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Abstract

Climatic variability is one of the main constraints of agriculture in Mali, which
will certainly affect long-term sorghum yields. The objective of the present
study was to assess the effect of climate variability on sorghum production
areas by 2050 in the Sudanian and Sahelian zones of Mali considering three
climate scenarios: current scenarios (RCP 2.5), optimistic scenarios (RCP 4.5)
and pessimistic scenarios (RCP 8.5). Therefore, 11,010 occurrence points of
sorghum (Sorghum bicolor) were collected and associated with the environ-
mental variables of the three climatic scenarios according to the maximum
entropy approach (Maxent). Sorghum environmental data and points of oc-
currence were obtained from AfriClim and GBIF databases, respectively. The
correlations carried out and the Jackknife test allowed us to identify variables
that contributed more to the performance of the model. Overall, in the Suda-
nian zone, the suitable area for sorghum production which currently represents
37% of the area of the district of Koulikoro will increase up to 51% by 2050
considering the optimistic scenario (RCP 4.5). Furthermore, considering the
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pessimistic scenario (RCP 8.5), the suitable zones for sorghum production
will experience a decrease of 10%. In the Sahelian zone, the suitable zones for
sorghum production that represent 55% of San district area considering the
RCP 2.5 scenario will experience a decline of 24% by 2050 considering both
the optimistic (RCP 4.5) and pessimistic (RCP 8.5) scenarios. It is suggested
to carry out investigations on potential sorghum yield prediction in both
study areas in order to identify suitable production areas of the crop in the
near future (2050) and long term (2100) as adaptation strategies and resi-
lience of farmers to climate change.

Keywords

Modeling, Maxent Model, Sorghum, Climatic Scenarios, Sudan-Sahel Region,
Mali

1. Introduction

Climate change is likely to affect the profitability of cropping systems in the fu-
ture in most of the developing countries in general and Mali in particular (Tala-
cuece et al,, 2016). In these areas, crop vields are highly dependent on the weather
parameters especially temperature and rainfall (Talacuece et al., 2016). Indeed,
one of the consequences of the effects of climate change would be lower crops’
yields therefore increase risks of food insecurity (Newman, 2016). Climate change
could affect the distribution and the extinction in the next century of many plant
species (Giam et al., 2010). Nowadays, it is one of the main threats to plant bio-
diversity and to a lesser extent animal biodiversity (IPCC, 2013). Sorghum is
hardly exempt from this situation; indeed, it is one of the most cultivated cereals
in the world due to its strong involvement in human and animal nutrition.

In Mali, sorghum is cultivated from the south to the north (Soumaré, 2004) of
the country with more than 1700 ecotypes identified during surveys (Touré &
Diallo, 2004) and 70% of these ecotypes identified belong to the Guinean race
(Touré, 2016). The area allocated to sorghum cultivation is about 3.34% and it is
an important product for the basic food of the population. However, this pro-
duction is threatened by the significant loss of varietal diversity in recent years
due to climate change and its effects such as recurrent and irregular droughts,
rainfall deficits, heavy rainfall events, devastating floods, etc. (Traoré et al., 2013;
Quattara et al., 2019).

Simulation models were widely used to predict the behaviour or performance
of crops under different environmental conditions (increasing temperatures, de-
creasing rainfall, etc.) (Soufiyanou et al., 2019). Modelling allows species distri-
bution study and is an important predictive tool in conservation ecology (Guisan
& Zimmermann, 2000; Elith et al., 2006; Phillips et al., 2006; Franklin, 2009; Pa-
dalia et al., 2014; Soufiyanou et al., 2019). Thus, it allows responding to the ma-

