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Abstract: The predicted climate change threatens food security in the coming years in Algeria. So,
this study aims to assess the impact of future climate change on a key crop in Algeria which is rainfed
durum wheat. We investigate the impact of climate change on rainfed durum wheat cultivar called
Mexicali using AquaCrop crop model and the EURO-CORDEX climate projections downscaled with
the ICHEC_KNMI model under RCP 4.5 and RCP 8.5. A delta method was applied to correct the
incertitudes present in the raw climate projections of two experimental sites located in Sétif and Bordj
Bou Arreridj (BBA)’s Eastern High plains of Algeria (EHPs). AquaCrop was validated with a good
precision (RMSE = 0.41 tha−1) to simulate Mexicali cultivar yields. In 2035–2064, it is expected at
both sites: an average wheat grain yield enhances of +49% and +105% under RCP 4.5 and RCP 8.5,
respectively, compared to the average yield of the baseline period (1981–2010), estimated at 29 qha−1.
In both sites, in 2035–2064, under RCP 4.5 and RCP 8.5, the CO2 concentrations elevation has a
fertilizing effect on rainfed wheat yield. This effect compensates for the negative impacts induced
by the temperatures increase and decline in precipitation and net solar radiation. An increase in
wheat water productivity is predicted under both RCPs scenarios. That is due to the water loss drop
induced by the shortening of the wheat-growing cycle length by the effect of temperatures increase.
In 2035–2064, early sowing in mid-September and October will lead to wheat yields improvement, as
it will allow the wheat plant to benefit from the precipitations increase through the fall season. Thus,
this early sowing will ensure a well vegetative development and will allow the wheat’s flowering
and grain filling before the spring warming period.

Keywords: climate change; rainfed durum wheat; AquaCrop; delta method; CO2 fertilizing effect

1. Introduction

Non-climatic stressors (e.g., demographic and income growth, demand for animal
products) and climate change (CC) influence the food system. These climatic and non-
climatic stressors have an effect on the four pillars of food security (availability, access,
use, and stability) [1]. From the beginning of the 1990s, the Intergovernmental Panel
on Climate Change (IPCC), showed that over the period from 1850 to 2012, the global
average temperature had experienced warming of 0.78 ◦C. This global warmingcould be
induced by the change in the carbon dioxide (CO2) concentration in the atmosphere from
278 ppm to 379 ppm. The prediction for the end of the 21st century is a global warming
that will range between 1.5 ◦C and 2 ◦C [2]. In Africa, in recent decades, temperatures
have increased at a rate somewhat faster than the global average temperature. Thus, the
2019 year was identified as one of the three warmest years on this continent [3]. CC is a
consequence of global warming, which has adverse effects on fluctuations in annual total
precipitations, average temperature, global increase in atmospheric CO2, and sea-level
rise. These are some of the major manifestations of CC, which have direct and indirect
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socio-economic negative impacts on plant development and crop yield (reduction in crop
yields by up to 70%) ([4,5]). In general, crop yields will increase in cold areas where
low temperature currently limits crop growth. However, heat stress on crops and water
scarcity will lead to a decline in yields in warm environments. Warm temperatures and
precipitation variability associated with a high frequency of extreme climate events (e.g.,
droughts, floods, heat waves, etc.) have worsened food insecurity in several regions of
the world, especially in Africa ([3,6]). Information related to climate impacts on crops is
important for understanding their macroeconomic implications for food security. This
climate information allows us to choose e the appropriate adaptation strategies supported
by knowledge of the processes that lead to changes in yield, under average and extreme
weather conditions [7]. Identifying the drivers of changes and variability in yields can
enable the development of targeted adaptation measures such as: (i) insurance solutions
against specific weather [8], (ii) support the planning of long-term investments in irrigation
infrastructure [9], or (iii) improve reproductive efficiency as the suitability of adaptive traits
changes with CC and elevated CO2 concentrations in the atmosphere [10].

In Algeria, 50% of non-irrigated agricultural lands are cultivated with cereals, es-
pecially durum wheat, with a low national average grain yield estimated at 17 qha−1

(2000–2020 period). However, these lands are mainly located in the High Plains region,
known for its semi-arid climate [11]. Moreover, the decrease in the national production of
meat and milk had affected their prices and caused an increase in demand for cereal prod-
ucts. The last are characterized by their subvention prices by the government, especially
wheat, which is considered as the main source of protein in the diet of Algerian people [12].
Thus, Algeria meets its national needs for durum wheat with massive imports, with an
average annual bill of $1 billion. These food bills are paid, thanks to oil rent [11].

It is projected in Algeria by the future horizon 2030: (i) an increase in temperatures of
+0.9 to +1.3 ◦C and their variability, (ii) an intensification of the frequency of heat waves,
and (iii) an accentuation of the variability of precipitations, which will result in an increase
in dry and wet episodes by +10% and will be accompanied by a decrease in precipitation
of −9 up to −14% [13]. In the future decades, the harmful impacts of the above projected
CC will manifest themselves above all else by the increase in the frequency and severity
of droughts. This projected drought will threaten crop production, mainly rainfed crops
yields, such as durum wheat. Thus, by the future, under the projected CC, the demographic
surge will lead to an increase in national wheat needs. Thus, with the fall in oil prices, the
satisfaction of national demand for wheat could become a real concern to economic balance
and food security in Algeria [14].

Given the importance of wheat in human nutrition and global trade, many studies
(e.g., [15–17]) are carried out across the world to assess the impact of CC on wheat yield.
These studies used crop models and the Representative Concentrations Pathway scenarios
(RCPs) [18]. The results of the above studies could not apply directly in Algeria. Because
the CC’s impacts on wheat production are specific to each region in the world according to
its local climate and to its financial and technical capacity to face the CC impacts. According
to [19], in Algeria, the negative impacts of CC on water resources were assessed with the
UKHI model (United Kingdom Meteorological Office High Resolution). This assessment
study carried out by seasonal climate forecasting showed a decrease in the rainiest area and
an increase in the driest ones in Algeria. So, the rainfed crop is very vulnerable to future
climate change. As a consequence of the above-cited projected CC in Algeria, a decline
in crop yields by −10 to −30% was predicted by 2030 [20]. Despite the strategic role of
rainfed wheat in national food security and its high level of vulnerability to the projected
CC, the studies of CC assessment impacts on wheat production, using crop models and
associated with RCPs scenarios, are very rare in Algeria. With the exception of the study
carried out by Rouabhi et al. [21], who used a statistical model to predict durum wheat
yields under RCP 2.6 and RCP 8.5, in 2070, at the Setif region. So, the main aim of this
research is to improve the available knowledge related to the future CC negative impacts
on rainfed wheat in Algeria. This study could help the farmers better understand the CC
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issue and its impacts on wheat. This study could help the farmers to choose more resilient
and CC-adapted agricultural practices in the future. Furthermore, these kinds of studies
will be important to the agricultural stakeholders in preparing adapted policies which will
accompany the farmers in their quest to prevent wheat yields losses induced by CC. Thus,
these types of studies are very important in preparing a national strategy to adapt rainfed
wheat against the projected CC negative impacts. This could help them to protect the
national economic balance from the potential negative impacts of food insecurity induced
by low national wheat production.

2. Materials and Methods

2.1. Study Area

The High Eastern plains of Algeria (HEPs) of Algeria are located in the Northeast of the
country between the latitudes 35–36.5◦ N and longitudes 4.5–8.3◦ E (Figure 1). The HEPs
are characterized by altitudes that vary between 900 and 1200 m. The HEPs are limited
to the North and West by the eastern part of Tellian Atlas mountain ranges, to the South
by the salt lake called Chott Hodna and the eastern part of the Saharan Atlas mountain
ranges, and to the East by Tunisia [22]. In this research, the study of the CC impacts on
wheat yield at the level of the semi-arid HEPs is established at two experimental sites.
The last are located in two wilayas (or departments) called Sétif and Bordj Bou Arreridj
(BBA), regions known for the practice of rainfed durum wheat production. According to
the precipitation map established by the National Agency of Water Resources in 1993, the
annual average precipitation in the HEPs can reach 500 mm in the North and decrease up
to 300 mm in the South and can even reach less than 200 mm in the salt lakes areas. During
the period 1995–2009, in the HEPs, the Tmax ranges between 32 and 37 ◦C, while the Tmin
varies between 0 and 5 ◦C [23]. The HEPs are more exposed to sunshine radiation thanks
to the continental climate and high altitude. This topography made the HEPs well suited
to rainfed cereal crops. However, the high variability of annual total precipitation results
in extremely variable yields from year to year. The choice of the location of both sites of
Sétif and BBA for this study is justified by the availability of soil and climate data, and the
availability of phenological data for a cultivar of durum wheat called “Mexicali” at the
Setif site.

 
Figure 1. Geographical location of the study area (source [23]).
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2.2. Observed Baseline and Projected Future Climate Data

The daily climate data: Tmax and Tmin (in ◦C), precipitations (P in mm), wind speed
(V in m/s), relative humidity (Hr in %) and sunshine duration (S in hours), observed
during the baseline (or reference) period (BP) 1981–2010 are collected from the professional
Meteorological stations The last belong to the National Meteorological Office (ONM) of
Setif and BBA. The Setif station is located in the Soummam watershed, and the BBA station
is located in the Hodna watershed; the geographic coordinates and elevation of these two
stations are shown in Table 1.

Table 1. Geographical coordinates and altitudes of the of the Setif and BBA meteorological stations.

Station Latitude (◦C) Longitude (◦C) Altitude (m)

BBA 36.06◦ N 4.66◦ E 957
Setif 36.16◦ N 5.31◦ E 1015

The global simulated future climate data of P, Tmax, Tmin, net sunshine radiation (Nr), Hr,
and V used in this study, comes from the Coordinated Regional Climate Downscaling (CORDEX)
experiment, Europe domain. It must be mentioned that these data were downloadable
from the website https://euro-cordex.net/060378/index.php.en (accessed on 5 January 2022).
They are simulated under the RCPs scenarios: RCP 4.5 and RCP 8.5 during the future
period 2035–2064. The RCPs are four greenhouse gas concentration trajectories adopted by
the IPCC on its Fifth Assessment Report (AR5). The numerical values of the RCPs (2.6, 4.5,
6.0, and 8.5 W m−2, respectively) refer to radiative forcing in 2100 [24,25]. These projected
radiative forcings are estimated based on the forcing of greenhouse gases, mainly CO2 and
other forcing agents. The above four selected RCPs were considered to be representative
of the literature and included one mitigation scenario leading to a very low forcing level
(RCP2.6), two medium stabilization scenarios (RCP4.5 and RCP6), and one very high green-
house emission scenario(RCP8.5), induced by a massive use of fossil energy and a high
change in land use [26]. Generally, in CC impact studies, the RCP 4.5 and RCP 8.5 are used.

Then, to obtain the local future climate data projected for Setif and BBA meteoro-
logical stations, the above projected global climate data were downscaled by applying a
dynamic downscaling method on a grid with a very fine resolution of 0.11◦ (~11 km). This
downscaling is performed by the use of a Regional Circulation Model (RCM) called KNMI
forced by a Global Circulation Model (GCM) called ICHEC. The choice of this combination
GCM/RCM: ICHEC_KNMI is justified by its best simulation of climate data observed
during the BP in Algeria [27]. Then, the climate data simulation errors (or bias) present
in the raw downscaled future climate data of Setif and BBA stations are corrected using
the delta method [28]. According to these last authors, the basic principle of this method
is the addition and/or the multiplication of the anomalies of the simulated future climate
data to the daily observed climate data during the BP at Setif and BBA, as indicated with
Equations (1) and (2).

T∗
Fcor(d) = Tobs (d) + μm(TFraw(d))− μm(Teval(d)) (1)

P∗
Fcor(d) = Pobs (d)

μm(PFraw(d))
μm(PEval(d))

(2)

where T∗
Fcor(d) and P∗

Fcor(d) are the daily bias-corrected future temperature and precipitation,
Tobs (d) and Pobs (d) are the daily observed temperature and precipitation during the BP,
μm(TFraw(d)) and μm(PFraw(d)) are the monthly averages of daily raw future temperature
and precipitation, and μm(Teval(d)) and μm(PEval(d)) are the monthly averages of daily
temperature and precipitation simulated for the BP, respectively.

The bias-correction methods such as the quantile mapping method widely used in
hydrological impact studies can be difficult to validate in semi-arid climates. This is due to
the limited number of rainy days, especially during summer. Moreover, the high variability
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of precipitations year to year, which is an atypical characteristic of the Mediterranean
climate, made the quantile mapping method not easy to use in the HEPs of Algeria [29].
In contrast, the delta method did not rely on the stationary assumption of model bias and
did not modify the results of the climate model [30]. Therefore, it can be considered more
robust and should be preferred in cases where other approaches cannot be satisfactorily
validated. Thus, these precedents results justify the choice of the deltas method for the
correction of the uncertainties of the future climatic data simulated by the ICHEC_KNMI
climate model in this study. Thus, the two future CC scenarios, Sc1 and Sc2, which refer to
the scenarios: RCP 4.5 in 2035–2064 and RCP 8.5 in 2035–2064, respectively, are evaluated
in this study.

2.3. The Aquacrop Model
2.3.1. AquaCrop Model Description

AquaCrop is a crop water productivity model developed by FAO’s Land and Water
Division in Rome, Italy. This crop model was created to address food security issues and
assess the effect of environment and field water management on agricultural production
(www.fao.org/aquacrop/overview/en/, accessed on 15 January 2022). This model sim-
ulates the response of herbaceous crop yields to water. It is particularly well suited to
conditions in which water is a limiting factor in agricultural production [31]. AquaCrop
combines precision, simplicity, and robustness; it is widely used around the world given
the limited number of inputs required for its simulation process [32]. AquaCrop can also
simulate crop growth under CC scenarios by taking into consideration different CO2 con-
centrations scenarios. However, AquaCrop does not take into account the negative impacts
of pests, diseases, and weeds on yields [33].

2.3.2. AquaCrop Model Input Data
Observed Historical Climatic Data and Projected Future

To simulate the durum wheat’s grain yield for the BP (1981–2010) with the AquaCrop
crop model for the experimental sites of BBA and Setif, it is necessary to introduce into
this model the daily climate data of Tmin, Tmax, and P. These data were observed during
the BP at the professional meteorological stations of Setif and BBA as it is necessary to
introduce into the AquaCrop model, the daily data of the reference evapotranspiration
(ET0). This last was calculated in advance by the ET0 calculator software according to the
Penman–Monteith equation [34]. The CO2 concentration is also required by AquaCrop to
simulate durum wheat grain yield. Thus, the global annual averages of CO2 concentrations
from the Mauna Loa observatory in Hawaii are attached to the AquaCrop package, so
they are used to simulate durum wheat yields. The same method was applied to simulate
durum wheat’s future yields in 2035–2064, under RCP 4.5 and RCP 8.5, using the corrected
daily climate data simulated by the ICHEC-KNMI climate model for the future horizon
2035–2064, under both RCPs scenarios.

Soil Data

The values of Setif and BBA experimental site’s soil organic matter, clay, and sand
content, obtained by laboratory analysis, were introduced into the SPAW model [35].Thus,
this last, in turn, simulates the permanent wilting point (PWP), the field capacity (FC),
the total quantity of available water contained in the soil (TAW), and saturated hydraulic
conductivity (SAT). The values of PWP, FC, and SAT are simulated by the SPAW model by
applying a pedotransfer function. These four soil parameters are essential for the AquaCrop
model run [36].

2.3.3. AquaCrop Model Calibration and Validation

Before using the AquaCrop crop model to simulate grain yields of a local durum wheat
cultivar called “Mexicali” in the future horizon 2035–2064 (under RCP 4.5 and RCP 8.5).
This crop model was first calibrated using Mexicali cultivar phenological data, observed
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by [37] at a field test during the 2010/2011 agricultural campaign at the experimental farm
of Sétif (belonging to the National Institute of Agronomic Research). This farm is located at
36.15◦ N latitude and 5.37◦ E longitude, and at an altitude of 970 m. In order to calibrate
AquaCrop, according to the climatological conditions of this above Setif experimental site,
the daily climate data (Tmax, Tmin and P) observed during the growing season 2010/2011,
the daily ET0 data throughout this growing season, calculated using ET0 calculator, and
also the soil data (PWP, FC, SAT and soil horizon deeps) are injected into this model.

The durum wheat’s non-conservative parameters in the AquaCrop model are given
in Table 2, such as: the sowing density, the length (in days) of the stages of emergence,
maximum leaf expansion, maximum roots depth, flowering, seed formation, and the
maturity observed during the (2010/2011) growing season, are also introduced into the
AquaCrop model. Then, the last was validated with the values of the Mexicali cultivar’s
final grain yields and above-ground biomass, observed throughout the experimentations,
carried out by [37], during the period of the three growing seasons: (2010/2011), (2011/2012)
and (2012/2013), at the Setif experimental farm.

Table 2. Calibrated AquaCrop model specific parameters for Mexicali cultivar of wheat.

Non-Conservative Crop Parameters Value

Length to emergence (day) 10
Reference harvest index (HI) (%) 57
Length to building up HI (day) 37

Duration of flowering (day) 29
Length to max cc (day) 70

Length max root depth (day) 49
Length to flowering (day) 61

Length to start canopy senescence (day) 82
Length to maturity (day) 106
Initial canopy cover (%) 4.5

Maximum canopy cover (%) 90
Plant density (plant/m2) 300

Canopy decline coefficient at senescence 0.405% GDD
Canopy growth coefficient 0.669% GDD

Max effective root depth (m) 1
Crop transpiration coefficient 0.98
Water productivity (kg/m3) 1.35

SWDT for canopy expansion, upper limit 0.2 TASW
SWDT for canopy expansion, lower limit 0.6 TASW
SWDT for stomatal closure, upper limit 0.6 TASW

SWDT for canopy senescence, upper limit 0.7 TASW
Shape factor of canopy expansion 5
Shape factor of stomatal closure 2.5

Shape factor early senescence 2.5
Base temperature (◦C) 0
Max temperature (◦C) 26

GDD, growing degree-day; SWDT, soil water depletion threshold; TASW, total available soil water.

Finally, the values of the Mexicali cultivar’s non-conservative parameters in AquaCrop
are calibrated several times in order to obtain values of simulated Mexicali cultivargrain
yield and final above-ground biomass, close to those observed by [37] during these above
three experimentation growing seasons. Thus, the final values of the Mexicali cultivar‘s
non-conservative (indicated in Table 2) and conservative parameters are applied in all
simulation scenarios on AquaCrop.

2.4. Statistical Correlation between Durum Wheat Grain Yields and Growing Season Length with
Temperature, Rainfall and Net Solar Radiation Changes

In order to detect any possible sensitivity of durum wheat grain yield to the projected
future CC, the Pearson correlation test [38] was applied between the time series of 30 years
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of the Mexicali cultivar grain yields, simulated by AquaCrop for the Sc1, Sc2, and BP
scenarios, with the time series of 30 years of the averages seasonal: mean temperatures
(TS), cumulative precipitation (PS) and net incident solar radiation (NrS) projected under
both the future CC scenarios and those recorded during BP. Furthermore, this test was
applied between the time series of 30 years of the growing season length (GSL) of Mexicali
cultivar simulated by AquaCrop for the Sc1, Sc2, and BP scenarios, with the time series of
30 years of TS, PS, and NrS, simulated by the ICHEC-KNMI climate model under the last
three scenarios. Thus, this test allowed r to detect the impact of TS, PS, and NrS changes
on the GSL. The season considered in this study is the period coinciding with the Mexicali
cultivargrowing cycle.

3. Results

3.1. Assessment of the Quality of the Simulated Climate Data for the Baseline Period

The monthly averages of P (mm), Tmax and Tmin (◦C), and Nr (MJm−2) were recorded
on the two meteorological stations of BBA and Setif departments, during the BP (1981–2010)
are indicated in Figure 2. These recorded monthly averages are compared with those
simulated by the climate model ICHEC_KNMI for this same BP. Additionally, in Figure 2,
the RMSE values for each of the above four climate parameters are indicated. Thus, for
the BBA station, Tmax, Tmin, and Nr are simulated with great precision as shown by the
low values of their respective RMSE 1.998 ◦C, 2.029 ◦C, and 2.193 MJm−2, (Figure 2a,c,g).
However, the P were simulated with less precision (RMSE = 6.674 mm), as indicated
in Figure 2e. Thus, for the months of the period from October to March, the simulated
P are overestimated. However, the simulated P for the months April to September are
underestimated compared to the P recorded on the BBA station during the BP. Figure 2b,d,h
show that Tmax, Tmin, and Nr, respectively, at the Sétif station, are simulated with good
precision as indicated by the low values of their respective RMSEs (0.439 ◦C, 1.381 ◦C,
and 2.785 MJm−2). However, the P simulated with relatively lower accuracy as shown in
Figure 2f and the relatively higher RMSE value (9.875 mm).

3.2. Projected Climate during the Mexicali Cultivar Growing Season

In Table 3, in order to detect the impact of future CC on Mexicali cultivar’s LGS,
the thirty years average of the last simulated by AquaCrop for the BP are compared to
those simulated under Sc1 and Sc2 by this crop model. Furthermore, in Table 3, the thirty
years average of TS (◦C), PS (mm), NrS (M J m−2) recorded during the BP are compared
to thosesimulated by the ICHEC_KNMI model under Sc1 and Sc2 at the Setif and BBA
stations. This comparison aims to detect any relationship between LGS and CC.

Table 3. Comparison of the thirty years averages of TS, PS, NrS between the BP and the futurescenarios
Sc1 and Sc2.

Future
Simulation Scenario

TS
TS Change

(◦C)
PS

PS Change NrS NrS Change
(mm) (%) (M J m−2) (M J m−2) (%)

Setif
BP 10.3 263 1059.1
Sc1 13.8 3.5 244 −18.8 −7.1 712.1 −347 −32.8
Sc2 10 −0.3 329 65.6 24.9 922.3 −136.8 −12.9

BBA
BP 10.7 220 1058.9
Sc1 15.2 4.5 153 −67.1 −31 468.7 −590.2 −55.7
Sc2 10.5 −0.1 285 64.3 29.2 1016.5 −42.4 −4
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Figure 2. Comparison of the degree of agreement between the observed and simulated Tmin, Tmax,
P, and Nr monthly means at Setif and BBA stations during the BP.

By taking into account that the Mexicali cultivar sowing date is fixed on 28 November
in AquaCrop. For the BP, Sc1, and Sc2 scenarios. At Setif, the average Ts during the BP is
10.3 ◦C. Thus, the ICHEC_KNMI model predicted an increase in TS by +3.5 and its decrease
by −0.3 ◦C under Sc1 and Sc2 scenarios, respectively. At BBA, this climate model predicted
the same TS trend predicted at Setif, so an increase in TS by +4.5 and its decline by −0.1 ◦C
are projected under Sc1 and Sc2, respectively. According to these results, the TS elevation is
more pronounced under Sc1 than under Sc2 at both stations Setif and BBA. This last result
could be attributed to the fact that under RCP 4.5, the TS increase is accentuated during
the months coinciding with the Mexicali cultivar growing season (especially during March
and April). Meanwhile, under RCP 8.5, the TS increase will be more accentuated during
the summer and autumn (period from June to October), so it does not coincide with the
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Mexicali cultivar growing season. During the BP, the PS average at Setifstation is 263.1 mm,
so a decline of −18.8 mm (−7.1%), and an increase of 65.6 mm (+24.9%) are projected under
Sc1 and Sc2, respectively. At BBA, the ICHEC-KNMI model predicted the same trend of PS
projected at Setifbut with a more accentuated degree. Thus, a decrease in PS of −67.1 mm
(−31%) and its increase of +64.3 mm (+29.2%) are predicted by this climate model under
Sc1 and Sc2, respectively.

The averages NrS observed during the BP are 1059 and 1058 MJm−2 at the Setif and
BBA stations, respectively. They are projected to drop by −347 MJm−2 (−32.8%) and
−590 MJm−2 (−55.7%) under Sc1, and by −136.8 MJm−2 (−12.9%) and −42.4 MJm−2

(−4%) under Sc2 scenario at Setif and BBA, respectively.

3.3. Evaluation of AquaCrop Model Performance in Simulation Wheat Grain Yield and
Above-Ground Biomass

Figure 3 shows the comparison between the Mexicali cultivar’s final yields and above-
ground biomasses observed at Setif experimental site during the three tests growing seasons:
2010/2011, 2011/2012, and 2012/2013, with respect to those simulated by AquaCropin
these same growing seasons. Thus, according to Figure 3a, the Mexicali cultivar’s yields
were simulated with good precision for the three years. However, as shown in Figure 3b,
AquaCrop overestimates the simulation of the above-ground biomass for the 2012/2013′s
growing season. This could be due to an error in the biomass measurement at the field test.
Generally, the averages of statistical indicators of the model’s performance, for the three
growing seasons were better in predicting yield (RMSE = 0.41 tha−1, NRMSE = 8.81% and
d = 0.80), than in prediction above-ground biomass (RMSE = 2.25 tha−1, NRMSE = 21.65%
and d = 0.54) (Table 4). In Brazil, Rosa et al. [39] validated the AquaCrop model to predict
wheat grain yields with an estimated RMSE = 0.6 tha−1 and a Willmott agreement index
of (d) ≥ 0.80.

Table 4. Comparison of Mexicali cultivar’s yields and above-ground biomasses observed and
simulated by AquaCrop in the 2010/2011, 2011/2012 and 2012/2013 growing seasons.

Statistical Indices RMSE NRMSE Willmott Agreement Index (d)

Yield
(tha−1)

Biomass
(tha−1)

Yield (%)
Biomass

(%)
Yield Biomass

Three years average 0.41 2.25 8.81 21.65 0.80 0.54

  

Figure 3. (a,b) Comparison between the observed and simulated of Mexicali cultivar’s grain yields
and above ground-biomass for the three growing seasons: 2010/2011, 2011/2012 and 2012/2013 at
Setif experimental site.

3.3.1. Impact of Future Climate Change on Durum Wheat Grain Yield

With the aim of showing the projected impacts of changes in TS, PS, and the atmo-
spheric CO2 concentration, on rainfed durum wheat grain yields, the charts in Figure 4
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were carried out. So, for the BP, as shown in Figure 4a,b, the average grain yield of Mexicali
cultivar simulated by AquaCrop crop model are estimated to 34.7 and 23.3 qha−1 at Setif
and BBA experimental sites, respectively. So, a Mexicali cultivar grain yields enhancements
estimated at (+82 and +76.6) and (+16 and +133%) are projected under the Sc1 and Sc2
scenarios, in Setif and BBA field tests, respectively.

  

Figure 4. (a,b) Impact of future change in seasonal temperatures, precipitations, and CO2 concentra-
tions on Mexicali cultivar grain yield at BBA and Setif sites.

3.3.2. Wheat Growing Season Length, Reference Evapotranspiration and Water
Productivity Prediction under Future Climate Change Scenarios

Figure 5 summarizes the results of AquaCrop simulations of the thirty years averages
of GSL, WP, and ET0, under the BP, Sc1, and Sc2 scenarios at BBA and Setif experimental
sites. Figure 5 also shows the relationship between GSL, WP, and ET0 variations with the
changes in seasonal temperatures and CO2 concentrations projected under Sc1 and Sc2
with respect to their averages simulated for the BP.

Figure 5. (a,b) Impact of temperature and CO2 concentrations futures changes on reference evapo-
transpiration and wheat water productivity and the growing cycle length.

As indicated in Figure 5a,b, the Mexicali cultivar’s GSL follows an inverse evolution
of TS one under Sc1 and Sc2 scenarios at BBA and Setif sites, respectively. For the BP,
AquaCrop simulated a Mexicali cultivar’s GSL of 161 and 151 days at Setif and BBA sites,
respectively. It is predicted that a shortening of the Mexicali cultivar’s GSL by 30 and
47 days occurs in Sc1; meanwhile, the Mexicali cultivar’s GSL lengthening of +10 and
+13 days are predicted under the Sc2 conditions at Setif and BBA sites, respectively. In
comparison with the BP, the shortening of the Mexicali cultivar’s GSL under Sc1 by 30 and
47 days under Sc1 is due to the increase in TS of +3.5 and +4.5 ◦C at Setif and BBA sites,
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respectively. However, the Mexicali cultivar’s GSL lengthening by 10 and 13 days in Sc2 is
due to the drop in TS of −0.3 and −0.1 ◦C at Setif and BBA sites, respectively.

In addition to these above results, the Pearson correlation test revealed the existence
of a negative and statistically significant correlation between this Mexicali cultivar’s GSL
and TS during the BP, under both Sc1 and Sc2. However, this test proved that there is a
positive and statistically significant correlation between the Mexicali cultivar‘s GSL and
PS during the BP and under both Sc1 and Sc2 scenarios at theSetif and BBA sites. Thus,
the lengthening of the Mexicali cultivar‘s GSL by 10 days under Sc2 at the Setif site could
alsobe explained by the PS increase by +65.6 mm. So, despite the shortening of Mexicali
cultivar‘s GSL by the effect of the expected TS increase, Mexicali cultivar‘s grain yield is
projected to be enhanced under Sc1.

Moreover, according to the results of this study reported in Figure 5a,b, the AquaCrop
model simulated thirty years average water productivity (WP) of 1 and 0.7 kgm−3 of
the Mexicali cultivar for the BP at the experimental sites of Setif and BBA, respectively.
Thus, this crop model predicted WP enhance, estimated at (+1 and +0.3) and (+0.6 and
+0.9) kgm−3, corresponding to WP enhancement rate of (+100 and +43) and (+60 and
+129)% under Sc1 and Sc2, at Setif and BBA experimental sites, respectively.

Furthermore, according to Figure 5a,b, the ET0 simulated by the AquaCrop crop model
for the BP is estimated to be 562.5 and 542.8 mm, for the Setif and BBA sites, respectively.
Thus the drops of (−118 and −58.6) and (−32 and −47) mm, corresponding to decline
rates of (−21 and −11) and (−6 and −8)%, are projected under the Sc1 and Sc2, at the
Setif and BBA sites, respectively. So, these above ET0 declines projected under Sc1 could
be induced by the shortening of MC’s GSL. However, under Sc2, the lengthening of the
Mexicali cultivar’s GSL did not prevent the ET0 decline.

3.4. Adaptation of Durum Wheat Cultivation to Future Climate Change by Adjusting a
Sowing Date

To adapt the rainfed durum wheat crop to the projected CC throughout its growing
season, a CC adaptation strategy based on the sowing dates adjustment was tested in the
AquaCrop model. Thus, five sowing dates on: 15 September, 15 October, 15 November,
30 November, and 15 December are tested in the AquaCrop crop model to simulate the
Mexicali cultivar’s grain yields under the BP, Sc1 and Sc2 scenarios. So, the average Mexicali
cultivar’s grain yields simulated by applying the above sowing dates in BP, Sc1, and Sc2
scenarios are reported in Figure 6. So, at the BBA site, as shown in Figure 6a, for the
BP, the best simulated yield is estimated at 47.9 qha−1 by applying a sowing date of
15 October. However, Mexicali cultivar’s grain yield losses estimated at −37.5, −35, and
−7% are projected in Sc1 with early sowing on 15 September, 15 October, and 15 November,
respectively at the BBA site. However, late sowings on 30 November and 15 December
allow grain yields a gain of +13% and +27%, respectively, under Sc1 at the BBA site. As
shown in Figure 6. a, at this last experimental site, the Mexicali cultivar’s grain yield
gains are projected to decline under Sc2 with the delay of the sowing date. Thus, the
best estimated grain yield is 70.5 qha−1 simulated by applying an early sowing date of
15 September. In the case of the Setif site (Figure 6b), with early sowing on 15 October, the
best Mexicali cultivar’s grain yields simulated with AquaCrop are 54,69, and 73 qha−1 for
the BP, Sc1, and Sc2, respectively. So, as indicated in Figure 6b, the future Mexicali cultivar’s
grain yields in the Setif site tend to improve with early sowing (in September and October)
and decrease with late sowing (in November and December).
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Figure 6. (a,b) Wheat grain yield simulated by AquaCrop by adjusting the sowing dates to adapt
wheat crop to the future climate change projected under Sc1 and Sc2 at BBA and Setif sites.

4. Discussion

The precipitations of the BP simulated by the climate model ICHEC_KNMI are under-
estimated compared to those observed at theSetif and BBA stations during the BP. Thus, the
simulated precipitations are underestimated for all months of the year except June, where
P were overestimated. Romeraet al. [40] suggested that the high variability of rainfall and
the weak network of observation stations in the Maghreb region made the rainfall simula-
tions in the EURO-CORDEX database full of uncertainties (or bias). The underestimation
of Nr in spring and summer at both stations was possibly caused by the climate model
overestimation of cloud cover as suggested by [41].

The decline in Ps under Sc1 compared to the BP at both stations is attributed to the
shortening of the Mexicali cultivar’s GSL. This is induced by the increase in TS, as PS is
expected to increase throughout the Mexicali cultivar’s GSL. In addition, the increase in
spring’s precipitations and the lengthening of the Mexicali cultivar’s GSL under Sc2 explain
why PS is expected to increase in this scenario compared to the BP. The NrS decreases in
Sc1 could be due to the shortening of the Mexicali cultivar’s GSL and the aerosol pollution
projected under these two RCPs scenarios, as suggested by [42]. Meanwhile, the decrease
in NrS in Sc2 could be attributed to the atmospheric pollution caused by the presence of
aerosols in the atmosphere as the Mexicali cultivar’s GSL was prolonged in this last scenario.

The wheat grain yield increase projected under both RCPs scenarios is due to the
fertilizing effect of the air enrichment with CO2. This result is more consistent at the
BBA site, where the evolution of the grain yield curve perfectly follows that of CO2
concentrations. Thus, the Mexicali cultivar’s grain yields projected in Sc2 are higher than
those projected in Sc1 at the BBA site because the CO2 concentrations expected under
RCP 8.5 are higher than those projected under RCP4.5. However, at the Setif site, the
average grain yield simulated in Sc1 is higher than that simulated under Sc2. This could
be explained by the decline in TS by −0.3 ◦C in Sc2 because it is possible that the lower
temperatures reduce the fertilizing effect of CO2 on durum wheat grain yields. However,
under Sc1, the projected grain yields at Setif are better by comparison with those projected
at the BBA site. This result can be explained by the combined negative effect on wheat
grain yield of very severe water stress and the thermal stress projected under Sc1 at the
BBA site (Table 3). According to the Pearson correlation test results, in Sc1 and Sc2, there
is a negative and statistically significant correlation between TS and Mexicali cultivar’s
grain yields at the Setif site. Meanwhile, at the BBA site, the correlation is negative and
statistically insignificant. On the contrary, the PS and NrS’s correlation is positive and
statistically significant with Mexicali cultivar’s grain yield simulated by AquaCrop by both
future scenarios.

Therefore, the fertilizing effect of CO2 offsets the negative effects of rising TS and
decreasing PS and NrS on durum wheat yields projected, under Sc1 and Sc2, at the Setif
and BBA experimental sites. These results are compatible with the conclusions of recent
studies carried out by ([43–45] respectively, in China, Germany, and Morocco. Likewise,
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Pugh et al. [46] reported that rainfed wheat in arid and semi-arid regions located in low
latitudes would benefit from the fertilizing effect of CO2, but less in temperate regions
located in high latitudes. Moreover, Long et al. [47] reported that 550 ppm high CO2
concentration in experiments in a Free Air CO2 Enrichment (FACE) and in closed chamber
experiments, resulted in a wheat yield enhancement of +31 and +13%, respectively, in both
these experimental devices. Tubiello et al. [48] suggested that the fertilizing effects of a
high CO2 concentration might be overestimated in crop models because their simulation
of yield enhancement induced by a high CO2 concentration was much greater than that
observed in FACE studies. However, they suggested that the magnitude of these effects
is still under debate. In China, the study [49], proved that the fertilizing effect of the CO2
enrichment in the atmosphere slows the negative effects of warm air temperatures and
precipitation decline on wheat yield under RCP 4.5 and RCP 8.5, at the beginning of the
21st century in China. Likewise, Xiong et al. [50] found that the CO2 enrichment in the
atmosphere enhanced wheat yield by +0.9% by offsetting the negative effect of the drop in
solar radiation, but without this fertilizing effect of CO2, the wheat yield would decrease
by −9.7%. Under RCP 8.5, in Egypt, the increase in atmospheric CO2 concentrations will
act as a growth stimulant. The simulated irrigated wheat yield across Egypt was projected
to increase slightly (2.4%) in the 2030s and will decline slowly toward the end of the
century (−1.7% by 2050s and−4.0% by 2080s). This result was attributed to the increase
in negative impacts of the projected warm temperature [51]. In Jordan, the ESCWA [52]
reported that under RCP 4.5 and RCP 8.4, with a fixed CO2 concentration, the rainfed wheat
yields simulated with the AquaCrop model will increase by an average of about +33.8 and
+48.3% in 2025 and 2045 future periods. Meanwhile, with elevated CO2 concentration, the
simulated wheat yield will be enhanced by +53.5 and +81.6%inboth above future periods,
respectively, with respect to the baseline yield.

The Pearson correlation test revealed the existence of a negative and statistically
significant correlation between Mexicali cultivar’s GSL and TS during the BP and under
both Sc1 and Sc2.This result is compatible with that of [45] in Morocco and [53] in the entire
Mediterranean region. Furthermore, in Palestine and Jordan, the rainfed wheat growth
cycle period simulated under RCP 8.5 is projected to shorten by 2030 and 2050 [52].

In addition to these above results, the Pearson correlation test proved that there is a
positive and statistically significant correlation between Mexicali cultivar’s GSL and PS
during the BP and under both Sc1 and Sc2 at the Setif and BBA sites. Thus, the lengthening
of the Mexicali cultivar’s GSL by 10 days under Sc2 at the Setif site could also be explained
by the increase in PS by +65.6 mm. Despite the shortening of Mexicali cultivar’s GSL by
the effect of the expected increase in TS. The Mexicali cultivar’s grain yield is projected
to enhance under Sc1.Tao et al. [54] and Liu et al. [55], explained that the shortening of
wheat‘s GSL is due to the vegetative development stage’s length reduction, meanwhile
the duration of the reproductive stage remained intact. So, this negated the yield losses
reported by Zheng et al. [16], who recommended wheat cultivars flower early in order
to prevent wheat crops from the risk of yield loss which could be induced by very warm
temperatures in late spring throughout the period of grain formation.

The ET0 drop predicted under Sc1 is due to the shortening of the Mexicali cultivar’s
GSL. This result is consistent with that of [56] on rice in Bangladesh and [45] on wheat in
Morocco. However, under Sc2, the lengthening of the Mexicali cultivar’s GSL did not avoid
the ET0 decrease, which could be explained by the stomatal regulatory effect ofdurum
wheat, which made it possible to reduce water losses by evapotranspiration, as it was
suggested by [45], under the fertilizing effect of the elevated CO2 concentrations in the
atmosphere, projected under Sc2.

WP is the ratio of the amount of durum wheat biomass produced (in kg) to the amount
of water lost by evapotranspiration during durum wheat’s growing cycle. Thus, according
to the AquaCrop model simulations, the WP enhancement under both Sc1 and Sc2 scenarios
is due to the increase in Mexicali cultivar’s above-ground biomass induced by the fertilizing
effect of the enrichment of the atmosphere with CO2. This induced the acceleration of
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photosynthetic activity and the decrease in water loss by evapotranspiration, thanks to
stomatal regulation under Sc2, and the shortening of the Mexicali cultivar’s GSL induced
by the TS increase under Sc1. According to [52], the AquaCropcrop model, with a fixed CO2
concentration, predicted an enhancement of rainfed wheat’s WP by an average of +17.8
and +30% for the 2025 and 2045 future periods, whereas in the case of elevated CO2, an
increase of +3 and +56% are projected by both future horizons, respectively, under RCP 4.5
and RCP 8.5.

According to [46], the fertilizing effect of a high CO2 concentration can improve the
WP of C3 plants (such as wheat) by stimulating their photosynthetic activity. Ainsworth
et al. [57] reported that across a range of FACE experiments, with a variety of plant species,
the growth of plants at elevated CO2 concentrations of 475–600 ppm leads to increasing
leaf photosynthetic rates by an average of +40%. These last authors explained that CO2
concentrations are essential in regulating the openness of stomata, the pores that allow
plants to exchange gasses with the exterior environment. Thus, open stomata allow CO2 to
diffuse into leaves for photosynthesis, but also provide a way for water to circulate out of
leaves. Plants, therefore, regulate the degree of stomatal opening, a measure called stomatal
conductance, which is used as a compromise between the aims of maintaining high rates
of photosynthesis and low rates of water loss. So, as CO2 concentrations increase, plants
can maintain high photosynthetic rates with relatively low stomatal conductance. Added
to that, they also reported that across a multitude of FACE experiments, growth under
elevated CO2 concentrations decreases stomatal conductance of water by an average of
−22%. However, Taub et al. [58] suggested that generally, the magnitude of the effect of
CO2 on crop water use would depend on how it affects other determinants of plant water
use, such as plant size, morphology, and leaf temperature.

At both experimental sites, under the climate conditions projected by 2035–2064,
under RCP 4.5 and RCP 8.5, the earlier sowings of mid-September and mid-October lead to
the best yields because the earlier sowing dates allow the wheat crop to take advantage
of the increase in precipitations predicted in the late summer and early fall. That will
allow the achievement of the vegetative development stage of the Mexicali cultivar’s
plant from November until the beginning of February. In addition, this early sowing
allows the flowering stage to take place between the period from the end of February
until the beginning of April, which allows the Mexicali cultivar’s plant to avoid the high
temperaturesin May and June. These results are compatible with those of [59], who also
predicted the adaptation of wheat to early sowings in 2031–2060 climate conditions, under
both RCP 4.5 and RCP 8.5 scenarios in the Mediterranean area. However, late sowing in
mid-November and mid-December resulted in poor yields, as they led to the achievement
of the durum wheat’s flowering and grain-filling stages through the high-temperature
period of the mid-April and early June period, which induce durum wheat’s grain yield
losses by scalding. This result is in concordance with those of [60], who reported that the
early maturing cultivar did not show a yield reduction on any sowing dates, thanks to the
earliness of the anthesis stage, on which risk of crop exposure to heat stress during the
sensitive grain-filling stage is decreased or avoided. In Ethiopia, [61], reported that by the
middle and the end of the 21st century, one wheat cultivar is adapted to late sowing date,
under low CO2 emissions of RCP 4.5, meanwhile another cultivar is well adapted to early
sowing date, under elevated CO2 emissions of RCP 8.5. So, it is important to assess the
adaptation of wheat sowing dates under future CC scenarios by simulating different wheat
cultivars yields with the crop model in order to select the best-adapted wheat cultivar to
the projected CC.

5. Conclusions

This study has shown the strategic interest of referring to climate and crop modeling
for the prediction of the impacts of future climate change on the rainfed durum wheat yield
in the High eastern plain of Algeria. For the baseline period 1981–2010, the climate model
ICHEC_KNMI used in this study has proved its reliability in simulating temperatures and
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net solar radiation with good precision. However, precipitations are simulated with less
certainty, given the high variability of precipitation in Algeria, which made the simulation
very complicated. The AquaCrop crop model was used to assess the impacts of future
climate change on grain yields, length of the growth cycle, and the water productivity of
the durum wheat cultivar, Mexicali, in 2035–2064, under RCP 4.5 and RCP 8.5. This study
showed that the effect of the increase in CO2 concentrationsin the atmosphere made it
possible to avoid the drop yields of the rainfed Mexicali cultivar. This decline in grain yield
could be induced by the negative effects: of the drop in precipitation and net solar radiation
and by the increased air temperatures projected over the growing season of this cultivar
in 2035–2064, under RCP 4.5 or RCP 8.5. Moreover, this study proved that the increase
in temperature expected in 2035–2064 under the above scenarios, causes a shortening of
the duration of the growth cycle of the Mexicali cultivar. However, an increase in yields
and water productivity of this cultivar are projected by this future horizon, thanks to the
fertilizing effect of the enrichment of the atmosphere with CO2. This study has made it
possible to plan a strategy for adapting rainfed durum wheat to rising temperatures by
applying early sowing in October, which avoids the loss of yield during the wheat growth
cycle very sensitive stage, of grain filling in spring. However, further research is needed,
using climate projections from an ensemble of climate models instead of a single model, to
reduce the observed uncertainties in the precipitation simulation. It is necessary to evaluate,
under RCPs scenarios, with other crop models, the effect of supplemental irrigation and
fertilization on the adaptation of this Mexicali cultivar and other durum wheat cultivars to
future climate change. Thus, the association of climate and crop modeling proves to be a
relevant tool that meets the needs of farmers in terms of choice of farming practices and
cultivars, in order to reduce the negative impacts of climate change on crops yields, as it
enables decision-makers in the agricultural sector to plan sustainable and effective policies
to help farmers to face the projected climate change and avoid crop yield losses, thereby
maintaining food security in Algeria.
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Abstract: The conducted research is of particular importance for the country’s food security in the
context of climate change in Southeastern Poland. The aim of the research was to determine the
influence of climate on the variability of the appearance and the rate of spread of potato blights as
the main factor limiting the potato yield in the conditions of Central and Eastern Europe. Combined
statistical and simulation modeling methods were used. A mixed effect model was used to detect
the effects of temperature, humidity, rainfall and wind speed on potato yield, and partial regression
analysis models were used. The natural, agricultural and economic conditions in terms of suitability
for potato cultivation were assessed, and factors influencing the fluctuation of the cultivated acreage,
yield and harvesting of potatoes were identified. The forecast was based on empirical data from
2000 to 2019. It has been proven that potato cultivation in Southeastern Poland is more vulnerable
to climate change than in the rest of the country. The results obtained from analyzing multi-annual
results can help policymakers to develop strategies to increase the stability of future potato production
and the safety of the crop. This will enable the better use of generated data and methodological
approaches to analyze the role of climate, both on a regional and global scale.

Keywords: drought; explorations; forecasting models; food security; food access; late blight; potato
production; rainfall; stress; cultivars temperature yield

1. Introduction

Climate change is one of the most important issues in science today. It is also an
extremely complex and multidisciplinary aspect [1,2]. Climate change is a general threat to
food production. The two regions of the world with the highest growth due to malnutrition
(PoU) are Asia (418 million) and Africa (282 million people affected by hunger) in 2020 [2,3].
Food insecurity is growing steadily around the world, especially in the African region.
Severe global food insecurity is witnessing a huge increase from 8.3% (605 million) in 2014
to 11.9% (928 million) in 2020 [4]. Yields of wheat, maize and other crops are slowing in
many countries due to extreme heat, severe weather conditions and droughts [1]. According
to some estimates, in the absence of effective adaptation, global yields could fall by as much
as 30% by 2050. Global warming, according to the FAO [2], will lead to rising costs of bread,
market shocks and political unrest. In recent years, climate change in many countries of
the world has been associated with food insecurity, especially in developing countries; for
example, this is observed in many African countries such as Nigeria, Senegal, Guinea and
others [4]. Serious food insecurity problems also exist in many developed countries in
Europe and North America, particularly in some rural areas away from major urban centers.
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In these areas, human populations may be unsecured from the food side, as this population
is usually poor [3,4]. Reducing precipitation will strengthen the desertification process,
mainly in the outskirts of the Sahara and Southern Africa. In the case of Asia, climate
change will affect the diversification of the production potential of agriculture in individual
countries. The most unfavorable changes will occur in poor countries, especially in the
coastal areas of the monsoon zone. Rising sea levels will flood some farmlands and worsen
the availability of fresh water [3,4]. Kulig et al. [5] and Ziernicka-Wojtaszek [6,7] point out
that if the warming trend continues, significant changes in the structure of crops may also
occur in Europe, especially in Southeastern Europe, including Poland. For example, on
the one hand, it will be possible to introduce plants with increased thermal requirements
(maize, sugar sorghum, sweet potato and grapevine) on a larger scale, and on the other
hand, the acreage and yields of certain agricultural cultures will be significantly reduced.
These climate changes can have a serious impact on food production and have the potential
to limit the production of staple food raw materials, such as potatoes [5,8,9]. The temperate
climate zone in which Europe is located shows the greatest variation in climatic conditions
among all zones. It distinguishes a group of cool climates and a group of warm climates,
including maritime, transitional and continental climates. Due to the favorable conditions
for agriculture, this zone is the food basin of the world. Strong warming has been observed
in the last three decades. Central Europe, including Poland, is also experiencing this. The
forecasts for Poland also predict further warming, as well as changes in the spatial and
seasonal distributions as well as the amount of precipitation. However, climate models
do not agree on the direction of these changes. Rainfall in Poland is expected to decrease
in summer (it depends on the model) and increase in winter. Consequently, there is still
considerable uncertainty about the likely impact of climate change on Poland’s water
resources. In general, changes in thermal characteristics, precipitation and air humidity
will have an impact on changes in water balance and, thus, on the productivity of crops and
the country’s food security. Due to the insufficient consistency between climate models,
the scope of changes may differ depending on the model and biotic and abiotic factors.
Climate change trends in Poland, in terms of temperature, precipitation and relative
humidity, in the southeastern part of Poland based on global the scenarios for climate
and emissions (according to IPCC AR5) are presented in the studies by Kulig et al. [5],
Ziernicka-Wojtaszek [6,7] and Mezghani et al. [10]. In general, all climate models show a
systematic upward trend average air temperature, both in the short term and as well as
the future. Significant regional differences between simulations and seasons were found.
However, some simulations were not very good at recreating the temperature gradient
from the northwest to the southeast of Poland. This applies, inter alia, to the topographic
influence of the mountains in the south of the country, which can be seen, for example,
in orographic and convective rainfall [10]. Data from a common subset of global climate
models show greater changes in precipitation and less warming than the average based on
the full set of GCM models. This means that the predictions based on a subset of global
climate models used in Poland cover a limited range of possible climate change, compared
to the entire set of GCMs. This is especially true of air temperature, while in the case of
precipitation there is almost the same range of variation. Total rainfall is likely to increase
by 2035, then changes will stabilize and will be approximately + 6% by the end of the
21st century. In the study of climate change, apart from the course of precipitation and air
temperatures, it is also analyzed [7,10]. The average daily value of the Humidex Thermal
Discomfort Index, which combines the influence of temperature and air humidity. High
values of this index may affect the feeling of thermal discomfort even in healthy people,
worsening the health of people suffering from heart and circulatory system diseases, and
may accelerate the outbreak of fungal diseases, including potato blight epidemics, and
affect the rate of its spread [5,10,11]. However, there is a well-founded fear that with
the increase in sensitive meteorological data and the effects of these changes, the risk of
unfavorable climate changes in the region of Central and Eastern Europe may begin to
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increase again, which may be particularly conducive to the spread of dangerous potato
diseases [5,11–13].

The impact of climate change on Polish agriculture was studied by focusing on the
potato, assessing the unfavorable growing conditions in the time horizon of 2000–2019.
Among the many pests that attack potato crops in almost all regions of the world, potato
blight (Phytophthora infestans Mont de Barry) dominates, a fungus-like organism that is
responsible for the most dangerous disease in potato plantations and was responsible for
the famine in Ireland in 1843–45 and continues to cause worldwide devastation with respect
to potatoes. Moreover, this disease reappears in the form of different genotypes and causes
huge losses in potato yields [11–13]. Its harmfulness consists in destroying the aerial parts
of plants, which in turn results in a reduction in the assimilation area and, thus, the quantity
and quality of the yield of progeny tubers. The development of the disease is closely related
to the meteorological conditions in potato plantations. The disease develops most rapidly
in conditions of high humidity (prolonged rainfall or long-lasting fog) and air temperatures
between 12 and 18 ◦C. In such favorable conditions, if chemical protection is not applied,
up to 10% of the assimilation area of potato plants can be destroyed daily—while the
destruction of more than 50% of leaves and stems stops the accumulation of tuber yield
under the bush. Crop losses on unprotected plantations in Europe reach 70–80%. In some
years, the disease appears on plantations very early, even in May. If the meteorological
conditions accompanying primary infections are favorable for the development of this
disease, then we are dealing with very early epidemics of potato blight and the premature
destruction of tops across the field, which significantly affects the size and quality of the
crop. In the case of very early infections, potato yield losses may reach even 100%, which
directly threatens the country’s food security [13–16]. The occurrences and intensities of
P. infestans on the aerial parts of plants and then on tubers are strictly dependent on the
meteorological conditions and the source of the pathogen in the field. The periods of
increased air humidity, caused by long rains or long morning mists or dews (RH > 90%)
and low temperatures (approx. 15 ◦C), favor the development of the pathogen causing
potato blight. If this type of humid weather persists for several days in June or early July,
massive plant contamination can be expected. Under such conditions, P. infestans spores
turn into zoosporangia, containing 6–16 tidal spores, which are easily released into the
environment, causing massive plant infections and resulting in a high reduction in tuber
yield [16]. Lower humidity and air temperatures above 18 ◦C contribute to P. infestans
spores directly by germinating and infecting neighboring plants.

The further development of this pathogen is not only the most intense at temperatures
above 20 ◦C but also at increased ambient humidity. Under such conditions, potato
cultivation may be destroyed by P. infestans within a week, and in extreme cases, even
within 2–3 days. The pathogen’s spores can spread with wind or rain for a distance of
even several dozen kilometers, which facilitates the immediate spread and spread of this
disease [17,18]. The harmfulness of potato blight is related both to the decrease in the
yield obtained and to the direct infection of tubers. The reduction in the yield is the result
of the disease destroying the above-ground part (assimilating surface), leading to the
inhibition of tuber growth, which directly threatens the food security of the country’s
inhabitants [10,15,16].

It is possible to estimate the risk of a decrease in potato yields as a result of potato
blight (Phytopthora infestans Mont de Bary), which is the reason for a significant drop in the
yield on the basis of historical data [8]. The rarity of unfavorable meteorological phenomena
and the short period of their recording, however, may not capture the real risk [5]. One way
to solve this problem is to simulate the values of air temperature and humidity, rainfall and
wind speed to obtain a broader picture of the risk of this disease, which can significantly
reduce potato yields.

The 1996 World Food Summit established that food security exists when all people,
at all times, have physical and economic access to sufficient, safe and nutritious food that
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meets the nutritional needs and preferences of an active person and a healthy lifestyle [1,2].
This widely accepted FAO definition identifies the following pillars of food security:

− Food availability refers to the availability of a sufficient quantity of food of appropri-
ate quality, either domestically produced or imported (including food aid). What is
particularly important is the access to food as a result of sudden shocks (e.g., economic
crisis, refugee or climate crisis) or cyclical events (e.g., seasonal food insecurity),

− Access to food means the availability of natural persons to adequate food resources;
entitlements to acquire a sufficient amount of food for the preparation of a nutritious
diet. Powers are defined as the collection of all commodity packages over which an
individual can establish command, taking into account the legal, political, economic
and social patterns of the community in which he lives (including traditional rights
such as access to shared resources),

− Utilization means using food through an appropriate diet, clean water, proper sanita-
tion and health care in order to achieve a state of good nutrition in which all human
physiological needs are met. This also underlines the high importance of non-food
inputs for food security,

− Stability means that people must have access to appropriate food at all times in order
to ensure food security for the entire public, for households or for an individual person.
People should not risk losing their health. The concept of stability can, therefore, refer
to both the dimensions of accessibility and access to food security [2,3].

Food uncertainty is likely to deteriorate drastically in many situations and in many
countries, especially in Central and Eastern Europe, in the near future [1,3,4]. According to
FAO [1], the main factors driving the food crisis include armed conflicts usually followed
by extreme weather conditions and climate variability.

Potato production is related to food safety and food security. Several different aspects
of food security have been developed in recent years. Food security can not only be
considered in various aspects—international and national—but also from the point of view
of the household. In the international dimension of food security, the need to combat
hunger is indicated [3,4], where food is perceived in terms of a public good. On the other
hand, in the national dimension, the emphasis is on the appropriate institutional policy.
The aim is for each country to improve its own food law, making the idea of food security
a reality.

Hence, the aim of the study was to find the relationship between climate change in
Southeastern Poland and the threat to the safety of the potato crop as the basic food raw
material [11,12,18]. On this basis, an alternative research hypothesis has been formulated,
which assumes that the earlier forecasts of the potential impact of adverse climate changes
conducive to the outbreak of P. infestans and the development of this pathogen may allow
emergency managers who plan ahead for the occurrence of high risk to prioritize conserva-
tion measures plants and save the yield, in view of the null hypothesis that these activities
do not affect the outbreak of the epidemic and cannot prevent a decrease in potato yields
due to the development of P. infestans.

2. Material and Methods

For the purpose of the work, meteorological data from the experimental stations
of the Central Research Center for Cultivated Plants in Southeastern Poland and some
selected data from the meteorological stations of the Institute of Meteorology and Water
Management (IMGW) in the province of Podkarpackie from 2000 to 2019 were used.
Statistical data were also used, such as the following: cultivation area, yields and crops
of potatoes (WUS). In addition, the research was based on our own observations and
monitoring of potato blight in the years 2000–2019.
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2.1. Climatic Conditions

The climate of Podkarpacie is transitional between oceanic and continental climates. It
has 3 climatic zones: lowland, submontane and mountain. Average annual temperatures
range from 8.3 to 9.5 ◦C. Annual rainfall ranges from 600 to 1000 mm [19].

2.2. Soil Conditions

The area of Southeastern Poland is characterized by high soil variability, which is
related to the very diverse topography. The northern part is flat, and the southern part
is mountainous. In lowland agricultural areas, there are mainly fallow and brown soils
made of sands, loams, loams and silt deposits. Acidified soils (66%) prevail in this area,
including soils that are very acidic 35%, acid 31%, slightly acid 20%, neutral and alkaline
14%. Regardless of the parent rock type and grain size composition, the acidification
level is similar (high) both in the northern and southern parts of the voivodeship. Most
soils with a pH below 5.5 (very acidic and acidic) are found in the following districts:
Bieszczadzki, Brzozowski, Dębicki, Kolbuszowski, Leski, Niski and Sanocki (72–91%). The
state of soil abundance in available macroelements and microelements is related to the
geochemical composition of the soil, but at the same time, it is an indicator of the level of
plant production. As much as 54% of agricultural soils in the voivodship show a deficit
of phosphorus. The greatest deficiency of assimilable phosphorus is found in the soils of
mountain areas (Bieszczady, Leski, Jasielski, Krośnieński and Sanocki counties) at 78–90%
and soils from the Niski and Stalowa Wola counties. Very low and low K2O contents
are shown in 45% of the studied soils (in the following districts: Bieszczadzki, Dębicki,
Kolbuszowski and Niżański). Seventy-five percent of agricultural land has a satisfactory
magnesium content, and only twenty-five percent has a very low and low content. In
the northern part of this area of Poland, fawn and brown whitewashed soils formed from
water–glacial deposits are dominant. In the central part, there is a predominance of less
than brown and leached soils made of sands and tills and brown soils formed from loess
and loess-like formations, and the southern part is dominated by acidic brown soils and
leached from flysch rocks [20].

2.3. Meteorological Conditions

Meteorological data for the years 2000–2019 were obtained from the meteorological
stations at the Variety Assessment Experimental Plants belonging to the Central Research
Center for Cultivated Plants (Dukla, Nowy Lubliniec, Przecław and Skołoszów), in the
region of Southeastern Poland and from the Agrometeorological Bulletins of the Institute of
Meteorology and Water Management [21]. The CLIMGEN model [22] was used to analyze
the data.

The station in Dukla (49◦33′ N, 21◦41′ E) is located in the southwestern part of the
Podkarpackie Province at an altitude of 324 m above sea level, with an average annual
temperature of 7.3 ◦C and annual rainfall of 887 mm. Unlike other stations, it was charac-
terized by high rainfall throughout the growing season. The highest amount of rainfall was
recorded there in 2001 (830 mm) and the lowest in 2008 (476 mm) (Table 1).

The warmest year was 2008, with an average air temperature of 15.0 ◦C, while the
coldest one was 2005 with an average air temperature of 13.2 ◦C. All the years were wet,
and the hydrothermal coefficient oscillated between 3.1 and 1.7. Optimal hydrological and
meteorological conditions occurred only in 2007 [24,25] (K = 1.3).
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The station in Nowy Lubliniec (50◦17′ N 23◦05′ E) is located at an altitude of 217 m
above sea level and is characterized by an average annual air temperature of 7.3 ◦C and a
total rainfall of 665 mm (Table 1). The average long-term air temperature in Nowy Lubliniec
ranged from 13.8 ◦C in 2005 to 15.5 ◦C—in 2003. The highest amount of rainfall occurred in
July 2003 and amounted to 239 mm, while the lowest value of this feature was recorded
in 2006—11 mm (Table 2). The sum of atmospheric precipitation in the analyzed years
ranged from 563 mm in 2000 to 352 mm in 2006. The hydrothermal index ranged from
1.2 to 2.2, with the optimal years being 2007–2008, while they were wet for the remaining
years [24,25] (Table 1).

Table 2. Statistical characteristics dependent and independent variables.

Traits Y X1 X2 X3 X4 X5

Minimum 16.9 1.42 16.01 14.31 23.52 0.61
Maximum 29.0 17.5 19.62 19.63 133.1 3.52

Median 18.15 11.32 18.03 15.6 67.02 1.94
Mean 22.96 9.46 17.96 16.97 78.31 2.07

Standard
deviation 3.66 2.17 0.98 0.89 22.12 0.65

Skewness 0.06 −1.81 −0.15 2.34 0.42 0.25
Kurtosis −1.33 12.52 −0.99 10.56 1.12 0.11

Coefficient of
variation V [%] 15.95 22.94 5.46 5.24 28.25 31.41

Y—yield; X1—temperature of the April–May; X2—temperature of June–July; X3—temperature of
August–September; X4—rainfalls of April–September; X5—indicators of hydrothermal of April–September.

The meteorological station in Przecław, located in the northern part of the region
(53◦22′ N; 14◦28′ E), at an altitude of 185 m above sea level, was characterized by different
meteorological conditions and characterized by an average temperature of 8.1 ◦C and
annual rainfall in the amount of 644 mm. The warmest year in this region was 2008, with
an average temperature of 8.7 ◦C. In 2004, the temperature and precipitation conditions
during the potato growing season were optimal (K = 1.2). Most of the years analyzed were
wet, with the index ranging from 1.3 to 1.9. The highest amount of rainfall in the April-May
period was recorded in 2001 (523 mm), and the lowest in 2004 [24,25] (326 mm) (Table 1).

According to the weather station in Skołoszów (49◦55′ N 22◦48′ E), located at an
altitude of 204 m above sea level, the average annual air temperature was 8.3 ◦C, and the
annual rainfall was 667 mm. The warmest year was 2018, and the average air temperature
in the period from April to September was 17.0 ◦C, while the coldest was 2005, with an
average temperature of the growing season of 14.0 ◦C. The lowest amount of precipitation
during the vegetation period was recorded in 2004 (297 mm), and the highest was recorded
in 2002 (591 mm). The least favorable distribution of precipitation took place in 2008. The
years 2000, 2003 and 2008 can be described as quite dry, 2005–2007 can be descripted as
optimal, 2008 can be described as quite humid and 2002 is described as wet [24,25] (Table 1).

2.4. Monitoring of Potato Blight

The experimental plots were set up in a randomized block design in 4 replications.
Chemical protection against the plague was not carried out during the growing season
of potato. Observations on each cultivar were carried out from the moment of potato
emergence, every 10 days until the disease appeared on all cultivars. The time when 25%
of the plants are already in the field was assumed as the date of potato emergence. In the
period of greater risks of plague (prolonged rainfall or fog), observations were carried out
more often (1–2 times a week).

The severity of the plague attack was rated on a scale of 9◦, where 9◦ means single
necrotic spots and the destruction of the assimilation surface up to 0.5%, and 1◦ means
the complete destruction of the plant. The above data, together with the degree of plant
development at the time of observation (according to the BBCH scale), were uploaded to
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the server thanks to the Pi-monitoring program. Additional information on the location
and soil type of the field, cultivated variety and date of emergence of the plants was also
entered into the database. After the end of the growing season, the rate of spread of potato
blight was determined and calculated as the increase in the damage to tops per unit of time
according to van der Plank [26].

2.5. Statistical Analyses

The work uses meteorological data on a year-round scale to generate a real drop in
potato yields under the influence of climate change. An earlier prediction of the outbreak
of the disease epidemic and an appropriately earlier response to the epidemic of potato
blight, which is the cause of a significant drop in the potato yield, is possible thanks to the
use of a simulator of records of adverse events in several localities by comparing modeled
and observed events over a period of strong intensification of unfavorable meteorological
conditions [27].

