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Some cereal crops can withstand harsh growing conditions, and, hence, can be considered an important line of defense against food shortage under climate change. Sorghum (Sorghum bicolor (L.) Monech) is the main food crop for millions of people, especially in sub-Saharan Africa and South Asia. This crop performs well under input constraints (e.g., limited water) and exhibits high resilience to adverse climate conditions (e.g., high temperature, drought, and waterlogging), making it a star crop for combating hunger under climate change. However, sorghum and other similar crops are not tolerant in absolute terms. Climate change could push the growing conditions of these crops beyond the limits they can tolerate, jeopardizing the food security of millions of people around the world. In this research, we analyzed the current status of sorghum production, trends, and factors controlling sorghum yield using empirical approaches. Especially in sub-Saharan Africa, this crop is cultivated widely under unfavorable climate conditions and sub-optimal input levels. Our findings raise multiple concerns as well as highlight opportunities for the sustainability of sorghum cultivation in a future with climate change. Sorghum yield seems to increase persistently despite global warming due to an improved inputs approach, offering hope that similar adaptation approaches can be fruitful, especially in sub-Saharan Africa. A combination of interventions including adequate use of fertilizers and technology adoption (e.g., tolerant cultivars), efficient management (e.g. improved irrigation), and better agronomic practices, is the key to boosting sorghum yield and ensuring the sustainability of this important crop under a warmer climate.
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1. Sorghum, a “star” crop

Globally, sorghum (Sorghum bicolor (L.) Moench) is the fifth most important cereal crop (Iqbal et al., 2010; Huang, 2018; Hao et al., 2021; Ndlovu et al., 2021). It is a C4 carbon cycle plant with high photosynthetic efficiency and productivity (Tari et al., 2013). This crop originated and was domesticated in sub-Saharan Africa and spread to India and China (de Wet, 1978). In sub-Saharan Africa, several closely-related wild species of sorghum are found (Legwaila et al., 2003; Ananda et al., 2020). Recent studies reported that the earliest evidence of domestication can be found in eastern Sudan around the fourth Millennium BC (Winchell et al., 2017). This crop is widely cultivated in more than 100 countries around the world (Upadhyaya et al., 2019; Hao et al., 2021). Sorghum is well-known for its strong resistance and wide adaptability to multiple biotic and abiotic stresses (Machado and Paulsen, 2001; Tari et al., 2013; Huang, 2018; Zhang et al., 2019). The wide popularity of this crop is due to its (i) diverse end-uses as human food, livestock feed, biofuel, and forage, (ii) high returns, (iii) more resilience to adverse environmental conditions compared to many other cereal crops, and (iv) well-performance under conditions of water and temperature constraints, especially in marginal lands (Igartua et al., 1994; Machado and Paulsen, 2001; Tari et al., 2013; Monk et al., 2014; Huang, 2018; Zhang et al., 2019; Hao et al., 2021). These characteristics have attracted attention to sorghum as a potential “star” crop to tackle the challenge of the global food security (Tari et al., 2013; Kadam et al., 2017; Huang, 2018; Hao et al., 2021; Ndlovu et al., 2021).



2. Sustainability of sorghum cultivation: sources of concern

Although sorghum has a relatively higher tolerance to biotic and abiotic stresses compared to other crops, there are multiple sources of concern regarding the sustainability of its cultivation. Below is a brief discussion of these major concerns.

• First, sorghum is the main staple crop for more than 500 million people in more than 30 countries (Abreha et al., 2021), especially in sub-Saharan Africa (Prasad et al., 2021). Therefore, discrepancies in its production can potentially jeopardize the food security of millions of poor people.

• Second, there is a considerable reduction in the area under cultivation and a severe decline in crop yield in some of the major sorghum-producing countries. India and Sudan represent, on average, approximately 34% of the global harvested area and produce together nearly 17.6% of the total world sorghum’s production. Using the FAOSTAT dataset (FAO, 2022a), we estimated a large reduction in crop yield in Sudan. Over the last 60 years (1961–2020), the average yield of sorghum in Sudan has decreased by 55% (from 1.0 t/ha in 1961 to 0.4 t/ha in 2020). The rate of reduction is −4.7 kg/ha/year (Figure 1A). On the other hand, we estimated a drop of 70% (from 18.3 million t/ha to 5.5 million t/ha) in the harvested area of sorghum in India over 60 years (1961–2020). The reduction rate is estimated to be −0.25 million ha/year (Figure 1A). This large drop in the harvested area could be a result of large shifts to rice, wheat, and other commercial crops (Rao et al., 2010; Nagaraj et al., 2013).