jor issues of understanding, describing and predicting the potential range of spe-
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cies and identifying the factors that determine its distribution and production
potential (Guisan & Zimmermann, 2000; Soufiyanou et al., 2019). Similarly, the
adjustment of agricultural practices as adaptation strategies to the effects of cli-
mate change can be carried out using modelling (Lobell & Field, 2007; Sinclair et
al., 2014). Despite the progress of African agriculture nowadays, the use of cli-
mate models for planning agricultural activities is still in development in Mali.
The results of modeling studies in the climate field, even if they sometimes re-
veal controversies (Sultan & Gaetani, 2016), are of great importance in view of
the significant impact that climate change will have on food security in the fu-
ture (Wheeler & von Braun, 2013). The objective of the present study was there-
fore to assess the impact of climate variability under different climatic scenarios
on the suitable zones for sorghum production in the Sudanian and Sahelian en-
vironments of Mali. We started from the hypothesis that a variation in the envi-
ronmental and climatic conditions would lead to a significant decrease of the

suitable area for sorghum cultivation in the short and long terms.

2. Study Area

The work was carried out in the districts of Koulikoro and San in Mali (Figure
1). The district of Koulikoro is located in the Sudanian zone 60 km from Bama-
ko (political capital of Mali). It is located between longitude —8.9°32' West and
12°56' North latitude at an altitude of 332 m above sea level on the 900 mm iso-
hyet (Bakary, 2010). The area is characterized by a Sudano-Sahelian climate with
an average annual rainfall varying between 700 and 900 mm (Bakary, 2010). The
growing season generally starts in early June lasting in October. The district is an
agropastoral zone, millet, sorghum, maize, rice, fonio and cowpea are the main
food crops. Market gardening is also practiced. Cotton is the main cash crop.
The vegetation of the zone is characterized by a savannah with trees and shrubs.
The herbaceous carpet is dominated by annual grasses with Combretum lecardii,
Combretum glutinosum, Guiera senegalensis, Prosopis africana, Sclerocarya bir-
rea, Spondias monbin, as dominant trees (Bakary, 2010). The main soil types en-
countered in the area are tropical ruby ferruginous soils. The district of San,
however, is located in the Ségou region in the Sahelian zone of Mali at West lon-
gitude —4°9' and 13°3' North latitude, altitude of 287 m above sea level. The av-
erage annual rainfall varies between 500 mm and 800 mm. The rainy season also
start in mid-June and last in October. There is also a delay in the rainy season
with an average of three months of rainfall (Coumbiti, 2019). Millet and sorg-
hum are the main food crops. The vegetation is dominated by Faidherbia albida,
Adansonia digitata, Vitelaria Paradoxa, Balanites aegyptiaca, Ceiba pentandra,
Khaya senegalensis, Parkia biglobosa etc. The soils are clayey, sandy, lateritic and
gravelly.

The geographical coordinates (longitude and latitude) in decimal degrees of
Sorghum bicolor were collected in the phytogeographical regions (Sudanian and
Sahelian) of Mali in 2019 and in West Africa (available on the GBIF website)
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Figure 1. Location of occurrence data used.

(Figure 1). A total of 11,010 Sorghum bicolor occurrence data were collected.

3. Material and Methods

3.1. Environmental Variables Used and Simulation Models

The current climate data are derived from climate data (1950-2000) collected
from the database of Worldclim version 1.4. For the future climate projections,
the regional circulation ensemble model “AFRICLIM 3.0: high resolution en-
semble climate projections for Africa” (available at

https://webfiles.york.ac.uk/KITE/AfriClim/) was used. This model is more suita-

ble compared to the global circulation models (Platts et al., 2015). Concerning
this model, projections to 2050 were retained considering three scenarios. The
climate layers used are those of 30-second arc resolution (i.e. a resolution grid of
approximately 1 km x 1 km). The bioclimatic data, were collected from database
of Shuttle Radar Topography Mission (SRTM) images (available at

https://earthexplorer.usgs.gov). The resulting dataset was subjected to correla-

tion analysis in order to eliminate weakly correlated variables (Elith et al., 2010).
This analysis was performed with ENMTools 1.3. Table 1 presents the environ-

mental variables used to generate the potential distribution maps of Sorghum

DOI: 10.4236/ajcc.2021.102009

188 American Journal of Climate Change


https://doi.org/10.4236/ajcc.2021.102009
https://webfiles.york.ac.uk/KITE/AfriClim/
https://earthexplorer.usgs.gov/

L. Traoré et al.

Table 1. Environmental variables used to generate the potential distribution maps of

Sorghum bicolor species in West Africa and in Mali.