Based on the analysis of the size of yield characteristics and the course of the weather,
the variability of the potato cultivation area, yielding and harvest was determined. More-
over, the partial models of the usefulness of the simulation of atmospheric conditions in the
period of 20 years for this region were presented, comparing the observed cases. For this
purpose, a combination of statistical methods and simulation modeling was used by using
modeling techniques. The forecasts were developed for the same data model using classical
statistical methods. Based on the analysis of the size of the cultivation, yield, harvest of
potatoes and the course of the weather, a model for forecasting potato yielding in this part
of Poland was searched. It was based on empirical data from 2000 to 2019 [28–31].

The variability of the analyzed yield characteristics and meteorological data was
analyzed mainly by means of descriptive statistics (SPSS). On the basis of the diversified
course of meteorological conditions during the growing season, an attempt was made to
estimate the area of potato cultivation, its yield and harvest by means of a multivariate
regression analysis, assuming weighted averages of selected meteorological elements for the
examined localities (Table 1). The models used agronomic, phenological and meteorological
data, and the correctness of their impact was verified on the basis of data sets not involved
in the construction of the models.

Since the magnitude of a given phenomenon is influenced by many simultaneous
factors, an attempt was made to build a model forecasting the area and harvest of potato.
Such a prediction methodology is useful for optimizing the responses of the independent
variables. In this case, the increase in variable y is a response and a function of the yield
and the cultivated area. This function can be expressed with the following general formula.

y = f(x,x) + e, (1)

It was assumed that the variables xj are the predictors on which the answer y depends.
The dependent variable y is a function of xj and xj2, and the experimental error was denoted
by e, which means any measurement error [19]. In order to determine the dependence
of potato yield on meteorological indicators, a multivariate regression analysis was used,
the parameters of which were determined by the least squares method. As a measure of
adjusting the regression function to empirical data, the coefficient of determination R2

was used [27]. Regression analysis models were computed according to the following
general formula:

y = a + bjx j (2)

where y denotes the dependent variable, a denotes intercept, b denotes the value of the
regression coefficient and x denotes independent variable. Partial regressions were used to
examine quantitative relationships between the potato yield and individual independent
variables. Partial regression coefficients (bj) indicate how much the yield changes as a given
factor increases by a unit. The described relationships were considered in terms of the
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standard deviation from the arithmetic mean [27]. All statistical analyses were performed
using SAS 9.1.

The results of the blight tests were statistically analyzed using the analysis of variance.
The significance of the sources of variation was determined by the “F” Fisher–Snedecor
test, and the significance of the differences was determined by Tukey’s test [19]. The rate of
spread of potato blight as a function of the date of observation was calculated by regression
calculus. The observation dates were coded for the calculations, taking the first date as “0”,
the second as “10” and the third as “20”, etc. Leaf infection was expressed in logarithmic
values corresponding to 9◦ degrees of the scale and using the van der Plank formula [26]:

y = log
x

1 − x
, (3)

where x denotes the values expressed in one hundred parts. They make it possible to
express the percentage of damage to the leaf surface in the form of a straight line. The rate
of spread of potato blight was considered to be a unit increase in infection over time.

3. Results

3.1. Cultivation Area

The potato cultivation area in 2000–2019 indicated a systematic decline in this value
starting from 2002. In 2019, the potato cultivation acreage was only 26.2 thousand hectares,
whereas 20 years earlier, there were three times more. The results of the regression analysis
showed a downward trend according to the second-degree parabolic regression (Figure 1).
The relationship between the analyzed features is usually characterized by the correlation
coefficient R, assuming values in the range [−1.1]. It determines the strength of the
relationship between the variables. However, the measure of the fit of the regression line
to empirical data is the coefficient of determination R2, taking values in the range [0.1] or
[0%, 100%]. Moreover, the coefficient of determination can be corrected by the number of
degrees of freedom, which increases its value.

 

y = 181.21x2 − 7513.3x + 100280
R² = 0.9551
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Figure 1. The actual general area of potato cultivation and the tendency of changes in this area in the
southeastern part of Poland, 2000–2019.

3.2. Shaping the Efficiency of Potatoes

The total potato yield varied depending on the course of weather conditions in the
years of the study. The highest value of this feature was recorded in 2015 (29.0 tha−1), and
the lowest was in 2000 (16.9 tha−1). These fluctuations resulted mainly from the changing
course of weather conditions during the growing season and differences in the level of soil
factors. The regression analysis of the mean potato yield values for this region showed
a curvilinear dependence of the fourth degree tuber yield on the years of the research
(Figure 2). The coefficient of determination of this equation was 61.9%, which, according to
Kranz [32], ensures its high credibility.
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y = −0.0018x4 + 0.0836x3 − 1.2297x2 + 6.652x + 10.725
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Figure 2. Variability of the total yield of potato tubers in Southeastern Poland in 2000–2019.

Potato yields in cultivar experiments were characterized by even greater yield variabil-
ity in this part of Poland. In terms of the total and commercial yield, the yield of very early
cultivars was the most diverse, ranging from 30 to 65 t·ha−1 in the case of the total yield
and from 37 to 62 t·ha−1 in the case of the commercial yield. The most stable in yieldings
were medium-late and late cultivars, and their total yield ranged from 40 to 58 t·ha−1, and
the marketable yield ranged from 38 to 52 t·ha−1 (Figure 3).
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Figure 3. The total and trade yield of potato in Southeastern Poland in the Experimentals of Stations
for Cultivar Assessment of Central Crop Research Centre, by groups of earliness of varieties.

Determining the trend of changes indicates periodic averages for the time series.
Normal moving averages are used only for one-year data or for other time series with no
seasonal variation. Two types of averages were used to smooth time series with moving
averages: regular or centered. So, by using moving averages, you can smooth series
containing only trend and random fluctuations. These fluctuations can be eliminated by
replacing the original values of the series with a series of means calculated from several
adjacent components of the time series. On the basis of the series y1, y2, . . . , yn, two-,
three- and five-period means can be calculated. These formulas were written as follows.

f(z) = q + 1, q + 2, . . . n − q (4)
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The function (f (z)) belongs to holomorphic functions, where any function, f (z) with
complex values, can be written as follows:

f(z) = P(x , y) + iQ(x, y) (5)

where x, y ∈ R, P (x, y) R and Q (x, y) ∈ R. It has been found that both real and unreal
parts of holomorph functions are satisfied by CR equations (i.e., Cauchy Riemann) and are
described above (derivation of CR formulas assuming a holomorphism of the function). In
this way, random fluctuations have been eliminated to a greater extent from the time series.
The new, smoothened series is four words shorter due to improved smoothing. The moving
average values were recorded at the level of the middle period (for k = 3 at the level of the
second period, and for k = 5 at the level of the third period, etc.). Hence, a secondary series
of moving averages was obtained, which is shorter than the empirical series, a primary
series of 2 for the 3-year mean, 4 for the 5-year mean, 6 values for the 7-year mean, etc.,
because only an odd number of words can be assigned a score to a specific period. This
allows for further analysis to compare the original time series terms with the smoothened
series terms. The longer the moving average used to smoothen the series, the better the
smoothing is, but at the same time, the more the periods for which no trend values are
obtained are lost. Hence, the selection of the length of the moving averages requires some
moderation [5,20].

3.3. Potato Harvest Variability

The evaluation of the yield, made on the basis of the actual results obtained from
WUSP [2000–2019], indicates a systematic decrease in potato yields in the analyzed period.
Large differences in the value of this feature between consecutive seasons resulted from
changes in the cultivation area and the size of the potato yield. The regression analysis
of the value of this feature showed a third-degree relationship with the years of research
(Figure 4). The highest value characterizing the potato harvest was recorded in 2001, and
the lowest was recorded in 2016. This indicates a clear downward trend in potato harvest
over the last 20 years. The coefficient of determination of this equation (R2 = 91.56%)
indicates its very high reliability [32].
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Figure 4. Changes in the total potato harvest in the southeastern part of Poland in 2000–2019.

3.4. Potato Harvest Simulation

The simulation of the potato harvest shows that the increase in this value continued
until 2018, after which it decreased. There was observed a significant influence of the
cultivation area on the harvesting potatoes. The following equation was adopted in the
potato area and harvest forecast model.

y = 9493x6 + 556.45x5 − 11.925x4 + 115.889x3 − 51.300x2 + 993.431x + 0.7 × 10−8 (6)
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The coefficient of determination of this equation was R2 = 84.07%, which makes it
highly significant and reliable [32].

Forecasting crops yields can be used to plan the structure of their sowing, both on a
microscale, i.e., a farm, and on a macroscale, e.g., a country. On this basis, it is also possible
to estimate the profitability of growing a given plant. For potato cultivation, forecasting
starch yields would be even more important as starch production is determined by law in
the EU. Exceeding it reduces the profit of the grower and starch plants. Therefore, the use
of modern prognostic techniques can bring measurable financial benefits and improve the
profitability of growing a given species.

Table 2 shows certain regularities of the analyzed yield characteristics and meteo-
rological data. The yield is characterized by a high maximum and minimum value. A
high maximum and a relatively low minimum were also observed for rainfall in the April–
September period. All meteorological data, with the exception of the April–September air
temperature, showed a low skewness coefficient lower than one, which means that it takes
negative values for distributions with left-hand asymmetry.

Kurtosis for most of the variables was positive, in a wide range from 0.11 to 10.56,
but with a distribution close to normal, which means the more frequent occurrence of
extreme values but at the same time a greater probability of the expected values. For the
variables of tuber yield and air temperature in the April–shadow–May period, the kurtosis
value ranged from −0.99 to −1.33, which means a greater share of values close to the
median than in the normal distribution. The results in this case are less focused around the
midpoint (Table 2). The standard deviation of the examined variables showed relatively
little differentiation throughout the year. The highest values of the standard deviation were
recorded for the tuber yield and the total rainfall in the period April–September, and the
lowest in the case of the April–September hydrothermal coefficient and air temperature
in August–September. The dispersion of the obtained results was characterized by the
coefficient of variation, which, being the quotient of the absolute measure of trait variability,
made it possible to compare the differentiation of several communities in terms of the
same feature and the same data set in terms of several functions. The smaller the value
of the coefficient of variation, the more stable the function is. The highest variability of
the features described by the coefficient of variation was characteristic for the sum of
precipitation and the Sielianinov hydrothermal coefficient for the April–September period,
while the air temperature in June–July and August–September turned out to be the most
stable (Table 2).

The regression analysis was based on the analysis of Pearson’s simple correlation
coefficients for the investigated dependent and independent variables (Table 3).

Table 3. Correlation coefficients of dependent (y) and independent (x) variable.

Variables Y X1 X2 X3 X4 X5

Y 1.000
X1 0.316 * 1.000
X2 0.270 * 0.090 1.000
X3 0.380 ** 0.096 0.399 ** 1.000
X4 0.488 ** −0.183 −0.301 * −0.222 1.000
X5 0.496 ** −0.211 −0.447 ** −0.296 * 0.838 ** 1.000

Y—total yield; X1—temperature of April–May; X2—temperature of June–July; X3—temperature of
August–September; X4—rainfalls of April–September; X5—indicators of hydrothermal of April–September;
* significant at p ≤ 0.05 ** significant at p ≤ 0.01.

The data that most strongly correlated with each other were analyzed using the
multiple, polynomial, linear and partially nonlinear regression methods, which allowed the
determination of the influence of many independent features on one selected dependent
feature and to build an appropriate regression model. Multiple regression was preceded
by the analysis of the determination coefficient R2 for the examined features and the
determination of the probability coefficient for the absolute statistic t, verified at two
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significance levels p0.05 (statistically significant difference) and p0.01 (statistically significant
difference) [19].

3.5. Influence of Air Temperature on Tuber Yield

The temperature conditions in the April–May period and the precipitation and temperature-
precipitation conditions described by the Sielianinov hydrothermal index in April–September
had a decisive influence on the potato yield in the southeastern part of Poland. The influ-
ence of air temperature in this period was described by the power function equation in the
following form.

y = 13.52x0.1349 (7)

This indicates that a positive influence of air temperature in April–May is decisive
for plant emergence, rooting and the formation of stolons and tubers. The value charac-
terizing the yield increased with the temperature increase in this period. The coefficient
of determination of this equation was 88.63%, which makes it significant and reliable
(Figure 5).
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Figure 5. Partial dependence of tuber yield on air temperature in the April–May period.

Similar relationships were proven for the June–July period. During this period, there
was also a positive impact of ever higher air temperature on the shaping of the potato yield
described by the equation on Figure 6.

The temperature in the first part of the growing season had a positive effect on potato
yields. This fact is confirmed by the coefficient of determination (R2 = 87.4%).
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Figure 6. Partial dependence of tuber yield on air temperature in the June–July period.
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The results of the regression analysis of the yield with air temperature in the second
part of the growing season (August–September) are described by the formula in Figure 7.
As a result of the air temperature increase in this period of time, there was a systematic
decrease in yield value. The value of the coefficient of determination, amounting to 84.67%,
makes the equation highly reliable [19].

y = -6.9ln(x) + 33.037
R² = 0.8467
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Figure 7. Partial dependence and potato tuber yield on air temperature in August–September.

3.6. Influence of Precipitation on the Formation of Tuber Yield

The factor used to assess the influence of meteorological conditions on potato yielding
was also the sum of atmospheric precipitation. Among the periods in which their impact
on the variability of potato yielding was the most frequent, the rainfall in the April–
May period turned out to be the most impactful. The regression model described by the
following equation.

y = 21,936x−0.051, (8)

This indicates a negative impact of increasing sum of rainfall in the analyzed time inter-
val on tuber yield (Figure 8). The coefficient of determination of this equation amounting to
77.02% indicates its high credibility. It was shown that the potato yield assessed on the basis
of data from the Central Statistical Office, limited by excess water in April–May, turned out
to be 39% lower than the actual yield and as much as 65% lower than the potential yield in
the experiments obtained in the Central Research Center for Testing in Poland.
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Figure 8. Partial dependence of tuber yield on total rainfall in April–May.

The results of polynomial regression analysis of tuber yield versus rainfall total, per-
formed with the stepwise method, in the case of other time intervals turned out to be
insignificant. The coefficients of determination of these equations were also low, which
means that other environmental factors not considered in the analysis could have con-
tributed to tuber yields.
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3.7. Influence of Hydrothermal Conditions on the Formation of Tuber Yield

The impact of these conditions was similar to that of the rainfall in April–May. From
the regression equation described by the formula in Figure 9 results, it can be observed
that thermal and precipitation conditions negatively influenced the amount of potato
yield. With the increase in the value of the hydrothermal index, the value of the yield
decreased systematically. Of all the meteorological elements described by the coefficient of
determination, the hydrothermal index turned out to be the most reliable (R2 = 87.72%).

y = -6.769ln(x) - 23.639
R² = 0.877
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Figure 9. Partial dependence of the potato tuber yield on the value of the hydrothermal coefficient in
April–May.

In Figure 10, the values of changes in precipitation are correlated with the average
air temperature. Regression analysis showed that these data accounted for 38–49% of
the variability in rainfall levels. The diagram also shows the correlation between the
yield and meteorological elements in individual localities. The diagram presents selected
meteorological parameters, and Student’s t-test showed that rainfall during the growing
season was the most statistically significantly (p ≤0.01) correlated with the air temperature
in June–July.
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Figure 10. The relationship between fluctuations in rainfall level and various meteorological parameters.
Y—yield; X1—temperature of the April–may; X2—temperature of June–July; X3—temperature of August–
September; X4—rainfalls of April–September; X5—indicators of hydrothermal of April–September.

3.8. The Rate of Spread of Potato Blight

The first symptoms of potato blight were usually observed 42–73 days after planting,
depending on the study year and 44–81 days depending on the variety. The resistance traits
of the cultivars studied determined the date of appearance of P. infestans on plants and the
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infection of 50% of the area of potato leaf blades and the rate of disease spreading on the
aerial parts of plants.

Table 4 shows the rate of potato late blight spreading by groups of earliness. Very
early varieties showed the fastest spread of this pathogen, while the slowest spread was
observed in medium-late and late varieties. The average time of destruction of 50% of
the assimilation area for varieties with increased resistance (5–6◦) was 22 days—ranging
from 16 (very early varieties) to 31 days (late varieties). The theoretical term of stopping
the yield for late cultivars resistant to P. infestans (resistance 6–7◦ on a scale of 9◦) differed
significantly from the other assessed cultivars by about 7 days.

The meteorological conditions in the years of the study were the most decisive factor
in the time pace of P. infestans spread. The fastest spread of this pathogen, in all groups
of early varieties, was in 2007, the flood year, and the slowest was in the dry year, 2011
(Table 4).

Table 4. Infection coefficients of Phytophthora infestans in the time.

Years
Earliness Group

Mean
Very Early Early Medium Early Medium Late and Late

2000 0.275 0.204 0.196 0.075 0.188
2001 0.218 0.201 0.132 0.089 0.160
2002 0.278 0.189 0.111 0.078 0.164
2003 0.290 0.226 0.128 0.069 0.178
2004 0.301 0.187 0.151 0.070 0.177
2005 0.412 0.325 0.273 0.189 0.300
2006 0.523 0.356 0.298 0.176 0.338
2007 0.568 0.486 0.378 0.311 0.436
2008 0.218 0.178 0.143 0.073 0.153
2009 0.290 0.226 0.156 0.069 0.185
2010 0.356 0.334 0.279 0.168 0.284
2011 0.189 0.079 0.075 0.073 0.104
2012 0.209 0.184 0.156 0.071 0.155
2013 0.298 0.191 0.151 0.089 0.182
2014 0.314 0.243 0.181 0.083 0.205
2015 0.191 0.206 0.122 0.069 0.147
2016 0.521 0.378 0.295 0.179 0.343
2017 0.351 0.181 0.120 0.073 0.181
2018 0.246 0.148 0.114 0.073 0.145
2019 0.231 0.134 0.110 0.056 0.133

Mean 0.314 0.233 0.178 0.107 0.208

LSD0.05 0.016 0.012 0.009 0.006 0.011

The analysis of the simple correlation between the P. infestans spreading rate and the
potato tuber yield was analyzed. Pearson’s simple correlation coefficients indicate a high
positive correlation between the rate of spread of the plague in individual early age groups
(r = 0.87 to 1.00), which results from the internal intercorrelation (Table 5). The relationship
between the rates of potato late blight spreading and the size of the total, commercial yield
of medium-early to late varieties and the yield of very early and early varieties harvested 60
and 75 days after planting turned out to be significantly negative, which means a negative
impact of the rate of potato late blight spreading on the yield general and commercial, as
well as the yield of early varieties harvested both in the first and second harvest dates.
The strongest negative relationship between the rate of spread of potato blight and the
potato yield was observed for the commercial yield of tubers (r = −0.62 to −0.71). For
very early and early cultivars, the rate of the spread of the blight did not have a significant
negative effect, which results from the short vegetation period of these cultivars and their
“escape” from infection with P. infestans. The shortest time of destruction of 50% of the
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lichen surface was found in the group of susceptible cultivars (very early and early cultivars
with a resistance of 2–4◦ on a 9◦ scale).

Table 5. Simple Pearson’s correlation coefficients between the rate of spread of potato blight and the
yield of tubers.

Specification X1 X2 X3 X4 X5 Y1 Y2 Y3 Y4

X1 1.00
X2 0.90 ** 1.00
X3 0.89 ** 0.96 ** 1.00
X4 0.87 ** 0.92 ** 0.93 ** 1.00
X5 0.96 ** 0.98 ** 0.98 ** 0.95 ** 1.00
Y1 −0.67 ** −0.67 ** −0.65 ** −0.59 ** −0.68 ** 1.00
Y2 −0.68 ** −0.71 ** −0.70 ** −0.62 ** −0.70 ** 0.98 ** 1.00
Y3 −0.40 ** −0.37 ** −0.36 ** −0.40 ** −0.39 ** 0.50 ** 0.46 ** 1.00
Y4 −0.15 −0.17 −0.12 −0.19 * −0.16 0.36 * 0.31 * 0.85 ** 1.00

X1—P. infestans spreading rate coefficient of very early varieties; X2—factor of the spread of late blight of early
cultivars; X3—coefficient of the spreading rate of mid-early cultivars; X4—coefficient of the spreading rate of
medium-late and late cultivars; X5—the average rate of the spread of the plague; Y1—total yield of potato tubers;
Y2—marketable yield of tubers; Y3—yield of early potato cultivars 60 days after planting; Y4—yield of early
potato cultivars after 75 days from planting; *—significant at p ≤ 0.05, **—significant at p ≤ 0.01.

Among the assessed groups of potato cultivars, a large variation in the pace of de-
velopment of P. infestans was observed, from the onset of the disease to the cessation of
harvesting. The differences resulting from the level of resistance were reflected in the
assessment of the destruction of the assimilation area at the end of the growing season. It
was found that the destruction of the aerial part decreased with an increasing degree of
resistance on P. infestans. The lowest values of the destruction of the assimilation area were
found in the group of medium-late and late cultivars.

4. Discussion

4.1. Climate Changes and Potato Yield and Productivity

Climate change is having an increasingly strong impact on agriculture, but there is no
unanimity in the scientific community and there is still no clarity on the directions of this
impact. Earlier forecasts of the impact of climate change on the agricultural economy were
more radical and assumed very rapid changes. One of such early forecasts was made in 1991
at the Institute of Soil Science and Plant Cultivation in Puławy on the basis of the General
Circulation Model developed by the Goddard Institute for Space Studies. According to this
model, climate changes were to be beneficial for agriculture and to bring an increase in
the yields of all crops, except for potatoes, after 2020, and to significantly increase the area
of maize and soybean cultivation [33]. The last two forecasts were confirmed, the others,
unfortunately, were not. It was assumed that the growing season would significantly extend,
which would allow for the extension of the assortment of arable crops and the improvement
of animal production efficiency. This optimism resulted from the prediction of an increase
in the average annual air temperature by 3 ◦C, an extension of the growing season by about
30–40% and an increase in the average amount of rainfall from 625 to 1100 mm [33]. It is
now known that such a scenario is not realistic. Recently, the prevailing view is that, on
a general scale, the expected changes in the form of global warming will bring beneficial
effects in the agricultural economy of Europe. According to most authors [34–43], the
production potential of agriculture was supposed to increase, but unfortunately in the case
of potatoes, this scenario did not work. Our research, carried out on the basis of the results
of the Central Statistical Office and COBORU research in southeastern Poland show that, in
the last 20 years, both the yield, area and harvest of potatoes decreased. The reasons for this
condition are manifold. Tomczyk et al. [44] proved that, in Poland, in the last 20 years, there
was a significant increase in Tmax in the summer period. This shows, inter alia, for the ten
warmest years in the analyzed period, mainly after 2000. The consequence of the increase
in Tmax is the increase in the frequency of hot days. A further increase in the number of hot
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days in Poland is forecast in the coming decades. The smallest changes are predicted for
the areas with the most intense changes in Tmax. Agriculture is a sector that is particularly
vulnerable to the effects of climate change, and climatic factors are important factors in
the success of agricultural production. Therefore, the effects of climate change already
have a negative impact on the food security of society [45,46]. The Climate Coalition (CC)
report “The impact of climate change on Poland’s food security” warns that if Poland does
not achieve the goals of the Paris Agreement and stops the increase in the average global
temperature below 2 ◦C, the food security of citizens at the global level, regional and local
will be increasingly threatened. Therefore, both the reduction in greenhouse gas emissions
and multi-directional adaptation measures in agriculture are necessary.

According to the reports of the Agricultural Drought Monitoring System in Poland [47],
in the years 2009–2011, there was a significant risk of drought in potato crops. In the years
1983–2002, the level of precipitation during the potato growing season reached the optimum
only in five of the twenty years studied [35,47,48], and the losses of tuber yield in Poland
for this reason ranged from 7% to 45% [47]. The high acclimatization capacity of crops
may turn out to be a disadvantageous phenomenon, as it was associated with significant
energy expenditure on the reconstruction of structures and adapting their functions to
stressful conditions, which results in a reduction in agricultural yields [12,34,38,39,49]. In
research on plant productivity, the decline in agricultural yield is often used as a measure
of the possibilities of the studied cultivars for the stress syndrome occurring during the
growing season. Under such assumptions, the yield is the resultant of many different
mechanisms responsible for the diverse sensitivity of plants to environmental stresses, and
each of these mechanisms may work differently under specific environmental conditions.
The approach that takes yield loss as a measure of resistance may be useful for the final
evaluation of the effectiveness of breeding treatments and has a greater selection value than
the resistance criteria [38]. The research results presented in the paper concern issues related
to the reaction of potatoes to the diversified course of meteorological conditions during
the potato growing season and are based on numerous figures from the period of 20 years
(2000–2019), taken from several sources (Central Statistical Office, Provincial Statistical
Office, Institute of Meteorology and Water Management, and Experimental Stations of the
Central Research Center for Cultivated Plants). These results prove that climate change
in this period had a significant impact on all the studied economic, meteorological and
physiological-natural features.

Precipitation is the most sensitive element of climate changes and that changes in time
and space. According to Kalbarczyk [39], no permanent trend has taken place over the
last 500 years. This period was subject to much thermal continentalism than it is today.
According to the calculations of the Sadowski continentalism index [50], it was found that in
Eastern Europe, the warmest century was the 11th century, and in Western Europe, it swas
the 20th century, while the coldest centuries were in the 15th and 12th centuries, respectively.
From the fifteenth century, the degree of continental climate in Poland remained at a high
level until the nineteenth century. Average annual air temperatures in winter were much
lower, by approximately 1.5–3.0 ◦C, compared to the present situation, while summer
temperatures were higher than today by 0.9–1.5 ◦C. Over the past 100 years, Earth has
warmed by 0.85 ◦C, and the speed of this process is increasing. In Europe, the temperature
has risen by almost 1 ◦C.

The impact of climate change on world agriculture can be considered in two main
aspects: natural and socio-economic. The first is direct, and the second is indirect, usually
resulting from the former. The changes in the natural basis of the agri-environmental
economy relate primarily to the greenhouse effect associated with an increase in the con-
centration of carbon dioxide in the atmosphere. The main cause of the rapidly following
climate change is the increase in carbon dioxide (CO2) content in the atmosphere, causing
the so-called greenhouse effect. This will enable some cereal crops, such as wheat or rice,
as well as potato plants to photosynthesize more intensively and, consequently, result in
faster development with higher yields [50–53]. It was assumed that, as a result, increasing
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plant production may reduce the specter of hunger but only in the case of organized in-
ternational activities. It is generally known that areas of hunger are concentrated in the
poorest countries, where climatic conditions generally pose problems for proper farming.
It is primarily the dry zone of Africa and some regions of Asia [54]. According to Kulig [5]
and Ziernicka-Wojtaszek [6,7], the optimism related to the increase in plant production as a
result of the increase in CO2 in the atmosphere was, however, premature. These authors
propose that the influence of carbon dioxide concentration in the atmosphere on the global
agricultural production should be considered in direct and indirect categories. The former
concerns the intensification of photosynthesis and the possibility of plant development
with lower water resources and their more effective use. Indirect impacts should be seen
in the aspect of climate and soil changes, as well as in the development of diseases and
pests. In the case of direct impacts, our research indicates a very large differentiation in
the increase in yields resulting from the increase in the carbon dioxide content, but under
natural conditions. Laboratory experiments confirm that plants absorbing more carbon
grow faster and are larger [39]. Moreover, the increased concentration of carbon dioxide
increases the efficiency of water use. This applies in particular to plants of the so-called C3
group (e.g., wheat, rice, soybean and potato), which show, under conditions of increased
CO2 content, an increased photosynthesis rate and a moderate decrease in transpiration.
On the other hand, plants from the C4 group (maize, sugar cane, sorghum, etc.) show
relatively slower photosynthesis (slower biomass growth) under these conditions [5,49].

Repeated droughts and desertification on almost all continents already threaten the
livelihoods of some 1.2 billion people [4]. For example, an increase in CO2 from 330
to 660 ppm (parts per million—gas particles per million air particles per unit volume)
resulted, under optimal conditions, in an increase in cotton yield due to the concentration
of carbon dioxide. The main conclusion of physiological studies [49] is the fact that the
positive effect of an increase in CO2 than twice lower than other important environmental
factors (humidity and thermal conditions, the content of mineral nutrients and another) can
counteract this influence. The concentration in laboratory conditions on plant production
is not confirmed under the conditions of natural plant cultivation.

The research of many authors [5–7,35–37,51–53] shows that the most likely scenario
will be a slow temperature increase resulting from an increase in the concentration of
carbon dioxide in the atmosphere. The result will be a shrinkage of cool climate zones
and an expansion of hot climate zones. The effects of the temperature rise will be more
pronounced in areas near the poles than in the equatorial areas. Therefore, the shift in
climatic zones will be more marked in higher latitudes. In regions with a temperate climate,
such as Central and Eastern Europe, the shift by 1 ◦C will be from 200 to 300 km [54]. This
will have a direct impact on the extension of the range of some crops, including sweet
potatoes [12].

The production potential will increase mainly in the temperate climate zone. Global
changes in world agriculture under the influence of climatic changes will cause many
processes in the natural environment that are still difficult to identify. They will also
shape socio-economic processes and phenomena. The considerations to date show that
the greatest increase in production possibilities will take place in the most economically
developed countries, where problems with food overproduction are observed. On the
other hand, in the poor countries of Africa and Asia, where there are hunger zones, there
may be growing food problems resulting from reduced production possibilities [54]. The
increase in the production potential of agriculture in rich countries will result in an increase
in the average global agricultural production per unit area. There is still a problem of
food overproduction in the European Union countries, which the Common Agricultural
Policy is trying to mitigate and eliminate. One of the directions of activities is the widely
understood extensification of agricultural production, including the reduction in the area
of land developed by agriculture [7,50].

Europe and North America have relatively ample room to adapt to the effects of
climate change. The research conducted so far shows that there will be rather favorable
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changes in terms of agricultural production possibilities. However, in subtropical regions
(e.g., in southern Europe), large areas may be exposed to drought, while on the continents of
the Americas, the risk of extreme phenomena will increase: floods, droughts and cyclones.
The warming of the climate will cause the extension of dry areas also to the areas of
Southern Europe and the necessity to take decisive measures in the field of water retention
and the irrigation of farmland [45,50,54].

Global climate change poses a serious challenge to global food security. The sensitivity of
germs, potentially toxin-producing microorganisms and other pests to climate factors, shows
that climate change can affect the incidence and intensity of certain food-borne diseases.

4.2. Climate Change and the Spread of Pathogens

Climate change and changes in ecological conditions can promote the spread of
pathogens, parasites and diseases, with the potential to seriously affect human health,
agriculture and the environment [54–57]. They are one of the important stressors that can
contribute to the extinction of many species. The IPCC estimates that 20–30% of plant
and animal species assessed so far in climate change studies are at risk of extinction if
temperatures reach levels projected at the end of this century [50].

Poland is one of the largest potato producers in the world, and it is one of the key edible
and industrial plants. Unfortunately, its yields are almost half of those obtained in other EU
countries. The main reasons are as follows: high susceptibility of genetically homogeneous
cultivars to P. infestans and imperfect protection of plantations against pathogen and climate
variability, which is favorable for the development and spread of this pathogen [11,56,57]
and the ability to carry infectious material. Andrivon et al. [58] believed that the spores of
Ph. infestans can spread to a distance of 70–80 km from the site of infection. Aylor et al. [59]
state that the spores of the blight at wind speeds of 20–40 km h−1. They can spread from
the site of infection to 80–160 km in 4 h. Moreover, the short infection cycle and the
possibility of producing a large amount of infectious material creates favorable conditions
for the development of blight, and 100,000 spores can be formed from one pathological
lesion on a leaf. Fry [56] estimates the number of sporangia at 300,000 for 3 days, and
sporulation may begin as early as one or two days after the onset of symptoms [58]. The
amount of yield losses ranges from 30 to 60% [60], 70% [61,62] and 100% [57], and the
growth of this pathogen, in the absence of protection, amounts to about 10–50% due to
the premature destruction of the tops and 0–40% due to the destruction of tubers [12–14].
Haverkort et al. [63] estimate that, in Europe, the annual expenditure on combating potato
blight amounts to EUR 900 million. In the USA, the amount of expenditure on protection
against the plague is estimated at USD 3 billion per year. Global conservation costs and
crop losses are estimated at USD 6.7 billion [5].

In the conducted research, the group of early varieties related to the resistance of
cultivars to this pathogen had the greatest influence on the pace of spreading P. infestans.
The influence of cultivar-related resistance on these plant health traits is confirmed by the
studies of Croxall and Smith [64], Kapsa [61,62], Osowski [15] and Sawicka [12–14]. In
Poland, where protection against late blight is carried out only on about 40% of potato
plantations, the average yield loss was 20–25%. Losses on unprotected plantations are
estimated at 70–80%. There are two phases in the development of late blight: early (hidden)
and epidemic. During the first stage, the fungus multiplies, leading to local infections and
the growth of primary infectious foci depending on the following: density and location
of primary foci, susceptibility of the cultivars to late blight, plant physiological condition,
weather conditions and changes in microclimate and ecoclimate [12,14].

The date of the outbreak in Polish conditions is usually June or July and depends
mainly on the air temperature and precipitation patterns during the growing season. The
development of the disease after reaching the epidemic stage is usually rapid, and usually,
after a few or several days, the plants are almost completely destroyed by the plague.
The date of the outbreak and the pace of its development determine the reduction in
potential potato yields [11,13,15]. Over the past two decades, an increase in the infectivity

38



Climate 2022, 10, 57

of P. infestans has been observed, which results from changes in the population of this
pathogen. The result of these changes is an earlier onset of more rapid disease development,
increased pathogenicity of the fungus, changes in epiphytotic the development of primary
P. infestans infections and the breaking of genetic resistance of many potato cultivars and the
ineffectiveness of traditional methods of plantation protection against the pathogen [17,18].
The increased severity of plague and the losses it causes justify the need to combat it.
However, the goal of most potato blight control systems, due to their commercial nature, is
a comprehensive plant protection strategy with the recommendation of specific chemical
preparations and their dosage, while predicting the timing of an outbreak of P. infestans
is only auxiliary or even switched off or is established only in case of occurrence through
linear models. Almost all decision-making programs were developed on the basis of
observations of the development of potato blight in Western Europe, which makes them
completely unadjusted to other climatic conditions [2]. Therefore, there is an urgent need
to monitor and predict the timing of an outbreak based on meteorological data and/or
potato development phases.

Using the method of determining the upper and lower limits of the trait value for
groups of varieties significantly different from each other, the cultivars tested were divided
into three groups: cultivars with the lowest share of plants with symptoms of potato blight,
in which the infection was less than 4%; cultivars with an average share of individuals
with symptoms, where the paralysis ranges from 4.1 to 8.0%; and cultivars with a high
proportion of plants infected with this pathogen, with an infection rate of > 8%. The late
varieties showed the highest resistance to late blight; the lowest resistance was observed
in very early and early varieties. It can be assumed that specific defense substances (so-
called phytoalexins), which are activators of defense reactions to pathogenic factors, can
trigger the trigger mechanism of resistance to plant infection by P. infestans in plants.
Stark et al. [49] states that the compounds of this type can act as effectors of the expression
of the plant resistance genome, as well as activate enzymes, transfer physiological stimuli
from membrane receptors to the genome, etc., and, therefore, fulfill the function of the first
informants in the pathogenesis and resistance of plants in establishing parasitic contact.
The plant tries to preserve the species in this targeted way.

4.3. Ensuring Food Security

Providing a food base is the basis of food security for each country. The definition
of food security adopted at the Food Safety Summit covers four aspects: food availability,
access to food, food use and stability [1,2,11]. Food security can be analyzed on several
levels (security dimensions): individual or family security, also referred to as food security
of households, national food security and international food security [2,65]. Economic
globalization justifies the use of the concept of global food security [66]. Particular attention
is now paid to the food security of households. The Food and Agriculture Organization of
the United Nations (FAO) defines them in such a manner that all households have physical
and economic access to sufficient food for all members, and there is no risk that they will
lose this access [2,65].

In the legal sense of “food security”, it is said that food security is an optimal state
assumed by the legislator. The means that the relevant provisions of national and EU law
and, above all, the provisions of international law are required to achieve food security.
According to the FAO/WHO (Food and Agriculture Organization of the United Nations),
food security means a state in which all people have access to food that is safe for health
and value. In legal terms, the concept of food security is related to the human right to food
and the need to combat hunger [2,4].

In turn, from a philosophical point of view, “food security” is expressed in the fact that
society should not allow any of its members to starve. In this approach, the opposite of food
security is hunger related to the body, which can result in the loss of human dignity [4].

Food safety is considered in a production context, especially potato production. Food
safety mainly depends on the health quality of food. The Act of August 25, 2006, as
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amended (2020/2021) on food and nutrition safety, specifies the requirements and pro-
cedures necessary to ensure food and nutrition safety in accordance with the provisions
of Regulation (EC) No. 178/2002 of the European Parliament and of the Council of 2002
establishing the general principles and requirements of food law, establishing the European
Food Safety Authority and laying down procedures for food safety (Journal of Laws EC L
31 of 01.02.2002, p. 1; EU Journal of Laws), called “Regulation No 178/2002”, “by regulation
No. 1935/2004” [67–70]:

(1) Food health requirements—in the scope not regulated in the regulations of the Euro-
pean Union.

(2) Requirements for compliance with hygiene rules:

(a) Food—within the scope not regulated in Regulation (EC) No. 852/2004 of the
European Parliament (Journal of Laws UE L 139 of 30 April 2004, p. 1),

(b) Materials and articles intended to come into contact with food—within the
scope not regulated in Regulation (EC) No. 1935/2004 of the European Par-
liament of 27 October 2004 on materials and articles intended to come into
contact with food (Journal of Laws UE L 338 from 13 November 2004),

(3) The competence of the authorities to carry out official food controls in accordance with
the principles set out in Regulation (EC) No 882/2004 of the European Parliament and
of the Council of 29 April 2004 on official controls performed to verify compliance
with feed law and food and animal health and animal welfare rules (Journal of Laws
UE L 191 of 30 April 2004, p. 1), hereinafter referred to as “Regulation No. 882/2004”,

(4) Requirements for the performance of official food controls—within the scope not
regulated in Regulation No 882/2004.

The results of the research by Otekunrin et al. [4] carried out in Nigeria revealed that
only 12.8% of households had food security, while 87.2% had varying levels of food insecu-
rity. In Europe, food security is at a higher level than in developing countries, but there are
large regional and national differences indicated by FAO/WHO [2], Otekunrin et al. [4,54],
Yuen [10], Karaczun [45], Scott et al. [70] and Tripathi et al. [71]. The main objectives of the
European food safety policy are to protect human health and consumer interests and to
support the smooth operation of the European single market. Thus, the European Union
supervises the legal status, the establishment and compliance with control standards in
such areas as follows: hygiene of feed and food products, animal health, plant health and
the prevention of food contamination by external substances. In addition, the farm-to-fork
approach in the EU aims to ensure a high level of safety at all stages of the production and
distribution process of all food products placed on the EU market, regardless of whether
they are produced in the EU or imported from third countries. This piece of legislation is
a complex and comprises an integrated system of rules governing the entire food chain.
These rules will be further developed in the context of the Commission’s Farm to Fork
Strategy, which was launched in 2020 as part of the European Green Deal. Nevertheless,
the level of food security is clearly differentiated between European countries, and Europe
is ranked behind North America according to the Global Food Security Index created in
cooperation with the Economist Intelligence Unit [4,72]. The first “20” of the index includes
eleven EU countries, with Finland, Ireland and the Netherlands at the fore. Bulgaria,
Slovakia and Hungary ranked lower; 44, 40 and 36, respectively, Poland was placed 25th in
this ranking. The need to implement more solutions that will provide people in need with
access to a wide range of food resources is stressed. This variation in food safety is due to
an internal discrepancy. The level of food security in the EU is therefore not uniform, as
the results of both Mediterranean and Central and Eastern European countries are much
weaker than in Western Europe or Northern Europe. Currently, the EU’s food system is
dominated by other challenges such as food waste, over-consumption, obesity and the
environmental impact of food production [72].

The results presented by the United Nations [3] indicate that age, years of education of
the household head, gender, farm size, farm experience, non-farm income, food expenditure
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and access to advisory services significantly contribute to food insecurity among farms.
The state’s efforts should, therefore, be directed towards promoting education-related
household intervention programs in order to broaden their knowledge of nutrition, which
may improve their food security status. In addition, rural infrastructure facilities should be
provided, such as water supply, rural gasification, internet services and healthcare services
that promote healthy lifestyles and increase agricultural productivity in households.

The relationship between food safety and food security is also important. The food
law does not explicitly state the relations between the two concepts in question, although
both are legal concepts. However, the literature on the subject indicates that food safety
is an element of a wider issue, which is food safety. Food safety in the legal sense seems
to correlate with the aspect of “Food availability” as part of food security in economic
terms. Food safety is primarily related to its health values, and “food security” in the “Food
access” dimension also means the need to provide food that is safe for health. Therefore,
both of these terms draw attention to the need to eliminate pathogenic substances that are
dangerous to human health from food products. Thus, it can be said that (in the indicated
aspects) the terminological scope of food safety is wider than the terminological scope of
food safety and covers it.

The research carried out was innovative as it combined the assessment of climate
change with food and food safety. This will allow for better planning of the supply of food
raw materials, forecasting possible drops in the potato yield based on the monitoring of
potato blight and ensuring a healthy raw material, both for direct consumption and food
processing in the southeastern part of Poland.

5. Conclusions

Climate change creates, on the one hand, new opportunities for potatoes as an alterna-
tive source of human food and animal feed, as well as a raw material for the production
of bioethanol and starch, and on the other hand, unfavorable weather conditions may
contribute to a decrease in the acreage suitable for potato cultivation as a result of the
deepening hydrological drought and the reduction in yielding, in relation to the actual and
potential yield.

The effect of climate warming in the southeastern part of Poland is a prolonged
growing season, an earlier start of vegetation, no or little snow cover and the development
of diseases, including a faster spread of potato blight, which results in a decrease in the total
and commercial yield of early and medium-early varieties, medium-late and late as well as
a decrease in the yield of early varieties intended for very early and early potato harvesting.

The meteorological conditions exerted a significant influence on the variability of
the potato yielding. The positive dependence of tuber yield was demonstrated on the
following: air temperature in April–May and June–July and negative temperature in
August–September. Along with the increase in the average temperature in April–May
and June-July, tuber yields should be expected to increase, assuming that the increase in
temperature will be accompanied by an increase in rainfall in this period.

It has been documented that thermal, precipitation and precipitation conditions have
a negative effect on potato yields, especially in the early stages of the growing season.
Excessive rainfall in April–May may significantly reduce the yield of potatoes. The yield
limited by the excess of water was 39% lower than the actual yield and 64% lower than the
potential potato yield.

The modeling method used in this study, after the necessary modification, can be
used to forecast the yields of other crop species, which in turn can bring about measurable
macroeconomic and microeconomic effects.

Climate changes affect food security in the field of basic food raw materials, including
potato, as one of the most important food products and raw material for the processing of
main food products such as French fries, crisps, dried products, frozen and freeze-dried
products, raw material for the production of starch and bioethanol and influence on the
state’s food security policy.
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47. Chmura, K.; Chylińska, E.; Dmowski, Z.; Nowak, L. Role of the Water Factor in Yield Formation of Chosen Field Crops. Infrastructure
and Ecology of Rural Areas. Nr 9/2009; Polska Akademia Nauk, Oddział w Krakowie, Komisja Technicznej Infrastruktury Wsi:
Krakow, Poland, 2009; pp. 33–44. (In Polish)

48. Anonymous. Prognozowanie Plonów. 2015. Available online: http://www.igik.edu.pl/pl/teledetekcjaprognozowanie-plonow
(accessed on 18 January 2022). (In Polish).

49. Stark, C.; Love, S.; King, B.; Marshall, J.; Bohl, H.; Salaiz, T. Potato variety response to seasonal drought patterns. Am. J. Potato Res.
2013, 90, 207–216. [CrossRef]

43



Climate 2022, 10, 57

50. Sadowski, M. Zmiany Klimatu i Ich Skutki Teraz i w Przyszłości. 2020. Available online: https://www.pzh.gov.pl/wp-content/
uploads/2020/11/1_-prof-Sadowski.pdf (accessed on 29 January 2022).

51. Rykaczewska, K. Influence of high temperature during the growing season on the potato (Solanum tuberosum L.) yield, tuber
dormancy period and the yield value of seed potatoes. I. Plant development and yield. Zesz. Probl. Post. Nauk Roln. 2004, 496,
185–198. (In Polish)

52. Rykaczewska, K. The impact of high temperature during growing season on potato cultivars with different response to environ-
mental stresses. Am. J. Plant Sci. 2013, 4, 2386–2393. [CrossRef]

53. Rykaczewska, K. The effect of high temperature occurring in subsequent stages of plant development on potato yield and tuber
physiological defects. Am. J. Potato Res. 2015, 92, 339–349. [CrossRef]

54. Otekunrin, O.A.; Otekunrin, O.A. Healthy and Sustainable Diets: Implications for Achieving SDG2. In Zero Hunger. Encyclopedia
of the UN Sustainable Development Goals; Leal Filho, W., Azul, A., Brandli Özuyar, P., Wall, T., Eds.; Springer: Cham, Switzerland,
2021.

55. Czarnecka, M.; Nidzgorska-Lencewicz, J. The role of meteorological elements in the formation of daily (24 h) variability of the
light soil moisture in winter. Ann. Univ. Mariae Curie-Skłodowska Sect. B Geogr. Geol. Min. Alogia Petrogr. 2006, 61, 125–130.

56. Fry, W.E. Phytophthora infestans: The plant (and R gene) destroyer. Mol. Plant Pathol. 2008, 9, 385–402. [CrossRef]
57. Harrison, J.G. The effect of aerial environment on late blight of potato foliage—A review. Plant Pathol. 1992, 41, 384–416.

[CrossRef]
58. Andrivon, D.; Evenhuis, B.; Schepers, H.; Gaucher, D.; Kapsa, J.; Lebecka, R.; Nielsen, B.; Ruocco, M. Reducing Primary Inoculum

Sources of Late Blight. ENDURE Potato Case Study-Guide 2008, 1, 4. Available online: www.endure-network.eu (accessed on 5
January 2022).

59. Aylor, D.E.; Fry, W.E.; Mayton, H.; Andrade-Piedra, J.L. Quantifying the rate of release and escape of Phytophthora infestans
sporangia from a potato canopy. Phytopathology 2001, 91, 1189–1196. [CrossRef]

60. Lung’aho, C.S.K.N.; Nderitu, S.K.N.; Kabira, J.N.; El Bedewy, R.; Olanya, O.M.; Walingo, A. Yield performance and release of four
late blight tolerant potato varieties In Kenya. J. Agron. 2006, 5, 57–61. [CrossRef]

61. Kapsa, J. Zaraza (Phytophthora infestans/Mont./de Bary) występująca na łodygach ziemniaka. Monography 11. IHAR Radzików
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Abstract: The food self-sufficiency policy has always featured as an unquestionable policy objective
for Egypt. This is understandable when one considers both the high population growth and the social
and political vulnerability associated with a dependence on food imports and world market food
prices such as wheat. Intensive agriculture has led to a growing subsidy burden for the Egyptian
government. In addition, the agricultural fields in Egypt are commonly distributed with relatively
small sizes parcels that usually reduce the reliability of the agricultural sector, particularly in the delta
region, to meet the national food policy. On top of that, climate change, through changing weather
patterns and increased temperatures, is affecting agricultural yields and thus farmers’ livelihoods.
A water profitability analysis was conducted for three governorates in the Nile Delta in Egypt to
establish a baseline and assess the net return per unit of water of the main crops in each of these
governorates; this can act as a reference of the water profitability of different crops before they
are affected by climate change and other internal and external factors. The analysis was based on
extensive in-person surveys in each governorate in addition to workshop discussions with farmers.
The study has highlighted the impact of a lack of extension services, which limits farmers’ ability
to increase their land and water productivity. Farmers with more access to subsidized production
inputs managed to achieve higher levels of water profitability even on smaller lands. Finally, we
drew from our findings key policy actions to improve water profitability and land productivity for
farmers in the Nile Delta to achieve higher levels of food security. This will help build resilient food
production systems that are reliable in the face of climate change and other drivers. In addition, an
integrated nexus strategy and plan for the inter- and intra-country is recommended to address the
challenges related to food and climate security.

Keywords: water profitability; water productivity; Nile Delta; food security; water security

1. Introduction

Since the 1950s, the food self-sufficiency policy has always featured as an unquestion-
able policy objective for Egypt. Climate change can have a severe impact on the agricultural
sector and the stability of food security in Egypt. This is understandable when one considers
both the high population growth and the social and political vulnerability associated with a
dependence on food imports and world market food prices such as that of wheat. Egypt is
considered one of the largest importers of wheat and a country where people rely on wheat
products for around one-third of their food consumption in terms of calorie intake [1]. It is
also expected that the food and water gaps that Egypt is facing will significantly widen by
2050 [2].

Food security, job creation, and limited per-capita land endowment in the Old Lands
were always the determining factors for water and agricultural policy and are constantly

45



Climate 2022, 10, 17

used as an indisputable rationale for the expansion of irrigation, as illustrated in the Min-
istry of Agricultural and Land Reclamation’s (MALR) sustainable development strategy
towards 2030 [3]. Moreover, the responsibility of MALR is to ensure that food production
is sufficient for to meet demand and sustainable at the same time, in addition to the moni-
toring and evaluation of sudden climatic changes and their impact on crop productivity to
mitigate climate impacts on the quality and productivity of crops under stress.

Climate change can have a severe impact on the agricultural sector and the stability
of food security in Egypt and in the Middle East and North Africa (MENA) region [4]. It
is expected that crop production will be affected negatively due to the expected increases
in temperature, extreme weather events, drought, plant diseases, and pests. Additionally,
land use will be affected due to seawater intrusion and salinization. Water resources will
be affected due to global warming and decreases in precipitation. Moreover, crop water
requirements are expected to increase [5]. The compound effect of all these components
represents the main challenge for researchers; moreover, the current cropping systems must
be changed to comply with the future demands of the growing population and the threat
of climate change [6]. The negative impacts of climate change on crop production can be
reduced by the implementation of integrated farm-level adaptation strategies, starting with
adopting changes including different seed varieties, planting dates, rationalizing the use of
water and fertilizers, and changing irrigation intervals.

In addition, the sustainable development goals (SDGs) 1, 2, and 6, which are promoting
sustainable agricultural practices to end poverty and increase water use efficiency [7], need
greater efforts and resources at the country level to ensure the even and equal achievement
of targets [8]. Therefore, further efforts are required to face these challenges, including more
investments in agricultural and food systems and adapting sustainable alternative crops to
the impact of water scarcity and climate change. For the sake of rationalizing the use of
resources in the agricultural production system in Egypt, there is a need to understand the
agricultural system (crops) and its related costs, returns, and profitability for farmers in
terms of both land and water.

Water profitability analysis for policy planning—while still relatively a new concept—
has been conducted in multiple regions to assess the net return per unit of water consumed
in agriculture for crop production. In the Middle East and North Africa (MENA) region,
several of these studies were performed. Oulmane et al. [9] assessed the water productivity
and water value of three crops under normal conditions and used water-saving technologies
in Algeria. The water value was calculated using gross margin, water costs, and applied
water. It highlighted the increase in net returns per cubic meter of water due to the use
of water-saving technologies. In Jordan, ref. [10] conducted a multicriteria analysis for
water productivity to evaluate the economic value of water under maximum yields for
selected crops. The study showed date palm to be the most profitable crop regarding water
productivity. In Lebanon, a water profitability analysis was conducted to optimize cropping
patterns based on the net revenue per unit of water [11]. In Oman, Al-Said et al. [12] assessed
the water productivity of vegetables under modern irrigation methods. They analyzed the
income per unit of water for five different crops and showed the increased returns and
savings gained using drip irrigation for vegetable production.

Further, economic water productivity has been assessed by scholars following the
water footprint concept [13]. Chouchane et al. [14] analyzed the economic water and land
productivity of 11 crops in Tunisia. The study highlighted that the highest economic water
productivity was reported for tomatoes and potatoes, while the lowest was recorded for
olives, which are one of the major export products of the nation. In Pakistan, a study was
conducted to compare the water productivity and return per unit of water for different rice
types [15].

Yakubu et al. [16] analyzed net farm income per unit of land for four major strategic
crops in the Kano River irrigation project in Nigeria. The study highlighted the profitability
of maize, rice, and wheat compared to tomatoes. Tashikalma et al. [17] compared the crop
profitability per unit of land under both rainfed and irrigated conditions in Nigeria. The
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study highlighted the major inputs that are costly for farmers, which, if subsidized, could
drastically improve their incomes. Khansa [18] analyzed the average farm income under
normal cropping patterns and used alternative saving crops. The author showcased the
potential increase in farm income and water savings by changing the cropping pattern.
Similar studies were conducted in Turkey [19], Peru [20], Bolivia [21], and Mexico [22].

However, the study of water profitability has been scarcely implemented in Egypt and
thus there are few data on the baseline for its assessment in the Nile Delta. The only study
analyzing water profitability in Egypt was conducted by Hosni et al. [23], who assessed
the economic value of water used in irrigation in three governorates. Furthermore, they
used linear programming (LP) to optimize the cropping patterns of these governorates to
maximize water profitability and water savings. However, Osama et al. [24] studied the
net return obtained per unit area (feddan) of all allocated crops for the cropping pattern
(2008–2012). They used a linear programming (LP) technique to optimize the area allocated
for each crop to achieve an overall increase in net benefits. These studies were conducted
using reported data and lacked local farmers’ information and voices.

This study attempts to set a baseline for the water profitability of multiple strategic
crops in the Egyptian Nile Delta and compares different crops in three different gover-
norates based on primary data collected from farmers’ input. These crops were selected
due to their importance in terms of the cultivated area, food insecurity, economy, and
employment in Egypt. The analysis sheds the light on the main factors contributing to
the heterogeneity of the water profitability levels across the Nile Delta and what policy
recommendations and actions could be followed to increase and improve water and land
profitability and productivity for farmers.

2. Materials and Methods

2.1. Description of the Study Area

This study was conducted in three governorates in the Egyptian Nile Delta, in Sharkia,
El-Beheira, and Kafr El-Sheikh governorates, as seen in Figure 1. The three governorates
were selected as they are a good representative of the ‘old lands’ in the Egyptian Delta,
where most smallholder farmers are situated. The three governorates also represent the
east, west, and middle of the Delta. The study area is representative as many of the strategic
crops in Egypt are grown in these governorates.

 

Figure 1. Study area in the Egyptian Nile Delta: Sharkia, El-Beheira, and Kafr El-Sheikh governorates.
Source: Google Earth.
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2.2. Data Collection

The study operationalizes both quantitative and qualitative data. The data were
collected through two approaches. Firstly, structured interviews for farmers through a
structured questionnaire were conducted. For each governorate, a minimum of 100 farmers
were interviewed during 2020 to establish the baseline before COVID-19. Secondly, farmer
consultation workshops were conducted in each governorate to collect the information
and data required but also to validate the data collected during the individual interviews.
Three workshops were conducted, one at every governorate with a minimum of 20 farmers.
Farmers were randomly selected from each governorate to represent smallholder farmers
that have farms ranging from less than one feddan up to five feddans. Table 1 shows the
number of farmers in each data collection approach.

Table 1. Number of forms collected and farmers attending the workshops.

Governorate Number of Forms Collected
Number of Participants in

the Workshop

Sharkia 102 22
El-Beheira 110 20

Kafr El-Sheikh 120 20

The questionnaire used for data collection included both qualitative and quantitative
data [25]. It included socio-economic data, farmer family structure, a detailed breakdown
of all production inputs and their cost, water consumption, agricultural yields and produc-
tivity, self-consumption, market access, and selling prices.

The production input costs included:

• Land preparation;
• Seeding and planting;
• Irrigation;
• Fertilization;
• Weeding;
• Pest Control;
• Harvesting;
• Transportation;
• Other Expenses.

2.3. Analytical Methodology

Assessing water profitability in this study was achieved using the economic water
productivity analytical method [12,23]. This analytical method was chosen due to several
reasons. Firstly, the data collected and questionnaires were designed to follow the same
structure of production input classification as the agricultural statistics bulletin. Moreover,
the data collected allowed for collecting actual water applied by farmers. Finally, the chosen
analytical method can accommodate the nuances and differences between farmers regard-
ing access to agricultural inputs and water application compared to statistical averages and
experts’ estimations. The following steps describe the calculation method:

• Total Costs (TC): This is the summation of all the production costs.

Total Costs = ∑(Land Preparation + Seeding and Planting + . . . + Other Expenses.) (1)

• Total Revenue (TR): the yield per unit area multiplied by the selling price of all crops
on land including primary and secondary crops.

Total Revenue = Yield × Crop Price (2)

• Net Return (NR): This is the difference between the total revenue and total costs.
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Net Return = TR − TC (3)

• Water Applied (WA): the amount of water applied per unit area for that crop produc-
tion per season.

• Water Profitability (WP): the net return per unit of water applied for that crop’s
production.

Water Profitability = NR/WA

Units for results:

• EGP (Egyptian pound);
• Feddan, unit of area commonly used in Egypt, equivalent to 4200 m2.

3. Results

This section presents the results of the collected data and the water profitability
analysis conducted for the crops identified by sampled farmers as crops they had planted
As the smallholder farmers were randomly selected, data for some crops are not available
for any of the three governorates.

3.1. Sharkia

Table 2 depicts the water profitability analysis conducted for Sharkia from the col-
lected forms in the governorate. The analysis was conducted for five main crops: wheat,
sugar beet, clover, rice, and maize. Regarding total costs per feddan, sugar beet was the
highest followed by rice, and the lowest was clover. Total revenue was highest for sugar
beet and clover and lowest for maize. For the net return per feddan, clover was the high-
est 17,480 EGP/feddan, and the lowest value was found for maize at 723 L.E/feddan.
Furthermore, rice is considered to be the most water-intensive crop, requiring about
6480 m3/feddan, which is nearly double the amount required for the other crops, and
the least water-intensive is wheat, using 2160 m3/feddan. Finally, regarding water prof-
itability, clover was the most profitable at 5.2 EGP/m3 followed by sugar beet and wheat,
while maize was the least water-profitable crop at 0.22 EGP/m3.

Table 2. Water profitability analysis for Sharkia governorate in 2020, source: field data collected from
farmers and verified by workshops.

Production Inputs Wheat Sugar Beet Clover Rice Maize

Land Preparation (EGP) 783 1320 736 1097 959
Seeding and Planting (EGP) 899 1575 466 1634 1174

Irrigation (EGP) 421 545 589 1138 608
Fertilization (EGP) 949 2310 938 1101 1472

Weeding (EGP) 200 1700 - 521 715
Pest Control (EGP) 261 900 - 360 399
Harvesting (EGP) 2224 2750 920 2537 1414

Transportation (EGP) 587 700 854 634 680
Other Expenses (EGP) 231 200 217 237 239

Total Cost Without Rent (EGP) 6555 12,000 4720 9257 7661
Productivity (Ton/feddan) 2.82 45 37 3.675 2.62

Price (EGP/Ton) 4400 500 600 3500 3200
Revenue (EGP/feddan) 12,408 22,500 22,200 12,863 8384

Net Return (EGP/feddan) 5853 10,500 17,480 3605 723

Water Applied (m3/feddan) 2160 3520 3360 6480 3240

Water Profitability (EGP/m3) 2.71 2.98 5.2 0.56 0.22
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Figure 2 shows the water profitability for the selected crops in Sharkia Governorate
calculated using the Ministry of Agriculture and Land Reclamation–Economic Affairs
Sector’s Agricultural Statistics Bulletin for 2019 and data from the Land and Water Research
Institute of the Water Standards Department. The figure also shows that clover is the most
water-profitable crop, followed by sugar beet and wheat. The least water-profitable crops
are rice and maize, which aligns with the data collected from the surveys and workshops.
However, the collected data reflect the real value on the ground that show the sugar beet
and wheat values were almost double the published value. These on-ground data need to
be reflected in the policy planning and recommendations.
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Figure 2. Water profitability of Sharkia governorate from Bulletin data compared to collected forms.
Source: In blue, Ministry of Agriculture and Land Reclamation–Economic Affairs Sector‘s Agricultural
Statistics Bulletin for 2019 and Land and Water Research Institute’s Water Standards Department’s
unpublished data. In gray are the in-person forms collected in 2020.

3.2. El-Beheira

Table 3 depicts the water profitability analysis conducted for El-Beheira from the
collected forms in the governorate. The analysis was conducted for nine main crops: wheat,
sugar beet, broad bean, clover, rice, maize, watermelon pulp, tomato, and cotton. Regarding
total costs per feddan, tomato was the highest followed by cotton, and the lowest was
broad bean. Total revenue was highest for cotton and tomato and lowest for maize. For
the net return per feddan, watermelon pulp was the highest 19,391 EGP/feddan and the
lowest was maize at 10,799 L.E/feddan. Furthermore, rice was found to be the most water-
intensive crop, followed by maize. Finally, for water profitability, watermelon pulp was the
most profitable at 13.47 EGP/m3 followed by broad bean at 12.96 EGP/m3, while maize
was the least water-profitable crop at 1.71 EGP/m3.

Figure 3 shows the water profitability for the selected crops in the El-Beheira gov-
ernorate calculated using the Ministry of Agriculture and Land Reclamation–Economic
Affairs Sector’s Agricultural Statistics Bulletin for 2019 and data from the Land and Water
Research Institute’s Water Standards Department compared to results calculated from
the collected forms/study. Moreover, the water profitability values gathered from the
collected forms are significantly higher than those from the Bulletin and Water Standards
Department. This is reflected in ground farmers’ information and local conditions. This
analysis shows the potential of cotton and wheat in El-Beheira.
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Figure 3. Water profitability for El-Beheira Governorate from Bulletin data compared to collected
forms. Source: In blue, Ministry of Agriculture and Land Reclamation–Economic Affairs Sector’s
Agricultural Statistics Bulletin for 2019 and Land and Water Research Institute–Water Standards
Department’s unpublished data. In gray are the in-person forms collected in 2020.

Table 3. Water Profitability Analysis for El-Beheira Governorate in 2020, source: field data collected
from farmers and verified by workshops.

Production Inputs Wheat
Sugar
Beet

Broad
Bean

Clover Rice Maize
Watermelon

Pulp
Tomato Cotton

Land Preparation (EGP) 416 368 294 314 483 548 413 1280 690
Seeding and Planting (EGP) 656 341 744 597 973 782 370 1380 730

Irrigation (EGP) 396 600 391 494 682 564 536 360 340
Fertilization (EGP) 858 968 596 624 870 1018 1023 2270 1060

Weeding (EGP) 414 573 175 607 605 506 526 1160 1000
Pest Control (EGP) 350 386 225 864 534 474 735 4700 1540
Harvesting (EGP) 1001 1000 763 1076 879 838 657 1340 2140

Transportation (EGP) 269 473 475 166 292 303 130 500 250
Other Expenses (EGP) 23 67 - 21 30 56 21 200 -

Total Cost Without Rent (EGP) 4371 4764 3661 4758 5333 5060 4409 13,190 7750
Productivity (Ton/feddan) 3 22 1.86 35 4 3.36 0.7 26 1.575

Price (EGP/Ton) 4467 650 12,000 680 3700 3214 34,000 1000 16,825
Revenue (EGP/feddan) 13,401 14,300 22,320 23,800 14,800 10,799 23,800 26,000 26,499

Net Return (EGP/feddan) 9030 9536 18,659 19,042 9467 5739 19,391 12,810 18,749

Water Applied (m3/feddan) 1740 2340 1440 2460 4440 3360 1440 1440 2880

Water Profitability (EGP/m3) 5.19 4.08 12.96 7.74 2.13 1.71 13.47 8.9 6.51

3.3. Kafr El-Sheikh

Table 4 depicts the water profitability analysis conducted for Kafr El-Sheikh from the
collected forms in the governorate. The analysis was conducted for ten crops produced
in the area: wheat, sugar beet, broad bean, maize, watermelon pulp, clover, cotton, dry
peas, and onion. Regarding total costs per feddan, cotton was the highest followed by
sugar beet, and the lowest was clover. Total revenue was highest for dry peas followed
by onion and cotton and lowest for maize and then clover. For the net return per feddan,
dry peas were the highest at 25,000 EGP/feddan followed by onion at 22,544 EGP/feddan,
and the lowest was maize at 1697 L.E/feddan. Furthermore, rice was found to be the most
water-intensive crop, and the least intensive was dry peas using 1400 m3/feddan. Finally,
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for water profitability, dry peas were the most water profitable at 17.86 EGP/m3 followed
by onion and broad bean, while maize was the least water-profitable crop at 0.49 EGP/m3.

Table 4. Water profitability analysis for Kafr El-Sheikh Governorate in 2020, source: field data
collected from farmers and verified by workshops.

