (t-statistic = 0.47 and t-tabular = 1.81).
It suggests the AquaCrop model can adequately simulate potato crop yields for periods
other than those used in the model calibration and validation. However, differences in
potato crop yields can be attributed to various factors, including crop variety, local climatic
conditions, irrigation rates, fertilization, and agricultural activities [34,47].

Table 6. Observed and simulated yields for the extended period 2005-2017.

Average Annual Performance (t year—1)

Fuente
e 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Simulated 10.21 10.39 10.49 10.57 10.66 10.77 10.91 11.00 1112 11.23 11.33 12091 12.49
DRA 9.58 9.69 9.08 7.13 8.56 9.38 10.11 9.53 10.34 9.66 11.57  10.60 11.07

Potato yield statistics for the province of Azangaro averaged 9.72 t yr—! (Table 6),
which is compared to regions with similar climatic and geographical conditions, such as
the Mantaro Valley in the central Andes of Peru, where higher yield values of up to 18.9 t
yr_1 were observed [48]. The vital difference in yields could be attributed to the annual
rainfall amounts, which are higher in the Mantaro Valley (833 mm) compared to Azangaro
(597.8 mm), as crop yield is directly related to biomass, and biomass is directly related to the
amount of water available, which generates a more significant expansion and coverage of
the foliage [49]. Therefore, dependent on annual rainfall amounts, potato cultivation under
rainfed production systems causes crop water stress periods, significantly influencing the
potato crop’s phenology, growth, and productivity. Therefore, it is necessary to practice
irrigated agriculture by implementing irrigation systems that allow the timely provision of
water to crops and reduce periods of water stress to obtain better yield levels [23,28,50].

According to projections for the period 2023-2050, changes in precipitation in Azdngaro
were not as significant as in other regions of the Altiplano [51,52]; therefore, it is expected
that the conditions of the Peruvian Altiplano, such as hailstorms, snowfalls, frosts, and
droughts that are persistent [53], affect productive activities in a negative way [53]. How-
ever, contrary to the results obtained in this research [54], it found a positive trend for
the projected period (2071-2100), with an increase of up to 2 mm day !, agreeing with
the results of [55]. This behavior would be attributed to the scarcity of meteorological
information in the region, the geographical conditions of the Altiplano, and the uncertainty
of projections obtained from global climate models, among others [56], which could be
improved with the use of regional climate models [57].

The changes in mean temperature projected for the experimental area are conservative
in comparison to previous research that determined rates of increase of 0.8 to 2.7 °C
century ! [58]. Furthermore, in the projections made by [54], the increases would be
between 2 °C and 4 °C and up to 6 °C in the north of Lake Titicaca (2071-2100). Likewise,
Galera and Gonzdlez [59] indicate temperature increases of up to 4 °C, generating favorable
conditions for certain crops, with production increases due to changes in the climate. The
temperature has a significant effect on the yield of the potato crop. The optimum maximum
and minimum temperatures are in the range of 13.52 °C and 3.75 °C, respectively. Values
above and below this range would negatively affect the crop yield because these are
extremely sensitive to environmental changes. Values above the optimum modify the
growth mode according to the duration of the different phenological phases, which would
significantly affect the yield achieved due to the decrease in the number of tubers [60,61].

The changes in potato crop yields found in this research for the RCP 4.5 and RCP 8.5
scenarios showed differentiated behaviors for the periods 2023-2037 and 2038-2050, with
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minimal reductions for the former and more significant decreases for the latter periods;
these results are in line with those found in previous studies [60,62-64]. Changes in rainfall
and temperature modify the different phenological stages of the crop, affecting yields
by reducing the number and size of potato tubers in rainfed crops [7,60,64,65]. Since the
potato crop requires 400 mm to 800 mm of rain per agricultural campaign for adequate
production [29], values slightly lower than this range were obtained in this research:
382 mm for RCP 4.5 and 390 mm for RCP 8.5, which generated a minimal reduction in crop
yield under a rainfed agriculture system. Likewise, droughts represent a severe threat to
agricultural development and food security [45] due to the deficit in precipitation and the
increase in temperature, generating a tendency for production to decrease in the coming
years, which would require the implementation of irrigation systems, resulting in higher
water demand, according to [66].

Under these current conditions in the Peruvian Altiplano, the introduction of heat-
tolerant and drought-resistant potato genotypes [67,68], as well as the cultivation of bitter
potato varieties [69], the development of irrigated agriculture reversing the loss of tradi-
tional knowledge [47], the adoption of sustainable agricultural practices [17], the adoption
of strategies for climate-resilient sustainable agriculture (CRSA) [18], and techniques to
reduce crop water loss [70], are required as an essential strategy for adapting to climate
change and variability, as these are issues of current global concern due to their impact on
agricultural production [71].

5. Conclusions

In general, the AquaCrop model performed well in simulating the development and
production of the potato crop variety Imilla Negra (Solanum tuberosum spp.) under the
extreme climatic conditions of the Peruvian Altiplano, adequately enacting the observed
values of canopy cover, aerial dry biomass, and crop yield for the period 2017-2018.

Climate projections showed decreases in precipitation and increases in temperature
and evapotranspiration for the RCP 4.5 and RCP 8.5 scenarios in 2023-2050. Projections
for potato yields in the Peruvian Altiplano under the climate scenarios showed a mini-
mal decrease in the first half of the projection period (2023-2037). In the second period
(2038-2050), the reduction increased due to climate change.

In addition, further research and field experiments are needed to determine the influ-
ence of other factors, such as potato crop variety, local climatic conditions, irrigation doses,
fertilization, and agricultural activities, on potato crop yields in the Peruvian Altiplano,
from which to promote strategies to adapt to climate change and ensure the food security
and well-being of the communities of the Peruvian Altiplano.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/su16010071/s1, Figure S1. We obtain aerial images of the potato crop in
different phenological stages to calculate canopy coverage. Figure S2. Scaling and delimitation of canopy
coverage of the potato crop in AutoCAD. Figure S3. Monitoring the development of the potato crop in
different phenological phases. Figure S4. (A) quantification of aboveground biomass of potato crop, (B)
quantification of root biomass (without tuber).
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Abstract: Global food supply chains face mounting vulnerabilities due to climate change
and environmental variability, with particularly severe implications for import-dependent
nations like Qatar, where over 90% of food supplies rely on international trade. This
high import dependency creates unique challenges, including supply disruptions, price
volatility, and food security risks, especially as climate variability increasingly affects
major food-exporting regions. This study develops a multi-objective optimization frame-
work to enhance the resilience of Qatar’s food import system by integrating economic,
environmental, and crop water requirement considerations, modeled as a stochastic vari-
able. The framework addresses both average performance and worst-case scenarios using
stochastic and robust optimization approaches, evaluating trade partners for three key
crops—tomatoes, onions, and cucumbers. Results identify optimal suppliers that minimize
costs, environmental emissions, and water usage variability, with Turkey contributing
42.10% of total imports, Iran 13.76%, and the Netherlands 9.52%. The findings demonstrate
that a diversified import strategy significantly reduces vulnerability to climate-induced
disruptions and improves supply chain stability. This research provides actionable insights
for policymakers, including; (1) optimal supplier diversification targets to balance risk
and efficiency, (2) specific trade partner recommendations based on multiple sustainability
criteria, and (3) quantitative frameworks for assessing import portfolio resilience.

Keywords: food supply chain; stochastic optimization; climate variability; robust optimization

1. Introduction

Global food systems are highly interconnected with their surrounding environment.
As a result, they are sensitive to various types of environmental changes. These changes
can range from large-scale disruptions to gradual shifts in average conditions. For example,
shifts in climate, nutrient cycles, and water availability can all have significant impacts
on the production, storage, processing, distribution, retail, and consumption of food. In
addition to gradual changes, food systems are also affected by sudden disruptions such as
floods, droughts, and extreme heat, which are manifestations of climate variability. Fur-
thermore, other environmental challenges like pest outbreaks, diseases, algal blooms, coral
bleaching, and the presence of aflatoxins also pose significant threats to food security [1,2].
While natural variations have occurred within the historical range, today’s environmental
variability is increasingly characterized by extreme events. These shifts are largely driven
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by climate change and other human-induced factors, making food systems more vulner-
able and highlighting the importance of developing resilience against these challenges.
Anticipated shifts in climate and environmental conditions over the coming decades are
expected to further exacerbate these vulnerabilities, impacting food security, nutrition,
and both human and global health [3,4]. However, even in the present, extreme weather
events and environmental variability are already leading to significant annual harvest
losses and disruptions in food distribution. These immediate, short-term effects—those
occurring within a single growing or production season—can be more severe than the
long-term impacts of environmental and climate changes, highlighting the urgency for
adaptive measures [5].

The impacts of environmental variability extend beyond individual harvests to the
broader food supply chain (FSC), affecting both local and global scales. In regions with
limited access to global markets, where food production and consumption are closely
interlinked, often through short supply chains typical of subsistence-based food systems,
environmental variability can quickly lead to local shortages of specific foods. These
shortages can create food insecurity depending on the availability of substitutes, impacts
on livelihoods, and how households adjust their diets and nutrient intake [6,7]. Moreover,
the consequences of environmental variability are not confined to local producers but are
increasingly propagated through longer supply chains. For example, in 2008, a drought
in major grain-producing regions, combined with several other factors—including rising
biofuel demand, high oil prices, declining grain stocks, and the depreciation of the US
dollar—led to a spike in global grain prices. This price spike triggered a series of rice
export bans, which exacerbated shortages and ultimately drove over 130 million people
into poverty, with an additional 75 million experiencing malnourishment [8]. This example
highlights how disruptions in one part of the supply chain can have cascading effects,
illustrating the interconnectedness and fragility of global food systems.

Although the 2008 event was not entirely an environmental shock, it underscores
the potential for disruptions to cascade through global food trade networks, affecting
populations in geographically distant regions. As global food systems become increasingly
interconnected, it is crucial to understand the emerging risks associated with environmental
variability. Ongoing globalization and the expansion of multinational food enterprises
have introduced greater complexity and efficiency in the relationship between producers
and consumers. However, despite this growing interconnectedness, there is still a limited
understanding of how these dynamics influence the impacts of environmental variability
on both local and global FSCs. Moreover, the effects of major events—such as economic
recessions, trade blockades, or pandemics—can amplify these vulnerabilities [9]. This
amplification particularly affects the quality of food products, especially perishable items,
which deteriorate over time and often lose all value, especially for fresh produce [10].
Perishability is defined by at least one of the following criteria: (1) a noticeable decline in
product quality, (2) significant consequences from the loss of functionality, or (3) a gradual
reduction in value [10,11]. These characteristics make fresh food products particularly
vulnerable during various stages of the supply chain, including manufacturing, storage, and
distribution [12]. Therefore, ensuring the timely delivery of fresh products to consumers is
essential for maintaining the viability and efficiency of FSCs [13].

The design of perishable FSCs is, therefore, critical for mitigating the challenges pre-
sented by environmental variability. This process, known as Perishable Food Supply Chain
Network Design (PFSCND), involves decisions related to facility location, manufacturing,
storage, and transportation of food products that are subject to quality deterioration. PF-
SCND also requires consideration of the unique characteristics of perishable FSCs, which
intersect with economic, social, and environmental factors. These unique traits stem from
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the nature of perishable items and the processes involved in their production, preparation,
and distribution. As a result, decisions made within PFSCND not only affect product
quality but also have broader implications for the sustainability of the entire supply chain,
ultimately influencing consumer satisfaction and business success [14].

Global food systems are under increasing pressure from environmental and climate
variability, posing significant risks to food security. This is particularly critical for nations
like Qatar, where over 90% of food is imported due to limited agricultural capacity. Qatar’s
food supply chain faces unique challenges, including the following:

e High dependency on imports for staple crops like tomatoes, onions, and cucumbers.
e  Vulnerability to climate-induced disruptions in exporting nations.
e  The perishability of imported crops leads to quality degradation during transit.

Addressing these challenges requires a strategic framework that balances economic,
environmental, and resource sustainability considerations. This study proposes a multi-
objective optimization framework to strengthen Qatar’s food import system against climate-
induced risks. The framework integrates economic costs, environmental emissions, and
variability in crop water requirements (CWR) to identify optimal trade partners. The key
research objectives are framed as the following questions:

1.  How can Qatar’s food import system be optimized to reduce climate-related risks?

2. What are the trade-offs between economic, environmental, and resource sustainability
considerations in food import decisions?

3. Which trade partners offer the most resilience against variability in CWR?

To support these objectives, this study utilizes historical climate and trade data, includ-
ing statistics on crop production costs, water requirements, and transportation emissions.
Turkey, a major trade partner, contributes 42.10% of Qatar’s imports, demonstrating its
critical role in supply chain stability. By combining stochastic and robust optimization
approaches, this study provides actionable insights for policymakers to design resilient and
sustainable food systems. This study also aims to propose a methodology that strengthens
Qatar’s food import system against climate-related risks. The proposed approach focuses
on selecting optimal trade partners for key crops through a multi-objective optimization
framework that balances economic and environmental considerations to ensure a resilient
food import strategy. Furthermore, by integrating climate factors that affect water require-
ments for crop growth, the framework offers a holistic perspective on the challenges and
opportunities within the global food system.

This study is structured over five sections. Section 2 provides a comprehensive
literature review, examining previous research on food security, climate variability, and
supply chain optimization. Section 3 outlines the methodology deployed in this study,
including the multi-objective optimization framework and the factors considered in the
model. Section 4 presents the results and discusses the findings, highlighting key insights
related to Qatar’s food import system and its resilience to climate risks. Finally, Section 5
concludes the paper with recommendations for future research and policy implications.

2. Literature Review

Food supply chains differ significantly from other product supply networks, primarily
due to the continuous degradation in product quality along the entire chain, from pro-
duction to final consumption. This distinct nature of FSCs, driven by the perishability
of food items, price volatility, fluctuating demand, climate dependency, and increasing
consumer concerns regarding food safety, makes them more complex than other supply
chains [15]. A substantial portion of food is lost due to the perishability of agricultural
products, emphasizing the importance of managing food sustainability, profitability, and
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quality throughout the FSC. Despite the best efforts, some post-harvest food losses are
inevitable [15].

Given these unique challenges, the importance of perishable food supply chains
(PFSCs) has become increasingly critical in the context of changing global demand patterns.
As demand for fresh produce, such as milk, fruits, and vegetables, rises in response to
the global shift towards healthier diets, managing PFSCs effectively is essential. Real-
time management of perishable products and addressing factors like pricing, quality, and
freshness are crucial for efficient PFSC operations. To maintain product integrity, continu-
ous monitoring of these factors is necessary throughout the supply chain (SC). However,
handling modern PFSCs remains challenging due to demand fluctuations, stringent envi-
ronmental regulations, and unforeseen disruptions. Recent technological advancements
have aided in overcoming some of these challenges, particularly in improving inventory
control, transportation, and sustainability aspects [16].

Building on these advances in PFSCs, a broader perspective is needed to address the
complexities of agri-food supply chains (AFSCs). In AFSCs, integrated strategies must be
implemented, from raw material production to product distribution, aligning supply and
demand in a competitive and dynamic environment. However, this process is fraught with
challenges, primarily stemming from uncertainties inherent to the agri-food sector [17]. Ef-
fective management of these uncertainties is vital for improving supply chain performance.
In PFSCs, value degradation is influenced by opportunity costs, shelf-life constraints, and
product transportation dynamics. Singh et al. [18] proposed a location-allocation model
considering value degradation and coordination using big data approximations. This
model, framed as a mixed-integer linear programming (MILP) problem, was solved using
a CPLEX solver. Additionally, Chen et al. [19] developed a method to classify fresh agricul-
tural products’ storage requirements to reduce consolidation costs and minimize value loss
from shorter shelf lives [16].

A more detailed understanding of AFSCs is necessary to fully understand the pro-
cess from farm production to consumer delivery. AFSCs include plant and animal based
products, which are particularly vulnerable to uncertainties stemming from the nature of
agricultural production. These uncertainties, if not managed effectively, can negatively
impact the supply chain’s performance and overall efficiency. Conversely, better manage-
ment of uncertainties can enhance performance [20]. Various sources of uncertainty in
crop-based AFSCs include shelf-life unpredictability, where the product’s deterioration
does not necessarily align with its marketable lifespan [21]. Product degradation, catego-
rized as age-dependent or independent, further complicates supply chain management [11].
Additionally, the lack of product homogeneity, typical of the agri-food industry, creates
additional challenges in maintaining consistent quality standards [22].

Supply lead times in AFSCs are generally long and impacted by seasonal and cli-
matic factors, adding another layer of uncertainty [23]. Moreover, production uncertainty
arises from the unpredictability of raw materials, necessitating flexibility in processing
methods [24]. Demand uncertainty is influenced by consumer preferences, safety concerns,
and promotional efforts, all of which fluctuate due to factors such as seasonality and
weather [25]. In agriculture, weather patterns and land conditions heavily influence crop
yields. This uncertainty in weather patterns poses significant challenges during the har-
vesting process [23]. Managing these uncertainties is particularly difficult when planning
production in AFSCs. Many traditional planning models assume deterministic parameters,
which is often unrealistic in agriculture due to the inherent variability [26].

In addition, recent studies emphasize the increasing role of climate change adap-
tation strategies in ensuring food security and supply chain resilience. Alhassan and
Kuwornu [27] investigated the impacts of climate variability on food security in Sub-
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Saharan Africa, highlighting the importance of integrating climate-responsive strategies in
food supply chains. Similarly, Begashaw et al. [28] analyzed climate adaptation strategies
and their effects on household vulnerability to food insecurity in Ethiopia, stressing the
need for robust policy interventions in food trade networks. These findings reinforce the
significance of incorporating climate resilience into food supply chain models, aligning
with the objectives of this study. To address uncertainties in FSCs, robust optimization
techniques are increasingly being applied. These methods can handle uncertain data,
such as errors in data estimation or environmental factors, through strategies like the
Robust Counterpart approach [29]. By incorporating robust optimization, supply chain
managers can better manage unpredictable conditions in the agri-food industry, ensuring
better outcomes despite uncertainties [30]. In addition to robust optimization, stochastic
optimization approaches are also being explored to handle uncertainty in AFSCs. Unlike
robust optimization, which aims to find solutions that perform well under worst-case
scenarios, stochastic optimization incorporates probabilistic elements to model uncertainty,
thereby enabling decision-making that accounts for a variety of possible future outcomes.