Variables
Description Units Periods
Name Abbreviation
Bioclimatic data
Temperature variables
bio_1 bio_1 Mean annual temperature  °C 2000-2050
. . Mean diurnal range in .
bio_2 bio_2 C 2000-2050
temperature
bio_3 bio_3 Isothermality 2000-2050
bio_4 bio_4 Temperature seasonality 2000-2050
. . Max temp warmest .
bio_5 bio_5 C 2000-2050
month
bio_6 bio_6 Min temp coolest month 2000-2050
bio_7 bio_7 Annual temp range 2000-2050
Mean temp warmest
bio_10 bio_10 pw °C 2000-2050
quarter
Mean temp coolest
bio_11 bio_11 P °C 2000-2050
quarter
Potential Potential
L pet L mm 2000-2050
evapotranspiration evapotranspiration
Precipitation variables
bio_12 bio_12 Mean annual rainfall mm 2000-2050
bio_13 bio_13 Rainfall wettest month mm 2000-2050
bio_14 bio_14 Rainfall driest month mm 2000-2050
bio_15 bio_15 Rainfall seasonality mm 2000-2050
bio_16 bio_16 Rainfall wettest quarter mm 2000-2050
bio_17 bio_17 Rainfall driest quarter mm 2000-2050
Moisture index mi moisture index n/a 2000-2050
Moisture index moist . Moisture index moist
mimq n/a 2000-2050
quarter quarter
Moisture index arid . Moisture index arid
miaq n/a 2000-2050
quarter quarter
Dry months dm Number of dry months month  2000-2050
Length of 1 t d Length of 1 t d
engti of fongest oty Ids engtl of fongest oty month  2000-2050
season season
bicolor species.

3.2. Data Processing and Analysis

3.2.1. Modeling and Model Evaluation

The first category consisted of 25% of the occurrence data was used to test the

prediction model. The second category, which included 75% of the occurrence

data, was used to calibrate the model in five replicates by cross-validation. The
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Jackknife test was performed to determine the importance of the individual en-
vironmental variables used. The Area Under the Curve (AUC) statistic (Phillips
et al., 2006; Soufiyanou et al., 2019) was used to assess the performance of the
model as well as the True Skill Statistics (TSS) (Allouche et al., 2006, Soufiyanou
et al., 2019). The model perform well if the AUC value is greater than 0.90, fair
when the value is 0.75 < AUC < 0.90, bad if the AUC value < 0.75. The TSS is the
model’s ability to accurately detect true presences (sensitivity) and true absences
(specificity). A model with a TSS < 0 indicates a random prediction; whereas a
model with a TSS closes to 1 (TSS > 0.5) has good predictive power (Allouche et
al., 2006; Soufiyanou et al., 2019).

3.2.2. Mapping of Modeling Results

The modeling results were integrated into ArcGIS 10.5 software for mapping the
extent of sorghum agro-ecological zones under current and future climatic con-
ditions. The gross probability distribution obtained by the model was estimated
as a measure of the probability of sorghum occurrence. A four-level categoriza-
tion of this probability was made for the discrimination of sorghum agro-ecological
zones through the “raster calculator” tool of the same software. In addition, in
the present study, a sorghum agroecological zone is considered completely non
suitable when the probability of occurrence of the species is less than 0.5. If this
probability is between 0.5 and 0.53 the zone is not suitable, when the probability
values vary between 0.53 and 0.55 it indicates a suitable zone, while those above
0.55 are considered very suitable zones for sorghum production in the district

concerned by the study.