Production Inputs Wheat
Sugar
Beet

Broad
Bean

Rice Maize
Watermelon

Pulp
Clover Cotton

Dry
Peas

Onion

Land Preparation
(EGP) 616 726 400 691 638 648 389 795 700 700

Seeding and
Planting (EGP) 828 823 1029 1178 901 841 417 985 375 1000

Irrigation (EGP) 494 588 236 972 508 371 439 720 425 800
Fertilization (EGP) 942 1538 414 1122 1051 1064 526 1520 800 1500

Weeding (EGP) 355 859 643 545 596 580 136 999 625 300
Pest Control (EGP) 424 825 664 747 360 964 231 1703 850 800
Harvesting (EGP) 850 1054 1007 809 644 757 217 2663 1000 800

Transportation
(EGP) 261 573 314 270 306 173 103 248 225 200

Other Expenses
(EGP) 204 300 175 231 200 200 0 250 0 0

Total Cost Without
Rent (EGP) 4974 7286 4882 6566 5204 5596 2459 9884 5000 6100

Productivity
(Ton/feddan) 2.85 27 1.395 3.25 2.1 0.7 25.5 1.339 2 14

Price (EGP/Ton) 4467 625 12,187 3560 3286 35,000 400 19,810 15,000 2046
Revenue

(EGP/feddan) 12,731 16,875 17,001 11,570 6901 24,500 10,200 26,526 30,000 28,644

Net Return
(EGP/feddan) 7757 9589 12,119 5004 1697 18,904 7741 16,641 25,000 22,544

Water Applied
(m3/feddan) 2088 1740 1218 5568 3480 2320 2262 3712 1400 1740

Water Profitability
(EGP/m3)

3.72 5.51 9.95 0.9 0.49 8.15 3.42 4.48 17.86 12.96

Figure 4 shows the water profitability for the selected crops in Kafr El-Sheikh calculated
using the Ministry of Agriculture and Land Reclamation–Economic Affairs Sector’s Agricul-
tural Statistics Bulletin for 2019 and data from the Land and Water Research Institute–Water
Standards Department. The figure also shows that dry peas were the most water-profitable
crop, followed by onion, while the least-water profitable crops were rice and maize, which
aligns with the data collected from the surveys and workshops. Again, the results indicate
the potential consideration of cotton and sugar beet in Kafr El-Sheikh.
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Figure 4. Water Profitability for Kafr El-Sheikh Governorate from Bulletin data compared to collected
forms. Source: In blue, Ministry of Agriculture and Land Reclamation–Economic Affairs Sector’s
Agricultural Statistics Bulletin for 2019 and Land and Water Research Institute–Water Standards
Department’s unpublished data. In gray are the in-person forms collected in 2020.

3.4. Cross-Governorate Comparison

From a socio-economic perspective, the results show that the majority of farmers are
over 50 years old, as their percentage reached 61% in Sharkia Governorate, about 67% in
El-Beheira Governorate, and about 73% in Kafr El-Sheikh Governorate. Additionally, most
farmers had received a formal education, as the percentage of educated people reached
about 89.22% in Sharkia Governorate, about 66.96% in the El-Beheira Governorate, and
about 51% in Kafr El-Sheikh Governorate. The study also showed that agricultural incomes
varied from one governorate to another, as the annual income from agriculture reached
about 28,000 EGP per feddan in Sharkia Governorate, about EGP 13,000 per feddan in
El-Beheira Governorate and about EGP 12,000 per feddan in Kafr El-Sheikh Governorate,
and the majority of farmers had incomes other than agriculture.

It was found from the farmers’ responses that the most important reason for the low
productivity per feddan was the lack of fresh water in the water channels, which forces
some farmers to supplement their irrigation needs with water from agricultural drainages
such as in Kafr El-Sheikh or well water. Furthermore, across the three governorates, the lack
of production requirements such as fertilizers, seeds, pesticides, and machinery needed
for cultivation and harvesting operations at appropriate prices and times are increasing
the costs and limiting productivity. Furthermore, low market prices are affecting the net
returns per feddan and unit of water. In addition, low soil fertility and deteriorating water
quality are all contributing to a reduction in productivity and yields.

Figure 5 depicts the water profitability of different crops in each of the three gover-
norates. The highest overall profitable crop was dry peas, which were only found in Kafr
El-Sheikh at nearly 18 EGP/m3, followed by watermelon pulp, broad bean, and onion.
The least water-profitable crops were rice and maize. However, in El-Beheira wheat was
more water profitable than in Sharkia and Kafr El-Sheikh. Furthermore, clover’s water
profitability value in Sharkia was nearly double that of Kafr El-Sheikh. Moreover, sugar
beet in Kafr El-Sheikh was more water profitable compared to the other two governorates.
Finally, water profitability was mostly higher for the same crops in Beheira and then Kafr
El-Sheikh and lastly Sharkia. These results could be used to reflect on the suitability of the
crops per governorate including land and water as well as the socio-economic data of the
farmers and accessibility to the market.
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Figure 5. Cross-governorate water profitability comparison for 2020, source: field data collected from
farmers and verified by workshops.

The collected data also point to the fact that experience had a great impact on increasing
water and land productivity and determining the dates of harvest and the best harvesting
technique. The level of education also affected production levels and the change of crops
from one year to another. The high costs of production requirements had a significant
impact on the profitability potential as many farmers did not have the cash flow required
to cover the initial costs of the production of the more profitable crop.

The results show that the economic variables vary from one governorate to another,
although the data of Sharkia Governorate show higher values than those of other gover-
norates. Thus, the total costs for the same crop are higher in Sharkia compared to El-Beheira
and Kafr El-Sheikh. This is one of the main reasons why the net return per feddan and
water profitability are lower in Sharkia compared to the other two governorates. Moreover,
in Sharkia Governorate the farm sizes are relatively smaller and more fragmented than
the other two governorates. This makes the costs relatively higher and the net return per
feddan significantly lower. Finally, for smaller farm sizes the options for profitable crops
are limited, which compels farmers to select crops based on considerations other than per
feddan net returns and profitability.

4. Discussion

4.1. Discrepancy and Similarity between Governorates

The discrepancy between the water profitability values calculated from the face-to-face
forms and the bulletin is due to several reasons. Firstly, the bulletin data were published
for the year 2019, which is based on 2018 estimates and numbers, while the forms were
collected in 2020. This could affect water profitability through a multitude of ways, such as
different market prices and the availability of production inputs and their prices. Moreover,
the bulletin data were based on averages of market prices, yields, and experts’ estimations
of the production inputs and thus the return per feddan. On the contrary, the value of
the estimates in this study are calculated from primary collected data from farmers, thus
considering the different challenges farmers may face in acquiring certain production
inputs such as fertilizers and pesticides.

The estimates of water profitability from the collected are forms are higher compared
to the estimates by Hosni et al. in 2013 [23]. For Sharkia Governorate their estimates of
water profitability for rice were 0.32 EGP/m3 compared to our estimates of 0.56 EGP/m3.
Sugar beet water profitability in their study was estimated at 1.68 EGP/m3 compared to
our estimates of 2.98 EGP/m3 for the same governorate. It is also important to point out
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that the estimates by Hosni et al. (ibid.) were calculated using the bulletin data and not
from primary collected data from farmers.

4.2. Rationale for Crop Selection

Despite maize and rice having relatively lower water profitability, these crops have
significant value for farmers. Maize is a major source of animal nutrition, and it provides
important supplementary nutrition for livestock. The absence of these nutritious elements
leads to a decrease in the production of meat, which affects Egyptian food security. Rice
plays an important role in soil management; farmers plant rice to wash their soils and
improve their fertility. Rice is also considered one of the most important staple foods and a
source of foreign currency when exported. The shortage of this crop affects the volume of
agricultural exports. Rice has another significant value as it contributes to the protection of
the northern areas of the Nile Delta from seawater intrusion.

Even though cotton has also relatively lower water profitability, it is a significant
Egyptian crop due to several reasons; it is an important strategic crop for the textile
industry, as well as for exports [26]. Egyptian cotton is world-famous for its quality and has
great export potential [27]. Many farmers responded that they continued planting cotton
as they inherited the practice from their fathers and grandfathers. They also mentioned
that for them there is no convincing alternative.

Wheat is an essential crop for Egyptian food security even if it has lower water
profitability compared to other high-value crops [28]. Egypt is considered one of the
biggest wheat importers globally; this is due to the high consumption of bread in the
Egyptian diet [1,29]. Thus, many farmers in Egypt tend to grow wheat for self or home
consumption. Farmers listed several other reasons for growing wheat, for example, the
low amount of labor, easiness of growing the crop, having the accumulated experience and
knowledge to grow it, and its usefulness as feed livestock.

Regarding the most water-profitable crops as seen in Figure 4, dry peas were the most
profitable followed by watermelon pulp. Farmers justified the plantation of dry peas in Kafr
El-Sheikh as it has very high net returns per feddan and relatively low costs compared to
the profit. Farmers selected watermelon pulp cultivation due to the high return it generates,
easiness of cultivation, and the fact that it has a short cycle so does not stay in the ground
for a long period. Moreover, farmers chose broad beans because they reduce soil stress and
increase its fertility, and its straw is used as fodder for livestock. These represented the
secondary values that were often underestimated. Sugar beet was selected by farmers as it
has high returns per feddan, it thrives in the soil in Kafr El-Sheikh, and it has a relatively
stable selling price when sold to sugar factories. Finally, sugar beet can withstand salinity,
which reduces the risk of growing it.

Net return and profitability are not the only factors that impact farmers’ crop selection.
The smaller the farm size, the fewer the options for profitable crops. However, farmers
therefore tend to grow livestock on those lands and grow crops that can be used as fodder
such as clover, maize, and crops that have a side product that can be used as fodder such as
wheat, broad beans, and sugar beet. The net revenue and profitability of these products are
relatively low, but their contribution in the value chain for farmers is high and satisfies the
need for fodder for livestock, which would be expensive if purchased from the market.

4.3. Recommendations

The above analysis revealed the need for a new paradigm shift in the Egyptian water
and food sectors in an effort to address these challenges and mitigate the risks. This
paradigm has three main directions in which Egypt’s water sector and food sector can
transform to be able to accommodate and deal with its challenges and meet future needs,
including the socio-economic development ambitions. The first dimension is the digital
transformation of the agricultural sector. The second dimension is the investment in the
agricultural sector and focus on its development. The third dimension is to adopt more
bottom-up planning and implementation to improve equity in water access and use with
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respect to agricultural water investments, which are part of a bigger picture of system
management, as they are efficient from economic, social, and environmental perspectives.
This entails the concept of nexus governance, requiring policy actors to engage across
policy domains and the public and private spheres, and by extension, strengthening human
capital and institutions for policy coherence and participatory mechanisms.

The role of education and extensions services is clear in improving land and water
productivity [30]. Investment in strong extension services and awareness campaigns for
farmers can significantly increase water profitability and contribute to increased levels
of food security. One dimension of this could be achieved through the use of digital
innovations and information systems [31]. These tools can provide farmers with accurate
information and viable interventions at the right time.

The prices and availability of agricultural inputs affect the net returns per feddan and
water profitability as has been found in the three governorates. Increasing the allocated
quantities of seeds, fertilizers, and pesticides at the agricultural associations in each gover-
norate and increasing the subsidies allocated to these items would positively impact water
profitability for farmers, in particular the smallholders. In addition, providing machinery
for farming and harvesting different crops at subsidized rates or through establishing
farmers’ associations could positively impact the profitability and respond to the lack of
manpower and its high cost.

The next step required to better understand the agricultural system in the Nile Delta
is to assess the water profitability of cropping sequences, not just single crops. Assessing
common cropping rotations in the three governorates will paint a clearer picture of the
small farmers in the region. Common rotations are the plantation of rice and sugar beet
followed by cotton and then wheat, or starting with cotton and then wheat followed by rice
and ending with wheat again [32]. Moreover, analyzing water profitability over a year, thus
including every season, would take into account the same temporal scale for analyzing net
return for farmers.

Assessing the water- and soil-quality effects on water profitability is essential, as it
would open the door for understanding the links between the soil characteristics, land
productivity, yield, and production inputs and costs. In addition, some crops are selected
by farmers to improve soil fertility and to protect the land from deterioration. These links
and benefits should be considered when analyzing water profitability.

Conservation agriculture is key to addressing the challenges related to food insecurity
and climate change. Transformation of agricultural systems by adopting climate-smart
agriculture practices can increase resilience while increasing productivity.

Finally, having a baseline of water profitability for different crops before COVID-19
could be the first step to evaluate potential new crops that have higher water profitability
and can contribute directly or indirectly to improving food security in Egypt. Hence, to
improve food security in Egypt, more information on crops’ water profitability and their
values in comparison to the world (similar countries) and region practices are essential
to inform policymakers in deciding strategies regarding cropping patterns. This would
create a backdrop based on which future patterns can be assessed and evaluated taking
into account the pressures of climate change and economic development ambitions.

5. Conclusions

This study on water profitability analysis was conducted for the major crops in three
governorates in Egypt. The analysis was conducted for the Sharkia, El-Beheira, and Kafr
El-Sheikh governorates, situated in the Egyptian Nile Delta. The study shed light on the
water profitability of different crops in the study areas based on field primary data collected
from farmers in each of those governorates and verified these data through consultation
workshops. This study approach has not been implemented in the Egyptian Delta before
and thus reveals the actual water profitability of different crops produced by smallholder
farmers. This study provides insights into the different difficulties farmers face that affect
their land and water profitability and shows how these problems could be addressed to
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improve food and climate security. The analysis showed the differences in water prof-
itability among the three governorates even for the same crop and the contributing factors
that affect it. Furthermore, the limiting factors for improving water profitability were
identified, such as limited extension services, deteriorating water and soil quality, and
inaccessibility of production inputs. Such an assessment can set the baseline for the water
profitability of different crops and allow more climate-resilient cropping patterns to be
planned accordingly as well as act as a guide for future policies. Monitoring the change
of water profitability over time can deepen our understating of the factors that impact
it along the production chain and highlight opportunities to improve it. Consequently,
analyzing the water profitability of crops downstream the supply chain can paint a clearer
picture of their contribution to GDP and national growth. Taking the analysis one step
further and analyzing the number of family members benefiting from the generated profits
could provide fresh insights into water profitability social distribution and the number
of beneficiaries. Finally, we provided policy actions and recommendations for improving
water profitability for farmers and future pathways for a deeper understanding of the
water profitability of the farmers in the Nile Delta and how this knowledge could improve
Egyptian food and climate security.
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Abstract: A few severe drought events occurred in the Northeast (NE) USA in recent decades and
caused significant economic losses, but the temporal pattern of drought incidents and their impacts
on agricultural systems have not been well assessed. Here, we analyzed historical changes and
patterns of drought using a drought index (standardized precipitation-evapotranspiration index
(SPEI)), and assessed drought impacts on remotely sensed vegetation indices (enhanced vegetation
index (EVI) and normalized difference vegetation index (NDVI)) and production (yield) of the wild
blueberry fields in Maine, USA. We also analyzed the impact of short- and long-term water conditions
of the growing season on the wild blueberry vegetation condition and production. No significant
changes in the SPEI were found in the past 71 years, despite a significant warming pattern. There
was also a significant relationship between the relatively long-term SPEI and the vegetation indices
(EVI and NDVI), but not the short-term SPEI (one year). This suggests that the crop vigor of wild
blueberries is probably determined by water conditions over a relatively long term. There were also
significant relationships between 1-year water conditions (SPEI) and yield for a non-irrigated field,
and between 4-year-average SPEI and the yield of all fields in Maine. The vegetation indices (EVI and
NDVI) are not good predictors of wild blueberry yield, possibly because wild blueberry yield does
not only depend on crop vigor, but also on other important variables such as pollination. We also
compared an irrigated and a non-irrigated wild blueberry field at the same location (Deblois, Maine)
where we found that irrigation decoupled the relationship between the SPEI and NDVI or EVI.

Keywords: wild blueberry barrens; temperature; precipitation; drought index (SPEI); drought impact;
normalized difference vegetation index (NDVI); enhanced vegetation index (EVI)

1. Introduction

Elevated atmospheric temperatures, increased rainfall variabilities, and more frequent
extreme drought events associated with anthropogenic climate change have been signif-
icantly damaging agricultural systems and crop production globally [1,2]. Additionally,
local and microclimate changes could be more intense and significantly different compared
to the reported average global or regional climate changes in terms of temperatures and pre-
cipitation [3–5]. For instance, a recent study on wild lowbush blueberry crops in Downeast,
Maine (ME), USA has revealed that the summer temperatures of wild blueberry fields have
been increasing significantly faster in the past forty years compared to that of the region
(the state of Maine, Northeast (NE) USA) [6]. Such higher increasing temperature patterns
in agricultural lands will exacerbate the impacts of drought events due to increased water
loss [7,8]. Severe drought incidents have been reported in recent decades in NE USA and
caused significant economic losses [9–11]. However, the historical trends of drought and
their impacts on agricultural systems in this region have not been carefully assessed.

The wild blueberry (Vaccinium angustifolium Aiton) is one of the culturally and eco-
nomically valuable crops in NE USA, which has been growing naturally for hundreds of
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years at the coastal barrens of the state of Maine in the USA, Atlantic Canada, and the
province of Quebec in Canada. It is quite a unique agricultural system, as ~1500 genetically
distinct wild blueberry plants can be found in a large field (~5 ha) [12]. This crop grows in
a two-year production cycle where the stems, leaves, and buds develop during the first
year, referred to as a prune year, and those plants bloom and produce fruits during the
second year, referred to as a crop year [12]. After harvesting the berries from the end of July
to early August in a crop year, plants are pruned to the ground by mowing or burning and
the crop cycle starts again the following prune year. It is still unknown how this unique
wild agricultural system will respond to the unprecedented changes in rainfall patterns
and decreasing soil moisture in this region [6,7]. In fact, the summer temperatures and,
hence, potential evapotranspiration of the wild blueberry fields at Downeast, Maine have
been increasing significantly in the past decades [6]. Yet, we do not know whether wild
blueberry fields experienced drought stress over the years, not to mention we do not have
any scientific evidence of how this crop has been responding to drought incidents over
the years. Although some controlled drought experiments revealed that wild blueberry
plants are drought tolerant based on one growing cycle (2 years) [13,14], we still do not
know whether drought has short-term and long-term effects on the vigor and production
of this crop. Hence, the historical drought patterns that the wild blueberry barrens have
been experiencing, and their impacts on crop vigor and production, need to be analyzed to
guide management practices in the future.

Drought has been a great threat to the agricultural systems worldwide, and has
been extensively studied in different regions on varieties of crops [15,16]. Droughts in
agricultural lands are related to a lack of precipitation and inadequate water supply to crops.
In order to analyze drought severity, several meteorological drought indices have been
developed based on different combinations of precipitation, temperature, soil moisture
availability, and vegetation conditions. Widely used drought indices include the Palmer
Drought Severity Index (PDSI) [17], the standardized precipitation index (SPI) [18], and the
standardized precipitation-evapotranspiration index (SPEI) [19]. Here, in order to analyze
historical drought patterns for wild blueberry fields in Maine, we adopted the SPEI over
other drought indices as it is determined based on precipitation, temperature, and potential
evapotranspiration [19]. Moreover, the SPEI would be the most useful index to determine
the water conditions (dry/wet) and drought severity of an agricultural system during both
the short period and long period [19,20]. This is because the SPEI’s multi-scalar character
enables it to detect, monitor, and analyze droughts more effectively, as it can quantify
the water conditions (dry/wet) and the drought severity according to its duration and
intensity [19]. The SPEI also allows the comparison of drought severity through time and
space, since it can be calculated over a wide range of climates.

Besides determining the historical drought patterns for the wild blueberry barrens,
we also assessed the impacts of drought and water conditions on the crop vigor and
production of wild blueberries over the years. In order to determine the crop vigor,
which could be indicated by their greenness and biomass, widely used remotely sensed
vegetation indices such as the normalized difference vegetation index (NDVI) and the
enhanced vegetation index (EVI) were used to analyze the vegetation condition of wild
blueberry fields and their response to historical drought incidents. The NDVI and EVI
are widely used to assess vegetation health and biomass production, as they represent a
composite property of canopy cover, canopy structure, canopy greenness, leaf area, and
chlorophyll content [6,21–24]. Moreover, we analyzed the effects of short- and long-term
water conditions (or water deficits; indicated by the SPEI) on the wild blueberry crop
vegetation status and production in Maine, and the impacts of irrigation in alleviating
drought effects and securing production. Our study will provide a complete understanding
of how this crop has been affected by frequent erratic changes in rainfall and drought.

Therefore, the objectives of this study were:
1. To test whether drought incidents and severity were increasing in the past 71 years

by analyzing the historical changes in temperature, precipitation, and drought index (SPEI),
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as well as the changing pattern of the EVI and fruit production of wild blueberry fields in
the past two decades in the study sites of the major wild blueberry production region of
Maine, USA.

2. To determine the impacts of drought on the vegetation condition and production of
the wild blueberry crops in Maine by establishing relationships among the drought index
(SPEI), vegetation indices (NDVI and EVI), and yield.

3. To test whether irrigation alleviated the impacts of drought on the vegetation health
and production of the wild blueberry crops in Maine by comparing nearby irrigated and
non-irrigated fields.

2. Materials and Methods

2.1. Study Area

We analyzed the wild blueberry fields in Maine, USA as a whole, and two specific
fields with a good record of yield data (Figure 1). The wild blueberry fields in the major
production region are located in the Washington and Hancock counties of Maine (referred
to as “Maine WB Fields”, Figure 1a,b). The two specific fields selected were the Airport wild
blueberry field at Deblois, Maine (referred to as “Airport”, Figure 1c), and the Baxter wild
blueberry field at Deblois, Maine (referred to as “Baxter”, Figure 1c). The soil of the wild
blueberry fields in Maine is well-drained sandy loam acidic soil [25]. The studied region
has a four-season climate with an average annual minimum temperature of −10.6 ◦C and
a maximum temperature of 24.2 ◦C, and monthly average precipitation as low as 85.1 mm
and as high as 136.4 mm [26].

 

Figure 1. Location of the study sites: (a) a map of the state of Maine (light blue color), USA showing the location of the
major wild blueberry production region (Washington and Hancock County) in dark blue color; (b) a map of the major
wild blueberry production region in Maine showing 89 wild blueberry fields in red polygons for this study with an area
of 0.06 km2 (250 m × 250 m) or larger; (c) Airport and Baxter wild blueberry fields of Wyman’s in Deblois, Washington
County, ME, USA.
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2.1.1. Wild Blueberry Fields in Major Wild Blueberry Production Region of Maine, USA

Washington and Hancock counties together are the largest producer (~90%) of wild
blueberries in Maine [27]. In this study, a total of 89 wild blueberry fields were considered,
among which 69 fields were in Washington County, and 20 fields were in Hancock County
(Figure 1a,b). Among all the wild blueberry fields of that region, 89 fields with 0.06 km2

(250 m × 250 m) or larger areas were selected for this study. The land area threshold of
0.06 km2 was used because the remote sensing data products that we used had a spatial
resolution of 250 m. The selected wild blueberry fields are represented in red color in
Figure 1a,b.

2.1.2. Airport and Baxter Wild Blueberry Fields in Deblois, Maine

The Airport and Baxter fields are adjacent to each other (Figure 1c). These two fields
are part of the commercial blueberry fields owned by Jasper Wyman and Son in Deblois
(longitude: −68.0001◦ N, latitude: 44.7350◦ W), Washington County, Maine, USA. In terms
of agricultural management, these two fields are historically treated equally except for
irrigation. The Airport field is irrigated during the growing season, whereas the Baxter
field is non-irrigated. During the growing season from May to September, the Airport field
was irrigated when needed with Nelson Full-Circle Impact sprinklers (Walla Walla, WA,
USA) uniformly across the field. The irrigation system was set to ensure 0.5 to 1.0 inches
of water supply per week by compensating natural precipitation. The area of the Airport
field is 77 acres (0.31 km2), and the Baxter field is 39 acres (0.16 km2). These two fields were
selected to understand and differentiate the effectiveness of current uniform irrigation
practices in a single production region with the same climatic conditions.

2.2. Data Acquisition and Methodology

A Keyhole Markup Language Zipped (KMZ) file locating the wild blueberry fields
of Maine was produced based on a field survey carried out by the University of Maine
Cooperative Extension. The polygons of the 89 wild blueberry fields (area > 0.06 km2) in
the major wild blueberry production region, Maine (Figure 1a,b) were acquired from the
KMZ file. The Airport and Baxter field polygons were acquired from a KMZ file based on a
field survey by Jasper Wyman & Son, Deblois, Maine.

In this study, the SPEI was used as a drought index, which is calculated based on
precipitation, temperature, and potential evapotranspiration data. The SPEI was chosen
over another popular drought index, the PDSI, because the PDSI has a fixed temporal
scale (between 9–12 months), which prevents the understanding of drought severity on
different temporal scales [28]. In addition, the SPEI was chosen over the widely used SPI
because the SPI only considers precipitation data and does not include air temperature
and evapotranspiration data, which could also significantly influence the understanding
of drought impacts on agriculture [19]. The SPEI’s multi-scalar character enables it to
detect, monitor, and analyze droughts more effectively, as it can quantify the drought
severity according to its duration and intensity [19]. The SPEI allows the comparison of
drought severity through time and space, since it can be calculated over a wide range
of climates. In this study, the SPEI data were collected from the readily available open
access database “SPEI Global Drought Monitor” (https://spei.csic.es/map/maps.html,
accessed on 10 July 2020) in netcdf format. The netcdf files containing the SPEI data were
transferred to ArcGIS Pro Version 2.7 (ESRI, Redlands, CA, USA) to acquire the SPEI data
for the study sites (Airport, Baxter, and major wild blueberry region of Maine) over 71 years
from 1950 to 2020, using the zonal statistics tool in ArcGIS Pro (Figure 2). The SPEI data
were acquired on different temporal scales ranging from 1 month (SPEI_1) to 48 months
(SPEI_48). These data were provided on a per-pixel basis at a 4 km spatial resolution. The
SPEI (SPEI_6 of September) of only the growing season (April–September) was considered
in this study. SPEI_6 of September represents the water conditions of a growing season
(April–September). To understand the long-term (multi-year) impact of water conditions
on the vegetation indices (EVI and NDVI) and yield of wild blueberry crops, the average
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SPEI (SPEI_6 of September) of two, three, and four consecutive years was also calculated.
A positive SPEI value represents wet conditions, whereas a negative SPEI value indicates
dry conditions.

Figure 2. A flowchart showing the steps of data acquisition and analyses for this study.

The dataset of climate variables, such as total precipitation and mean temperature,
during the growing season (May to September) over 71 years from 1950 to 2020 for the
study sites (Airport/Baxter and the major wild blueberry region of Maine) was acquired
from the online tool “Climate Engine” (https://clim-engine.appspot.com/climateEngine,
accessed on 17 July 2021) of the Desert Research Institute, University of California, USA.
Here, total precipitation refers to an average of monthly total precipitation (mm), and
mean temperature refers to an average of the monthly mean air temperature at 2 m from
the ground surface for the growing season. The original data sources for the climate
variables were obtained from the AN81 m dataset of the PRISM Climate Group (https:
//prism.oregon-state.edu/explorer/, accessed on 17 July 2021). These data were provided
on a per-pixel basis at a 4 km spatial resolution for the conterminous United States with a
temporal resolution of one month (daily mean temperature and total precipitation were
averaged monthly). This AN81 m dataset is available from January 1895. The extracted
data were transferred into Microsoft Excel (Microsoft, Redmond, WA, USA) to calculate
the average total precipitation and the mean temperature of the summer months (May to
September) of each year (Figure 2).

In order to quantify vegetation responses to drought, satellite-based remotely sensed
EVI and NDVI data for 21 years (2000 to 2020) of the studied wild blueberry fields
were acquired from Google Earth Engine. These data were originally obtained from
the Moderate Resolution Imaging Spectroradiometer (MODIS) product MOD13Q1 (https:
//lpdaac.usgs.gov/products/mod13q1v006, accessed on 25 July 2021). The MOD13Q1
dataset is preprocessed as well as readily and freely available. The MOD13Q1 Version 6 data
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have a spatial resolution of 250 m, generated every 16 days. For the development of the
MOD13Q1 product, an algorithm was used to select pixels with low clouds, low view
angle, and maximum index value to obtain the best available pixels over the 16-day-period
image acquisitions [29]. The MOD13Q1 product has two vegetation layers: NDVI and
EVI. The NDVI is the most common one used for characterizing canopy leaf chlorophyll
content based on the reflectance contrast between the red and the near-infrared (NIR)
wavebands [30]. However, the NDVI has some limitations, such as (1) it saturates in dense
vegetation, (2) it does not consider the canopy background noise, and (3) its ratioing prop-
erties to eliminate noise [31]. These limitations were improved in the EVI to some extent,
and thus the EVI has several advantages over the NDVI as it has improved sensitivity over
high biomass regions [31]. This dataset is readily available in the Google Earth Engine. The
vegetation indices values over the summer months were extracted for the study sites using
a JavaScript-based API in the Google Earth Engine (https://code.earthengine.google.com/,
accessed on 25 July 2021) using the extraction command “ui.Chart.image.seriesByRegion”.
The extracted data were transferred into Microsoft Excel (Microsoft, Redmond, WA, USA)
to calculate the average EVI and NDVI of the summer months (May–September) of each
year (Figure 2).

The historical yield data of Maine were collected from the United States Department
of Agriculture (USDA), National Agricultural Statistics Service using a Quick Stats Ad-hoc
Query Tool (https://quickstats.nass.usda.gov/, accessed on 26 July 2021). Historical yield
data of the entire state of Maine (million lbs.) were available from 1924 to 2020, but the
yield per production area data (lbs./acre) were only available from 2012 to 2020 (except
2013). It should be noted that the yield data were considered from all over the state of
Maine, where ~90% of the yield was typically from the major wild blueberry production
region (Washington and Hancock counties). The historical yield data of the Airport and
Baxter fields at Deblois, Maine were provided by Jasper Wyman & Son, Maine. The yield
(lbs./acre) data for the Airport and Baxter fields were available from 1993–2019 for every
alternate year (except 2001 for the Baxter field).

2.3. Statistical Analysis

In this study, SPSS v23 (IBM Corp., Armonk, NY, USA), and RStudio software (RStudio,
PBC, Vienna, Austria) were used for statistical analysis. Trend analyses of the climate
variables (SPEI, Precipitation, Temperature) over the last 71 years (1950–2020) at the studied
wild blueberry fields (Airport/Baxter and Maine) were conducted using a Mann–Kendall
trend test and Sen’s slope estimator using the XRealStats (Addinsoft, New York, NY, USA)
add-on in Microsoft Excel. The “pheno” package in RStudio was used to analyze the
forward (UF) and backward (UB) curves of the sequential Mann–Kendall test statistics.
Trend analyses of the EVI and yield over the last 21 years (2000–2020) at the studied wild
blueberry fields (Airport/Baxter and Maine) were conducted using a Mann–Kendall trend
test and Sen’s slope estimator using the XRealStats tool. To assess the statistical significance
of the Mann-Kendall trend analysis, the significance level (α) was set to 0.05.

A Pearson correlation analysis was conducted between different temporal scales of
SPEI and EVI and yield to understand the drought impact on vegetation (EVI) and yield at
different temporal scales using SPSS v23. To assess the statistical significance of the Pearson
correlation analysis, the significance level (α) was set to 0.05.

To understand the effects of short- to long-term water conditions (SPEI_1_Year to
SPEI_4_Year) on the EVI and NDVI (average of the growing season: May–September) for
the studied wild blueberry fields over 21 years (2000–2020), linear (in the form of a + bx)
and non-linear (in the form a + bx + cx 2) regression analyses were also conducted using
SPSS v23. A similar analysis was conducted to understand the short- to long-term impact
of water conditions (indicated by SPEI_1_Year to SPEI_4_Year) on the yield of the studied
wild blueberry fields. We determined the statistical significance of the relationship using
the coefficient of determination and its significance (α) at p < 0.05.
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3. Results

3.1. Historical Changes in SPEI, Climate Variables, EVI, and Productivity of Wild Blueberry
Systems in Maine, USA

During the last 71 years (1950–2020), the drought index (SPEI, Figure 3a,b) and pre-
cipitation (Figure 3c,d) tended to increase marginally (Figure 4a–d; Table 1) in the studied
wild blueberry fields in Maine (Figure 3a,c and Figure 4a,c), as well as in two specific
fields (Airport/Baxter) at Deblois, Maine (Figure 3b,d and Figure 4b,d). However, the
mean atmospheric temperature increased significantly in the wild blueberry fields in Maine
overall (Figure 3e,f; Table 1), and in the two fields in Deblois, ME. These patterns were also
supported graphically by the upward UF curve (forward trend) mostly being >0.0 and UB
(backward trend) curve mostly being <0.0 (Figure 4e,f).

 

Figure 3. Historical (1950 to 2020) patterns of the (a,b) SPEI_6 of September; (c,d) mean precipitation (average of
May–September); (e,f) average temperature (average of May–September) throughout the major wild blueberry production
region in Maine as well as at the Airport/Baxter wild blueberry fields in Deblois, ME. A positive SPEI value represents
wet conditions, while a negative SPEI value indicates dry conditions. Here, mean precipitation refers to an average of the
monthly total precipitation (mm), and mean temperature refers to an average of the monthly air temperature at 2 m from
the surface for the growing season.
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Figure 4. Sequential Mann–Kendall test statistics (UF and UB values) calculated from the (a,b) SPEI_6 of September;
(c,d) mean precipitation (average of May–September); (e,f) average air temperature (average of May–September) throughout
the major wild blueberry production region in Maine, as well as at the Airport/Baxter wild blueberry fields in Deblois, ME.
Here, the upward UF curve (forward trend) mostly being > 0.0, UB (backward trend) curve mostly being < 0.0, and UF and
UB not intersecting with each other indicate the significant increasing trends of the mean temperature. The intersections of
the curves with the 0.0 line as well as with each other represent the non-significant changing (increasing/decreasing) trends
of the SPEI and precipitation.

Based on the yield data from the crop years (every alternate year from 1993–2019), the
wild blueberry yield of the Airport field (irrigated) had no significant change (; Figure 5a;
Table 2). No significant changes in the EVI during the growing season (April–September)
of the Airport field were detected over the last 21 years (2000–2020) (Figure 5d; Table 2).
In contrast, both the yield (Figure 5b) and the EVI (Figure 5e) showed significant incre-
ments in the Baxter field (non-irrigated; Table 2). No significant changes in yield were
observed from the studied wild blueberry fields of Maine over the last 21 years (2000–2020)
(Figure 5c). A significant increase in the EVI during the growing season (April–September)
was observed over the last 21 years for fields of Maine as a whole (Figure 5f; Table 2).
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Table 1. Sequential Mann–Kendall trend analysis of the standardized precipitation-evapotranspiration index (SPEI),
precipitation and mean temperature (Tmean) at different wild blueberry study zones: Airport/Baxter wild blueberry fields
(Deblois, ME), and Maine wild blueberry fields (Washington and Hancock counties, ME). Here, the SPEI refers to SPEI_6 of
September. It represents the SPEI of the growing season (April–September) and indicates water conditions and drought
severity. Tmean represents the average air temperatures during the growing period (May–September).

Mann–Kendall
Test

Maine WB Fields
Airport/Baxter, Deblois, ME

Irrigated/Non-Irrigated

SPEI Precipitation Tmean SPEI Precipitation Tmean

Kendall’s Tau 0.062 0.144 0.276 0.114 0.144 0.270

Mann–Kendall
Stat (S) 153.000 357.000 687.000 283.000 359.000 671.000

Var (S) 40,588.33 40,588.33 40,588.33 40,588.33 40,588.33 40,588.33

p-value
(two-tailed) 0.45 0.07 0.001 0.16 0.07 0.001

Alpha 0.05 0.05 0.05 0.05 0.05 0.05

Trend
Increasing

(Non-
significant)

Increasing
(Non-

significant)

Increasing
(Significant)

Increasing
(Non-

significant)

Increasing (Non-
significant)

Increasing
(Significant)

Sen’s Slope Q 0.005 1.344 0.013 0.008 1.304 0.012

 
Figure 5. (a,d) Historical values of yield and SPEI ((a): 1993–2019), and of the EVI and SPEI ((d): 2000–2020) for the
Airport (irrigated) field, Deblois, ME. (b,e) Historical values of yield and SPEI ((b): 1993–2019), and in the EVI and SPEI
((e): 2000–2020) for the Baxter (non-irrigated) field, Deblois, ME. (c,f) Historical values of yield and SPEI ((c): 2000–2020),
and in the EVI and SPEI ((f): 2000–2020) for the major wild blueberry production region in Maine. Here, orange dashed
lines indicate SPEI, blue solid lines indicate yield, green solid lines indicate EVI. Here, SPEI refers to SPEI_6 of September.
It represents the SPEI of the growing season (April–September) and indicates water conditions. A positive SPEI value
represents wet conditions, while a negative SPEI value indicates dry conditions.
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Table 2. Sequential Mann–Kendall trend analysis of yield and enhanced vegetation index (EVI) at three different wild
blueberry study zones: Airport (irrigated field, Deblois, ME), Baxter (non-irrigated field, Deblois, ME), and Maine wild
blueberry fields (Washington County and Hancock County, ME).

Mann–Kendall
Test

Airport, Deblois, ME
(Irrigated Field)

Baxter, Deblois, ME
(Non-Irrigated Field)

Maine WB Fields

Yield EVI Yield EVI Yield EVI

Kendall’s Tau 0.099 0.257 0.667 0.333 0.057 0.476

Mann–Kendall
Stat (S) 9.000 54.000 52.000 70.000 12.000 100.000

Var (S) 333.667 1096.667 268.667 1096.667 1096.667 1096.667

p-value
(two-tailed) 0.667 0.110 0.002 0.037 0.740 0.003

Alpha 0.050 0.050 0.050 0.050 0.050 0.050

Trend
Increasing

(non-
significant)

Increasing
(non-

significant)

Increasing
(significant)

Increasing
(significant)

Increasing (non-
significant)

Increasing
(significant)

Sen’s Slope Q 54.10 0.003 89.91 0.003 0.301 0.003

3.2. Relationships between SPEI and Vegetation Indices in Wild Blueberry Fields of Maine

Based on the relationships of both the short-term and long-term average SPEI with
the EVI and NDVI (Figures 6 and 7, and Table S1), the long-term SPEI showed a stronger
influence on the vegetation indices (EVI in Figure 6 and NDVI in Figure 7) of wild blue-
berries compared to the short-term SPEI. While analyzing the impact of the short-term
SPEI (SPEI_1_Year in Figures 6 and 7, and SPEI_1 to SPEI_11 in Table S1) on the EVI
(Figure 6a–c) and NDVI (Figure 7a–c) during the growing season (May–September), no
significant relationship was observed for the studied wild blueberry fields in Maine.

On the contrary, while observing the impact of the long-term SPEI (2 to 4 consecutive
years) on both the EVI and NDVI of the wild blueberry fields during the growing season,
we found both significant linear and quadratic relationships between the SPEI and the
EVI (Figure 6d–l) as well as between the SPEI and the NDVI (Figure 7d–l). Among the
significant linear and quadratic relationships between an average SPEI of 2 consecutive
years (SPEI_2_Year) and vegetation indices for the Airport (Figures 6d and 7d), Baxter
(Figures 6e and 7e), and studied wild blueberry fields in Maine (Figures 6f and 7f), the
coefficient of determination (R2) was higher for the quadratic relationships. Moreover,
the strength (R2 values) of both the linear and quadratic relationships was higher when
considering more consecutive years, such as SPEI_3_Year (Figures 6g–i and 7g–i) and
SPEI_4_Year (Figures 6j–l and 7j–l) compared to the SPEI_2_Year (Figures 6d–f and 7d–f).
Although both the relationships between the SPEI and EVI (Figure 6) as well as the SPEI
and NDVI (Figure 7) were significant when considering the long-term SPEI, the coefficient
of determination (R2) was higher for the relationships between the SPEI and EVI compared
to the relationships between the SPEI and NDVI. Because of the stronger relationship
between the SPEI and EVI, we further analyzed the impact of the short- and long-term
water conditions (SPEI) on wild blueberry yield, as well as the influence of monthly
water conditions (SPEI) during the growing season on EVI and yield. Interestingly, when
considering the impact of the monthly SPEI (different temporal SPEI in Table S1) during
the growing season, the SPEI of the early season (April–June) showed more impacts on the
EVI of the wild blueberry fields compared to the SPEI later in the season (July–August).
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Figure 6. Average enhanced vegetation index (EVI) of wild blueberry fields during the growing season (May to September)
for three different study zones: Airport (irrigated), Baxter (non-irrigated), and the major wild blueberry production region
in Maine in relation to (a–c) SPEI_1_Year; (d–f) SPEI_2_Years (average SPEI of two consecutive years); (g–i) SPEI_3_Years
(average SPEI of three consecutive years); (j–l) SPEI_4_Years (average of SPEI of four consecutive years). Here, SPEI refers
to SPEI_6 of September and it represents the SPEI (water conditions) of the growing season (April–September). A positive
SPEI value represents wet conditions, while a negative SPEI value indicates dry conditions. The blue solid lines indicate
significant (p < 0.05) and blue dashed lines indicate marginally significant (p < 0.10) linear relationships. The dashed red
lines indicate significant (p < 0.05) or marginally significant (p < 0.10) quadratic relationships. The time period of the EVI
and SPEI data was from 2000 to 2020.

3.3. Relationships between SPEI and Yield of Wild Blueberry Fields in Maine

The impacts of the short-term and long-term SPEI on the wild blueberry yield (Figure 8
and Table S2) were different from the relationships between the SPEI and EVI during the
growing season (April–September) (Figure 6 and Table S1). A significant and positive
linear relationship was found between the short-term SPEI (SPEI_1_Year) and yield for
the non-irrigated Baxter field (Figure 8b), whereas the relationship between the short-term
SPEI (SPEI_1_Year) and yield was non-significant at the 95% confidence level (marginally
significant at the 90% confidence level, p = 0.058) for the irrigated Airport field (Figure 8a).
For the wild blueberry fields in Maine as a whole, we found a marginally significant (p < 0.1)
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and positive linear relationship between the short-term drought index (SPEI_1_Year) and
the wild blueberry yield (Figure 8c). We found a significant quadratic relationship between
the short-term SPEI (SPEI_1_Year) and yield for the non-irrigated Baxter field (Figure 8b),
but not for the irrigated Airport field or the studied wild blueberry fields of Maine as a
whole. When considering the impact of monthly water conditions (different temporal SPEI
in Table S2) during the growing season, the correlation between the SPEI and yield was
significant for the non-irrigated Baxter field, whereas it was not significant for the irrigated
Airport field.

p p p p p = p 

p p p p p p 

p p p p p p 

p p p p p p 

Figure 7. Average normalized difference vegetation index (NDVI) of wild blueberry fields during the growing season
(May to September) for three different study zones: Airport (irrigated), Baxter (non-irrigated), and the major wild blue-
berry production region in Maine in relation to (a–c) SPEI_1_Year; (d–f) SPEI_2_Years (average SPEI of two consecutive
years); (g–i) SPEI_3_Years (average SPEI of three consecutive years); (j–l) SPEI_4_Years (average SPEI of four consecutive
years). Here, SPEI refers to SPEI_6 of September and it represents the SPEI (water conditions) of the growing season
(April–September). A positive SPEI value represents wet conditions, whereas a negative SPEI value indicates dry conditions.
The blue solid lines indicate significant (p < 0.05) and blue dashed lines indicate marginally significant (p < 0.10) linear
relationships. The dashed red lines indicate significant (p < 0.05) or marginally significant (p < 0.10) quadratic relationships.
The time period of the EVI and SPEI data was from 2000 to 2020.

70



Climate 2021, 9, 178

p = p = p < p < p = p = 

p = p = 

p = p = 

p = p = 

p = p = 

p = p = 

p = p = 

p = p = 

p = p = 

p < p < 

Figure 8. Average yield (lbs./acre) in a year for three different study zones: Airport, Baxter, and the major wild blueberry
production region in Maine in relation to (a–c) SPEI_1_Year; (d–f) SPEI_2_Years (average SPEI of two consecutive years);
(g–i) SPEI_3_Years (average SPEI of three consecutive years); (j–l) SPEI_4_Years (average of SPEI of four consecutive
years). The SPEI data represent SPEI_6 of September. Here, SPEI refers to SPEI_6 of September and it represents the SPEI
(water conditions) of the growing season (April–September). A positive SPEI value represents wet conditions, while a
negative SPEI value indicates dry conditions. The numbers mentioned in the Y-axis were shortened by dividing the
yield (lbs./acre) by 1000. The blue solid lines indicate significant (p < 0.05) and blue dashed lines indicate marginally
significant (p < 0.10) linear relationships. The dashed red lines indicate significant (p < 0.05) or marginally significant
(p < 0.10) quadratic relationships. The time period of the EVI and SPEI data was from 2000 to 2020.

While analyzing the impact of the long-term SPEI (2 to 4 consecutive years) on the
yield of the irrigated Airport field and the non-irrigated Baxter field, no significant linear or
quadratic relationships were found (SPEI_2_Year in Figure 8d,e; SPEI_3_Year in Figure 8g,h;
SPEI_4_Year in Figure 8j,k). However, stronger relationships were observed between the
long-term SPEI during the growing season and yield when considering the wild blueberry
fields of Maine as a whole (Figure 8i–l). We found significant positive linear and quadratic
relationships between the average yield of the wild blueberry fields in Maine and the long-
term SPEI (Figure 8i–l), except for the SPEI_2_Year (Figure 8f), where the linear relationship
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was marginally significant (R 2 = 0.36, p = 0.08) and the quadratic relationship was not
significant. In fact, the quadratic relationships were stronger between yield and the average
SPEI of 3 and 4 consecutive years (Figure 8i–l). Moreover, while considering the cumulative
impacts for more consecutive years, both the linear and quadratic relationships were
observed to be stronger for the wild blueberry fields in Maine as a whole (Figure 8f,i,l).

3.4. Relationships between Vegetation Indices and Productivity

While comparing the influences of the vegetation indices (EVI and NDVI) on the yield
of the irrigated Airport field and the non-irrigated Baxter field, no significant relationship
was found between the yield and growing season EVI and NDVI for the Airport and Baxter
wild blueberry fields during the prune and crop year (Figures 9 and 10). The only significant
correlation was found between the mean EVI of the prune year and crop year for the Airport
field and its yield when fitted with the quadratic relationship (R2 = 0.65, p = 0.03), whereas
the correlation between the mean NDVI of the prune year and crop year for the Airport
field and its yield was non-significant.

p = p = 

p = p = p = p = 

p = p = p = p = 

p = p = 

Figure 9. Relationship between wild blueberry yield (lbs./acre) and the average enhanced vegetation index (EVI) of
(a,b) the prune year, (c,d) the crop year, and (e,f) the average of the prune and crop year from the Airport (irrigated) and
Baxter (non-irrigated) fields in Deblois, Maine. The dashed red lines indicate significant (p < 0.05) or marginally significant
(p < 0.10) quadratic relationships.
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p = p = p = p = 

p = p = p = p = 

p = p = p = p = 

Figure 10. Relationship between wild blueberry yield (lbs./acre) and the average normalized difference vegetation index
(NDVI) of (a,b) the prune year, (c,d) the crop year, and (e,f) the average of the prune and crop year from the Airport
(irrigated) and Baxter (non-irrigated) fields in Deblois, Maine.

4. Discussion

Our study revealed that, despite significant warming in the past century, there were
no significant changes in the drought patterns and drought impacts on the wild blueberry
fields of Maine in the past 71 years. We also found that the water conditions (dry or
wet, as indicated by the SPEI) in the growing season have significant impacts on wild
blueberry vegetation vigor (as indicated by the NDVI and EVI) and production. The
long-term water conditions (the long-term average SPEI) have substantial significant
impacts on wild blueberry crop vegetation vigor (vegetation indices: NDVI and EVI) as
well as their production (yield) in Maine, rather than the water conditions (SPEI) of the
current growing season. The impact of the water conditions on the vegetation indices was
more consistent and significant compared to the impact on yield. Interestingly, we also
found that the water conditions of the early growing season (April–June) might decide
the fate of crop vegetation vigor and production of wild blueberry later in the season
(July–August). We further found that, in terms of vegetation status, water conditions had
little impact on the irrigated field. The water conditions indicated by the SPEI had no
impact on the yield of the irrigated field, suggesting irrigation effectively alleviated the
impact of water deficits on the yield of wild blueberries. Based on our analyses, we also
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found that satellite-based vegetation indices (NDVI and EVI) cannot be used to predict
wild blueberry crop production. However, several previous studies found significant
correlations between high-resolution spectroradiometer-based vegetation indices and yield
in different crops, i.e., maize, wheat, and soybean [32–34]. This could be because the yield
of the wild blueberry crop is more affected by other factors such as pollination rather
than the vegetation vigor. Moreover, further research could be carried out to test using
drone-based high-resolution data to predict the yield of wild blueberries.

The absence of an increasing trend of the drought index SPEI in the wild blueberry
fields could be associated with a lack of significant change in precipitation patterns during
the growing season [6,15,35]. Although the atmospheric temperatures increased signifi-
cantly in this region and in the wild blueberry fields in the past century [4–6,10,11], the
warming pattern and subsequently increased evapotranspiration [6] have not resulted in a
significant increase in drought impact. The studied fields are in a temperate climate region
and they experience relatively low temperatures. The increase in evapotranspiration due
to warming in this region has possibly not pushed the ecosystems here into the range of
severe water deficits.

The water conditions of a relatively long period (SPEI of more than 11–12 months)
showed significant and substantial impacts on vegetation vigor and the yield of wild
blueberry crops. This could be because wild blueberries are a crop with large perennial
underground stem systems called rhizomes, which can store sugar and nutrients [12–14,25],
and their health and yield could mostly be determined by the sugar accumulation of
previous years and not only that of the current growing season. Although the aboveground
parts of the wild blueberries are pruned to the ground every two years, the belowground
rhizomes and roots remain for a long time. As a result, the sugar stored underground
could govern the effect of precipitation on the crop over the long term [36,37]. The wild
blueberry crop requires only an inch of water per week [38] and is regarded as a drought-
resistant crop [13,14]. This could be because of the large water and sugar storage in their
underground tissues. The underground storage may weaken the effect of current year
water conditions on crop health and yield.

The water conditions certainly affect the vegetation status and vigor of wild blue-
berries. The vegetation greenness or vigor of wild blueberries during both prune and
crop years is affected by atmospheric temperature and precipitation during the growing
period [6]. Also, precipitation directly affect the soil moisture availability to crops [39].
Furthermore, soil moisture availability affect the nitrogen uptake and accumulation in
plants, which consequently determines leaf photosynthetic capacity [40], growth and yield
of crops. However, a previous study on the wild blueberries in Eastern Canada found
no correlations between the climate variables of that region and wild blueberry yield [41].
Further studies and analyses are needed to establish high-resolution relationships among
climate variables, vegetation vigor, and yield.

Here, the vegetation indices (EVI and NDVI) are not good predictors of the yield of
wild blueberries. This could be because, besides vegetation status, wild blueberry yield
during the crop year is affected by many other important factors [42], such as pollination,
insect pests, weeds, and pathogens. Though it has been found that vegetation indices are
strongly correlated with yield in some crops [34], it might not be the case for wild blueber-
ries. Vegetation indices are correlated with leaf chlorophyll content and photosynthesis
capacity [43], and might be related to the number of developed flower buds [44]. However,
there are a lot of other factors such as pollinator activity, weed coverage, and fruit set ratio,
which are important in determining yield but can not be predicted by vegetation indices.

Water conditions (indicated by the SPEI) during the early growing season (April–June)
have a larger impact on the vegetation status and yield of wild blueberry crops compared
to that of the later growing season (July–September). This could be related to pollination.
Precipitation intensity and frequencies, along with temperature and wind velocity, during
the pollination period (April–May) in crop year would affect the bee pollination, which
significantly affects the wild blueberry yield in July and August [42,45–47]. In addition,
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the availability of resources such as soil moisture and nutrients [42], determined by the pre-
cipitation and temperature [38], during fruit set and maturation (May–June) right after the
pollination period ends, decides the fate of the final fruit production (July–August) [45–48].

Irrigation decoupled the relationship between the climatic water condition (SPEI)
and yield. The positive relationship between SPEI and yield found in the non-irrigated
Baxter field was not found in the irrigated Airport field, despite both fields being in
the same location with same management practices (except irrigation). The positive
correlation between the SPEI and the yield of the non-irrigated Baxter field suggests the
importance of water conditions in determining yield and the need for effective irrigation
practices to alleviate the impact of drought. The fields of the major wild blueberry region
(which are mostly non-irrigated) showed similar patterns to the non-irrigated Baxter
field. Thus, it suggests that the introduction of effective irrigation management practices
might be useful to enhance the production of wild blueberries by mitigating drought.
Additionally, wild blueberries respond more positively to precipitation frequency rather
than total precipitation volume over the growing season [49]. Irrigation also decoupled
the relationship between the SPEI and vegetation indices (EVI and NDVI), suggesting
the positive effect of irrigation in mitigating the drought effects on vegetation vigor for
wild blueberries. Meanwhile, the quadratic relationships between the SPEI and vegetation
indices, as well as the SPEI and yield, suggest that when the optimum precipitation or water
supply is reached, further increases in the water supply may have a negative effect on crop
vigor and yield. Similar results were also reported between the EVI and precipitation from
the wild blueberry fields in Downeast, Maine [6]. Hence, no overall significant differences
in the vegetation indices or yield were observed between the irrigated Airport field and
the non-irrigated Baxter field, but in drought years (e.g., 2003), the yield and EVI of the
irrigated field were higher than that of the non-irrigated field.

5. Conclusions

Overall, our study suggests that though the temperature has been increasing signif-
icantly in the major wild blueberry production region of Maine, drought has not been
increasing significantly over the last 71 years. However, accelerated warming and a pro-
jected decrease in soil water content [7] may result in an increase in drought impact on
agricultural systems in the future [48]. The water conditions and drought severity quan-
tified by the drought index SPEI had a stronger impact on the vegetation status of the
non-irrigated field compared to the irrigated field. The short-term (one year) SPEI was
positively related to the yield of the non-irrigated field, whereas no significant correlation
was found for the irrigated field, suggesting the sensitivity of wild blueberry yield to
water conditions and the effectiveness of irrigation. However, maintaining optimum soil
moisture is a challenge due to the high spatial variability in soil water retention capacity
in wild blueberry fields. Therefore, developing a precision irrigation system could be an
efficient way to mitigate the effects of water deficits. Interestingly, we found that long-term
water conditions determine the vegetation vigor and yield more than the short-term water
conditions for wild blueberries. Thus, although the wild blueberry is regarded as a drought-
tolerant species, maintaining good water conditions in the field during the growing season
is important for securing a high yield for wild blueberries.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/1
0.3390/cli9120178/s1: Table S1. Pearson correlation analysis between average enhanced vegetation
index (EVI) of the growing season (May–September) and different scales of the SPEI from May to
September at three different wild blueberry study zones: Airport (irrigated field, Deblois, ME), Baxter
(non-irrigated field, Deblois, ME), and Downeast, Maine (all wild blueberry fields). Table S2. Pearson
correlation analysis between average yield per year and different scales of the SPEI from May to
September at three different wild blueberry study zones: Airport (irrigated field, Deblois, ME), Baxter
(non-irrigated field, Deblois, ME), and Maine (all wild blueberry fields).
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Abstract: Diversification of production to strengthen resilience is a key tenet of climate-smart
agriculture (CSA), which can help to address the complex vulnerabilities of agriculture-dependent
rural communities. In this study, we investigated the relationship between the promotion of different
CSA practices across four climate-smart villages (CSVs) in Myanmar. To determine the impact of the
CSA practices on livelihoods and health, survey data were collected from agricultural households
(n = 527) over three years. Within the time period studied, the results indicate that some the CSA
practices and technologies adopted were significantly associated with changes in household dietary
diversity scores (HDDS), but, in the short-term, these were not associated with improvements in
the households’ food insecurity scores (HFIAS). Based on the survey responses, we examined how
pathways of CSA practice adoption tailored to different contexts of Myanmar’s four agroecologies
could contribute to the observed changes, including possible resulting trade-offs. We highlight
that understanding the impacts of CSA adoption on household food security in CSVs will require
longer-term monitoring, as most CSA options are medium- to long-cycle interventions. Our further
analysis of knowledge, attitudes and practices (KAPs) amongst the households indicated a poor
understanding of the household knowledge, attitudes and practices in relation to nutrition, food
choices, food preparation, sanitation and hygiene. Our KAP findings indicate that current nutrition
education interventions in the Myanmar CSVs are inadequate and will need further improvement
for health and nutrition outcomes from the portfolio of CSA interventions.

Keywords: climate-smart agriculture; food security; dietary diversity; climate-smart villages; HFIAS;
HDDS

1. Introduction

Climate change is now recognized as a major threat to food security and adequate
nutrition in the twenty-first century [1–3]. Extreme weather events that threaten food
security, such as droughts, heat waves, floods, wildfires and storms, will also become
more frequent and severe [4] Adverse climate change is already having direct effects
on agricultural production, impacting food supply and food security [5]. The quantity
and nutritional quality of products generated by agricultural systems is influenced by a
range of factors, including, inter alia, soil quality, nutrient availability, temperature, water
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availability, CO2 concentrations and the prevalence of pollinators [2,6,7]), many of which
are undergoing changes due to climate change.

Changes in temperature and water availability are factors influenced by changing
climates, particularly in vulnerable regions. The yields of most crop species are sensi-
tive to alterations in temperature [8,9]. Indeed, when air temperatures exceed 30 ◦C,
even for short periods, reductions in yields are expected in rainfed crops, regardless of
the crop species [10,11]. Higher temperatures are also coupled with decreases in water
availability due to increased evaporation and evapotranspiration, leading to crop yield
reductions [9,12].

From a broader perspective, climate change can have a negative impact on the four
pillars of food security, namely availability, access, utilization and stability (FAO et al. 2018).
Food security is related to nutrition, and, consequently, malnutrition is an indicator of food
insecurity. Dietary diversity is typically measured by the number of food groups eaten in
the diet over a given time period. Overall, dietary diversity is often (although not always)
a good indicator of micronutrient intake and associated malnutrition [13,14].

Dietary diversity outcomes are rarely considered when relating agricultural outputs
to food security [15]. However, more ill health and mortality can be attributed to poor diet
than to any other risk factor [16]. There are direct links between climate change, reduced
access to food and diverse diets and increases in childhood stunting, wasting and low birth
weights [14] as well as through direct temperature impacts on fetal health [17,18]. Stunting
(height-for-age z-score < −2) occurs in children 5 years of age and below and can lead to
shorter adult height, limited cognitive function and reduced adult income [19]. Childhood
wasting (weight-for-height z-score < −2) is estimated to affect 10% of children globally and
is associated with reduced lean mass and weaker immune systems, leaving children more
susceptible to infections, which can result in death [20]. Low birth weights (<2500 g) are
also associated with mothers and households who are food-insecure.

Food insecurity and micronutrient deficiencies associated with poor dietary diversity
are major issues across Myanmar. Such challenges are attributed to diverse factors, such
as conflict, poverty and vulnerability to natural disasters, which are becoming more
frequent due to climate change [21]. According to the Myanmar Micronutrient and Food
Consumption Survey 2017–2018, significant progress is needed to achieve the goals set
by the World Health Organization for reducing wasting and stunting by 2025 [22]. The
MMFC survey highlighted that nearly one in three children (26.7%) under the age of five
are stunted in Myanmar, while 6.7% of children under the age of five are wasted and 19.1%
of children in the same age bracket are underweight. Only 16% of babies aged 6–23 months
receive the minimum acceptable diet for development at their age, while nearly 20% of
adult men and 15% of adult women are underweight [23].

Over 23% of total anthropogenic greenhouse gas emissions are derived from agricul-
ture, forestry and other land uses (AFOLU sector) [24–26]. Excluding land use change,
agriculture contributes to approximately 11% of total anthropogenic GHG emissions, and
requires up to 70% of our global fresh water supply [27]. Climate-smart agriculture (CSA)
is a term used to describe a portfolio of practices that can reduce emissions and strengthen
the adaptation of agricultural systems to climate change, while improving food security
and livelihood outcomes [28]. The CSA approach anchors itself on three pillars that aim to
jointly address food security and climate challenges, leading to systems that sustainably
increase productivity and incomes while building resilience to climate variability, and
seeking mitigation of GHG where possible [29,30].

Climate variability is experienced across most regions of Myanmar, with some re-
gions receiving excessive rainfall, while other regions have insufficient rainfall, leading to
drought periods during cropping cycles [31]. Access to safe and reliable water supplies,
whether for irrigation, livestock or domestic use, is a key constraint to livelihoods and food
production, with significant knock-on consequences for income [32]. Myanmar is also at
increasing risk from a wide range of natural climate-influenced hazards, including cyclones,
floods and droughts, that can have severe negative impacts on the livelihoods of the poor,
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contributing to seasonal food shortages. CSA programs in Myanmar to strengthen liveli-
hood resilience will increasingly include diversification, including the increasing adoption
of trees, livestock and off-farm incomes as risk aversion strategies for the rural poor.

Hence, the development, application and impact monitoring of climate-smart agri-
culture (CSA) strategies and programs is central to ensuring food system productivity to
deliver key outcomes, including achieving food security, reducing malnutrition, reducing
inequities and empowering the most vulnerable, while delivering resilience to climate
change [33]. The impacts of climate change differ significantly across rural communities
and agroecosystems. Hence, understanding, strategies and actions will need to take into
account location-specific and community-based considerations [33,34].

The CGIAR Research Program on Climate Change, Agriculture and Food Security
(CCAFS) developed and piloted the climate-smart village (CSV) approach in 2012 in
Africa and South Asia, and later expanded CSV pilots to Latin America and Southeast
Asia in 2014 [35]. The CSV approach was developed and promoted to address research
gaps in climate-smart agriculture at the level of rural communities. This need arose as
much of the knowledge on climate-smart agriculture technologies and practices has been
initially developed in controlled environments of research farms and modeling. The CSV
approach enables researchers to work in a participatory manner with local communities
to test, demonstrate and generate evidence of which CSA practices can work for rural
communities at the level of the CSV. The implementation of CSA in the CSVs includes
testing and learning with farmers on a range of CSA interventions, including crop varieties,
small livestock, small-scale aquaculture and improved farm management practices that
consider climate change realities as experienced by the communities. CSA approaches
place emphasis on the importance of soil, water and agro-biodiversity conservation within
farms, as well as across larger landscape areas that determine the regional agroecology.
The promotion of CSA practices in CSVs also includes a range of indirect agriculture
interventions, including capacity development, and strengthening extension services (e.g.,
including agriculture finance and climate information services) that can enable farmers to
transition towards climate-smart agriculture [36].

In Myanmar, the International Institute of Rural Reconstruction (IIRR), with support
from CGIAR-CCAFS and the International Development Research Center in Canada, has
taken a participatory action research (PAR) approach to establish four climate-smart villages
in unique agroecologies around the country [33]. This PAR supports a process to establish
CSVs in Myanmar, particularly to demonstrate the viability and impact of location-specific
CSA in the four distinct agroecologies. The research further aimed to identify scaling
pathways for CSA via CSVs, to enable the more widespread adoption CSA portfolio-based
approaches by NGOs and government agencies in Myanmar.

This study investigates the relationship between the promotion of CSA practices
implemented in four climate-smart villages (CSVs) across Myanmar and the changes in
household food security and diet diversification during the time period of the CSA inter-
vention. The key objectives of the study are to (1) monitor impacts on household food
security and dietary diversity in CSVs, (2) identify routes to households becoming more
food-secure with improved dietary diversity and (3) inform food security and nutrition pro-
grams on impacts and outcomes from the adoption of climate-smart agriculture practices
and technologies in rural communities.

2. Methodology

2.1. Study Site: Myanmar Climate-Smart Villages

The implementation of the CSV approach was enhanced and adapted by IIRR by
presenting it as not only a research for development approach that focused on CSA, but
as a broader community development intervention package. The tailored CSV approach
of IIRR followed the principles of participatory action research (PAR) and community-
based adaptation, where community members are active participants in the process of
understanding the challenges, finding and testing solutions and learning from doing.
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The IIRR CSV approach in Myanmar follows a 3-step process that includes (1) under-
standing vulnerabilities and their drivers, (2) identifying and testing adaptation options
and (3) social learning within the village and with other villages. For this process, IIRR
developed a menu of “socio-technical” methods and tools to facilitate community processes
along the 3-step process, consistent with the principles of PAR (Barbon et al. 2021). These
socio-technical tools and methods include participatory climate vulnerability and risk
assessments, community workshops to identify “no-regrets” options for climate change
adaptation (vis a vis the experienced climate risks and vulnerabilities) as well as farmer
field days and roving workshops to facilitate the cross-learning and cross-incubation of
new ideas and new experiences of farmers working to adapt to climate change.