• Third, compared to other cereal crops such as maize, rice, and wheat, sorghum yield is relatively low (Müller et al., 2020; Hao et al., 2021; Ndlovu et al., 2021). Refer to Figure 1C for a yield comparison. The average global yield of sorghum (~2.5 t/ha) is just at the lower level of the optimum yield, which ranges between 2.5 and 5 t/ha.

• Fourth, there is a serious imbalance in the global yield of sorghum. It is typically high in developed countries. Low yield persists in the countries of South Asia and sub-Saharan Africa, which are mostly low-income countries. In these countries, sorghum is used mainly as human food compared to its uses for livestock feed and biofuel production in developed countries. More information about this imbalance will follow in section (4.1).

• Fifth, although large progress has been made in sorghum breeding in the past decades, the rate of improvement in crop yield due to breeding programs is relatively slow. According to Pfeiffer et al. (2019), sorghum breeding programs in the United States and Argentina are progressing at an annual rate of nearly 0.01 t/ha compared to rates of approximately 0.09, 0.02, and 0.02 for corn, soybean, and cotton, respectively (Figure 1D).

• Sixth, there is an increasing trend in cultivating sorghum for biofuel production, generating competition with food production on limited water and land resources (Zhuang et al., 2011; Damerau et al., 2016). Some researchers argue that the rise in biofuel production is considered the main driver of the recent increase in food prices (Graham-Rowe, 2011; Shrestha et al., 2019), in particular during the period 2001–2008 (Hochman et al., 2012). The increase in the prices of food commodities can be devastating for poor people, especially in developing countries (Stein, 2007; Rosegrant and Msangi, 2014).

• Seventh, there is a great variation in yield and tolerance to biotic and abiotic stressors across genotypes and under different climate conditions (Pfeiffer et al., 2019).

• Finally, there are multiple biotic (e.g., pests, diseases, birds, and parasitic weeds) and abiotic (e.g., heat stress, soil moisture deficit, and waterlogging) that affect the health of the sorghum plant, and, in turn, might reduce its productivity (Perumal et al., 2018; Abreha et al., 2021; Fakrudin et al., 2021) or even result in crop failure in extreme cases.
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FIGURE 1
 Some sources of concern regarding the sustainability of sorghum cultivation. Trends in sorghum for the period 1961–2020 in two major sorghum-producing countries: Severe drop in yield in Sudan (A) and substantial reduction in harvested area in India (B). Compared to other cereal crops, sorghum exhibits a relatively lower global average yield in terms of production (tonnes, t) per area (hectare, ha), and genetic yield gain in sorghum is significantly slower than in other major cereal crops (D). Source of data used to produce these graphs: (a and b) from the FAOSTAT database (FAO, 2022a), (C) constructed based on data from Hao et al. (2021) and Müller et al. (2020), and (D) visualized based on information from Pfeiffer et al. (2019).


A critical assessment of the production of sorghum on a global scale, its tolerance and vulnerability to climate risk is, therefore, crucial, but not available. Against this background, the current research aims at providing a comprehensive evaluation of the current status and historical development of sorghum production, abiotic stresses, and its tolerance mechanisms. In addition, it studies the vulnerability of sorghum to climate risk. This assessment will help identify challenges and opportunities for ensuring the sustainability of cultivating this important food crop and identify entry points that are helpful to ensure the sustainability of sorghum cultivation under the threat of climate change. This research includes an analysis of datasets from more than 100 countries where sorghum is cultivated, supported by a thorough literature review.



3. Materials and methods


3.1. Sorghum data

FAOSTAT database is developed and maintained by the United Nations Food Agriculture Organization (FAO). This database provides one of the most comprehensive datasets for crop production and other types of data like data on import and export of agricultural commodities on a country level. In the current study, we used FAOSTAT data concerning sorghum harvested area in hectares (ha), yield in tonnes per hectare (t/ha), and production in tonnes (t). These time series were downloaded from the FAOSTAT dissemination website (Supplementary Table S1). In addition, the time series of the use rates of fertilizers in kilograms per hectare (kg/ha) in these countries were also retrieved from the same database. These data include three main types of fertilizers, namely, nutrient nitrogen (N), nutrient phosphate (P2O5), and nutrient potash (K2O). For all data listed above, the downloaded data cover the period between 1961 and 2020. For some analyses (e.g., trends of yield, harvested area, and production), we used the multi-year (1960–2020) country average values of these parameters. We confined our analysis to the last 20 years (2001–2020) for other assessments (e.g., yield gap and climate risk assessments), as some countries show considerable changes in some of these variables in the last two decades compared to their magnitudes in the 1960s. The percentage of irrigated areas in each country to all cultivated areas was collected from the AQUASTAT database (FAO, 2022b).

As sorghum seasons vary among countries, we used three main sources to derive sorghum calendars (approximate sowing and harvesting dates) for the main cultivation season in each country. These sources are the International Production Assessment Division (IPAD) of the United States Department of Agriculture (USDA) and the Global Information and Early Warning System (GIEWS) maintained by the FAO. When absent from these data sources, sorghum calendars were collected from the available literature or country-specific and regional databases.