AFSCs face significant challenges due to the uncertainties inherent in production,
demand, and environmental conditions. The growing use of advanced optimization
methods, including robust and stochastic approaches, offers promising pathways to address
these complexities and enhance the resilience of FSCs. As the demand for sustainable and
efficient food systems continues to rise, these optimization strategies will play a crucial role
in shaping the future of global agri-food networks.

3. Methodology

This study suggests a methodology designed to strengthen Qatar’s food import
system’s resilience to climate risks affecting exporting nations. The framework aims to
select the optimal trade partners to fulfill Qatar’s yearly requirements for three primary
crops, namely, tomatoes, cucumbers, and onions, which are the most widely consumed
in the country. The methodology is centered on a multi-objective optimization approach
that accounts for climate variability. This approach seeks to minimize both economic and
environmental costs while also reducing the CWR, which is influenced by temperature
fluctuations that affect crop growth cycles and trade partners’ yields throughout the year.
This study is an extension of the recent research conducted by the authors, Hassna et al. [31],
wherein the risk factors impacting trade partners’ selection are replaced by the CWR, which
is a holistic representation of the climatic conditions of each country. The CWR, which is
defined as the amount of water required by the crop to grow optimally, is estimated using
the Penman-Monteith evapotranspiration equation that accounts for temperature, solar
irradiance, humidity, and wind speed [32]. Detailed mathematical formulation is presented
in Sections 3.1 and 3.2.

3.1. The Mathematical Formulation of the Optimization Model

The objective of the optimization framework suggested in this study is to determine
the combination of trade partners (b) that can fulfill the demand (D) of Qatar for a com-
bination of perishable crops (a) through diverse transportation means (c). The demand
assumed in this study represents a partial demand from imported products and does not
consider the total demand of the country, including the local production system. The model
suggests three objective functions, wherein the first equation aims to minimize the total
economic cost of supplying the products from the country (b) to Qatar. The second objective
minimizes the environmental emissions associated with the trade decision, while the third
objective has the goal of minimizing the water required to grow the crops in their country
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of origin. The detailed mathematical formulation of the multi-objective optimization is

summarized in Tables 1-3.

Table 1. List of objective functions.

Objective Function Description
s o s The purpose of this function is to minimize the overall cost of
Min ¥ Y Y Xape-Da+(Pay + Tie) importing the crop from the set of exporting countries, counting
a=1b=1c=1 production and transportation costs (USD).
3 7 3 < , The purpose of this function is to minimize the carbon emissions
Min 21 hzl 21 Xape*Da- (Eab + Ebc) associated with the trade activity (kg of CO2eq)-
a=1b=1c=
3 7 3 The purpose of this function is to minimize the total CWR associated
Min 21 bZl 21 XapeDa-way with importing crops from the set of selected countries to Qatar.
a=1b=1c=

Table 2. List of constraints.

Constraints Description
Yo, Zzzl Y21 Xape-DaFape= Da This constraint ensures that the local demand from each crop is fulfilled.
0.1 < Xppe £05 This constraint ensures diversification in selecting trade partners.
EFr >02 X < 02 This constraint ensures the quality of the crops imported given their
abe = W&y Sabe = degradation factor.
X, .D.< Ca This constraint is linked to the supplying exporting capacity that is
abe'ta = LAPab predetermined in this context.

Table 3. List of variables used in the mathematical optimization model.

Variable Definition
The percentage contribution of each trade partner b to the satisfaction of the demand from crop
Xabe a using shippi thod ¢ (%
g shipping method c (%).
D, The total demand from crop a (kg).
p The unit cost of growing crop a in exporting country b. This cost is inclusive of the cost of seeds,
ab water, energy, fertilizers, and operational costs (USD/kg).
T The unit cost of transportation from country b using transportation means ¢ and it is computed
be as a function of the distance between Qatar and country ¢ (USD/kg).
Eib The unit environmental emissions associated with cultivating crop 4 in country b (kg COz¢q/kg).
Et The unit environmental emissions associated with transporting the crops from country b to
be Qatar using the shipping method ¢ (kg COzeq/kg).
Wap The unit CWR for the cultivation of crop a in country b (m3/ kg).
r The degradation factor represented as a percentage weight loss due to transporting crop a from
abe country b using shipping method c (%).
Capgp The allowed exportable quantity by supplier b from crop a (kg).

Multiple scenarios were conducted to dynamically quantify the impact of the variabil-
ity of CWR on the growth patterns of crops in exporting countries and hence on the results
of the optimization model. Two different scenarios were conducted in this regard, and they
are detailed in Sections 3.1.1 and 3.1.2. Section 3.2 presents the case study data utilized in
this optimization problem.

The methodology integrates stochastic and robust optimization through a systematic
process. First, historical climate data are analyzed to determine the mean (1) and variance
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(62) of CWR for each crop-country combination, from which multiple climate scenarios
are generated following a normal distribution. The stochastic optimization model is then
solved to optimize average performance across all scenarios, providing an initial solution
that balances expected costs, emissions, and water requirements. Subsequently, the robust
optimization model addresses worst-case scenarios by identifying and minimizing the
maximum impact of extreme conditions. This dual approach enables decision-makers to
understand both the average system performance and its resilience under extreme scenarios,
with the final recommendations incorporating insights from both methods to suggest a
balanced import strategy that considers both routine operations and extreme events.

3.1.1. Optimization Under Uncertainty

The CWR is a critical factor in agricultural planning and FSC optimization. The CWR
is affected by various climate factors such as temperature, humidity, solar radiation, and
wind speed, all of which fluctuate due to natural variability and climate change. These
factors directly impact how much water is needed for optimal crop growth. Given the
uncertainty in future climate conditions, the CWR is represented as a stochastic variable
following a normal distribution:

CWRyp(w) ~ N(Hab: Gﬁb)f

where CWR;, (w) represents the CWR for crop a in country b under scenario w; ,, is the
mean CWR for crop 4 in country b, based on historical data; 02, is the variance in CWR for
crop a in country b; and w represents the individual climate scenario.

The present study adopts two approaches to handle uncertainty in CWRs: stochastic
optimization and min—-max robust optimization. Stochastic optimization addresses the
uncertainty in climate factors by modeling CWRs as a probabilistic variable. Incorporating
multiple climate scenarios allows for decision-making that is, on average, optimal across
a range of possible future outcomes. While min—-max robust optimization focuses on
ensuring the best possible outcome under the worst-case scenario. Rather than averaging
over all potential outcomes, it plans for the most extreme conditions within a defined
uncertainty set.

3.1.2. Stochastic Optimisation

In stochastic optimization, the goal is to minimize the objective function considering
the expected value of the CWR, while the total cost and emissions remain deterministic.
The CWR, denoted by w,;(w), depends on the scenario w where w represents one of
the possible climate scenarios. By simulating these scenarios, the expected CWR can be
estimated. The objective minimization is expressed as follows:

minimize f1(x) + f2(x) + E[f3(x, w)],

where fi(x) represents the deterministic total cost, f,(x) represents the deterministic total
emissions, E[f3(x, w)] represents the expected total water requirements. The stochastic
nature of the CWR is captured through the inclusion of w, which represents different
climate scenarios. By incorporating these scenarios, the model accounts for the uncertainty
and variability in future climate conditions. A high number of climate scenarios are
generated based on historical climate data and current trends. Each scenario represents
a possible realization of future climate conditions, including variations in temperature,
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precipitation patterns, solar irradiance, and other relevant climatic variables that influence
CWR. The expected value of the water requirement function can be expressed as follows:

A

B C
Elfi(n @)= = Y Y Y Y [Xase Dap s ()],
|Q| weNa b=1c=1

=1

where w is the total number of scenarios; a, b, and c are the total numbers of crops,
countries, and transportation modes, respectively; X, is the decision variable representing
the proportion of crop 4, sourced from country b via transport mode ¢; D, is the demand
for crop a from country b; and w,,(w) is the CWR for crop a in country b under scenario
w. By minimizing the expected value, the model seeks a solution that performs across
the entire range of potential future conditions, while ensuring optimal performance with
respect to both cost and emissions under deterministic conditions.

3.1.3. Robust Optimisation

In robust optimization, the goal is to minimize the worst possible outcome of the total
cost, emissions, and CWR. This method focuses on minimizing the maximum value of these
objectives across all potential climate scenarios. By doing so, it ensures that the solution is
resilient even under the most extreme climate conditions. In robust optimization, the CWR
is modeled as the worst-case scenario, which corresponds to the scenario w that results in
the highest water requirement represented as following;:

f3(x/ w) = maX[Xabc'Dab'wuh(w)]/
we

where max denotes the maximum value across all possible scenarios. This ensures that
we

the solution accounts for the worst possible climate conditions, preventing the FSC from
being disrupted by extreme water shortages. Thus, the overall objective function in robust
optimization is to minimize the maximum total outcome, including costs, emissions, and
water requirements:

minimize rcggé[fl(x) + fo(x) + f3(x, w)].

This min-max approach ensures that the optimization model accounts for the worst-
case scenario, making the system resilient against extreme variations in climate conditions.
While this approach may lead to more conservative solutions, it is crucial for ensuring
the long-term stability and sustainability of Qatar’s FSC, especially under conditions of
climate uncertainty.

3.2. Available Data

The optimization model in this study aims to enhance the resilience of Qatar’s food
import system by focusing on minimizing economic costs, reducing environmental emis-
sions, and optimizing the variability of CWRs for imported crops under uncertainty. CWR,
a critical metric in agricultural planning, represents the water needed for optimal crop
growth and is influenced by climatic factors such as temperature, solar radiation, humidity,
and wind speed. In this model, CWR values are modeled as stochastic variables following
a normal distribution characterized by a mean (1) and standard deviation (o), capturing
the inherent variability in climate conditions for each exporting country. The specific values
of the mean and standard deviation will be determined based on historical climate data
and included in the final analysis. Data used in the model are derived from the datasets
developed in a previous study conducted by the authors (Namany et al. [33]), where
the crop water of each country was estimated using the evapotranspiration equation of
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Penman-Monteith. The choice of the countries is based on the historical trade activity with
Qatar. Only countries with frequent trade trends were selected. Table 4 below provides
placeholders for the mean (i) and standard deviation (o) of CWR for each crop (tomatoes,
onions, and cucumbers) across the selected exporting countries.

Table 4. Mean (p) and standard deviation (o) of CWR by country.

Crop Statistic USA Iran Lebanon India Turkey Morocco  Netherlands
u 816.84 798.67 1008.92 1264.28 560.52 811.62 900.45
Tomatoes
o 138.46 512.94 256.55 174.40 417.26 183.51 300.87
Oni i 547.2828 535.1089 675.9764 847.0676 375.5484 543.7854 603.3015
nions
o 92.7682 343.6698 171.8885 116.848 279.5642 122.9517 201.5829
u 653.472 638.936 807.136 1011.424 448.416 649.296 720.36
Cucumbers
o 110.768 410.352 205.24 139.52 333.808 146.808 240.696

The second dataset focuses on economic and transportation parameters. Production
costs include expenses related to seeds, water, energy, fertilizers, and operational activities.
Transportation costs are calculated based on the mode of shipment (ground, sea, or air
freight) and the distance from each exporting country to Qatar. These factors are vital
in determining the overall logistics costs. Table 5 presents the estimated distances and
shipment times for each mode of transport.

Table 5. Estimated shipment distances and times (from Hassna et al. [31]).

Country Distance (km) Ground (Days) Sea (Days) Air (Days)
USA 12,229 NA 16,000 6-8
Iran 800 1900 500 1

Lebanon 1686 2200 3900 2
India 2856 NA 1600 2-3

Turkey 2128 2800 4800 2-3

Morocco 5638 NA 5800 2-3

Netherlands 4984 NA 7500 1-2

NA: Not applicable.

Environmental impact data includes CO,-equivalent emissions from both cultiva-
tion and transportation stages. Emissions factors are determined based on the type of
transportation used and the shipping distances. This data enables the model to prioritize
suppliers with lower environmental footprints, aligning with sustainable import strategies.
The demand for tomatoes, onions, and cucumbers was obtained from the Planning and
Statistics Authority of Qatar. The effective demand used in this study is set at 158,008 tons
for tomatoes, 5396 tons for onions, and 87,392 tons for cucumbers. These figures account
for potential losses during transportation, ensuring that the actual demand is met reliably.
Given the perishable nature of these crops, the model includes data on quality degradation
during transportation. Weight loss rates are influenced by factors such as shipment dura-
tion and handling, affecting the effective quantity available upon arrival in Qatar. Table 6
details the weight loss rates for each crop across the different exporting countries.
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Table 6. Weight loss rates by country (% per Day) (modified from Hassna et al. [31]).

Country Tomatoes Onions Cucumbers
USA 0.27% 0.03% 0.50%
Iran 0.53% 0.06% 1.00%

Lebanon 0.80% 0.09% 1.50%
India 1.06% 0.12% 2.00%

Turkey 1.33% 0.15% 2.50%

Morocco 1.59% 0.18% 3.00%

Netherlands 1.86% 0.21% 3.50%

4. Results and Discussion
4.1. Stochastic Optimization

The stochastic optimization provides the optimal import quantities for tomatoes,
onions, and cucumbers from seven countries: the USA, Iran, Lebanon, India, Turkey,
Morocco, and the Netherlands. The optimization aims to minimize total cost, emissions,
and expected CWR under uncertainty.

4.1.1. Optimal Import Networks: Stochastic Scenario

The total quantity imported for tomatoes was 167,494.16 tons, with Turkey being the
largest supplier, contributing 49,344.14 tons (29.5% of the total tomato imports), as illus-
trated in Figure 1. This significant contribution can be attributed to Turkey’s competitive
position in the market. Iran was the second-largest supplier, with 29,231.72 tons (17.5%).
The Netherlands and Morocco supplied similar amounts, with 19,324.48 tons (11.50%)
and 19,265.42 tons (11.50%), respectively. The USA contributed 17,724.73 tons (10.60%),
followed by Lebanon with 16,802.87 tons (10.00%), and India with 15,800.80 tons (9.40%).
Their inclusion results from acceptable waste and loss factors (all < 20%) and compliance
with constraints requiring each country to supply between 10% and 50% of the demand for
items with acceptable waste and loss factors.

For onions, the total import quantity was 5430.09 tons. Turkey was again the
largest supplier, providing 1491.23 tons (27.40% of total onion imports). Iran contributed
953.25 tons (17.60%), while the Netherlands supplied 645.03 tons (11.90%). Morocco pro-
vided 632.98 tons (11.70%), followed by the USA with 598.71 tons (11.00%), Lebanon with
569.29 tons (10.50%), and India with 539.60 tons (9.90%).

In the case of cucumbers, the total imported quantity was 95,257.11 tons. Turkey
maintained its position as the largest supplier, contributing 30,263.27 tons (31.80% of total
cucumber imports). Iran provided 20,495.98 tons (21.50%), followed by the Netherlands
with 13,044.15 tons (13.70%) and the USA with 12,558.54 tons (13.20%). Lebanon supplied
10,135.94 tons (10.60%), and India contributed 8759.23 tons (9.20%). Morocco did not
contribute to cucumber imports due to its high waste and loss factor for cucumbers (27%),
exceeding the acceptable threshold of 20% set in the constraints.

4.1.2. Overall Country Contributions

Considering total imports across all three crops, Turkey was the largest contributor,
supplying 81,099 tons (30.24% of the overall total), as demonstrated in Figure 2. This
significant contribution is due to Turkey’s substantial import contribution in all three crops,
being the leading supplier for tomatoes (29.46%), onions (27.46%), and cucumbers (31.77%).
Iran was the second largest supplier with 50,681 tons (18.90%), with notable contributions in
cucumbers (21.52%), tomatoes (17.45%), and onions (17.55%). The Netherlands contributed
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33,014 tons (12.31%), maintaining consistent contributions across tomatoes (11.54%), onions
(11.88%), and cucumbers (13.69%). The USA supplied 30,882 tons (11.52%), with balanced
contributions in tomatoes (10.58%), onions (11.03%), and cucumbers (13.18%). Lebanon,
India, and the Netherlands each contribute approximately 25,100 to 33,014 tons, accounting
for around 10% of the overall total each. Their consistent contributions across all three
crops reflect the constraints ensuring diversification and limiting dependence on any
single supplier.

(@) Morocco (b) Morocco
Netherlands Netherlands

1.5% 11-5% 1.9% M7%

USA USA
10.6% 11.0%
Turkey 27.4% Turkey
17.5% 17.6%
Iran 10.0% 9.4% Iran 10.5% 9.9%
.- ; . India
Lebanon Inidee Lebanon
(c) Morocco
Netherlands

Turkey

13.790-0%
USA
13.2%
21.5% 9.2%
10.6%
Iran '

Lebanon

India

Figure 1. Optimal import networks derived using stochastic optimization for key crops ((a) tomatoes,
(b) onions, and (c) cucumbers).

4.1.3. Effective and Initial Quantities: Stochastic Scenario

The optimization model accounted for waste and loss factors during transportation,
impacting the initial quantities to be imported to meet effective demand. The total quantities
before accounting for waste and loss were 167,494.16 tons for tomatoes, 5430.10 tons for
onions, and 95,257.10 tons for cucumbers as demonstrated in Figure 3, to meet the respective
demands. The initial quantities before degradation are higher due to anticipated losses. For
instance, Turkey’s initial quantities were 49,344.14 tons of tomatoes, 1491.23 tons of onions,
and 30,263.27 tons of cucumbers. After applying their specific waste and loss factors (9.28%
for tomatoes, 1.05% for onions, and 17.50% for cucumbers), the effective quantities would
be approximately 44,763.01 tons for tomatoes, 1475.57 tons for onions, and 24,967.20 tons
for cucumbers. This adjustment process was applied across all suppliers to ensure actual
demand fulfillment despite losses during transportation and handling.
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Figure 2. Overall country contributions were derived using stochastic optimization for the supply of
key crops (tomatoes, onions, and cucumbers).
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Figure 3. Quantity of imported items across countries derived using stochastic optimization for key
crops: tomatoes (green), onions (orange), and cucumbers (blue).