This study was undertaken across four climate-smart villages (CSVs) in Myanmar,
each adopting a portfolio of climate-smart agriculture practices in the four agroecologies of
the country. Table 1 provides an overview of the profile of the four Myanmar CSVs.

Table 1. Profile of the four climate-smart villages (CSVs) in Myanmar.

Village Name Saktha Htee Pu Ma Sein
Taung Kamauk

(TKM)

Agroecology Highlands Dry Zone Delta Upland

Major crops Rice, corn,
vegetables

Groundnut,
pigeon pea,
green gram

Rice, betel
leaves/nuts Rice, millet, corn

Township Hakha Nyaung-Oo Bogale Nyaung-Shwe
State/region Chin Mandalay Ayeyarwaddy Shan

Total households 200 275 103 94
Total population 865 11,180 453 405
No. of females 445 603 249 215
No. of males 420 577 214 190

Distance from
nearest

township
32 km 35 km 11 km 20 km

Ethnic group Chin Burmese Burmese Pa-o
(Source: Barbon et al., 2021).

Table 1 highlights that the four CSVs span the major diversity of agroecologies and
agriculture systems across Myanmar. For instance, the farming system in Chin State,
a highland region of Myanmar, is significantly driven by household consumption, as
expected considering their isolation. This differs from the farming systems of the delta
and dry zones, where production is primarily driven by markets. Agricultural production
in the CSV in Shan is intermediate, driven by both household use and market sale, as
this village is close to trading centers. Each of these four CSVs also experiences climate
change differently, which is a key driver of IIRR’s approach based on the importance of
localized climate change adaptation in agriculture that is systems-oriented, rather than
crop- or commodity-oriented. In systems-oriented approaches, broader consideration is
made of the impact of soil, water, climate variability and extension services, all of which
interact to determine the outcome, quality and livelihood impact of agriculture production.

As local communities experience climate change risks and vulnerabilities differently,
adaptation approaches will also differ between communities. This is where the value of
community-based approaches is significant, particularly by ensuring that CSA practices are
tailored to the unique contexts of the participating communities. Consistent with this prin-
ciple, IIRR has promoted a “portfolio” or “basket of options” approach” to CSA adoption
by rural communities. The portfolio approach involves communities in considering a list
of CSA adaptation options tailored to each of their specific vulnerabilities and risks. This
menu of options can include, e.g., technological options, such as promoting stress-tolerant
varieties of primary crops, or new platforms for agriculture production, such as integrating
and improving small livestock production and vegetable production in homesteads (the
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patch of land around the household dwelling, which, in Southeast Asia, can sometimes
comprise up to 200–400 square meters of land).

The portfolio of CSA practice options can also include practices such as the use of
green manure to reduce the footprint of fertilizer use, integrating trees into the existing
farming system to generate new sources of income, improving soil health and creating
micro-climates around the farm to protect farms against strong winds during storms. The
CSA practice portfolio approach also helps to ensure social inclusiveness (with the aim that
no one member of the community is excluded) based on the identification of CSA options
irrespective of the household context, e.g., for households with large land areas, households
without farmland but with a homestead, women-headed households, households that are
wealthier and households that are very poor.

In the process of developing the menu of CSA options, IIRR facilitators conducted
consultations with farmers and other rural community researchers to produce portfolios of
possible options as a response to their understanding of climate risks and vulnerabilities.
The list of possible CSA options was further prioritized using the following criteria [33].

• Criteria 1: Is it climate-smart (i.e., reduces GHGs, enhances soil, agro-biodiversity,
conserves and reduces risk of losses of the farms)?

• Criteria 2: Is it ecosystem friendly (environmentally friendly)?
• Criteria 3: Is it nutrition-sensitive?
• Criteria 4: Does it address food insecurity?

After each of the CSVs finalized their portfolio of options, IIRR provided a small
grant facility (termed the CSV Adaptation Fund) to support the implementation and trials
of the identified options. The implementation and trials were conducted for two annual
production seasons during 2019 and 2020. Alongside the implementation of these CSA
options in each of the CSVs, IIRR also supported capacity development and awareness
building activities to maximize the potential of CSA to generate development outcomes. In
relation to this, IIRR implemented community-based nutrition education activities.

2.2. Conceptual Framework

The conceptual framework of this study sought to understand the linkages by which
climate-smart agriculture coupled with nutrition education can be better leveraged to
achieve well-being outcomes for agriculture-based communities, such as food security
and nutrition (Figure 1). For nutrition, we used dietary diversity as a proxy indicator for
improved nutritional outcomes.

Figure 1. Conceptual framework for study. HH: household; HFIAS: Household Food Insecurity Access Scale; HDDS:
Household Dietary Diversity Score; KAP: knowledge, attitudes and practices.
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2.3. Household Food Insecurity Access Scale (HFIAS) and Household Dietary Diversity
Score (HDDS)

To measure food security and diet diversity, the Household Food Insecurity Access
Scale (HFIAS) and Household Dietary Diversity Score (HDDS) were used. Data were
collected from households in the four climate-smart villages (CSVs) in Myanmar. IIRR
and its local NGO partners facilitated and provided support for households to implement
climate-smart agriculture options in the villages from 2018. The CSA options deployed
relied heavily on fruit tree crops and small livestock as core components of diversification,
along with intercrops of annual crops such as corn, sorghum, upland rice and vegetables
(depending on location). The CSA interventions were tracked annually to determine the
number of CSA options adopted by HHs in a given season. The data sets from 2018
(monsoon), 2019 (dry season) and 2019 (monsoon) were analyzed for HFIAS and HDDS.

The Household Food Insecurity Access Scale (HFIAS) is an approach to measure
food insecurity at the household level. This approach is founded on the idea that when
households experience food insecurity, it results in reactions and responses that can be
collected and quantified in a structured community survey. Household food insecurity
access was measured using a methodology designed and developed by a partnership of
USAID and the Food and Nutrition Technical Assistance Project (FANTA) [37].

The Household Dietary Diversity Score HDDS is a metric used to measure the diversity
of a household’s diet. The HDDS is measured by the method developed by FAO Nutrition
and Consumer Protection Division with support from EC/FAO and FANTA. Similar to
the HFIAS questionnaire, HDDS uses a points-based system to calculate the diversity of a
given diet. The recall period for HDDS surveys is 24 h, where respondents are asked to
describe the foods (meals and snacks) that the household ate on the previous day, starting
with the foods first eaten in the morning up until they went to sleep that night. A set of
12 food groups are used to guide the scoring as per the food items consumed (Table 2).
Each food group is assigned a score of 1 if consumed or 0 if not consumed. The maximum
score possible is hence 12, and the lowest is 1, meaning that the household only consumed
one food type in that period. Food consumed outside of the home is not included [38].

Table 2. Food groups used in this study.

No. Food Groups No. Food Groups

1 Cereals 7 Fish and seafood
2 White roots and tubers 8 Legumes, nuts and seeds

3 Vitamin A-rich vegetables, dark green
leafy vegetables, other vegetables 9 Milk and milk products

4 Vitamin A-rich fruits, other fruits 10 Oils and fats
5 Organ meats, flesh meats 11 Sweets
6 Eggs 12 Spices, condiments and beverages

In addition to the HFIAS and HDDS surveys, the knowledge, attitudes and practices
(KAP) of households were also assessed in the four climate-smart villages on nutrition,
the importance of nutrition, food choices, food preparation and hygiene by inclusion of
KAP questions included in the HFIAS and HDDS questionnaire. The data for KAP were
collected and analyzed for the years 2018 and 2020.

2.4. Knowledge, Attitudes and Practices (KAP)

To assess the respondent’s KAP, the respondents were asked whether they agreed
or disagreed with each of the statements in the questionnaire. To assess KAP, there are
a total of 45 statements, where 15 statements are each assigned as knowledge, attitudes
and practices. The statements are also presented as either a positive or negative statement.
This ensures that respondents will avoid giving responses that all agree to the statements.
A positive statement ideally should be responded with an agreement and a negative
statement a disagreement. The KAP results are presented as percentages (%) of the HHs
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agreeing to the statement. Data from both 2018 and 2020 were used. McNemar’s test was
used to determine whether any KAP increase or decrease between 2018 and 2020 was
statistically significant.

2.5. Household Surveys

In this study, we used household survey data collected by IIRR for the years 2018,
2019 and 2020. The household surveys were conducted in full enumeration, where all
households in the CSVs were included in the surveys. The survey questionnaire was
prepared in English, translated into the Myanmar language and then pre-tested with other
non-CSV farmers on-site to check the translation of the questionnaire. The questionnaire
included information on household demographics, livelihoods, poverty and on HFIAS,
HDDS and KAP. A total of 527 household respondents were included in the overall sample.

The survey data were encoded in Microsoft Excel and data analysis conducted us-
ing the Statistical Package for Social Sciences (SPSS). The following statistical analyses
were performed.

1. Analysis of Variance (ANOVA) to determine statistically significant differences in HDDS
and HFIAS across the 4 CSVs.

2. Post-Hoc Tukey–Kramer test to determine statistical differences in HDDS and HFIAS in
the pairwise combination among CSVs.

3. Likelihood Ratio Test to determine which factors influenced the HDDS and HFIAS. The
factors used in this analysis are based on the other data collected from secondary
sources, such as temperature, rainfall and, from the survey data, the level of adoption
of the household of CSA options.

4. McNemar’s Test to determine statistical differences between 2018 and 2020 data is
presented in percentages in the KAP. This test is used to analyze pre-test vs. post-test
study designs, as well as being commonly employed in analyzing matched pairs and
case–control studies.

3. Results and Discussion

3.1. Significant Differences in Household Food Insecurity (HFIAS) between CSVs

The ANOVA results showed that significant differences were found between the CSVs
Htee Pu (M = 1.29 ± 0.11), Ma Sein (M = 3.89 ± 0.22), Saktha (M = 7.01 ± 0.22) and TKM
(M = 4.48 ± 0.32) (Figure 2). On average, individuals in Saktha had the highest HFIAS
scores, indicating that they tended to be the most food-insecure. Conversely, Htee Pu CSV
had the lowest HFIAS scores, indicating that this community is the most food-secure out of
the four CSVs. There was no significant difference among the HFIAS scores of the villages
of Taung Kamau and Ma Sein. These results indicate that, in Myanmar, food security varies
between CSV locations, where, within this study, the Saktha CSV in Chin State is the most
food-insecure compared to the other CSVs.

3.2. Significant Differences in Household Dietary Diversity (HDDS) among CSVs

To identify any differences in the dietary diversity of households (HH) in the four
CSVs, mean HDDS scores were calculated for each village, where a HDDS of 7 or higher
indicates that a HH has an adequately diverse diet (Figure 3). ANOVA results indicated
that there was no significant difference between the villages of Htee Pu (M = 6.6 ± 0.07) and
Ma Sein (M = 6.7 ± 0.12). However, TKM (M = 6.22 ± 0.13) and Saktha (M = 5.4 ± 0.09)
were instead both statistically different from each other and the other two villages. Our
results indicate that the Htee Pu and Ma Sein have the best mean dietary diversity scores,
while Saktha has the worst average HDDS.
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Figure 2. HFIAS Scores recorded from four Myanmar CSVs. The central line of each column
represents the mean HFIAS Score for each CSV ± the standard error, with the outermost lines
representing standard deviation. One-way ANOVA was used to determine statistical differences;
villages with different letters are significantly different at a 95% confidence interval.

Figure 3. HDDS Scores recorded from four Myanmar CSVs. The central line of each column
represents the mean HDDS Score for each CSV ± the standard error, with the outermost lines
representing standard deviation. One-way ANOVA was used to determine statistical differences;
villages with different letters are significantly different at a 95% confidence interval.

3.3. Number of CSA Options Adopted by the Households Correlates with HFIAS and HDDS

To investigate the impact of CSA introductions, the numbers of households that were
considered to have diverse diets both before and after CSA introduction were considered.
Across all four CSVs, 37% of households with no access to CSA obtained a score of 7 or
higher, while, for households with access to at least one CSA intervention, this increased
to 47%.

An effect likelihood ratio test (Table 3) confirmed that the location of each CSV had
the most significant influence on the HFIAS scores, while the “numbers of CSA” were not
significantly different. This suggests that the numbers of CSA interventions, carried out
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under these circumstances, had no influence on the HFIAS score that a household could
achieve over the timescale of the intervention that was measured.

Table 3. Effect likelihood ratio test (ELRT) carried out to determine which factors influence the HFIAS
scores of households across all four CSVs.

Source Nparm DF L-R ChiSquare Prob > ChiSq

Location 2 3 2 11.1549622 0.0038 *
Min. TEMP 1 0 0 -
Max. TEMP 1 0 0 -
Ave. Temp 1 0 0 -

Rainfall in inches 1 0 0 -
Rain days 1 0 0 -

Number of CSA 5 4 3.27635049 0.5127
CSA (all) YN 1 0 0 -

The impact of different variables on HDDS was also determined (Table 4) and the
results indicated that both “location” and “number of CSA” options implemented had
highly significant differences (p = 0.0002).

Table 4. Effect likelihood ratio test carried out to determine which factors influence the HDDS of
households across all four CSVs.

Source Nparm DF L-R ChiSquare Prob > ChiSq

Location 2 3 2 16.6549429 0.0002 *
Min. TEMP 1 0 0 -
Max. TEMP 1 0 9.0949 × 10−13 -
Ave. Temp 1 0 0 -
Rainfall in

inches 1 0 0 -

Rain days 1 0 0 -
Number of CSA 5 5 23.8026591 0.0002 *

3.4. Contrasting Values of HFIAS and HDDS

Our study found no correlation between the number of CSA options adopted and
food security, despite a strong correlation with dietary diversity. From the earlier 2010
Myanmar Census of Agriculture, rice is an important component of the Myanmar diet.
Access to rice is often viewed as an indicator of food security. A reduction in access to
rice will lead to an HFIAS response that food is inadequate for the household. Access to
rice across much of Myanmar is achieved by purchasing this staple in markets, hence the
importance of cash.

Many of the CSA options that have been promoted in the Myanmar CSVs are directed
at diversifying accessible food at home and in the farm, relying on fruit trees, small livestock
and vegetables, with relatively less reliance on rice as a CSA option (except in TKM, where
upland rice is widely grown). The choice of commodities in the CSA project was focused
on nutrient-dense products. Some CSA options with promised commercial returns (e.g.,
dryland horticulture in the dry zone Htee Pu CSV) will likely require more time (possibly
years) for economic or nutritional benefits to be realized by the households. It should also
be noted that there are other externalities beyond climate change and variabilities that
affect the realization of economic benefits from the CSA options. For instance, there was a
significant change in the markets for pulses in this period, which dry zone farmers (such as
those in Htee Pu CSV) are heavily dependent on.

With regard to why the number of CSA options adopted contributes to changes in the
HDDS, Table 5 highlights potential contributions to the dietary diversity of the household
per CSA option.

87



Climate 2021, 9, 166

Table 5. Contributions of climate-smart agriculture options to diet diversification.

No.
CSA Options Identified by the

CSVs
Why Climate-Smart? Potential Contributions to HHDS

1
Participatory Varietal Selection

(PVS) of primary crops, i.e., rice,
maize, pigeon pea, peanut

Enable the farmers to identify
which varieties work in a specific

climate scenario

2
Diversification of farm production
with vegetables; legumes with crop

trials for newly introduced crops

Minimizes the risk of losses in case
climate variability reduces yields of

main crop

Provides food materials that are not
necessarily for selling but end up

consumed by the HH. For example,
legumes as cover crops to protect
soil (main purpose) can provide

green beans for HH consumption.
For producing several crops in the

field—in TKM CSV—farms are
planted with maize, peanuts and

sunflower for selling and, if price is
low, will end up being consumed

by HH.

3
Integration of fruit trees in farms

(avocado, mango, banana,
jackfruit, oranges)

Minimize the risk of losses; trees are
more tolerant to variability of

rainfall and temperature; sequester
more GHGs

Can supply fruits for selling for HH
consumption too but these results
are expected only in another 3 to

5 years

4
Planting of legume trees in farms
and along boundaries (Alnus spp,

Casia spp, Gliricidia spp)

Manages the soil degradation and
erosion; minimizes dependence on

artificial inputs; sequester
more GHGs

No contribution to diet diversity
but aimed at improvement of

soil health

5 Homestead production of
vegetables, fruits and cash crops

Addresses household food security
and under nutrition in times of

climate change stresses

Homestead production provides
vegetables to the HH aside from

vegetables for selling

6 Small livestock production
in homesteads

Served as emergency assets in case
of climate change shocks, provide

opportunities for women

In Ma Sein, HH keep ducks, which
provide eggs for the HH. In the
other CSVs, they raise chickens,

goats and pigs, which, in times of
need, all can provide income as

well as food to the HH.

7 Aquaculture (homestead and
farm ponds)

Diversify income sources, provide
opportunities for women

Same as #6. This was undertaken in
Ma Sein and Saktha CSVs only.

8
Community-based animal

propagation centers (pig, chicken,
duck and fish)

Provide sustainable sources of
stocks for HH level

livestock production
Same as #6

9 School gardens (vegetables, fodder,
fruit trees)

Served as source of planting
materials, education tool for

students on CSA
No contribution to HDDS

10 Improving water storage facilities Reduces the risk of water shortages
in dry conditions No contribution to HDDS

3.5. Major Changes in Household Knowledge

The statistical significance of knowledge of the households in the four CSVs was
assessed by McNemar’s test (Table 6). Statements 1 and 8 relate to the understanding of
the basic idea of nutrition, and the role of nutritious food in achieving a healthy body and
longer life. The analysis revealed that only TKM CSV exhibited a significant improvement
in the respondents’ understanding of nutrition and nutritious food, while the other CSVs
showed a poor understanding of these topics in 2020.
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Table 6. Proportion of respondents who agree on the knowledge statements related to household nutrition in four CSVs.

Statements a Researcher’s
Note b

Htee Pu TKM (Shan) Ma Sein Saktha

2018 2020
McNemar’s
(p-Value) c 2018 2020

McNemar’s
(p-Value) c 2018 2020

McNemar’s
(p-Value) c 2018 2020

McNemar’s
(p-Value) c

1 Negative 17 33 0 40 28 0.144 15 60 0 35 65 0
2 Negative 16 14 0.596 32 29 0.868 2 17 0.002 21 20 1
3 Negative 98 96 0.302 88 95 0.18 93 98 0.289 94 89 0.607
4 Positive 77 91 0 60 49 0.243 84 91 0.286 87 85 1
5 Positive 88 95 0.007 80 95 0.007 82 94 0.019 93 98 0.07
6 Positive 100 100 1 86 96 0.035 90 90 1 95 98 0.453
7 Positive 100 100 1 78 85 0.327 100 97 0.25 95 77 0
8 Positive 99 99 1 79 99 0 93 99 0.063 94 99 0.07
9 Positive 98 92 0.015 64 69 0.532 93 98 0.219 67 86 0.001
10 Positive 17 59 0 25 26 1 17 66 0 77 66 0.153
11 Positive 80 86 0.104 79 80 1 79 93 0.017 91 84 0.23
12 Negative 76 84 0.051 56 52 0.755 64 92 0 77 74 0.755
13 Positive 98 97 0.581 98 96 1 98 93 0.289 97 96 1
14 Positive 98 96 0.302 73 78 0.571 97 98 1 95 95 1
15 Positive 86 70 0 44 48 0.643 64 83 0.018 84 88 0.345

(a) The statements used for HH knowledge were as follows.

1. Nutrition is about food preparation and malnourished children. 2. Anemia or lack of iron makes the child intelligent.
3. Fish, meat and eggs give a person energy. 4. Green and leafy vegetables are rich in Vitamins A, C and iron.

5. Vegetables and fruits help the person prevent diseases and infections. 6. Personal hygiene and cleanliness helps prevent diseases and infections.
7. Flies and other insects that come into contact with food may cause diseases to

humans and also spoil the food.
8. Nutritious food is important for humans to be healthy and achieve

longer life.

9. Parasitic worms contribute to malnutrition of children 10. Iron is important to the body as it helps in delivering oxygen to all
parts of the body.

11. Green and leafy vegetables as well as brightly colored vegetables such as squash
are good sources of Vitamin A for good eye sight and for growth and development. 12. Carbohydrates and fats are considered foods for growth.

13. Rice, corn, potatoes and peanut oil are important sources of energy for people. 14. Beans, groundnuts and meats are sources of protein needed for the
growth of humans.

15. A good meal must contain food from three groups—energy foods, growth foods
and protective foods.

(b) A positive statement ideally shall have move agree responses and a negative statement shall have less agree responses
(c) McNemar’s test was conducted to determine whether there was a significant difference in the proportion (increase or decrease) over time.
If p-value < 0.05, then the proportion was statistically significant at 5%. If p-value < 0.01, then the proportion was statistically significant at 1%. Note: "No
responses" were excluded from the analysis.

This suggests a need for more careful messaging and awareness building on what
nutrition is, and why it is important.

Statements 2, 4, 10, 12 and 15 relate to the basic understanding of topics such as food
groups, vitamins, minerals and anemia. Overall, there remains a lack of understanding
of what anemia is (statement 2) and why it is important for ensuring nutrition in the
households. While there was a lack of understanding of anemia, the Htee Pu and Ma Sein
CSVs indicated some improvements in their understanding of the role of iron for a healthy
body. However, overall, it is indicative that the concept of anemia and the role of iron are
not well-understood across the four CSVs.

For the food groups (statements 4, 12 and 15), only Htee Pu and Ma Sein showed a
significant improvement in their understanding of the three basic food groups. However,
in the case of understanding carbohydrates and fats, there was no overall improvement in
the respondents’ understanding of these food groups. Only the Htee Pu CSV showed a
significant improvement in understanding the important role of green and leafy vegetables
as sources of vitamins A and C and iron.

Statements 5 and 11 relate to the role of vegetables and fruits in preventing disease and
infection, and their dietary importance. All four CSVs indicated significant improvements
in statement 5 (that vegetables and fruits prevent disease and infection) but only Ma Sein
CSV indicated a significant improvement in understanding that green and leafy vegetables
are important parts of the diet.

Statements 6, 7 and 9 relate to the importance of hygiene and cleanliness in addressing
malnutrition. TKM CSV showed a significant improvement in understanding the important
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role of personal hygiene and cleanliness. Saktha CSV showed significant improvements in
understanding the link of parasitic worms to malnutrition.

Overall, the Htee Pu and Ma Sein CSVs demonstrated the greatest number of im-
provements in their understanding of the food groups, the important role of fruits and
vegetables in the diet and knowledge about vitamins and minerals.

3.6. Major Changes in Household Attitudes

To determine how household attitudes towards nutrition, food choices, food prepa-
ration and hygiene had changed, we tabulated responses from across the CSVs and used
McNemar’s test to assess statistical differences (Table 7). While we found various patterns
of change, many CSVs displayed no or little improvement in understanding key aspects.

Table 7. Proportion of respondents who agree on the attitude statements in household nutrition in four CSVs.

Statements a Researcher’s
Note b

Htee Pu TKM (Shan) Ma Sein Saktha

2018 2020
McNemar’s
(p-Value) c 2018 2020

McNemar’s
(p-Value) c 2018 2020

McNemar’s
(p-Value) c 2018 2020

McNemar’s
(p-Value) c

1 Negative 68 46 0 38 36 1 44 74 0 52 49 0.677
2 Positive 92 95 0.281 80 99 0 99 93 0.125 85 94 0.078
3 Positive 98 84 0 88 80 0.189 93 68 0 92 76 0.009
4 Negative 58 88 0 45 48 0.77 43 68 0.002 75 81 0.324
5 Negative 74 93 0 56 74 0.015 79 60 0.015 84 69 0.018
6 Positive 71 92 0 54 66 0.144 83 92 0.134 90 85 0.556
7 Negative 99 93 0 95 62 0 98 82 0.001 94 41 0
8 Positive 85 96 0 69 94 0 82 95 0.004 87 94 0.143
9 Positive 100 98 0.031 86 94 0.118 94 98 0.453 97 97 1
10 Positive 99 98 0.289 100 93 0.031 100 97 0.25 99 95 0.219
11 Positive 97 100 0.07 74 98 0 76 100 0 95 96 1
12 Positive 88 92 0.145 48 52 0.77 55 90 0 75 83 0.31
13 Positive 84 75 0.027 73 91 0.009 66 69 0.735 81 91 0.041
14 Negative 98 35 0 72 48 0.005 97 28 0 93 47 0
15 Negative 48 31 0 80 79 1 71 52 0.015 57 43 0.112

(a) The statements used for HH attitudes were as follows.

1. I believe that proteins from beans such as pigeon pea, butter beans and green
gram are not substitutes for protein from meat. 2. Eating vegetables and fruits is very important for good health.

3. I believe that eating the same food everyday is not enough to get good nutrition. 4. I like to eat meat because it gives me Vitamin C.
5. Preparing nutritious food for the family is very hard to do. 6. I believe that Vitamin A is very important to have very good eyesight.

7. It is normal children to have parasitic worms. 8. It is important to learn the right way to cook food to get the best
nutrients from food.

9. It is important to give the right food to my children for them to grow well. 10. Parents should be role models to their children in eating the right and
nutritious food.

11. It is important that the kitchen where food is prepared should be clean. 12. It is important to eat fruits and vegetables of different colors to get
vitamins and minerals.

13. I believe that the best source of nutrition for babies up to 2 years old is breast
milk

14. I believe that growing vegetables in the home is only doable in homes
with big land.

15. It is alright to drink collected rain water as it is pure and clean already.
(b) A positive statement ideally shall have move agree responses and a negative statement shall have less agree responses
(c) McNemar’s test was conducted to determine whether there was a significant difference in the proportion (increase or decrease) over time.
If p-value < 0.05, then the proportion was statistically significant at 5%. If p-value < 0.01, then the proportion was statistically significant at 1%. Note: "No
responses" were excluded from the analysis.

For example, Htee Pu CSV showed a significant improvement in considering beans
and legumes as good substitutes for meat proteins (statement 1), while CSV and Ma
Sein CSV showed significant improvements in their attitude towards consuming fruits
and vegetables (statements 2, 12). Ma Sein CSV and Saktha CSV showed significant
improvements in relation to food preparation for the family not being difficult to do
(statement 5). All CSVs (except Saktha) showed significant improvements in believing that
the way in which food is cooked is important for obtaining the best nutrients from it.

No significant improvement could be determined across the four CSVs with respect
to the importance of feeding children the best foods, and the role of parents in being good
role models to children about “eating right” (statements 9, 10). However, TKM and Saktha
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CSVs showed significant improvements in their attitude towards the importance of giving
breast milk to babies and infants up to 2 years old.

Across all CSVs, there were significant improvements in the attitude towards having
home gardens, and in appreciating that having smaller landholdings is not necessarily a
hindrance to having a home garden (statement 14).

In terms of hygiene, all CSVs showed significant improvements in their attitude that
it is not normal for children to have parasitic worms (statement 7). TKM CSV and Ma Sein
CSV improved in their attitude that kitchens where food is prepared should be clean all the
time. Htee Pu and Ma Sein CSVs showed improvements in their attitudes that unprocessed
rainwater is not a good source of drinking water (statement 15).

3.7. Improvements in Household Practices

Having identified several areas of improvement in attitudes towards nutrition, food
preparation and hygiene, we also investigated improvements in related household practices
across the CSVs, again using McNemar’s test to evaluate the significance of any changes
(Table 8).

Table 8. Proportion of respondents who agree on the practice statements in household nutrition in four CSVs.

Statements a Researcher’s
Note b

Htee Pu TKM (Shan) Ma Sein Saktha

2018 2020
McNemar’s
(p-Value) c 2018 2020

McNemar’s
(p-Value) c 2018 2020

McNemar’s
(p-Value) c 2018 2020

McNemar’s
(p-Value) c

1 Positive 58 91 0 58 91 0 57 99 0 75 91 0.003
2 Positive 77 87 0.002 91 91 1 74 91 0.009 54 61 0.263
3 Negative 12 30 0 61 20 0 21 30 0.216 45 37 0.337
4 Positive 66 81 0 54 55 1 59 64 0.551 72 93 0
5 Negative 24 27 0.428 31 33 0.874 16 36 0.007 44 28 0.022
6 Negative 66 73 0.137 41 54 0.136 54 48 0.532 54 59 0.401
7 Negative 78 92 0 46 69 0.004 49 79 0.001 48 93 0
8 Positive 66 54 0.011 52 38 0.112 39 36 0.742 52 50 0.885
9 Negative 39 25 0.001 46 52 0.522 49 53 0.775 64 33 0
10 Positive 98 99 0.688 86 95 0.077 95 98 0.688 97 96 1
11 Positive 100 100 1 91 92 1 99 100 1 97 99 0.625
12 Positive 100 97 0.039 55 44 0.212 44 87 0 95 92 0.581
13 Positive 97 80 0 69 81 0.1 71 72 1 93 59 0
14 Positive 100 98 0.375 93 92 1 100 99 1 100 96 0.125
15 Positive 98 93 0.019 75 81 0.441 93 100 0.031 85 93 0.041

(a) The statements used for HH practices were as follows:

1. Every person should drink at least 8 glasses of water every day in order to
maintain good health. 2. I gave my children fruits, root crops and banana as snacks.

3. It is ok to wash vegetables and meat with any kind of water. 4. We have a vegetable garden at home.
5. Eating rice alone is enough to provide humans the proper nutrition for good

health. 6. I have difficulty convincing my children to eat vegetables.

7. I sliced my vegetables first before I wash them. 8. I put oil into the food when cooking.

9. We only serve vegetables 3 times a week. 10. We wash our hands after we use the toilet, before we prepare food and
before we eat.

11. We make sure that flies do not come to our food. 12. We boil our drinking water we got from rain and from the pond before
we drink it.

13. My children are breast-fed for 2 years. 14. Kitchen and eating utensils must be washed with clean water to
prevent diseases.

15. Deworming is important to make children healthy.
(b) A positive statement ideally shall have move agree responses and a negative statement shall have less agree responses
(c) McNemar’s test was conducted to determine whether there was a significant difference in the proportion (increase or decrease) over time.
If p-value < 0.05, then the proportion was statistically significant at 5%. If p-value < 0.01, then the proportion was statistically significant at 1%. Note: "No
responses" were excluded from the analysis.

Statements 1, 2, 5 and 9 relate to dietary diversification and to the consumption of clean
drinking water. The Htee Pu CSV and Ma Sein CSVs exhibited significant improvements
in the practice of giving children fruits, root crops and bananas as snacks. Htee PU CSV
together with Saktha CSV also showed improvements in the practice of including vegeta-
bles in the diet more than three times a week, while Saktha CSV also showed a significant
improvement in the practice of not only eating rice to ensure proper nutrition. All four
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CSVs showed significant improvements in the practice of consuming the recommended
amount of drinking water per day.

In agreement with the improved awareness, all four CSVs showed improvements in
the proportion of households having home vegetable gardens, which were statistically
significant for Htee Pu and Saktha (statement 4).

In relation to hygiene practices, not all CSVs showed significant improvements. The
TKM CSV showed improvements in the practice of using clean water to wash vegetables
(statement 3). The Htee Pu and Ma Sein CSVs also showed significant improvements in
the practice of boiling rain and pond water before drinking (statement 12). Rain and pond
water are important sources of water in the dry zone and delta regions, where the Htee Pu
and Ma Sein CSVs are located, while upland and hilly villages may have more access to
spring water for drinking. The Ma Sein and Saktha CSVs showed significant improvements
in the practice of deworming children.

4. Conclusions

In this study, we investigated the value of promoting climate-smart agriculture (CSA)
practices, coupled with community-level nutrition education and awareness building, to
address food insecurity and inadequate nutrition for the overall enhancement of rural
livelihoods in Myanmar. Our findings indicated that (based on data collected for two years
across four climate-smart villages in Myanmar), CSA can contribute to diversifying and
improving the quality of food consumed by households. Both diversification and in-
tensification are key strategies in CSA efforts to sustain small farms, ecologically and
economically, while generating critically important nutrition and food security benefits.

Most of the introduced and implemented CSA options that produce nutrient-dense
foods (e.g., fruits, vegetables and small livestock) have not generated immediate benefits to
households. It is likely that rural communities in Myanmar equate food security with rice, a
commodity that was not a focus of the CSA project. In future studies, further consideration
of the local food system dimensions, particularly in terms of how households access food, is
warranted. Our findings suggest that community education efforts could help communities
to understand the benefits that farm diversification can confer in establishing resilience
and for fostering local adaptation to climate change manifestation.

Our analysis of KAP indicated that while there is a mix of improvements, there is
a poor understanding of households’ knowledge, attitudes and practices in relation to
nutrition, food choices, food preparation and sanitation and hygiene.

We also observed that the improvements from the CSA interventions were different
across the four CSVs. This may suggest that community-level nutrition education can
be further improved, possibly by customizing it according to the particular food system
and agro-ecosystem features of each CSV. Such education will likely be necessary to more
effectively communicate the potential of leveraging climate-smart agriculture for nutrition.
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Abstract: Rice is the most important food crop. With the largest rain-fed lowland area in the world,
flooding is considered as the most important abiotic stress to rice production in India. With climate
change, it is expected that the frequency and severity of the floods will increase over the years. These
changes will have a severe impact on the rain-fed agriculture production and livelihoods of millions
of farmers in the flood affected region. There are numerous flood risk adaptation and mitigation
options available for rain-fed agriculture in India. Procuring, maintaining and distributing the newly
developed submergence-tolerant rice variety called Swarna-Sub1 could play an important role in
minimizing the effect of flood on rice production. This paper assesses the quantity and cost of a
flood-tolerant rice seed variety- Swarna-Sub1, that would be required during the main cropping
season of rice i.e., kharif at a district level for 17 major Indian states. The need for SS1 seeds for rice
production was assessed by developing a geospatial framework using remote sensing to map the
suitability of SS1, to help stakeholders prepare better in managing the flood risks. Results indicate
that districts of Bihar, West Bengal and Uttar Pradesh will require the highest amount of SS1 seeds
for flood adaptation strategies. The total estimated seed requirement for these 17 states would cost
around 370 crores INR, less than 0.01 percent of Indian central government’s budget allocation for
agriculture sector.

Keywords: remote sensing; GIS; flood tolerant seeds; Swarna-Sub1 Rice; climate adaptation

1. Introduction

Floods are amongst the most common natural disaster across the globe. They pose a
threat not only to the environment but also to society as they endanger lives, properties and
livelihoods of the people. The report and analysis collected by UNISDR and the Belgian-
based Centre for Research on the Epidemiology of Disasters (CRED) highlighted that in the
year 2021, the impacts of floods were felt heavily across the developing countries in Africa
and Asia [1]. For populous continent such as Asia, around 42% of the global flood events
occurred between 1950–2020, which affected around 3.65 billion people and economic losses
accounted to USD 556 billion [1,2]. Within Asia, the south Asian region is highly vulnerable
to flood impacts. Recent estimates for the South Asian region shows that, between 2000
and 2020, these countries have experienced 11% of the world’s natural disasters and 12%
of floods and droughts, making over 700 million people and 190 million ha of agricultural
land vulnerable [1]. Considering the increasing global temperature, unplanned urban
growth and environmental degradation, it is likely that the frequency and severity of
flood risks will increase in the exposed countries such as Bangladesh, India and Nepal [3].
Additionally, for largely agrarian countries such as India and Bangladesh, these changes
especially threaten the agriculture sector, as it increases the ambiguity for the small-scale
and poor farmers whose livelihoods are dependent on the agricultural production in
these regions.

For a large and populous country like India, the increasing weather variability and
the subsequent impact of disasters such as floods is concerning. For instance, official
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statistics reveal that 15% of the total area in India (which amounts to approximately
49.82 million hectares) is extremely vulnerable to floods [4]. Moreover, the variable summer
monsoon in India has often precipitated floods, especially in the basins of the Himalayan
rivers. These large river basins, such as the Indus, Ganges and Brahmaputra, cause
significant monsoon runoff, leading to immense flooding in the plains [5]. Considering
that these rich and fertile plains are used for agriculture production, frequent floods in the
region affects the people dependent on agriculture. One of the most commonly grown crops
in the fertile plains of Indo-Gangetic River basin is ‘Rice’ (also referred to as paddy in this
study). Currently, rice is grown across 43.86 million hectare of area and the production level
is 104.80 million tonnes in India [6]. The rice crop which requires a lot of water, is commonly
sown during the months of July-October i.e., during the monsoon season in India. The rice
farmers in this region take a heavy toll as the recurring floods just after crop sowing leads
to crop losses. While rice crop can thrive well in flooded soils, the crop is still vulnerable to
complete submergence for longer days and around 16% of the world’s rice production area
is affected by recurring submergence due to flash floods [7–9]. These recurring impacts of
floods in India necessitate improving the farmer’s knowledge with regards to adapting
and coping methods along with improving flood-resilient infrastructure to reduce the
damaging impacts on farming communities.

1.1. Extent and Impact of Flooding on Rice Production

Rice production in rain-fed low lands is often severely affected as the crop at different
growing stages suffers from various stresses, such as limited gas diffusion, effusion of soil
nutrients, mechanical damage, increased susceptibility to pests and diseases and stresses
due to low-light due to flooding (also called as submergence) or water-logging [10,11].
The frequent flooding during rice cultivation (which occurs during the monsoon months)
in rain-fed lowland areas of South Asia leads to a complete submergence of the rice
crop for approximately 10–15 days. While rice has some adaptive traits for tolerance to
submergence, the low-land rice cultivars used in South Asian countries are still sensitive to
complete submergence [12]. In India, the Indo-Gangetic River basin, which is a favourable
belt for rice cultivation, is also the most flood-affected region in India. Moreover, around
30% of the total rice growing area, which amounts to 12–14 million ha is prone to flash
flooding with an average productivity of only 0.5–0.8 tonnes per ha as compared to 2 tonnes
per ha in favourable lowlands [13]. With a high incidence and severity of floods, small and
poor farmers incur heavy economic losses. Figure 1 shows the average agriculture area (in
hectare) affected by floods in 17 major Indian States. It can be seen from Figure 1 that Bihar
is the worst flood hit state in India followed by Uttar Pradesh, West Bengal and Assam-
all situated in the Indo-Gangetic plains, i.e., each has one of the two major rivers (or its
tributaries) of Ganga and Brahmaputra rivers flowing from the Himalayas. In Bihar, nearly
73% of the total geographical area and 76% of its total population are constantly under
the threat of flood [14]. Almost every year, there is severe flooding in the state of Bihar
which causes loss to lives, properties and livelihood [15]. With the onset of the monsoon,
the rivers originating from Himalayas flow down with massive force, causing rivers such
as Koshi and Ganges to rise above the danger level, which leads to severe floods in northern
parts of Bihar.

In Figure 2, the graph plots the state-wise five-year average rice production in India.
It can be seen that West Bengal produces around 15,000 tonnes of rice on average per year,
followed by Uttar Pradesh, Punjab, Andhra Pradesh and Odisha. Comparing this with the
agricultural flooding, it can be seen that states which experience high levels of flooding
are also amongst the top producers of rice, except Bihar. For instance, the eastern state of
West Bengal ranks first in rice area and production in the country. However, around 30% of
the rice growing area in this state comes under the rain-fed lowlands which suffer from
frequent flash floods due to unpredictable rainfall during the major rice growing season
(kharif ), leading to a drastic reduction in yield [13,16].
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Figure 1. Average flood affected agricultural areas between 2000 to 2018 for the 17 Indian States in
India. Source: IWMI.

 

Figure 2. State-wise average rice production in India, 2010–2015. Source: Author’s elaborations using
data from the Directorate of Economics and Statistics, India.

1.2. Flood-Tolerant Seed Variety: Swarna-Sub1

Quality seeds are the most basic and crucial input that is required in agriculture
production, as the response of other inputs of production is dependent on the quality of
seeds being used. Several poor farmers in the flood prone regions are switching from
high-yielding varieties of seeds to traditional and local varieties which can withstand
submergence to cope with flooding. However, studies indicate that these local and tra-
ditional varieties often give very low yield, making it unprofitable for the farmers [17].
With floods affecting every year, in some places, farmers often abandon cultivation and
leave their fields fallow during the monsoon season [18]. In areas where high-yielding but
submergence-intolerant rice varieties are cultivated, farmers suffer from heavy crop losses
caused by recurrent flooding. Amongst recent strategies adopted to overcome the problems
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of flooding in agricultural areas is the development and dissemination of high-yielding
varieties that are flood-tolerant along with acceptable agronomic and quality traits [13].

The work on the development of flood-tolerant rice varieties was started in the year
1987 at International Rice Research Institute (IRRI), and the submergence-tolerant gene-
SUB1A- was developed [18,19]. Since then, several new rice varieties have been devel-
oped by introgressing SUB1 gene into high yielding and high yielding rice varieties [13].
The Sub1 gene was fused into several other popular varieties of rice grown in South and
South-East Asia, such as Swarna, Sambha mahsuri, BR11, etc., which can ensure rice produc-
tion in flood-prone areas [13,17,20]. Amongst these new varieties, Swarna-Sub 1 (SS1)–a
submergence-tolerant rice variety–is considered extremely viable in the flood affected
regions in India and has been distributed to rice farmers in eastern India since 2008 [21].
SS1 survives full submergence for up to 14 days as it was developed by introgressing a
single quantitative trait locus that causes submergence tolerance in Swarna, which is a
popular rice variety in eastern India [19]. Even under normal conditions, SS1 is considered
to show no significant differences in agronomic performance, grain yield or grain quality as
compared to Swarna [7,21]. Moreover, it is already available in the markets for commercial
cultivation. This new variety can ensure rice production in flood-prone areas owing to its
tolerance to submergence.

Several studies have documented the performance of SS1 amongst farmers in both
experimental and non-experimental settings to understand the seed’s yield advantages
under different submergence stages. In a non-experimental setting, a study on the farmers
in eastern Uttar Pradesh and Odisha on rice production in 2011 Kharif season reveals a
yield advantage of SS1 compared to Swarna under medium-duration submergence i.e., 8 to
14 days of submergence [19]. In a comparative study by [7] for all Sub1 varieties, including
SS1, the study shows that all submergence-tolerant seed varieties were promising, with
either similar or higher yield than their non-Sub1 counterparts. Conducting a randomized
control trial in flood affected fields of Orissa, ref. [21] found that SS1 had a positive impact
on the yield when fields were flooded compared to Swarna. By effectively replacing Swarna
with SS1 seeds, a significant improvement in rice production is expected of approximately 9
to 12% [21]. Furthermore, a wide scale adoption of SS1, prior to floods would have resulted
in an approximate increase in rice production by 26% [21]. Apart from flood tolerance, the
SS1 seeds also reduce the risk of yield loss during the normal growing period i.e., when
there is no flood impact [20,22,23]. Overall, the development of submergence-tolerant
varieties allows farming communities to become more resilient to existing and growing
flooding risks [24].

To cope with recurring flood impacts, flood-tolerant seeds are increasingly being
adopted by farmers to bring productivity gains to flood prone areas. Potential benefits of
adopting SS1 seed varieties have been explored across India and it has been estimated that
a large-scale development and dissemination of SS1 seed varieties can be beneficial for
30–40% or 12–14 million ha of the 44 million ha of rice cultivated area which is exposed
to recurrent flooding in the Gangetic basin in India alone [21]. In such conditions, seeds
that can withstand flood submergence for a longer period can indeed be a game changer in
making small holder farmers resilient to frequent floods. Technology such as Swarna-Sub1
are already available for use [22], however in regions where flooding is predictable, there
is a requirement to do a needs assessment for such stress-tolerant seeds and arrange for
seed procurement accordingly. Therefore, it is imperative to identify the quantity of certain
important seed varieties such as SS1, which can be beneficial in those agriculture areas.
Considering the potential benefits offered by the SS1 seed variety in terms of coping with
floods, an assessment of the amount of SS1 seed requirement will allow the governments
to ensure seed security and cater to the flood-affected farmers need. As per our knowledge
there are no systematic in-depth within-country assessments of seed requirement for flood
risk management.

Following from the above discussion, this paper presents an assessment of the re-
quired flood-tolerant rice seed variety called Swarna-Sub1 (SS1), as an adaptive flood risk
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management method during the main rice cropping season called Kharif (or monsoon) at
the district level in India. Using a combination of flood area estimates derived from remote
sensing data from the period 2000–2018 and land-use data from the government database,
this paper provides an estimate of SS1 seeds that would be required as an adaptive flood
strategy in seed banks for 17 major states in India. Specifically, the paper presents an
estimate of the amount of SS1 seeds that will be required to be maintained in the seed banks
and the cost implication on the exchequer for procuring the seeds. Furthermore, these
estimates can also be useful for planning in-season flood risk management through the
revival of crop production and in maintaining food supply. The quantity of seeds required
across different districts show large differences based on the cultivated area and the severity
of floods in that district. The estimates from this study provides valuable information to the
policy makers, who can make informed investment decisions to establish new seed banks
in locations where floods are recurring with a high probability or store additional seeds in
existing seed banks. In addition, our analysis shows how remote sensing data can be used
in complement with land use data to obtain reliable estimates of seed requirement needs
that can improve the preparedness of government departments in procuring necessary
stress-tolerant seeds in areas with the most urgent demand.

2. Data and Methodology

2.1. Mapping Flood Extent Using Satellite Data

To map the extent of long-term flood records the study employed NASA MODIS
(MOD09A1) eight-day composite surface reflectance product with 500 m spatial resolution
between 2001 and 2018. Furthermore, to determine the severity and the duration of the
flooding, two major water indices, namely, Enhanced Vegetation Index (EVI) and Land
Surface Water Index (LSWI), were applied to differentiate land and water pixels using the
threshold approach [25,26]. In the case of EVI, a threshold value of less than or equal to
0.05 and an LSWI less than or equal to 0, as the first criteria, were adapted. The second
criteria applies if the EVI value less than or equal to 0.3 and the difference in the value
of the EVI and LSWI (DVEL) values is less than or equal to 0.05, to estimate the overall
inundation extent on each 8 day MODIS product. Steps involved in image processing and
computation of land and water indices and its thresholds can be referred here [27].

Figure 3 shows the comparison of MODIS Terra satellite data with flood inundation
extent for the 2010 flood event clearly shows good agreement with the satellite data.
Using ArcGIS Spatial Analyst toolbox, the time series inundation product was produced
monthly and annually for the flood extent information, to identify the flood duration and
its occurrences over 18 years (2001–2018).

2.2. Data for Estimating Seed Requirement
2.2.1. Land-Use Data

Focusing on the cultivation of rice during the monsoon season, the district-wise
data on land use was collected from Directorate of Economics and Statistics, Ministry of
Agriculture and Family Welfare, Government of India from the year 2000 to 2014. From
this, data on the area under paddy sown during the Kharif season and the net area sown
under all crops was collected. Net area sown, defined as the total area which is sowed
at least once in the same year, was used for the analysis. The dataset provides details on
the area sown with rice crop by seasons, which are broadly categorised as autumn, winter
and summer. The main rice growing season in India is the Kharif season and roughly
84% of the rice is grown during this season. The sowing time of winter (Kharif ) rice is
in June–July which is when monsoon arrives and it is harvested between the months of
November–January). Given that the focus of this study is on the Kharif season, when most
of the flooding happens in India, the land-use data on area during Kharif season was used.
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Figure 3. (a,b) MODIS TERRA satellite data taken on 22 September 2010; (c,d) are the flood inundation
extent covering the states of Uttar Pradesh and Bihar, India. Source: IWMI.

Furthermore, the study considers only 17 states for analysis, which are Andhra Pradesh,
Assam, Bihar, Chhattisgarh, Haryana, Jharkhand, Karnataka, Kerala, Madhya Pradesh,
Meghalaya, Odisha, Punjab, Rajasthan, Tamil Nadu, Uttar Pradesh, Uttarakhand and
West Bengal. These 17 states represent approximately 89% of the rice-growing area across
the Indian states. The states of Maharashtra and Gujarat are considerably big, both in
terms of their economic capacity and agricultural share; however, rice is not the primary
grown crop in these regions owing to their agro-climatic conditions which are better suited
for growing cotton, sugar cane, millet and so on. Overall, the rice growing area is 5% for
both the states combined. The remaining states that were not included in the study were
excluded either because district level land use data was not available, for states such as
Gujarat, Maharashtra, Manipur and Telangana; or because average area used for growing
rice was negligible, such as for the states of Arunachal Pradesh, Himachal Pradesh, Jammu
and Kashmir.

2.2.2. Data on Seed Rates

Along with the area under paddy, our estimates will also require the seed rates for
paddy cultivation. Generally, the seed rate is understood as the quantity of seed that is
required to sow a unit area of land for optimum crop-production. The seed rates vary with
the methods of crop establishment by farmers. In India, there are three primary ways of
establishing rice for cultivation; dry seeding, wet seeding and transplanting [28,29]. In the
dry seeding method, the dry seeds are sown by either broadcasting, i.e., scattered across
the field; drilling, wherein the seeds are drilled manually or mechanically into the field;
or dibbling, which is practiced along the mountain slopes using traditional methods and
tools to sow the seeds [28]. In the wet-seeding method, pre-germinated seeds are sown in
wet puddled soils using the same techniques as broadcasting or drilling. Both the dry- and
wet-seeding methods are collectively known as the direct seeding method, as the seeds are
sown directly using broadcasting, drilling and dibbling [28].

In the transplanting method, the seedlings are first grown in nurseries and later
replanted to the main fields, which requires a lot of labour input. One of the reasons
for employing such labour-intensive methods for rice cultivation is due to a higher labor
supply resulting from population growth [30]. Alternatively, the incentives of adopting the
direct seeding method increase when both labour and water availability is low, it and is
especially adopted during the dry seasons or in dry regions. Given the higher proportion of
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rain-fed rice area in India, it has subsequently led to a lesser adoption of the direct seeding
method in India [28,30,31]. Consequently, transplanting became a dominant method for
rice establishment in India. The estimates of the percentage of total rice area established by
direct seeding method reveals that only 28% of the total paddy area in India is established
using this method [28]. Due to unavailability of data on the percentage of paddy area
under different sowing methods, this paper assumes that 72% of total rice area in India is
established using the transplanting method and 28% of the total rice area is established
using the direct-seeding method, following from the above discussion. This is an important
assumption in this study, as the seed rates for both the methods vary significantly.

Based on the above discussion, the data on seed rates for each state were collected
from the reports published by the state department of agriculture, which includes the
details of rice production and output. The data on seed rates based on the method of direct
seeding/transplanting are presented for each state in Table 1 (below). For direct seeding,
wherever data was available for broadcasting, dibbling or more, an average was calculated.
It should be noted that, due to a lack of data on the seed rates for the states of Uttarakhand,
Meghalaya and Rajasthan, the data for their neighbouring states were used. For instance,
for Uttarakhand, the seed rates used for Uttar Pradesh were used; for Meghalaya, the
seed rates of Assam were used; and for Rajasthan, only for direct sowing method, seed
rates were unavailable and therefore the seed rates used in Gujarat were used. The final
estimation for seed rates is done by taking weighted averaged of the two rice establishment
methods, i.e., 28% is cultivated through direct seeding and 72% through transplanting.
For example, (see Table 1): for the state of Madhya Pradesh the weighted average will be
equivalent to: (80 × 0.28) + (50 × 0.72) = 61.5, where 0.28 is the percentage of direct seeded
rice establishment area and 0.72 is the percentage of transplanted rice establishment area.
This was done for all the states and the results are presented in Table 1 (column 3).

Table 1. Seed rates for different rice establishment method.

Sr. No. States
Seed Rate Using Direct

Sowing Method
Seed Rate Using
Transplantation

Weighted Average

1 Madhya Pradesh 80 50 58.4

2 Andhra Pradesh 70 50 55.6

3 West Bengal 70 43.33 50.8

4 Odisha 80 30 44

5 Bihar 90 30 46.8

6 Punjab 17.5 25 22.9

7 Uttar Pradesh 75 21 36.12

8 Karnataka 80 62 67.04

9 Kerala 80 60 65.6

10 Tamil Nadu 80 43.33 53.59

11 Haryana 100 35 53.2

12 Chhattisgarh 80 30 44

13 Jharkhand 80 40 51.2

14 Assam 75 40 49.8

15 Uttarakhand 75 21 36.12

16 Himachal 80 30 44

17 Rajasthan 50 25 32
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2.3. Estimation of Seed Requirement

Using the satellite-derived agriculture mask data from National Remote Sensing
Centre (NSRC), India and data on net area sown for rice during the Kharif season collected
from Directorate of Economics and Statistics, Ministry of Agriculture and Family Welfare,
Government of India, the following estimation method was developed to derive the seed
requirement for the districts of 17 Indian states.

The estimation of flood-affected Kharif paddy area was performed using the combined
data on flood inundation and land-use data. Firstly, using the district-level land-use data
from 2000–2014, an average percentage of the Kharif -paddy sown area as a percentage total
net sown area was estimated. From the time series data on flood inundation, the average
agricultural flooded area from the year 2001 to 2018 was estimated. Finally, assuming the
proportion of flood affected area that is under paddy to be the same as the proportion of net
sown area under paddy, we derive the extent of flood-affected Kharif -paddy area in each
district. From these district-wise estimations of the flood-affected paddy area and using the
average seed rates in each state, we estimate the requirement for flood-tolerant seeds that
will be required if we want to provide entire flood-affected paddy areas with Swarna Sub1.
Further the estimations were also extended to calculate the cost for procuring the required
amount of SS1 seeds at the rate of 40 INR per kg (this is the average cost of procuring SS1
seeds in India).

3. Results

3.1. Flood Inundation Mapping

In this study, the spatio-temporal extent of flooding was assessed for all of India
using MODIS TERRA satellite data, which is shown in Figure 4. The map shows the
extent of flood severity and its likely impacts on people and agriculture given the large
stretch of area is highly prone to flooding and several states are frequently affected due to
trans-boundary floods. The flood recurrent map of India shows two main hotspots as the
Ganges and the Brahmaputra. These rivers’ major tributaries flowing across the states of
Bihar, Uttar Pradesh, Assam and West Bengal cause heavy flooding during the monsoon
season. As noted in earlier sections, these states are amongst the most flood-prone states in
India and are annually affected by flood impacts. Furthermore, from the spatial assessment,
weekly flood inundation maps were aggregated into monthly and annual flood inundation
maps to derive the frequency of flooding in each pixel across India for a period of 18 years
(2001–2018) to produce a flood recurrence map (Figure 4). These flood hotspots quantify
the frequent occurrence of flood events in a 20-year mapping period.

3.2. Seed Requirement Estimations

Following the methodology described in the previous section, the seed requirement
was estimated at district and state level. The state-wise estimates of total seed requirement,
total cost of procuring the seeds (at the rate of 40 Rs/kg) and total cost in both Indian
Rupee (INR) and US Dollars (USD (1 USD = 70 Rs)) is provided in Table 2.

Overall, our estimates show that 92,764 tonnes of Swarna Sub1 seeds is required
for the flood affected paddy areas in 17 Indian states. The cost of procuring the seeds
would be approximately USD 53.01 million. Given that Bihar is the most flood-affected
state, the seed requirement is also highest for Bihar, i.e., 21,888 tonnes, and the cost of
procuring this is estimated at USD 12.51 million. It is estimated that 18,684 tonnes of seeds,
costing USD 10.68 million, would be required. Figure 5 presents an all-India map depicting
state-wise seed requirements for better illustration.

102



Climate 2021, 9, 151

Figure 4. Recurrent flooded areas mapped using MODIS satellite data for India.

Table 2. State-wise total Swarna-Sub 1 seed requirement and cost of procuring in INR and USD.

State
Flood Affected

Agricultural
Area (ha)

Flood Affected
Paddy Area (ha)

Seed
Requirement

(Tonnes)

Cost in
Million INR

Cost in
Millions USD

Ranking of States
Based on Seed
Requirement

Andhra Pradesh 180,152.63 58,571.68 3256 130.24 1.86 8

Assam 484,214.47 305,204.90 15,200 608 8.69 3

Bihar 1,063,189.47 467,756.26 21,888 875.52 12.51 1

Chhattisgarh 31,644.74 26,402.19 1162 46.48 0.66 11

Haryana 183,084.21 65,467.11 3478 139.12 1.99 7

Jharkhand 28,696.05 21,289.74 1092 43.68 0.62 12

Kerala 19,019.74 1796.07 116 4.64 0.07 14

Madhya Pradesh 91,780.26 20,983.37 1224 48.96 0.70 10

Meghalaya 6477.63 1449.99 70 2.80 0.04 15

Odisha 291,390.79 248,963.81 10,958 438.32 6.26 4

Punjab 298,363.16 211,419.15 4844 193.76 2.77 6

Rajasthan 68,869.74 885.49 28 1.12 0.02 16

Tamil Nadu 85,164.47 37,249.61 1996 79.84 1.14 9

Uttar Pradesh 486,614.30 227,700.22 8216 328.64 4.69 5

Uttarakhand 2217.11 605.42 22 0.88 0.01 17

West Bengal 542,385.73 367,816.48 18,684 747.36 10.68 2

Karnataka 76,267.11 7914.67 530 21.20 0.30 13

Total 3,939,531.60 2,071,476.16 92,764 3,710.56 53.01
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Figure 5. State-wise requirement of Swarna-Sub1 seeds across the study area.

The following figure (Figure 6) provides a district-wise map of India illustrating the
seed requirements (in tonnes) for each district. At an aggregate level, the five most flood-
affected states requiring highest number of seeds are Bihar, West Bengal, Assam, Odisha and
Uttar Pradesh.

Interestingly, it can be seen that while West Bengal is the largest producer of rice (refer
Figure 2), Bihar requires the highest amount of seed for adaption. This is because the
area in the Kharif rice area affected by flooding is higher in the state of Bihar. Delving
further into the state-wise requirement, the results appear consistent with the regional
variation in flood impacts. For instance, in the state of Bihar, districts like Gaya and Jamui
are drought-prone and the estimates reveal a lower seed requirement for these districts.
On the other hand, the districts of Patna, Muzaffarpur and Madhubani in Bihar require
the highest quantity of seeds owing to large paddy areas affected by flood. In West Bengal,
most districts reveal a high seed requirement given that it is the largest rice producer
in the country. Only for the district of Darjeeling, which is at a higher altitude (around
2000 m above sea level), is the seed requirement negligible. In Uttar Pradesh, the districts
of Siddharth Nagar and Gorakhpur, situated on the eastern part of the state, show the
highest seed requirement. In Odisha, the Kendrapara district requires the highest amount
of seeds which is approximately 2574 tonnes. In Assam, Cachar and Lakhimpur top the
list of districts requiring seeds to cope with floods. Amongst the Southern states, Andhra
Pradesh, which is a top rice-producing state, requires an overall 3256 tonnes of SS1 for its
flood affected farms. For the districts of Karnataka and Kerala, the requirement of SS1 is
comparatively low. Moreover, in the northern and norther-eastern states such as Haryana,
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Meghalaya and Uttarakhand, the seed requirement for some districts is zero, which is most
likely because these districts are either not affected by floods or they do not cultivate rice.

Figure 6. District-wise seed requirement estimation for Swarna-Sub 1 for the selected states of India.

4. Discussion

Despite growing economically, Indians are still hugely dependent on agriculture for
their livelihoods. Floods have been a major natural disaster (along with droughts) which
impacts Indian agriculture sector heavily. Between 1950–2020, India had 304 major flood
events, which affected around 895 million people in the country and cost USD 84 billion [1].
With exacerbating changes in global climate, the severity and intensity of floods will likely
increase further. Therefore, there is an urgent need to find ways to adapt to floods and
secure poor and smallholder farmers’ livelihood. With technological advancement, scien-
tists have developed several viable and stress-tolerant seed varieties which can withstand
disasters such as floods and droughts. Given the availability of such seed technologies,
there is still a need to understand the amount of seeds required by farmers. With this
regard, this study explored the amount of flood-tolerant seeds of the Swarna-Sub 1 rice
variety that would be required by rice cultivators (during the monsoon season) at the
district level of India’s 17 major states. The estimates reveal an overall requirement of
92,764 tonnes of SS1 rice variety for the flood-affected Kharif -paddy areas across all the
states. In monetary terms, this would cost approximately 370 crore INR (or USD 53 million)
to the exchequer. Considering the government’s total spending on the agriculture sector,
USD 53 million amounts to less than 0.01 percent of the Indian central government’s budget
allocation to the Ministry of Agriculture and Farmers’ Welfare in 2020. These estimates can
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be benefited by potential private sector investors at the regional, national and international
level, and stakeholders in the seed sector, while making decisions focusing on flood-risk
management in agriculture. While great progress has been made in developing advanced
flood-tolerant seed varieties, the question remains if these estimates are viable considering
if the government or private sector can establish a seed distribution system to ensure all
the flood-affected farmers benefit from this.

Focusing on climate change adaptation, an immediate focus should be given to the
agriculture areas which are severely affected by floods annually. As noted earlier, around
12 to 14 million ha of rain-fed rice cultivation area could be benefited if the SS1 variety was
adopted by the farmers, as it offers better yield even during flood events [21]. With regards
to SS1′s adoption and awareness amongst the farmers in India, it can be noted that these
seeds have been distributed to farmers, especially in eastern India, since 2008. Since then,
the distribution of SS1 seeds has expanded significantly, in particular when the National
Food Security Mission, which is a central government initiative to increase the annual
production of rice, wheat and pulses, included these seeds in its eastern India programs in
2010 [19,24]. From 2010–2012, around 38,000 tons of paddy seeds were distributed, which
reached 1.3 million farmers in Eastern India [21]. Another such initiative to promote and
increase SS1′s adoption amongst farmers called the ‘Stress Tolerant Rice for Africa and
South Asia’ (STRASA) was funded by the Bill and Melinda Gates Foundation [21]. These
initiatives are slowly bringing in changes and an increasing demand and adoption for the
same can be seen in the future.

However, as estimated in this study, the production and dissemination of approxi-
mately 90,000 tons of SS1 seeds is still a major concern. In India, the production of seeds
has a well-established channel for production [32]. The production is done on the basis
of indents from either the private or public sector organizations placed with state or cen-
tral government institutions such as the Department of Agriculture Cooperation (DoAC),
Government of India or State Agriculture University/ National Seed Producers, who
consolidate the indents and forwards them to Indian Council of Agriculture Research
(ICAR) [33]. These seeds are then supplied to indenting organizations on the basis of
allocation by DoAC for multiplication of seeds which are later made available to the farm-
ers. This entire process takes at least 3 years, which implies that the public sector seed
companies/state governments should have a pre-determined requirement of seeds at least
3 years in advance [34]. Assessing the requirement of seeds in case of contingency can
provide a way to pre-plan and procure large quantities of seeds. Amongst other ways of
making these SS1seeds available at appropriate times and affordable prices is by deploying
a suitable model, such as a participatory seed production method involving both farmers
and local stakeholders in the process; enabling partnership with private sector; seed village
scheme; and creating awareness through self-help groups and community-based organi-
zations [33–35]. This can be achieved through a continuous interaction between various
institutions, policymakers and concerned stakeholders, which can further strengthen the
existing local seed systems. Moreover, these interactions will enhance seed productivity
and availability, thereby enabling the distribution of flood-tolerant seeds to farmers in
distress across the regions [33].

Apart from these structural problems in procurement, distribution and dissemination
of the seeds, there is little understanding of how the socio-economic characteristics of the
farmers play a role in the adoption of this technology. For instance, in the field experiment
conducted in Orissa to understand the yield variability of SS1, the authors point that
caste, a marker of social status, in India-played an important role in the adoption of
stress-tolerant seeds [21]. Firstly, the study found that the plots cultivated by farmers
belonging to marginalized caste groups were already exposed to more flooding. Despite
being more vulnerable to flooding, the study found a lower adoption rate of the SS1
seeds amongst them, which was attributed to the high incidence of poverty amongst the
lower-caste groups. Thus, there are substantial social barriers in effective adoption of new
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technology such as SS1 amongst farmers. This will require designing policies that can
make stress-tolerant seeds affordable for poor farmers through subsidies or other benefits.

5. Conclusions

The incidences of flood have increased over the years owing to global climate change.
Enhancing livelihood options for the people depending on agriculture in several flood
affected regions in India is challenging. Despite the technological improvements in terms
of development of new tolerant seed varieties, or techniques, poor farmers often adapt
to these flood impacts by abandoning farming altogether. To enhance the capacity of the
farmers to deal with extreme flood events, advanced flood-tolerant seed varieties can
be adopted. To this end, this study provides estimation of one such flood-tolerant rice
variety–Swarna-Sub 1 for rice–which can be adopted by farmers during the major rice
growing season called Kharif in India, at the district level for 17 major Indian states. The
total seed requirement for the 17 states is approximately 92,800 tonnes, and the cost for
procuring this amount was estimated to be INR 3800 million.