4. Results

4.1. Contribution of Variables to the Prediction of the Sorghum
Agro-Ecological Zone

The contribution of the preselected variables to the prediction of sorghum grow-
ing area in the two climate zones differed between the two climate scenarios.
Tables 2-4 show the contribution of the variables of the prediction of sorghum
growing areas for the scenarios RCP 2.5, RCP 4.5 and RCP 8.5, respectively. The
proportions observed in the last column of Table 2 relate to the reduction in the
model predictive power when the values of a given variable are randomly
swapped between background and presence points. A high value indicates a high
importance of the variable concerned. Under current climate conditions (Table
2), a proportional variation (%) in the contribution of variables to model predic-
tion is observed. Variables such as: seasonality of rainfall (biol5), annual rainfall
(bio12), number of dry months (dm), humidity index wet quarter (mimgq), rain-
fall of the wettest month (biol3) cumulate a contribution of 76.8% and are
therefore the variables that have contributed the most to the prediction of the
sorghum agroecological zones (considering the RCP 2.5 scenario) from the point

of view of their order of integration in the prediction model.
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Table 2. Contribution of variables to the prediction of the sorghum production area con-
sidering the current scenario RCP 2.5.

Scenario RCP 2.5

Variable Percent contribution Permutation importance
biol5 21.3 2
biol2 19.5 133

dm 15 7.4
mimgq 10.5 2.9
Biol3 10.5 6.3

bio7 4.8 10.8

Bio2 3.9 7.1

IIds 2.5 1.6
bio3 2.5 12.2
biol4 2 1.2

Table 3. Contribution of variables to the prediction of the sorghum production area con-
sidering the RCP 4.5 scenario.

Scenario RCP 4.5

Variable Percent contribution Permutation importance
biol3 30 14.4
biol6 21.7 6.8
biol2 20.1 12.9
mimq 4.8 8.8
bio7 4.7 9
biol7 4.4 3.9
dm 2.7 1.5
bio2 2.6 53

Table 4. Contribution of variables to the prediction of the sorghum production area con-
sidering the RCP 8.5 scenario.

Scenario RCP 8.5

Variable Percent contribution Permutation importance
biol3 30.1 13.1
biol6 21.6 6.4
biol2 20.2 10.3
biol7 4.9 3.8
mimq 4.6 12.3

pet 39 5.7
dm 2.6 0.8
bio2 2.4 4.7
bio7 2.1 7.4
bio3 2.0 6.7
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Considering the results of Table 3, in terms of the importance of permutation,
the annual precipitation variable, the ratio of the daily thermal amplitude to the
annual thermal amplitude (bio3), the annual temperature variation (bio7), the
number of dry months (dm), the mean of daily temperature variation (bio2) and
the rainfall of the wettest month (bio13) reduce the model's prediction to nearly
57.1%. These variables were the most determinant in the prediction of the spa-
tio-temporal dynamics of sorghum agroecological zones when considering the
RCP 4.5 scenario. However, variables such as the seasonality of rainfall, the wet
quarter humidity index (mimq), the duration of the longest dry season (IIds),
the rainfall of the wettest month (bio13), the annual rainfall (biol2), the rainfall
of the wettest quarter (biol6) cumulated a contribution of 71.8% and are there-
fore the variables that have contributed most to the prediction of sorghum
agroecological zones (Table 3). Regarding the importance of permutation, the
annual rainfall variable (bio13), the annual rainfall (bio12), the annual tempera-
ture variation (bio), the wet quarter humidity index (mimgq), the rainfall of the
wettest quarter (biol6), the mean daily temperature variation (bio2) cause the
reduction of the predictive power of the model when permuted between 5.3 and
14.4%. It can only be deduced that the permutation of these variables reduces the
predictive power of the model to nearly 57.2%. Consequently, these variables
were the most decisive in the prediction of the spatio-temporal dynamics of the
agroecological zones of Sorghum bicolor distribution. However, rainfall of the
driest quarter (biol7) and the number of dry months (dm) had little influence
on the discrimination of these zones.