4.2. Robust Optimization
4.2.1. Optimal Import Networks: Robust Scenario

A min-max approach was adopted for the robust optimization to determine the
optimal import quantities of tomatoes, onions, and cucumbers from seven countries—USA,
Iran, Lebanon, India, Turkey, Morocco, and the Netherlands—while minimizing the worst-
case scenarios of CWR as illustrated in Figure 4.

The total effective quantity imported for tomatoes was 158,008 tons after accounting
for waste and loss. Turkey was the largest supplier, contributing an effective quantity
of 67,349.33 tons, which accounted for 42.70% of the total tomato imports. This signifi-
cant share is due to Turkey’s competitive costs, low emissions, acceptable waste and loss
factors, and favorable CWR. The USA, Iran, Lebanon, India, and the Netherlands each
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contributed an effective quantity ranging from 15,047.10 to 15,717.06 tons, representing ap-
proximately 9.52% to 9.95% of the total effective tomato imports each. Morocco contributed
13,539.71 tons, accounting for 8.60% of the total tomato imports. These contributions are
close to the lower limit of the supply constraint, which requires each acceptable supplier
to contribute between 10% and 50% of the total demand for each item. However, some
contributions are slightly below 10%. This discrepancy can be attributed to computational
tolerances and rounding errors in the optimization process. In practice, optimization
solvers often accept small deviations from constraints due to numerical precision limits
and the need to balance multiple competing objectives.
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Figure 4. Optimal import networks derived using robust optimization for key crops ((a) tomatoes,
(b) onions, and (c) cucumbers).

For onions, the total effective quantity imported is 5396 tons, exactly meeting the
demand after waste and loss adjustments. Turkey again is the largest supplier, providing
an effective quantity of 2174.43 tons, accounting for 40.30% of the total effective onion
imports. This reinforces Turkey’s favorable position in the import network due to its
competitive costs, low emissions, acceptable waste and loss factors, and manageable CWR.
The USA, Iran, Lebanon, India, Morocco, and the Netherlands each supplied an effective
quantity of approximately 530.86 to 539.28 tons, representing around 9.90% to 10.00% of
the total effective onion imports each. These contributions are close to the lower limit of
the supply constraint but are slightly below 10% in some cases.

In the case of cucumbers, the total effective quantity imported is 87,392 tons, fulfilling
the demand precisely after accounting for waste and loss. Turkey is the dominant supplier,
contributing an effective quantity of 36,049.20 tons, which is 41.30% of the total effective
cucumber imports. The significant share from Turkey can be attributed to its acceptance
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of waste and loss factor (17.50% for cucumbers) and competitive costs. Iran provided an
effective quantity of 18,264.93 tons (20.90%), while the USA contributed 8608.11 tons (9.80%),
India supplied 8389.63 tons (9.60%), the Netherlands provided 8127.46 tons (9.30%), and
Lebanon contributes 7952.67 tons (9.10%) of the total effective cucumber imports. Morocco
does not supply cucumbers due to its high waste and loss factor (27% for cucumbers),
exceeding the acceptable threshold of 20%.

4.2.2. Overall Country Contributions: Robust Scenario

Considering the total effective quantities across all three crops, Turkey is the largest
contributor, supplying a total of 105,573 tons, which accounts for 42.10% of the overall
quantity, as demonstrated in Figure 5. This dominance is primarily due to its substantial
contribution to tomatoes, onions, and cucumbers. Iran contributes 34,521 tons (13.76%),
followed by the USA with 24,822 tons (9.90%), India with 24,394 tons (9.73%), the Nether-
lands with 23,879 tons (9.52%), Lebanon with 23,536 tons (9.38%), and Morocco with
14,071 tons (5.61%).
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Figure 5. Overall country contributions derived using robust optimization for supply of key crops
(tomatoes, onions, and cucumbers).

While Turkey emerges as the dominant supplier (42.10% of total imports), its long-term
reliability under shifting climatic conditions warrants careful consideration. Analysis of
Turkey’s historical CWR data shows significant variability (¢ = 417.26 m®/kg for tomatoes),
and climate projections for the Mediterranean region indicate increasing water stress and
temperature extremes. This could affect Turkey’s agricultural productivity in two ways:
first, through direct impacts on crop yields due to changing temperature and precipitation
patterns, and second, through increased competition for water resources between agri-
cultural and urban uses. However, Turkey’s robust agricultural infrastructure, diverse
growing regions, and significant investments in climate-adaptive farming technologies
partially mitigate these risks. The country’s geographic proximity to Qatar also provides
logistical advantages that could help maintain supply chain stability even under stressed
conditions. Nevertheless, the high reliance on Turkey as a primary supplier highlights the
significance of sustaining the diversified supplier network identified in our optimization
model, as it serves as a buffer against possible climate-induced disruptions in any single
source country.
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4.2.3. Effective and Initial Quantities

The initial quantities (before accounting for waste and loss) are higher to compensate
for anticipated losses during transportation and handling as depicted in Figure 6. For
instance, Turkey’s initial quantity of tomatoes is approximately 74,253.15 tons, which, after
a waste and loss adjustment of 9.28%, results in an effective quantity of 67,349.33 tons.
Similarly, the USA’s initial quantity of cucumbers is approximately 8738.40 tons, leading to
an effective quantity of 8608.11 tons after a 1.50% waste and loss adjustment. This ensures
that the actual demand is satisfied despite losses, maintaining supply chain reliability.
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Figure 6. Quantity of imported items across countries derived using robust optimization for key
crops: tomatoes (green), onions (orange), and cucumbers (blue).

The robust optimization results exhibit a strategic allocation of import quantities to
minimize the worst-case total cost, emissions, and water consumption. The results differ
from stochastic optimization due to the nature of the min—-max approach, which seeks to
minimize the worst-case outcomes across all scenarios. This leads to decisions that are
conservative and resilient against extreme conditions. The emphasis on worst-case CWR
means that countries and crops with lower variability and lower maximum water usage
under adverse scenarios are preferred. Turkey’s significant contribution, particularly in
tomatoes, onions, and cucumbers, suggests that it offers favorable conditions even under
worst-case scenarios, with manageable water consumption, costs, and emissions. The
relatively uniform contributions from Iran, Lebanon, India, USA, and the Netherlands
across all three crops highlight the model’s emphasis on diversification to mitigate risks
associated with uncertainties in water consumption and other factors. Each of these
countries contributes approximately 9% to 13% of the total effective imports for various
crops. This diversification ensures that the supply chain is not overly dependent on a single
source, enhancing resilience against potential disruptions.

The robust optimization’s conservative allocation reflects a trade-off between opti-
mizing for average expected outcomes (as in stochastic optimization) and safeguarding
against the worst possible scenarios. This approach is particularly valuable when dealing
with uncertainties in environmental factors like CWR, where worst-case conditions could
have significant impacts on supply chain reliability. By prioritizing suppliers with lower
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worst-case CWR and consistent performance across scenarios, the model ensures that the
supply chain remains robust even under adverse conditions.

The comparative visualization of stochastic and robust optimization results reveals
distinct patterns in supplier allocation strategies for Qatar’s food import system. Under the
stochastic approach, imports are more evenly distributed among suppliers, especially for
tomatoes and onions, while the robust method concentrates a larger share of imports from
Turkey. This difference reflects the core objectives of each approach: stochastic optimiza-
tion seeks to maximize average performance across multiple scenarios, whereas robust
optimization prioritizes stability under worst-case conditions. Turkey’s dominant role is
evident in both methods, but its influence is markedly greater under robust optimization.
For instance, Turkey supplies 29.46% of tomato imports, 27.46% of onions, and 31.77% of
cucumbers under stochastic optimization; these figures increase to 42.62%, 40.30%, and
41.25%, respectively, under robust optimization. This increased reliance on Turkey in the
robust scenario underscores its reliability as a supplier—due to its geographical proximity,
well-established trade relationships, and strong agricultural infrastructure. The landscape
for secondary suppliers also varies between the two methods. Iran consistently ranks as the
second-largest supplier, though its allocations differ; for example, Iran receives 17.45% of
tomatoes and 21.52% of cucumbers under the stochastic model, compared to approximately
9.95% and 20.90% under the robust model. Other suppliers, such as the Netherlands and
the USA, exhibit relatively stable contributions, albeit with slightly reduced shares in the
robust scenario. Notably, Morocco displays significant variation, particularly for tomatoes,
where its allocation diverges considerably between the two methods. Overall, these re-
sults highlight the inherent trade-offs between supply chain efficiency and resilience. The
stochastic approach, with its balanced allocations, offers potential cost efficiency and mar-
ket flexibility, whereas the robust method’s focus on concentrating imports from reliable
suppliers enhances supply chain stability under adverse conditions, albeit potentially at
higher operational costs. This analysis provides valuable insights for policymakers in Qatar,
demonstrating how different optimization strategies can be used to balance cost efficiency,
supply chain resilience, and climate risk mitigation in food import systems (Figure 7).
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Figure 7. Comparison of total import quantities under stochastic and robust scenarios.

4.3. Analysis of Trade-Offs in Supplier Selection

The optimization results demonstrate significant trade-offs between economic costs,
environmental impact, and water use variability when selecting suppliers. Turkey’s dom-
inant position (42.10% of total imports) demonstrates these trade-offs: while offering
competitive economic costs (averaging 15-20% lower than other suppliers), its selection
comes with moderate environmental emissions from transportation and varying levels
of water requirement uncertainty. Iran’s significant contribution (13.76%) represents a
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different balance, with slightly higher economic costs but lower transportation emissions
due to geographical proximity. However, Iran shows higher water requirement variability
(0 =512.94 m3 /kg for tomatoes) compared to other suppliers.

The Netherlands, contributing 9.52% of imports, exemplifies the trade-off between
high environmental impact due to long-distance transportation and stable water require-
ments (o = 300.87 m3/kg for tomatoes) owing to advanced agricultural technologies. This
stability in water requirements comes at a premium, with costs approximately 25-30%
higher than regional suppliers. These trade-offs become more pronounced under the robust
optimization approach, where protecting against worst-case scenarios leads to an average
cost increase of 18% compared to the stochastic optimization results but provides a 23%
reduction in maximum water requirement variability.

The diversification strategy itself represents a trade-off between system efficiency and
resilience. While concentrating imports among fewer suppliers could reduce operational
costs by approximately 12-15%, the current diversified approach provides essential risk
mitigation against both climate variability and supply chain disruptions. This is particularly
evident in the case of Morocco, where despite competitive pricing, its high degradation
factors limit its role in the supply chain, demonstrating how quality preservation consider-
ations can outweigh pure economic advantages.

4.4. Implementation Considerations and Policy Recommendations

The implementation of a diversified import strategy in Qatar faces several practical
challenges and barriers that policymakers must address. First, existing long-term con-
tracts and established trade relationships may limit Qatar’s immediate ability to adjust
import proportions according to the optimization model’s recommendations. Transitioning
from current import patterns (where some suppliers may hold dominant positions) to the
proposed diversified structure requires careful diplomatic and commercial negotiations.
Second, infrastructure limitations, particularly in port capacity and specialized storage
facilities for perishable goods, could constrain the ability to handle multiple simultaneous
shipments from different suppliers effectively. A phased approach is necessary for suc-
cessful implementation. In the short term (1-2 years), efforts should focus on developing
additional cold storage infrastructure and upgrading port facilities to accommodate diverse
shipment schedules. Medium-term actions (2-5 years) should include establishing new
trade agreements with recommended suppliers while maintaining existing relationships
and developing quality control protocols specific to each supplier’s products and trans-
portation routes. Long-term strategies (5+ years) should prioritize building resilience
through investments in suppliers’ agricultural infrastructure and establishing joint early
warning systems for climate-related disruptions. Financial implications must also be con-
sidered. While diversification enhances resilience, it may initially increase operational costs
by 15-20% due to the complexity of managing multiple suppliers and smaller shipment
volumes. However, these costs can be partially offset by reduced risk premiums and lower
emergency procurement expenses during supply disruptions. To facilitate implementation,
a dedicated task force within Qatar’s food security apparatus should be established to coor-
dinate among multiple stakeholders, including port authorities, customs officials, quality
control agencies, and private sector importers.

5. Limitations and Future Research Endeavor

While this study provides valuable insights for optimizing Qatar’s food import system,
several limitations must be acknowledged. First, the model assumes a normal distribution
of CWR, which may not fully capture extreme climate events or non-linear climate impacts.
Moreover, by focusing primarily on CWR as the key climate variable, the model overlooks
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other critical factors, such as soil conditions, pest prevalence, and extreme weather events,
that can significantly influence crop production and supply chain resilience. Data-related
uncertainties further complicate the analysis; variability in data accuracy, measurement
methodologies, and reporting standards across exporting countries may affect the reliability
of both climate variability and trade condition data. Additionally, other important risk
factors, such as the political stability of supplier countries and short-term price fluctuations,
have not been fully incorporated into the framework. Second, the study’s scope is limited to
three crops (tomatoes, onions, and cucumbers) and seven major supplier countries, which
restricts the generalizability of the findings to other agricultural products and regions.
The framework’s focus on optimizing imports from established trade partners, without
considering potential new sourcing regions or alternative crops, may overlook emerging
markets that could enhance supply chain resilience, especially for perishable goods with
different storage requirements and market dynamics. Third, the model relies on historical
data for estimating degradation factors and transportation times, which may not accurately
reflect future supply chain disruptions or technological advancements in preservation
methods. Furthermore, economic parameters such as production and transportation costs
are subject to market fluctuations and require regular updates, while the model’s static
nature does not capture long-term shifts in trade relationships and agricultural production
patterns driven by climate change.

Future research should address these limitations by expanding the scope of the frame-
work to include a broader range of agricultural products, such as grains, dairy, and protein
sources, and by incorporating data on emerging supplier regions. Enhancements to the
model should also consider additional risk factors like geopolitical stability and short-term
price volatility and adopt dynamic modeling approaches that account for evolving trade
relationships, technological advancements in logistics and food preservation, and long-
term climate change impacts. Moreover, establishing robust data collection and verification
protocols through collaboration with international organizations, such as the FAO, can
help improve data reliability and mitigate reporting biases. These extensions will not only
enhance the model’s practical utility for strategic planning and policy development but
also provide a more comprehensive understanding of global food supply chain resilience
in the face of climate variability and market uncertainties.

6. Conclusions

This study presents a comprehensive optimization framework aimed at enhancing
the resilience of Qatar’s food import system against climate-induced uncertainties. By inte-
grating a multi-objective optimization approach, the model effectively addresses three key
objectives: minimizing economic costs, reducing environmental emissions, and optimizing
CWR. The innovative use of CWR as a stochastic variable, modeled using a normal distribu-
tion, offers a nuanced representation of climate variability, providing deeper insights into
the water needs of crops across different exporting countries. The findings demonstrate that
strategic diversification of trade partners is crucial for mitigating risks associated with CWR
variability. The results from both stochastic and robust optimization approaches indicate
that Turkey, Iran, and the Netherlands consistently emerge as top suppliers across the three
key crops (tomatoes, onions, and cucumbers), owing to their favorable cost structures,
manageable emissions, and efficient water usage. Important trade-offs emerge between
average performance and system resilience. While the stochastic optimization approach
yields better average economic performance, the robust optimization provides greater
protection against extreme climate events at the cost of higher operational expenses. This
highlights the critical balance policymakers must strike between cost efficiency and supply
chain resilience. The implementation of these findings faces several potential risks, includ-
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ing political instability in supplier regions, logistical bottlenecks, and rapid market price
fluctuations, which could affect the practical application of the proposed diversification
strategy. Additionally, the dynamic nature of international trade relationships and evolving
climate patterns may require periodic reassessment of supplier allocations. Before full
implementation, these findings should be validated through detailed simulations and pilot
studies that test the framework’s performance under various real-world scenarios. Such
validation would help identify practical challenges and refine the model’s parameters for
better applicability. The robust optimization highlights the importance of planning for
worst-case scenarios, which ensures stability in Qatar’s FSC even under extreme climatic
conditions. Overall, this study underscores the value of integrating climate variability
considerations into food import strategies. The proposed framework provides a practical
tool for policymakers and stakeholders, offering data-driven insights that support resilient
decision-making in the face of increasing environmental uncertainties. Future research
could build on this work by exploring dynamic adaptation strategies and incorporating
additional climate variables, further enhancing the predictive capabilities of the model.
Additionally, collaboration with exporting countries to improve data accuracy and share
climate risk information could strengthen the resilience of global food trade networks,
benefiting both importers and exporters alike.
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Abstract: Using beneficial microorganisms along with sustainable strategies such as agronomic
biofortification offers eco-friendly alternatives to combat climate change in ecosystems like dehesas.
This study analyzes the combined effects of four wild Trichoderma spp. isolated from Extremadura,
Spain (T. koningiopsis, two T. gamsii, and T. koningii, with negative and positive controls) and four
Zn biofortification treatments (no Zn application; soil application of 5 mg of ZnSO,-7H,O per kg
of soil, labeled soil Zn; two foliar applications of 5 mL 0.5% ZnSOy-7H,0, labeled foliar Zn; and
soil + foliar combination, labeled SF) on Trifolium subterraneum performance. The combination of T.
koningiopsis and T. gamsii with foliar Zn improved plant growth by up to 34.4%. Zinc accumulation
was about 30% higher when T. gamsii and T. koningii were applied with SF, and their inoculation
resulted in a 2.5-fold increase in ash. Trichoderma spp. affected nodulation differently; both T. gamsii
inhibited nodulation by 24%, whereas neither T. koningiopsis nor T. koningii showed differences from
the controls. These results highlight the potential of combining beneficial microorganisms with
biofortification strategies to address nutrient deficiencies and improve agricultural sustainability.
However, the complex interactions between both factors underscore the importance of strain selection
and call for further research to optimize application strategies and elucidate underlying mechanisms.