However, our estimates are the first attempt (as far as our knowledge) to quantify
the potential need for flood-tolerant seeds such as Swarna-Sub1 that would need to be
procured if major flood prone paddy/rice areas in India had to be supplied with flood-
tolerant seeds. Our methodology of combining remote sensing data for flood affected areas
with land use pattern data can be used for need assessment by government departments
to be better prepared in procuring seeds and allocating budget in enhancing agriculture
resilience and flood proofing the vulnerable smallholder farmers. Future work would
necessitate collecting more data on seed rate usage and sowing methods that can facilitate
more accurate estimates. Moreover, future work can also explore the requirement for other
major food grains along with considering the impact of droughts.

The procurement of stress-tolerant seeds is not enough by itself to ensure adoption
by farmers, who will need these stress-tolerant seeds to become climate resilient. There
is need to design integrated flood management policy to attract more farmers in these
floods affected areas to adopt stress-tolerant seeds such as Swarna Sub1, and promote the
use of climate information services and good agronomic practices in reducing crop losses.
Although national and international agencies are beginning to recognize the extent to
which extreme weather events such as flooding will affect agricultural production in India,
their initiatives to adapt and cope with floods have been relief-oriented and rather short
term [36]. Given the increasing flood occurrences, there is a need to develop a comprehen-
sive seed production and dissemination strategy for rapid and targeted distribution of this
flood-tolerant rice variety, Swarna-sub1, especially amongst the poor smallholder farmers
residing in the flood-prone regions of India. Additionally, workshops and awareness drives
on specific climate resilient technologies suitable for that region need to be undertaken to
enable farmers to cope with extreme weather events and further enhance their adaptive
capacity. In addition, training and capacity-building programs are necessary to enable
farmers to adopt best practices and resilient technologies to increase yields.
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Abstract: The Kunduz River is one of the main tributaries of the Amu Darya Basin in
North Afghanistan. Many communities live in the Kunduz River Basin (KRB), and its water
resources have been the basis of their livelihoods for many generations. This study investigates
climate change impacts on the KRB catchment. Rare station data are, for the first time, used to
analyze systematic trends in temperature, precipitation, and river discharge over the past few decades,
while using Mann–Kendall and Theil–Sen trend statistics. The trends show that the hydrology
of the basin changed significantly over the last decades. A comparison of landcover data of the
river basin from 1992 and 2019 shows significant changes that have additional impact on the basin
hydrology, which are used to interpret the trend analysis. There is considerable uncertainty due
to the data scarcity and gaps in the data, but all results indicate a strong tendency towards drier
conditions. An extreme warming trend, partly above 2 ◦C since the 1960s in combination with a
dramatic precipitation decrease by more than −30% lead to a strong decrease in river discharge.
The increasing glacier melt compensates the decreases and leads to an increase in runoff only in the
highland parts of the upper catchment. The reduction of water availability and the additional stress
on the land leads to a strong increase of barren land and a reduction of vegetation cover. The detected
trends and changes in the basin hydrology demand an active management of the already scarce water
resources in order to sustain water supply for agriculture and ecosystems in the KRB.

Keywords: climate change; Kunduz River Basin; trend analysis; river discharge; landcover changes

1. Introduction

Afghanistan is a semi-arid country with high variability and irregularity in precipitation. Based on
the morphological and hydrological systems of Afghanistan, its surface water is divided into five major
river basins: Kabul, Helmand, Harirud-Murghab, Northern, and Amu-Darya River Basins [1] (Figure 1).
The Kunduz river is one of the main tributaries of the Amu Darya in North Afghanistan. It is mainly
nourished by snow and glaciers melting during spring and summer (Figure 1). Similar to other
tributaries of the Amu-Darya, it is the main water resource for drinking, irrigation, and hydropower
usages in the basin and the river plays an important role for all ecosystems in the basin [2–4]. However,
riverine floods and flash floods are common disasters in the Kunduz River Basin (KRB), because of
the extreme climate regime in the Hindu Kush Mountains. Severe riverine flooding in the lowlands
and upper parts of the catchments occur regularly during spring due to glacier and snow melt and
spring rainfall. In the year 2019, early rainfall in upper parts of the catchments, combined with
increased snowmelt due to high temperatures, caused strong flooding in most river basins of the Amu
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Darya tributaries in Afghanistan, with approximately 124,500 people affected and many killed [5].
Little literature is available on climate change impacts in Afghanistan; some recently conducted
studies indicate a distinct warming trend and a decrease of rainfall in some parts of the country [6,7].
The first detailed and systematic analysis of climate data for Afghanistan that was conducted by
Aich et al. (2017) showed a warming by 1.8 ◦C for Afghanistan between 1951 and 2010; the temperature
in Afghanistan increased by 1.8 ◦C, which is higher than the global mean. These changes severely
affected the key sectors, including water resources, agriculture, energy, and it imposed flash flood,
drought, soil erosion, and environmental degradation [8–11].

 

Figure 1. Afghanistan main river basins and Kunduz river watershed location.

Because about 80% of Afghanistan’s population depends on agriculture for their livelihoods,
and agriculture contributes to almost half of the GDP [12], these changes directly affected
livelihoods, food security, and the socio-economy of the country [10,13]. The changing climate
has changed the hydrological condition and land cover of the Amu-Darya River Basin [11,14].
The increase in temperature has been melting glaciers and permafrost in Himalayan and Hindukush
mountains [1,15,16]. The decrease in precipitation and glaciers melting has reduced the volume of
water in the Amu-Darya and KRB [2,4,17].

The climate change impacts, compounded by the past four decades of war and conflict,
have destroyed the country’s infrastructure and institutions, and it has led to underdevelopment that
collectively contributes to Afghanistan’s vulnerability to climate change impacts. Now, any climate
change study in Afghanistan is faced with the challenge of lack of reliable historical meteorological
data, with more than two decades gaps in the historical data records during the war and conflict in the
country [18]. The related uncertainties are also reflected in global reanalysis products [9].
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However, so far, no study has addressed the impacts of these different factors on the water
resources of the catchment with all available observed data. Therefore, the main focus of this study
is to investigate climate change impacts in the hydrology of the KRB with a focus on temperature,
precipitation, river discharge, and land use and land cover (LULC) change, while taking into account
the lack of data and the resulting uncertainty. Therefore, the trends of these variables are analyzed and
the results integrated in a discussion. The observed data from the KRB are mainly available for the
period 1960s–1980s and then again from the 2000s until now with a large gap in between due to the
political conflicts in Afghanistan, which hinders the trends analysis. The limitation in data availability
and its implications on the study and its results are discussed when interpreting the results. Finally,
conclusions for water resource management in the basin are drawn while taking the data constraints
and the related uncertainty into account.

2. Study Site

2.1. Kunduz River Basin

The Kunduz River is one of the main tributaries of the Amu Darya. It originates from the North
side of the Hindukush Mountain and flows through the wide lowlands of Baghlan to finally join
the main Amu Darya stream in Qala-i-Zal area (Figure 2). The Kunduz watershed has an area of
28,024 km2, which is 4.5% of the country [19] and about 1.9% of the population of the country live in
the River Basin [20]. The KRB covers the mountainous area of the Hindukush, with elevation ranging
from up to 4000 m a.s.l. in the upper, Southern parts of the Basin. Lowland areas are about 600 m a.s.l.
in Baghlan and 400–350 m a.s.l. in Kunduz provinces. The soils of the KRB are characterized by
Palaeogene and Neogene sediments and covered by Loess deposits about 30 m to more than 100 m
thickness in the center. Alluvial deposits consist of gravel, sands, and silt spread around floodplain in
the basin. The area adjacent to the mountains are covered by coarse deposits of gravel, pebble, cobble,
and other detritus deposits [21,22]. The higher altitude areas in the basin are partly used for rain-fed
agriculture, but they mostly consist of deforested areas [23]. The flood plains consist of highly fertile
medium drained soils with good agricultural land, which comprises the main economic center of the
basin [24].

Arable land covers 38% (10,344 km2) of the total area of the KRB (28,024 km2). The Takhar province
has more arable land as compared to the Kunduz and Baghlan provinces. Bamyan province is located
in the high mountain area of the KRB and it has the least arable land [23]. The main crops cultivated in
the arable area of the KRB are wheat, maize, barely, and rice. The crops are mostly planted during
March to May and harvesting during July to September [25]. Watermelon, melon, potatoes, and onions
are the main vegetables crops. Apples, grapes, berries, and peaches are the major fruits, and Cotton is
the major industrial crop. There is an increasing number of pistachio- and almond plantations grown
in the KRB.

Recently, the Ministry of Agriculture, Irrigation and Livestock (MAIL) conducted qualitative
and quantitative investigations on climate change impacts on the agriculture sector in Afghanistan.
The results presented a significant reduction in crops production, which was likely due to a decrease of
precipitation and rising temperatures within the North-East agro-climatic zone that covered the KRB
(e.g., 10–20% reduce in wheat) [25].
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Figure 2. Main tributaries and locations of hydrologic stations and stream gauges within the Kunduz
River Watershed.

2.2. Climate

Precipitation and temperature are very heterogeneous in the KRB due to its large range
in elevation. Based on the Köppen–Geiger climate classification scheme, the KRB is mainly
characterized by a mid-latitude steppe climate (Bsk, cold semi-arid climate) with some areas being
Mediterranean-influenced subarctic climate (Dsc) [25]. Figure 3 presents the mean monthly weather
average of the recent decade (2009–2019) mean monthly weather average, recorded in North Salang
and Kunduz stations. The data were provided by the Afghanistan Meteorological Department [26].
The mean annual temperature in North Salang (3400 m a.s.l.) is around 1 ◦C and it is 19 ◦C in Kunduz
(991 m a.s.l.). The mean annual rainfall is recorded 71 mm in North Salang and 32 mm in Kunduz.
From June to September are mainly dry months with very little precipitation and most of the annual
precipitation falls from January to April. At North Salang, the annual average precipitation is around
200 mm and 100 mm at the Kunduz station. July is the warmest month of the year, in North Salang the
average temperature in July is 11 ◦C and, in Kunduz, it is 33 ◦C. January is the coldest month of the year,
with −10 ◦C and 5 ◦C in North Salang and Kunduz, respectively. In Kunduz, the temperature extremes
can rise to over 40 ◦C during the warmest months and fall to −20 ◦C during the cold season. There are
occasions of heavy precipitation events, for example, over 400 mm/d in North Salang (e.g., March of
2019) and 350 mm/d in Kunduz (e.g., February 2008). High precipitation during spring 2019 caused
severe flash floods in the main river basins, including the Kunduz sub-river basin [27].
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Figure 3. Average monthly precipitation and temperature recorded in North Salang and Kunduz
stations during the period 2009–2019.

2.3. Hydrology

The Kunduz River is a tributary of the Amu Darya River in North Afghanistan. The upper part of
the KRB is characterized by high mountains and steep valleys. In the upper part, the KRB is fed by
the rainfall, snow, and small glaciers of the Koh-e-Baba range and the Hindu-Kush mountains [24]
(Figure 2). The KRB has a number of tributaries, including the Khinjan, Andarab, and Bamyan
rivers [28]. Upstream of the Kunduz province, the Kunduz river is called the Pul-I Khumri River.
Another small tributary, the Nahrin River, has its sources in Nahrin district and it joins the Kunduz
river near the town Baghlan-i Kohna. Finally, the Kunduz River reaches the Amu Darya main stream
at Qala-i Zal (Figure 3). The KRB covers all of Baghlan province, the western part of Bamiyan province,
and parts of Kunduz and Takhar Provinces [23]. Two hydropower dams have been built on the Pul-i
Khumri in 1943 [29].

The hydrology of the KRB is mainly controlled by the high mountains of the Hindukush. Upstream,
channels are generally narrow and deep and flowing throughout the whole year [12]. The runoff
regimes are largely controlled by snow-melt, with high discharge from April to June and only close
to glaciers in the upstream parts of the catchment, the small glaciered area has significant influence
on the flow regime (e.g., Doab station). Precipitation in the KRB mainly occurs in the form of rain,
drizzle, snowfall, and hail, and it is high during the winter months [24]. The water carried by the river
supports an intensive irrigated agriculture, which is the main economic basis of the region. There are a
number of river gauging stations within the watershed, as shown in Figure 2.

Figure 4 presents the mean monthly discharge of the recent five years from 2014 to 2018 recorded
in the four main gauging stations, Doab, Puli-Khumri, Char-Dara, and Kulukh-Tepa (for locations,
see Figure 2). Historically, the monthly peak flows generally occurred during April through July,
which resulted in very high discharge at the downstream drainage outlet (Figure 4). The Doab gauge
is located in the most upper part at 1468 m a.s.l. It covers a small watershed and has low discharge,
being mainly fed by small glaciers. The peak monthly discharge at that gauge from 2014 to 2018 was
36 m3/s during June. The gauge at Puli-Khamri is downstream at 634 m a.s.l. and its peak monthly
discharge during this period was 199 m3/s. Char-Dara gauge, further downstream at 401 m a.s.l.,
the peak discharge is 138 m3/s and 177 m3/s at Kulukh-Tepa gauge (320 m a.s.l.). The Kulukh-Tepa
gauging station is located at the confluence of the Kunduz River and the Amu Darya mean stream
(Figure 3). The peak average monthly discharge at Puli-Khamri gauge is higher than the Kulukh-Tepa
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at the outlet of the KRB. This can be explained by the high temperature and related high evaporation
during June, July, and August in the lowland downstream area and diverging small portion of the
stream to irrigation as well.

Figure 4. Comparison of flow discharge at Doab, Char-Dara, Puli-Khamri, and Kulokh-Tepa gauges.

3. Data and Methods

3.1. Data

For the analysis, historical temperature, precipitation, and river discharge data recorded from
about 1960 to 1979 at gauging stations installed within the Kunduz River Basins are analyzed. Between
1979 and 2009, or even later, there are no data records due to political turmoil in the country available.
The recent data from 2009 to 2019 are, with some exceptions, available. The data for available years
are listed in Table 1. Only meteorological and river discharge stations with over 20 years of data
records have been used in the study and stations with less data available neglected in order to have a
minimum of confidence in the time series (discussed in more detail in Section 5.1). The hydrological
and meteorological data were provided by the Ministry of Energy and Water and Afghanistan
Meteorological Department. The river discharge data are also provided by the same ministry [30].

Table 1. Overview of gauges and meteorological stations in the Kunduz River basin, including drainage
area, elevation, and the period for which data are available.

River Gauge Stations

Station Name Lat. Long. Elevation (m)
Drainage

Area (km2)
Record
Period

Record
Period

N◦ Years

Doab 35.2666667 67.9833333 1468 5005 1968–1979 2009–2018 22

Puli-Khumri 35.9333333 68.7166667 639 17405 1950–1968 2009–2018 29

Char-Dara 36.7000000 68.8333333 401 24820 1964–1980 2007–2018 29

Kulokh-Tepa 36.9833333 68.3000000 320 37100 1966–1980 2014–2018 20

Meteorological Stations

North Salang 35.4528396 68.9852142 3400 Met-Station 1960–1978 2010–2019 29

Taliqan 36.6333333 69.7166667 991 4110 1969–1978 2010–2019 20
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For topographical and hydrological mapping, remote-sensing data and satellite images from
sources, including National Geographic and Esri, were accessed and processed using ArcGIS software
(https://www.arcgis.com/home/item.html?id=b9b1b422198944fbbd5250b3241691b6). For the LULC
classification, Landsat 5 Thematic Mapper (TM) scenes and Landsat 8 Operational Land Imager (OLI)
have been used [31].

3.2. Trend Analysis for Temperature, Precipitation and River Discharge

Linear trends in the time series were analyzed using the Mann–Kendall test [32]. It was chosen,
because it is a robust nonparametric test and it can handle missing data as well as it has higher power
for non-normally distributed data, which are common in hydrological and meteorological data [33].
Each element is compared with its successors and ranked as larger, equal, or smaller. Based on this
analysis, the statistical significance of rejecting the null hypothesis that there is no monotonic trend is
tested (for all tests α = 0.05). The R package “Kendall” was used for the calculation [34].

The Theil–Sen approach was used in order to quantify the linear trend [35,36]. It computes the
slope for all pairs of the ordinal time points of a time series and then used the median of these slopes
as an estimate of the complete slope. This approach is commonly combined with the Mann–Kendall
test and estimates the trend slope of a time series in its original unit. The R package “zyp” was used in
order to calculate the Theil–Sen trend and includes a pre-whitening according to Ye et al. (2002) [37]
if autocorrelation occurs [38].

3.3. Land Cover Classification

The supervised land cover classification has been carried out in two time steps, 1992 and 2019,
while using Landsat 5 TM for the earlier date and for the latter Landsat 8 OLI. To account for annual
variation in the snow and glacier coverage, data from August and September, when snow and
glacier coverage have their annual minimum, have been used. A cloud mask was applied to remove
cloud contamination.

The Random Forest Classifier (RFC) method [39] was applied using Google Earth Engine (GEE) for
the classification [40]. For constructing the study wide cloud free mosaic, the median function of GEE
has been used, which takes the median value of each pixel in available image temporal stack. In order to
achieve higher classification accuracy, we followed the method of [41]: Gray-level co-occurrence matrix
(GLCM) texture features [42,43] and spectral indices were produced in order to serve as collective
variable predictors for the classification algorithm. The texture characterizes the variance of the pixel
DN value over space, so it needs to be measured in a multiple pixel neighborhood. Within this
neighborhood of pixels can be found the following three elements: tonal (DN) difference between
pixels, the distance over which this difference is measured, and directionality [42]. These neighboring
pixels are considered a window or kernel, and usually have a square area with an odd number of
pixels for practical reasons. It is important to define the window size, because the larger window
size can include edges or patches with different textures; this is particularly applicable for larger
window sizes. For the first time in 1973, Haralick et al. [42] proposed GLCM textures, which are
co-occurring or second-order texture measures. The calculation is based on tonal (DN) differences
in a spatially defined relationship between pairs of pixels, taking into account all pixel pairs within
the neighborhood. Hall-Beyer explains that second-order measurements can distinguish two pixels
wide vertical stripes from one pixel wide stripes, given uniform DN values in each stripe; first-order
texture measurements are not able to perform this [42]. The GLCM can account for all three elements
of texture and that is one of its advantages. GLCM can be calculated while using single input layer
and defined window size (i.e., 7 × 7), selected by the user, and can deliver to one or more output
layers based on the selected measurements (i.e., variance, homogeneity, entropy, etc.). Based on the
empirical result, a window size of 7 × 7 yielded a better result for generation of GLCM textures and
the following textures features were generated: Variance, Inverse Difference Moment, which measures
the homogeneity, Contrast, Dissimilarity, Entropy, Correlation, and Angular Second Moment. which
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measures the number of repeated pairs [42]. The GLCM of band 3 and Band 4 of Landsat 8 were
used for 2019 land cover classification, and GLCM band 4 of Landsat 5 TM was used for 1992 to
generate the texture features. The spectral indices used include: Modified Normalized Difference
Water Index (MNDWI) [44], Enhanced Vegetation Index (EVI) [45], Normalized Different Moisture
Index (NDMI) [46], Green Optimized Soil Adjusted Vegetation Index (GOSAVI) [47], Built-up Area
Extraction Index (BAEI) [48], and the Normalized Difference Bareness Index (NDBai) [49].

The Smile RFC method was applied using 200 decision trees and eight variables per split, which
accounts for two-third of all variables. The number of input variables for both years have been filtered
according to the variable importance function of the RFC and only the variables that contributed most
have been selected in order to produce the final study area land cover for the list of input variables.

Training data were collected from annual land cover data by ESA [50]. Stratified random sampling
techniques were used to collect 500 points per class with a total 10,000 points. The overall classification
accuracy reached over 80% for all time steps.

4. Results

4.1. Change in Temperature and Precipitation

In the KRB, two weather stations with more than 20 years of data are available, North Salang
and Taliqan. Historical data are not available for the Kunduz meteorological station (see Figure 2).
North Salang is located in the upstream, in a very high altitude with high precipitation and low
temperature; Taliqan lies in the lowland area near of Kunduz.

Figure 5 shows a strong and statistically significant increase in the mean annual temperature
within the KRB since the 1960s by 1.45 ◦C (see Table 2). All temperatures increase; however, the increase
of the winter temperature is less and not statistically significant. Precipitation shows a very strong and
significant trend by −35.02% (−412.56 mm) (see Figures 6 and 7).

 

Figure 5. Mean annual, summer (J,J,A) and winter (D,J,F) temperature at station North Salang.
Significant trends (α = 0.05) are depicted as solid red line.
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Table 2. Trends in temperature and precipitation for the stations North Salang and Taliqan. Statistically
significant trends are bold (all but winter of North Salang).

Trend Mean
Annual

Temperature

Trend Mean
Annual Spring

Temperature (MAM)

Trend Mean
Annual Summer

Temperature (JJA)
1969–2019

Trend Mean Annual
Autumn Temperature

(SON) 1969–2019

Trend Mean
Annual Winter

Temperature (DJF)

Trend
Precipitation

1960–2019

North
Salang

1960–2019:
+1.45 ◦C 1960–2019: +1.66 ◦C 1960–2019: +1.69 ◦C 1960–2019: +1.8 ◦C 1961–2019: +1 ◦C −412.56 mm

(−35.02%)

Talaqin 1969–2019:
+2.73 ◦C 1969–2019: +2.56 ◦C 1969–2019: +2.87 ◦C 1969–2019: +2.0 ◦C 1970–2019: +3.68 ◦C −26.03 mm

(−57.73%)

 

Figure 6. Mean annual precipitation at stations North Salang and Taliqan. All trends are significant
t (α = 0.05) and depicted as solid red line. Please note that only 18 years of data are available for Taliqan.

 

Figure 7. Mean annual, summer (J,J,A) and winter (D,J,F) temperature at station Taliqan. All of the
trends are significant (α = 0.05) and depicted as solid red line. Please note that only 18 years of data are
available for Taliqan.

For the Taliqan station in the lowland, where only 18 years are available, all of the trends are
significant and extreme. Mean annual temperature increased according to the data for the period
from 1969 to 2019 by 2.73 ◦C and summer (+2.87 ◦C) and winter (+3.68 ◦C) temperature even more.
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Precipitation decreased in the same period by 57.72% (−26.03 mm). These trends have to be interpreted
with caution due to the limited number of years available (see Section 5.1).

4.2. Changes in Discharge

For this study, data from four gauging stations with at least 20 years of data in the KRB have been
analyzed. The highland Doab station (see Figure 8, Table 3) shows a strong and significant increase in
the mean and minimum annual streamflow, with over 100%, whereas the maximum flow is still strong,
but due to the limited data not significant.

 

Figure 8. Mean, maximum, and minimum annual discharge for Doab gauging station. Significant
trends (α = 0.05) are depicted as solid red line.

Table 3. Trends in mean, maximum, and minimum annual discharge for the gauging stations Doab,
Pul-i-Khumri, Chahar Dara, and Kulokh Tepa. Statistically significant trends are bold (α = 0.05).

Gauging Station
Trend Mean

Annual Discharge
Trend Maximum

Annual Discharge
Trend Minimum

Annual Discharge

Doab +7.95 m3/s (+103.12%) +24.5 (+62.74%) +2.98 m3/s (+143.27%)

Puli-Khumri +5.38 m3/s (+7.86%) −82.46 m3/s (−23.45%) +11.39 m3/s (+53.34%)

Chahar Dara −9.57 m3/s (−18.40%) −125.53 m3/s (−43.05%) −5.98 m3/s (−46.36%)

Kulokh Tepa −27.46 (−25.30%)
(significant at α = 0.1) −334.61 (−58.51%) −15.47 (−66.20%)

The Puli-Khumri station, (Figure 9, Table 3) further downstream in the lowland of the KRB, shows
inhomogeneous trends with an again strong and significant increase in minimum flow with over 50%
decrease, whereas the maximum annual discharge is significantly decreasing by over 20% and the
mean annual flow is consequently levelled out without a significant trend.
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Figure 9. Mean, maximum, and minimum annual discharge for Doab gauging station. Significant
trends (α = 0.05) are depicted as solid red line.

The Chahar Dara gauging station (Figure 10, Table 3) further downstream shows strong decreasing
trends throughout the year; however, only for the maximum flow this decrease is significant with over
40% reduction.

 

Figure 10. Mean, maximum, and minimum annual discharge for Chahar Dara gauging station.
Significant trends (α = 0.05) are depicted as solid red line.

The Kulokh Tepa station (Figure 11, Table 3) at the confluence of Kunduz the Amu Darya River
shows similar decreasing patterns with a significant decrease in the maximum flow by almost 60% and
a slightly less significant decrease (α = 0.1) for the mean annual discharge by around 25%.
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Figure 11. Mean, maximum, and minimum annual discharge for the Kulokh-Tepa gauging station.
The significant trend with α = 0.1 is depicted as dashed, the significant trend with α = 0.05 is depicted
as solid red line.

4.3. Change in Landcover

LULC trends in the KRB are assessed by comparing changes between the years 1992 and 2019
(Figure 12). Figure 13 shows the areal changes of the ten defined LULC types. Since 1992, irrigated
agriculture, forest/trees, shrubland, urban coverage, as well as barren land and water surfaces,
have increased substantially. At the same time, rainfed agriculture, grasslands, and snow/glacier
coverage drastically decreased. Table 4 shows landcover classification area in Km2 and the change in
landcover percentage between 1992 and 2019.

Table 4. Comparison of 1992 and 2016 Landcover areas [23,28].

Class Name Landcover Area km2(1992) Landcover Area km2 (2019) Change in %

Rainfed agriculture 6382 4461 −30.1
Irrigated agriculture 2064 2377 +15.2
Mosaic Vegetation 12,847 12,488 −2.8

Forest, tree 464 973 +109.7
Shrubland 1859 3602 +93.8

Grassland/Rangeland 9942 7361 −26
Urban 266 548 +106

Bare land 4964 5877 +18.4
Water 174 249 +43.1

Snow/Glacier 994 668 −32.8

Forest/tree area also includes fruit trees and the doubling of this coverage can be explained by
a massive expansion of fruit tree plantations, such as almond and pistachio trees. Grassland was
mainly degraded to barren land or shrub land. There is also a shift from rainfed to irrigated agriculture,
even though the decrease in rainfed agriculture cannot fully be explained by this shift. Large areas of
rainfed agriculture seemed to shift into shrublands and barren land.
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Figure 12. Land cover maps of 1992 and 2019 of the Kunduz River Basin derived from Landsat data.

Figure 13. Changes in land use and land cover between 1992 and 2019 in the Kunduz River Basin.
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5. Discussion

5.1. Constraints Due to Limited Data Availability

The availability of data is very limited in the study region as well as for the whole of Afghanistan
for many reasons. The station density of meteorological as well as river gauging stations has always
been low, due to the low population density, underdevelopment, and the relatively low influence of
central government in many regions of the country. Characteristic for Afghanistan are, in addition
the long periods of conflict and foreign rule, which hindered sustained observations or fragmented
them. For example, weather observations from during the Soviet occupation, which still have taken
place according to local knowledge, are not currently available. The lack of data also substantially
reduces the quality of climate reanalysis in the region. Comparisons of observations with reanalysis
for the available stations in the KRB showed the same results as for Aich et al. 2017 [9], which found
that, for central Afghanistan, monthly precipitation in reanalysis deviated by up to 30% from the
observations. For this reason, only observed station data are used for this study. We selected all of
meteorological and river stations with at least 20 years of observations, since the IPCC AR5 used the
period from 1986 to 2005 as modern baseline and deemed 20 years to be long enough to average over
natural variations [51]. This filtering limited the time series for analysis to only two meteorological and
four river gauging stations in KRB. Another constraint is the long gaps within the time series, which
fragment the time series in two parts and make a continuous trend analysis impossible. The authors
decided to use the data, despite these strong constraints, since it is still the currently best available
data, which, in summary, still allow careful interpretation. The uncertainty of the temperature trend at
the station North Salang is acceptable, since almost 30 years of data (29) are available, the value that
the World Meteorological Organization (WMO) recommends for climate studies [52]. For precipitation,
the uncertainty is slightly higher due to the strong interannual variability and long period of missing
data. For Taliqan, the uncertainties are markedly higher, since only 18 years of data are available.
Still, the temperature measurements give plausible results, even though the absolute numbers should
be interpreted with caution. This holds even more for the extreme precipitation, which might be only
natural variability.

However, both meteorological stations show consistent trends, which also confirm the findings
from other studies with strongly increasing temperature and a reduction of precipitation [9]. This gives
some confidence when interpreting the results and this holds also for the river stations. However,
the climatic trends have the expected impacts on the river discharge in the KRB, even though the
absolute numbers can be doubted. Finally, the individual time series can be questioned due to the
mentioned constraints, but, all together, they show a coherent picture of a strong warming trend and
drier conditions, which are also reflected by the changes of LULC.

In order to improve the situation and make more data available, we urge data rescue initiatives,
like idare (https://www.idare-portal.org), to include Afghanistan in their efforts and particularly the
integration of existing data in archives of the former Soviet Union might be promising.

5.2. Climate Change Impacts

The results of the temperature and precipitation trend analysis are, in general, in line with former
studies, like Aich et al. 2017 [9]. The extreme increase in temperature by significantly over 1 ◦C in
the central highland and even over 2 ◦C in the lowland of the KRB. The temperature increase is more
pronounced in summer, accompanied by a not less extreme decrease in precipitation by over 35%,
respectively, 50% during the second half of the last century until now (see Table 2). As discussed in
Section 5.1, uncertainties with regard to the magnitude of trends is large, particularly for precipitation;
however, the direction of trend seems to be plausible and in line with observations from other countries
in the region. Still, the general decrease is significant and has, similar to the strong temperature
increase, a strong impact on the water resources.
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River discharge results are more heterogeneous for different parts of the catchment. In the
headwaters of the catchment (Doab station), the discharge is significantly increasing, which can be
explained by the increase of glacier melt due to the higher temperatures. The LULC analysis shows an
extreme reduction of 359 km2 (−35%) of glaciered area between 1992 and 2019. With the accelerated
warming trend, the melting of the glaciers is also expected to accelerate and, at a tipping point,
the increase in discharge in these upstream catchments will stop and discharge abruptly be reduced.
Studies in other catchments in the Hindukush area show exactly this behavior, with a current increase
in discharge in the headwaters, but project a strong decrease on the long run [2,53]. The warming is,
in general, altering the flow regime in the whole catchment, since the period of snowfall is reduced
and precipitation, which is usually stored until spring as snow cover, feeds as direct runoff into the
river systems.

In the Puli-Khumri station, which is already in the lowland of the catchment, the decrease of
precipitation already leads to a decrease in maximum annual discharge, even though this is leveled out
overall by the additional discharge through the glacier melt. For the other stations further downstream,
the increase in evapotranspiration that is caused by the increased temperature and the strong reduction
of precipitation leads to strong decrease in streamflow. This holds for both maximum and minimum
discharge, but it is most pronounced during the summer discharge peak.

This interpretation of the results is also supported by the trends in change of landcover, which
show a general tendency to drier conditions and a significant increase in human activities. The reduced
rainfall and increased evaporation caused a reduction of grassland and an increase of barren land.
Parts of rainfed agriculture have been turned into irrigated agriculture, but large parts have also been
abandoned and turned into shrubland and barren land. A plausible explanation for this observation
might be the drier conditions, which do not allow rainfed agriculture in many parts of the basin
anymore. On the other side increased forest and tree cover, which can be explained by the substantial
increase of fruit tree cultivation, which are more resilient to the drier conditions in the catchment.
In addition, urban settlements increased strongly, which likely puts even more pressure on the land
and available water resources.

6. Conclusions and Recommendations

The study results indicate that, since the 1960s, the annual average temperature in the KRB has
been increasing, while precipitation and river discharge have been decreasing, with the exception of
glacier-fed headwaters. The increase in the discharge in the upper catchment will continue until the
small glaciers that still exist are melted and then a dramatic decrease in summer discharge where it is
most needed for irrigation can be expected for the whole catchment, similar to other catchments [54].
In addition, there has been a drastic and significant change in landcover since 1992, most likely due
to climate change impacts as well as environmental degradation and human impact. This leads to
more direct run-off of precipitation which increases the risk of floods. In combination, these processes
negatively impact the livelihoods and wellbeing of its communities.

About 1.9 million people live in the KRB and their livelihoods mostly rely on agriculture. Climate
change impacts therefore affect food security, particularly of those depending on the household farming.
Decreasing precipitation results in a depletion of water resources, in some cases leading to water
scarcity. In addition, the combination of climate change impacts and strong pressure on the land use
during the long period of war and conflict in the country has led to a degradation of vegetation cover
in the KRB. Afghanistan is traditionally an agrarian country, with 22% of the national GDP produced
in this sector. Approximately 79% of the population is engaged in farming. Agriculture is an important
source of livelihood and local economy rely on that [55,56]. Agriculture and farmers are more affected
by the impacts of climate change in Afghanistan [57]. The main obstacles are war and conflict in
the country and a lack of effective investment and management in agriculture and irrigation sectors.
Additionally, land use and land cover change due to socio-economic changes through political and
economic transformation and climate change impacts is a critical issue in Afghanistan and a number of
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studies have been conducted on LULC in Afghanistan [58–61]. A LULC study undertaken by FAO as
compared LULC for Afghanistan between1993 and 2016 showed changes in the KRB land cover that
are in line with the results of this study [19,23].

In turn, this affects the capacity of people and the environment to adapt to climate change.
The strong warming trend in winter and spring lead to an earlier snow melt, which again increases the
risk of flash flooding. However, there are also positive signals visible. There is a strong increase of fruit
trees, which are more resilient to harsher climatic conditions and may even locally have the positive
effect the microclimate. In addition, irrigated agriculture has also increased. Both of the signals show
that farmers adapt automatically autonomously to the changing conditions.

In addition, the study shows that the annual discharge of the KRB is sufficient for developing the
watershed if the water resources are managed in an integrated and sustainable way. The downstream
part of the KRB covers a wide area with large agriculture potential, for example by multiple cropping
through irrigation. At the same time, the downstream part of the KRB is very vulnerable to flash
floods and droughts, which affect the livelihood and socio-economy of the community living within
the watershed deeply. Therefore, integrated water resources management is key for the agricultural
development, livelihoods, and local economy. Measures, like reforestation, could reduce the risk of flash
floods and droughts. Other measures, which have proven their effectiveness for many catchments in a
developing context, could include guidelines on best practices, the establishment of a river basin council,
and adapted community-based participation approaches. Using approaches that directly involve
the communities in management and decision-making processes, these collectively can improve the
socio-economy and livelihoods of the people within the KRB. However, a comprehensive IWRM strategy
is still missing for Afghanistan and particularly the KRB. Therefore, we hope that the results of this
study contribute to informing sustainable water resources development and watershed management.
In conclusion, this study argues for establishing an Integrated Water Resources Management Plan for
the KRB to trigger sustainable development [62].
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Abstract: The objective of this text is to present a reflection on the link between local initiatives to
combat food insecurity and actions adapting to climate change. To this end, two case studies of
ongoing experiments in the Canadian province of Quebec will be presented and compared. While
these two cases are very different in terms of location, production and people involved, they share
the objective of bringing fresh and healthy food, produced locally, to the population of their territory
and of rethinking the relationship of the community to nature through food production. Despite
their significant differences, each of these two cases features actions for responding to problems
that have a common cause: an agro-industrial food system that, by decoupling the locations of
production and consumption, in order to maximize the economic profitability of the capital invested,
has compromised both the health of citizens and the ecological balance.

Keywords: climate change; food insecurity; local initiatives; food miles; ecological transition

1. Introduction

Climate change resulting from the production of greenhouse gases (GHGs) is certainly
the most evident aspect of the environmental crisis facing the planet, even if it is not the
only factor. As Swyngedouw [1] pointed out, this crisis is global and concerns a model of
society that sees nature only as an unlimited pool of resources to be exploited for economic
growth and financial profitability. The options for dealing with this crisis must target the
various facets of human life, such as health, transportation, agriculture, finance and water,
and how these interlock with nature [2]. Thus, social innovations aimed at transforming
society’s relationship with the environment must be deployed across several dimensions,
with food production targeted as a main, if not a flagship, priority [3] (p. 8).

Climate change and other aspects of the crisis such as the nutritional crisis are inti-
mately linked. We have seen that events caused by climate change, which are becoming
more frequent, destabilize the world food system, which consequently diminishes food
security. An example of this is the case of Russia, which in 2010, fearing that it would
be unable to meet its domestic demand following a major heat wave, decided to stop
exporting wheat. This caused an increase of more than 40% in the price of wheat, making
it more difficult for citizens in several regions of the world to obtain this grain [4].

This growing insecurity signals the need to rethink the food system with a view to
experiments that promote an alternative to the globalized option of the food industry,
or even of the economy as a whole. The territory can thus become a framework for
restructuring based on the local, supported by visions that mobilize the interaction of the
various dimensions of human life while also taking non-human life into account [1]. This
calls for a return to a territorialized vision of development that brings consumption and
production closer together and that draws on a new post-capitalist model of development
built on the basis of local experiments [5]. In such a model, territories are seen as life
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environments, which means they are used and valued primarily from a perspective of
improving the quality of life of citizens [6].

For several years now, the global food system has been under pressure due to rising
temperatures, changes in precipitation patterns and more frequent extreme events (heat
waves, droughts, hail) [7]. These climate challenges are compounded by global population
growth, non-food uses of food crops and a shift to an increasingly animal-based diet [8].
These major trends threaten the food security of populations. According to the FAO [9],
considering the current food system, 50% more food will have to be produced to meet the
growing needs of the world’s population.

While tropical and subtropical regions are already feeling the negative impacts of
climate change on their agricultural yields, more northern regions are benefiting from
these changes and are experiencing increased productivity for certain crops such as corn,
soybeans and wheat. However, the IPCC [7] warns that these positive impacts will be short-
lived. Declining yields of the major cereals will increase their cost, and this increase will
affect the price of food in general. Fruit and vegetable production is not left out and also
remains vulnerable to climate change. Heat stress and extreme events affect plant growth
and even destroy crops. In addition to these direct impacts on production, there are impacts
on productive resources. Decreased water quantity and quality, soil degradation and the
presence and proliferation of pests and diseases are also to be expected. Finally, it should
be noted that extreme temperatures likewise have impacts on agricultural workers [7]. One
third of the world’s food production would no longer benefit from a “safe climate space”
and would be threatened in the medium term [10].

The relationships between climate change and food systems are complex and have
consequences on the four dimensions of food security identified by the FAO [11], namely,
food availability, food access, utilization and stability of these three dimensions over time.
Availability refers to food supply and is derived from production, productivity, provision-
ing and trade. Food access is both economic and physical. The economic dimension refers
to income in relation to the price of food, while physical access refers to infrastructure and
the organization of supply and distribution systems, as well as to non-market practices
(home production, social and solidarity economy organizations) [12]. Food utilization
concerns the attainment of nutritional well-being that satisfies all physiological needs.
Finally, the fourth pillar relates to the stability of the three previous pillars and concerns
the different temporalities (cyclical, seasonal, annual).

Several studies have focused on measures to adapt to and mitigate climate change
in food systems. Some of these measures concern demand-side changes (e.g., changes in
diets) [13]. Others address the supply side such as adapting food production systems [14]
and maintaining traditional productive systems [15]. In this article, we would like to
discuss the contribution of non-traditional agricultural production sites to food security in
a context of climate change and the territorialization of production practices. Given the
pressures of climate change on production areas and human and natural resources, we
believe it is necessary to reflect on the alternative dimension of these experiments in terms
of their potential effects on natural and social balances.

The objective of this text is to present a reflection on the link between actions to adapt
to food insecurity. To this end, two case studies of ongoing experiments in the Canadian
province of Quebec will be presented and compared. While these two cases are very
different in terms of location, production and people involved, they share the objective of
bringing fresh and healthy food, produced locally, to the population of their territory and
of rethinking the relationship of the community to nature through food production.

2. Materials and Methods

This article is based on a meta-analysis of two case studies that were conducted
separately: Le Grenier boréal initiative in the Côte-Nord region (the study of Le Grenier
boréal initiative was carried out by Jessica Élie-Leonard as part of her master’s degree
under the direction of Mélanie Doyon [16]), and Lufa Farms in Montreal (the study of
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Lufa Farms was carried out by Roufaï Ouro-Koura as part of a master’s thesis under the
supervision of Juan-Luis Klein [17]). Both applied the case study method that is appropriate
for comprehensive inductive studies of complex initiatives that need to be seized in their
territorial context (for the case study method, see Yin [18] and Crowe et al. [19]). Our
meta-analysis is based on the pattern matching of both case studies (Figure 1). It is inspired
by grounded theory [20]. Therefore, the resulting theoretical and strategic considerations
and proposals about the potential effect of food security-oriented initiatives on the ecologic
transition and, consequently, on climate dynamics are presented in the last section of
the article.

 

Figure 1. Meta-Analysis Chart.

The case study of Le Grenier boréal drew on a field survey which included direct
observation as well as seven (7) semi-structured in-depth interviews with key project
stakeholders (professionals, elected officials, project leaders, volunteers). These interviews,
which lasted 90 min on average, were carried out in 2018. Information collected was
recorded and transcribed and then analyzed using a reading grid. We also drew on
government documents such as socio-territorial portraits of Minganie and Côte-Nord, a
portrait and an action plan concerning poverty and social exclusion and the Minganie
development plan, as well as maps, statistical information (Statistics Canada and Institut
de la statistique du Québec) and graphs (Institut national de santé publique du Québec).
Local newspapers and larger, more high-circulation newspapers, as well as radio and TV
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reports, were also mobilized and allowed us to determine the highlights of the project since
its creation.

The data about Lufa Farms were drawn from eighteen (18) in-depth semi-structured
interviews, conducted in 2018, with a variety of respondents, including two (2) main
managers of the company, five (5) employees and nine (9) partners (agricultural producers,
food artisans and distributors). These respondents were interviewed about the company’s
organizational practices and production methods. In addition, two (2) representatives
of neighborhood organizations involved in food security and the social economy were
interviewed about the company’s community.

3. The Territorial Context of the Case Studies

The first case is located in an area on the outskirts of major urban centers, in the far
east of the province. It is the agricultural initiative Le Grenier boréal (https://grenierboreal.
coop/ accessed on 28 June 2021), an agroforestry solidarity cooperative located in the
municipality of Longue-Pointe-de-Mingan in Quebec’s Côte-Nord region. Founded as
a result of citizen mobilization, this social economy enterprise, which has transformed
an abandoned military site (tests have been conducted in order to ensure that there is no
contamination) into agricultural land, relies on traditional resources and know-how as
well as innovative methods in order to produce fruits, vegetables and herbs. The second
study presents the case of a social enterprise (albeit private) of urban agriculture located in
the metropolitan area of Montreal, thus in a central region and in a global city. This is the
enterprise Les Fermes Lufa (https://montreal.lufa.com/fr/ accessed on 28 June 2021), or
Lufa Farms, in English. In this project, actors mobilize innovative technologies to produce
fresh food on a large scale in greenhouses located, in some cases, on the roofs of repurposed
abandoned buildings.

Despite their significant differences, each of these two cases features actions showing
autonomy-oriented responses to problems that, being different, have a common cause: an
extractivist food system that, by decoupling the locations of production and consumption,
in order to maximize the economic profitability of the capital invested, has compromised
both the health of citizens and the ecological balance.

3.1. Case 1: Le Grenier boréal in Quebec’s Côte-Nord Region—A Challenge with Regard to
Remoteness and Climatic Conditions

Le Grenier boréal cooperative was established in 2013 by citizens of Longue-Pointe-
de-Mingan, following a study on non-timber forest products (NTFPs) in Minganie and the
obtaining of funding [21]. Two observations gave rise to the creation of this cooperative: the
need to renew the economic base of the region, and the lack of fresh fruits and vegetables
in the territory [22]. As a solidarity cooperative (A solidarity cooperative “is characterized
by the diversification of its membership and its openness to partnership. It brings together,
within the same enterprise, individuals or companies that have a common cause or interest,
but varied needs” [23]. Entreprise Québec. La coopérative: un modèle d’affaires à découvrir.
Available online: https://www2.gouv.qc.ca/portail/quebec/infosite?lang=fr&x=23711155
52 accessed on 15 July 2021). Solidarity cooperatives are very present in home and health
care services, professional services, business services and local services (grocery stores, gas
stations, restaurants, etc.) as well as in arts and culture.), the mission of Le Grenier boréal
is, on the one hand, to provide work for its members through the production, harvesting,
processing and marketing of food and, on the other hand, to offer some agricultural and
agroforestry products and services to the cooperative’s members.

The enterprise has four components: (1) NTFP harvesting, which valorizes forest
resources; (2) agrotourism and educational animation; (3) consulting services in agro-
forestry and the environment; and (4) market garden production [24]. The market garden
component occupies approximately two hectares of leased public land. The site, which
was a military wasteland, was cleaned up and reclaimed. Some development was required
to address the challenges of the environment. Hedges were planted to protect the site
from the strong winds that blow in Côte-Nord. Thanks in large part to local resources,
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the cooperative was also able to meet the challenge of poor soil. From the beginning, the
cooperative relied on the residues from the local crab processing plant to produce compost.
Over time, it has diversified its sources of supply, and fertilization is now mainly conducted
with algae from the river, harvested by hand along the banks. The cooperative wishes to
enhance the valorization of scallop residues of local companies and has set up a project
for this purpose. Finally, shredded branch residues from the territory also contribute to
fertilizing the gardens [25].

Although not “certified organic”, the agriculture practiced by Le Grenier boréal re-
spects organic farming principles [21]. The cooperative hopes that the agricultural and
agroforestry expertise it develops will contribute to the social, economic and environmen-
tal progress of the communities located in the Minganie regional county municipality
(RCM) [24].

3.1.1. The Territorial Framework: Minganie in Quebec’s Côte-Nord Region

The municipality of Longue-Pointe-de-Mingan is located in the RCM of Minganie in
the administrative region of Côte-Nord. This region is characterized by its vastness as well
as its nature marked by the boreal forest and the St. Lawrence River. Located between
Tadoussac and Blanc-Sablon, Côte-Nord is the second largest administrative region in
Quebec, with a land area spanning 236,664 km2 [26]. While the western part of the region is
served by Route 138, the eastern part is not connected to the provincial road network and
can only be reached by plane or boat. In 2020, the region had a population of 90,529 [27],
a decrease of 4.5% from 2011 [28]. The region is subdivided into six RCMs, including
Minganie.

Minganie is composed of eight municipalities (ten villages) and two Aboriginal (Innu)
communities. It covers 55,355 km2 of land, including the island of Anticosti [29]. In 2020,
its population was 6437, with a density of 0.1 inhabitants/km2 [30]. The municipality
of Havre-Saint-Pierre, which provides the majority of services, had 3371 inhabitants [26].
Longue-Pointe-de-Mingan, where Le Grenier boréal is located, had a population of 423 in
2021 [29], a decrease of about 10% from 2011 [28]. The municipality is located nearly two
hours by car east of Sept-Îles, the main city in the region (population 25,400 in 2016 [28]).
The total median household income in 2015 was CAD 78,080, well above the Quebec
average of CAD 59,822 [31]. However, in 2017, the percentage of low-income families was
12.4%, which is higher than the Quebec rate of 9.5% [32].

The majority of jobs in the RCM are in the sales and services and transportation and
machinery sectors [33]. Since the early 2000s, the region has been developing ecotourism
activities, including marine mammal watching tours and excursions to the islands of
Anticosti and the Mingan Archipelago [34]. Nevertheless, the local economy depends on
primary sector activities (fishing, mining, forestry), which are threatened by the depletion
of resources and the lack of new workers. In addition, regional economic activity is driven
by major extractive projects (e.g., the Romaine hydroelectric power complex, the Rio Tinto
mine) [35]. However, only part of the Mingan population benefits from these projects, since
many jobs are taken up by workers from outside the region, whose arrival puts pressure
on local resources, particularly housing [35].

Agricultural activities, for their part, are rare in Minganie. In fact, in 2020, the RCM
had no agricultural zone (In Quebec, provincial agricultural zoning was established in 1976
through the Act respecting the preservation of agricultural land and agricultural activities. The
purpose of this act is to exclude non-agricultural uses in the agricultural zone. Essentially
located along the St. Lawrence River and its main tributaries, the agricultural zone spans
a total area of 63,000 km2. It is present in 954 municipalities (out of 1132) and in all
administrative regions of the province.). This can be explained by climatic conditions that
are not very conducive to agriculture, notably average temperatures in July of 14.6 ◦C
and an annual snowfall of 252 cm (data for Rivière-au-Tonnerre, between 1981 and 2010),
compared to 21.2 ◦C and 158 cm on the island of Montreal (data for Rivière-des-Prairies,
between 1981 and 2010) [36]. This results in an average growing season that is two months
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shorter than that of the Montreal region [37]. In 2011, the MAPAQ [38] counted only three
agricultural enterprises in Minganie.

3.1.2. Food Insecurity in Minganie

Food insecurity in Minganie has various causes. First, the RCM, as with the entire
region, relies on food deliveries from the large distribution centers located in the south of
the province to meet most of its needs. Between two deliveries, fresh food can be scarce,
indicating an instability in the food supply. In addition, transportation difficulties (e.g.,
accidents, weather) sometimes delay deliveries and disrupt supply, creating a sense of
insecurity among the population [16].

Physical and economic access conditions are difficult for some segments of society.
As it occurs elsewhere, poorer populations have less access to food [39], a problem that is
exacerbated by high food prices. Indeed, in 2009, the cost per person per day of a nutritious
food basket was CAD 7.84 in Minganie, while it was CAD 6.75 in Montreal [40].

The physical conditions of access are also an issue in Minganie. First, the food supply
is limited by the scarcity of food stores. The only supermarket in the RCM is located in
Havre-Saint-Pierre (30 min from Longue-Pointe-de-Mingan), and many villages have only
small grocery stores, gas stations or convenience stores to obtain supplies. Furthermore, a
car is almost always necessary for travel, due to the long distances involved; however, some
people do not have one, and the region offers few alternatives to car transportation [35].

Finally, the quality of fruits and vegetables is regularly compromised in Minganie
because of the thousands of food miles they have to travel. This is especially true in winter
due to delivery difficulties, sometimes resulting in losses.

As with many rural communities in Quebec, Longue-Pointe-de-Mingan, and more
generally the Minganie region, is characterized by a low demographic weight. Businesses
are few and far between, and the cost of food is high, mainly due to transportation. While
some foods are less affected by this circumstance, such as milk, for which a ceiling price
was adopted (Although this price ceiling is still a little higher here than in the rest of
Quebec, the price of milk is nonetheless much lower now than prior to the adoption of the
price ceiling. Since 1 July 2016, the Régie des marchés agricoles et alimentaires has been
regulating the price of milk across all of Quebec. In 2009, in Côte-Nord, the cost of four
liters of 3.25% milk even reached CAD 15.96, while the maximum price in 2021 in Minganie
was CAD 8.86 [40,41]. The price of other foods, however, is not regulated.), the price of
other foods raises certain questions of equity.

3.1.3. The Marketing of Products

Since its inception, an increasing variety of fruits, vegetables and herbs have been
produced by Le Grenier boréal, although the challenges remain significant. The cooperative
has also had to adapt its production techniques. For example, it has installed plastic tunnels
and greenhouses to extend the season, introduced winter covers to protect crops from
the cold, chosen varieties adapted to the climate, made increasing use of local resources
to fertilize the soil and planted willow hedges to protect the gardens from the wind [25].
Initially, its production was exclusively marketed through weekly baskets, the number of
which grew from 10 baskets to 35 baskets between 2016 and 2017. In 2017, the cooperative
successfully inaugurated a U-pick strawberry farm [42]. Since 2018, Le Grenier boréal has
provided food to be sold at the Havre-Saint-Pierre grocery store [43] and, as of 2019, has
supplied ingredients to the Puyjalon distillery in Havre-Saint-Pierre, to produce gin [44].
Although the 2020 season was complicated by pandemic-related delays in the construction
of a greenhouse and the arrival of student interns, as well as redevelopment that took some
acreage out of production, the harvest was very good. Le Grenier boréal also managed
to set up a food stand in the villages of Minganie. Finally, market garden production is
expected to increase over the next few years due to the cultivation of areas that had not
been used prior to 2020 and the completion of the greenhouse [45].
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3.2. Case 2: Lufa Farms in Montreal: Urban Agriculture and Socio-Technical Innovation

Lufa Farms is located in a territorial setting that is the polar opposite of the one that
supports Le Grenier boréal. However, in relation to climate change and food autonomy,
the two projects share certain objectives and techniques. Montreal is the largest city in
the province of Quebec and the second largest in Canada in terms of population and
economic importance. It is at the center of a metropolitan community of 4374 km2 that
includes more than four million inhabitants according to the 2016 census. As such, the
agglomeration of Montreal had a population of 2,050,053, according to City of Montréal
estimates in 2019 (The urban agglomeration of Montreal includes the City of Montréal and
15 autonomous cities located on the island of Montreal. The Communauté métropolitaine
de Montréal includes the City of Montréal and 81 autonomous cities. For information on
the City of Montréal, http://ville.montreal.qc.ca/portal/page?_pageid=6897,67633583&
_dad=portal&_schema=PORTAL 30 September 2021. For information on the Communauté
métropolitaine de Montréal, see https://cmm.qc.ca/ accessed on 25 September 2021).
Montreal is one of North America’s major metropolises serving as an industrial and service
hub and offering high-level services. However, as with most large centers in our hyper-
globalized and hyper-industrialized world [46,47], this city is fraught with social divides
that separate the wealthy from the poor. Neighborhoods that are more affected by poverty
are challenged with various forms of precariousness and socioeconomic vulnerability [48],
including food insecurity [49,50].

As a result, several types of initiatives to fight for food security are emerging. These
initiatives are divided into four sectors: production, processing, distribution and consump-
tion. In terms of production, the most important activity is urban agriculture. It goes
without saying that urban agriculture alone will never be able to feed the entire population
of a city such as Montreal. Nevertheless, it remains a field of experimentation for com-
plementary solutions to food problems in an environmental and social perspective [51].
Urban agriculture is spread over several sectors and is practiced in various types of areas
at multiple scales.

Urban agriculture is on the rise all over the world. It has been practiced for a long
time in the so-called countries of the South, where urban populations are more likely to
have some of their needs met through food self-provisioning, often driven by poverty. On
the other hand, in the cities of so-called developed countries, agricultural production in
urban areas for the purpose of mitigating food insecurity is more recent. Historically, it was
practiced for recreational, social or therapeutic purposes or was reserved for specific uses
(e.g., vines, for homemade wine, in Montreal). Thus, in general, the food system, including
food distribution, was expected to satisfy the needs of urban residents. Yet, the food system
can no longer meet these demands. This is due to several factors including the deterioration
of food quality [52] and the new aspirations of residents regarding the link between ecology,
social justice and food production. In that context, for a low-income population with diffi-
culties in obtaining adequate food supplies, urban agriculture can facilitate access to certain
foods [53,54]. In addition, urban agriculture can contribute to residents’ overall level of
health [55] and education [54]. Finally, urban agriculture contributes to strengthening social
ties [55,56]. Today, as environmental problems intensify, urban agriculture is increasingly
called into play as a means to promote sustainable development [53,54,57]. It is part of
the repertoire of collective actions oriented toward the co-construction of a “sustainable
city” [58]. It is this aspect that we will address with the help of the Lufa Farms case.

3.2.1. Lufa Farms in Montreal

Lufa is one of Canada’s leading urban agriculture production experiments. It is
innovative at several levels. On the one hand, it was a pioneer in the implementation of
commercial greenhouses on building roofs [59]. On the other hand, given that it involves
the construction of rooftop greenhouses, it mobilizes high-level technologies for both
production and management. In 2010, the company built its first greenhouse, with a surface
area of 2973 m2, on a disused building located in the borough of Ahuntsic-Cartierville.
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Harvesting and delivery of products began in April 2011. In 2013, a second greenhouse
of 3995 m2 was built on a roof in Laval. In 2017, a third larger greenhouse (5853 m2) was
put into operation in the borough of Anjou. In August 2020, finally, Lufa inaugurated a
fourth greenhouse, spanning 15,217 m2, on the roof of a building located in the borough of
Saint-Laurent, doubling the productive capacity that the company had reached by then.
Altogether, Lufa Farms provides fresh food year-round to nearly 30,000 people. More
than fifty varieties of vegetables are produced annually in its four greenhouses (many
varieties of tomatoes, cucumbers, peppers, lettuce, eggplants, microgreens, basil and Swiss
chard, among others). The production is conducted in accordance with the requirements
of organic agriculture, that is, without pesticides, using biocontrol (the use of beneficial
insects to combat pests) alongside rational use of water and electricity.

Lufa relies on a very complex computerized system run by the Argus Titan soft-
ware, designed for facilities management in protected environments such as agricultural
greenhouses (The company that markets this system is located in British Columbia. See
http://arguscontrols.com/about-argus/system-applications/ accessed on 23 July 2021).
This application manages parameters such as temperature, humidity, light, CO2 level, air
exchange and circulation, snow loads, rain and wind protection. In addition, the system
takes into account the protection of buildings and crops.

3.2.2. The Creation and Putting into Operation of the Company

Lufa was founded in 2009 (“The name of the project is inspired by luffa, a climbing
plant that grows in Lebanon, among other places, where it thrives in urban environments.
It decorates the walls and fences it covers, provides shade under pergolas, and supplies
squash that can be cooked or dried to make sponges” [60].). The project was the brainchild
of Mohamed Hage, who was joined by Lauren Rathmell, a biochemist by training and
researcher at McGill University’s Macdonald campus, who is now the director of the green-
houses; Yahya Badran, director of engineering and a graduate of the Technical University
of Construction in Bucharest; and Kurt Lynn, a Toronto-based contractor who acts as an
advisor to the company.

A number of resources were needed to launch the business. Among these, the main
ones were human. While experts, architects and engineers were hired, the initiators
also learned a lot as they went along. Financial investments were likewise necessary. The
construction of the pilot greenhouse, for example, was realized with private funding coming
from only one partner, the senior manager. As this was a high-risk investment, it had been
difficult to attract external private investors. By contrast, the company was able to attract
several investors for the construction of the second greenhouse, in Laval. Cycle Capital
Management (Cycle Capital invests in several areas including responsible agriculture,
renewable energy and clean technology. See http://www.cyclecapital.com/ accessed
on 23 July 2021 and http://www.cyclecapital.com/lufa-farms-inc-a-new-company-in-
the-cycle-c3e-portfolio/ accessed on 23 July 2021), a venture capital fund that promotes
sustainable technologies, was a main participant in this project. The construction of the
third greenhouse, in Anjou, completed in 2016, was funded primarily by Solidarity Fund
QFL, a fund created by the Fédération des travailleurs du Québec (FTQ, Montréal, QC,
Canada) in 1983 to support job retention and creation in Quebec. The construction of the
fourth greenhouse was supported by Sollio Groupe Coopératif (formerly Co-op fédérée),
a large agricultural cooperative network in Quebec that saw Lufa Farms as a major ally.
This partnership has strengthened the ties between Lufa Farms and agricultural producers
located near Montreal.

The main goals of Lufa’s creators are to increase the food autonomy of the city and to
contribute to the improvement of the food distribution chain by bringing food production
closer to the consumer. These goals are intended to address the dramatic growth (demo-
graphic and spatial) of cities and the attendant ever-increasing need for food products. The
creators of the company also aim to offer an option in the face of the disappearance of farm-
land due to urbanization. In addition, by bringing food production closer to consumers,
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the company reduces the number of food miles traveled, thereby reducing the amount of
energy required to distribute food products. In the beginning, the company only supplied
consumers with products from its agricultural greenhouses. Today, Lufa’s list of partners
includes approximately 200 agricultural and food processing businesses, the majority of
which are located on the island of Montreal or within a 25 km radius.

At Lufa, marketing is conducted exclusively through baskets. The distribution of
products is divided into six steps, from the customer’s registration to the reception of
their basket. Subscription, orders and payment are all carried out online. The baskets are
delivered to their respective pick-up points as soon as the order preparation is completed.
The company’s customers are referred to as “Lufavores,” which promotes loyalty and a
sense of belonging.

4. Cross Analysis: Le Grenier boréal and Lufa Farms at the Crossroads of Food
Security and Ecological Transition

4.1. Contribution to Food Security

Le Grenier boréal contributes to the reduction in certain dimensions of food insecurity
in Minganie, although it contributes, in particular, to the quality of the food, which is why
the cooperative was created (Table 1). On the one hand, the cooperative’s local production
guarantees freshness, since it does not require traveling long distances for delivery or
storage. On the other hand, the cooperative improves the diversity of the food offered. In
addition to a better food quality, mobile food stands likewise contribute to food security, as
they facilitate people’s physical access to the fruits and vegetables produced. Indeed, in
some places, the merchandise from the food stands was sold out in less than an hour [45].

Table 1. Contribution of Le Grenier boréal and Lufa Farms to food autonomy.

Themes Le Grenier Boréal Lufa Farms Summary

Productive spaces 2 ha on abandoned military
site in boreal forest space 2.8 ha on urban roofs

Agricultural use of
non-conventional spaces for

agriculture

Production chain

Collaborates with crab and
scallop processing plants for
compost production Algae

harvested locally

Creation of a short food supply chain with
a network of agricultural producers

Productive ecology
perspective

Ecological
production practices

Intensive organic farming
practices, without

certification Fertilization
with local resources,

greenhouses, tunnels, winter
cover, windbreaks

Hydroponic greenhouse
Use of an almost entirely organic

management system (Lufa Farms is not
certified organic, as the vegetables

produced are not grown in the ground.
However, the company, as with its partners,
follows the same practices as organic farms

for pest and disease control. See
https://montreal.lufa.com/en/lufa-faq

accessed on 23 August 2021) Heating of the
greenhouses from solar energy and

building losses[i]

Ecological methods

Distribution
methods

Pre-determined base baskets
Permanent and mobile food

stands
Local businesses
Local distillery

Customized baskets
Links with merchants for pick-up points

Promotes community-
supported agriculture

Bringing production
and consumption

closer together

Food produced for the local
population distributed in
baskets and at food stands

Horticultural and other products delivered
to the local population through pick-up

points or home delivery
Promotes food autonomy

Challenges as a
non-conventional

location

Adapts to the climate with
northern techniques and

varieties

Ensures year-round production despite
winter temperatures

Technological adaptation to
climatic conditions and

promotion of food
autonomy
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Table 1. Cont.

Themes Le Grenier Boréal Lufa Farms Summary

Dimensions of food
security to which the
initiative contributes

Supply of fresh, locally
grown fruits and vegetables

Physical access through
mobile food stands
(launched in 2020)

Economic access for people in need
through the direct donation program

(launched in 2020) and 50% discount on
fruits and vegetables from Lufa

Physical access through pick-up points in
areas underserved by fresh fruits and

vegetables

Physical access to quality
food products

Contribution to food
self-sufficiency

Challenges

Economic access
Seasonality

Expands production and
production period

Access mainly for the middle class, to be
expanded to vulnerable populations

Increases access and
disseminates the model

Effect on
environmental and
climate protection

Climate-adapted crops
Decreases food miles

Promotes the productive use
of waste

Raises awareness of the
virtues of organic

production

Use of solar energy and decrease in food
miles

Reduction in GHGs caused
by distribution

Decreases pollution caused
by insecticides, herbicides

and chemical fertilizers
Promotes a cultural change

in the population

Lufa Farms facilitates access to healthy food for a portion of the population, mainly
young people or members of the middle classes who wish to have access to food produced
according to ethical guidelines for social justice (fair trade, among others) and standards
that guarantee respect for the environment. Thus, in terms of urban agriculture, Lufa is
a pioneering, innovative and ecological company. Lufa’s experience opens up various
perspectives in the fight against food insecurity. Reclaiming space for year-round food
production, bringing food products closer to consumers, establishing partnerships with
local producers and saving energy used in production, processing, preservation and
distribution are some of the avenues to pursue. In addition, Lufa and its partners are
implementing short food supply chains, which promote local food systems and reduce
the food miles required to make food accessible to consumers. Finally, Lufa’s customer
relationship model has a significant educational dimension.

Due to its prototypical nature, Lufa is a true laboratory for reflection, self-training,
experimentation with new knowledge and collective learning. The vision of urban agri-
culture that Lufa cultivates has implications for the entire community. The production
of food through a system of short food supply chains that allow for a circular economy
integrating Lufa Farms and local producers builds bridges between the urban and the rural.
The promotion of local products is recognized as a means of supporting local agriculture
and a contribution to environmental protection due to the reduction in energy used for
transportation. Its distribution system brings consumers closer to the producers of the
food they consume, which promotes consumer awareness of food production. In this way,
it responds to the concerns expressed by various specialists regarding the effects of the
industrial and globalized food system regarding the origin of food and the conditions
in which it is produced. As practiced by Lufa Farms, urban agriculture contributes to
sustainable cities and shows a way to increase food self-sufficiency in cities.