According to the pessimistic scenario (Table 4), we note that rainfall of the
wettest month (bio13), rainfall of the wettest quarter (bio16), annual rainfall (bio12),
cumulate a contribution of 71.9% and are therefore variables contributing the
most to prediction of sorghum agroecological zones considering the pessimistic
scenario. Regarding the importance of permutation, annual rainfall (biol3), hu-
midity index wet quarter (mimq), annual rainfall (biol2), annual temperature
variation (bio7), ratio of the daily thermal amplitude to the annual thermal am-
plitude (bio3), rainfall in the wettest quarter (biol6), potential evapotranspira-
tion (pet), mean daily temperature variation (bio2) cause the model's predictive
power to be reduced by nearly 4.7% to 13.1%. Only the permutation of these va-
riables reduces the model’s prediction to nearly 60.2%. Consequently, these va-
riables were the most decisive in predicting the spatio-temporal dynamics of the
agroecological zones of Sorghum bicolor distribution. However, rainfall in the
driest quarter (biol7) and dry months (dm) had little influence on the discrimi-

nation of these zones.

4.2. Predictive Capacity of the Model and Results of the Jackknife
Test Regarding the Different Climate Scenarios

Figures 2-4 present, respectively, the results of the Jackknife test on the impor-

tance of the variables used in terms of information gain for RCP scenarios 2.5,
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Figure 2. Jackknife test results for the RCP 2.5 Scenario.

Jackknife of regularized training gain for Sorghum_bicolor_L._Moench
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Figure 3. Jackknife test results considering Scenario 4.5.
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Jackknife of regularized training gain for Sorghum_bicolor_L._Moench
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Figure 4. Jackknife test results for the RCP 8.5 Scenario.

4.5, and 8.5 respectively. The statistics for assessing the predictive power of the
model (TSS = 1.42 + 1.65 and AUC = 0.93 * 0.023) indicate good performance
of the model in predicting the spatial-temporal dynamics of Sorghum bicolor ha-
bitat in the study environment considering current conditions. The variables that
increase the gain in information explaining the distribution of sorghum (Figure 2)
when the variables are used individually are: rainfall (bio4) and moisture index
(mi) followed by number of dry months (dm) and values of the length of the
longest dry season (IIds).

Considering the optimistic scenario, the mean values of TSS (1.39 + 1.616) and
AUC (0.93 £ 0.024) indicate good performance of the model in predicting the
spatio-temporal dynamics of sorghum habitat in the two agroecological zones
considering the scenario. The results of the Jackknife test on the importance of
the variables used in the optimistic scenario (Figure 3) showed that the variable
that increases the information gain explaining the distribution of sorghum re-
garding the rainfall variable (bio4), followed by number of dry months (dm),
length of the longest dry season (IIds) and the moisture index (mi).

The values of TSS obtained (0.42 + 1.63) and AUC (0.93 + 0.02) indicate good
performance of the model in predicting the spatiotemporal dynamics of sorg-
hum habitat in the two agro-ecological zones. From the results of Figure 4, it
appears that variable that increases the gain of information explaining the dis-
tribution of Sorghum bicolor when isolated is rainfall (bio4) followed by number
of dry months (dm), duration of the longest dry season (IIds) and humidity in-
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dex (mi). Finally, the model for predicting the spatiotemporal dynamics of

sorghum in the two districts is efficient considering the three scenarios.