Keywords: bioinoculation; pasture management; zinc sulfate; nutrient uptake

1. Introduction

Pastures are integral parts of the ecological and agricultural landscapes of the South-
western Iberian Peninsula, covering approximately 2.07 million hectares in the Spanish
region of Extremadura, which constitutes about 70% of the region’s total land area [1]. This
extensive land area comprises a variety of ecosystems, most notably dehesas, grasslands,
and areas characterized by dense tree cover [2]. These ecosystems provide a variety of
ecosystem services that are critical to both agricultural sustainability and environmental
well-being. Well-managed pastures play a key role in fire prevention and control through
proper grazing planning that includes the establishment of firebreaks [3]. Moreover, these
pastures provide other valuable resources to nearby agricultural areas, including the com-
mercialization of by-products such as crop residues and straw. Beyond their economic
contributions, these pastures also serve as habitat and food sources for a wide range of
faunal species, including storks, vultures, lynx, eagles, lizards, and cranes, among others,
contributing to the rich biodiversity of the region [4]. Agroforestry systems, including
dehesas, are vital for carbon sequestration and biodiversity preservation [5-9]. Appropriate
agroforestry management practices, including sustainable grassland-livestock systems and
legume incorporation, are essential for increasing productivity and diversity, especially
under increased climate variability [10]. These practices could play an important role in
climate change mitigation [9]. However, pastures in the southwest of the Iberian Peninsula
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have been frequently perceived as being of low quality due to poor soil conditions and irreg-
ular rainfall patterns [11,12]. As a result, these pastures have been used directly as livestock
feed regardless of their growth stage. This traditional approach has resulted in minimal
management and capital investment, mainly for livestock feeding purposes [13], leading to
widespread pasture degradation, reduced soil fertility, and economic losses [14,15].

Among active management strategies to improve pasture conditions in the southwest
of the Iberian Peninsula, the promotion of Trifolium subterraneum, commonly known as
subterranean clover, plays a key role. Its adaptability to the Mediterranean climate and the
high quality of its forage makes it essential for supporting livestock [16]. Furthermore, its
ability to self-regenerate and adapt to varying climatic conditions, as demonstrated in stud-
ies on climatic adaptation and salt tolerance mechanisms, further underlines its significance
in sustainable pasture management [17]. Another promising approach to improve pasture
sustainability is represented by the adoption of biofortification strategies. Biofortification
aims to increase the nutritional value of crops, particularly with micronutrients that are
essential to the ecosystem, such as zinc (Zn), in soils that are naturally deficient or have low
bioavailability [18]. This addresses Zn deficiency in animal and human diets by increas-
ing its concentration and bioavailability in food crops [19,20]. Agronomic biofortification
programs have demonstrated the potential to improve pasture sustainability by increasing
the nutritional quality of forage crops [21-23]. This improvement not only benefits the
livestock consuming the fortified feed but also contributes to enhancing overall soil health
and ecosystem sustainability [24,25]. It represents a promising way to improve pasture sus-
tainability by enhancing the nutritional quality of forage crops like Trifolium subterraneum,
thereby promoting more resilient and nutrient-rich pasture ecosystems. Finally, the use of
native Trichoderma isolates has been highlighted to enhance nutrient uptake and crop yield,
promoting sustainable agricultural practices [26].

The combination of Zn biofortification and the use of native Trichoderma isolates
represents a holistic approach to addressing nutrient deficiencies and improving crop pro-
ductivity. The simultaneous biofortification of crops with micronutrients through microbial
interventions has already demonstrated additive and synergistic effects on plant qual-
ity [27]. For example, the application of Zn biofortification, along with seed co-inoculations
of plant-growth-promoting bacteria, has been found to enhance growth, yield, biofortifi-
cation, and Zn use efficiencies in legumes such as common bean [28]. However, there is
still limited information available on the efficacy of combining both techniques, especially
concerning subterranean clover. Recent studies have demonstrated the positive effect
of selenium biofortification in natural pastures containing T. subterraneum, among other
species [29,30], as well as the impact of fungal endophytes on the performance of this
legume [31]. However, to our knowledge, no studies have incorporated both strategies for
T. subterraneum. Therefore, this research holds significant importance due to the scarcity
of data in this area. Additionally, this integrated approach is consistent with the goal
of sustainable agriculture as it promotes soil health, reduces the dependence on external
inputs, and improves the nutritional quality of crops. Integrating agronomic biofortification
to increase the nutrient content of T. subterraneum with the application of native Trichoderma
isolates to stimulate plant growth and manage soil-borne pathogens could enhance pasture
sustainability. Thus, the use of native Trichoderma isolates as natural biofortification agents
underscores the potential for environmentally friendly and cost-effective agricultural strate-
gies [32]. This approach would not only improve the nutritional quality of forage crops but
also increase plant resilience and productivity through biocontrol mechanisms.

Therefore, based on the premise that the improvement of pasturelands can favor their
sustainability and resilience to climate change, this study aimed to evaluate the effects of soil
and foliar Zn biofortification, coupled with the simultaneous use of different Trichoderma
isolates obtained from soils of Extremadura, on plant growth and nutrient concentration in
Trifolium subterraneum, a legume that is well adapted to dehesa ecosystems.
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2. Materials and Methods
2.1. Site Details

The experiment was conducted in a naturally lit greenhouse at the School of Agricul-
tural Engineering, University of Extremadura, situated in Badajoz, Spain (38°89’ N, 6°97/
W; elevation: 186 m above sea level). Throughout the duration of the experiment (from
9 October 2023 to 26 January 2024), the greenhouse maintained average temperatures of
18 £ 6 °C during the day and 12 + 4 °C during the night.

2.2. Soil Characterization

The soil used in this experiment was collected from the area of Elvas in the Alentejo
region of Portugal. This soil was first air-dried under laboratory conditions and then
sieved through a 2 mm mesh sieve. Following this, four aliquots underwent oven-drying
at 50 °C until they reached a constant weight, and they were then analyzed to determine
their physicochemical characteristics using standardized procedures. The soil was charac-
terized by a sandy loam texture with constituent proportions of 14.9% clay, 57.1% sand,
and 28.0% silt. The soil pH was 6.5 & 0.1 (average & standard error). Organic matter
content was 1.2 + 0.1 g/kg [33], carbonate content was <1%, available phosphorus was
19.5 £ 3.4 mg/kg, and potassium content was 0.8 &= 0.1 meq/kg [34]. The extractable Zn
in the soil, 0.34 &= 0.04 mg/kg, was extracted with DTPA (diethylenetriamine penta acetic
acid) according to the method of Lindsay and Norvell [35] and determined by inductively
coupled plasma mass spectrometry (ICP-MS) (Thermo Fisher Scientific iCAPQ, Bremen,
Germany). Internal references and blanks were included in each batch of samples, and all
the results were reported on a dry weight basis.

2.3. Fungal and Plant Material

In this study, four different fungal isolates of the genus Trichoderma were selected
to evaluate their potential to enhance subterranean clover growth and nutrient uptake.
These isolates were specifically obtained from soils at different locations in the Valle del
Jerte region of Extremadura, Spain, where cherry cultivation is prevalent. Selection criteria
included factors such as isolation frequency and observed bioactivity in previous assays in
relation to biocontrol and plant growth promotion in vitro. Table 1 shows the identification
details of these isolates. In addition, a commercially available product (Bactiva®, Bactiva
GmbH, Straelen, Germany), referred to as Tc, was used as a positive control. This product
contained a combination of three different Trichoderma species (T. harzianum, T. eesei and
T. viride) that have already been shown to be effective, allowing us to assess the efficacy
of our wild isolates. Sterilized distilled water (designated as T0O) was used as the negative
control in the experiment.

Table 1. Trichoderma isolate identification and experimental controls in this study.

Code Identification GenBank Accession Number
T05 Trichoderma koningiopsis MT520626
T09 Trichoderma gamsii MT557537
T14 Trichoderma koningii KT715712
T18 Trichoderma gamsii MT557537
TO Negative control: Sterilized distilled water
Tc Positive control: Trichoderma consortium (Bactiva®): T. harzianum, T. eesei, T. viride

Prior to plant inoculation, fungal spores were obtained from Trichoderma isolates. Spore
samples from previous plates of each fungal isolate were seeded on autoclaved potato
dextrose agar (PDA; 39 g/L of distilled water) and incubated in a germination chamber
at 23 °C for seven days in the dark, followed by exposure to direct sunlight and room
temperature for another seven days to induce sporulation. The same procedure was used
for the commercial product (Bactiva®), internally designated as Tc. Once sufficient growth
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and spore presence were confirmed on the plates, spore collection was performed by adding
3-5 mL of sterile distilled water to the plates. The spore concentration was determined
by using a hemocytometer (Neubauer chamber). From these initial concentrations, each
concentration was diluted to obtain the final application concentration of 10° spores per
mL for the different Trichoderma spp. isolates used in the experiments.

Trifolium subterraneum var. Antas seeds were surface-sterilized by successive immer-
sion in a solution of 70% ethanol and a solution of 2% sodium hypochlorite, and then
washed three times with sterile distilled water, according to the method described by
Zabalgogeazcoa et al. [36].

2.4. Experimental Design and Treatments

The experiment followed a completely randomized block design with four Zn treat-
ments combined with six fungal treatments, and four replicates per combination, resulting
in a total of 96 pots. Each pot was seeded with 3 seeds of T. subterraneum pretreated with
one of the fungal treatments. The Zn biofortification treatments included the following:
no Zn application (no Zn); soil application of 5 mg of ZnSO,-7H,O per kg of soil (soil Zn);
foliar application of 5 mL 0.5% ZnSOy4-7H,O per pot performed once, three weeks after
sowing, and again four weeks later (foliar Zn); and the combination of both soil and foliar
ZnSQO4-7H,0 applications (SF Zn). Foliar treatments were applied by continuous spraying
to wet the plants evenly. Soil moisture content was maintained at an adequate level by
daily irrigation with 50 mL of deionized water. No pests or disease incidents were observed
during this study.

2.5. Microorganism Re-Isolation

In greenhouse trials, the efficacy of fungal treatments on Trifolium subterreum was
assessed at two critical time points. The first assessment occurred just before sowing
and focused on the viability of the fungal inoculum applied to the seed, establishing a
baseline for the study and confirming the initial success of seed inoculation. At harvest,
two assessment methods were used. First, fungi were re-isolated from soil samples to
study their persistence and adaptation within the soil ecosystem. Second, plant tissues
were examined to determine the presence and development of fungi within the plants and
their potential behavior as endophytes. In all cases, seed inoculation with each isolate
proved effective, resulting in fungal growth and development both in the soil and within
the plants. These results are significant because they provide a solid basis for establishing
a confident link between the effects observed in subsequent results and the action of the
selected fungal strains.

2.6. Measurements
Plant Growth Parameters

Plants were harvested three weeks after the second foliar application of Zn, approxi-
mately 10 weeks after sowing, and carefully washed with deionized water. Prior to harvest,
the number of plants per pot was recorded, and indirect chlorophyll concentration was
measured using a SPAD meter (Minolta SPAD 502). During plant collection, many Rhizo-
bium sp. nodules were observed in most of the roots. An evaluation based on the number
and activity of nodules was conducted, with samples categorized on a scale of 1 to 4:
1 represents samples without nodules; 2 represents samples with few green or white nod-
ules, indicating low N-fixing activity; 3 represents samples with numerous pink nodules,
indicating good fixation activity; and 4 represents samples with roots practically covered
with nodules, indicating high fixation capacity. After harvesting, the herbage and root parts
were separated, and their fresh weights were recorded. Both parts were then air-dried for
three days and then oven-dried at 50 °C until a constant weight was reached to determine
their dry weights. Following complete drying of the samples, determinations of neutral
detergent fiber (NDF), acid detergent fiber (ADF), acid detergent lignin (ADL), and total
ash were conducted. NDF, ADF, and ADL analyses were performed using a fiber analyzer
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(ANKOM 8-98, ANKOM Technology, Macedon, NY, USA), while total ash analysis was
carried out by ignition in a muffle furnace at 600 °C. In all cases, the determinations were
made by following the official procedures [37]. Dry matter digestibility was then calculated
from the ADF percentage as follows [38]:

Dry matter digestibility, DMD (%) = 88.9 — (0.779 «* ADF)

2.7. Nutrient Concentration

The concentrations of iron (Fe), magnesium (Mg), phosphorus (P), selenium (Se), and
Zn were measured in the herbage dry matter of the plants, as well as in samples obtained
from the potted soils for each treatment. For this, 20 mg of dried soil or herbage dry matter
from each sample was digested using a mixture of nitric acid (2 mL, 70%) and hydrogen
peroxide (2 mL, 50%) in a closed-vessel microwave system (Anton Paar Gmbh, Graz,
Austria). Each digestion run included two blanks and two certified reference materials
(CRM: tomato leaf SRM 1573a NIST, Gaithersburg, MD, USA). The digested samples were
analyzed using ICP-MS (Thermo Fisher Scientific iCAPQ, Thermo Fisher Scientific, Bremen,
Germany).

2.8. Statistical Analysis

Two-way analysis of variance (ANOVA) was used to evaluate the effect of Trichoderma
spp. isolates, biofortification treatment, and the interaction of both factors on the yield and
nutritional parameters of Trifolium subterraneum plants. Fisher’s protected least significant
difference (LSD) test at a significance level of p < 0.05 was used for mean comparisons when
significant differences were detected. Normality was assessed using the Shapiro-Wilk test,
while homoscedasticity was assessed using the Levene test. The relationship between each
parameter was evaluated by Pearson correlation at a significance level of p < 0.05. All
statistical analyses were performed with the STATISTIX 8.1 statistical package (Analytical
Software, version 8.1, Tallahassee, FL, USA, 2005). The correlogram (shown as Figure
S1) was performed with the R 4.3.3 statistical package (R Core Team, Vienna, Austria,
2024) [39].

3. Results
3.1. Influence on Growth and Quality Parameters of Trifolium subterraneum

The results of the two-way ANOVA are summarized in Table 2. The inoculation with
the different Trichoderma spp. isolates revealed significant effects on all studied parameters
except for the herbage dry matter (HDM), neutral detergent fiber (NDF), acid detergent
fiber (ADF), and dry matter digestibility (DMD). Regarding the effect of the biofortification
treatment on the yield and quality parameters, Zn application significantly affected the root
dry matter (RDM) and the rhizobia nodulation index, as well as the ADEF, acid detergent
lignin (ADL), and DMD, while its effects on the HDM, the SPAD value, as well as the NDF
and ash percentages were not statistically significant.

When examining the effect of Trichoderma isolates combined with biofortification
treatments on the HDM (Figure 1a), it can be noticed that the plants inoculated with T09
(Trichoderma gamsii), T14 (Trichoderma koningii), and T18 (Trichoderma gamsii) showed in-
creased plant yield in the absence of Zn applications (no Zn) compared to the negative
control without Zn (TO and no Zn), although no significant differences were observed
compared to the TO group treated with SF Zn. In addition, the combinations of T05 (T.
koningiopsis) with a double Zn application (SF) and T18 (T. gamsii) with a foliar Zn applica-
tion significantly increased the HDM compared to the TO control with no Zn (23.4% and
34.4%, respectively), reaching similar levels to those obtained with the sole Zn application
by soil and foliar methods (T0 and SF).

Regarding the effect on the RDM, the improvements were more limited. In particular,
the only Trichoderma spp. isolate that significantly improved this parameter without Zn
application was T14 (T. koningii) compared to both controls (10.64 mg). In addition, the
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combinations of T14 with a foliar Zn application, T09 with a double Zn application (SF), and
T18 inoculation with either foliar or soil Zn application (but not SF) significantly increased
the RDM in the treated T. subterraneum plants, although this effect was significantly lower
than that of the T14 (T. koningii) application with no Zn (Figure 1b).

For the indirect measurement of the chlorophyll content through the SPAD values
recorded immediately before harvest (Figure 1c), it is noteworthy that the inoculation
with any Trichoderma spp. isolate significantly increased this parameter in the absence
of a Zn application compared to TO with no Zn (with increases ranging from 77.6% for
T09 to 129% for T14). Similarly, all three biofortification treatments significantly increased
this parameter in the plants that were not inoculated with any fungal isolate compared
to the TO control with no Zn (TO and no Zn). Furthermore, different combinations of
fungal isolates and biofortification treatments significantly increased the SPAD values. In
particular, the application of T18 (Trichoderma gamsii) with foliar Zn significantly increased
all three parameters shown in Figure 1. It is also worth noting that, when studying the
correlation matrix (shown in Figure S1 in the Supplementary Materials), significant positive
correlations of 0.2467 (p-value < 0.00001) and 0.4679 (p = 0.0367) were found between the
SPAD value and HDM and RDM, respectively. Additionally, a positive relationship was
found between both the HDM and RDM with a value of 0.3448 (p-value = 0.003). These
results are indicative of a directly proportional relationship between the chlorophyll content
(as measured by the SPAD value) and both the herbage dry matter (HDM) and root dry
matter (RDM) production.

Table 2. A summary of the two-way ANOVAs assessing the effect of the application of the Trichoderma
spp. isolates, the biofortification treatment, and their interaction on the growth values and fiber and
nutrient contents of Trifolium subterraneum plants. The degrees of freedom (DFs) and the F-values,
including the level of significance (* p < 0,05; ** p < 0,01; *** p < 0,001), when appropriate, are shown
for each factor.