4.2. Production Using Ecological Techniques

Lufa Farms uses a number of technologies for the construction of its greenhouses,
the management of the company and the production of food. Firstly, it opts for biological
management techniques for its production, recreating a balanced ecosystem of harmful
and beneficial insects. Secondly, some greenhouses recover rainwater, which is then used
in a closed circuit. Further, it applies various energy optimization techniques, including the
recovery of heat loss from buildings located under the greenhouses. Finally, Lufa makes
sure to reduce its waste by limiting its losses and by composting its green waste. While
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Le Grenier boréal, for its part, was pest-free for the first few years of operation, this is no
longer the case. Additionally, the enterprise uses natural products, in keeping with the
principles of organic agriculture.

4.3. Local Marketing

Both Le Grenier boréal and Lufa Farms demonstrate the social and ecological value of
community-supported agriculture. Le Grenier boréal distributes a significant share of its
production through baskets, the contents of which are determined based on the products
in season. For Lufa Farms, the entire production is marketed through baskets that are
distributed mainly through pick-up points located in local businesses throughout the city
and delivered by electric vehicles. Thanks to the quantity and variety of food produced
in its own greenhouses, or in other farms and processing companies in its network, Lufa
Farms is able to offer “Lufavores” the option of customizing their baskets. Le Grenier
boréal, for its part, does not limit its marketing to baskets, offering a self-service counter
on the cooperative’s site and selling in selected local businesses. It also supplies a local
company to produce a regional flavored gin. Finally, in 2020, it also began distributing its
food via a mobile food stand [45].

4.4. Limitations of the Studied Cases

At present, however, both initiatives present some limitations. For instance, the
production of Le Grenier boréal is not sufficient to meet demand, is seasonal and does
not improve economic access to food by offering fruits and vegetables at a lower cost,
although the cooperative strives to compete with supermarket prices. Still, the cases of
La Clé des champs and Cultur’Innov, in the municipality of Saint-Camille, in the Eastern
Townships (Quebec) [61], show that establishing gardens on land that is less suitable for
growing vegetables is not an insurmountable obstacle. On the one hand, the improvement
of a site (soil, redevelopment), the adoption of certain production techniques (greenhouses,
varieties) and continuous learning on the part of the staff all increase productivity, at least
in the first few years, as it can be observed at Le Grenier boréal. On the other hand, a
community’s attachment and commitment to the enterprise can also help to compensate
for certain weaknesses, for example, by facilitating the establishment of markets or food
stands, as is the case for La Clé des champs in Saint-Camille [61,62], or by volunteering, in
the case of Le Grenier boréal. Thus, if Le Grenier boréal maintains its present core strengths,
it can be expected to overcome some of the challenges as it matures, at which point it may
have more impact on other dimensions of food insecurity in Minganie.

Of course, because of the costs of production, but also because of the differences in
food emergencies felt by different social strata, Lufa Farms does not contribute directly to
the fight against food insecurity for the poorest. Indeed, its products are inaccessible to the
poorest segments of society. That said, while food emergencies have not yet led the poorest
to focus on a quest for organic food but rather to improving access to food at affordable
costs, the fact remains that the needs of this part of the population in terms of health are not
different from those of the better-off classes. A partnership with the public sector should
be designed to make these types of products accessible to people with low incomes who
are likewise seeking access to quality products.

5. Discussion

Even though Le Grenier boréal and Lufa Farms are very different experiences, particu-
larly in terms of their scope, the quantity of food produced and, therefore, the number of
consumers served, the two cases have certain points in common and show the importance
of promoting agricultural production models that contribute to bringing the sites of pro-
duction and consumption closer together. Proximity agriculture promotes an awareness
of the issues involved in food production, issues that are invisible to the dominant model.
These issues concern, in particular, the link between food production and the geographical
characteristics of places. It implements a change of scale insofar as the large-scale industry
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that dominates the global food system, driven by big capital, large companies and major
distributors, is replaced by models implemented by small collective or socially oriented
enterprises that make it possible for consumers to participate in production choices. This
also serves to strengthen links with local communities. Our study of the two cases reveals
the main analysis criteria, allowing for a better understanding of this model.

The two experiments operate on the periphery of the conventional agricultural sys-
tem. On the one hand, the environments in which they are located (urban and northern
environments) are not considered a priori as agricultural environments. While cities do
have gardens and small developments producing some fruits and vegetables, Lufa Farms
has launched a model that has no equal in Canada. This model could help reduce the
dependence of large cities on the currently dominant extractivist food system. Le Grenier
boréal, for its part, is located in a region that has had very little market garden production
to date due to climatic and soil limitations. Its objective is also to reduce the double depen-
dence of a remote region on extractivist production and on distribution centers located in
large cities.

On the other hand, the areas they occupy—roofs in the case of Lufa, and, in the case
of Le Grenier boréal, a boreal forest wasteland with soil that is very sandy and acidic and
contains very little organic matter—are not known for their agronomic quality. However,
the implementation of adapted and even innovative means of production has made it
possible to overcome, at least partially, these limitations. Lufa Farms has opted for hydro-
ponic greenhouse farming, which means that the company does not need land, and for a
partnership approach with local agricultural producers while adopting an environmentally
friendly distribution system (electric vehicles, for example).

Le Grenier boréal is also taking a partnership approach to productive ecology insofar
as it fertilizes its gardens with residues from the fishing processing plant located in the
municipality, thereby improving soil fertility. However, poor soil has remained a limiting
factor for the cooperative, and in 2020, a portion of the fields was amended with green
manure. While agricultural enterprises in the southern part of the province generally opt
for manure spreading, this is not really an option for Le Grenier boréal, as there is no
livestock in Côte-Nord. The manure would have to be trucked in over several hundred
kilometers, which would be very expensive and would contribute to GHG emissions. To
avoid this, other local resources such as branch residues and algae are also used [25]. In
order to extend the season, Le Grenier Boréal has greenhouses and uses plastic tunnels.
In addition, the cooperative makes a point of choosing its plant varieties so that they are
well adapted to the northern climate [16]. The cooperative has also expressed an interest
in collaborating with other crab and shellfish producers in the region and reusing their
waste products, which would allow reducing the dependence on fertilizers from outside
the region from an industrial ecology perspective.

In a context where the global food system is increasingly under pressure due to sudden
crises and gradual but major transformations, such as those induced by climate change,
there is a need to build more resilient food systems to ensure food security [63]. To do
this, it is important to recognize and promote the diversity of production models [64].
Diversification improves the robustness of the system, in that it increases the chances that
some links in the chain can take over if another link is weakened [65]. This diversification
concerns production practices, the varieties used or the actors involved; yet, it also concerns,
in our opinion, the sites and environments of production. Le Grenier boréal and Lufa are
investing in sites and environments where agricultural production is little, if not very little,
present, thus providing new possibilities for agricultural production.

Efforts must also be made to improve the food autonomy of territories [65]. This must,
on the one hand, enable consumers to obtain supplies locally, as is the case for a part of the
population of both the Les Grenier boréal and Lufa communities. On the other hand, the
development of greater territorial autonomy must allow businesses to obtain the inputs
they need locally (which is what Lufa is able to do to a large extent, and what Le Grenier
boréal seeks to achieve by valorizing local resources).
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Thus, in recent years, the development of agricultural initiatives of various sizes, both
individual and collective, has led to the removal of local regulatory barriers that prohibited
food production in some areas (in some Quebec municipalities, front yard gardens have
recently been permitted; in others, greenhouses are now permitted in industrial zones).
In addition, in 2021, the Ministère de l’Agriculture, des Pêcheries et de l’Alimentation
du Québec (MAPAQ, Quebec, QC, Canada) launched a program to support the imple-
mentation of local food community development plans. These plans seek to promote
“greater food autonomy and better resilience in the face of numerous challenges, including
climate change” [66]. All this shows a progressive change in the understanding of the
relationship between citizens and food production and testifies to the transformation of
certain public policies.

Thus, while the cases studied have interesting impacts, although limited for the
moment, in terms of both the food diversification and food autonomy of territories, they
contribute to improving the resilience of the system, and, above all, they show possibilities.
In this sense, they are beacons in their respective contexts and inspire other initiatives and
projects implemented by local communities in their wake.

6. Conclusions

Climate change will gradually reduce the production capacity of many spaces. In
order to maintain or even improve production levels, diversification of production envi-
ronments is necessary, including the cultivation of traditionally non-productive areas. It
is therefore important to diversify production systems and, above all, to integrate them
in local processes where producers and consumers interact—which is essentially what Le
Grenier boréal and Lufa Farms have been doing.

Climate change is accelerating. Let us recall that at the end of spring 2021, the media
reported that early heat followed by late frosts had heavily impacted French viticulture
and arboriculture [67]; that Australia was experiencing an invasion of mice that devoured
crops, due to the years of drought that allowed them to proliferate [68]; that North Korea
was in a “tense food situation” following typhoons and floods, occurring in 2020, that
reduced domestic grain production [69]; and that the Western United States, including
California, North America’s vegetable garden, had entered a vicious cycle of drought,
aridity and record high temperatures [70]. In Canada, in late June and early July 2021, the
western provinces experienced the highest temperatures ever recorded in the country’s
history, breaking several records, especially in the Lytton area, where the temperature
exceeded 49.6 degrees Celsius [71]. While some people such as the president of Brazil
consider these extreme events to be deviations from the norm, which brings them to
endorse the extractivist model, other people affirm that these events are part of a long-
term trend and that the worst is yet to come, as stated in the IPCC report of 2021 [72].
These events are part of a context of globalized capitalism in which the food industry
seeks to increase its profitability, which causes deterioration in product quality, leads
to environmental degradation, especially due to transportation and the use of heavy
machinery, and contributes to food insecurity.

The analysis of local initiatives aimed at food security points to ways of rethinking
the relationship between food production, food consumption and a societal and ecological
transition. Alternative models of action oriented toward social innovation are being
implemented [3] and contribute to adaptation to climate change. We would do well to
learn more about these models, especially in the context of a post-pandemic economic
recovery, which many actors believe must be greener. For many, food is an area that calls
on us to innovate in order to build a post-pandemic world that is more just and equitable
and more respectful of nature [73,74]. In this perspective, the transformations to be made
to food systems must have a strong territorial basis in relation to living environments [75]
and must be conceived within a broad framework that implies a paradigm shift [76] in
order to reduce dependence on inter-territorial imports. The cases of Le Grenier boréal and
Lufa Farms point in this direction.
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Abstract: This study identified factors affecting livestock farmers’ agricultural drought resilience
to food insecurity in Northern Cape Province, South Africa. Data of 217 smallholder livestock
farmers were used in a principal component analysis to estimate the agricultural drought resilience
index. The structural equation approach was then applied to assess smallholder livestock farmers’
resilience to food insecurity. The study found that most smallholder livestock farmers (81%) were
not resilient to agricultural drought. Assets (β = 0.150), social safety nets (β = 0.001), and adaptive
capacity (β = 0.171) indicators positively impacted households’ resilience to food insecurity with 5%
significance. Climate change indicators negatively impacted households’ resilience to food insecurity.
Two variables were included under climate change, focusing on drought, namely drought occurrence
(β = −0.118) and drought intensity (β = −0.021), which had a negative impact on household resilience
to food insecurity with 10% significance. The study suggests that smallholder livestock farmers need
assistance from the government and various stakeholders to minimize vulnerability and boost their
resilience to food insecurity.

Keywords: agricultural drought; resilience; food insecurity; assets; adaptive capacity; social safety net

1. Introduction

Agriculture, including the livestock sector, is one of the industries on which drought
has a major influence, causing loss of agricultural production. The impact of agricultural
drought on livestock production is becoming a significant physical stressor in temperate
and humid regions, including South Africa [1]. Agricultural drought impacts livestock
production and quality, which is dependent on several factors, such as intensity, recurrent
agricultural drought, vulnerability, water stress, and socio-economic factors [2]. Globally,
agricultural drought is the costliest natural disaster compared to other natural disasters
such as floods, hurricanes, tornadoes, and earthquakes. Loss caused by agricultural
drought is estimated to cost from USD 6 to 8 billion annually [3]. An estimated 40 million
people have been affected by drought in southern Africa, with a cereal deficit of 9.3 million
tonnes recorded at the end of the 2015/16 cropping season [4,5]. The high regional deficit
raised staple food prices and constrained the already limited purchasing power of vulner-
able families. More than 643,000 livestock deaths were reported in five countries alone
due to lack of feed and water and disease outbreaks in southern Africa. In addition, the
income sources of many households were diminished due to the loss of crops, livestock,
labor, trading, and self-employment activities [4,5]. During 2015, agricultural production
in South Africa declined by 8.4% due to drought. The livestock industry, for example, had
a 15% reduction in the national herd stock due to the drought [6].

Smallholders are characterized by labor-intensive farming, adoption of traditional
production techniques, and inadequate institutional capacity and support [7]. Smallholder
agriculture in general and the smallholder livestock sector in particular remain at the center
of rural development policy discussions in Africa [8]. Smallholder agriculture plays a
significant role and will contribute to feeding approximately 9 billion people worldwide
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by 2050, although there are still debates about the role of smallholder agriculture. The
contribution of agriculture to poverty reduction depends on its own growth performance,
its indirect impact on growth in other sectors, the extent to which poor people participate
in the sector, and the sector’s size in the overall economy. Agriculture is significantly
more effective than non-agriculture in reducing poverty among the poorest of the poor
(as reflected by the USD 1/day squared poverty gap). It is also up to 3.2 times better
at reducing USD 1/day headcount poverty in low-income and resource-rich countries
(including those in Sub-Saharan Africa), at least when societies are fundamentally equal.
However, when it comes to the better-off poor (reflected in the USD 2/day measure),
non-agriculture has the edge [9].

Smallholder livestock farming contributes to improving the livelihoods of the rural
poor in South Africa and plays a vital role by providing food and has the potential to
strengthen households’ economy. Livestock production plays multiple roles in the lives of
the poor and meets the various objectives desired by resource-poor farmers [10]. Small-
holder agriculture, including the livestock sector in South Africa, has been identified as a
notable vehicle to foster poverty reduction, solve household food insecurity, and enhance
resilient livelihoods.

Even though smallholder agriculture has the potential to enhance resilience, the de-
cline in average rainfall and rapid population growth have resulted in food insecurity [11].
In Sub-Saharan Africa, smallholder livestock farmers do not produce output beyond house-
hold consumption. Their output does not generate enough income nor do they engage in
off-farm or non-farm income-generating activities, even in export. The insufficient produc-
tion is further undermined by factors such as a lack of assets (resources), a lack of adaptive
capacity, climate change (agricultural drought), a lack of social safety nets, increasing farm
input prices, a lack of information, and inadequate institutional infrastructure [12,13].

International and national studies, such as those of Boukary et al. [11], Melketo
et al. [14], Ogunniyi et al. [15], Chamdimba et al. [16], and Galarza [17], focus on the impact
of Jatropha cultivation for resilience in food insecurity, pastoral households’ resilience,
rural households’ resilience to food insecurity, drought impact, coping and adaptation, and
socio-economic drivers of food security. However, none of the studies empirically assess
smallholder livestock farmers’ resilience to food insecurity in the livestock sector.

To our knowledge, no studies have specifically focused on smallholder livestock
farming households’ resilience to food insecurity. Therefore, this study identified factors
affecting livestock farmers’ agricultural drought resilience to food insecurity in Northern
Cape Province, South Africa, using a survey, principal component analysis, and structural
equation approach. The findings of this study could help government and policymakers to
develop suitable policies and mitigation strategies to build and boost smallholder livestock
farmers’ resilience to agricultural drought with the alignment of the National Development
Plan (NDP) of South Africa and the Sustainable Development Goal of ending hunger and
poverty. The NDP considers small livestock producers as a strategy given the role of the
livestock sector in food security. This work is original academic research carried out by
the authors and part of an MSc dissertation by Vuyiseka A. Myeki [18] entitled “Factors
affecting smallholder livestock farmers’ agricultural drought resilience to food insecurity
in the Northern Cape, South Africa”. The University of the Free State, Bloemfontein,
South Africa.

2. Literature Review and Conceptual Framework

The definitions and conceptual framework used to identify factors affecting livestock
farmers’ agricultural drought resilience to food insecurity in Northern Cape Province,
South Africa, were adopted from international and national studies/literature.

There are different definitions for resilience with shared characteristics [19–22]. How-
ever, nearly all definitions stress the common elements of resilience: ability, mitigation,
adaptation, coping, recovery, withstanding shocks, resistance, and bouncing back against
shocks. Resilience in this study is considered to be the ability of a household to “bounce
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back” after exposure to livelihood threats, shocks, or stressors (such as agricultural drought
and vulnerability to food insecurity).

Household resilience to food insecurity is defined as the ability of a household to
maintain a certain level of well-being (food security) when faced with agricultural drought,
and depends on the options available to make a living, and on the ability to handle
agricultural drought. Therefore, it refers to ex ante actions aimed at reducing or mitigating
agricultural drought and ex post actions to cope with agricultural drought. Thus, the
options available for a household to make a living and cope with agricultural drought
will determine the resilience of the household [23]. In scenarios where the ecosystems that
communities depend on during shocks are vulnerable and exhibit eroding resilience, it is
evident that the coping and adaptive strategies tend to overlap. Therefore, the concept
of resilience stresses the dynamic nature of agricultural drought and usefully categorizes
resilience into absorptive, adaptive, and transformative capacities. Absorptive capacity
highlights the ability to show an initial “persisting” response to cope with agricultural
drought. Adaptive capacity reflects the ability to function consistently as before in the
face of incremental changes in climate change shocks, including agricultural drought.
Transformative capacity reflects the ability to show a substantial changing response to
agricultural drought or prolonged disturbance, including value systems, regimes, financial
systems, technological systems, and biological systems [24,25].

Further, it might involve improving infrastructure, supporting social protection mech-
anisms, providing basic social services, or developing institutional capacity. These changes
might be voluntarily chosen or forced (such as conflict forcing people to flee their country).
To be successful, these transformational changes typically require shifts in economic and
social policies, land use legislation, and resource management practices, as well as inclusion
of various institutions and social practices [24,25].

Food insecurity is defined as a household’s inability to meet target consumption
levels in the face of shocks, such as agricultural drought [14]. In this paper, the concept of
resilience to food insecurity refers to the adaptive capacity of smallholder livestock farmers
in Northern Cape Province of South Africa.

Rockstrom [26] highlighted that social, economic, situational, and institutional pre-
paredness to cope with stresses and shocks as well as their effects are the core mechanisms
of household resilience to food insecurity. In addition, numerous studies have docu-
mented several factors determining the means and processes of achieving household
resilience [27–31].

Various resilience analysis frameworks have been suggested [32]. However, Hod-
dinott [33] argues that the plethora of frameworks for resilience analysis have similar
components. These include highlighting the broader environment in which a household
(or individual or some other unit of observation) resides; the resources available to that
household; how that household uses those resources; how the economic returns on those
uses are affected by shocks that the household experiences; and how the outcomes of those
uses lead to consumption of food and other goods and services, savings, health, nutritional
status, and other such outcomes.

Therefore, resilience frameworks commonly guide studies on household resilience
to food insecurity [14,34,35]. This study adopted an updated framework developed by
Alinovi et al. [22,36]. Figure 1 presents the conceptual framework applied in this study.
The selection of the framework is justified, because it is mainly proposed for analysis
(Equations (5)–(7)) of households’ resilience to food security shocks such as agricultural
drought. This framework elicits the extent of resilience-building variation from one house-
hold to another and that the variation is determined by diverse factors. Factors include
assets (herd/flock size (HFS); agricultural assets (AA); non-agricultural assets (NAA)),
adaptive capacity (perception; source of income (Incsource); migration; credit), social safety
nets (cash; training; food support; water rights; garden equipment; sanitary latrines, farm
input), climate change (occurrence and intensity of drought). The factors are associated
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with the outcome variable of the agricultural drought resilience index (ADRI) as illustrated
in Figure 1 and Equations (5)–(7).

Figure 1. Conceptual framework of the study. Source: Authors’ work from observations of various studies.

As shown in Figure 1 and Equation (5), the ADRI is calculated using principal compo-
nent analysis (PCA) and variables related to livestock production and consumption with
or without a drought season. Furthermore, as demonstrated in Figure 1 and Equations (6)
and (7), the ADRI is determined using a structural equation model against independent
variables as aggregate and disaggregate variables of assets, adaptive capacity, social safety
nets, and climate change.

3. Materials and Methods

3.1. Description of the Study Area

This study was conducted in Northern Cape Province of South Africa, in the Frances
Baard District Municipality. The municipality’s total geographical area is 12,384 km2

and accounts for 3.4% of the total area of Northern Cape Province [37]. The study was
conducted in the following four local municipalities: Sol Plaatje, Dikgatlong, Magareng,
and Phokwane (Figure 2).

3.2. Sampling Procedure and Sample Size Determination

A multiple-stage sampling procedure was employed. Firstly, Northern Cape Province
was chosen from the nine provinces of South Africa, because most households were in-
volved in livestock production, and the province was declared a disaster zone by the South
African Government due to agricultural drought. Secondly, four district municipalities in
the province were randomly selected using balloting and included Dikgatlong, Magareng,
Sol Plaatje, and Phokwane.
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Figure 2. Maps of South Africa highlighting Northern Cape Province, district municipalities of the Northern Cape, and the
four local municipalities of Frances Baard District Municipality. Source: FBDM [38].

Appropriate sample sizes were calculated using the simple random sampling formulae
of Cochran [39] and Bartlett et al. [40]. Subsequently, 217 smallholder livestock farmers
were selected from 878 farmers registered for government and local government assistance
during the 2015/2016 production season (Table 1); this season was the worst drought
season in South African history [41]. The assistance from the government included feed
and medication for livestock, strengthening access to agricultural credit and farm input, and
enhancing smallholder farmers’ involvement in agricultural drought resilience activities
by giving training and disseminating information.

Table 1. Number of farmers who received assistance from the government and sampling procedure.

Local Municipality
Number of

Smallholder Farmers

Share of Farmers
(Number of

Farmers/Total) %

Number of Samples
(Percentage × Total
Sample Size [217])

Dikgatlong 351 40 87
Magareng 120 14 30
Sol Plaatje 141 16 35
Phokwane 266 30 65

Total 876 100 217
Note: The “×” represents multiplication. Sources: Northern Cape Department of Agriculture, Forestry and
Fisheries (NDAFF) [41], beneficiaries of drought relief program.

A sample of 217 smallholder livestock farmers were interviewed. Cochran’s [40]
sample size formula was applied to determine the correct sample size (Equation (1)):

Sample size =
(y)2 ∗ (f)(g)

(z)2 (1)
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where y is the level of confidence/alpha level, f and g are the estimates of the variance of
the population, and z is the margin of error (5% (0.05)). Therefore (Equation (2)):

Sample size =
(1.65)2 ∗ (0.515)(0.515)

(0.05)2 Sample size = 288.3 (2)

Resulting in a sample size of 288.3. Note that, if the sample size exceeds 5% of the
population, the Cochran’s correctional formula should be applied (Equations (3) and (4)):

N1 =
Sample size

1 + (N0/population)
(3)

N1 =
288.83

1 + (288.83/878)
N1 = 217 (4)

3.3. Data Collection

This research was qualitative and quantitative. Data were collected using a structured
questionnaire and face-to-face interviews. The questionnaire included continuous and
categorical data, which comprised socio-economic characteristics, livestock production,
assets, adaptive capacity, climate change, social safety net, and other variables. Face-
to-face interviews were conducted from October to December 2020 using a structured
questionnaire (part of the questionnaire is available in Appendix A). Ethical clearance was
obtained from the University of the Free State.

3.4. Analytical Procedures
3.4.1. Agricultural Drought Resilience Index (ADRI)

Principal component analysis (PCA) was used to construct the agricultural drought
resilience index (ADRI). Production of livestock in a normal year (WnPn), production
of livestock with agricultural drought (WdPd), the number of months a household con-
sumes food produced by the household in a normal year (WcnMn), and the number of
months a household consumes food produced by the household in agricultural drought
(WcdMd) were aggregated in PCA to develop the ADRI. The ADRI formula is expressed as
(Equation (5)):

ADRI = WnPn + WdPd + WcnMn + WcdMd (5)

where W represents each component as a weighted linear combination of the variables and
is determined from the component loadings from principal components with a zero mean
and unit variance.

The four variables, production of livestock produced in a normal year (Pn), livestock
produced in a year with agricultural drought (Pd), the number of months a household con-
sumes food produced by the household in a normal year (Mn), and the number of months
a household consumes food produced by the household in drought (Md), were analyzed
using Bartlett’s test of sphericity and Kaiser–Meyer–Olkin (KMO) using SPSS software.

3.4.2. Structural Equation Modeling

A structural equation model was applied to the determinants of smallholder livestock
farming households’ resilience to food insecurity (Table 2). The model applies a factor
analysis-type model to measure the latent variables via observed variables, simultaneously
using a regression-type model for the relationship among the latent variables [36,42]. The
structural equation model for a household i is illustrated as (Equation (6)):

ADRIi = f(ASSi, ADCi, SSFi, CH) (6)
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Table 2. Description of variables used in structural equation modeling.

Variables Descriptions

Dependent variable

Agricultural drought resilience index (ADRI)

Explanatory variables Sub-variables and description

Assets (ASS)
Herd/flock size (HFS) (cattle, sheep, and goats), agricultural assets (AAs) (tractors, feeding
equipment, livestock trailers, water tanks, and corral systems), non-agricultural assets (NAAs)
(house, television, chairs, radio, and bed)

Adaptive capacity (ADC) Perception, source of income (Incsource), migration, credit
Social safety nets (SSF) Cash, training, food support, water rights, garden equipment, sanitary latrines, farm input
Climate change (CH) Drought occurrence and intensity

Source: Authors’ observation (2020).

Equation (6) is disaggregated in detail as (Equation (7)):
ADRIi = f(ASSi(herd/flock size (HFS); agricultural assets (AA); non-agricultural assets (NAA)),

ADCi (perception; source of income (Incsource); migration; credit),

SSFi (cash; training; food support; water rights; garden equipment; sanitary latrines, farm input), herd/flock size (HFS);

CH (drought occurrence and intensity))

(7)

4. Results

4.1. Socio-Economic Characteristics of the Respondents

Table 3 depicts the socio-economic characteristics of the respondents. When it comes
to farming, age is a debatable topic; the average age of the farmers was 52 years. The
average formal education of smallholder livestock farmers was eight years (Table 3). The
results show that 54% of the respondents had primary education, 42% secondary education,
and only 4% had tertiary education.

An average of 11 years of farming experience was observed. As indicated in Table 3,
the minimum length of farming experience was half a year, and the maximum was 60 years.
The average number of household members was five, with a minimum of one and a
maximum of 25 members. From the study’s findings, 61 (28%) of the respondents were
women, while 156 (72%) were men.

The majority of the respondents were married (57%), 27% single, 9% widowed, 2%
divorced, 1% separated, and the remaining respondents (4%) noted other (Table 3). The
findings indicated that 51% of the respondents used their family savings to support their
farming business, while 8% borrowed money and 41% used other ways of supporting
their farming business. Farming is considered a business entity, and thus the majority
of the smallholder livestock farmers (86%) depended solely on farming, and 14% owned
additional businesses. In addition, only 5% of the respondents owned additional property
as a source of income besides livestock farming.

4.2. Respondents’ Agricultural Drought Resilience Profile

As indicated, a PCA was applied to construct the outcome variable of the ADRI.
Table 4 shows the communalities, component factors, and correlations of variables utilized
when constructing the ADRI. All the initial commonalities were above 0.30, which was
good. The component variance explained 94% of the total variance. The variables used in
PCA were not inter-correlated, and Bartlett’s test of sphericity and Kaiser–Meyer–Olkin
(KMO) were applied. Bartlett’s test of sphericity was significant (p-value = 0.000 with
chi-square = 2224.837). As a result, the variables were suitability correlated, warranting the
application of PCA, because the inter-correlation matrix did not derive from a population.
The KMO was 0.64, which was above 0.5, showing that KMO was suitable for PCA.
Therefore, the data set met both KMO and Bartlett’s sphericity test requirements and was
considered suitable for dimension reduction using PCA.
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Table 3. Socio-economic characteristics of the respondents (n = 217).

Variables Frequency Percentage Average Min Max St.dev

Age 21–50 102 47
51.66 21.00 85.00 14.1651–85 115 53

Education
Primary 118 54.38

8.01 0.00 16.00 4.31Secondary 91 41.94
Tertiary 8 3.68

Farming experience 0.5–20 196 90.32
10.96 0.50 60.00 8.8521–60 21 9.68

Household members
1–10 204 94

5.19 1.00 25.00 2.8811–25 13 6

Gender
Female 61 28.1

0.72 0.00 1.00 0.45Male 156 71.9

Marital status

Single 59 27.2

2.05 1.00 6.00 1.09

Married 123 56.7
Widowed 19 8.8
Divorced 4 1.8
Separated 2 0.9
Other 9 4.1

Source of farm funding
Family Savings 111 51.2

1.92 1.00 3.00 0.96Borrowings 18 8.3
Other Sources 88 40.6

Other businesses
No 187 86.2

0.14 0.00 1.00 0.35Yes 30 13.8

Property owned No 207 95.4
0.05 0.00 1.00 0.21Yes 10 4.6

Source: Authors’ compilation based on survey (2020).

Table 4. Correlation matrix used for agricultural drought resilience index (ADRI).

Variables Communalities Component Factors Corr. ADRI

Initial Extraction

PN 1 0.935 0.967 0.894
PD 1 0.958 0.979 0.995
Mn 1 0.280 0.963 0.890
MD 1 0.955 0.977 0.984
Eigenvalue variances (%) = 94.402
Cumulative (%) = 94.402
KMO test of sampling adequacy = 0.636
Bartlett’s test of sphericity is significant at p = 0.0000; chi-square = 2224.837

Source: Authors’ compilation based on survey (2020).

As a result, Equation (5) is rewritten to estimate the ADRI (Equation (8)):

ADRI = PN ∗ 0.967 + PD ∗ 0.979 + Mn ∗ 0.963 + Md ∗ 0.977 (8)

Based on the findings using Equations (5) and (8), Table 5 presents the ADRI of the
study area. An ADRI greater than zero represents households that were resilient to drought,
while ADRI less than zero represents households that were not resilient. An estimated 81%
(176) of the farming households were not resilient to agricultural drought.

Table 5. Agricultural drought resilience index (ADRI) of Northern Cape Province of South Africa.

Number Percentage

ADRI > 0 41 19
ADRI < 0 176 81

Total 217 100
Source: Authors’ estimation (2020).
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4.3. Econometric Results (Structural Equation Modeling)

The ADRI as an outcome variable was regressed using Equation (6) at the aggregate
level (general) and Equation (7) at disaggregate level against the explanatory variables to
the determinants of smallholder livestock farmers’ household resilience to food insecurity.
A structural equation modeling approach was applied to empirically assess smallholder
livestock farmers’ resilience to food insecurity in Northern Cape Province of South Africa.
The results in Table 6 (aggregated) and Table 7 (disaggregated) show that assets, adaptive
capacity, safety nets, and climate change indicators significantly impacted households’
resilience to food insecurity. ADC (β = 0.171), ASS (β = 0.150), CH (β = 0.053), and SSF
(β = 0.001) contributed to the regression model. Asset, SSF, and adaptive capacity indicators
positively impacted households’ resilience to food insecurity and were significant at 5%.
The variance inflation factor (VIF) statistics indicated that there was no multicollinearity
problem in the analysis.

Table 6. Structural equation modeling results (aggregated).

Variables Unstandardized Coefficients Standardized Coefficients Sig. VIF

B Std. Error B

Constant 11.366 2.086
Assets (ASS) 0.007 0.003 0.150 0.036 ** 1.86

Social safety nets (SSF) −0.005 0.319 0.001 0.987 1.46
Adaptive capacity (ADC) 0.910 0.360 0.171 0.012 ** 1.72

Climate change (CH) 0.095 0.127 −0.053 0.454 1.65

** Significant at 5%. Source: Authors’ estimation based on survey (2020).

Households’ resilience to food insecurity in the Northern Cape was empirically as-
sessed in detail (Table 7). The results indicated that HFS (β = 0.333), AA (β = 0.089), and
NAA (β = −0.019) influenced households’ resilience to food insecurity. Herd/flock size
(HFS) and AA indicators positively impacted households’ resilience to food insecurity.
The HFS was the most crucial dimension compared to the other components of assets.
Smallholder farmers used livestock as a coping and adaptation mechanism, because they
sold livestock during agricultural drought to enhance their resilience.

Four dummy variables were used to estimate the resilience impact of adaptive ca-
pacity on food insecurity. The results in Table 7 showed that migration indicators pos-
itively impacted households’ resilience to food insecurity. Migration (β = 0.037), credit
(β = −0.250), perception (β = −0.181), and income source (β = −0.122) contributed to the
regression model.

The results in Table 7 showed that all the social safety net indicators had a positive and
significant impact on households’ resilience to food insecurity. Cash (β = 0.044), training
(β = 0.124), food support (β = 0.075), water rights (β = 0.111), garden equipment (β = 0.195),
sanitary latrines (β = 0.037), and farm input (β = 0.145) contributed to the regression model.

The two variables that were included under climate change, focusing on drought,
namely, drought occurrence and drought intensity, had a negative and significant impact at
10% on household resilience to food insecurity (Table 7). Drought occurrence (β = −0.118)
and drought intensity (β = −0.021) contributed to the regression model.
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Table 7. Structural equation modeling results (disaggregated).

Variables Unstandardized Coefficients Standardized Coefficients Sig. Variables

B Std. Error B

Constant 11.366 2.086
Assets (ASS)
Herd/flock size (HFS) 3.435 0.676 0.333 0.000 ***
Agricultural assets (AA) 37.494 27.567 0.089 0.175
Non-agricultural assets
(NAA) −2.795 9.997 −0.019 0.780

Social safety nets (SSF)
Cash 0.038 0.059 0.044 0.524
Training 0.096 0.057 0.124 0.092 *
Food support 0.060 0.057 0.075 0.297
Water rights 0.114 0.079 0.111 0.147
Garden equipment 0.271 0.106 0.195 0.012 **
Sanitary latrines 0.040 0.077 0.037 0.607
Farm input 0.118 0.055 0.145 0.032 **
Adaptive capacity (ADC)
Perception −0.154 0.057 −0.181 0.007 ***
Source of income
(Incsource) −0.235 0.132 −0.122 0.077 *

Credit −0.541 0.155 −0.250 0.001 ***
Migration 0.059 0.113 0.037 0.603
Climate change (CH)
Drought occurrence −0.052 0.030 −0.118 0.090 *
Intensity −0.007 0.032 −0.021 0.825

*** Significant at 1%; ** significant at 5%; * significant at 10%. Source: Authors’ estimation (2020).

5. Discussion

The socio-economic variables, such as age, gender, sex, marital status, access to credit,
and assets, were the main factors determining the enhancement of resilience to agricultural
drought. It is concerning that the average age of farmers was relatively high. It meant that
fewer young people were farming and mostly joined other industries. This could be due to
a lack of funding for start-up farmers and the negative stigmas surrounding agriculture
as a career choice. This finding is supported by Meterlerkamp et al. [43], who found that
one-third of young people show a positive attitude towards farming and choose agriculture
as a career.

The male household heads spent more years in school than their female counterparts.
This implied that the more educated and higher-skilled individuals were likely to be the
least vulnerable to climate shocks such as agricultural drought. This is consistent with the
finding of Brenda [44], who highlighted that, commonly, the more educated and higher-
skilled individuals of a household are likely to be the least vulnerable to climate shocks
such as agricultural drought and have more adaptive capacity than less-educated farmers,
because they could obtain information about climate change to assess their situation.

Gender and its impact on social and economic aspects are essential for decision making.
It is clear that there is a gender imbalance in farming, agreeing with the study of Matlou
and Bahta [45]. Marital status is critical in the determination of the level of involvement in
farming. Married household heads can make better decisions during agricultural drought
with the assistance of their partners. This finding is in line with a study by Ngeywo
et al. [46], who found that the youth who dedicate their energy to farming as a business are
denied a chance to do so, because they believe they are not responsible enough if they are
not married.

Access to credit or funding is the main challenge for smallholder farmers in Africa,
including South Africa. The findings indicated that only a few respondents had access
to credit. This finding is in line with the study of Bahta et al. [47]. They highlight that
access to credit enhances the working capital of households and resilience to agricultural
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drought. The majority of the respondents depended on farming. Diversification of income
helps to enhance the resilience of smallholder farmers when shocks (such as agricultural
drought) occur. However, a minority of farmers owned additional property; this indicated
that most smallholder farmers were not resilient to shocks such as agricultural drought.
These findings concurred with the findings of Maltou and Bahta [45].

Results from the ADRI indicated that the majority of the respondents were not resilient
to agricultural drought. This suggests that smallholder livestock farmers need assistance
from the government and different stakeholders in industry to enhance their resilience.
The assistance could be feed for livestock (fodder), medication for livestock, strengthening
access to agricultural credit and farm input, as well as enhancing smallholder farmers’ in-
volvement in agricultural drought resilience activities by giving training and disseminating
information. This finding is in line with the study of Matlou and Bahta [45].

The structural equation modeling result indicated that assets, adaptive capacity, safety
nets, and climate change indicators significantly impacted households’ resilience to food
insecurity. This implied that the more assets a farming household owned, the higher the
resilience to agricultural drought. These findings are consistent with literature stating that
having more assets may increase a household’s resilience to food insecurity [11,13–16,48].
Further, the literature also indicates that resilience is the key to enhancing adaptive capac-
ity [49].

The social safety net refers to benefits and protects vulnerable households from the
risk of food insecurity. All the social safety net indicators (cash, training, food support,
water rights, garden equipment, sanitary latrines, and farm input) had a positive and
significant impact on households’ resilience to food insecurity. The finding indicates that
benefiting from the social safety net provides support for individual households. Our
findings concurred with Mane et al. [50], Boukary et al. [11], Szabo et al. [48], and Shah and
Dulal [51].

Climate change (drought occurrence and intensity) had a negative and significant
impact on household resilience to food insecurity. Indeed, the Northern Cape climate is
characterized by hot summers (between 34 ◦C and 40 ◦C) and cold winters (below zero
nightfall temperatures and frost). Coupled with low rainfall (mean annual precipitation
of 200 mm), the climate is consistently dry, which leads to the reduction of livestock
production. The findings concur with Shah and Dulal [51], who indicated that a climate
shock such as agricultural drought affects food production.

6. Conclusions

This study identified factors affecting livestock farmers’ agricultural drought resilience
to food insecurity in Northern Cape Province, South Africa. A principal component analysis
was applied to estimate the agricultural drought resilience index. A structural equation
model was then applied using a survey of 217 smallholder livestock farmers.

The study found that most (81%) smallholder livestock farmers were not resilient to
agricultural drought. The study also showed that asset, social safety net, and adaptive
capacity indicators positively and significantly impacted households’ resilience to food
insecurity. However, climate change indicators had a negative and significant impact on
households’ resilience to food insecurity. This implied that the more assets a farming
household owned, the higher the resilience to agricultural drought. The findings fur-
ther indicated that benefiting from the social safety net provided support for individual
households. Indeed, the Northern Cape climate is characterized by hot summers (between
34 ◦C and 40 ◦C) coupled with low rainfall (mean annual precipitation of 200 mm). The
climate is consistently dry, which leads the reduction of livestock production. As a result,
the government needs to strengthen the drought relief program for affected smallholder
farmers by supplying fodder, medication, and farming inputs, and strengthening access to
agricultural credit.

The study suggests that smallholder livestock farmers need assistance from the gov-
ernment and various stakeholders to minimize vulnerability and boost their resilience
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to food insecurity. They should target disadvantaged smallholder farmers to build their
resilience by enhancing their persistence and adaptability. The government may help
smallholder livestock farmers to gather resources to acquire more assets and reduce vul-
nerability to food insecurity via strengthening access to agricultural credit and farm input.
Additionally, the government should address viable off-farm employment as a source of in-
come, and strengthen social safety nets, which include smallholder farmers’ involvement in
agricultural drought resilience activities by giving training and disseminating information.

Furthermore, the government could improve water rights and access to boost the
resilience of smallholder farmers to agricultural drought. This could be achieved through
collaboration and coordination among all stakeholders. This includes coordination be-
tween monitoring agencies in terms of reliable early warning data, communicated in a
comprehensive way to decision makers, farmers’ organizations such as the African Farmers’
Association of South Africa (AFASA; AFASA is very active in Northern Cape Province of
South Africa), and the private sector, such as banks, to strengthen the resilience of farmers
against shocks.

Collaboration with national and provincial governmental departments should also be
strengthened. This includes collaboration with the Department of Agriculture, Forestry and
Fisheries (DAFF), provincial Departments of Agriculture, National and Provincial Disaster
Management Centres (NDMC and PDMC), the Department of Water Affairs (DWA), and
the South African Weather Service (SAWS).
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Appendix A

1. Socio-economic characteristics of the respondents

1.1 How old is the household head (age):
1.2 Gender: Female = 0 and Male = 1

1.3 Marital Status:
Single = 1, Married = 2, Widowed = 3, Divorced = 4,
Separated = 5 and Other = 6

1.4 Educational level (years spent at school)
1.5 How long have you been farming/farm experience?
1.6 Where do you get funding for your farm business? Family savings = 1, Borrowings = 2, and Other = 3
1.7 How many household members are staying in the
household?
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2. Assets at household home and farm.

Do you own any of the following assets? How many of the following assets do you own (specify the number)?

Asset Number of Assets

2.1 Herd/Flock Size (HFS)

2.1.1 Cattle No = 0 and Yes = 1
2.1.2 Sheep No = 0 and Yes = 1
2.1.3 Goat No = 0 and Yes = 1
2.1.4 Chicken No = 0 and Yes = 1
2.1.5 Pig No = 0 and Yes = 1
2.1.6 Others
2.2 Agricultural Assets (AA)

2.2.1 Tractor No = 0 and Yes = 1
2.2.2 Feeding equipment (feed mixer) No = 0 and Yes = 1
2.2.3 Livestock trailer No = 0 and Yes = 1
2.2.4 Water tank No = 0 and Yes = 1
2.2.5 Corral system No = 0 and Yes = 1
2.2.6 Others No = 0 and Yes = 1
2.3 Non-Agricultural Assets (NAA)

2.3.1 House No = 0 and Yes = 1
2.3.2 Television No = 0 and Yes = 1
2.3.3 Chairs No = 0 and Yes = 1
2.3.4 Radio No = 0 and Yes = 1
2.3.4 Bed No = 0 and Yes = 1
2.3.5 Others No = 0 and Yes = 1

3. Social Safety Net

Do you or did you receive any of the following benefits?

Support Type Response Support from where?

3.1 Cash No = 0 and Yes = 1
3.2 Training No = 0 and Yes = 1
3.3 Support for food No = 0 and Yes = 1
3.4 Vegetable gardening equipment No = 0 and Yes = 1
3.5 Sanitary latrine (toilet) No = 0 and Yes = 1
3.6 Farm inputs (feed, medication, etc.) No = 0 and Yes = 1
3.7 Water rights No = 0 and Yes = 1
3.8 Others

4. Adaptive Capacity

Adaptive capacity Questions Response
4.1 Credit

4.1.1 Institution (financial institution)
4.1.1.1 Do you have access to credit? If yes, how effective is
the support from the institutions?

No = 0 and Yes = 1

4.2 Perception

4.2.1 Perception of risk
4.2.1.1 Do you believe that the climate is changing to the
extent that it will affect your livestock production?

No = 0 and Yes = 1

4.3 Income source

4.3.1 Employment
4.3.1.1 How many members of your household are
employed?
4.3.1.2 How do they contribute during the drought?

4.3.2 Business

4.3.2.1 Is there any other business the household is doing
besides farming? If yes, please specify
4.3.2.2 How does the business contribute to your farm
during drought year?

No = 0 and Yes = 1

4.4 Migration
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Adaptive capacity Questions Response
4.1 Credit

4.4.1 Migration
4.2.2 Other options

4.1.1.1 Is migration is an adaptive option during the
drought?
4.4.1.2 If no, do you have any other options available? What
are they?

N0 = 0 and Yes 1

5. Climate change

Do you usually experience agricultural drought in your community? (Yes/No), if yes.

Climate change Questions Response

5.1 Drought occurrence
When was the last time drought occurred? (less than 12 months = 1, less than 5 years
= 2, and more than 5 years = 3)

5.2 Drought intensity
Do you think the intensity of this drought is: (worse than the previous droughts = 1;
similar to the previous droughts = 2; better than previous droughts = 3)
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Abstract: Climate change is expected to substantially reduce future crop yields in South Africa, thus
affecting food security and livelihood. Adaptation strategies need to be implemented to mitigate the
effect of climate change-induced yield losses. In this paper, we used the WEAP-MABIA model, driven
by six CORDEX climate change data for representative concentration pathways (RCPs) 4.5 and 8.5, to
quantify the effect of climate change on several key crops, namely maize, soya beans, dry beans, and
sunflower, in the Olifants catchment. The study further investigated climate change adaptation such
as the effects of changing planting dates with the application of full irrigation, rainwater harvesting,
deficit irrigation method, and the application of efficient irrigation devices on reducing the impact of
climate change on crop production. The results show that average monthly temperature is expected to
increase by 1 ◦C to 5 ◦C while a reduction in precipitation ranging between 2.5% to 58.7% is projected
for both RCP 4.5 and RCP 8.5 relative to the baseline climate for 1976–2005, respectively. The results
also reveal that increased temperature and decreased precipitation during planting seasons are
expected to increase crop water requirements. A steady decline in crop yield ranging between
19–65%, 11–38%, 16–42%, and 5–30% for maize, soya beans, dry beans, and sunflower, respectively,
is also projected under both RCPs climate change scenarios. The study concludes that adaptation
measures such as the integration of changing planting dates with full irrigation application and the
use of rainwater harvest will help improve current and future crop production under the impact of
climate change.

Keywords: climate change; crop yield; adaptation strategies; water requirement; WEAP-MABIA model

1. Introduction

Increased greenhouse gas emission caused by human-induced activities such as the
burning of fossil fuels and deforestation has accelerated the impacts of climate change
in the 20th century. Recently, the intergovernmental panel on climate change report [1]
indicated that natural and human systems have been significantly impacted by increased
temperature, and increased frequencies of extreme weather events such as droughts and
floods that are caused by changes in the climate system. The impacts of climate change on
agriculture can no longer be ignored as agricultural production is largely dependent on
the amount of water available and dry-land farmers who rely on rain-fed farming for their
livelihood are particularly vulnerable [2]. Climate change impacts on agriculture resulting
in the decline in crop yield may increase food insecurity globally [3,4]. This is largely
because agricultural crops relevant to food security such as maize, wheat, and rice require
significant amounts of water for production [5]. The amount of water required to produce
1 kg of these crops is estimated at 1.5 m3, 1.0 m3, and 2.5 m3 respectively [6]. It is therefore
anticipated that areas with limited water availability due to climate change impacts will
experience significant crop yield losses which would compromise food security in the
long term.

Climate change impacts on agricultural production are increasingly becoming a major
area of scientific interest [7]. Such impacts are significant in arid and semi-arid areas
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which include a country like South Africa, a semi-arid country, with about two-thirds of
its land area receiving a mean annual rainfall of less than 500 mm [8] during the summer
months over the eastern parts of the country [8], where most of the agricultural activity
takes place. The share of agriculture in the country’s gross domestic product (GDP) is
barely 4 percent [9]. However, despite this seemingly negligible contribution towards
the country’s economy, the agricultural sector accounts for almost 10 percent of the total
employment in the country and about one-third of the country’s total crop production is
exported with considerable financial returns [10]. In addition, more than a million people
in the country are indirectly dependent on the agricultural sector for their livelihood [11]
and 94 percent of the agricultural products such as wheat, maize, and rice are consumed
within the country [12]. The strategic importance of the agricultural sector in South Africa
is therefore evident.

Increased rainfall variability and high temperatures are currently the key factors
expected to have significant impacts on agricultural production in South Africa [8,13]. For
instance, climate projection studies have illustrated that the frequency and intensity of
droughts coupled with higher variability in rainfall will have negative implications on
crop production [1]. A study undertaken by Erasmus et al. [14], projected a decline in
precipitation in the Western Cape Province which they predicted would result in less water
available for agriculture with related socio-economic impacts for farmers in the area. The
anticipated increase in temperature of 1.2 ◦C in 2020, 2.4 ◦C in 2050, and 4.2 ◦C by the
year 2080 and a projected rainfall decrease of about 5–10% in the next 50 years [8], thus
presents a significant risk to South Africa’s food security and socio-economic stability.
Considering the socio-economic importance of agriculture and food security, it is therefore
imperative to assess how future climate change will affect crop yield. Adaptation is an
important factor that will minimize the severity of the impact of climate change on future
crop production [15,16]. Potential adaptation strategies should thus be developed and
consistently evaluated to effectively cope with climate risk.

Numerous studies have assessed the impact of climate change on crop production
in South Africa [17–22], their findings indicate a decrease in crop yield as a result of a
changing climate. Mayowa [23] examined the impact of climate variability on maize yield
in South Africa using satellite-derived data and a neutral framework. The result of the
study indicated that maize phenology could be impacted by climate variability, especially
if the impacts are most severely experienced during the vegetative and reproductive period
of plants. Studies by Gbetibouo and Hassan [24] and Deraasa et al. [25] used the Ricardian
model to investigate the economic impact of climate change on major South African field
crops and found that the production of field crops was more sensitive to changes in
marginal temperature as compared to changes in precipitation. Results from their study
implied that an increase in temperature somehow positively affected net revenue whereas
the effect of precipitation decrease was negative. The study went further to highlight
the importance of season and location in dealing with climate change, indicating that the
spatial distribution of climate change impact and consequently the needed adaptation
strategies vary across the different agro-ecological regions of South Africa.

Despite the fairly extensive research undertaken towards assessing the potential
impacts of climate change on crop production in South Africa, to date, no study has
evaluated the efficiency of adaptation strategies in order to provide farmers and decision-
makers with clear guidance on the best practices to be implemented. Further, many of the
existing studies were either conducted at a national, regional, or provincial level which
fails to capture climate change-related dynamics and its implications at a catchment level.
It is important to understand how climate change affects crop production at a catchment
scale since vulnerability and the intensity of climate change are location-specific and the
formulation of adaptation strategies depends on the level of impacts. Specifically, the
assessment of climate change and adaptive measures in terms of crop production have not
been investigated in the Olifants catchment where crop yield could be more sensitive to
climate change due to the vulnerability of the catchment to global change.
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This study, therefore, aims to assess the potential impact of climate change on crop
yield in the Olifants catchment using a high-resolution climate change model and it evalu-
ates the efficiency of the adaptive strategies deployed by farmers to improve crop yield
under current and future climate change scenarios for the catchment. The specific objectives
of this study are: (1) to evaluate the impacts of climate change on the catchment reference
evapotranspiration and crop water requirement; (2) to assess the influence of soil texture
on crop yield under current climate condition; (3) to evaluate the impact of current and
projected climate change on crop yield, and lastly, (4) to assess crop yield response to
different adaptation measures in the context of changing climate.

The findings from this study are intended to provide relevant information on the
expected changes in climate and its impact on crop yield at a catchment-scale as well as to
guide policy-makers on the most suitable adaptation options to be implemented in order
to improve future crop production and ensure food security.

The rest of the paper consists of Section 2 which details the material and methods
used for analysis in the study, followed by a presentation of the results in Section 3. The
discussion and concluding remarks are provided in Sections 4 and 5 of the paper.

2. Materials and Methods

2.1. Study Area and Data

The Olifants River Basin is one of the nineteen water management areas in South
Africa. It is a principal sub-catchment of the Limpopo River. It originates in the north of
South Africa in the province of Mpumalanga and flows northeast through the northern
province before joining in Mozambique and emptying into the Indian Ocean (Figure 1).
An estimated 3.2 million people live within the catchment area with two-thirds of this
population living in the rural community [26]. The Olifants River Basin is recognized as
one of the most important basins in South Africa as it contributes largely to the country’s
economic hub, with an annual contribution of six percent to the Gross Domestic Product
arising from agricultural, mining, and industrial activities [27]. The catchment consists of
both large and medium-scale agricultural farms that consume a lot of water for irrigation
(540 Mm3 per year) with approximately 130,000 ha irrigated (i.e., 11% of the total cultivated
area in the catchment), primarily in the commercial farming sector. The water used for
irrigation is obtained from both dams and groundwater in the catchment [28]. Precipitation
in the catchment occurs during the summer months from October to April, with average
annual rainfall ranging between 500 mm to 800 mm in most parts of the catchment and
surpasses 1000 mm along the escarpment which separates the Highveld from the Lowveld.
Evaporation varies across the catchment with high levels occurring in the north and west,
and lower levels of evaporation recorded in the southeast. Elevations range from 300 m to
over 2300 m above sea level, which explains the relatively cool winter and annual wide-
range of temperature variations of −4 to 35 ◦C [29]. Runoff from the catchment reflects the
temporal and spatial distribution of the rainfall with the greatest volumes occurring in the
south and along the escarpment. The average annual runoff from the catchment is 37.5 mm
(i.e., 6% of the average annual rainfall), which equates to 2040 million cubic meters (Mm3).
However, there is considerable inter-annual variation and consecutive years where the
flow is below the mean annual discharge [30].
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Figure 1. Map of Olifants River Basin showing towns, rivers, and irrigated areas.

This study uses climate simulated data (daily rainfall, minimum, and maximum
temperature, average relative humidity, 2 m wind speed, and solar radiation) from the
Coordinated Regional Climate Downscaling Experiment (CORDEX) database. The data
were obtained from http://cordexesg.dmi.dk/esgf-web-fe/. The output from CORDEX
RCMs are quality controlled and can be used according to the terms of use (http://wcrp-
cordex.ipsl.jussieu.fr/). It should be noted that all Coordinated Regional Downscaling
Experiment-Regional Climate Models (CORDEX RCMs) are set to 0.44◦ by 0.44◦spatial
resolutions, which corresponds to 50 km by 50 km. The area-weighted average method [31]
was used to calculate the average climate variables from the CORDEX RCMs over the
entire Olifants River catchment (latitude 24◦ and 26◦ and longitude 29◦ and 32◦). Daily
climate variables listed above were obtained from a single RCM driven by six Global
Climate Models (GCMs) namely, Commonwealth Scientific and Industrial (CSIRO), Na-
tional Centre for Meteorological Research (CNRM), Canadian Centre for Modelling and
Analysis (CCMA), Institut Pierre Simon Laplace (IPSL), Model for Interdisciplinary Re-
search on Climate (MIROC), and Max Planck institute for Meteorological Earth System
Model (MPI-ESM) for a period of 30 years (1976–2005). Two projected climate change
scenarios, representative concentration pathways (RCP 4.5 and 8.5) were used. The former
represents an intermediate stabilization of radioactive forcing by 2100, without surpassing
4.5 W/m2 (~650 ppm CO2), which constitutes a high mitigation scenario [32]. Whilst the
RCP 8.5 scenario assumes that the radioactive forcing pathway reaches above 8.5 W/m2

(~1370 ppm CO2) by 2100 [33].
Using CORDEX-RCM climate change data, three time periods 2010–2039, 2040–2069,

2070–2099 were considered in this study to project future climate for both greenhouse gas
concentration scenarios. These time periods were then compared to the baseline period,
1976–2005. CORDEX climate variables were biased corrected using a linear scaling bias
correction method. Observed climate variables obtained from the South African weather

166



Climate 2021, 9, 6

service were used to bias correct the current and projected CORDEX climate data [34]. It
was necessary to bias correct the simulated climate data in order to compensate for any
over or underestimation of the downscaled variables. The linear scaling bias correction is
based on the average difference between daily observed time series data. These differences
were then applied to the simulated climate data to obtain bias-corrected variables [34]. The
biased-corrected climate variables were then integrated into a decision support system
(Water Evaluation and Planning) model to evaluate current and future crop yield and
adaptation scenarios using the WEAP-MABIA method.

The WEAP-MABIA model used in this study has a soil profile library functionality
that provides typical values for water content at saturation, field capacity, wilting point,
and the available water capacity for 12 textural classes. It uses a pedotransfer function
to estimate the average soil water capacity. In this study, we assumed scenarios of three
textural classes of soil to evaluate its impacts on crop yield under current climate conditions.
The three textural classes of soil were (S1-sandy loam, S2-loamy sand, and S3-Sandy clay
loam) presented in Table 1.

Table 1. Classification soil type used in this study (S1 = Sandy loam, S2 = Loamy sand, and S3 = Sandy clay loam).

Texture Classes Soil Properties as A Percentage (%) of Volume

Soil Type Total Available Water (TAW) Saturation (SAT) Field Capacity (FC) Wilt Point (WP)

S1 15.72 41.20 23.74 8.02
S2 10.36 40.10 14.90 4.54
S3 12.97 33.00 25.13 12.16

Crop parameters were also obtained from the crop library functionality within the
WEAP-MABIA. The “Crop Library” provides the required parameters for over 100 crops,
some with multiple entries for different climates or regions of the world. The end-user can
add, edit, remove, copy, export, import, or search the “Crop Library” for a particular crop.
This study selected four crops namely: maize, soya beans, dry beans, and sunflower from
the crop library using the crop scheduling wizard. The crop parameter used in this study
is presented in Table 2.

Table 2. Database of crop parameters used in this study.

Crop Maize Soya Beans Dry Beans Sunflower

Planting area (in thousand hectare) 180 72 41 20
Planting date 10/24 11/05 11/17 11/25

Stage length initial [days] 25 15 20 25
Stage length dev [days] 40 30 30 35

Stage length mid-season [days] 45 60 40 45
Stage length end-season [days] 30 25 30 25

Stage length total [days] 140 130 120 130
Kcb: initial 0.15 0.15 0.15 0.15

Kcb: mid-season 1.15 1.10 1.00 1.10
Kcb: end-season 0.30 0.30 0.80 0.25

Depletion factor initial 0.55 0.50 0.45 0.45
Depletion factor mid-season 0.55 0.35 0.45 0.45
Depletion factor: end-season 0.55 0.50 0.45 0.45

Yield response factor [ky] initial 0.40 0.40 0.20 0.40
Yield response factor dev 0.40 0.80 0.60 0.60

Yield response factor mid-season 1.30 1.00 1.00 0.80
Yield response factor end-season 0.50 0.40 0.40 0.80

Yield response factor total 1.25 0.85 1.15 0.95
Maximum Height [m] 2.00 0.75 0.40 2.00

Rooting Depth [m] Minimum 0.15 0.15 0.15 0.15
Rooting Depth [m] Maximum 1.35 0.95 0.60 1.15
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The lengths of growth stages (Lini, Ldev, Lmid, Llate) were computed according to
the FAO-56 method as a function of vegetation cover (fc). The initial stage (Lini) runs from
the sowing date to when the fc reaches a value of 0.1, the development stage (Ldev) runs
from a fc of 0.1 to full vegetation cover (fc of 0.9). The mid-season stage (Lmid) runs from
the end of the development stage until canopy cover (fc) drops back to the same value
it had at the end of the development stage and the beginning of the mid-season period
(fc = 0.9). The late-season stage (Llate) runs from the end of the mid-season stage until the
end of the growing season.

The basal crop coefficient (Kcb) is defined as the ratio of the crop evapotranspiration
ETc over the reference evapotranspiration ETref when the soil surface is dry but transpira-
tion is occurring at a potential rate. Therefore, Kcb represents primarily the transpiration
component of ETc. The Kcb coefficient serves as a lumped parameter for the physical and
physiological differences between crops. Variation in Kcb between the growth stages is
mainly dependent on how the crop canopy develops. The values given in the “crop library”
represent a standard climate having mean daily minimum relative humidity (RHmin) equal
to 45% and mean daily wind speed measured at 2 m (u2) equal to 2 m s−1.

The depletion factor (p) is the fraction of the total available water (TAW) that can be
depleted from the root zone before moisture stress occurs. Different values can be defined
to express the variation of the crop sensitivity to water shortage over the different crop
stages.

The yield response factor (Ky) is a factor that describes the reduction in relative
yield according to the reduction in the crop evapotranspiration (ETc) caused by soil water
shortage. Ky values are crop-specific and may vary over the growing season. The values
for Ky are given for the individual growth periods as well as for the complete growing
season.

The rooting depth for annual crops has three growth stages. The rooting depth is held
constant at the minimum depth (Zr min) throughout the initial crop growth stage. The root
zone increases linearly to a maximum depth (Zr max) throughout the vegetative growth
and development stages

The maximum root depth is attained at the beginning of the mid-season stage (peak
growth) and is maintained throughout the mid and late season stage [35].

2.2. Description of WEAP Model

The water evaluation and planning model developed by the Stockholm Environment
Institute (SEI) is a decision support system (DSS) used for the integration of water resources
management and planning. It is easy to use for water planning and scenario assessment.
WEAP simulates water balance for water demand, supply, and storage on a monthly basis
and it allows the assessment of water resource management policies between different
sectors (agriculture, industry, tourism). It can be applied at a catchment level as well as
other more complex levels such as regional and country levels [36].

Within the WEAP model, different agricultural catchment calculation methods can be
used. In this study, we used the WEAP-MABIA method version 1.0.1 [35] to simulate crop
water requirement, crop yield as well as agricultural management plans under different
climate conditions. The selection of this method was based on the fact that it has been
applied by scientists, engineers, and resource managers to simulate runoffs, infiltration,
and percolation processes resulting from natural rainfall, irrigation scheduling, and crop
yield reduction [35,37–39]. The WEAP-MABIA method calculate evapotranspiration using
the ‘dual’ crop coefficient kc method (Kc = Ke + Ks Kcb), as described in Allen et al. [40],
whereby the Kc value is divided into a ‘basal’ crop coefficient, Kcb, and a separate compo-
nent, with Ke, representing evaporation from a shallow soil surface layer. The basal crop
coefficient represents actual ET conditions when the soil surface is dry but sufficient root
zone moisture is present to support full transpiration.

The reference evapotranspiration (ET0) for the Olifants catchment was calculated
using the modified Penman-Monteith equation recommended by Allen et al. [40]. The

168



Climate 2021, 9, 6

equation utilizes some assumed constant parameters for a clipped grass reference crop. It
was assumed that the definition for the reference crop was a hypothetical reference crop
with a crop height of 0.12 m, a fixed surface resistance of 70 s m−1 and an albedo value
(i.e., a portion of light reflected by the leaf surface) of 0.23 [41]. The equation used for
calculating ET0 is given below:

ET0 =
0.408Δ(RN − G) + λ 900

T+273 ∪2 (es − ea)

Δ + γ(1 + 0.34 ∪2)

where RN is the net radiation at the crop surface, G is the soil heat flux density, T represents
the mean daily air temperature at 2 m height, U2 is the wind speed at 2 m height, es
is the saturation vapor pressure, ea is the actual vapor pressure, (es–ea) represents the
vapor pressure deficit of the air, Δ is the slope vapor pressure curve, and γ represents the
psychometric constant.

The following climate parameters such as daily temperature (minimum and max-
imum), average relative humidity, 2-m wind speed, and solar radiation were used to
estimate the current and projected reference crop evapotranspiration.

The performance of the WEAP-MABIA was verified by calibrating and validating
observed crop yield data for Mpumalanga province where the Olifants catchment is
situated, as there was no recorded crop data for the catchment. The data was obtained
from the Department of Agriculture, Fisheries, and Forestry (DAFF). The efficiency of the
model performance was determined by comparing the observed against the simulated crop
yield using two verification statistics such as Coefficient of Determination (R2) and Nash-
Sutcliffe Efficiency (NSE). The values of R2 ranges between 0–1, values higher than 0.5 are
considered acceptable. While NSE ranges between −∞ and 1.0, where NSE = 1 indicates a
perfect match of simulated and observed yield. An efficiency of 0 shows that the model
prediction is as accurate as the mean of the observed data, while an efficiency less than
0 shows that the observed mean is a better predictor than the model. For more detail on
the procedure and statistical equation used for the calibration and validation of the model,
readers should consult Olabanji et al. [29]. We calibrated and validated the WEAP-MABIA
crop model using observed crop yield data for the period of 1995–2000 for calibration
and 2001–2004 for validation. The results presented in Table 3 show that the simulated
crop yield perfectly agrees with the observed yield with NSE ranging between 0.97 to 0.99
during calibration and 0.87 to 0.96 during validation. The coefficient of determination (R2)
ranged between 0.98 to 1.0 for calibration and 0.95 to 0.98 during the validation process.
The agreement between the simulated and observed crop yield indicates the capability of
the crop model to simulate future crop yields.