4.3. Dynamics of Current and Future Sorghum Production Areas
in the Sudanian and Sahelian Zone of Mali

The observed variations in sorghum growing areas in the Sudanian and Sahelian
zones are presented in Table 5 and Table 6 respectively. The dynamics of cur-
rent and future sorghum growing areas show variations in space and time. The
proportion of sorghum cultivation area varies from one scenario to another in
the Sudanian zone (Table 5). Under the current climatic conditions, the com-
pletely suitable and suitable areas for sorghum cultivation represent the major
part of the total area of this zone. The completely suitable zones are located in
the East and extend to the West of the Sudanian region while the suitable zones
extend over the Southeast, the center and part of the West (Figure 5). The non
suitable zones do not dominate in this area. The completely non suitable zones
(5% of the total area) are located in the extreme North-central and South. Con-
sidering the optimistic or pessimistic scenarios, it is observed an increase by 2050
in the non suitable and completely non suitable zones for sorghum cultivation in
the Sudanian region (Table 5). In the context of an increase in greenhouse gas
emissions (RCP 8.5 scenario), a decrease of 24% will be noted in the areas com-
pletely suitable for sorghum cultivation by 2050. Finally, by 2050, there will be a
decrease in the areas suitable for sorghum cultivation in the Sudanian zone.
Furthermore, in the Sahelian region, the current climatic conditions show that
69% of the area is completely suitable and suitable for sorghum cultivation. The
areas that are completely suitable for sorghum cultivation are located in the North
and part of the centre of the Sahelian region while the suitable ones are located in
the extreme central-eastern and central-western parts of the area (Figure 6). An
increase in suitable areas will be noted as well as a decrease of the non suitable
areas, while considering an increase of the greenhouse gases (CPR 8.5 scenario),
an increase in the areas non suitable for sorghum cultivation in the Sahelian re-
gion by 2050 will be observed. The suitable areas will be located in the northern
and northwestern part of the zone (Figure 6). In this context, there is a risk of
displacement of agricultural populations. The south-central part of the region
will concentrate more areas that are completely non suitable for sorghum culti-

vation.

Table 5. Current and future sorghum growing areas in the Sudanian region.

RCP 2.5 RCP4.5 RCP8.5
Growing area
Surface (km?) %  Surface (km?) %  Surface (km?) %

Completely non suitable 28,970 5 89,920 15 147,163 25
Non suitable 153,925 26 108,414 18 150,003 24
Suitable 192,679 32 96,354 16 140,479 24
Completely suitable 2195,90 37 3012,84 51 1581,37 27
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Table 6. Current and future sorghumgrowing areasin the Sahelian zone.
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Figure 5. Current and future distribution areas for sorghum cultivation in the Sudanian zone.

5. Discussion

5.1. Model Performance Suitability and Probability of Occurrence
Response to the Environmental Variables

The modeling of sorghum growing areas in the Sudanian and Sahelian zones was

carried out based on the Maxent (Maximum Entropy) principle (Phillips et al.,

2006). This approach is based on the fundamental concept of the niche of Hut-

chinson (1957) which represents the intervals of conditions and resources exist-

ing in a given space and which is potentially exploitable by a species, without

taking into account the possible biotic interactions with other species (Ricklefs,

2010; Soufiyanou et al., 2019). This approach takes into account the coexistence

of species implying a certain dissimilarity (even if this is not highlighted) as well
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Figure 6. Current and future distribution areasfo sorghum cultivation in the Sahelian zone.

as the empirical principle (the objective is to predict via niche measurements the
coexistence or exclusion, or, via observation of coexistence, the minimal dissi-
milarity of niches (Hutchinson, 1957)). Predictive models are generally used by
scientists for the protection of plant species and to estimate their spatial distri-
bution (Dotchamou et al., 2016). These models are used to determine which
plants are in danger of extinction (Ortega-Huerta & Peterson, 2004; Dotchamou
et al., 2016), to calculate the probabilities of species invasion (Fandohan et al.,
2015) and to assess the impacts of climate change on species distribution (Dot-
chamou et al., 2016). Ecological niche modelling has often been considered as a
powerful tool for mapping the current and future distribution of species and
predicting the impact of climate change on their distribution (van Zonneveld et
al., 2009; Fandohan et al., 2013). Indeed, these models were subjected to much
criticism because of their weaknesses in predicting the impact of climate change
on the geographical distribution of species (Fandohan et al., 2013). Among these
weaknesses are the uncertainties related to the models used, difficulties in para-
meterizing ecological interactions, individual species idiosyncratic responses to
climate change, species-specific release limitations, the plasticity of physiological
limits and adaptive responses of disseminating agents (Elith et al., 2006; Schwartz,
2012). Indeed, fewer uncertainties related to the models used are observed, nota-