Trichoderma (T) Biofortification (B) TxB
DF 5 3 15
Herbage dry matter (HDM) (mg) 0.87 1.78 4.59 ***
Root dry matter (RDM) (mg) 7.68 ** 6.17 * 3.63 **
Rhizobia nodulation index 28.04 *** 7.55% 1.48
SPAD measurement 15.00 ** 0.53 8.78 **
Neutral detergent fiber (NDF) (%) 1.76 2.52 3.23 ***
Acid detergent fiber (ADF) (%) 0.92 5.44* 3.81 ***
Acid detergent lignin (ADL) (%) 9.92 *** 14.22 *** 15.90 ***
Ashes (%) 9.71 *** 3.53 6.77 ***
Digestibility (DMD) (%) 0.92 5.44 * 3.81%
Fe content (mg kg_l) 13.48 *** 4.09 * 2.11*
Mg content (mg kgfl) 5.45 ** 2.49 3.23 **
P content (mg kgfl) 22.33 *** 4.29 4.28 ***
Se content (ug kg_l) 11.91 *** 10.34 ** 0.74
Zn content (mg kgfl) 9.55 *** 67.05 *** 2.20%

Figure 2 shows the effects that the Trichoderma spp. inoculation and the biofortification
treatment had on the rhizobia nodulation index. Inoculation with Trichoderma spp. isolates
T09 and T18 (both identified as Trichoderma gamsii) led to a significant reduction in nodula-
tion in subterranean clover plants compared to the negative control (Figure 2a). Regarding
Zn application, the SF treatment significantly increased root nodulation in the treated T.
subterraneum plants compared to the control and Soil treatments, although no significant
difference was observed when compared to the foliar application (Figure 2b).
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Figure 1. The effect of the interaction between the application of the Trichoderma spp. isolates and the
biofortification treatment on (a) the herbage dry matter, HDM; (b) root dry matter, RDM; and (c) the
SPAD value measured before the harvest of Trifolium subterraneum plants. The results are shown
as the mean =+ standard error of the mean (n = 3). Different letters indicate significant differences
according to the Fisher’s protected Isd (least significant difference) test at o = 0.05.

Regarding the effect of the combined application of the Trichoderma isolates and
biofortification treatments on the fiber content and digestibility, the results are presented in
Table S1 in the Supplementary Materials. When reviewing the results, the acid detergent
lignin (ADL) and ash percentages are of particular interest, since only the sole application
of isolate T14 (T. koningii) resulted in a reduction in the ADF content and, consequently,
a 27% improvement in subterranean clover digestibility compared to TO with no Zn. In
terms of the ADL content, different combinations of Trichoderma spp. inoculations and
biofortification treatments significantly reduced this parameter compared to TO with no
Zn. The combinations included T05 and soil Zn, T09 and foliar treatments (both foliar
and SF), T14 alone or combined with SF Zn, and all of the treatments incorporating isolate
T18 (T. gamsii) except T18 with SF Zn. In any case, the lowest value was obtained with
the sole application of Zn via soil. Regarding the ash content, a significant positive effect
was more generalized, with most combinations of isolate inoculation and biofortification
treatment significantly increasing the total content of minerals. Inoculation with isolate T14
(T. koningii) increased the ash content in all combinations with or without Zn compared
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to TO with no Zn. Again, the sole application of foliar treatments of Zn (both foliar
and SF) significantly increased this parameter. Regarding the correlation between these
parameters, there was a strong positive correlation between the NDF and ADF contents
(0.8182, p-value < 0.0001) and a strong negative correlation between those parameters and
the dry matter digestibility (—0.8182, p-value < 0.0001).
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Figure 2. Rhizobia nodulation index + standard error in Trifolium subterraneum plants as affected by
the application of (a) the Trichoderma spp. isolates (control treatments in red and wild isolates in blue)
and (b) the biofortification treatment. Different letters indicate significant differences according to
the Fisher’s protected 1sd (least significant difference) test at o« = 0.05.

3.2. Influence on Plant Nutrient Accumulation in Trifolium subterraneum Plants

In terms of the nutrient content in T. subterraneum plants, Table 2 shows the significant
effect of fungal inoculation on the accumulation of all determined nutrients. Additionally,
the different Zn treatments significantly affected the contents of Fe, Se, and Zn, with no
significant impact on the Mg and P contents. Moreover, the interaction between the
application of the Trichoderma spp. isolates and the biofortification treatments had a
significant effect on all nutrients studied, except for the Se content in T. subterraneum
plants.

As shown in Figure 3, the effect of the interaction between the Trichoderma spp. isolate
inoculation and biofortification treatments on the plant nutrient concentrations varied
depending on the studied nutrient. Thus, compared to the negative control with no Zn
(TO and no Zn), the treatments generally increased Fe and Zn accumulation but decreased
the Mg and P levels in the treated plants. All treatments involving T05 (T. koningiopsis)
inoculation significantly increased the Fe content. In addition, the application of TO5 when
combined with Zn also significantly increased the levels of Zn on the T. subterraneum plants
when compared to TO with no Zn. Similar results were observed for the other isolates,
where the combined applications of T14 (T. koningii) and Zn in any form significantly
increased the concentrations of both Fe and Zn compared to the TO control with no Zn.
In this sense, regarding the application of T09 and T18 (both identified as T. gamsii), their
combination with the Zn treatments significantly increased the uptake of Fe and Zn when
compared to TO with no Zn. However, exceptions were observed for the combinations
of TO9 with soil (which did not increase the Zn content) and T18 with SF (which did not
significantly increase the Fe content).

The most effective strategy for Fe uptake involved the combination of soil Zn with
T05 and T14, resulting in increases of 1.79 times and 1.36 times, respectively, compared
to TO and no Zn. Conversely, the combined treatment of soil and foliar Zn (SF) showed
promising trends for Zn accumulation in plants, particularly when applied together with
the inoculation of T09 (T. gamsii) or T14 (T. koningii). This combined approach significantly
increased the Zn levels in the treated plants, surpassing those of the negative control with
the same Zn treatment (T0 and SF), with remarkable increases of around 30% in both cases.
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Figure 3. The effects of the interaction between the application of the Trichoderma spp. isolates and
the biofortification treatment on the nutrient content, specifically (a) Fe, (b) Mg, (c) P, and (d) Zn, of
the Trifolium subterraneum plants. The results are shown as the mean =+ standard error of the mean
(n = 3). Different letters indicate significant differences according to the Fisher’s protected Isd (least

significant difference) test at « = 0.05.

Conversely, all of the combinations significantly reduced the P uptake in the treated
plants, while the effect on the Mg content was less uniform, with different combinations
of Trichoderma spp. isolates and Zn treatments, especially those involving the inoculation
with TO05 (T. koningiopsis), did not show any differences when compared to TO with no
Zn. A positive correlation between (0.4815, p < 0.0001) the Mg and P contents was found.
However, the contents of both nutrients were negatively correlated with the SPAD value
(—0.4225, p-value = 0.0002 and —0.4239, p-value = 0.0002, respectively). Additionally, the
Mg content was negatively correlated with the HDM and RDM values (—0.3457, p = 0.0029
and —0.4454, p-value < 0.0001).
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Figure 4 shows the effect that the main factors, the Trichoderma spp. inoculation and

the biofortification treatment, had on the Se concentration in subterranean clover plants.

Regarding the inoculation with the Trichoderma spp. isolates, only the plants treated with
T18 (T. gamsii) showed a significant increase in Se concentration compared to TO, although
without a significant difference compared to Tc. Regarding the biofortification treatments,
while the soil application did not show a significant effect on the Se content, the foliar
treatments (foliar and SF) significantly increased this parameter compared to no Zn and
the soil Zn application.
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Figure 4. The Se content (ug kg~!) + standard error in the Trifolium subterraneum plants as affected
by the application of (a) Trichoderma spp. isolates (control treatments in red and wild isolates in blue)
and (b) the biofortification treatment. Different letters indicate significant differences according to
the Fisher’s protected Isd (least significant difference) test at o« = 0.05.

The results presented in Table 3 provide insights into the effects of Trichoderma spp.
inoculation and the biofortification treatment on the soil bioavailable Zn concentration
in the treated pots after the experiment. In general, in the absence of a Zn application,
Trichoderma spp. inoculation decreased the available soil Zn content compared to the
negative control (TO and no Zn), with reductions ranging from 7.6% to 49.3% for T05
(T. koningiopsis) and the Tc, respectively. A similar trend was observed for the foliar
application of Zn, where all of the isolates, except for T18 (T. gamsii), reduced the soil
Zn content by percentages ranging from 15.7% to 46.8%. A mixed effect was observed
for the soil application, where the inoculations with T05 (T. koningiopsis) and with T18
(T. gamsii) decreased the Zn bioavailability by almost 31% and 5%, respectively. The SF
application only showed a slight decrease of 2% in the Zn concentration when the plants
were inoculated with isolate TO5 (T. koningiopsis), while the rest of the inoculations had a
positive effect on Zn accumulation, with increases ranging from 2.3% to 33.7%.

Table 3. Soil DTPA-Zn content matrix following trials: interaction of Trichoderma spp. isolate
application and Zn biofortification. Values are presented as mg kg ! and relative variation compared
to corresponding negative control (T0) for each biofortification treatment.

Biofortification No Zn Soil (S) Foliar (F) SF

Trichoderma DTPA-Zn Var. DTPA-Zn Var. DTPA-Zn Var. DTPA-Zn Var.
(mg kg~1) (%) (mg kg1 (%) (mg kg1 (%) (mg kg~1) (%)
TO5 168.5 -7.6 430.4 -30.9 169.8 —-21.6 583.0 -2.0

T09 105.9 —41.9 717.2 15.1 115.3 —46.8 741.9 24.8

T14 140.8 —22.8 723.3 16.1 178.1 —-17.8 707.9 19.1

T18 127.3 —30.2 593.6 —4.7 229.8 6.1 608.2 2.3

Tc 92.4 —49.3 816.3 31.1 182.6 —-15.7 794.8 33.7

TO 182.3 - 622.9 - 216.6 - 594.6 -
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4. Discussion

In response to climate change and evolving agricultural policies, future farming
systems, especially in ecosystems that are already vulnerable, such as dehesas [40], must
prioritize both crop productivity and sustainability. To achieve this goal, harnessing
the potential of beneficial microorganisms to complement other sustainable strategies
like agronomic biofortification is gaining traction as a more environmentally friendly
alternative [41,42].

This article should be taken as a first approximation that provides a comprehensive
analysis of the combined effects of four wild Trichoderma spp. isolates, sourced from cherry
tree fields in Extremadura (West Spain), and Zn biofortification on the growth, nutrient
uptake, and overall status of subterranean clover (Trifolium subterraneum). This analysis
highlights the intricate interactions between Trichoderma spp., Zn biofortification, and
plant growth responses, emphasizing the importance of specific combinations for optimal
outcomes. Further research, including field trials, should be carried out to verify the
promising results obtained.

The positive results recorded, which may be attributed to the well-known Zn-solubilizing
activities observed in many strains of this fungal genus in soil [43,44], support the initial
hypothesis that the inoculation of these microbial isolates could enhance the bioavailability
of applied Zn while simultaneously promoting plant growth. Additionally, the favorable
results associated with using well-adapted microorganisms obtained from the same ecosys-
tem where they would be inoculated, in conjunction with an essential legume for dehesas
like T. subterraneum, show that this may be a promising alternative for enhancing the
sustainability of this ecosystem by improving the quality of its pastures. In this regard, it is
worth noting that inoculating dehesa soils with native Trichoderma spp. isolates through the
application of myco-primed T. subterraneum seeds might facilitate the colonization of soils
by these microorganisms and their long-term survival [45,46]. Therefore, one of the main
goals of future studies should be to evaluate the survival rates of the chosen strains under
field conditions. This approach could potentially lead to the naturalized presence of these
beneficial Trichoderma spp. isolates in dehesas, thereby reducing the cost of biofortification
treatments, especially after optimizing the dosage and method of Zn applications.

The consistency of three of the four isolates (T14, T. koningii; T09 and T18, both T.
gamsii) in promoting the HDM and SPAD values in the absence of a Zn application aligns
with previous studies on Trichoderma’s multifaceted roles, which include promoting plant
growth [47,48]. Similarly, this study highlights the potential of biofortification to not
only improve the uptake of essential micronutrients but also to enhance plant growth,
as supported by previous research [49,50]. The observed positive effect with the sole
application of Zn (T0) may explain the increases in the SPAD values, as Zn is crucial for
photosynthesis, with its deficiency leading to a 50% decrease in photosynthetic activity [51].
Furthermore, the role of Zn in increasing stomatal conductivity, facilitating sufficient water
and CO, intake for sustained photosynthesis and nutrient absorption from the soil [52],
might explain the observed increase in the HDM in the case of the SF application in the
negative control (TO and SF).

The combination of Trichoderma spp. with Zn biofortification had a beneficial effect on
nutrient uptake by plants depending on the combination of isolates and biofortification
methods, which agrees with findings from previous studies [53,54]. In particular, the
results of the interaction between both factors revealed varying effects on the plant nutrient
concentrations depending on the mineral studied. The treatments generally increased Fe
and Zn accumulation but decreased the Mg and P levels in the treated plants compared to
the negative control without Zn (TO + no Zn). The general decrease in P uptake may be
explained by the inhibitory effect of Zn on the root uptake and shoot accumulation of P,
leading to a decrease in P uptake with increased Zn fertilization [55]. Meanwhile, studies
have shown that increased Zn application can indeed lead to a decrease in Mg uptake by
plants [56]. Additionally, the competition between Zn and Mg for uptake by plant roots
can further contribute to the reduction in Mg uptake following Zn application [57].
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This varying effect on nutrient uptake could have been affected by the combined
effects of Trichoderma spp. with other beneficial microbes, such as the soil microbial con-
sortium, as evidenced by studies such as that of Moradtalab et al. [58]. Considering the
natural nodulation with Rhizobia recorded in the soil, the lack of a significant effect of
the interaction between Trichoderma inoculation and Zn biofortification on this parameter
could be due to the independent mechanisms through which Trichoderma spp. and Zn
biofortification influence plant nodulation, as well as to the complex interactions among
plants, microbes, and soil in biofortification processes [43]. As for the independent effect of
both factors on nodulation, the inhibitory effect in the plants inoculated with T09 and T18
(both identified as T. gamsii) may be a result of the colonization dynamics in the rhizosphere,
considering that nodulation success may be influenced by the timing and sequence in rhi-
zosphere interactions between different microorganisms [59]. These results are consistent
with a related study by Khan et al. [60], where some Trichoderma strains enhanced plant
growth and nutrient uptake by promoting root development and nutrient solubilization,
whereas others inhibited plant growth and nodulation. This underscores the potential
influence of combining different beneficial microbes to enhance plant growth. On the other
hand, the biofortification treatments did not show significant differences in nodulation
compared to the plants of the negative control without added Zn (T0 and no Zn), except for
the combination of soil and foliar Zn application, which notably increased root nodulation.
This different impact from the biofortification treatments on nodulation could be due to the
higher application rate in the SF treatment, as it has been identified in previous studies as
one of the interacting factors between biofortification and nodulation [61].

In this sense, the combination of T05 and T14 (together with the positive control, Tc)
with the soil Zn application, and the combination of T05 and T18 with the foliar application
of Zn led to similar levels of Mg to those of the negative control without Zn (T0 and no
Zn) being maintained. In the first case, these fungi did not affect the rhizobial nodulation
index, and therefore, they could have modulated the soil nutrient dynamics together
with microbial communities [62] and buffered the negative effect of the increased Zn
concentration in the soil colloid on the Mg content. Conversely, in the cases of T05 and T18
(both T. gamsii), which significantly reduced rhizobial nodulation, the same buffering effect
only occurred with foliar applications since the beneficial effect with the soil microbial
consortium seemed to have been less important. This underscores the potential additive
benefits of combining different beneficial microbes to enhance plant growth.

Additionally, the use of different wild strains of Trichoderma, which may have different
abilities to promote plant growth and nutrient uptake, as well as the complexities of Zn
uptake pathways in plants [63,64], may have contributed to the observed variability in the
results. The same variable results, depending on the specific combination of fungal strain
and biofortification treatment, were found by Marra et al. in their study on the biofortifica-
tion of lentils [53]. At the same time, this result emphasizes the importance of the correct
formulation and timing of the application of these biological products containing living
microorganisms, as well as the importance of optimizing the application of inorganic Zn
fertilizers, which can be costly and whose efficacy may vary depending on the plant being
fertilized, rendering it insufficient as a standalone strategy for improving zinc deficiency
and enhancing crop yield [65]. Thus, based on the preliminary results of our study, future
experiments should consider the optimization of both the microbial inoculation and the
Zn application conditions of the most promising combinations. In this regard, the results
obtained by Anwar et al. [42] show that the application of Trichoderma harzianum together
with copper as a biofortification strategy, using a lower dosage of the mineral, produced a
higher accumulation of said nutrient in the treated wheat plants.

Notably, the combination of T. koningiopsis (T05) inoculation with Zn significantly
increased the Fe levels, with similar results being observed for other isolates such as T14 (T.
koningii). The most effective strategy for Fe uptake was the combination of soil Zn with
T05 and T14, resulting in substantial increases compared to the control. In addition, the
SF treatment, particularly in combination with the inoculation of T09 (T. gamsii) or T14
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(T. koningii), significantly increased the Zn levels in the plants, surpassing those of the
negative control that underwent the same Zn treatment. The combined treatment of Zn
biofortification with Trichoderma spp. may have enhanced the nutrient uptake efficiency of
subterranean clover. Trichoderma spp. can solubilize nutrients in the soil, making them more
accessible to plants [64]. By inoculating subterranean clover with different Trichoderma spp.,
the plants may have experienced improved root colonization and nutrient mobilization,
leading to increased Zn and Fe uptake. Furthermore, the interactions between Trichoderma
spp. and plant roots can trigger systemic responses in plants, including the activation of
defense mechanisms and stress tolerance pathways [66]. These responses can optimize
nutrient uptake processes and mitigate the negative effects of Zn application on plant
growth. The combined treatment of Zn biofortification and Trichoderma spp. inoculation
may have induced a more robust plant defense and nutrient acquisition system, resulting
in the observed increase in Zn and Fe uptake in subterranean clover.

Regarding Se uptake, the different effects of the biofortification treatments may be
explained by prior studies that have shown that foliar Zn application can notably impact
the Se content in plants [21,67], whereas the positive effect of isolate T18 (T. gamsii) may
be related to a potential ability to mobilize this nutrient more effectively than the other
isolates.