To confine gridded climate data geographically to only areas where sorghum is cultivated, we used the global crop distribution layer of sorghum provided by the International Food Policy Research Institute (IFPRI). This dataset is constructed using the IFPRI’s Spatial Production Allocation Model (SPAM) to provide global distribution of crop-harvested areas at a grid resolution (IFPRI, 2019).


3.1.1. Climate data

For climate, we utilized gridded data on rainfall and temperature from the Climatic Research Unit Gridded Time Series (CRU TS). CRU TS provides a long-time series of climate variables covering the period from 1901 to the present. This data comes in a NetCDF format with a spatial resolution of 0.5o × 0.5o. For the current research, we used monthly data from version 4.05 for the period 1961–2020 to overlap with FAOSTAT data on sorghum. Using CRU TS v. 4.05 dataset, we generated seasonal time series of rainfall and temperature for each country based on its sorghum calendar. Rainfall rates and temperature averages were aggregated using functions of the Climate Data Operator (CDO; Schulzweida, 2022) and clipped to the sorghum cultivation area in each country using the Extract by Mask function in the ArcGIS 10.3.1 (ESRI, 2014).




3.2. Methods

The current investigation involves four components (Figure 2): (i) evaluation of sorghum production status, historical development, and trends, (ii) estimation of yield gap in sub-Saharan Africa, (iii) assessment of soil nutrient replenishment, and (iv) analysis of sorghum vulnerability to climate risk. A brief description of these four components is provided in the following sub-sections.
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FIGURE 2
 Four components adopted in the current study along with input data used in the involved assessments.



3.2.1. Evaluation of the global status of sorghum production

In this part, we assessed three variables regarding sorghum in 102 countries for the last two decades, i.e., 2001–2020. These variables were crop yield, cultivated area, and production. The analysis was conducted for (i) individual countries as well as for aggregated estimates on (ii) region-wise and (iii) economy-wise. For the region-wise and country-wise assessments, we adopted the country classification of the World Bank. This classification groups countries into seven regions and four economic (income level) groups. The seven regions are North America, Middle East & North Africa, Europe & Central Asia, Latin America & Caribbean, East Asia & Pacific, South Asia, and sub-Saharan Africa. The four economy groups are high-income, upper-middle-income, lower middle income and low-income. A detailed list of countries with their groups can be found in the Supporting Information (Supplementary Table S1).



3.2.2. Yield gap assessment in sub-Saharan Africa

As mentioned earlier, sub-Saharan Africa exhibits generally low magnitudes of sorghum yield compared to other sorghum-producing countries despite the importance of sorghum for food security in this region. This analysis focused on 31 sub-Saharan African countries in which sorghum is cultivated. The analysis aimed to estimate the magnitude of the yield gap of sorghum, highlighting the hidden potentials for increasing sorghum production in these countries. The yield gap is defined as the difference between potential yield and actual yield (Equation 1).
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For this purpose, we followed three approaches to calculate the yield gap for the period 2001–2020. Three proxies for potential yield were considered: (1) the maximum achieved yield in each country’s time series (for Yield gap 1), (2) the global average (for Yield gap 2) and developed countries’ average (for Yield gap 3).



3.2.3. Soil nutrient replenishment

We analyzed the use rates of three types of fertilizers, namely, nutrient nitrogen (N), nutrient phosphate (P2O5), and nutrient potash (K2O) in all considered countries. This assessment was conducted also in country-wise and economy-wise approaches. The average use levels of these three types of fertilizers were correlated with the corresponding average yield magnitudes. This analysis can reflect and provide insights into the impact of fertilizer use on sorghum yield.