bly the difficulties in determining the parameters of ecological interactions and
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the propagation limits specific to each species (Schwartz, 2012). The modelling
of ecological niches has many applications and is mainly used to propose scena-
rios for sustainable use of the environment (Beaumont et al., 2007), and to assess
the impacts of climate change on biodiversity (Aratjo et al., 2005; Aratjo & Lu-
oto, 2007).

5.2. Impact of Climate Change on the Distribution of
Sorghum bicolor in the Study Area

The order of integration of the variables in the prediction model revealed that
rainfall of the wettest quarter, seasonality of rainfall, rainfall of the wettest month,
annual rainfall, had positive impact on the prediction of sorghum growing areas.
The abundance of rainfall is the main factor that determines the quantity and
quality of plant growth (PSSP, 2009), according to Camberlin et al. (2007). But
according to Tennant and Hewitson (2002) and Boyard-Micheau (2013), the sea-
sonal accumulation did not represent sufficient information for the agricultural
sector insofar as a season with high accumulation can contain long dry spells
potentially harmful to the good development of crops. Such situation was all the
more harmful if these dry periods occur during the flowering or grain-filling
phase of the crops (Sultan et al., 2005). Variables such as the intra-seasonal dis-
tribution of rainfall or the start and end dates of the season must be taken into
consideration as they influence yields and determine the agricultural calendar.
These results corroborate with those obtained by Sene (1995) showing that pro-
duction of dry matter by the plant is a function of the quantity of water and
mineral salts absorbed. This absorption depends on external and internal factors,
especially climatic factors of the moment (FTE for example) and the genetic her-
itage of the plant whose water and mineral salts needs are variable during the
development cycle. The analysis of the results of the habitat prediction model
revealed that annual temperature variation, mean daily temperature variation,
ratio of daily thermal amplitude to annual thermal amplitude introduced in the
model had a positive impact in predicting the habitats of Sorghum bicolor. Ac-
cording to Bougma et al. (2018), high temperatures cause considerable reduction
in the pollen viability, leading consequently to sterility of spikelet and negative
effects on yields.

5.3. Implications of the Study

The reduction of nearly 57.1% (scenario RCP 2.4), 57.2% (scenario RCP 4.5) and
60.2% (scenario RCP 8.5%) in the predictive power of the observed model when
the variables studied are permuted justify their determining roles in the predic-
tion of the spatio-temporal dynamics of the sorghum growing areas.

Indeed, these variables act in direct symbiosis on the plants and constitute the
major climatic parameters in plant ecology and are determinant for the predic-
tion of the spatio-temporal dynamics of species production areas (Dossou et al.,
2016; Hounkpévi et al., 2016; Fandohan et al., 2015; Soufiyanou et al., 2019). The

current climatic conditions (scenario RCP 2.5) indicate that the production areas
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in the East and West of the Sudanian region are and will remain completely
suitable for the cultivation of Sorghum bicolor by 2050. However, the produc-
tion areas in the south-east, the center and part of the West are respectively
suitable and non suitable production areas. The less suitable production area will
be the north-central, the extreme south-central and the completely non suitable
areas will be the extreme north-central and south-central considering the cur-
rent and future climatic scenarios.