The observed reduction in the soil bioavailable Zn content when Trichoderma spp.
was inoculated without a Zn application, as well as with a foliar application, could be
attributed to the ability of Trichoderma to alter soil conditions [68]. It has been reported
that Trichoderma spp. promotes the solubilization of complex compounds by stimulating
the secretion of organic acids from plant roots, leading to a significant decrease in the soil
pH [69]. This change in soil pH may have influenced the availability and mobility of the
Zn that is naturally present in the soil, as none of these plants received additional Zn from
the soil, potentially resulting in decreased Zn levels in the soil.

On the other hand, when Zn was applied to the soil (soil and SF) in combination
with Trichoderma inoculation, a general positive effect on bioavailable Zn accumulation
was observed, especially for T09 (T. gamsii) and T14 (T. koningii). This could be due to
the beneficial effects of soil Zn applications and Trichoderma inoculation on plant nutrient
uptake, which may have facilitated the uptake and translocation of Zn within the plant,
leading to increased Zn accumulation despite the initial reduction in the soil Zn content.
Opverall, the contrasting effects of Trichoderma inoculation and Zn application on the soil Zn
content highlight the complex interactions between microbial activity, nutrient availability,
and plant responses. Further research into the specific mechanisms underlying these
interactions, such as changes in the soil pH, nutrient solubilization, and plant-microbe
interactions, could provide valuable insights into optimizing agricultural practices for
improved nutrient uptake and biofortification.

5. Conclusions

In conclusion, this study highlights several key findings that contribute to our under-
standing of the beneficial effects of Trichoderma spp. inoculation and Zn biofortification on
plant growth and nutrient uptake. Firstly, the combined application of Trichoderma spp.
and Zn biofortification led to increased Fe and Zn accumulation in plants, demonstrating
the potential of these strategies to enhance nutrient uptake efficiency. However, different
Trichoderma strains exhibited variable effects on plant growth and nodulation, emphasizing
the importance of strain selection in agricultural practices. While some strains (T05, T.
koningiopsis and T14, T. koningii) promoted plant growth and nutrient uptake, others (T09
and T18, both identified as T. gamsii) inhibited nodulation.

Moreover, this study revealed the complex interactions between Trichoderma spp., Zn
biofortification, and soil dynamics, leading to variable outcomes depending on factors
such as soil conditions and application methods. These results suggest that optimization
opportunities exist to maximize the benefits of microbial inoculants and biofortification
in sustainable agriculture. Additionally, integrating locally adapted microorganisms like
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Trichoderma spp. with Zn biofortification presents a promising approach to enhance crop
productivity and sustainability, particularly in vulnerable ecosystems like dehesas. To this
end, their long-term survival may be a key factor that needs to be taken into account in
future studies.

In summary, these findings underscore the potential of combining beneficial mi-
croorganisms with biofortification strategies to address nutrient deficiencies and improve
agricultural sustainability. However, further research is needed to elucidate the underlying
mechanisms and optimize application strategies to maximize these benefits.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/su16093730/s1, Table S1. Effect of the interaction between the
application of the Trichoderma spp. Isolates and the biofortification treatment on fiber content,
measured through Neutral Detergent Fiber (NDF) Acid Detergent Fiber, Acid Detergent Lignin (ADL)
and the content of total ashes. Additionally, the percentage of digestibility of the treated plants is
shown; Figure S1. Correlation Matrix showing the significant Pearson correlations (p < 0.05) between
parameters investigated in the study. The robustness of the correlations is depicted using a gradation
of colors, with darker colors indicating stronger correlations.
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Abstract: This study aimed to assess the impact of climatic alteration on food security in
Saudi Arabia. Date productivity, temperature, and precipitation represent the data which
were collected from various sources linked to the study subject and cover the period from
1980 to 2023. The Engle—Granger two-step procedure, the VECM, and forecast analysis
were applied to test the long-term relationship, short-term integration, and forecasting,
respectively. Moreover, qualitative analysis was used to reveal the influence of climatic
change on food security. The results discovered long-term co-integration between date
productivity and temperature. Additionally, the results revealed that there has been long-
running co-integration between date productivity and the precipitation series. Temperature
and precipitation negatively and significantly impacted date productivity during the study
period. With reference to forecast results, the graph was validated using various forecast
indicators: the Alpha, Gamma, Beta, and Mean Square Error equivalents were 1.0, 0.0,
0.0, and 5.47, respectively. Moreover, the growth rates of date productivity were equal to
0.82 and 0.08 for the periods from 1980 to 2022 and 2023 to 2034 (forecast), respectively,
indicating that there is a decrease in the growth rate of date productivity (0.08) during the
forecast period. From these results, the conclusion is that climatic change (temperature and
precipitation) negatively impacts date productivity. In addition, the growth rate during
the forecast period decreased, indicating that climatic change is affecting food security
currently and will continue to do so in the future. This study recommended specific
policy interventions and innovations in agricultural practices, including developing and
implementing a national framework focused on climate-smart agriculture, balancing pro-
ductivity, adaptation, and mitigation. This could be aligned with Vision 2030 and the Saudi
Green Initiative. Additionally, this could include investing in research and development by
increasing public—private partnerships to support agricultural R&D in arid regions, with a
focus on heat- and drought-resistant crop varieties and water-efficient farming systems.
Regarding agricultural innovations, these could include the use of renewable energy, partic-
ularly solar energy, the expansion of rainwater harvesting infrastructure, recycling treated
wastewater for agriculture, and reducing reliance on groundwater sources.

Keywords: date productivity; temperature; precipitation; Saudi

1. Introduction

Climate change is a chief environmental topic at the global level [1]. International
warming primarily arises from carbon dioxide (CO,) emission levels [2]. Agricultural sectors
and ecosystems are presently affected by climate change at national and global levels [3,4].
Climate change is demarcated as any change in the state of the climate which continues over a
period of time and is accounted as one of the chief ecological problems troubling humankind
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in the twenty-first century [5-7]. Climatic factors are altering quickly owing to the rise in
greenhouse gas emissions [3]. The rise in the intensity of greenhouse gases has resulted in
a rise in average temperatures and altered the size and spread of precipitation universally.
The universal temperature is increasing owing to human behaviors such as burning fossil
fuels and clearing forests to build buildings [8]. High temperatures disrupt crop growth
and development, which causally affects their economic yield [5,6,8,9], and, hence, economic
sustainability [5,10,11], and, finally, the food security situation [12].

Food security is demarcated as “existing when all people, at all times, have physical
and economic access to sufficient, safe, and nutritious food that meets their dietary needs
and food preferences for an active and healthy life” [13,14]. This definition includes the
broad concept of food security, which is classified according to four pillars, related to avail-
ability, access, utilization, and stability [14-17]. The pillars are connected by agricultural
novelty [16,18], social capital [16,19], kitchen appliances [16,20], and global tremors [16,21].
One of the pillars of food security is the availability of food [22]. The availability of food is
linked directly to agriculture [12]. The agricultural sector acts in a strategic role to culti-
vate food readiness and attain food security. In other words to realize food security, the
agricultural sector should acts in a strategic role to enhance food availability [23-26].

Many authors have documented the impact of climate change on agricultural produc-
tion. Agricultural production is threatened by climate change in food-insecure counties.
Many extreme climate events, such as droughts, heat waves, erratic and intense rainfall
patterns, storms, floods, and emerging insect pests, have negatively impacted farmers’
livelihoods [27]. Future climate projections show substantial rises in temperatures and
uneven rainfall with greater amounts.

The studies [28,29] examined the potential risks posed by climate change on
agriculture—an essential sector of the economy—particularly focusing on its effects on
agricultural productivity and farm incomes across nations. The studies emphasize the
possible hazards of climate change in relation to agriculture, including its effects on crop
harvests, agricultural infrastructure, and water resources, and propose adaptation and
extenuation strategies.

The studies [30,31] confirm the significant threat climate change poses to crop yields,
water assets, soil health, developing agricultural production, and country-level food
security. To meet this challenge, solid global inventive and collaborative actions are
immediately necessary.

The study [32] deliberated on the influence of rising temperatures on the productivity
of the main cereal crops worldwide and the prominence of the temperature-moisture
link in adaptable crop reactions to heat from an international viewpoint. The researchers
found that in some areas, lower precipitation and evaporation, combined with greater
temperatures, led to extra noticeable production declines in crops, including corn and
soybeans, suggesting a combined effect of heat and drought on yields. The study outcomes
indicate that climate change and moisture stress factors affected crop production.

State-of-the-art climate and crop models have been used to forecast alterations in
harvests of maize, soybean, and rice [28,33]. Some studies have examined the different
drivers of climate change, comprising rising temperatures, changes in rainfall forms,
drought patterns, and significant carbon dioxide uptake. The outcomes suggest that
the influence of climate change on agricultural productivity may be greater than earlier
estimated and that relatively high-latitude areas may encounter high-yield harvests whereas
low-latitude tropical areas may see lower yields.

The most common crops have been analyzed using different models, taking into
account the impact of climate change on their productivity [28,34]. The results specify that
climate change considerably disturbs yields, and prospective climate variation predictions
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suggest that there will be a shrinkage in average crop production worldwide, particularly
in hotter areas. Consequently, modifications and alterations in agricultural structures will
be necessary in response to future climate change.

Another study aimed to assess the relationship between date production and CO; in
Saudi Arabia, using econometric analysis tools [35]. The study appeared to show that there
has been a long-running relationship between these variables.

Climatic change significantly and profoundly impacts soil, which, in turn, adversely
affects food security [36]. In addition, hazardous weather caused by climate change
threatens crops around the world, making it difficult to sustain stable food systems [37,38].

The date palm (Phoenix dactylifera) is one of the main crops produced in the Kingdom
of Saudi Arabia [39]. Among other crops, dates are considered a good food source with
high nutritional value [40]. Globally, dates are cultured on 1 396.727 ha of land, with an
annual production of 9 248.033 tonnes [41]. In Saudi Arabia alone, they are grown on
157,444 ha of land, with a production of 1,642,992.53 tonnes in 2023 [42]. Also, date palms
accounted for 56% of total (primary) fruit production in 2022 [42] in Saudi Arabia. Local
date consumption amounted, on average, to about 985.94 thousand dates in 2020/2021 [43].
The National Agricultural Strategy 2030 includes date production in its plans to achieve
food security in the Kingdom of Saudi Arabia [40]. As a result of the position of date palms
and their product in Saudi Arabia, they were selected as variables in this study.

Building on prior studies, the importance of this study emerged from its intended
aim, which is mainly to examine the influence of climatic change on food security in Saudi
Arabia at present and in the future. Accordingly, the study was divided into three parts:
part one related to testing the dynamic relationship between the variables under study, part
two considered forecast analysis, and part three determined the effect of climatic change
on food security.

2. Materials and Methods
2.1. Description of Data

The aim of this study was to determine the relationships between date productivity
(kg/ha), temperature (°C), and precipitation (millimeter) and their impacts on food security.
The data on such variables were gathered, covering the period from 1980 to 2023, and were

examined using the EVIEWS 12 program. Information about the variables is summarized
in Table 1.

Table 1. Variables” descriptions.

Variable Unit Sources
.. https:/ /www.fao.org/faostat/ar/#data/QCL
Date productivity (DP) (kg/ha) P (accessed on%() February 2025)
Annual average temperature °C https:/ /climateknowledgeportal.worldbank.org/country/
Average precipitation Millimeter saudi-arabia (accessed on 10 February 2025)

2.2. Methods of Analysis
2.2.1. The Graphical Analysis Method

General index curves were drawn for the study’s time series to initially shed light
on the possibility of a stability link among the variables in the long run. An elementary
analytical technique was used to establish this relationship, which also allowed us to
proceed with performing a co-integration test.
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2.2.2. Co-Integration Tests: Testing the Long-Term Relationship

1. Unit root test: The order of integration of the series was specified using an ADF
test [35,44]. Equations (1) and (2) were used:

AX; =Cy+b01Xi—1 +En 1)

AXt = Cp + By +brX; 1+ Ep )

where by and b, are the ADF parameters to be evaluated, B is the trend, C is the constant, E
is the error term, and f is the period of time. In testing the null hypothesis (Hp), X has a unit
root, while in the alternative hypothesis (H;), X has a constant root (stationary). Variables
are stationary if the t-statistics of the ADF coefficient are bigger than the critical t-values.
The choice of method for examining the long-term association depends on the order of
the series. The Engle-Granger test is applied when the two series” orders are equal to
1 (1) [45,46].

2. Engle—Granger test: This test is used to determine long-term associations.

To perform the co-integration test using the Engle-Granger method, the order of
integration of the series should be determined first (this can be achieved using a similar
order of integration as above (1)). Next, the Engle-Granger test [45] can be run. This
comprises the following steps, and the regression equations are as follows:

Xy =a1 +B3Yi+zn 3)

Y =ay + ByXi +zpp 4)

where B3 and By are the slopes from Equations (3) and (4), respectively.

The ADF test is practiced on the residues (z;1 and zt) to examine whether the series
are linked or not. If the ADF statistic is negative and larger than the critical t-value (order 1),
then the coefficients B3 and B4 are expected to exist. Therefore, the series is coupled in the
order 1, 1.

2.2.3. Error Correction Model (VECM)

The VECM test is implemented after the co-integration test has captured the long-
term connection between the series. It is utilized to measure the speediness factor of the
short-term link between the chains [47]. The VECM equations are as follows:

A(LY) =ABsLY_ 1+ ABgLX_1 + By Vl(tfl) + Uy 5)

A(LX) = ABgLX_1+ ABgLY 1 + B10V2(t_1) + U (6)

where Bs and Bg are coefficients of the difference in the lag-dependent variable; B and By
are coefficients of the difference in the lag-independent variable; By and By are used to
modulate the speediness (must be negative and significant to prevent model unsteadiness);
V1 and V) are error correction terms; Uy and Uy are error terms; and L is the logarithm. In
addition, VECM feasibility was confirmed by conducting residual diagnostics tests.

2.2.4. Forecast Analysis (Date Productivity)

The VECM was subjected to forecast analysis (using date productivity as the de-
pendent variable). To test the forecast, the ETS (Error, Trend, Seasonal) model was used.
Alpha (o), Beta (), Gamma (y), and Mean Square Error (MSE) were used as the parameters
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of the model. The graphical feasibility of the forecast results was evaluated using Alpha (),
Beta (), and Gamma (y); these are smoothing parameters that regulate how the model
responds to new data. Alpha () is responsible for level smoothing and determines how
fast the model updates the overall average. Beta (3) is responsible for trend smoothing and
controls how quickly the model adjusts to changing trends. Gamma () is responsible for
seasonality smoothing and measures how quickly seasonal patterns are updated. These
factors range between 0 and 1: a greater value means extra load on new observations,
resulting in the construction of a model that is more responsive to changes. Mean Square
Error (MSE) is an average of the squared differences between forecasted and actual values.
It is used to evaluate model precision and to optimize the smoothing factors. The smaller
the RMSE, the better the forecast result. The growth rate of date productivity was also
calculated for the period from 1980 to 2022 and for the period from 2023 to 2034 (the
projection period) using the following equation [12]:

G=Yr—Y 1+Y (7)

where G; represent the growth rate between two subsequent years, Y designates date
productivity, and ¢ is a year. Finally, the growth rate of date productivity was measured for
the periods from 1980 to 2022 and 2023 to 2034 (forecast) as follows:

Gt.n = (Gt +Gpyr.. -+ Gn))/N ®)

where G, and N signify the growth rate for a specific period and the number of
years, respectively.

2.2.5. The Impact of Climatic Change on Saudi Arabia’s Food Security

Based on the study outcomes of integration and forecast analysis, qualitative analysis
was performed to shed light on the impact of climate change on food security.

3. Results and Discussion
3.1. Descriptive Statistics Results

The outcomes of the descriptive tests are listed in Table 2. The Jarque-Bera proba-
bilities were lower than the 0.05 levels for date productivity (DP) and precipitation (P),
meaning that the variables had a non-normal distribution. Therefore, the data ought to be
transformed (into logarithm form) to correct this non-normality condition.

Table 2. Descriptive statistics results.

DP T P
Mean 7380.87 25.37 78.52
Median 6595.90 25.44 74.99
Skewness 1.23 —0.06 3.12
Kurtosis 3.58 2.60 15.61
Jarque-Bera 11.78 0.32 362.49
Probability 0.003 0.85 0.000
Observations 44 44 44

Source: Data collected and analyzed by the author.
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3.2. Graphical Analysis

As a pre-test for co-integration, Figure 1 shows that there may have been a long-
running relationship between date productivity and annual average temperature dur-
ing the period from 1980 to 2023 in Saudi Arabia. This result led us to conduct further
co-integration analyses.
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Figure 1. Graph of the performance of the series. DP: date productivity (100 kg/ha). T: temperature
in °C. ha: hectare. Source: Drawn by author.

3.3. Co-Integration Analysis Test (Date Productivity and Temperature)
3.3.1. Unit Root Test Results

The stationarity of the series of date productivity and temperature was estimated
using the unit root (ADF) test. Table 3 shows that the series remained stable after achieving
an initial difference of 1 (1); accordingly, the ADF test statistics were significant at the 1%
level. Therefore, the Engle—Granger test was used to estimate the associations between
the series.

Table 3. Results of unit root test.

Time Series  Intercept ::ée;f‘zga Stationarity Intercept aIrl:ctle;:Zrl::i Stationarity
at Level at First Difference
LDP -1.22 —1.59 Non-stationary —6.96 * —6.9* Stationary
LT —0.65 —595* Stationary —5.651* —5.96 * Stationary

Source: Data collected and analyzed by the author. * At 1% level of significance.

3.3.2. Engle-Granger Test Results (Date Productivity and Temperature)

Table 4 shows the results of the ADF test on the residuals (zy; and z, in Equations (3) and (4),
respectively). The ADF statistics are negative (—6.81 and —6.81) and statistically significant
at the 1% level, leading us to accept the alternative hypothesis of integration which proposes
that date productivity and temperature are co-integrated. This result matched with that of
an earlier study [12] which assessed date production and CO,. It found that there was a
long-running relationship between climate change (CO,) and date productivity.