Table 3. Model calibration and validation result using yearly simulated and observed crop yield.

Crops
Crop Yield (t/ha) (Calibration) Crop Yield (t/ha) (Validation)

Sim Obs R2 NSE Sim Obs R2 NSE

Maize 4.30 4.62 0.98 0.97 4.32 5.17 0.95 0.92
Soya
beans 0.40 0.45 0.99 0.98 0.65 0.72 0.96 0.94

Dry
beans 0.35 0.37 1.0 0.99 0.36 0.45 0.92 0.87

Sunflower 0.20 0.23 1.0 0.98 0.21 0.25 0.98 0.96

2.3. Experimental Design

We conducted five experiments to assess crop yield response to climate change impacts
and adaptation strategies in the Olifants catchment (Figure 2). The adaptation scenarios
used for this analysis were derived from a comprehensive literature review [42–46] and
augmented with the results from a field survey that was completed by seventy-three
smallholder farmers who provided information about the adaptive strategies they are
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deploying in the area. During the course of the study, four adaptation measures were
evaluated using the WEAP-MABIA model.

Figure 2. Diagrammatic representation of the conceptual framework of the study.

• Experiment 1, which is the control experiment, presents crop yield under baseline
and projected climate scenarios (RCP 4.5 and RCP 8.5) without the implementation of
adaptation strategies.

• Experiment 2, presents crop yield with the adoption of a shifting plantation date and
the application of full irrigation water. This scenario assumes a delay in the planting
of crops. It is expected that crops in the catchment, particularly those investigated in
this study, are to be planted from early October to mid-December. However, due to
the delay in rainfall, most farmers have adjusted their farming practice by shifting
their planting dates to wait for rain. We, therefore, assumed a delay of 25 days from
the initial date planted. The strategy also assumed the application of full irrigation
to supplement rainfall should there be any shortfall during the cropping cycle. The
scenario assumed that irrigation would be applied at 100% of the readily available
water. This application implied that soil depletion would never drop below the readily
available water level, and as such, water stress is not expected to occur in this scenario.

• Experiment 3, presents crop yield with the application of rainwater harvesting. This
scenario assumes the harvesting of rainwater from runoffs during the period of
heavy rainfall within the cropping cycle to irrigate crops. This strategy is expected
to augment limited irrigation water from the system, it also serves as an agricultural
water management measure as it helps to restrain the over-exploitation of freshwater
during crop production.

• Experiment 4, presents crop yield with the adoption of the deficit irrigation method.
This strategy involves the application of limited water during crop production. The
formulation of this strategy is as a result of the increased demand for water resources
by other water use sectors which may cause shortages during irrigation for farmers
in the near future [29]. According to the findings of Geerts and Raes [47], the deficit
irrigation scheme is a promising and tested irrigation technique, especially in periods
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of low rainfall. The scenario assumes allowing shortage of 50% of the readily available
water (RAW) before irrigation.

• Finally, experiment 5 presents crop yield with the use of efficient irrigation devices
such as the drip irrigation technique, or the sprinkler and furrow. These devices are
deemed more efficient compared to traditional irrigation techniques such as the center
pivot system, or the buckets and pipes approach which consumes a lot more water
during irrigation. Specifically, for this analysis, the scenario assumes the use of a drip
irrigation technique with an application efficiency of 95% to improve crop yield.

The results obtained from experiments 2, 3, 4, and 5 were compared against the control
experiment (crop yield without adaptation strategies adopted). The assessment of each
experiment enabled us to determine which adaptation measure performed the best in terms
of crop productivity.

3. Results

3.1. Climate Model Validation

This section validates the performance of CORDEX-RCM current climate data for the
period 1976–2005. Results presented in Figure 3a,b shows that ensemble monthly historical
RCM after bias correction mostly agreed with the observed precipitation and temperature in
the catchment. The agreement between the simulated RCM climate and the observed indicated
that CORDEX-RCM data after bias correction were capable of projecting future climate.

Figure 3. Olifants catchment current monthly climate (a) showing observed monthly South African Weather service (SAWS)
precipitation plotted against the uncorrected historical ensemble precipitation from the Regional Climate Model (RCM) and
the bias-corrected ensemble RCM for the period 1976–2005; (b) ensemble historical average monthly temperature against
SAWS average monthly temperature.

3.2. Future Climate Projections

The intra-annual changes in temperature and precipitation for the study area under
the two future projected climate change (RCP 4.5 and RCP 8.5) scenarios are presented in
Figure 4a–d. From the results obtained, it was clear that elevated CO2 concentration would
significantly increase temperatures in the future. The monthly average temperature was
projected to increase by 1.0, 1.6, and 2.9 ◦C for the 2010–2039, 2040–2069, and 2070–2099
periods respectively, for RCP 4.5 scenario relative to baseline. Under the RCP 8.5 scenario,
the average monthly temperature increased by 2.3, 3.0, and 5.0 ◦C for the three future
time periods as shown in Figure 4a,b. The highest temperature increase was expected
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for the RCP 8.5 scenario towards the end of the century. Results further revealed that
summer months were likely to experience increased temperature particularly the month
of October during the mid and end of the century. In addition, the results presented in
Figure 4c,d show the variations in intra-annual predicted precipitation for the Olifants
catchment for RCP 4.5 and RCP 8.5 respectively. As indicated in Figure 4c, a slight increase
in precipitation for the RCP 4.5 scenario was expected for the early-term in the month of
August and September and a decrease was expected for other months. For the mid-term
and far-term, an average increase in precipitation was expected for the months of July and
August, with the remaining part of the months expected to be dry. A precipitation decline
between 3.2 to 51.4% was predicted for RCP4.5 with the mid-term expected to be the driest.
The results presented in Figure 4d show a decreasing trend in most of the months in the
mid and end-term for the RCP 8.5 climate change scenario. However, a slight increase was
projected for the months of July, August, and September in the early term. The end-term
was projected to be the driest period for the RCP 8.5 scenario, a decrease in precipitation
ranging between 2.5 to 58.7% was anticipated. The summer months of October to February for
both climate change scenarios were expected to experience a greater decline in precipitation
during the early-term, mid-term, and end-term respectively. Based on the outcome of the
climate analysis, the decline in the projected precipitation during the summer months and an
increasing trend in temperature will have implications for future crop production, as most of
the crops in the catchment are planted during this period.

Figure 4. Olifants catchment future monthly climate departure from observed climate: (a) temperature anomaly for
representative concentration pathways (RCP) 4.5 and (b) for RCP 8.5; (c) and (d) showing precipitation anomaly for RCP 4.5
and RCP 8.5 for the period 2010–2039, 2040–2069, and 2070–2099 respectively.

3.3. Analysis of Reference Crop Evapotranspiration

This study estimated reference crop evapotranspiration (ET0) using the Penman-
Montieth equation. Projected changes in ET0 were calculated as the difference between the
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average monthly and annual ET0 for RCP 4.5 and RCP 8.5 relative to baseline (1976–2005).
Results from the calculation show an increasing trend in total annual ET0 of 770.9 mm,
810.0 mm, and 817.8 mm for RCP 4.5 and 778.0 mm, 829.3 mm, and 904.5 mm for RCP
8.5 for the early-term, mid-term, and end-term relative to 729.1 mm of baseline climate
(1976–2005). The intra-annual ET0 variation indicated a higher increase in the months of
September, August, and October while April had the smallest increase for both climate
change scenarios as illustrated in Figure 5. The increase in ET0 aligned with the increasing
trend in temperature, implying that a change in temperature would have a significant
impact on the amount of soil evaporation and crop transpiration.

 

Figure 5. Predicted changes in the reference evapotranspiration for RCP 4.5 and RCP 8.5 relative to
baseline climate (1976–2006) for the period (a) 2010–2039, (b) 2040–2069, and (c) 2070–2099.
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3.4. Climate Change Impact on Crop Water Requirement

This study assessed the impacts of climate change on crop water requirements by
integrating climate parameters into the WEAP-MABIA crop model. Table 4 shows the
projected changes in crop water requirements for RCP 4.5 and RCP 8.5 climate change
scenarios. Results revealed a steady increase in crop water requirements for both RCPs.
Water requirements for maize crops increased from 7.6 × 108 m3 for the baseline climate
to 9.1 × 108 m3 and 1.0 × 109 m3, while soya beans increased from 2.2 × 108 m3 to
3.1 × 108 m3 and 3.6 × 108 m3 for RCP 4.5 and RCP 8.5 climate change scenarios. An
increase of 1.4 × 108 m3 and 7.3 × 107 m3, 1.6 × 108 m3, and 9.1 × 107 m3 was anticipated
for dry beans and sunflower for both RCPs relative to 9.3 × 107 m3 and 4.3 × 107 m3

of baseline climate. Comparing both RCPs, a slight decrease in water requirements for
maize and soya beans was expected under RCP 8.5 in the early term, with the highest
water requirements for all crops expected towards the end of the century. The increased
water requirements for all crops modeled in the WEAP-MABIA crop model is due to the
high evapotranspiration rate resulting from an increased temperature and a decline in
precipitation. Water stress can only occur when rainfall or irrigation do not meet crop
water requirements. Therefore, the simulated results for crop water requirements show
that crops in the Olifants catchment will likely face severe water stress in the future which
may lead to a decline in crop yield.

Table 4. Future changes in crop water requirements (in m3) for RCP 4.5 and RCP 8.5 climate change scenarios relative to
baseline climate.

Baseline RCP 4.5 RCP 8.5

1976–2005 2010–2039 2040–2069 2070–2099 2010–2039 2040–2069 2070–2099

Crops CWR CWR CWR CWR CWR CWR CWR

Maize 7.6 × 108 8.7 × 108 8.9 × 108 9.1 × 108 8.6 × 108 9.3 × 108 1.0 × 109

Soya beans 2.2 × 108 2.6 × 108 3.0 × 108 3.1 × 108 2.5 × 108 3.0 × 108 3.6 × 108

Dry beans 9.3 × 107 1.1 × 108 1.3 × 108 1.4 × 108 1.2 × 108 1.4 × 108 1.6 × 108

Sunflower 4.3 × 107 5.7 × 107 7.0 × 107 7.3 × 107 6.0 × 107 7.8 × 107 9.1 × 107

3.5. Influence of Soil Texture on Crop Yield

We analyzed the effect of soil texture on crop yield under the current climatic con-
ditions (1976–2005). Simulated results of crop yield (maize soya beans, dry beans, and
sunflower) were higher in sandy loam and sandy clay loam, compared to loam sand,
which is ascribed to high water retention in sandy loam and sandy clay loam soil. The
grain yield in sandy loam and sandy clay loam was 5.6 t/ha and 4.5 t/ha respectively,
as presented in Figure 6. Similarly, a study by Jalota et al. [46] found an increased grain
yield of maize and wheat in sandy loam soil which the study attributed to the high water
holding capacity of the soil. In our current study, it is evident that soil with low water
retention capacity will have larger percolation loss which would increase the amount of
water required for crop production. Adapting to this issue will require farmers to irrigate
more often, particularly during periods of limited rainfall. However, this situation can be
rectified through the application of organic matter to increase the density of the soil as
suggested by Jalota et al. [46].

3.6. Crop Yield Analysis

This study analyzed the impact of climate change on crop yield in the Olifants catch-
ment. The WEAP-MABIA model was used to simulate crop yield under RCP 4.5 and RCP
8.5 emission scenarios. Results presented in Table 5 show the changes in crop yield for
both RCPs climate change scenarios relative to the 30 years baseline average. Based on the
analysis, an average annual decrease in crop yield was expected for both projected climate
change scenarios (RCP 4.5 and RCP 8.5) for the early, mid, and end-term periods with RCP
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8.5 showing the highest rate of decrease towards the end of the century. A decrease of
19 to 40%, 12 to 25%, 19 to 32%, and 5 to 20% was anticipated for maize, soya beans, dry
beans, and sunflower under the RCP 4.5 climate change scenario. For the RCP 8.5 scenario,
maize and soya beans were expected to decline by 20 to 65% and 11 to 38% respectively,
while a decrease of 16 to 42% and 10 to 30% was expected for dry beans and sunflower.
A slight increase in the yield of soya beans in the early term for RCP 8.5 was anticipated.
The general decrease in crop yield in the Olifants catchment is attributed to the decreasing
trend in precipitation coupled with an increase in temperature. The anticipated decline in
crop yield in the catchment suggests the need for the development and implementation of
plausible adaptation measures.

Figure 6. Influence of soil texture on crop yield, a plot showing crop yield response to different soil
water holding capacity resulting from soil characteristics.

Table 5. Changes in crop yield (in t/ha) for RCP 4.5 and RCP 8.5 emission scenarios relative to the average 30 years historical
baseline (1976–2005).

Crops Yield
(t/ha)

1976–2005 2010–2039 2040–2069 2070–2099

Mean Mean % Change Mean % Change Mean % Change

Maize 4.46
3.57 −19 2.93 −34 2.69 −40
3.55 −20 2.54 −43 1.65 −63

Soya beans 0.65
0.57 −12 0.51 −22 0.49 −25
0.58 −11 0.47 −28 0.40 −38

Dry beans 0.31
0.25 −19 0.23 −26 0.21 −32
0.26 −16 0.21 −32 0.18 −42

Sunflower 0.20
0.19 −5 0.17 −15 0.16 −20
0.18 −10 0.16 −20 0.14 −30

3.7. Evaluation of Adaptation Strategies

Considering the negative effect of climate change on crop yield arising from increased
temperature and decreased precipitation, this study evaluated the capabilities of adapta-
tion strategies to improve current and future crop yield. Four agricultural management
strategies were simulated in the WEAP-MABIA crop model. These strategies included
a combination of changing planting date with the application of full irrigation, use of
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rainwater harvesting, application of the deficit irrigation method, and the use of efficient
irrigation devices. Table 6 presents changes in crop yield with the adoption of changing
planting date and full irrigation technique for both baseline and projected climate (RCP 4.5
and RCP 8.5) scenarios for the period 2010–2039, 2040–2069, and 2070–2099 respectively.
Results revealed that maize and soya bean yields will increase by 39 to 270% and by 52 to
138% while dry bean and sunflower was expected to increase by 45 to 144% and 15 to 57%
respectively.

Table 6. Changes in crop yield with the adoption of a change in planting date along with full irrigation technique for the
baseline and projected climate scenarios for the periods 1976–2005, 2010–2039, 2040–2069, and 2070–2099.

RCP 4.5 RCP 8.5

1976–2005 2010–2039 2040–2069 2070–2099 2010–2039 2040–2069 2070–2099

Crops Y(t/h) % Y(t/h) % Y(t/h) % Y(t/h) % Y(t/h) % Y(t/h) % Y(t/h) %

Maize 6.18 39 6.13 72 6.12 108 6.13 128 6.13 72 6.13 141 6.10 270
Soya
beans 1.00 52 0.99 74 0.98 92 0.98 100 0.99 71 0.98 104 0.95 138

Dry
beans 0.45 45 0.44 69 0.44 91 0.44 100 0.45 73 0.44 110 0.44 144

Sunflower 0.23 15 0.23 21 0.22 29 0.22 38 0.23 28 0.22 38 0.22 57

For the application of rainwater harvest, results from the analysis revealed an increase
in the mean potential yield ranging between 14 to 21% and 5 to 8% for maize and soya
beans respectively. For dry beans, an increase of between 4 to 10% was expected while an
increase of 5 to 13% was expected for sunflower yield, as presented in Table 7. The analysis
of the results also revealed that the ability of RWH to improve crop yield in the Olifants
catchment was expected to continue toward the mid and end-term for both RCPs.

Table 7. Changes in crop yield with the adoption of rainwater harvesting for the baseline and projected climate scenarios
for the periods 1976–2005, 2010–2039, 2040–2069, and 2070–2099.

RCP 4.5 RCP 8.5

1976–2005 2010–2039 2040–2069 2070–2099 2010–2039 2040–2069 2070–2099

Crops Y(t/h) % Y(t/h) % Y(t/h) % Y(t/h) % Y(t/h) % Y(t/h) % Y(t/h) %

Maize 5.10 14 4.17 17 3.43 17 3.16 17 4.14 16 3.06 20 2.00 21
Soya
beans 0.69 5 0.60 5 0.55 8 0.52 6 0.61 5 0.51 6 0.43 8

Dry
beans 0.33 6 0.27 4 0.24 4 0.23 5 0.28 8 0.23 10 0.19 6

Sunflower 0.21 5 0.20 5 0.18 6 0.18 13 0.19 6 0.17 6 0.15 7

With regards to the application of the deficit irrigation method as an adaptive strategy.
The results illustrated in Table 8 show that the yield of maize was expected to decrease
by 1 to 3% for both the baseline and projected climate scenarios. While an increase of 2
to 4% was anticipated for the soya beans yield. For dry beans, a different situation was
observed as there were no changes in the yield for both baseline and projected climate
scenarios with the exception of RCP8.5 which showed an increase of 4 and 5% for the early
term (2010–2039) and mid-term (2040–2069) respectively. Similar to dry beans, the yield of
sunflower remains unchanged.
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Table 8. Changes in crop yield with the adoption of the deficit irrigation method for the baseline and projected climate
scenarios for the periods 1976–2005, 2010–2039, 2040–2069, and 2070–2099.

RCP 4.5 RCP 8.5

1976–2005 2010–2039 2040–2069 2070–2099 2010–2039 2040–2069 2070–2099

Crops Y(t/h) % Y(t/h) % Y(t/h) % Y(t/h) % Y(t/h) % Y(t/h) % Y(t/h) %

Maize 4.37 −2 3.48 −3 2.85 −3 2.63 −2 3.46 −3 2.48 −2 1.63 −1
Soya
beans 0.67 2 0.58 2 0.53 4 0.50 2 0.60 3 0.49 2 0.41 3

Dry
beans 0.31 0 0.26 0 0.23 0 0.22 0 0.27 4 0.22 5 0.18 0

Sunflower 0.20 0 0.19 0 0.17 0 0.16 0 0.18 0 0.16 0 0.14 0

Under the application of the efficient irrigation device, results demonstrated in Table 9
show an increase in maize yield for both baseline and projected climate, while there were
no changes in the yield of soya beans, dry beans, and sunflower.

Table 9. Changes in crop yield with the adoption of an irrigation efficiency device for the baseline and projected climate
scenarios for the periods 1976–2005, 2010–2039, 2040–2069, and 2070–2099.

RCP 4.5 RCP 8.5

1976–2005 2010–2039 2040–2069 2070–2099 2010–2039 2040–2069 2070–2099

Crops Y(t/h) % Y(t/h) % Y(t/h) % Y(t/h) % Y(t/h) % Y(t/h) % Y(t/h) %

Maize 4.47 0.2 3.59 0.5 2.94 0.3 2.70 0.4 3.57 0.3 2.55 0.4 1.66 0.6
Soya
beans 0.66 0 0.57 0 0.51 0 0.49 0 0.58 0 0.48 0 0.40 0

Dry
beans 0.31 0 0.26 0 0.23 0 0.22 0 0.26 0 0.21 0 0.18 0

Sunflower 0.20 0 0.19 0 0.17 0 0.16 0 0.18 0 0.16 0 0.14 0

The evaluation of adaptation measures in this study show that crops respond to
adaptive measures differently. It is, however, important to note that not all adaptive
strategies can improve crop yields. Among the different adaptation strategies evaluated,
the combination of changing the planting date with full irrigation technique and the
application of rainwater harvesting were found to be the most suitable measures for all
crops studied.

4. Discussion

There is great uncertainty about the future effects of climate change on crop production.
This analysis explores the potential implications of climate change on catchment crop yield
based on CORDEX-RCM driven by six GCMs for two IPCC emission scenarios (RCP 4.5
and RCP 8.5). Furthermore, four possible adaptation strategies to cope with climate change
impact in the Olifants catchment were considered: the combination of changing sowing
date and application of full irrigation, application of rainwater harvesting, adoption of the
deficit irrigation method, and the use of efficient irrigation devices.

Our analysis revealed an increased warming trend of between 1 ◦C to 5 ◦C for both
climate change scenarios (RCP 4.5 and RCP 8.5) relative to the baseline climate of 1976–2005.
This analysis aligns with the predictions of Durand [8]. On the other hand, average monthly
precipitation is expected to decrease in the future for both climate change scenarios with the
exception of the month of August and September for RCP 4.5 during the early term. This
finding aligns with Kusangaya et al. [48] who also predicted decreased precipitation over
Southern Africa. The changes in precipitation and temperature, particularly in the summer
months when crops are being planted, have caused significant declines in crop yield. Such
decreases are mostly attributed to increased temperature [17,20,21,49]. Contrary to this
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finding, a study by Cazadilla et al. [9] found an increase in crop production for South Africa
under the MIROC AIB scenario. However, this contradiction may be due to the uncertainty
associated with global climate models.

Considering the negative impacts of climate change on crop production in this study,
we evaluated different adaptation strategies to improve crop production. Among the
adaptation strategies assessed, the integration of changing sowing date with full irrigation
application had the highest crop yield under both current and projected climate change
scenarios as compared to other adaptation strategies evaluated. The adoption of changing
sowing date alone might not be an effective measure to cope with climate change consid-
ering the significant decline in the catchment precipitation. However, few studies [50,51]
have observed an increase in crop yield with the adoption of this strategy.

Combining changing sowing date with the application of full irrigation is seen to
be an effective measure to cope with the long-term impact of climate change, but the
application of full irrigation might prove to be challenging, as the Olifants catchment
is already experiencing water stress arising from increased demands. The adoption of
rainwater harvesting is therefore seen as an effective measure towards resolving this
challenge as it involves harvesting rainwater from runoffs during periods of heavy rainfall.
This approach would thus reduce the over-exploitation of fresh water from the system
during irrigation. Our analysis has shown that the application of rainwater harvesting
would improve the yield of crops under current and projected climate change which is
consistent with the findings of Lebel et al. [52] and Rasuiba [53]. Contrary to the findings of
the study conducted by Chimonyo et al. [54], where the application of the deficit irrigation
method improved the yield of sorghum and cowpea plant, our experiments provided a
different result. However, our findings aligned with the findings of a study by Shrestha L
and Shrestha N [55] who also reported a decline in winter wheat yield with the adoption
of the deficit irrigation approach. The application of an efficient irrigation device improved
the yield of maize crops while the yield of other studied crops remained unchanged under
current and projected climate change.

Findings from this study have shown that not all adaptive measures are capable of
improving crop yield under the impact of climate change. It is therefore important to
evaluate crop response to different adaptation measures before implementation in order to
determine the most suitable and appropriate strategies to be adopted.

5. Conclusions

The analysis of climate change impacts has shown that crop yield may be declined by
as much as 65% by the end of the century in the Olifants catchment of South Africa. Yet,
studies have also suggested that much of the yield loss can be mitigated using adaptation
measures. In this paper, we used an ensemble of six biased corrected GCMs downscaled
with one regional climate model to assess crop yield response to projected climate change
(RCP 4.5 and RCP 8.5) for the Olifants catchment. The WEAP-MABIA processed-based crop
model was used for yield prediction and to investigate the effect of adaptation strategies.
The findings from the study revealed that surface temperature in the Olifants catchment
will increase in the future while precipitation, on the other hand, is expected to decrease,
which will consequently decline crop production. The analysis also revealed that soil with
high water holding capacity tends to retain more water for crop use and thus is able to
improve crop yield under limited rainfall.

Based on the adaptation strategies evaluated to cope with the impacts of climate
change, the combination of changing sowing date with full irrigation application as well as
the adoption of rainwater harvesting resulted in a significant positive yield change.

Finally, the effect of climate change on crop yield is considerable and poses serious
threats not just to farmers but also to regional food security, especially given the rapidly
growing population of South Africa which necessitates the production of more food.
Ultimately, the solution to climate change lies in the effective deployment of adaptive
strategies that could mitigate the impacts of climate change. This study thus provides
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actionable knowledge and insights that could be used to avoid yield losses in the future.
Adopting the measures proposed in this study are also well within the ability of policy-
makers and the majority of the smallholder farmers. The implications of the analysis
and findings of this study are to pave the way towards a more proactive agricultural
management planning with regards to climate change and its impending impacts on food
security in the region.
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Abstract: The majority of people in South Africa eat maize, which is grown as a rain-fed crop in
the summer rainfall areas of the country, as their staple food. The country is usually food secure
except in drought years, which are expected to increase in severity and frequency. This study
investigated the impacts of rainfall and minimum and maximum temperatures on maize yield in
the Setsoto municipality of the Free State province of South Africa from 1985 to 2016. The variation
of the agroclimatic variables, including the Palmer stress diversity index (PSDI), was investigated
over the growing period (Oct–Apr) which varied across the four target stations (Clocolan, Senekal,
Marquard and Ficksburg). The highest coefficients of variance (CV) recorded for the minimum
and maximum temperatures and rainfall were 16.2%, 6.2% and 29% during the growing period.
Non-parametric Mann Kendal and Sen’s slope estimator were used for the trend analysis. The result
showed significant positive trends in minimum temperature across the stations except for Clocolan
where a negative trend of 0.2 to 0.12 ◦C year−1 was observed. The maximum temperature increased
significantly across all the stations by 0.04–0.05 ◦C year−1 during the growing period. The temperature
effects were most noticeable in the months of November and February when leaf initiation and kernel
filling occur, respectively. The changes in rainfall were significant only in Ficksburg in the month
of January with a value of 2.34 mm year−1. Nevertheless, the rainfall showed a strong positive
correlation with yield (r 0.46, p = < 0.05). The overall variation in maize production is explained
by the contribution of the agroclimatic parameters; the minimum temperature (R2 0.13–0.152),
maximum temperature (R2 0.214–0.432) and rainfall (R2 0.17–0.473) for the growing period across
the stations during the study period. The PSDI showed dry years and wet years but with most
of the years recording close to normal rainfall. An increase in both the minimum and maximum
temperatures over time will have a negative impact on crop yield.

Keywords: agroclimatic variability; minimum and maximum temperatures; maize yield; rainfall
patterns; Setsoto municipality; climate change; Free State province

1. Introduction

There is a global consensus that climate change trends are real, and a rapidly advancing threat
to millions of livelihoods, by affecting agricultural activities, food security, water resources, health,
social systems and the appropriate functioning of ecosystems Barros, Field [1]. Some studies forecast
that the necessary increase in food production needs to be between 70 and 210% by 2050 and 2100,
to ensure global food security [2,3]. Temperature and rainfall are very important factors that affect
crop production [4], mainly affecting the duration of the growing season [5]. The relationship between
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temperature and rainfall is very variable across the globe [6], this finding is also true for South Africa,
but the model projections for the next 20–50 years show that the eastern portion of the country
will receive approximately the same rainfall with the western parts becoming significantly drier [7].
The relationship between temperature and rainfall is in most cases an inverse relationship; thus,
the higher the temperature the lower the rainfall [8,9]. The study by Dasgupta, Morton [10] indicated
that the mean global temperature has increased by 0.5 ◦C per annum. This rising temperature trend
suggests that there is an increase in warm indices (hot days, hottest days) and a decrease in extreme
cold indices (cold days, cold nights) [9]. Studies across the world show that minimum temperatures
are increasing at a faster rate than the maximum temperatures which may be as a result of global
warming [11–13].

Global warming affects climate change and increases the occurrence of extreme weather events
including flooding and droughts [14]. The surface air temperatures in some areas of Africa have shown
a steady increase of 0.03 ◦C annually [15]. The South African average air temperature has increased by
1.2 ◦C since the 1960s and the warming rate has increased at twice the global average rate [16,17]. Thus,
understanding the underlying factors that influence the climatic change of the region could improve
forecasting and limit the negative impacts in the region (Richard et al., 2001).

Agricultural production is susceptible to climate change variability in the Sub-Saharan region.
Higher temperatures can decrease crop yields and animal production [18]. According to Scholes et al.
(2015) for each one-degree Celsius rise in temperature, there is a 5% decrease in crop yield. Temperatures
raised above optimal levels create biochemical challenges for plant cells, more especially the enzymes
associated with the photosynthetic pathway. The southern and northern parts of Africa are expected to
be about 4 to 6 ◦C hotter by 2080 and the precipitation is projected to decrease by 10–20% by this period
(Collier et al., 2008). Derived variables, e.g., Palmer Stress Diversity index (PDSI), are used across the
globe for monitoring meteorological drought as well as agricultural drought [19,20]. The meteorological
component deals with changes in rainfall, whilst the agricultural drought component indicates changes
in soil moisture. In this research, the self-calibrating PDSI (Sc-PDSI) proposed by Wells [21] was used
as an indicator of agricultural drought, since we are interested in the soil moisture and potential
evaporation without focusing on the impact of agricultural practices, including fertilizer applications
and improved seed and water conservation measures on the yield of maize [22,23].

Maize (Zea mays L.) is the most common staple crop grown in Sub-Saharan Africa (SSA) [24]. It is
a dominant component in the diets of most households in the region. On average, a decreasing trend
of 10–20% in maize yield has been projected by 2050 for the tropics as a result of climate change [25].
Maize grows better at low to medium (20–28 ◦C) temperatures, because that allows for maximum
radiation interception and optimal growth [26].

South Africa is amongst the ten highest maize producing countries in the world [27]. It produces an
average of 12 million tons per year; contributing approximately 2% of the world’s maize production [28].
The Free State province alone produces over 35% of the maize in South Africa [29]. Overall,
the environmental conditions and natural resources of the Free State are conducive for maize production,
but there are concerns of looming agro-climatological hazards which may have a detrimental effect
on production [30]. This is supported by Smale and Jayne [31] who found that the output of maize
production varies yearly in South Africa mostly due to climate variability. Since only 1% of the
cultivated area uses irrigation for maize production [32], there is a particularly high reliance on rainfall
and thus vulnerability to changing rainfall patterns and amounts.

This study investigated the impacts of agroclimatic variability on maize production in the district
of the Setsoto Municipality in the Free State province of South Africa from 1985 to 2016. Droughts and
extreme events are becoming more frequent and the drought characteristics are not well understood,
at this particular local scale. Temperature and rainfall patterns are usually presented over an annual
cycle but this study focusses on this important region, at the time scale of the growing season, October to
April. The spatial variability in the temperature and rainfall trends is high which could negatively
impact the maize yields for this area which are relatively low when compared with other maize growing
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locations. This district may be very close to the threshold where maize can no longer be grown, and this
will have a major impact on rural poverty and unemployment. Currently, all stations studied were
suitable for maize production, but the interaction of increasing temperatures with evapotranspiration
into the future will make some areas in the Free State province less suitable for maize production [33,34].

2. Materials and Methods

2.1. Study Area

The Setsoto Municipality is under the administrative district of Thabo Mofutsanyane in the Free
State province (Figure 1). The seasonal rainfall usually starts in October and ends in April with
more than 80% of the rainfall occurring from October to March [35,36]. The soil type is shallow,
loamy soil with moderate water holding capacity [37]. Soil degradation and overgrazing are prominent
environmental problems which have not received adequate research attention [38].

Figure 1. Map of the Free State province of South Africa showing the locations of the study area,
the Setsoto Municipality and the target weather stations.

The availability of weather stations and completeness of data played important roles in the
selection of the target stations within the municipality. This study targeted the weather stations in
Clocolan, Marquard, Senekal and Ficksburg based on their spatial location and availability of data.
There were five other stations nearby that were used for infilling missing data, these were selected
based on the availability of data and proximity to the target stations (Table 1).

185



Climate 2020, 8, 147

Table 1. List of weather stations used for this study with their longitudes, latitudes, elevation,
duration of data availability and their data type. R denotes rainfall and T denotes both the minimum
and maximum temperatures.

Weather Stations Latitude Longitude Elevation (m) Data Type
Data Period

(Years)

1 Senekal-AGR −28.32200 27.6200 1433 R 40
2 Ficksburg −28.82700 27.9040 1628 R&T 32
3 Marquard −28.66500 27.4250 1497 R&T 40
4 Clocolan −28.92108 27.5840 1602 R&T 36
5 Senekal-Driepan −28.38900 27.5865 1587 R&T 31
6 Paul Roux −28.29900 27.9480 1569 R 39
8 Lambertianin −28.8200 27.5820 1646 R 32
7 Uintjieshoek −28.5830 27.5200 1600 R 31

The average rainfall of Thabo Mofutsanyana is 600 mm per annum [39]. The province has the
highest number of farming units in South Africa, with large areas of fertile and arable lands resulting
in a significant proportion of the nation’s agricultural production [40].

2.2. Data and Data Management

The daily maximum and minimum temperatures and the daily rainfall data of the study area for
the period from 1985–2016 were obtained from the Agricultural Research Council (ARC) meteorological
database and the South African Weather Service (SAWS). In this study, an agricultural year is defined
from July to June of the following year. This allows the presentation of the growing period from
October to April of the following year as a continuous record.

Meteorological data with the smallest number of missing data values (≤5%) were selected from
stations within the municipality The UK method was used for the infilling of daily Tmax and Tmin

values because of the technique’s ability to accommodate the differences in altitude and its local effects.
Missing rainfall data were estimated using the modified Inverse Distance Weighting method (IDWm),
which allows for the influence of elevation on rainfall [41,42], missing rainfall, Tmin and Tmax values
were less than 10% of the total data set, which satisfies the world meteorological organization (WMO)
criteria for a robust climatic data analysis. Only stations with a complete data set having a duration of
not less than 30 years were used for IDWm (Table 1).

Maize yield data (tons ha−1) for the Setsoto Municipality for the period between 1985 and 2016
were obtained from the South African Department of Agriculture, Forestry and Fisheries [43] for the
four areas except for Ficksberg where data were only available for 1985–2005. Most of the statistical
analyses were computed using quantum XL 2016 and JASP 0.9.0.1 statistical software. Collection and
availability of temperature, rainfall and yield data are very limited in South Africa due to the lack of
infrastructure and compliance, this is a common problem especially in SSA. It would have been ideal
if these data could have been used together with other variables e.g., measurements of evaporation
and radiation but again these data are not collected by the South African Weather Service nor by the
farmer’s unions.

The self-calibrating PDSI (Sc-PDSI) was calculated using monthly temperature and precipitation.
A detailed description of the fairly complex calculation of the Palmer index consisting of five steps
is published in several journals [21,44–46]. The Sc-PDSI accounts for all the constants contained
in the PDSI and includes a methodology in which the constants are calculated dynamically based
upon the characteristics present at each station location. The self-calibrating nature of Sc-PDSI is
developed for each station and changes based upon the climate regime of the location. It has wet
and dry scales. The index was calculated for three decades as well as for the entire data set from
1985–2016. According to Palmer [44], the range of the monthly index time series is between −4 and
+4. Negative (positive) PDSI values indicate dry (wet) periods, while those near-zero presume a state
that is close to the average rainfall. The Palmer hydrological drought index (PHDI), is used to assess
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long-term moisture supply. The Sc-PDSI was calculated using a program developed by researchers in
URL https://github.com/Sibada/scPDSI.

2.3. Climatic Trend Analysis

The non-parametric Mann Kendall (MK) test [47] was used to determine the significance of the
climate trends, because the climatic data were not independent and normally distributed. The seasonal
trends for Tmin, Tmax and Rainfall during the growing period with yield data were determined using a
linear regression model. The free and open software package developed by the Finnish Meteorological
Institute (MAKESENS) (https://en.ilmatieteenlaitos.fi/makesens) was used for the Mann Kendall (MK)
test and Sen’s slope estimator. The Sen’s slope estimator allows for the significance of the trend
to be analyzed. The MK test is robust, simple and frequently used in climate, environmental and
hydrological studies [13,48–51]. The Sen’s slope is a robust estimate of the underlying trend.

2.4. The Crop Yield Anomalies and Correlation with Climate Variables

The Pearson correlation coefficient which has proven to be an appropriate method for gaining
insights into this type of study [52] was used to determine the relationship between maize yield and
climatic variables. The data were detrended before performing linear regressions which prevents
periodicity in the data. Tmin and Tmax anomalies and rainfall anomalies were correlated with detrended
yield values to investigate the impacts of agroclimatic variables on maize production for the period
of the study. Detrended yield values were used, for only the growing months (October–April),
the coefficient of variance (CV) and standard deviation (SD) were calculated. The CV shows the
variability of data around the mean of the population CV= μ/σ where: σ= standard deviation, μ=mean,
the variability of the data is determined using CVs presented as a percentage. The standard diversion
measures the dispersion of the dataset as relative to its mean. It is the square root of variance.

3. Results and Discussion

3.1. Variation in the Minimum and Maximum Temperatures during the Growing Period (October–April)

The average mean annual Tmin of the area is presented in Table 2. The range of the average mean
Tmin was from 10.4 ◦C to 14.2 ◦C and for Tmax was from 25.6 ◦C to 28.6 ◦C. The lowest Tmin of 5.6 ◦C
and the Tmax of 10.0 ◦C were found in Ficksburg. The highest Tmin and Tmax recorded during the
growing period in Clocolan were 16.4 ◦C and 31.2 ◦C, respectively. The CV of the Tmin and Tmax was
between 5.8% to 16.0% and 3.8% to 8.3%, respectively (Table 2).

Table 2. The mean, minimum, maximum, SD and CV (%), for the minimum and maximum temperatures
during the growing period (◦C) in the Setsoto Municipality for the period between 1985 to 2016.

Tmin (◦C) Tmax (◦C)

Stations Mean Min Max SD CV Mean Min Max SD CV

Marquard 11.6 10 13.4 0.7 6.2 27.1 24.7 29.5 1.1 4
Clocolan 14.2 9.9 16.4 2.1 14.9 28.6 24.1 31.2 2.4 8.3
Senekal 12.1 9.4 13.4 0.7 5.8 27.7 25.1 30.4 1.1 3.8

Ficksburg 10.4 5.6 13.9 1.7 16 11.6 10 13.4 0.7 6.2

3.2. The Growing Period Rainfall from 1985 to 2016

The average rainfall for the growing period in Setsoto ranged from 540.71 mm to 632.38 mm with
CV ranging from 21 to 29% (Table 3). Ficksburg had the highest rainfall during the growing period
(1154.10 mm) while Marquard had the lowest rainfall (204.1 mm). The patterns of rainfall variations of
the growing period were similar between Senekal and Marquard and Clocolan and Ficksburg with
only observed differences of about 3% between them. The rainfall of the growing period accounts for
approximately 88% of the annual rainfall (Table 3).
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Table 3. Rainfall (mm) during the growing period October–April (mean, minimum, maximum,
standard deviation and coefficient of variation) in Setsoto Municipality (1985–2016).

Stations
Average Rainfall in Growing Period (mm) Annual Rainfall (mm)

Mean Min Max SD CV Mean Min Max SD CV

Marquard 540.7 204.1 969.5 158.5 29 613.4 259.1 1029.7 178.2 29
Clocolan 593.2 329.6 888.7 122.9 21 677.1 386.5 1074.9 149.4 22
Senekal 569.9 310 952 149.9 26 645 386.8 1019.2 167.4 26

Ficksburg 632.4 359.2 1154.1 151.4 24 718.1 397.6 1224.1 168.8 23

Mean annual rainfall over the Setsoto municipality ranged from 613 mm to 718 mm (Table 3).
The summer months from October to April account for most of the annual rainfall in the municipality.
The highest annual rainfall values observed were in Ficksburg with 1224 mm (Table 3). The lowest
value ranged from 259 mm to 397 mm. Ficksburg had the highest mean annual rainfall (718.1 mm)
followed by Clocolan (677.1 mm), while the lowest was recorded in Marquard (613.4 mm) followed by
Senekal (645 mm) The CV of the annual rainfall was very high ranging from 34 to 45 (Table 3).

3.3. Maize Crop Production 1985—-2016

The average maize yield for Setsoto from 1985 to 2016 ranged from 1.96 tons ha−1 to 2.89 tons ha−1.
The highest maize yield achieved during this period was in 2016 with 6.18 tons ha−1 in Clocolan,
while the lowest of 0.10 tons ha−1 was recorded in 1991 in Senekal (Figure 2). The maize yield CVs
over this period was between 37.8% and 46.2% per annum, with a standard deviation of between 0.91
and 1.31 tons ha−1 across the municipality (Table 4).
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Figure 2. The annual maize yield (tons ha−1) for the four stations in the Setsoto municipality from 1985
to 2016 used for this study.

Table 4. The average maize yield (tons ha−1) for the four stations in Setsoto Municipality from 1985–2016
used for this study.

Average Maize Yield (tons ha−1)

Stations Mean Min Max SD CV

Marquard 2.33 0.47 5 0.98 41.93
Clocolan 2.72 0.64 6.18 1.03 37.75
Senekal 1.96 0.1 4.34 0.91 46.19

Ficksburg 2.89 0.85 5.96 1.33 46.21

188



Climate 2020, 8, 147

The dataset available for Ficksburg in this study was only for 20 years (1985–2005), as opposed to
32 years in the other three weather stations. Each station showed high inter-annual variation in yield.
All seem to overlap at least in the first few years (1985 to 1995). The yield in Ficksburg showed the
highest inter-annual variation between 1995 and 2005 (Figure 2).

3.4. Climate Trend Analysis

3.4.1. Minimum and Maximum Temperature Trends

The Clocolan monthly and the growing period minimum temperatures showed a negative trend
at the 0.001 significance except in the months of November and April which showed a negative trend
at a significance level of 0.05. The values of the Sen’s slope were all less than zero (Table 5). In Senekal
the Tmin did not show any trend for the period of the study except for the month of January, where an
increase of 0.02 ◦C year−1 was reported, compared to the increasing trend of 0.05 ◦C per annum shown
in Ficksburg at a significance level of 0.05. In Marquard the Tmin trend showed a positive trend for
the months of October, November and December at the rates of 0.09, 0.09 and 0.06 ◦C increase year−1,
respectively during the growing period (0.01 significance level). The February, March, April and the
growing period trends were negative with decreases of minimum temperatures of 0.1, 0.2, 0.25 and
0.05 ◦C year−1 (Table 5).

Table 5. Setsoto monthly growing period minimum temperature annual trends during the growing
period from 1985–2016. Mann Kendall (MK) trend (Test Z) and Sen’s slope estimate (Q).

Months
Marquard Clocolan Senekal Ficksburg

Test z Q R2 Test z Q R2 Test z Q R2 Test z Q R2

OCT 2.72 ** 0.09 0.25 −3.5 *** −0.18 0.55 0.62 0.01 0 −0.05 0 0
NOV 2.64 ** 0.09 0.25 −2.47 * −0.15 0.35 −0.1 −0.01 0 −0.15 −0.01 0
DEC 3 ** 0.06 0.36 −3.61 *** −0.12 0.42 0.73 0.01 0.02 0.58 0.02 0
JAN 0.36 0.01 0 −3.51 *** −0.12 0.43 1.64 * 0.02 0.1 2.3 * 0.05 0.1
FEB −3.71 ** −0.1 0.34 −3.34 *** −0.12 0.46 0.89 0.02 0.05 1.61 0.07 0.06

MAR −3.91 ** −0.23 0.6 −3.57 −0.2 0.5 0.97 0.02 0.04 1.49 0.05 0.03
APR −4.25 ** −0.25 0.61 −2.39 −0.15 0.35 −1.43 −0.04 0.06 0.84 0.03 0
GP −3.52 ** −0.05 0.42 −3.7 *** −0.14 0.42 1.39 0.01 0.01 1.51 0.03 0.03

NB: *** denotes significance when alpha = 0.001, ** denote significance when alpha = 0.01 and * denote significance
when alpha = 0.05.

A commonly occurring pattern in climate change studies shows minimum temperatures to be
increasing globally and more particularly in Sub-Saharan Africa [53]. The trends were very variable,
all stations showing increases, except Clocolan which showed an overall decrease. The projected
mid-altitude minimum temperature increases for subtropical Africa is 2.6 ◦C century−1 [54]. The data
were very variable by the month and in Marquard, there is a significant increase in the trend of Tmin

in the months of October, November and December, likewise in January in Senekal and Ficksburg.
These data are very difficult to explain. It is interesting to note that, Tmin spatial–temporal variability is
just outside the WMO 30 km radius used for justification of infilling of data. There are local factors such
as vegetation cover, topography, slope and aspect of the area which affect the rainfall and temperature
distribution. The IPCC (2014), states that provided the anthropogenic and greenhouse emissions
remain at 2014 levels, these results fall within the projected century temperature increases of 3 ◦C,
but only for extreme events [54].

In the months of October and November in Marquard, Senekal and Ficksburg the growing period
Tmax showed an increasing trend ranging from 0.04 to 0.10 ◦C year−1 at various levels of significance
(Table 6). In Clocolan, Tmax showed a decreasing trend in the months of March and April by 0.16 and
0.14 ◦C year−1 (0.05 significance level).

189



Climate 2020, 8, 147

Table 6. Monthly Maximum Temperature (◦C) annual trends during the growing period for the study
period from 1985–2016. Mann Kendall MK Test Z denote Mann Kendall trend analysis test, and Q
denotes ‘the Sen’s slope estimate’ for the Setsoto municipality.

Months
Marquard Clocolan Senekal Ficksburg

Test z Q R2 Test z Q R2 Test z Q R2 Test z Q R2

OCT 3.71 ** 0.12 0.4 −0.68 −0.05 0.02 3.91 *** 0.12 0.38 3.02 ** 0.11 0.26
NOV 1.9 + 0.08 0.11 −0.31 −0.03 0 2.38 * 0.08 0.15 2.09 * 0.1 0.14
DEC 0.76 0.04 0.04 0.13 0 0 0.44 0.02 0.03 1.52 0.06 0.12
JAN 0.26 0.01 0.01 −1.01 −0.04 0.02 −0.05 0 0.01 1.28 0.04 0.02
FEB 0.83 0.03 0.01 −1.1 −0.1 0.01 0.66 0.03 0.05 1.96 * 0.09 0.19

MAR 1.61 0.06 0.1 −2.01 * −0.16 0.14 1.12 0.04 0.07 2.5 * 0.06 0.02
APR 1.1 0.05 0.03 −2.11 * −0.14 0.06 0.7 0.04 0.01 −0.29 −0.01 0
GP 2.38 * 0.04 0.23 −1.23 −0.06 0.24 2.29 * 0.05 0.22 2.12 * 0.04 0.21

NB: + denote significance when alpha = 0.1, *** denote significance when alpha = 0.001, ** denote significance when
alpha = 0.01 and * denote significance when alpha = 0.05.

The maximum temperatures over most of SSA are expected to increase above the global average [55].
The increasing trend of maximum temperature for Southern Africa is non-linear and its intensity is
expected to increase drought and crop failure [14]. In this study, the maximum temperatures in the
period between 1985 and 2016 showed an overall significant increase, during the maize growing period
across the stations in the Setsoto municipality. The only months with significant decreases in Tmax

were March and April in Clocolan, while for the rest of the months either it remained unchanged
or showed a significant increase (Table 6). The annual maximum temperatures increased by 0.08 ◦C
year−1, giving an increase of 2.56 ◦C for the entire study period of 32 years. These results also agree with
the findings published by the IPCC (2014). The results also fall within the projected SSA temperature
increases of 6.5 ◦C for the century [55–58].

3.4.2. Rainfall Trend Analysis

For all the stations used in this study only the month of January showed a positive trend of
increasing rainfall in the Ficksburg station with 2.34 mm year−1 at a 0.05 significance level (Table 7).
The rainfall trends for the study period of 32 years (from 1985 to 2016) in the Setsoto Municipality
showed no significant changes. This statement applies to the seasonal distribution of the rainfall,
the total amounts of rainfall and yearly distributions. The only significant data found were for the
month of January in Ficksburg, where the rainfall significantly increased by 2.34 mm year−1 (Table 7).
Rainfall in the Free State province shows high variability with the patterns, distribution, intensity and
duration of rainfall varying spatially and temporally across different scales [59].

Table 7. Monthly rainfall (mm) and its annual trends during the growing period from 1985–2016 for
the Setsoto municipality. MK Test Z denotes Mann Kendall trend analysis test, and Q denotes ‘the Sen’s
slope estimate’.

Months
Marquard Clocolan Senekal Ficksburg

Test z Q R2 Test z Q R2 Test z Q R2 Test z Q R2

OCT −1.44 −1.09 −1.38 −1.38 −1.38 0.049 −1.36 −1.00 −1.31 −1.31 −0.88 0.014
NOV 0.63 0.69 −0.68 −0.68 −0.41 0.002 −0.05 −0.08 −0.26 −0.26 −0.39 0.039
DEC 0.00 0.00 0.97 0.97 1.12 0.031 0.19 0.33 0.65 0.65 0.52 0.039
JAN −0.02 −0.02 1.12 1.12 1.62 0.042 1.62 2.11 2.06 2.06 * 2.34 0.179
FEB 0.73 0.60 0.44 0.44 0.43 0.011 −0.78 −0.59 −1.04 −1.04 −0.69 0.011

MAR −0.94 −1.05 −0.99 −0.99 −0.64 0.037 −0.58 −0.56 −0.41 −0.41 −0.46 0.033
APR −1.09 −0.74 −1.09 −1.09 −0.46 0.005 −0.10 −0.05 −0.44 −0.44 −0.45 0.134
GP −1.36 −3.22 0.05 0.05 0.11 0.002 0.19 1.05 0.21 0.21 0.55 0.027

NB: * denote significance when alpha = 0.05.
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3.5. Maize Yield Trends

Maize yield showed a positive trend in the three stations (Marquard, Clocolan and Senekal)
increasing by different magnitudes. The maize yield in Marquard and Clocolan showed a positive
trend increasing by 0.05- and 0.039-tons ha−1y−1, respectively. In Senekal, maize yield showed an
increasing trend of 0.043 tons ha−1 (Table 8).

Table 8. Annual maize yield trends during the study period from 1985–2016. MK Test Z denotes the
Mann Kendall trend analysis test, and Q denotes ‘the Sen’s slope estimate’.

Test Z Q R2

Marquard 2.76 ** 0.050 0.218
Clocolan 2.45 ** 0.039 0.196
Senekal 2.92 * 0.043 0.183

Ficksburg 1.27 0.054 0.119

NB: ** denote significance when alpha = 0.01 and * denote significance when alpha = 0.05.

Agroclimatic and maize yield variability in Sub-Saharan Africa (SSA) depends on the interactions
between the combination of temperature, rainfall, and adaptive strategies [60]. The results from this
study agree with other studies in SSA particularly with respect to temperatures and yield [61–66].
There were positive trends in all the stations for maize yield from 1985 to 2016 (Table 8). Marquard had
the highest increasing trend of 0.05 tons ha−1 year−1, followed by Senekal with 0.043 tons ha−1 year−1

and Clocolan with 0.039 tons ha−1 year−1. This general positive trend agrees with those found by [40]
on a comparative analysis of maize yields for South Africa. The average maize yield for Setsoto during
the period of this study was between 1.96 tons ha−1 to 2.89 tons ha−1 per year with an inter-annual
variability between 38–46% (Table 4). Even though no agronomic data are available for these locations,
it seems logical that some of these increases could have been accounted for by changed farming
practices e.g., the addition of more inorganic fertilizers and changed maize varieties. The maize yield
in the Setsoto municipality is below the free-state provincial average maize yield of 3.8 tons ha−1 [67]
Maize production is said to be economically viable if 3.6 tons ha−1 is produced [40,67], the data from
this study showed that maize yield is below this limit. The yield trends in this study were low and it is
only marginally economical to produce maize in these areas. The contribution to GDP from farming
in the Setsoto municipality is decreasing [68,69] and it has been suggested that some farms are no
longer being planted with maize or alternate crops. Yield variability was high across the stations,
with Senekal having the highest variability of 46.1% per year and it also recorded the lowest yield
among the stations.

3.6. Maize Yield Correlation with Climatic Variables

3.6.1. De-trended Maize Yield Correlation with rainfall, Tmin and Tmax Anomalies

The Pearson correlation coefficient (r) and confidence interval levels of 0.05, 0.01 and 0.001 were
used in this study to determine the relationship between yield and agroclimatic variables. Rainfall was
positively correlated with yield during the growing period in Clocolan and with Tmax in Senekal
(r = 0.46 and 0.48 respectively) (p = 0.008 and 0.0005 respectively) (Table 9). In November, only the
Tmin in Marquard correlated with yield (r = 0.39, p < 0.027). During the month of January, the yield at
this station is positively correlated with Tmin (r = 0.37 and p = 0.038 at 0.05 confidence level).
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The minimum temperatures were correlated with maize yield only for the Marquard station in the
months of November and February, this relationship was also found to be the case in studies conducted
by Adisa, Botai [70]. Temperature drives the physiological and morphological development of the
maize plant, with each process requiring a different minimum and maximum temperature. For instance,
the study by Sanchez, Rasmussen [71] showed that leaf initiation needs a minimum of 7 ◦C, while shoot
growth takes place above 14 ◦C and root growth above 13 ◦C. These minimum temperature conditions
were not met for all cases except for the leaf initiation process in November (Table 5 above). However,
in January the minimum temperature requirements for leaf initiation and shoot and root growth were
met even for the late planting cultivars. Minimum temperatures, especially in November, seem to be
critical for the early establishment and growth of the seedlings which ultimately influences the yield.
The correlation and the regression analyses provided evidence for the significance of the minimum
temperature on yield in Marquard, especially in the months of November and January. However,
the November minimum temperature trend showed an increase of 0.09 ◦C per annum (see Table 5
above), which showed an increase of 1% in Tmin in November increasing the yield by 0.274 tons ha−1 in
Marquard. Climate change predictions for semi-arid regions of SSA have changed from earlier studies
which gave values of 1.6 ◦C to recent projections of above 2.4 ◦C by 2050, depending on emissions and
other anthropogenic activities [72]. Increasing trends in minimum temperatures are predicted for SSA,
and extreme climate events, especially the frequency and severity could negatively impact yields [73].

The February Tmax was negatively correlated with yield in Marquard and positively in Senekal
(r = −0.49 and 0.657; p = 0.005 and <0.001 and 835.835, respectively) at 0.01 and 0.001 confidence levels,
respectively. Similarly, the February rainfall in Marquard was positively correlated with yield (r = 0.42,
p = 0.018) at 0.05 confidence level. There was also a strong correlation between them in Clocolan
(r = 0.69, p < 0.001 and) in the month of February, while in March, the Tmax in Senekal showed a
positive correlation (r = 0.4512 p = 0.003) at 0.01 confidence level with yield (Table 9).

The results from this study showed that the maximum temperatures for the entire growing season
were significantly correlated with maize yield only for Senekal. This was as a result of the significant
correlation in the months of February and March. The stations of Clocolan and Ficksburg showed no
correlation between the Tmax and maize yield, while those in Marquard showed a significant negative
correlation. The results in Marquard were also similar to other studies which showed that temperatures
above 30 ◦C have a negative impact on maize production in southern Africa [74]. Senekal had the
lowest maximum temperatures and a 1% increase of Tmax in the months of February, March and the
entire growing period (October–April) could increase the maize yield by 0.029, 0.408 and 0.536 tons ha−1

(Table 9). On the other hand, Marquard had the highest maximum temperatures and a 1% increase of
Tmax could decrease maize yield by 0.290 tons ha−1. Lobell, Bänziger [74] showed that a 1% increase
of maximum temperature above the optimal temperature for growth under drought stress could
result in a maize yield decline of 1.7%. Clocolan had the highest mean Tmax value and SD value of
28.6 ◦C and 2.4 ◦C respectively. There are several other studies that showed that high temperatures,
together with soil and plant water stress lead to a decline in crop yield [75,76]. Maize yield in Marquard
will be most vulnerable to water stress if the maximum temperatures continue to increase, especially
at the anthesis stage, where the optimal temperature is 32 ◦C and the maximum tolerable Tmax is
36 ◦C [58]. Muchow (1990) showed that temperatures outside the range of 13–32 ◦C decrease the
yield by shortening the period of the kernel filling. These conditions also apply in Marquard with
high February maximum temperatures which prevailed when kernel filling would have taken place if
planting took place in November.

3.6.2. Maize Yield Relationship with Rainfall, Minimum and Maximum Temperature Anomalies

The monthly minimum, and maximum temperatures, as well as the rainfall that showed a
significant correlation with maize yield (see Table 9 above) were subjected to regression analysis.
The yield was the dependent variable while monthly Tmin, Tmax and rainfall were the independent
variables used across the different stations of the Setsoto Municipality. The influence of the Tmin on

193



Climate 2020, 8, 147

maize yield during the months of November and January in Marquard were significant (p < 0.00027
and p < 0.038, respectively) (Table 10). The Tmax during the month of February showed a significant
negative impact on maize yield when regression analysis was conducted (p < 0.005, R2 = 0.23) whilst
for the same month, rainfall showed a positive impact on the maize yield in Marquard. An increase of
one unit of rainfall in (mm) can increase the yield by 0.0921 tons ha−1 (Table 10).

Table 10. A summary of regression results between detrended maize yield and the climatic (Tmin, Tmax

and Rainfall) anomalies. Note: p = p-value at 0.05.

Months
Marquard Clocolan Senekal

Intercept p R2 Intercept p R2 Intercept p R2

Nov Tmin 0.274 0.0027 0.152 Nil Nil Nil Nil Nil Nil
Jan Tmin 0.572 0.038 0.135 Nil Nil Nil Nil Nil Nil
Feb Tmax −0.290 0.005 0.238 Nil Nil Nil 0.0290 0.000 0.432
Mar Tmax Nil Nil Nil Nil Nil Nil 0.408 0.003 0.262
GP Tmax Nil Nil Nil Nil Nil Nil 0.005 0.008 0.214

GP Rainfall Nil Nil Nil 0.005 0.008 0.214 Nil Nil Nil
Feb Rainfall 0.0094 0.018 0.174 0.015 0.000 0.472 Nil Nil Nil

GP Nil Nil Nil Nil Nil Nil Nil Nil Nil

In Senekal, maximum temperatures in the months of February, March as well as the entire growing
period (October–April) had a significantly positive impact on the maize yield (p < 0.05) (Table 10).
In February, for every increase in degree Celsius of Tmax above the base temperature led to an increase
of the yield by 0.3459 tons ha−1 year−1, while an increase in Tmax in March and the whole season of
the growing period (October–April) led to an increase of maize yield by 0.367 and 0.592 tons ha−1

respectively in Senekal (Table 10).
The effect of rainfall during the growing period and the month of February in Clocolan, showed a

significant and positive relationship with the maize yield (p < 0.05) (R2 = 0.214 and 0.472, respectively).
An increase in rainfall by a unit (mm), increased the yield from 0.1028 to 0.1179 tons ha−1 year−1

(Table 10).

3.6.3. Self-Calibrating Palmer Drought Stress Index

The average Self-calibrating Palmer Drought Severity index (ScPDSI) values for the growing
period October–April are shown in Table 11. The first decade (1885–1994) had normal rainfall in
Ficksburg, with a dry period in Clocolan and a wet period in Marquad and Senekal. The second decade
showed three of the stations having a dry period and in the third decade, again three stations showed
a dry period, with an extremely dry period being measured in Marquad. These decadal data support
the maize yield data shown in Figure 2 with the first decade having the least variable maize yield.

Table 11. The average Self calibrating Palmer Drought Severity index (Sc_PDSI) values.

Period Index Stations

Marquard Ficksburg Clocolan Senekal

1985–1994 Sc-PDSI 1.170776 0.097271 −1.52128 1.924278
1995–2004 Sc-PDSI 1.959666 −0.61539 −0.31812 −2.03299
2005–2016 Sc-PDSI −3.02268 −1.11227 2.235037 −0.10628

Rainfall is a key driver of yield [77]. The amount of rainfall in the month of February was
particularly strongly correlated (with r = 0.69) with yield in Clocolan and Marquard, adding further
support to earlier evidence that the rainfall and temperatures in February have a strong influence on
yield. The rainfall received in Clocolan had the lowest variability (CV 21%) when compared with the
other stations (CVs up to 49%). Clocolan receives an average rainfall of 593 mm, which was similar to
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the 500 mm rainfall reported by for the eastern part of the Free State province. The CV associated with
the total rainfall of 21–49% across the four stations was high and if either the total rainfall decreases,
or variability increases then the risk of crop failure will increase. The results in this study support the
findings of [78] who identified November as critical for the start of the growing season in Senekal.
Maize planted later than November becomes susceptible to the frost from May onwards before the
crops reach maturity [36] and expose the crop to increased rainfall variability. Maize planted in early
November, will allow for maximum tasseling and grain-filling in February, which is the most sensitive
period for water stress, even more, sensitive than the early establishment stages [79]. This study
showed that a 1% increase in the rainfall amount in February and the overall growing period can
increase the yield by 0.015- and 0.005-tons ha−1 respectively (Table 4). In most African countries
agricultural production depends solely on rainfall pattern, distribution and duration [80,81]. This study
confirmed the research by who indicated that high variability of rainfall threatens rain-fed agriculture
in South Africa. These findings are similar to other previous work showing declining rainfall patterns
in southern Africa.

4. Conclusions

The Tmin and Tmax trends showed variation across the weather stations used in this study.
For instance, the Tmin in Clocolan, showed a declining trend throughout the growing period between
October and April, while in Marquard the minimum temperature increased between October and
December. The maximum temperature was consistently increasing in all the stations except for
Clocolan, where a decline was only reported for the month of March. The November and February
trends are important for maize production that involves planting (leaf initiations, leaf and root growth)
and development (tasseling and grain filling) of maize, respectively. The entire growing period
(October–April) minimum and maximum temperatures for the period from 1985 to 2016, varied across
the four different stations of the Setsoto municipality. The increasing minimum and maximum
temperatures in all the stations of this study showed that: (1) where the minimum temperature is
currently too low for optimal growth, an increase in these temperatures will increase yield and (2) the
overall increase in both the minimum and maximum temperatures over time can negatively impact
yield, but the magnitude of the effect is dependent on when exactly the increases are taking place
during the growing season. November and February have been highlighted as specific times at which
the crop is most at risk.

The changes in rainfall were significant only in Ficksburg in the month of January with a value
of 2.34 mm year−1 Nevertheless, the rainfall showed a strong positive correlation with yield (r 0.46,
p ≤ 0.05). This study indicates that the rainfall variability is increasing in parts of the study area,
which could be attributed to several global and regional rainfall phenomena. There were some
periods where it did appear that the yield was below average, similarly, there were periods from
2006–2012, where the yield was above the average maize yield per hectare (2.42 tons ha−1). There are
some concerns, especially in the Senekal area, that it will be no longer economically viable for maize
production. Yield is not just a product of climatic variables, but also a combination of other agronomic
factors. The average rate of increase of yield in the Setsoto Municipality is 0.044 tons ha−1 per annum
across the stations.

The strongest positive correlation (46–68%) with yield and rainfall was during the growing period
in Clocolan. The changes in minimum temperature are having two different effects on the yield in
the area where: if it is colder, the yield will be negatively impacted; if it is getting warmer, where the
minimum temperature has previously limited yield, the yield will be positively impacted. Increasing
maximum temperatures still shows no negative impacts on maize yield except for a single month of
February in Marquard. Palmer drought stress indices should be explored further to help support more
accurate forecasting. This study serves as an important baseline of the impacts of agroclimatic variables
on maize yield at this local scale which is a key area of production. Farmers cannot make rapid
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decisions about farming practices, where to plant or whether to sell the land. This study contributes to
raising awareness about the risk of ongoing maize production in this area.
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Abstract: Using gridded daily temperature and rainfall data covering 30 years (1988–2017), this study
investigates trends in rainfall, temperature, and extreme events in three agro-ecological settings in
central Ethiopia. The Mann Kendall test and Sen’s slope estimator were used to examine the trends
and slope of changes in climate indices. The profile of farmers whose perception converges with or
diverges from meteorological data was characterized using polling. The average annual temperature
has increased by 0.4 and 0.3 ◦C per decade in the lowland and midland areas, respectively. Average
annual rainfall has increased only in the midland areas by 178 mm per decade. Farmers’ perception of
increasing temperature fairly aligns with meteorological data. However, there is a noticeable difference
between farmers’ perception of rainfall and meteorological data. The perception of farmers with poor
economic status, access to media, and higher social capital aligns with measured trends. Conversely,
the perception of economically better-off and uneducated farmers diverges from meteorological
data. Accurate perception is constrained by the failure of the traditional forecast methods to describe
complex weather variabilities and lack of access to down-scaled weather information. The findings
highlight the importance of availing specific and agro-ecologically relevant weather forecasts to
overcome perceptual problems and to support effective adaptation.