3.2.4. Climate risk analysis

In this part, we correlated two climate variables, i.e., average seasonal rainfall and temperature, with the sorghum yield in each country to infer insights on how sorghum yield behaves under different climate conditions. Plotting countries based on their average seasonal rainfall and temperature was carried out to identify countries where sorghum production is cultivated under unfavorable climate conditions. The unfavorable conditions adopted herein are those with an average temperature of more than 30°C, and less than 600 m of average rainfall per season. These limits were identified from our climate-yield relationships established in the current study, which correlate well with the critical temperature and rainfall zones under which sorghum growth thrives (Tack et al., 2017; Prasad et al., 2019; Elramlawi et al., 2020; Krishna, 2021). Investigating sorghum in countries where sorghum is cultivated under unfavorable conditions, especially if they show different yield levels, potentially provides transferrable insights on how to increase sorghum yield under these climate conditions. Data of the identified countries where sorghum is growing under climate risk went through a climate risk assessment using three risk components, i.e., exposure to hazards, the sensitivity of systems, and adaptive capacity using Equation (2). This three-dimensional framework is widely accepted and applied to assess climate risk (Jurgilevich et al., 2017; Sharma and Ravindranath, 2019; Fernandes et al., 2022).
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For exposure, we used the change in rainfall and temperature. These two climate variables are widely controlling crop production (Lobell and Burke, 2008; Khan et al., 2022). For sensitivity, we used the change in yield and harvested area. According to literature, the response of agricultural systems to climate hazards is usually translated to changes in yield (Moore et al., 2017; Raza et al., 2019; Liu et al., 2021) and/or agricultural land use pattern (Iizumi and Ramankutty, 2015; Arora et al., 2020; Nainggolan et al., 2023). As for adaptive capacity, we used the change in fertilizer use rate and the percentage of irrigated cropland (% irrigation) in the country. The change in time series was calculated as a slope of the corresponding data for the period 1961–2020, except for %irrigation, in which we adopted the most recent figure for each country as reported by FAO (2022b). Fertilizers and irrigation (as will be shown later) are adding positively to the adaptive capacity of agricultural systems. Although other variables can be used in the assessment of climate risk on crop production, we think using other variables will not result in a significant deviation from the results obtained by using these two variables. This is mainly because many other variables (e.g., use of pesticides and adoption of improved seeds) display global patterns that are similar to those shown by fertilizer use and irrigation. In conclusion, we believe that the selected variables largely represent the three elements of climate risk assessment and are adequate for the current climate risk analysis.





4. Results


4.1. Current status and historical development of global sorghum production

Sorghum is cultivated widely around the globe (Figure 3). The multi-year average harvested area globally in the last two decades (2001–2020) is 40.9 million ha. Around 80% of the global sorghum area of sorghum is harvested in only 10 countries. The top 10 countries in harvested areas (arranged from the largest to smallest) are India (7.3 million ha), Sudan (6.8 million ha), Nigeria (6.1 million ha), Niger (3.1 million ha), the United States (2.5 million ha), Mexico (1.8 million ha), Burkina Faso (1.7 million ha), Ethiopia (1.6 million ha), Mali (1.2 million ha), and Brazil (0.7 million ha).
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FIGURE 3
 Map of the global distribution of sorghum cultivation areas. Sorghum distribution in this map is derived from the layer produced by the Spatial Production Allocation Model (SPAM) and distributed by IFPRI (2019). The top 10 countries with the largest harvested areas of sorghum are highlighted in yellow. Political boundaries on this map were adopted from the Database of Global Administrative Areas, GADM (https://gadm.org/index.html).


The multi-year (2001–2020) average production of sorghum is nearly 58.7 million t per year. The top 10 sorghum-producing countries (arranged from the largest to lowest) are the United States (10.1 million t), Nigeria (7.3 million t), India (6.2 million t), Mexico (5.9 million t), Sudan (4.2 million t), Ethiopia (3.4 million t), Argentina (2.8 million t), China (2.6 million t), Brazil (1.9 million t), Australia (1.8 million t). The total production of these 10 countries represents around 78.6% (46.1 million t) of the total global production of sorghum.

Using the sorghum yield data of all countries where the crop is cultivated, the global average (2001–2020) yield is 2.5 t/ha. Sorghum yield shows high variation across regions and income country groups. While the average yield of sorghum is larger than or comparable to this global average in North America (4.1 t/ha), the Middle East and North Africa (5.7 t/ha), Europe and Central Asia (3.1 t/ha), Latin America and the Caribbean (2.6 t/ha), and East Asia and Pacific (2.5 t/ha), sorghum yield in South Asia (0.9 t/ha) and sub-Saharan Africa (0.9 t/ha) is far below this global average (Figure 4A). Aggregating the data of all countries according to their income levels indicates that compared to high income and upper-middle-income countries, lower middle income and low-income countries exhibit lower yield (Figure 4B). Countries of low-income levels are predominantly located in South Asia and sub-Saharan Africa. The difference in yield between the top 10 countries with the highest and lowest yield is quite large (Figure 4C). This difference in yield plays a key role in limiting the global production of sorghum. While seven out of the top 10 countries in sorghum harvested areas are located in South Asia (India) and sub-Saharan Africa (Niger, Sudan, Mali, Burkina Faso, Nigeria, and Ethiopia), their low yield compared to the other top sorghum producers, i.e., the United States, Mexico, and Brazil (Figure 4D), largely inhibiting boosting the total global production.
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FIGURE 4
 Multi-year (2001–2020) average yield of sorghum: region-wise (A); economy-wise (B); 10 countries with the highest and lowest yield (C); top 10 countries with sorghum harvested area (D); time series of global sorghum production (in million tonnes) and area harvested (in million ha) for 1961-2020 (E); and time series of average yield on a global scale for 1961-2020 (F). Surce of data: FAOSTAT database (FAO, 2022a).