Table 4. Co-integration test. Engle-Granger test results with ADF residuals.

LT LDP
LDP —6.81*
LT —6.81*

Source: Data collected and analyzed by the author. * Indicates 1% level of significance.
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3.4. Results of VECM

To strengthen the finding of the Engle-Granger test (a long-term link between date
productivity and temperature), the VECM was applied. To use the VECM, lag must be
selected. Lag 1 was chosen, as shown in Table 5. Table 6 shows the results of the VECM.
The estimated adjustment coefficient for date productivity (DP), defined as the dependent
variable, was negative (—0.08) and statistically insignificant (t-value = —1.22). This means
that the model does not demonstrate a significant ability to correct imbalances in previous
periods. From the table, the long-term results suggested that temperature influenced the
performance of date productivity negatively (coefficient = —9.44 with t-value = —1.76),
resulting in lower date productivity. These results (showing a long-term relation between
climate and date production) matched with those of previous studies [13-15,19]. Also, the
results show that temperature has no effect on date productivity in the short term.

Table 5. Lag selection.

Lag LogL LR FPE AIC SC HQ
0 105.38 NA 2.80 x 107° —4.81 —4.73 —4.78
1 156.25 94.66 * 3.16 x 1076 * —6.99 * —6.74 % —6.90 *

Source: Data collected and analyzed by the author. * LR—sequential modified likelihood ratio (LR) test statistic
(each test at 5% level); logL—log lag variable (lag order selected by the criterion); AIC—Akaike information
criterion; HQ—Hannan-Quinn information criterion; FPE—final prediction error; SC—Schwarz information
criterion; NA—not available.

Table 6. Results of the VECM.

Long-Term Results: LDP (Dependent Variable) Short-Term Results: LDP (Dependent Variable)
Error Correction Coefficient t-Value Statistic Coefficient t-Value Statistic
CointEql —0.08 —-1.22
LT(-1) —9.44 -1.76
D(LDP(-1)) —0.04 —0.27
D(LT(-1)) —0.98 —0.97
C 21.63 0.02 0.94
- VECM residual serial correlation LM tests: Lags LM-Stat Prob
1 7.20 0.13
- VEC residual heteroskedasticity tests: Chi-sq 14.99 Prob. 0.66
- VEC residual normality tests: Chi-sq 0.58 Prob. 0.75

Source: Data collected and analyzed by the author.

To verify the adequacy of the VECM, residual diagnostic indicators were used, includ-
ing the Brosch-Pagan—-Godfrey heteroscedasticity test, the LM serial correlation test, and
the Jarque—Bera test: Chi-sq. equals 14.99 with Prob. = 0.66, M-statistics (lag 1) equal 7.20
with Prob. = 0.13, and Jarque-Bera test result statistics equal 0.58 with Prob. = 0.75, respec-
tively. Hence, the results for model suitability indicate acceptance of the null hypothesis, a
lack of heteroscedasticity, and a lack of serial correlation for the residual distribution and
residual normal distribution, respectively.

3.5. The Results of the Engle—-Granger Test (Date Productivity and Precipitation)

As a pre-test for co-integration, Figure 2 shows that there might be a long-running
relationship between date productivity and precipitation. This result led us to conduct
further co-integration analyses.
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Figure 2. Graphical presentation of the variables under study. DP: date productivity (100 kg/ha).
P: precipitation (millimeter). Source: Drawn by author.

3.5.1. The Results of Unit Root Tests

The unit root test outcomes (ADF) documented that date productivity and precipita-
tion were stationary after achieving an initial difference of 1 (1) (Table 7). Consequently,
date productivity and precipitation showed a stationarity order of 1 (1); therefore, the
Engle-Granger test was selected to assess the associations between the series.

Table 7. Results of the unit root test.

Intercept Intercept

Time Series  Intercept and Trend Stationarity Intercept and Trend Stationarity
at Level at First Difference
LDP -1.22 —1.59 Non-stationary —6.96 * —6.91* Stationary
Lp —2.90 -2.77 Non-stationary —6.70 * —6.78 * Stationary

Source: Data collected and analyzed by the author. * At 1% level of significance.

3.5.2. Engle-Granger Test Results

The results of the ADF test on the residuals (zy; and zy in Equations (3) and (4),
respectively) are presented in Table 8. The ADF statistics are negative (—7.52 and —7.23)
and statistically significant at the 1% level. These results led us to accept the alternative
hypothesis of integration, suggesting that the series are co-integrated. This result sug-
gests that there is indication of a long-running association between date productivity and
precipitation during the study period.

Table 8. Co-integration test. Engle-Granger test results for the ADF residuals.

LP LDP
LDP —7.52*%
LP —7.23%

Source: Data collected and analyzed by the author. * Indicates 1% level of significance.

3.6. Results of the VECM

To strengthen the finding of the Engle-Granger test (a long-term link between date pro-
ductivity and precipitation), the VECM was used. To apply the VECM, lag must be selected.
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Lag 1 was chosen (Table 9). Table 10 shows the results of the VECM. The adjustment coef-
ficient for date productivity (the dependent variable) and precipitation (the independent
variable) was negative (—0.01) and insignificant (critical t-value = —0.25), concluding that
the model was unable to improve its earlier time imbalance. From the table, the long-term
results show that precipitation affected the performance of date productivity negatively
and significantly (coefficient = —5.10 with t-value = —3.05). These results (showing the
long-term relationship between climate and date production) corroborate the findings of
previous studies [28-30,34]. In addition, precipitation has no effect on date productivity in
the short term (insignificant). To confirm the adequacy of the VECM, residual diagnostic
indicators were used, including the Brosch-Pagan-Godfrey heteroscedasticity test, the LM
serial correlation test, and the Jarque-Bera test: Chi-sq. equals 40.96 with Prob. = 0.51,
M-statistics (lag 1) equal 8.46 with Prob. = 0.08, and Jarque—-Bera test result statistics equal
0.58 with Prob. = 0.75, respectively. The results of model suitability indicated acceptance
of the null hypothesis, a lack of heteroscedasticity, and a lack of serial correlation for the
residual distribution and residual normal distribution, respectively.

Table 9. Lag selection.

LogL LR FPE AIC SC HQ
0 24.47 NA 0.0012 —1.05 —0.96 —1.02
1 62.47 70.70 * 0.00025 * —2.63* —2.38* —2.54*

Source: Data collected and analyzed by the author. * logL—log lag variable; LR—sequential modified likelihood
ratio (LR) test statistic (each test at 5% level) (lag order selected by the criterion); AIC—Akaike information
criterion; HQ—Hannan—Quinn information criterion; FPE—final prediction error; SC—Schwarz information
criterion; NA—not available.

Table 10. Results of the VECM.

Long-Term Results: LDP (Dependent Variable) Short-Term Results: LDP (Dependent Variable)
Error Correction Coefficient t-Value Statistic Coefficient t-Value Statistic
CointEql —0.01 —0.25
LP(-1) —5.10 —3.05
D(LDP(-1)) —0.08 —0.47
D(LP(-1)) —0.003 —0.02
C 13.25 0.02 0.87
- VECM residual serial correlation LM tests: Lags EMStat Prob.
1 8.46 0.08
- VEC residual heteroskedasticity tests: Chi-sq 40.96 Prob. 0.51
- VEC residual normality tests: Chi-sq 0.58 Prob. 0.75

Source: Data collected and analyzed by the author.

3.7. Forecast Results (Date Productivity)

Figure 3 displays the forecast graph of date productivity: the blue and red parts
indicate date productivity for the periods from 1980 to 2022 and 2023 to 2034 (forecast),
respectively. The graph was proven to be valid using various forecast indicators, with Mean
Square Error, Alpha, Gamma, and Beta values equal to 5.47, 1.0, 0.0, and 0.0, respectively.
Likewise, the growth rates of date productivity are equal to 0.82 and 0.08 for the periods
from 1980 to 2023 and 2023 to 2034 (forecast), respectively, concluding that there is an
increase in date productivity but at a decreasing rate (0.08) during the forecast period.
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Figure 3. Forecast graph (date productivity (100 kg/ha)). Source: Drawn by author.

3.8. The Impact of Climate Change on Saudi Arabia’s Food Security

One of the pillars of food security is the availability of food [22]. The availability of
food is determined directly by the agriculture sector [12]. The agricultural sector plays
a strategic role in improving the availability of food and realizing food security [23-26].
This study aimed to evaluate the impact of climatic change on Saudi Arabia’s food se-
curity. From Table 5, the long-term results show that temperature negatively influenced
(coefficient = —9.44 with t-value = —1.76) date productivity. In addition, the long-term
results show that precipitation affected date productivity negatively and significantly
(coefficient = —5.10 with t-value = —3.05) (Table 10). Also, these results (showing a long-
term relationship between the climate and date production) align with the results of
previous studies [28-30,34]. Referencing the forecast results, the graph was shown to be
valid using various forecast indicators: Beta, Alpha, Mean Square Error, and Gamma values
were equal to 0.0, 1.0, 5.47, and 0.0, respectively. In addition, date productivity growth rates
reached 0.82 and 0.08 for the periods from 1980 to 2022 and from 2023 to 2034 (forecasts),
respectively, showing that there was a decrease in the growth rate of date productivity
(0.08) during the forecast period. From these results, the conclusion is that climatic change
(temperature and precipitation) impacts negatively on date productivity, hindering food
security, since food security can be improved through increasing date productivity. This
result aligns with that of a previous study [12].

4. Conclusions

This study aimed to evaluate the impact of climatic change on Saudi Arabia’s food
security (identifying the connection between date productivity and climate (tempera-
ture and precipitation) and its impact on food security). The data were collected from
various resources linked to study subjects in the period from 1980 to 2023. The Engle—
Granger two-step procedure and forecast analysis were applied to test the long-term
relationship and enable forecasting, respectively. Also, qualitative analysis was used to
determine the effect of climatic change on food security. The results uncovered long-term co-
integration between date productivity and temperature. Also, the long-term results demon-
strated that temperature negatively influenced date productivity (coefficient = —9.44 with
t-value = —1.76). In addition, the coefficient of adjustment for date productivity was shown
to be negative (—0.08) and insignificant (critical t-value = —1.22), concluding that the
model was powerless to improve its previous time instability. Also, the results uncovered
long-term co-integration between date productivity and precipitation series. In addition,
the long-term results showed that precipitation negatively and significantly impacted date
productivity (coefficient = —5.10 with t-value = —3.05). With reference to the forecast results,
the graph was validated using various forecast indices: the Mean Square Error, Alpha,
Beta, and Gamma values were equal to 5.47, 1.0, 0.0, and 0.0, respectively. In addition,
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the growth rates of date productivity were found to be 0.82 and 0.08 for the periods from
1980 to 2022 and from 2023 to 2034 (forecast), respectively, concluding that there was a
decrease in the growth rate of date productivity (0.08) during the forecast period. From
these results, the conclusion is that both temperature and precipitation negatively affect
date productivity in the long run, with a statistically significant impact, resulting in a
decline in date productivity directly and an indirect impact on food security. To combat
this, this study recommends specific policy interventions and innovations in agricultural
date palm practices. With regard to policy interventions, a national framework focused on
climate-smart agriculture, balancing date productivity, adaptation, and mitigation, should
be developed and implemented. This could be aligned with Vision 2030 and the Saudi
Green Initiative. Also, there should be greater investment in research and development
with a focus on heat- and drought-resistant varieties and water-efficient farming systems.
Regarding agricultural innovations, there should be an increase in the use of renewable
energy, particularly solar energy, an expansion of rainwater harvesting infrastructure, the
introduction of recycling treatment for wastewater for agriculture, and a reduction in the
reliance on groundwater sources.
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Abstract: Agriculture remains the backbone and major source of livelihood for men and
women in most parts of sub-Saharan Africa. However, the gender-differentiated roles
in agricultural transformation as a coping strategy to climate change in this context still
beg for empirical substantiation. Using the Santchou Landscape of Cameroon as a case,
this study sought to (a) examine the effects of climate change on agricultural practices,
(b) characterize gender-differentiation in agro-based climate adaptation interventions, and
(c) explore the gender-based challenges to agro-based climate adaptation planning. A
representative sample of 159 households was conducted in five communities in the study
area, complemented by key informant interviews (N = 5). The data collected were analyzed
descriptively. The findings of this study revealed the following conclusions: Firstly, climate
change significantly affects agricultural practices in the Santchou Landscape as mirrored in
faming season fluctuation as well as the alteration of the farming calendar. Secondly, men
and women play differentiated roles in agro-based climate adaptation, especially through
farming practices such as the introduction of drought-resistant crops, the the practice of
intercropping and agroforestry. Thirdly, gender-based challenges to agro-based climate
adaptation include unequal access to land between men and women and unequal access to
farm inputs, agricultural training, and technology. This study provides empirical evidence
to substantiate the theoretical position on gender-differentiated roles in agro-based climate
adaptation. Further studies are required to establish the incidence of gender variations in
agro-based climate adaptation on livelihoods.

Keywords: men; women; farming season; adaptation; Santchou; Cameroon

1. Introduction

The attendant effects of climate change on agricultural systems are no longer new in
the geographical lexicon around the world. Many scholars have theorized about climate
change and its impacts on agricultural productivity and livelihoods around the world.
For instance, between 1991 and 2017, climate change led to losses in agriculture in the
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USA to the tune of 27.0 billion USD [1]. Furthermore, crop production losses across West
Africa between 2000 and 2009 were associated with historical climate change effects, which
accounted for losses to the tune of 2.33-4.02 billion USD for millet and 0.73-2.17 billion
USD for sorghum [2]. In terms of the gender-differentiated effects, women are known to
be highly vulnerable to climate change impacts compared to men. This is partly due to
differences in the ownership of economic resources such as land, labor, and capital and also
entrenched socio-cultural norms and beliefs that disfavor women [3]. In addition to this, the
poverty levels among women are high, and this renders them vulnerable to severe climate
impacts. These challenges, which stall progress towards several interlinked sustainable
development goals, are rooted, among other things, in poor farming practices and farmers’
perceptions of and adaptation and resilience approaches to climate change [3-5].

Faced with these realities, climate adaptation has become one of the key strategies
to deal with the issue of climate change. While adaptation is sector-specific, it seems to
have gained prominence in the agricultural sector, considering the fact that most of the
economies in sub-Saharan Africa (SSA) depend significantly on agriculture [6-10]. Scholars
have theorized about the varied systems of adaptation in different parts of SSA [11-13].
Adaptation to climate change as a strategy has been reported to be defined by socio-
demographic determinants, such as sex, age, education, household size, ethnicity, and
factors like agro-ecology, livestock holding, off-farm income, access to credit, and extension
services [14-20]. Studies conducted by [18] revealed that family size affected adaptation
strategies toward climate change in Indonesia. According to them, large families can divert
part of the family labor to non-farming activities to earn more income and to ease the
consumption pressure imposed by large families. However, [16] stated that it is better to
have a large household with excellent education rather than a small family with inadequate
knowledge, as the probability of adaptation is higher in large families with a high level of
education than in smaller families with low levels of education. As explained by [21,22],
people with a higher level of education have a greater impact on farmers” decisions in
comparison to those with a lower level of education.

Adaptation depicts variations in terms of the practices and systems employed. Agro-
based climate adaptation has a long history in different parts of SSA [5]. For instance, some
of the agro-based adaptation systems and practices include monoculture, mixed cropping,
irrigation, crop rotation, agroforestry, the planting of drought-resistant crops, and the
alteration of the planting calendar. Scholars [5,23,24] have examined the evolution of farm-
based climate adaptation practices in the vegetable subsector of the Western Highlands
of Cameroon and found out that agro-based practices were significantly reflected in crop
performance, mirrored through an increase in vegetable quantity, promoted by both state
and non-state actors. While both state and non-state actors are engaged in agro-based
climate adaptation practices, there are variations in the roles played by men and women
in implementing agro-based climate adaptation. These variations are linked to cultural,
socio-economic, and political factors. Substantial empirical evidence indicates that gender
disparity exists in access to resources, information, and agricultural inputs [25,26]. For
example, in rural Kenya, a significant proportion of women were found to adopt food crop-
related strategies, whereas men employed livestock and agroforestry-related strategies.
The authors of [26,27] demonstrated that in India, there are geographically determined
gendered preferences and adoption of strategies regarding adaptation options, which are
influenced by the socio-ecological context and institutional dynamics. Scholars recognize
that agro-based climate adaptation practices are gender specific and mediated by social,
cultural, institutional, and economic structures and processes [28,29]. This explains the
fragmented nature of climate change adaptation as well as the suboptimal outcomes
attached to such practices.

203



Sustainability 2025, 17, 3772

While success has been registered in some parts of SSA in terms of agro-based climate
adaptation, failures have been registered in other parts. This therefore calls for adaptation
planning that takes into consideration gender disparities. There is, however, limited
evidence on gender roles in several parts of sub-Saharan Africa. This hinders progress
towards a comprehensive policy approach to address climate adaptation. In other words,
context-specific knowledge gaps exist in many parts of sub-Saharan Africa in terms of the
differentiated roles of men and women in agro-based climate adaptation, with Cameroon
being a good example. Described as Africa in miniature, Cameroon embodies almost
all of the agro-ecological zones that can be found across Africa, making it the example
par excellence to study the differentiated roles of agro-based climate adaptation practices,
systems, and planning approaches. Furthermore, Cameroon is rated as one of the most
ethnically diverse countries in sub-Saharan Africa, with an ethnic fractionalization score of
0.73 [30]. This ethnic diversity is rooted in a culture which tends to shape the differentiated
roles of men and women within the society [30]. While there is evidence in the northern and
coastal regions of Cameroon of some of the adaptation practices, there is limited evidence
in the transitional zone between the coastal areas and the Western Highlands [3]. Santchou,
being a transitional zone between the coastal areas and the Western Highlands, provides
a good example. This highly dynamic transition zone is characterized by significant
agricultural activities [3,5], making it a useful case to illustrate the differentiated roles of
men and women in agro-based climate adaptations. It is in this light that this study seeks
to (a) examine the impacts of climate on agricultural practices in Santchou, (b) categorize
the differentiated roles of men and women, and (c) explore the gender-based challenges to
agro-climatic adaptation in Santchou.