The future climatic condition (scenario RCP 4.5) showed that the production
zones in the East and West of the Sudanian region are and will remain com-
pletely suitable for Sorghum bicolor cultivation by 2050. The non suitable pro-
duction zones will be the center-west zones (between suitable and completely
suitable zones). The completely non suitable zones will be the center (between
suitable and non suitable zones) considering the current and future climatic
conditions. The future climatic conditions (scenario RCP 8.5) show that the com-
pletely suitable production areas in the East and West of the Sudanian region
will decrease in favor of area suitable to the cultivation of Sorghum bicolor by
2050. However, the suitable zone for Sorghum bicolor production will be the
centre toward the East. The non suitable production zones will be in the cen-
ter-West areas. This could be explained by the fact that the distribution and ab-
undance of sorghum evolves according to the climatic gradient of the Sudanian
region. Indeed, the climatic gradient of the Sudanian region evolves in an in-
creasing and decreasing way from East to West. These results corroborate Sou-
maré (2004) showing that the crop varies from 5% in the East to 40% in the
West.

The current climatic conditions (RCP 2.5) indicated that the production zones
from the center to the east of the Sahelian region occupy more than half of the
zones fully suitable to the cultivation of Sorghum bicolor by 2050. On the other
hand, the zones production in the south-east, the center and part of the west are
respectively suitable. The non suitable areas occupy about a quarter of the sorg-
hum production areas and are located in the center-south, in the extreme cen-
ter-south. The fully non suitable areas also occupy a quarter of the sorghum pro-
duction areas and are located in the south under current and future climatic con-
ditions.

Future climatic conditions (RCP 4.5) show that the fully suitable production
areas in the east of the Sahel region will be reduced by 24% in favor of areas
suit-able to the cultivation of Sorghum bicolor by 2050. On the other hand, the
bicolor sorghum production areas in the east will drop by 33%. The non suitable
production areas will be increased by 26% in the center-west. The fully non
suitable areas will be reduced by 10% in the east under current and future cli-
matic conditions. Future climatic conditions (RCP 8.5) show that the fully suita-
ble production areas in the east will be reduced by 31% of the Sahel region in
favor of areas suitable to the cultivation of Sorghum bicolor by 2050. On the

other hand, the bicolor sorghum production areas suitable areas will increase by
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26% from the center to the east. The non suitable production areas will be 23%
at the center level. Fully non suitable areas will increase by 20% in the west un-
der current and future climatic conditions. The current potential of sorghum
growing areas was sensitive to the predictions of the two scenarios applied for
2050. This shows that climate change may impact the sorghum growing areas in
both agro-ecological zones, especially the distribution and abundance of eco-
types (Guisan & Zimmermann, 2000; Thomas et al., 2015; Renner et al., 2015).
Considering the extent of the production areas obtained by the gross probability
values greater than or equal to 0.5 generated by the model, we can deduce that
whatever the scenario used, climate change will constitute a serious threat to the
survival of sorghum crop by 2050 in both the Sudanian and Sahelian zones of
Mali.

6. Conclusion

Modelling of sorghum growing areas in the Sudanian and Sahelian zones using
the Maxent (Maximum Entropy) model showed that the model is effective in
predicting the spatiotemporal dynamics of sorghum growing areas in the two
agro-ecological zones. The future distribution of sorghum in the two agro-ecological
zones will be determined by the seasonality of rainfall, annual rainfall, the num-
ber of dry months, and the wet-quarter moisture index, rainfall in the wettest
month, the annual variation in temperature and the average daily variation in
temperature. In a perspective of greenhouse gas mitigation and emission, cli-
mate variations will reduce the areas suitable for sorghum cultivation in the Su-
danian and Sahelian zones of Mali. It is, therefore, suggested to carry out inves-
tigations on potential sorghum yield prediction in both study areas in order to
identify suitable production areas of the crop in the near future (2050) and long

term (2100) as adaptation strategies and resilience of farmers to climate change.
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