Comparing the historical development of sorghum cultivation globally for three periods (1961–1980, 1981–2000, and 2001–2020) indicates that the noticeable increase in the total global production is mainly attributed to the noticeable increase in yield rather than in harvested area See Figures 4E,F. While the global average yield of sorghum increased from 1.4 t/ha (1961–1980) to 1.8 t/ha (1981–2000) and 2.5 (2001–2020), harvested area exhibited a remarkable decrease from 46.3 million ha to 43.2 million ha and 40.9 million ha for the three periods, respectively.



4.2. Yield gap in sub-Saharan Africa

In sub-Saharan Africa, sorghum is cultivated in 31 countries with a total harvested area of around 24.5 million ha, as an average for 2001–2020. More than 70% of this area (~17.3 million ha) is located in Nigeria, Sudan, Niger, Ethiopia, Mali, and Burkina Faso (Figure 5A). The multi-year average sorghum yield for the 31 sub-Saharan Africa is estimated to be nearly 0.9 t/ha. Our analysis shows differences in sorghum yield in sub-Saharan Africa (Figure 5B). The highest average yield of sorghum among these countries can be found in South Africa and Ethiopia, with an average yield of 2.8 and 2.0 t/ha, respectively. Countries such as Benin, Cameroon, Gambia, Ghana, Guinea, Nigeria, Rwanda, Tanzania, and Uganda show average yields well above 1.0 t/ha. On the other hand, the lowest sorghum yield in this region can be found in Namibia, Angola, Sri Lanka, Zimbabwe, Niger, Tunisia, and Eritrea, with yield magnitudes below 0.5 t/ha. The maximum achieved yield follows the same patterns, emphasizing the prevailing local conditions that inhibit sorghum yield in these countries. The multi-year average of the maximum achieved yield of sub-Saharan Africa is 1.3 t/ha (Figure 5B). The highest maximum yield over the 20 years (2001–2020) was achieved in South Africa (~4.0 t/ha).
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FIGURE 5
 Status of sorghum production in sub-Saharan African countries for the period 2001–2020: multi-year average harvested area (A), multi-year yield average with three yield gaps based on: maximum achieved yield (yield gap 1), global average (yield gap 2), and high-income countries (yield gap 3) (B). Data used in the current analysis are those obtained from the FAOSTAT database (FAO, 2022a).


Our results indicate massive yield gaps (the difference between actual and potential yield) in sorghum cultivated in sub-Saharan Africa (Figure 5B). The average calculated yield gap is nearly 0.4 t/ha, when the maximum achieved yield in considered (Yield gap 1 in Figure 5B). The largest yield gap is noticed in South Africa, Botswana, and Ethiopia, with average yield gaps, equal to 1.2, 1.0, and 0.9 t/ha, respectively. Calculating the yield gap based on the global yield average (2.5 t/ha) and the high-income countries’ average (4.5 t/ha) reveals a much higher regional yield gap in sub-Saharan Africa (around 1.0 and 3.5 t/ha, respectively). These two yield gaps are shown in Figure 5B as yield 2 and 3, respectively.



4.3. Deficit in soil nutrient replenishment

In the current investigation, we noticed a large variation in levels of fertilizer use rates in the studied countries. Using FAOSTAT data on sorghum yield and levels of fertilizer use per cropland area, high-income countries exhibit considerably higher rates of fertilizer used per cropland area compared to low-income countries. The average use rate of nutrient nitrogen (N) per cropland was calculated as follows: East Asia and Pacific = 73.7 kg/ha, Europe and Central Asia = 57.2 kg/ha, Latin America and Caribbeans = 53.5 kg/ha, Middle East and North Africa = 52.2 kg/ha, North America = 54.1 kg/ha, South Asia = 51.6 kg/ha, and sub-Saharan Africa = 5.5 kg/ha (Figure 6A). The difference in use rate of N fertilizers between the high-income and low income countries is remarkable, i.e., 84.7 versus 4.3 kg/ha, respectively (Figure 6B). The low-income countries are mostly located in South Asia and sub-Saharan Africa. Correlating average sorghum yield with the average levels of fertilizer use revealed a positive linear relationship. This is true for all three main fertilizer types based on both regional and economic classifications of countries. Refer to Figures 6C,D for nitrogen (N), Figures 6E,F for phosphate (P2O5), and Figures 6G,H for potash (K2O).
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FIGURE 6
 Relationship between the use rates of three main types of fertilizers and sorghum yield as averages over the period on a region-wise (left panel) and economy-wise (right panel aggregation): average use of fertilizer types per cropland area (A,B); use of nutrient nitrogen (N) and yield (C,D); nutrient phosphate (P2O5) and yield (E,F); nutrient potash (K2O) and yield (G,H). Countries in sub-Saharan Africa and South Asia, which are largely low-income countries, exhibit the lowest levels of fertilizer application and sorghum yield.