2. Analytical Framework

State and non-state actors, such as NGOs, migrants, and natives, are engaged in agro-
based climate adaptation at different levels. These are viewed in the spectrum of farming
practices, systems, and adaptation planning approaches (Figure 1). Gender variations
in agro-based climate adaptation in Santchou depend on a host of determinants, such
as income, culture, access to information, capital, and land. These shape the outcomes
and necessitate adaptation planning at different levels by state and non-state actors [5].
Adaptation planning includes the abolition of culture, the restriction of land redistribution,
ensured equal rights, land inheritance for both men and women, equal opportunities
for assistance, subventions to female farmers, and subsidized input costs. At the level
of other non-state actors such as NGOs, adaptation planning strategies include access
to free agricultural training programs, the sensitization of women on the importance
of training programs, agricultural technology and innovation, capacity building on the
adoption of new technologies, and the promotion of gender-balanced and peasant-friendly
technological innovations. Adaptation planning approaches also vary depending on legal,
socioeconomic, sociopolitical and natural contexts.
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Figure 1. Gender variations in agro-based climate adaptation.

3. Study Area and Methods

The Santchou landscape is found in the Menoua Division of Cameroon (latitudes
5°18'0" north and longitudes 9°54'0" east of the Greenwich Meridian). It constitutes part
of the Mbo Plain (Figure 2). It is bounded to the north by Mount Manengouba, to the
south by the Dschang Cliff, and to the east by Kekem. Santchou has a population of
46,249 inhabitants who are mostly migrants. It has a surface area of 335 km? and a
population density of 137 person/km?. It is made up of 60 villages and (Santchou Rural)
4 semi-urban settlements [31].

The main instrument used for data collection was a questionnaire, structured into
socio-demographic characteristics of respondents, farming practices, gender differences
in agro-based climate adaptations, and the implications of agro-based climate adaptation
practices. Two enumerators were recruited and trained for data collection. With the
assistance of two community members who have lived in the study area for over 10 years,
our research group was able to identify the five communities that were targeted for this
study. Data were randomly collected from 159 households in the five communities to
include Santchou Ville (18.9%), Madagascar (33.3%), Bessouck (18.2%), Behind Albatros
(5%), and Kassala Farm (24.4%) (Table 1). These communities were identified on the basis
of the engagement of the inhabitants (men and women) in agricultural innovation as a
coping strategy against climate change. Data were collected from May to June 2024. We
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used a random sampling approach in which an ad hoc household numbering process
was employed to determine the total number of households. From this, we proceeded
to carry out raffle draws to randomly select numbers corresponding to 159 households.
The population size of 250 inhabitants representing the population of the five targeted
communities was obtained from [31]. The selected numbers guided us to select the precise
households for data collection. A 5 to 8% sampling fraction was assured for all five
communities under study, with the unit of analysis being the households. Household

representatives were used as proxies for the households.
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Figure 2. Location of Santchou.

Table 1. Distribution of questionnaires.

Communities Households Sampled % Sampled Sampling Fraction %
Santchou Ville 30 18.9 6
Madagascar 53 33.3 8
Bessouck 29 18.2 5
Behind Albatros 8 5.0 5
Kasala Farm 39 245 6

The questionnaires were entered into Kobo Collect (Version 2023). Subsequently,
the spreadsheets were downloaded and exported to the Statistical Package for Social
Sciences (SPSS Version 25.0), where frequencies and percentages were calculated. The
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results have been presented using tables, charts, and graphs. Information collected using
the questionnaire copies was complemented with other sources such as field observations
and interviews with key informants to obtain insights on agro-based climate adaptation
practices and gender.

4. Results
4.1. Socio-Demographic Characteristics

In this study (Table 2), five communities were sampled to include Santchou Ville
(18.9%), Madagascar (33.3%), Bessouck (18.2%), Behind Albatros (8%), and Kassala Farm
(24.4%). With respect to the level of education, 6.9% of the respondents had no formal
education, 22.6% had primary education, 49.1% had secondary education, 15.1% had
vocational education, and 6.3% had at least a university degree. In terms of occupation,
52.2% were farmers, 8.2% were bike riders, 10.2% were petty traders, 11.9% were civil
servants, 6% worked with NGOs, 6% were builders, 1.9% were sand miners, and 7.5% were
in other occupations.

Table 2. Demographic characteristics of the respondents.

Variable Categories Percentage (%)
Ville 18.9
Madagascar 33.3
Santchou Community Bessouck 18.2
Behind Albatros 5.0
Kasala Farm 24.5
Female 24.5
No formal 6.9
Level of Education Primary 226
Secondary 49.1
Vocational 15.1
BSc and above 6.3
Farmer 52.2
Bike/Taxi Rider 8.2
Petty Trader 10.7
Main Occupation Salary State 11.9
Salary Private 6.3
NGO 0.6
Builder 0.6
Sand Miner 1.9
Others 7.5

Furthermore, 47.8% of the respondents were household heads, while 52.2% were
household members (Figure 3). It is worth mentioning that this study comprised 64.8%
respondents who are migrants and only 35.2% who are indigenous. In terms of gender
distribution, 44.7% were males while 55.3% were females. Moreover, male household heads
constitute 75.5% of the sample, while female household heads account for the remaining
24.5%. Therefore, while there is a great representation of the female population in this
study (55.3%), only 24.5% were heads of their households.
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Figure 3. Socio-demographic attributes of respondents.

4.2. Farming Practices and Interventions by Both State and Non-State Actors

In the Santchou landscape, the population practices both large- and small-scale farm-
ing Figure 4. The key agricultural practices include large-scale plantation farming (58.5%),
small-scale plantation farming (33%), and livestock rearing (reported by just over 6%). The
results also indicate that there are female-inclined farming practices such as mulching,
mixed cropping, vegetable cultivation, cassava cultivation, and farming close to the house.
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Figure 4. Variations in farming practices in the Santchou landscape.

Given the above-mentioned farming practices and the advent of climate change,
farmers (Figure 5) reported that their farming practices have been affected by climate
change, especially with respect to fluctuations in the farming seasons (75.5%), reductions
in soil fertility (8%), and the complete alteration of the farming calendar (6%).

To promote adaptation to climate change, several interventions from different stake-
holders in both the government and private sectors have been undertaken (Table 3). The
results indicate that the promotion of mixed farming was the most significant (32%) inter-
vention by the state. This was followed by interventions to promote cash crop farming
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(26%). Interventions were also undertaken by the state (12%) and NGOs (17%). This was
carried out for men (7.5%) and women (7%).

80%
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30%
20%
10%

0%

75.5%
6.3% 5.7% 8.2% 4.49
Fluctuationin ~ Complete change Inconsistent Reduced soil Destruction of
farming seasons of farming rainfall fertility crops
calendar

Figure 5. Perceived effects of climate change on farming practices.

Table 3. Actor interventions in farming in the Santchou landscape of Cameroon.

State NGOs Household Men Women Natives Migrants
Monocropping 22% 21.4% 00 6.9% 1.9% 7.5% 7.5%
Mixed cropping 00 3.8% 5.7% 3.8% 6.9% 6.9% 6.9%
Mixed farming 32.1% 17.0% 8.8% 48.4% 61% 61% 61%
Agroforestry system  10.1% 15.7% 61.6% 8.8% 3.1% 4.4% 4.4%
Market gardening 2.5% 1.3% 5% 1.3% 8.2% 3.8% 3.8%
Cash crop farming 25.8% 11.9% 8.2% 17.0% 7.5% 6.9% 6.9%
Apiculture 0.6% 1.9% 2.5% 1.9% 1.9% 2.5% 2.5%
Snail farming 00 3.8% 00 1.9% 1.9% 0.6% 0.6%
Add perennial crops  6.9% 23.3% 8.2% 10.1% 7.5% 6.3% 6.3%

It is, however, worth mentioning that the promotion of agroforestry systems was
mainly practiced at the household level (62%), with some interventions from NGOs (18%)
and the state (10%).

4.3. Gender Variations in AgroBased Adaptation

The gender-differentiated dimension of agro-based climate adaptation in the Santchou
landscape of Cameroon is presented in Table 4. The general trend is that both the men
and women are highly involved in climate adaptation. For instance, change in planting
season is practiced by almost all the men and women (99.4%). Similarly, a majority of the
farmers (98.7%) reported that the introduction of drought-resistant species is practiced by
men (1.3%) and women (98%). Moreover, 96.9% of women practice crop rotation versus
3.1% of men, and the practice of organic farming by men (3.1%) and women (96.9%)
shows variations. However, land rotation and zero tillage were practiced more by women
(90.6%) compared to men (9.4%). On the other hand, men (84.4%) were more involved in
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intercropping than women (11.4%). In the case of mulching, women (88.7%) were more

engaged than men (8.2%).

Table 4. Gender variations in agro-based climate adaptation in the Santchou landscape of Cameroon.

Strategy Male Female
Change of planting season/periods, dates 99.4%
Introduce drought-tolerant varieties 98.7%
Crop rotation 96.9%
Land oration 10.9 89.9%
Intercropping 88.4 11.4
Repeated sowing 96.2%
Zero tillage 90.6%
Cover cropping 95.6%
Mulching 8.2% 88.7%
Organic farming 96.9%
Green manuring 93.1%
Irrigation 96.2%
4.4. Intensity of Each of the Following Farming Adaptation Strategies
Table 5 shows the intensity of the various adaptation strategies; the results show that
the most intense agro-based climatic adaptation practice in the Santchou Landscape was
the alteration of the planting season (39%). This is followed by crop rotation (30.8%). On
the other hand, the introduction of drought-tolerant varieties and the practice of organic
farming were less significantly reported, accounting for 47.2% and 21.4%, respectively. Sim-
ilarly, land rotation (49.1%), zero tillage (45.9%), green manuring (44%), irrigation (42.8%),
mulching (42.1%), repeated sewing (36.5%), and cover cropping (34%) were moderately
intense in their application.
Table 5. Intensity of farming practices in the Santchou landscape of Cameroon.
Not Intense Less Intense ~ Moderately Intense Intense Very Intense
Change planting 5% 8.2% 35.8% 119%  39%
éﬁgggﬁfiﬁzr‘fn Cvarictics | 69% 21.4% 47.2% 22.6% 1.9%
Crop rotation 4.4% 9.4% 35.8% 19.5% 30.8%
Land oration 3.8% 20.1% 49.1% 15.1% 11.9%
Intercropping 3.8% 17% 32.7% 16.3% 30.2%
Repeated sowing 1.9% 12.6% 36.5% 22% 27%
Zero tillage 4.4% 25.2% 45.9% 16.3% 8.2%
Cover cropping 8.8% 19.4% 34% 20.8% 17%
Mulching 6.3% 24.5% 42.2% 15.7% 11.3%
Organic farming 6.3% 23.3% 35.2% 19.5% 15.7%
Green manuring 5% 27% 44% 12.7% 11.3%
Irrigation 13.2% 23.3% 42.8% 10.7% 10%
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4.5. Implications for Agro-Based Climate Adaptation Planning

The strategies adopted by farmers in the Santchou landscape have implications for
present and future agricultural adaptation planning. Women are more involved in the
cultivation of short-cycle crops such as maize, beans, and vegetables, and this has influenced
their adaptation practices as a coping strategy to climate change. On the other hand, though
men are equally involved in the practice of short-cycle crops, they are more involved in
the cultivation of long-term crops such as cocoa farming and the cultivation of palms. This
is explained by the fact that the long-term crops require more land for cultivation, and
in terms of access to land, existing social and cultural norms favor the men in terms of
land access and ownership over women. The involvement of women in the cultivation
of short-cycle crops is driven by the motive that such crops are most often cultivated on
small farm spaces. The acquisition of land for the cultivation of short-cycle crops is easier
through land rental arrangements at prices that are quite affordable to the women.

Women do not only face the challenge of access to land ownership, which limits adap-
tion; they are further hindered by the lack of farm inputs such as fertilizers, improved seeds,
access to new technology, and agricultural training. On the challenges faced by farmers in
adopting strategies in the agricultural sector to fight against the negative consequences of
climate change, the key challenges faced by men and women include the lack of improved
seeds: 45% for women and 38% for the men. This was followed by inadequate access
to modern and sustainable technologies (31% of the women and 32% of the men) and
inadequate access to new knowledge and skills in farming (24.5% of the women and 30%
of the men) (Figure 6).

50%
45%
40%
35%
30%
25%
20%
15%
10%

5%

0%

44.7% ® Men
37.7% ® Women
Lack of improved seeds Inadequate access to Inadequate access to new
technology knowledge

Figure 6. Constraints on agricultural adaptation to climate change.

4.6. Strategies to Bridge Agro-Based Climate Adaptation Gaps Between Genders

As can be inferred from Table 6, improving the participation of women in the adoption
of sustainable farming practices in the advent of climate change can be achieved through
increasing access to land, farm inputs, agricultural training, and new technologies, as
well as access to financial capital. Based on field evidence, the sensitization of women
on the importance of agricultural training was reported as close to 99%, followed by the
promotion of farmers (75.5%), capacity building through the adoption of new technology
(74%), and the provision of equal opportunities to both men and women (69%). The
abolition of cultures that restrict access to land for women was reported at 63.5%. Moreover,
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the promotion of gender balance was reported at 32.6%, land redistribution at 18.2%, and
ensuring equal rights to inheritance for both men and women at 17.6%, among other factors
reported (Table 6).

Table 6. Strategies to bridge agro-based climate adaptation gaps between genders.

Strategy Category Response (%)
Abolition of cultural restrictions 63.5
Access to land Land redistribution 18.2
Ensured equal rights of land inheritance 17.6
Others 0.6
Equal opportunities for assistance 69.2
Access to farm inputs Subventions to female farmers 13.8
Subsidized input cost 17.0
Access to agricultural training Sensitization of women on the importance of training 98.7
Others 1.3
Capacity building on the adaptation of new technology 73.6
Access to new technologies Promotion of gender balance 13.2
Peasant-friendly technological innovations 13.2
Promotion of farmers 75.5
Access to financial capital Provision of interest-free /low-interest loans to farmers 13.8
Preferential treatment of women when it comes to loan conditions 10.7

5. Discussion

This study sought to analyze the gender-differentiated roles in agro-based climate
adaptation. The results on the differentiated roles of men and women in terms of agro-
based climate adaption are that men and women play different roles depending on the
agricultural practices that they are engaged in. For instance, men are more engaged in
the cultivation of long-cycle crops such as cocoa and palms, while women are involved
in the cultivation of short-cycle crops such as vegetables, maize, and beans. This explains
the variations in their adaptation strategies. Adaptation strategies are influenced by socio-
cultural factors which influence land access as well as access to farm inputs and technology.
These findings are consistent with the works of [24,25] who argued that men and women
play different roles in agro-based, climate-based adaptation. The findings also revealed
that even though men and women are involved in agro-based climatic adaptation, women
are more inclined to specific adaptation practices than men. For example, land rotation
and zero tillage were practiced more by women compared to the men. On the other hand,
men were more involved in intercropping and mulching (9.4% and 8.2%, respectively) as
compared to the women (1.9% and 3.1%, respectively). This finding conforms with studies
carried out by [29] who argued that men and women carry out varied adaptation practices
to fight against climate change.

The results also revealed that while men are involved in long-term agro-based climate
adaptation practices, women are more involved in short-term farming activities, as this
provides returns, income, and sustenance for their livelihoods. This is also consistent with
the findings of [3] in the Western Highlands of Cameroon, where women carried out more
of the short-term farming activities. The findings are also in line with other studies carried
out across Africa and other parts of the Global South [21,29,32-35], which indicate major
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gender differences in agro-based adaptation by farmers and livestock keepers. In terms of
agro-based climate interventions, the study revealed that state and non-state actors play
varied roles in agro-based climate adaptation in the Santchou landscape. The promotion of
mixed farming receives the highest intervention (32%) from the state. This was followed by
interventions promoting cash crop farming (26%). While both state and non-state actors
are engaged in agro-based climate adaptation practices, there are variations in the roles
played by men and women in implementing adaptation. This finding is consistent with
initial studies conducted by [25,35]. The variations are linked to cultural, socio-economic,
and political factors. Substantial empirical evidence indicates that gender disparity exists
in access to resources, information, and agricultural inputs. For example, in rural Kenya, a
higher percentage of women were found to adopt food crop-related strategies, whereas
men employed livestock- and agroforestry-related strategies [26,27]. Studies also reveal
that in India, there are geographically determined gendered preferences and adoption of
strategies regarding adaptation; these are influenced by the socio-ecological context and
institutional dynamics.

6. Conclusions

Climate change has significant effects on agricultural practices in the Santchou land-
scape of Cameroon. Agricultural innovations have been introduced through gender-based
adaptation as a coping strategy. As the gender-differentiated roles in agricultural transfor-
mation still beg for empirical substantiation, this paper used the Santchou Landscape of
Cameroon as a case to (a) examine the effects of climate change on agricultural practices
in Santchou, (b) characterize gender differentiation in agro-based climate adaptation in-
terventions, and (c) explore the gender-based challenges to agro-based climate adaptation
planning. The analysis led to the following conclusion: while men and women are both
involved in the agro-based adaptation strategies, variations exist based on the type of
agricultural practice. The study also concludes that socio-cultural factors act in various
dimensions to influence agro-based climate adaptation processes, while state and non-state
actors have played varied roles in influencing gender-differentiated agro-based climate
adaptation. For example, the broad-based approach to agro-based climate adaptation has
influenced men and women to adopt similar strategies, such as the introduction of new
crop varieties and the adjustment of the planting calendar. Gender-based challenges to
agro-based climate adaptation include unequal access to land between men and women
and unequal access to farm inputs, agricultural training, and technology. The provision
of farm input, agricultural training, and innovation has reduced the gender gap between
men and women in adapting to climate change. This study provides empirical evidence to
substantiate the theoretical positions on gender-differentiated roles in agro-based climate
adaptation. Further studies are required to establish the incidence of gender variations in
agro-based climate adaptation on livelihoods.
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