Keywords: temperature; rainfall; drought; weather; livelihood

1. Introduction

It is increasingly becoming apparent that climate change, spatio-temporal variability, and extreme
events are issues of concern in Africa due to exceptionally high vulnerability [1,2]. Africa is warmer
than it was 100 years ago and this warming not only continues but also will accelerate to a rate between
2 and 6 ◦C in 100 years [3]. Unlike average temperature that is projected to increase across the continent,
there is diversity in the pattern of rainfall [4]. According to the projection of the Intergovernmental
Panel on Climate Change [5], there will be a reduction in rainfall in Northern and Southern Africa, but
an increase in Eastern Africa at the end of the 21st century. Model projections show varying results
for Western Africa, yet most of them indicate a wetter core rainfall season with a small delay in the
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rainy season by the end of the century. There is also a projected increase in extreme temperatures
and rainfall in Africa [5]. Due to current and future trends of climate change, it is expected that there
will be a decline in the area suitable for agriculture, a shortening of the length of growing seasons,
and diminishing crop yields [6].

Although Ethiopia is no exception to the problem of climate change, studies at different spatial
scales show contrasting patterns of rainfall and temperature. Rainfall in Ethiopia is highly heterogeneous
showing a wide range of patterns with no clear direction of change [1]. Another study [7] reported
no significant change in annual rainfall at the national level but a significant decline in the kiremt
rainfall (i.e., long rainy season between June and September) for south-western and central Ethiopia.
A study in south-western Ethiopia [8] reported decreasing trends of rainfall. Another national-level
study showed varied rainfall patterns in different parts of the country [9]. It confirmed significantly
decreasing trends of kiremt and annual rainfall in northern, north-western, and western parts of the
country. However, an increasing trend of annual rainfall was observed at a limited number of locations
in eastern Ethiopia. For central Ethiopia, an increase in annual and kiremt rainfall but a decrease in belg
rainfall [short rainy season between March and May] [10]. In the upper Blue Nile basin of Ethiopia,
an insignificant increasing trend of annual rainfall was reported [11].

Regional- and local-level analyses show different trends of temperature. Based on climate model
projections, one study [1] reported warming in all seasons across the country with relatively modest
differences between regions. Another study [8] found upward trends in temperature for south-western
Ethiopia. Both increasing and decreasing trends of temperature records were reported in different parts
of the upper Blue Nile basin [11]. Both mean annual maximum and mean annual minimum temperature
were increasing in the northern, central, and southern parts of the basin but decreasing trend was
observed in the western part. A study in central Ethiopia [12] reported significantly increasing trends in
annual maximum and minimum temperatures for midland and lowland areas. In north-central Ethiopia,
significantly increasing trends of mean and minimum average temperature were reported [13]. There is
also evidence that extreme events are becoming common in the country [9,14,15] and considerably
vary by eco-environments [14,16].

The identification of the micro patterns of changes in climate variables is not sufficient to address
climate problems. Farmers’ perceptions of changes in climate variables is also important for climate
risk management and agricultural adaptation [17–19]. The way farmers respond to climate change and
variability (CCV) depends on how they perceive the problems. Perception motivates action, which
suggests that failure to recognize CCV as a livelihood threat might reduce concern and hinder action.
Farmers make adaptation decisions based on their perceptions of changes in the climate variables [19].
The use of autonomous adaptation strategies specifically depends on farmers’ perceptions of local
weather conditions. The convergence of perception with and divergence from observed trends also
determine the type and time of taking actions. Farming decisions to be made and adaptation actions to
be taken are more likely to be effective if there is a convergence between objective measurements and
subjective assessments. However, it is not easy for farmers to have an accurate perception of changes
in climate variables. The difficulty emanates from the fact that climate change is a long-term process,
whereas farmers’ perception refers to short-term experience relying on memories [17].

Given these challenges, studies show contrasting results on whether farmers can accurately
perceive actual changes in local climate variables. In general, farmers’ perception of an increase
in temperature aligns with meteorological records [17,20,21]. However, for rainfall, studies show
divergence between perception and records [18,19,21,22]. In Ethiopia, despite heavy reliance on
rain-based economic activities and the absence of relevant information, studies linking perception to
meteorological data are quite limited. One study [23] found that increased temperature and declining
rainfall were the most widely held perceptions among farmers in the central highlands of Ethiopia.
However, the result was not compared with meteorological data to validate the accuracy of farmers’
subjective assessments. Another study [24] investigated farmers’ perception in northern Ethiopia
and found a divergence between perception of declining rainfall and rainfall measurements. Most of
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the previous studies compare farmers’ perception with observed results from the nearest weather
station due to lack of temperature and rainfall data at the household level. However, this comparison
is less precise as all farmers around the stations will have the same measurement values of the
climate variables. Besides, previous studies comparing perception and actual measurements did not
specifically show the features of farmers whose perceptions converge with or diverge from observed
meteorological data. Our study addresses these gaps by using a novel approach to better integrate
measured changes in climate variables with a farmers’ perception survey. The integration of perception
and the measurements adds new insights into the current literature beyond simply presenting the
percentage of farmers who are wrong or right. Whereas climate refers to average weather conditions
over a long period of time, weather shows short-term atmospheric conditions. The meteorological data
were employed to investigate both long-term changes and short term annual/seasonal variabilities.
Although farmers commonly observe short-term atmospheric conditions in their farming operations,
they can also perceive long-term changes to make adjustments to their livelihood practices. Hence,
both concepts, climate and weather, are used in this study.

Understanding how climate variables are changing at the local level is important for planning
appropriate adaptation strategies and boosting agricultural productivity [25]. However, no discernible
and consistent patterns of change in and congruence between climate variables and perceptions can be
established from these studies. Ethiopia is known for its highly diverse topography with altitudinal
differences ranging from 125 m below sea level to 4620 m above sea level [7]. Given the high spatial
variation in topography, analysis at the national or regional level masks local variations in temperature
and rainfall and hence are of limited use to farmers seeking local solutions to manage the effects of
climate change and variability. Hence, downscaling the level of analysis to meaningful geographic
units makes the measurements more informative [7] and the information more relevant for farmers to
plan for proactive adaptation responses. The ways local climate changes are understood by farmers
are equally important in motivating adaptation. Therefore, this study has dual objectives. The first
objective is the investigation of agro-ecological differences and temporal changes in rainfall and
temperature as well as associated extreme events in topographically diverse areas in central Ethiopia.
The second is comparison of the results of meteorological data with famers’ perceptions to discern
convergences and divergences. The perceptions of farmers are assessed against the statistical results as
the congruence/incongruence between the two has implications for risk management and adaptation
decision making. The study contributes to the scant literature on the agro-ecological comparison of
climate change and variability. Besides, by integrating meteorological data with a farmers’ perception
survey, our study further provides insights on farmers’ understanding of the local weather conditions
and its alignment with observed trends of climate variables.

2. Data and Methods

2.1. Description of the Study Areas

Oromia National Regional State is one of the regions in Ethiopia most vulnerable to climate
change and variability. This study covers three districts in Oromia region in central Ethiopia (Kembibit,
Kuyu, and Boset) dominantly representing, respectively, highland (H), midland (M), and lowland
(L) areas (Figure 1). This agro-ecological classification is mainly based on altitudinal variations that
have a strong impact on temperature and rainfall and consequently on agricultural land uses, mainly
crop production. Highland, midland, and lowland cover altitudinal ranges of 2300–3200, 1500–2300,
and 500–1500 m above sea level, respectively. Kembibit district covers the total area of about 928 km2.
It lies between 9◦12′–9◦32′ N latitude and 39◦04′–39◦33′ E longitude. The agro-climatic zone of the
district is mainly highland (temperate) with pocket areas found in mid-altitude (sub-tropical) areas.
Kuyu district is located between 9◦35′–9◦49′ N latitude and 38◦03′–38◦31′ E longitude. Its total area is
994.7 km2. Owing to its altitudinal range, the district constitutes three agro-climatic zones (temperate,
subtropical, and tropical areas) with a dominant sub-tropical climate. Boset district, which covers
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a total area of 1514.1 km2, is found between 8◦25′–8◦50′ N latitude and 39◦16′–39◦50’ E longitude.
Most parts of the area lie between altitudinal ranges of 1000–1500 m above sea level, with a dominantly
tropical climate.

The three areas are characterized by a bimodal rainfall distribution with a short belg rainy
season, and a long kiremt rainy season. About 85% of the population in these areas live in rural areas,
with livelihoods being mainly dependent on crop and livestock production. Owing to differences in
temperature and rainfall distribution, these three agro-ecological settings are also characterized by
fairly distinct crop production patterns. Sorghum and teff are the dominant types of crops produced in
the lowland areas. Maize (Zea Mays), sorghum (Sorghum bicolor), teff (Tef eragrostis), wheat (Triticum),
and oil seeds are dominantly produced in the midland areas. In the highland areas, barley and pulses
are extensively produced. Farmers follow subsistence means of living that most of the products
are used for home consumption. There is a high risk of yield reduction or crop failure during years
of adverse weather conditions, threatening their food security. Consequently, the problem of food
insecurity is widespread, and a sizeable proportion of the population is supported by the Productive
Safety Net Program and emergency food aid. The program is implemented by the government of
Ethiopia with the support of development partners in areas prone to chronic food insecurity to help
the poor build assets and improve their livelihoods and, eventually, become food self-sufficient and
resilient to shocks. The problem of food insecurity in the three study areas is related to declining
agricultural productivity induced by adverse weather conditions and other socio-economic problems,
such as shortage of farmland, land degradation, and limited use of improved agricultural technologies.
The vulnerability of these areas is further compounded by deforestation, population pressure, lack of
alternative livelihood options, and poor rural infrastructure.

Figure 1. Geographical location and topography of the study areas.
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2.2. Sample Size and Sampling Techniques

The sample size of the study was determined using a sample size calculation for a finite
population [26]. The computation was made with the assumptions of 95% confidence interval;
5% level of significance; and 60% of households perceiving climate change and using adaptation
strategies. Taking the population size of one of the districts, the sample size was calculated to
be 270 households. Considering each district as an independent unit, the total sample size was
810 households. A multi-stage sampling technique was used to identify sample households. The three
districts and nine kebeles (lowest administrative unit in Ethiopia) were selected through purposive
sampling at the first and second stages, respectively. The selection was made based on the consideration
of similarity of livelihood systems and prevalence of climate-related risk factors. At the last stage,
sample households were selected using a simple random sampling technique from the list of households
living in each kebele. Purposive sampling techniques were employed to identify focus group discussants
and key informants.

2.3. Sources of Data and Methods of Data Collection

The data used in this study were obtained mainly from the National Meteorology Agency of
Ethiopia and smallholder farmers. The study used gridded daily data of rainfall, maximum temperature
(Tmax), and minimum temperature (Tmin) of one grid point in each agro-ecological setting covering
the period of 30 years, 1988 to 2017. The dataset has a spatial resolution of 4km that combines station
observations and satellite data from the European Organization for the Exploitation of Meteorological
Satellites (EUMETSAT) and the US National Aeronautics and Space Administration (NASA). The use
of a gridded dataset was necessitated by the limited availability of weather stations [12] and the
problem of missing records of rainfall and temperature values in observation data [13], which reduces
the validity of time-series trend analysis derived from incomplete data.

Primary data were collected between February and August 2018 from the heads (male or female
heads primary responsible for making decisions and generating means of living primarily from
agricultural activities) of the sampled smallholder farming households using survey questionnaires
and focus group discussions. A paper-based survey questionnaire consisting of close-ended questions
was used to collect data on farmers’ perceptions of changes in climate variables in their localities.
The questionnaire was pilot tested to assure completeness and clarity. Enumerators who have prior
data collection experience as well as accustomed to the study areas were recruited and trained on
the content of the questionnaire as well as on techniques of interviewing to collect the survey data.
On-spot checking of the questionnaires was made to ensure completeness. In addition, skip rules
and ranges were introduced to the data entry software to generate automated error reports during
data entry. Furthermore, the accuracy of the entered data was assessed by running frequencies and
cross-tabulations, and wrong entries were corrected. Qualitative data were collected using focus group
discussions (FGDs). It was used to capture farmers’ understanding of climate change and variability
and the use of weather information to make farming decisions. Each group constituting seven to twelve
members, four focus group discussions were conducted in each study district. The discussion, which
took an hour on average and conducted in a local language, was moderated by the corresponding
author and guided by open-ended questions. The audio-recorded discussion was first transcribed and
then translated to English before textual analysis.

2.4. Definition and Measurement of Variables

Farmers’ perceptions of changes in temperature and rainfall was measured by asking a close-ended
question on whether temperature or rainfall is increasing, decreasing, or observed no change during
the past 15 years. Data on the perceptions of extreme events were generated by asking the respondents
a yes/no question on whether they had observed the occurrence of a range of climate events (drought,
flood, snowfall, frost, delayed onset of rainfall, early termination of rainfall, and waterlogging)
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during the last 15 years. Given that perception is a function of the demographic and socio-economic
characteristics of households, they were considered as explanatory variables to discern the convergence
or divergence of farmers’ perceptions from the observed meteorological trends. These characteristics
were: age of household head (young—20–39; adult—40–59; old—60+), sex of household head (male,
female), educational level of household head (no education, primary or above), size of land owned
(small—<1 hectare; medium—1–2 hectare; large—≥2 hectare) economic status (low, medium, high,
which was classified based on possession of farming tools and household equipment), access to media
(no access at all, had access at least once a week which was determined based on farmer’s access
to a radio or television or newspaper), and social capital (low, medium, high). Social capital was
measured on a four-point scale using twelve questions emphasizing household heads’ participation
in community-based organizations, trust and reciprocity, and contact with locally based formal
institutions. The questions were internally consistent to measure social capital (alpha = 0.78). Economic
status and social capital were grouped into three classes using the cumulative square root of the
frequency method.

2.5. Methods of Data Analyses

2.5.1. Data Quality Assessment

Preliminary assessment of the dataset was performed to ensure that temperature and rainfall data
were of acceptable quality. Quality control functions of the ClimPACT2 software [27] were used for
automated detection of erroneous data through generation of statistical summary and visual inspection
of plots. The results showed that duplicate dates were not found; repeated maximum and minimum
temperature values were not observed; negative precipitation values were not present in the dataset;
too large values of precipitation (>200 mm) and temperature (>50 ◦C) were not observed; no large
jumps in maximum and minimum temperature values (i.e., temperature difference with the previous
day is ≥20 ◦C) were found; there was no record in which the maximum temperature was lower than
the minimum temperature; and no missing value was found for each variable. Quality assessment
was followed by the homogeneity test for each meteorological station to identify multiple step change
points that could exist in a time series data. The RHtests_dlyPrcp package in R was used for the testing
and homogenization of daily precipitation data [28]. Likewise, the RHtestsV4 software package was
used to detect and adjust for multiple change points in temperature data that may have first-order
autoregressive errors [29]. The monthly series was tested first and the result was used to test the
daily series. We used a base period of 1990–2015 and the homogeneity tests were made without
using reference series [30]. In the homogeneity tests, we found statistically significant discontinuty in
maximum temperature in the lowland area and in minimum temperature in the lowland and midland
areas. Adjustments to these daily data were applied using the quantile-matching algorithm [31], and
adjusted data were used as homogenized data for trend analysis and the calculation of indices.

2.5.2. Measurement of Variability

The Standardized Anomaly Index (SAI) was calculated to discern variation in average temperature
across the years. It was calculated using the following formula:

SAI =
TA − TM

δ

where TA refers to average temperature of a year; TM shows long-term (1988–2017) mean average
temperature; and δ is standard deviation of the long-term average temperature. The annual Rainfall
Anomaly Index (RAI) was used to identify years and seasons of positive and negative anomalies [32].
It was computed as follows for positive and negative anomalies, respectively:

RAI = +3
(

RF− MRF

MH10 − MRF

)
and RAI = −3

(
RF− MRF

ML10 − MRF

)

206



Climate 2020, 8, 121

where RF is the amount of rainfall during a particular year; MRF is the mean rainfall of the observation
period (1988–2017); MH10 is mean rainfall of the 10 highest values during the observation period; and
ML10 is the mean of the lowest 10 values of the period of record.

2.5.3. Measurement of Extreme Events

Extreme climate indices were computed using the ClimPACT2 software package in R [27].
The temperature-related extreme indices used in this study were FD (number of frost days with daily
Tmin < 0 ◦C), CSDI (cold spell duration indicator), WSDI (warm spell duration indicator), DTR (diurnal
temperature range), TXx (hottest day—maximum value of daily Tmax), TNx (hottest night—maximum
value of daily Tmin), TXn (coolest day—minimum value of daily Tmax), TNn (coolest night—minimum
value of daily Tmin), TN10p (percentage of cold nights during which daily Tmin is less than 10th
percentile), TN90p (percentage of warm nights during which daily Tmin is greater than 90th percentile),
TX10p (percentage of cold days during which daily Tmax is less than 10th percentile), and TX90p
(percentage of warm days during which daily Tmax is greater than 90th percentile). Rainfall-related
extreme indices considered in this study were PRCPTOT (annual total wet day precipitation), CDD
(Consecutive Dry Days with precipitation of less than 1 mm), CWD (Consecutive Wet Days with
precipitation of at least 1 mm), R10mm (number of heavy precipitation days with at least 10 mm),
R20mm (number of very heavy precipitation days with at least 20 mm), R95p (very wet day precipitation
where the annual sum of daily precipitation is greater than 95th percentile), Rx1day (maximum 1-day
precipitation), and Rx5day (maximum 5-day precipitation). All indices were calculated on an annual
basis. For the definition and computation of each index, see Alexander and Herold [26].

Among extreme events, drought was measured using the Standardized Precipitation
Evapotranspiration Index (SPEI). It was used to assess yearly patterns of drought in the study
areas. Unlike other precipitation-based indices, SPEI is multi-scalar since it integrates the effects of
temperature and precipitation [33]. SPEI is computed from climatic water balance which is the difference
between precipitation and potential evapotranspiration (PET). Depending on the availability of data,
PET was computed using Hargreaves equation that make use of precipitation, maximum temperature,
and minimum temperature [34]. SPEI package in R was used for computation of annual indices.

2.5.4. Trend Analysis

The Mann Kendall (MK) test, which is a non-parametric test used to analyze monotonic trends of
changes in hydro-meteorological data, was used to examine trends in seasonal and annual temperature
and rainfall as well as temperature and rainfall extremes [35,36]. Positive and negative values of
MK test results indicate increasing or decreasing monotonic trends, respectively. The magnitude
of changes in the trends of rainfall and temperature data was determined using Theil-Sen’s slope
estimator. The MK test statistic, S, was calculated as:

s =
n−1∑
i=1

n∑
j=i+1

sgn
(
Xj − Xi

)

where Xi and Xj refer to the annual values of the climate variables in years i and j, respectively.
For time-series data with significant autocorrelation, the modified MK test was used. In this
procedure, bias-corrected prewhitening, involving transformation of an autocorrelated sequence
into an uncorrelated one before trend testing, was used [37]. This technique enhances the effectiveness
of prewhitening in trend analysis by eliminating under- or overestimation of the autocorrelation
parameter within the limits of sampling variations [37].

2.5.5. Onset and Cessation of the Rainy Season

The date of onset of kiremt rain was determined using a minimum threshold daily precipitation of
1 mm and a total of at least 20 mm of rainfall accumulated in three consecutive days after June 1 [38].
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For the belg season, due to highly erratic rainfall, onset was defined as a total of 10 mm of rain in three
consecutive days after 1 March. To avoid the mislabeling of a false start, the additional criterion was
used that the three-days cumulative total was not followed by a dry spell of at least ten consecutive
days within 30 days. Daily rainfall of less than 1 mm was considered as a dry spell. The end of the
rainy season was identified as the first day after 1 September of each year when the water balance,
estimated using R-INSTAT, falls to 0 which causes water stress to crops. Assuming that it is the level
which determines the occurrence of severe water stress to crops [39], the maximum soil water holding
capacity was set to be 100 mm and evaporation was set at 5 mm per day. The length-of-growth period
(LGP) is the duration of time between the onset and cessation dates. The probability of exceedance
was calculated using RAINBOW software to determine early, normal, and late onset and cessation
dates of rainfall [40].

2.5.6. Analysis of Convergence and Divergence Using Polling

The values of the climate variables were computed for each household. This was performed
using GAMS software in three stages. First, using the latitudinal and longitudinal locations of three
meteorological stations and the households, the Manhattan distance between each household and
the three stations was calculated. Second, based on these metrics, the nearest station, the second
nearest station, and the third nearest station were identified. Following the Inverse Distance Weighted
interpolation process, we took the inverse of the distance values and normalized these values to sum
to 1 to calculate the weighting factors corresponding to the three stations. Lastly, the values for each
household were calculated by multiplying the observed meteorological data of the three stations by
the respective weighting scores of the households.

Then, the polling method was applied to discern the profiles of households whose perception
converges with or diverges from the meteorological data. Polling is a multivariate analysis technique
involving a joint analysis of a large number of integer-valued explanatory variables using the maximum
likelihood prediction method [41]. It is used to jointly evaluate the roles of different variables in
predicting the likelihood of convergence or divergence between meteorological data and perceptions.
The joint empirical frequency distribution is defined from observed values of the explanatory variables.
Then, conditional frequency distributions are derived from this joint distribution by partitioning the
answers by, e.g., S respondents indexed s into a vector y of a dependent variable and a vector x of
explanatory variables, taking the frequencies of y conditional on x [41–43].

Conditional f requency =
myx∑

yεGx myx
Coverage =

myx∑
x myx

where m is the mass of the observations, Ys and Xs show integer coded values of the dependent
and explanatory variables, respectively. The conditional frequencies show probability estimates of
y given profile x. Hence, the set of most probable characteristics associated with each x value (the
“winner”) has the highest probability of having the desired y outcomes (convergence or divergence).
The coverage of a profile x is the mass of a class within profile x divided by the total mass of the
relevant group. The edge of the winning profile over the runner up (i.e., the second best guess) is the
ratio of their maximum likelihood probabilities (i.e., the share of the population covered by the most
likely profile relative to the share covered by the runner-up). Selection of the best profile from the set
of explanatory variables was based on the coverage and edge of each combination. In addition to
the observed and perceived climate variables, all possible combinations of four explanatory variables
were used to identify the profiles of households whose perceptions converge with or diverge from the
meteorological results.
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3. Results

3.1. Long-Term Trends of Temperature and Rainfall for Different Agro-Ecological Settings

3.1.1. Trends of Temperature

The average annual temperature of the lowland, midland, and highland areas during the
observation period was 22.1, 15.5, and 14.6 ◦C, respectively. As shown in Table 1, the average annual
temperature significantly increased by 0.4 ◦C per decade in the lowland and by 0.3 ◦C per decade in
the midland areas. The result suggests that the increase in average annual temperature in the lowland
areas was related to significant increases in average maximum temperatures, whereas, in the midland
areas, there was a significant increase in both average maximum and average minimum temperatures.
The seasonal pattern shows increasing trends in average annual temperature during both belg and
kiremt seasons in all areas. Increases in average maximum temperatures seem to have caused significant
increases in the average temperature of the belg season in the lowland areas and average temperatures
of the kiremt season in the midland areas. In other cases, this significant increasing trend was partly
related to an increase in the average minimum temperature.

Table 1. Agro-ecological differences in seasonal and annual trends of temperature and rainfall
(1988–2017).

Place Variable
Belg Kiremt Annual

MK Slope MK Slope MK Slope

Lowland

Tmin 0.016 0.003 0.269 * 0.039 0.154 0.023

Tmax 0.615 *** 0.090 0.384 0.060 0.616 *** 0.068

Tavr 0.333 ** 0.032 0.366 ** 0.044 0.438 *** 0.042

Midland

Tmin 0.306 * 0.023 0.223 0.015 0.407 * 0.027

Tmax 0.145 0.022 0.315 * 0.027 0.320 * 0.025

Tavr 0.319 * 0.021 0.255 * 0.019 0.434 ** 0.030

Highland

Tmin 0.497 *** 0.129 0.453 ** 0.078 0.409 * 0.065

Tmax 0.044 0.006 −0.159 −0.028 −0.009 −0.001

Tavr 0.269 * 0.057 0.347 * 0.044 0.241 0.033

Lowland

Rainfall

0.103 0.661 −0.002 −0.028 −0.039 −0.344

Midland 0.379 * 4.538 0.591 ** 15.443 0.621 *** 24.784

Highland −0.136 −0.707 −0.021 −0.699 −0.062 −2.022

* p < 0.05, ** p < 0.01, *** p < 0.001.

3.1.2. Trends of Rainfall

The MK test result shows contrasting patterns of the trends of annual rainfall (Table 1). In the
lowland and highland areas, the decline in rainfall was not statistically significant, indicating no trend
in rainfall time series. Conversely, there was a significant increasing trend in annual rainfall in the
midland area. In this area, belg and kiremt rainfall significantly increased at respective rates of 45 and
154 mm per decade.

3.2. Annual and Seasonal Variability of Temperature and Rainfall

3.2.1. Temperature Variability

There was noticeable inter-annual and seasonal variability in the average temperature of the study
areas (Figure 2). In the lowland and midland areas, the annual average temperature was less than the
overall average of the observation period during the first two decades. However, the anomaly indices
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were positive in recent years, suggesting that the areas are warming. The pattern in the midland areas
shows warmer years during the first one and half decade and colder years recently. During most of the
years since 2001, the average annual temperature was consecutively lower than the 30 years average.
The annual variability of average temperature was very high during the belg season compared to the
kiremt season in all areas.

 

Figure 2. Trends of standardized anomaly index of average annual temperature by agro-ecological
settings and season (1988–2017).

3.2.2. Rainfall Variability

The long-term average annual rainfall of the midland areas was 1185 mm followed by the highland
and the lowland areas with respective amounts of 785 and 509 mm. There was noticeable inter-annual
and inter-seasonal variability of rainfall (Figure 3). Negative rainfall anomalies were commonly
observed during the belg season in all agro-ecological settings, being more apparent in the highland
areas in recent years. There were also several years of below-average rainfall during the main farming
season in the three areas. The kiremt season in all areas was characterized by yearly differences in
rainfall anomalies. Consecutive years of below-average kiremt rainfall was observed mainly in the
highland areas. Annual rainfall was below 30 years average in about 47% of the observations in the
lowland areas during both belg and kiremt seasons. In the midland and highland areas, below-average
kiremt rainfall was observed during 47% and 60% of the observations, respectively.
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Figure 3. Trends of annual rainfall anomaly index by agro-ecological settings and season (1988–2017).

3.3. Analysis of Extreme Events

3.3.1. Trends of Extreme Precipitation Indices

Annual total wet-day precipitation (PRCPTOT) has significantly increased by about 25 mm per
year in the midland areas (Table 2). Moreover, the number of consecutive wet days significantly
increased in the midland areas by about three days every decade. The annual number of days with
precipitation of at least 10 and 20 mm has increased in these areas respectively by about 9 and 4 days
per decade. Similarly, there was a significant increase in maximum 1-day (RX1day) and maximum
5-day (RX5day) precipitation in the midland areas by about 9 and 19 mm per decade, respectively.
These figures denote the higher chances of occurrence and increasing trend of flooding in these areas.
On the other hand, there was a significant increase in the number of consecutive dry days by 23 days
per decade in the highland areas. The amount of maximum 1-day precipitation has significantly
decreased by 3.3 mm a decade in the highland areas. There were no significant trends in any of the
precipitation indices in the lowland areas.

Table 2. Trends of precipitation indices by agro-ecological settings (1988–2017).

Variables
Lowland Midland Highland

MK Slope MK Slope MK Slope

PRCPTOT −0.037 −0.369 0.621 *** 25.037 −0.076 −2.180

CDD 0.090 0.750 −0.097 −0.667 0.364 * 2.300

CWD −0.120 −0.053 0.291 * 0.333 −0.114 −0.087

R10mm −0.044 −0.001 0.616 *** 0.945 0.021 0.001

R20mm 0.134 0.001 0.389 ** 0.394 −0.069 0.001

R95p 0.116 0.625 0.461 *** 10.529 −0.092 −0.667

RX1day 0.126 0.162 0.397 * 0.880 −0.299 * −0.333

RX5day 0.225 0.400 0.500 *** 1.909 −0.007 −0.022

* p < 0.05, ** p < 0.01, *** p < 0.001.
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3.3.2. Trends of Extreme Temperature Indices

The results in Table 3 show an increasing trend of extreme temperature indices. Annual maximum
daily maximum temperature (TXx) has significantly increased by approximately 0.4 ◦C per decade in
both the lowland and highland areas. Likewise, minimum daily maximum temperature (TXn) has
significantly increased by 0.8 ◦C per decade in the lowland areas. Annual maximum daily minimum
temperature (TNx) has significantly increased in the midland and highland areas. In the lowland areas,
a significant decrease in the percentage of cold days (TX10p) by about 6% was noted. Conversely,
the annual percentage of warm days (TX90p) has increased significantly by 7.7% in the lowland and
by 5.2% per decade in the highland areas. The percentage of cold days (TN10p) has declined in all
areas, but the decline was statistically significant in the lowland (by 2.5%) and midland (by 9.4%)
areas. The percentage of warm nights (TN90p) has significantly increased in the midland and highland
areas at 4.9% per decade. Consequent to changes in daily maximum and minimum temperature, there
was a change in DTR. It significantly increased in the lowland areas by about 0.4 ◦C per decade but
significantly decreased in the midland areas by about 0.7 ◦C per decade. The decline in cold spell
(CDSI) was significant only in the midland areas. Contrariwise, the number of warm spell days (WSDI)
has significantly increased in both the lowland and highland areas.

Table 3. Trends of extreme temperature indices by agro-ecological settings (1988–2017).

Lowland Midland Highland

MK Slope MK Slope MK Slope

FD - - −0.032 −0.065 0.248 0.001

CSDI −0.025 0.001 −0.417 ** −0.636 −0.153 0.001

WSDI 0.490 ** 0.375 −0.017 0.001 0.470 *** 0.001

DTR 0.366 ** 0.036 −0.419 ** −0.074 0.076 0.007

TXx 0.419 ** 0.044 0.140 0.026 0.258 * 0.036

TXn 0.490 *** 0.081 −0.247 −0.057 0.162 0.035

TNx 0.205 0.020 0.400 ** 0.122 0.397 ** 0.06

TNn 0.110 0.012 0.116 0.059 0.149 0.019

TX10p −0.571 *** −0.613 0.071 0.133 −0.221 −0.194

TX90p 0.596 *** 0.768 −0.020 −0.012 0.473 *** 0.519

TN10p −0.292 * −0.249 −0.582 *** −0.937 −0.193 −0.205

TN90p 0.131 0.160 0.436 *** 0.485 0.384 ** 0.488

* p < 0.05, ** p < 0.01, *** p < 0.001.

3.3.3. Trends of Drought

Figure 4 shows the yearly patterns of drought measured using SPEI. The number of drier years
was increasing in the lowland and highland areas recently, whereas the reverse was observed in the
midland areas. In the lowland areas, the years before 2000 were mainly wet. Since 2000, most of the
years were drier and it was observed consecutively between 2001 and 2005 as well as between 2009
and 2015. In the highland areas, although it was not as frequent as the lowland areas, there were
intermittent dry years. However, it has occurred frequently since 2009. The pattern in the midland
areas is somewhat different. Although dry years were occurring frequently and consecutively during
the first two decades of observation, increase in the number of wet years was observed during the last
decade. There were only two drier years since 2009 in the midland areas, whereas it was observed six
times in both lowland and highland areas. Drier years constituted 53% of the years of observation in
the lowland and midland areas, and 47% in the highland areas.
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Figure 4. Trends of the Standardized Precipitation Evapotranspiration Index (SPEI) in the lowland
(top), midland (middle), and highland (bottom) areas.

3.4. Onset and Cessation of Rainfall

There was a failure of belg rain (no consecutive three days rainfall total of 10 mm) for one year in
lowland and midland areas and for five years in the highland areas (Table 4). Most of the observation
years in the highland and lowland areas were characterized by false onset in which the beginning of
rainfall was followed by more than ten days of a dry spell during the subsequent 30 days. It was only
in one-third of the years of observation that there was a proper onset of belg rain in the lowland and
highland areas. This season is also characterized by a small number of rain days and a prolonged
period of dry spells, some being longer than 50 days in all areas.

Table 4. Characteristics of belg season in three agro-ecological settings.

Indicators Lowland Midland Highland

Onset (number of years)

Failure of belg 1 1 5

False onset 19 5 15

Proper onset 10 24 10

Months of onset
(number of years)

March 2 10 2

April 4 12 4

May 4 2 4

Cessation 1st week of May 1st week of May 1st week of May

Length of dry spell days

Mean 30 25 34

Longer 50 54 58

Shorter 17 11 17

Number of rain days

Mean 11 21 11

Minimum 3 3 2

Maximum 25 39 22
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There were noticeable inter-annual and agro-ecological differences in the onset and cessation
of kiremt rain (Figure 5). The date of onset was generally early in the midland areas and late in the
lowland areas. In the midland areas, it was as early as the 153rd day of the year (1 June) in 2001 and as
late as the 183rd day of the year (1 July) in 1989. In the lowland areas, early onset was observed in 1996
on the 158th day of the year (6 July). Very late onset was observed on the 231st day (18 August) in 2015.
The average date of onset in the lowland areas was 12 July. In the highland areas, the early date of onset
was observed on 5 June 1996. Rainfall mainly stopped in September in the lowland areas (245th–274th
day). Although the end of the kiremt season was observed to be in September in a few years and
exceptionally late (the first week of November) in 1999 and 2000, October was the main ending time in
the midland areas. In the highland areas, the season variably ended either in September or October.
Owing to these differences in the dates of onset and cessation, the length-of-growth period (LGP)
varied between years and agro-ecological settings. Since there was late onset and early termination,
LGP was shorter in the lowland areas. On the other hand, early onset and late cessation elongated
LGP in the midland areas. Although the LGP noticeably varies across years, most of the major cereal
crops produced in the areas such as sorghum, maize, and teff require longer period.

 

Figure 5. Trends of onset and cessation days of rainfall by agro-ecological settings.
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Following previous works [44], the probability of exceedance of 75%, 50%, and 25% were used to
categorize the time of onset and cessation of kiremt rainfall to be early, normal, or late. The time of onset
of rainfall was normal in 18, 15, and 14 years of observation in the lowland, midland, and highland
areas, respectively. During the remaining years, it was either early or late. The time of cessation was
early for 12 years in the lowland areas, but it ceased at a normal time for 16 years in the midland and
for 12 years in the highland areas. As shown in the joint consideration of time of onset and cessation in
Figure 6, it was only in about one-fourth of the observation period that the time of onset and cessation
of rainfall was normal in the lowland and midland areas. In the highland areas, early onset was
followed by either early or normal cessation during most of the years. In about one-tenth of the years
of observation, the rain started late and stopped at a normal time. The time of onset and the time of
cessation that are assumed to be favorable for agricultural activities (early onset and late cessation,
normal onset and normal cessation, normal onset and late cessation) were observed during a few years
only; this holds for all areas.

 

Figure 6. Distribution of time of onset and cessation of kiremt rainfall by agro-ecological settings.

3.5. Farmers’ Perceptions of Climate Change, Variability, and Extreme Events

In the household survey, the major climate-related events reported by respondents were climate
variability (delayed onset and early termination of rainfall) and the occurrence of extreme events (Figure 7).
The values in the Figure show the percentage of farmers responding “yes” to the question on the perceived
occurrence of the extreme events. More than 90% of the household heads in each area reported delayed
onset and early termination of rainfall. The percentage of household heads who reported drought was the
highest in the lowland areas and it declined consistently as altitude increases. Frost and waterlogging were
mainly the problem of farmers in the highland areas. Compared to the other two areas, the percentage of
household heads who reported flood and snowfall was higher in the midland areas.

The problem that was commonly raised during the FGDs in all areas was lack of rainfall. Farmers
in the lowland areas stated the problem as follows: “it is lack of rainfall that makes us inferior to other
people. Our neighbors in the other kebeles play with water. But, in this kebele, it is lack of rainfall that makes
us and our children jobless; that changes our skin color; that changes our hair color to grey before we get old”
[FGD-L-9]. Farmers in another village in the lowland area further explained that they are not able to
benefit from their fertile land due to lack of rainfall saying that: “if there is rain, the hair even grows on the
bare head of a person, let alone on this land. There is a lack of rainfall” [FGD-L-10]. In particular, lack of
rainfall is most pronounced during the belg season in the three areas, due to which farmers indicated
that they are forced to produce only once a year during the kiremt season, abandoning the production
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of belg crops. Farming in kiremt is also affected by delayed onset and early termination of rainfall.
As pointed-out by farmers, “the rain falls late after sowing time passes . . . and due to early termination of
rainfall, the farmlands get dry and crops do not grow very well” [FGD-M-7].

 

Figure 7. Distribution of households’ perceptions of climate variability and extreme events by
agro-ecological settings.

Similar to the results of the household survey, evidence from the FGDs indicated that extreme
events occur in the study areas with varying magnitude. Drought was boldly stated by residents
of the lowland areas as follows: “It is this problem [drought] that made us lag behind; that wasted our
age; that depleted our resources. We have wide farmland; we are healthy. Our major bottleneck is drought
. . . . drought made as beggars” [FGD-L-9]. Frost is mainly raised as a problem in the highland areas.
Farmers explained that “it [frost] comes when the crop matures. When it comes, our effort of one year is
damaged in one day” [FGD-H-3]. According to farmers’ observation, though the cold period begins
in November, it has become colder than in the past and the cold period starts as early as September.
The other problem identified by farmers in the highland areas was waterlogging. The frequently
mentioned extreme event in the midland areas was heavy rainfall in summer, which causes erosion
and exacerbates the problem of a landslide. Farmers explained that “in the past, during the rainy season,
there were foggy days with drizzle rainfall for the whole day that was conducive for agriculture. Now, rain falls
heavily and erodes our soil, which also becomes a cause for a landslide” [FGD-M-5].

Farmers have developed traditional methods of forecasting weather conditions and making
farming decisions. Owing to the absence of established means of knowledge transmission, these
methods are not generally known in some villages. Farmers revealed that the local-knowledge-based
traditional forecast system involving the observation of various signals is known only by few elderlies
and that there is a generation gap in valuing the roles of these traditional forecasts in the usual farming
activities. The information obtained from the traditional forecast is not considered to be dependable
for farming decision making, as farmers said, as the observed weather condition deviates from the
predictions based on traditional knowledge and expectations. Consequently, observing traditional
signals is not an assurance that rain will come or will come at the expected time. The limited role of
traditional methods of the forecast increases the demand for modern weather information for farming
activities and climate risk management. However, the farmers noted that they do not have access to
weather information. When it is available through media broadcasts, it is often reported at a higher
spatial scale which, according to farmers, does not show the local weather condition and hence is not
relevant for farming decisions. In addition, information on the expected time of onset and cessation of
rainfall is generally missing in the weather forecasts of higher spatio-temporal resolution.
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3.6. Convergence and Divergence Between Meteorological Data and Farmers’ Perceptions

With no noticeable difference between the three agro-ecological settings, most of the farming
households were headed by young persons and adults (Table 5). Most of the households were headed
by males. About two-thirds of the households had no formal education. Nearly one-third of the farmers
had less than one hectare of land, whereas the percent of households owing greater than two hectares
was relatively higher in the highland areas. Half of the farming households had medium economic
status. In the highland areas, close to half of the farmers were economically better-off, whereas, in
the midland areas, only about one-in-ten households had higher economic status. While most of the
farmers had moderate social capital, higher percentage of farmers in the highland areas had high social
capital. Slightly more than half of the farmers had no access to media.

Table 5. Percentage distribution of households’ demographic and socio-economic characteristics by
agro-ecological settings.

Variables Categories N All Households Highland Midland Lowland

Age of
household head

20–39 298 36.8 32.9 29.5 37.6
40–59 313 38.6 31.3 32.6 36.1
≥60 199 24.6 37.2 40.2 22.6

Sex of
household head

Male 702 86.7 34.3 32.8 32.9
Female 108 13.3 26.9 37.0 36.1

Education of
household head

No education 547 67.5 36.0 30.2 33.8
Primary and above 263 32.5 27.8 39.9 32.3

Size of land
owned (in hectare)

<1 284 35.1 33.8 34.9 31.3
1–2 222 27.4 19.8 41.4 38.7
≥2 304 37.5 42.8 26.0 31.2

Economic status
of a household

Low 180 22.2 21.7 51.7 26.7
Medium 403 49.8 29.8 36.2 34.0

High 227 28.0 48.9 13.7 37.4

Social capital of
a household

Low 244 30.1 29.9 27.0 43.0
Medium 360 44.4 30.8 38.9 30.3

High 206 25.4 41.7 31.1 27.2

Head’s access
to media

No access 437 54.0 30.9 44.6 24.5
At least once a week 373 46.0 36.2 20.1 43.7

Total 810 100 33.3 33.3 33.3

In general, the change in temperature was correctly perceived as about three-fourth of the farmers
correctly perceived that temperature was increasing (Table 6). However, for rainfall, perception and
actual results aligned for only 5% of the farmers. While the measurement showed no significant
change in the amount of rainfall during 30 years of observation, most of the farmers (62.2%) perceived
that it was either decreasing (55.9%) or increasing (6.3%). In areas where rainfall was increasing,
the perception of 32.7% of the farmers was not consistent with the actual result as they perceived that
it was decreasing (32.3%) or that there was no change (0.4%). The occurrence of drought was correctly
perceived by half of the farmers. The perception of about one-third of the farmers converged with the
meteorological result concerning the occurrence of flood. Variability in the time of onset and cessation
of rainfall was correctly perceived by most of the farmers. Close to two-thirds of the farmers correctly
perceived late onset of rainfall. Likewise, the perception of more than half of the farmers (55.2%)
converged with the meteorological data that there was an early cessation of rainfall during the kiremt
season. However, although the meteorological data showed otherwise, slightly more than one-third of
the farmers wrongly perceived that there were late onset and early cessation of kiremt rainfall.
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Table 6. Percentage distribution of variation of farmers’ perceptions of climate change and variability
by observed meteorological results (n = 810).

Measured Variables Categories
Farmers’ Perceived Changes

Yes No

Temperature change
Yes 76 17.1

No 6.8 0

Rainfall change
Yes 0.7 32.7

No 62.2 4.3

Drought occurrence
Yes 50.4 16.3

No 23.1 10.2

Flood occurrence
Yes 32.2 1.2

No 34.1 32.5

Late onset of rain
Yes 63.7 3.0

No 33.2 0.1

Early cessation of rain
Yes 55.2 4.0

No 39.0 1.9

Table 7 shows the profiles of farmers whose perceptions converges with and diverges from observed
rainfall and temperature records. In the midland areas, the perception of farmers converged with the
statistical result showing a significant increase in rainfall over the 30 years. Likewise, male household
heads and those who had access to media had more accurate perception of rainfall trends. The share of
farmers with correct perception of increasing rainfall in this winning profile was 34%. In the highland
areas, farmers’ perception converged with the meteorological results that there was no change in
the amount of rainfall. Old-age farmers and those who had access to media correctly perceived that
there was no change in the trend of rainfall. On the other hand, with the highest share of farmers
with diverging perception included in this winning profile (86%), there was a divergence between
meteorological results and perception among farmers with no education, no access to media, a large
size of land (≥2 ha), and medium economic status. Male household heads, those who had medium
social capital, and those with access to media had a correct perception of an increase in temperature that
converges with meteorological results. Farmers residing in the lowland areas also correctly perceived
an increasing trend of temperature. A wrong perception of temperature was observed among farmers
with no education, no access to media, a medium or large size of land, and medium economic status.
Temperature perception that diverges from the meteorological result was also noticed among farmers
residing in the midland areas.

Table 7. Winning profiles of convergence and divergence between measurement and farmers’
perceptions of rainfall and temperature changes.

Variables and Winning Profiles Coverage Edge

Rainfall

Yes-Yes Mrain—Increasing; Prain—Increasing
a PWATLOG SEX MEDIA AGRO

34% 1.0
b No Male Yes Midland

No-No Mrain—No change; Prain—No change
a AGE SEX MEDIA AGRO

14% 1.27
b Old Male Yes Highland

No-Yes Mrain—No change; Prain—Increasing
a EDUC LAND ECON MEDIA

86% 1.22
b No Large Medium No

Yes-No Mrain—Increasing; Prain—Decreasing
a EDUC LAND ECON MEDIA

17% 1.22
b No Large Medium No
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Table 7. Cont.

Variables and Winning Profiles Coverage Edge

Temperature

Yes-Yes Mtemp—Increasing; Ptemp—Increasing
a SEX SOCAP MEDIA AGRO

10% 1.15
b Male Medium Yes Lowland

No-Yes Mtemp—No change; Ptemp—Increasing
a EDUC LAND MEDIA AGRO

21% 1.43
b No Medium No Midland

Yes-No Mtemp—Increasing; Ptemp—Decreasing
a EDUC LAND ECON MEDIA

19% 2.30
b No Large Medium No

a—Variables; b—Winning profiles; Mrain—Measured rainfall; Prain—Perceived rainfall; Mtemp—Measured
temperature; Ptemp—Perceived temperature; PWATLOG—Perceived waterlogging; AGE—Age of household head;
SEX—Sex of household head; EDUC—Educational level; MEDIA—Access to media; ECON—Economic status of
households; LAND—Size of landholding; SOCAP—Social capital; AGRO—Agro-ecological setting.

The profiles of households whose perceptions of drought and flood was consistent with observed
trends of drought and flood are shown in Table 8. Drought was computed using the Standardized
Precipitation Evapotranspiration Index, whereas flood was measured using a proxy indicator of
change in the number of heavy precipitation days (R10mm). Accurate perception of drought varies
by agro-ecological settings. While farmers in the lowland areas perceived the occurrence of drought,
which was convergent with the meteorological result, the absence of drought was correctly noticed by
farmers in the midland areas. Adults, males, as well as farmers with access to media at least once a
week and higher social capital correctly perceived the occurrence of drought. However, the perception
of farmers in the highland areas diverged from the meteorological result. Although the observation
showed drought occurrence, it was not perceived by farmers. The drought perception of farmers
who had no education, no access to media, owned a large size of land, and medium economic status
diverged from the meteorological data. The coverage this profile has of the relevant farmers was
27%. The likelihood of having the highest probability to have this diverging perception was also
relatively higher (1.95). Convergence and divergence in flood perception also vary by agro-ecological
settings. In the midland areas, farmers’ perception of a flood as a key problem was confirmed by
the meteorological data. In addition, the perception of farmers with at least primary-level education,
owned a small size of land, and medium social capital on the occurrence of flood aligned with the
observed data. The perception of farmers in the highland areas also converged with the meteorological
data that there was no flood. In the lowland areas, although farmers perceived the occurrence of flood,
it was not supported by meteorological data. Lack of education, lack of access to media, being a young
household head, and medium economic status further characterizes households with an inaccurate
perception of flood occurrence. The share of farmers failing to recognize the actual occurrence of flood
in the winning profile was 40%. It is also worth noting that there was heterogeneity among farmers
from the same agro-ecological settings as there were farmers from the midland areas who had an
inaccurate perception of drought and flood occurrence.

The profile of households with convergent and divergent perceptions of the time of onset and
cessation of kiremt rainfall is shown in Table 9. Accurate perception of the occurrence of late onset
of rainfall was observed among male household heads, owners of the small size of land, households
with medium social capital, and residents of the midland areas. Eleven percent of the farmers with the
right prediction are characterized by this winning profile. The perception of a late onset of rainfall that
deviates from the meteorological result was observed among farmers in the lowland and highland
areas. In the lowland areas, farmers perceived a late onset of rainfall, which was not consistent with
the actual measurement. In the highland areas, although the meteorological data showed a late onset
of rainfall, farmers’ perception diverged from this. In addition, lack of education, low social capital,
lack of access to media, young household heads, and ownership of medium size of land characterized
households whose perception diverged from the meteorological data. Early cessation of kiremt rainfall
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was accurately perceived by adults, males, owners of the small size of land, medium social capital, and
poor farmers. Although the share of farmers included in the profile was smaller, lack of education,
ownership of a large size of land, lack of access to media, and medium economic status characterized
farmers whose perception of the time of cessation of rainfall diverged from the observed meteorological
data. However, as indicated by the edge value, it is with higher certainty that the combination of these
variables characterizes the winning profile.

Table 8. Winning profiles of convergence and divergence between measurement and farmers’
perceptions of the occurrences of drought and flood.

Variables and Winning Profiles Coverage Edge

Drought

Yes-Yes Mdrought—Yes; Pdrought—Yes
a SEX SOCAP MEDIA AGRO

16% 1.37
b Male Medium Yes Lowland

No-No Mdrought—No; Pdrought—No
a AGE ECON SOCAP AGRO

12% 1.43
b Adult Medium High Midland

No-Yes Mdrought—No; Pdrought—Yes
a EDUC ECON MEDIA AGRO

22% 1.05
b No Medium No Midland

Yes-No Mdrought—Yes; Pdrought—No
a EDUC LAND MEDIA AGRO

27% 1.95
b No Large No Highland

Flood

Yes-Yes Mflood—Yes; Pflood—Yes
a EDUC LAND SOCAP AGRO

13% 1.10
b Primary+ Small Medium Midland

No-No Mflood-No; Pflood-No
a EDUC SOCAP MEDIA AGRO

14% 1.41
b No Medium Yes Highland

No-Yes Mflood—No; Pflood—Yes
a EDUC ECON MEDIA AGRO

14% 1.19
b No Medium No Lowland

Yes-No Mflood—Yes; Pflood—No
a AGE SEX ECON AGRO

40% 1.32
b Young Male Medium Midland

a—Variables; b—Winning profiles; Mdrought—Measured occurrence of drought; Pdrought—Perceived occurrence
of drought; Mflood—Measured occurrence of flood; Pflood—Perceived occurrence of flood.

Table 9. Winning profiles of convergence and divergence between measurement and farmers’
perceptions of the time of onset and cessation of rainfall.

Variables and Winning Profiles Coverage Edge

Late onset

Yes-Yes MLateOnset—Yes; PLateOnset—Yes
a SEX LAND SOCAP AGRO

11% 1.28
b Male Small Medium Midland

No-Yes MLateOnset—No; PLateOnset—Yes
a EDUC LAND SOCAP AGRO

12% 1.1
b No Medium Low Lowland

Yes-No MLateOnset—Yes; PLateOnset—No
a AGE EDUC MEDIA AGRO

17% 1.32
b Young No No Highland

Early cessation

Yes-Yes MEarlyCessation—Yes; PEarlyCessation—Yes
a SEX LAND SOCAP MEDIA

10% 1.23
b Male Small Medium Yes

No-No MEarlyCessation—No; PEarlyCessation—No
a AGE SEX ECON MEDIA

2% 1.0
b Adult Male Poor No

No-Yes MEarlyCessation—No; PEarlyCessation—Yes
a EDUC LAND ECON MEDIA

8% 1.09
b No Large Medium No

Yes-No MEarlyCessation—Yes; PEarlyCessation—No
a EDUC LAND ECON MEDIA

3% 2.02
b No Large Medium No

a—Variables; b—Winning profiles; MLateOnset—Measured late onset of rainfall; PLateOnset—Perceived late onset
of rainfall; MEarlyCessation—Measured early cessation of rainfall; PEarlyCessation—Perceived early cessation
of rainfall.
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4. Discussion

In Ethiopia, long-term changes in climate conditions, the inter-annual and seasonal variability
of temperature and rainfall, and the frequency of occurrence of extreme events are detrimental for
agricultural activities and food security. The results of the analyses of temperature and rainfall time
series data reveal a variety of changes in climate conditions of the study areas and notable differences
between the agro-ecological settings. The findings generally show increasing warming, annual and
seasonal rainfall variability, increasing extreme events, variation in rainfall onset and cessation dates,
and convergence and divergence between measured variables and perceptions.

The average temperature of the study areas is increasing which reflects the rising global mean
temperature. Such increasing trends of temperature in Ethiopia are also reported in other studies [12,16].
Concerning rainfall, we found a significantly increasing trend in the midland areas but no trend in
the highland and lowland areas. Like other parts of Ethiopia [1,12], the study areas are characterized
by inter-annual and intra-seasonal rainfall variability. A shift in rainfall anomalies each year indicate
the repeated occurrence of rainfall deficits during the farming seasons. In addition, belg season
is characterized by either total failure of rainfall or false start, both referring to a lack of rainfall
to undertake farming activities. Although easterly winds from the Indian Ocean and shifts in the
Inter-Tropical Convergence Zone are the main underlying factors for rainfall variation in Ethiopia [10],
the diverse topography of the country plays a crucial role in the variability of temperature and rainfall
distribution across agro-ecological areas.

The effect of high variability in the amount and distribution of belg rain on the livelihood of
smallholder farmers in Ethiopia is noticeable for various reasons. First, since the season comes after a
long dry season, belg rain is crucial for water availability, the production of belg crops, and the growth
of pasture for livestock. Second, rainfall variability during the belg season constrains farmers’ options
to produce belg crops [10]. Although belg crops are important for farmers to bridge the time until the
harvest of summer crops without significant food shortage, the risk of planting these crops is very
high due to prolonged dry spells and short growth periods. As noted by farmers, these result in crop
failure, lower crop productivity, and the abandoning of production of belg crops, ultimately increasing
vulnerability to food insecurity. Third, the poor performance of belg rain affects crop production
activities during the subsequent main rainy season by influencing the soil moisture and thereby the
time of planting long-duration crop varieties such as maize and sorghum [15]. Variability in the amount
of rainfall and the time of onset and cessation are also challenging for farmers as they cannot follow
conventional farming calendars. Variability or failure of rainfall further exacerbates under- and/or
unemployment due to loss of farming days.

There are also challenges associated with reliance on kiremt rainfall for crop production. Due to
yearly variation in the time of onset and cessation, there is high uncertainty in farmers’ decisions
of types of crops to be produced and time of planting. In the lowland areas, for instance, owing to
the normal or late onset and early cessation, LGP is shorter and the rain stops before the ripening
of crops. Consequently, farmers harvest substantially lower yields or there is a complete failure of
crops. In the midland areas, too, early termination of rainfall at the beginning of September makes
crops infertile. Farmers in the highland areas would benefit from early rainfall and early planting
as crops are harvested earlier. However, late onset results in late planting, which makes crops with
longer-duration growth periods vulnerable to very cold weather that often starts in September/October
and lasts until December, leading to an immense loss of yields.

Consistent with previous findings [2,14,16], the results suggest increasing warm days and nights
and decreasing cold days and nights. An increase in extreme events causes changes to human systems
much more than changes in average climate conditions [25]. Warming leads to higher rates of
evaporation [1] and puts additional stresses on water resources [3], which, through a reduction of crop
and livestock production, escalates livelihood vulnerability. There is also a risk of an increase in pests,
weeds, and disease which affect both crop and livestock production [5]. The significant values of heavy
(R10mm) and very heavy (R20mm) precipitation as well as maximum 1-day (RX1day) and maximum
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5-day (RX5day) precipitation denote a high intensity rainfall in the midland areas. The occurrence
of flooding, which was mentioned by farmers as one of their problems, is partly explained by the
significant increase in heavy precipitation in the area. The effect of flooding is aggravated by the sloping
topography of the area and lack of vegetation cover. The occurrence of landslides in the midland areas
is also partly related to heavy rainfall. In the lowland and midland areas, frequent occurrences of
CDDs and drier years have a deleterious effect on farming activities and farmers’ livelihoods.

Both convergence and divergence are observed between farmers’ perceptions and the results of
meteorological data. Despite heterogeneity among farmers, the perception, of more than half of them, of
temperature, the occurrence of drought, and the late onset and early cessation of rainfall was in unison
with the meteorological data. There was a clear overlap between the perception that temperature
is increasing and the statistically significant increasing trends of temperature data. This finding is
congruent with many previous studies that showed consistency between perception and measurement
of temperature [45]. However, there was variation, especially regarding rainfall trends. Farmers’
perception of decreasing rainfall was not supported by statistical data. We found an increasing trend of
rainfall in the midland areas but no significant change in the highland and midland areas. This finding
is consistent with previous studies showing that farmers’ perception of declining rainfall deviates
from rainfall records [19,24,46]. Farmers’ perception of trends of rainfall may not corroborate observed
meteorological trends for various reasons. As noted in a previous study [20], farmers’ perception of
decreasing rainfall while it is not happening might show failure in the expected utility and availability
heuristic. In line with the utilitarian perspective, farmers’ perception of declining rainfall more reflects
its livelihood impacts in terms of a decline in agricultural production and food security [18,22,24],
which are also caused by factors other than climate change such as a decline in soil fertility and
limited use of farm technologies [18,19]. Farmers’ perception of declining rainfall might also arise
from changes in the seasonality of rainfall and frequency of occurrence of extreme events instead of a
change in the total amount of rainfall [46]. For farmers, change in rainfall is perceived as a process,
not in terms of quantity [47]. They tend to base their perceptions of recent weather conditions and
extreme events as well as on the wrong timing of heavy rainfall instead of long-term changes in
average conditions [18,48]. When judging changes in rainfall, the time reference of farmers could be
the period when rain is expected for planting, whereas the scientific analysis refers to long term or
annual/seasonal changes [49]. Farmers also refer to the amount and distribution of rainfall during the
cropping season to form perceptions.

Extreme events such as drought and rainfall variability are more accurately perceived by farmers.
Drought takes a central position in the memory of people as it directly affects water and food
availability [24], which contributed to a perception aligned with actual measurements. Farmers have
good memories of extreme events that perceptions of their occurrence are more likely to be in tandem
with observed meteorological data [18]. Although there are farmers whose perceptions deviate from the
actual observation, the occurrence of late onset and early cessation of rainfall was correctly perceived
by more than half of the farmers. Since the time of onset and cessation of rainfall is strongly related to
farming activities, including the preparation of land for planting, farmers are highly likely to correctly
recognize these changes. The convergence and divergence between perception and meteorological
observation are strongly influenced by the agro-ecological contexts in which farmers undertake their
farming activities. This shows that the consistency of perception with observed scientific trends depends
on environmental differences in farmers’ exposure to different climate variables. Farmers contextually
define and characterize the weather conditions of a particular time and place based mainly on what
they feel about the cropping season, entailing the important role of perceptual factors in framing their
understanding of changes in climate variables.

Household characteristics account for both convergence and divergence between farmers’
perceptions and meteorological data. We found that the perceptions of males, older farmers, and those
with relatively higher social capital, access to media, and holding a small size of land converge with
meteorological data. Male farmers’ perception is aligned with meteorological data, which might be
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related to their better position to access information and primary responsibility to engage in farming
activities. Proper recognition of changes in climate variables is based partly on the number of years of
farming experience, meaning that older-age farmers have a more accurate perception than younger
farmers [20,50]. Given the complexity of properly observing trends in weather conditions on the
one hand and less reliance on traditional weather forecasts in the study areas on the other hand,
higher social capital and exposure to mass media facilitate farmers’ access to credible information
that helps them form a correct perception of changes in local weather conditions [51]. Since their
livelihood is most pronouncedly affected by adverse climate conditions, poor farmers are relatively
well cognizant of changes in local weather conditions [50]. Conversely, misperceptions were noticed
among economically better-off farmers. This is evident from the divergence of perceptions among
farmers owning a large size of land and with medium economic status. Economically better-off
farmers are more likely to generate their livelihoods from multiple sources that they are less dependent
on weather-sensitive livelihood activities. Hence, they are likely to misperceive ‘real’ changes in
climate variables. The results of our study also suggest that a lack of education contributes to the
misperception of changes in weather conditions. Lack of education undermines access to varying
sources of information and the cognitive ability to process information and make use of it to form an
evidence-based perceptions.

Farming decisions and climate risk management plans partly depend on the availability of and
access to reliable and relevant weather information. The use of traditional knowledge to forecast
weather information is constrained by the high variability of the microclimate that made the forecasts
less reliable. In the past, climate change occurred gradually and extreme events occur once in many
years so that farmers can develop knowledge systems to adapt to. However, nowadays, the weather
condition is highly variable not only between years and seasons but also within a day so that it has
become difficult to describe the complex situation using the traditional systems that had been in
use in the past. Although this is partly addressed through access to media which help farmers to
have an accurate perception of changing weather conditions, there are also limitations associated
with access to modern weather information. Weather stations are limited in number and unevenly
distributed [12], the result of which fails to clearly show spatial differences of the micro-climate. Since
the forecast is also made at a higher spatial scale and on a seasonal basis [52], it is less useful for
farming decisions at the local level due to highly diverse topography. In addition, there is a lack of
information on the time of onset and cessation of rainfall, which is important for decisions on planting
time. Farming and adaptation decisions in an uncertain environment and without access to specific
and reliable weather information are challenges for risk management. Besides, the lack of specific
meteorological information contributes to farmers’ incorrect perceptions of local weather changes [24].

5. Conclusions

Climate change and variability as well as the accuracy of farmers’ perceptions of these changes
are decisive for agricultural activities and the effectiveness of the livelihood strategies pursued by
farmers. Geographical location as well as seasons have a great impact on the trends of changes in
climate variables, occurrence of extreme events, and the accuracy of farmers’ perceptions. All the
three agro-ecological settings in this study are challenged by climatic factors that are either the same
across all or vary between them. The increasing average maximum and average annual temperature,
increasing warm extremes, and decreasing cold extremes denote that the study areas are warming.
An increase in warm extremes and recurrent occurrence of drier years are the problems in the lowland
and highland areas whereas heavy precipitation is observed in the midland areas. The effect of
climate-related events of diverse nature are expected to be severe in the study areas. While midland
areas face severe consequences of heavy rainfall, lowland and highland areas are highly challenged
by a relatively small amount of rainfall, higher inter-annual variability, a shorter crop growth period,
and a longer duration of dry spells. Rainfall variability, particularly during the short rainy season, is
the major constraint in these areas, resulting in reliance on crop production once a year during the
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long rainy season which is also characterized by yearly variation in the time of onset and cessation.
In spite of the accurate perception of increasing temperature, most farmers inaccurately perceived
declining rainfall. Lower economic status, access to media, and higher social capital are associated with
accurate perception. Perception diverges from actual trends among economically better-off farmers and
households whose heads have no education. Although agro-ecological settings account for noticeable
variation in the accuracy of perceptions of changes in climate variables, there is high heterogeneity
among farmers in each agro-ecological setting. The divergence of farmers’ perception from observed
rainfall situation being highly likely to induce inaction, a lack of access to reliable weather information
further undermines informed adaptation decision making. These are formidable challenges for
smallholder farmers struggling to sustain their livelihoods as cropping calendar, the type of crops
produced, and crop productivity are adversely affected by variable and uncertain climate conditions.

The observed changes in climatic variables have several implications for planning. First, reducing
the impact of climate change requires the identification and implementation of adaptation strategies that
are specifically suitable for the climate feature of each agro-ecological setting. For instance, variability
in the distribution of rainfall brings to the fore the importance of water management as well as availing
seeds that can be harvested in a short time or withstand water stress for effective adaptation. Second,
the recurrence of climate variability and extreme events necessitates the expansion of alternative
climate-resilient livelihood opportunities as a means to sustain food security. Third, increasing the
availability of weather stations at the local level and enhancing the capacity to collect and analyze
weather information increase the opportunity to anticipate the likely occurrences of weather-related
risks and manage them through proactive measures. The deviation of farmers’ perceptions from the
observed changes might result in under- or over-estimating the impacts of changes and hampering
their efforts for adaptation. In this vein, the dissemination of agro-ecologically specific, spatially
interpolated, and locally relevant weather information is important to reach farmers and help them have
accurate perceptions of the local weather conditions and make informed farming decisions and other
livelihood choices. Specifically, it would be helpful for farmers to make proper farming adjustment and
adaptation decisions if they have access to timely information not only on the amount and distribution
of rainfall but also on the expected time of onset and cessation of rainfall during the cropping seasons.
In addition to mass media (e.g., radio), the use of a cell phone and locally based formal (e.g., agricultural
development agents, health extension workers) and informal (e.g., community-based organizations)
structures would be useful to enhance farmers’ access to reliable weather information. Furthermore,
in spite of correctly perceiving changes in climate variables, since poor farmers lack the capacity to
adapt, availing farm inputs that are tolerant to water stress and shorter crop growth period as well as
improved production technologies increase their resilience to CCV.

Several issues remain unanswered. Farmers’ perception of CCV is a necessary but not a sufficient
condition to take adaptation actions [19]. Equally important is how they perceive the adverse effects of
these changes on their livelihoods and the welfare of the community. The narrow focus on farmers’
perceptions of changes in temperature and rainfall does not properly capture their comprehensive
understanding of causes and consequences of climate change as well as possible responses, which are
decisive to take action to minimize impacts. Farmers’ understanding of local weather conditions is
also rooted in socio-cultural factors. Hence, understanding farmers’ holistic perspective on changing
climate conditions as well as the underlying factors of variation in their perceptions requires further
investigation. In addition, given the temporal changes in climate variables, adaptation decisions and the
selection of adaptation strategies change across time. The dynamic interplay between climatic variables,
households’ vulnerability, and farmers’ adaptation decision making is the subject of future inquiry.
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