4.4. Climate risk

Spatially, there is a large variation in climate regimes under which sorghum is cultivated globally. Generally, the impact of rainfall is positive. However, at some point (nearly above 800 mm), yield seems to be flattened and does not show an increase in response to enhanced rainfall (Figure 7A). On the other hand, high temperatures (~ higher than 30°C) are limiting sorghum yield (Figure 7B). The highest yield is observed in areas where temperature and rainfall are optimum. More specifically, where the seasonal temperature is between 18 and 26°C and seasonal rainfall is around 600 mm. In many countries, sorghum is cultivated under unfavorable conditions (Figure 8A). For plots of individual countries in each region, the reader is referred to the supporting information file (Supplementary Figure S1).

[image: Figure 7]

FIGURE 7
 Plots of climate variables versus sorghum yield: seasonal maximum daily temperature (A) and seasonal rainfall (B). Every point plotted in these graphs represents one year of data in a specific country.


[image: Figure 8]

FIGURE 8
 Identifying countries where sorghum is cultivated under unfavorable climate conditions: region-wise distribution of all sorghum cultivating countries based on the prevailing rainfall and temperature (A); 17 countries with sorghum cultivated under unfavorable climate conditions (B); precipitation versus yield in these 17 countries (C); and temperature versus yield in the same 17 countries (D). Data used for this analysis were derived from FAOSTAT (yield), and CRU TS (rainfall and temperature).


Using the data on temperature and precipitation, we identified 17 countries that are cultivating sorghum under unfavorable climate conditions (Figures 8A,B). These countries are Botswana, Congo DRC, Egypt, Eritrea, Iraq, Mali, Namibia, Niger, Oman, Pakistan, Paraguay, Saudi Arabia, Senegal, Sudan, Tunisia, Uzbekistan, and Venezuela. Eight out of these 17 countries are located in sub-Saharan Africa. Pakistan, Senegal, Sudan, Mali, and Niger are the most vulnerable to the risk of high temperatures among these countries. Especially in countries where sorghum is cultivated under a rainfed system, sorghum seems to be highly controlled by these climate conditions. Most of these 17 countries display low sorghum yield and these countries display noticeable variations in total sorghum production (Table 1). However, there are many exceptions to this observation. For instance, sorghum yield in many countries such as Egypt, Uzbekistan, Paraguay, Saudi Arabia, and Oman exhibit higher magnitudes than in other countries despite being located in hot temperature conditions and receiving negligible amounts of rain.



TABLE 1 Values of variables used for climate risk assessment in the current study for 17 countries identified as cultivating sorghum under unfavorable climate conditions (seasonal rainfall < 600 mm and average temperature > 30°C).
[image: Table1]

Our analysis of the rate use of fertilizers in these 17 countries shows that the use of fertilizer has increased dramatically in many of these countries (Supplementary Figure S2). The multi-year (1961–2019) average use per hectare of Nitrogen (N), Phosphate (P2O5), and Potash (K2O) are, respectively, 41.03 kg/ha, 12.4 kg/ha, and 7.5 kg/ha (Table 1). Egypt shows an outstanding levels of fertilizer use. Oman, Pakistan, Uzbekistan, and Venezuela also show levels of fertilizer use per hectare above the calculated average of the 17 countries, especially for nitrogen (N). Compared to these countries, sub-Saharan African countries use very little fertilizers. For instance, the long-term average use of N in Eritrea, Mali, Namibia, Niger, Senegal, and Sudan does not exceed 8 kg/ha (Table 1). See Supplementary Figure S3 for a visualized representation of fertilizer use, %irrigation, and yield in these 17 countries.

Ranking these countries according to their position in the three climate risk indicators, i.e., exposure, sensitivity, and adaptive capacity, indicates that Paraguay, Sudan, Venezuela, Niger, Pakistan, and Niger are the most highly exposed countries to climate hazards in sorghum cultivation (Figure 9). Sorghum in Oman, Uzbekistan, and Sudan is highly sensitive to climate hazard. Oman and Egypt have relatively the highest adaptive capacity among the 17 countries, reflecting their wide adoption of irrigation and high levels of fertilizers application. Based on these three risk elements, i.e., exposure, sensitivity, and adaptive capacity, sorghum cultivation is exposed to higher climate risk in Paraguay, Niger, Sudan, Mali, and Eritrea. This reflects their high exposure and sensitivity to climate hazard combined with low-medium levels of adaptive capacity.

[image: Figure 9]

FIGURE 9
 Ranking of the identified 17 countries where sorghum cultivation is under climate risk. Climate risk assessment includes three components: exposure, sensitivity, and adaptive capacity. Note: This ranking is only a relative comparison between the countries for visualization and has no absolute terms.





5. Discussion


5.1. Potentials for more sorghum production

The low yield in many countries, especially in sub-Saharan Africa (as shown in Section 4.2) represents a serious challenge not only for food security but also for natural resources (e.g., water and land). However, if addressed properly, it offers an opportunity to attain higher production from the same cultivated area (Khalifa et al., 2020). Our calculations indicate that bridging the yield gap to the average maximum yield achieved in the 31 countries in sub-Saharan Africa (1.3t/ha) has the potential to increase sorghum production in sub-Saharan Africa by 29.5% from the current production level, i.e., from 22.7 to 29.4 million t/ha (Table 2). More than 62% of this potential increase comes from Nigeria, Sudan, and Ethiopia alone. It should be noted that the yield gap estimated using the maximum achieved yield (2001–2020) in each country is a conservative estimate. Taking into consideration that sorghum potential yield in each country can be well higher than these figures, the current global average yield, and that of high-income countries, the potential production (by bridging yield gaps 2, and 3) must be much higher than the potential reported above (Table 2). However, using the approach of maximum achieved yield provides a modest and more realistic approximation of potential yield, assuming that this yield level can be achieved again (Ayyad and Khalifa, 2021).



TABLE 2 Comparison of the potential increase in sorghum production in sub-Saharan Africa by bridging the yield gaps calculated based on three proxies for potential yield: (i) the maximum achieved yield in each sub-Saharan Africa, (ii) the global yield average, and (iii) the average yield of the high-income countries.
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5.2. Major abiotic stresses and tolerance mechanisms

As stated earlier, sorghum can withstand abiotic stresses of extreme climate conditions such as high temperature, moisture deficit, and waterlogging to a certain level. When these stresses exceed specific levels, they can impact the plants severely. For instance, an increase in temperature is likely to have positive impacts in cold regions and negative ones in regions where the temperature optimum window is crossed (Peñuelas et al., 2007). In this section, we discuss the impacts of three main abiotic stressors (Figure 10), namely, (i) heat stress, (ii) drought and moisture deficit, and (iii) excessive rainfall and waterlogging. on sorghum, and the crop tolerance to these stressors.

[image: Figure 10]

FIGURE 10
 Summarized information regarding the three main abiotic stress that affect sorghum: (i) heat stress, (ii) drought and moisture deficit, and (iii) excessive rainfall and waterlogging.



5.2.1. Heat stress

Temperature is an important controlling factor influencing sorghum yield. For instance, it might explain the low yield of sorghum in some countries (e.g., with low temperatures) compared to their relatively high use of fertilizer. Sorghum can tolerate high temperatures better than other crops (Ciais et al., 2005). Several crop characteristics are contributing to this relative tolerance. This includes pollen and pollination process characteristics. According to Tack et al. (2017), the pollination process in sorghum is one of the critical processes that contribute to the higher tolerance of sorghum to heat stress. Self-pollination in sorghum decreases the travel distance of pollens, leading to less exposure to heat. With an abundance production of pollen from sorghum panicles, the pollen likelihood of survival is higher than in other crops. Early-morning release of pollens allows sorghum to avoid higher temperature levels during the day. Other characteristics that are associated with heat tolerance in this crop involve diurnal changes in transpiration rate, changes in seed filling rate and longer seed filling duration, and mechanisms for canopy temperature depression.

Although all these characteristics make sorghum stand out regarding tolerance to heat stress, high temperature that exceeds certain levels might be harmful to crop development (Tack et al., 2017). This heat stress might lead to a considerable reduction in the sorghum yield (Prasad et al., 2015). It has been experimentally demonstrated that a daily temperature between 32 and 33°C is the maximum threshold beyond which sorghum yield is severely affected and begins to drop (Tack et al., 2017; Prasad et al., 2019). The optimum temperature for sorghum development is found to vary for the different crop development stages. It seems that during the vegetative stages, the optimum temperature is between 26 and 34°C (Hammer et al., 1993). The reproductive stages are more sensitive to high temperatures than the vegetative stages (Prasad et al., 2015, 2021), and the optimum temperature for sorghum in these stages is between 25 and 28°C (Prasad et al., 2006, 2008). Therefore, heat stress due to future climate change might have negative impacts on sorghum yield in regions where the temperature is already at or beyond the optimum temperature, mostly in arid and sub-arid regions. In contrast, other regions with sub-optimal temperatures can be pushed towards the optimum temperature range due to climate change, benefiting crop development (De Boeck et al., 2010; Choi and Eltahir, 2023).

Many countries are already at or already crossed the critical temperature threshold (> 30°C), and sorghum cultivation in these countries might be at risk of heat stress as climate change increases the temperature in the future. The countries that are in a critical position in the temperature range include Pakistan and India (South Asia); Niger, Sudan, Mali, Senegal, and Burkina Faso (sub-Saharan Africa); Thailand (East Asia), and Uzbekistan (Central Asia). Climate change might push temperatures in some Latin American and European countries to more favorable conditions, benefiting sorghum yield.

We reviewed multiple articles on the impact of heat stress on sorghum. These studies used different types of climate models and forecasting scenarios (Table 3). In most of the studies, the long-term impact is higher than short- and medium-term climate change. Based on the region and climate model used, these studies predict reductions of up to 41% of the current sorghum yield in the future due to climate change (Table 4). These findings urge the development and adoption of effective adaptation measures to sustain sorghum production in a warming world.



TABLE 3 Example studies investigated the impact of future climate change on sorghum yield using different climate models and scenarios and their main findings.
[image: Table3]



TABLE 4 Examples of previous studies evaluated the impact of drought on sorghum.
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5.2.2. Drought and moisture deficit

Not only does sorghum withstand high temperatures, but it also can tolerate drought and moisture deficit better than other crops (Mastrorilli et al., 1999). It grows well under average seasonal rainfall of 500 mm (Elramlawi et al., 2020; Krishna, 2021). Sorghum developed two important strategies for adaptation to water deficit. The primary way is the tolerance of water availability decrease, while the second mechanism is the escape from water stress due to deep and extensive root formation (Tari et al., 2013). The main drought tolerance mechanisms in sorghum involve osmotic and photosynthesis adjustment (Hsiao, 1973; Boyer and Kramer, 1995; Goche et al., 2020). Morphological and physiological characteristics of sorghum that make it more drought-tolerant than other crops include the dense roots systems (Mayaki et al., 1976), the ability to maintain stomatal opening and photosynthesis at low water availability, plasticity in leaf area, and the associated reduction in canopy synthesis (Blum, 1996), and the ability for osmotic adjustment (Ludlow et al., 1990; Santamaria et al., 1990). High drought tolerance is associated with their high water extraction efficiency from the soil and the characteristics of the crop nodal roots (Salih et al., 1999). A high, constant hydraulic resistance to water flow also might decrease transpiration in sorghum (Zhang and Kirkham, 2000). These adjustments depend on the rate of development of the drought (Blum, 1996) and vary with the species (Turner, 2018) and severity of the stress (Turner and Jones, 1980). According to some studies, late-flowering varieties of sorghum can tolerate water deficit more effectively (Hsiao et al., 1976).

Although sorghum is considered a drought-tolerant crop and can be productive under low-input conditions, moisture stress affects the capability of sorghum’s soil-nutrient uptake and nutrient mobilization and transport (Yu et al., 2015; Sarshad et al., 2021). As stated by Obour et al. (2022), soil moisture deficit, besides low soil nitrogen, are the major factor that controls sorghum productivity and profitability under dryland conditions. This stress is regarded as the most frequent abiotic stress that sorghum faces in its major production areas (Assefa et al., 2010), and it can negatively affect sorghum productivity (Table 4). According to literature, 60% of the land in sub-Saharan Africa where sorghum is commonly grown is considered vulnerable to frequent droughts (Hadebe et al., 2017), and 80% of sorghum cultivated in the United States is grown under non-irrigated conditions, where water is a major limiting factor, which substantially reduces yield (Crasta et al., 1999).

Moisture deficit can occur at almost all the development stages of a crop (Prasad et al., 2021). The effect of temporary water stress on the yield and sensitivity of crops depend on the phenological stage in which it happens (Mastrorilli et al., 1999; Tari et al., 2013). It seems that the vegetative stage, especially seed germination, and early seedling growth phases are more sensitive to this type of stress (Mastrorilli et al., 1999; Prasad et al., 2021). In some field experiments, a moisture deficit in the vegetative stage was found to reduce biomass production by 30% compared to the control (Mastrorilli et al., 1999). Although the reproductive stage of development, especially after or at the ending phases of grain filling, seems to be generally more resistant to water limitation (Sarshad et al., 2021). This is mainly because of lower water requirements at the last crop development stages. However, water shortage at this stage can also reduce crop yield (Younis et al., 2000; Tingting et al., 2010).

Wilting of leaves, reduction in leaf area, bud/flower formation, sink numbers, and overall growth and yield are the main visible symptoms of drought and moisture deficit (Prasad et al., 2021). The most important visible symptoms of water stress in sorghum include slow leaf rolling and leaf yellowing (Orchard and Jessop, 1984).



5.2.3. Excessive rainfall and waterlogging

Waterlogging (also called flood, submergence, soil saturation, anoxia, and hypoxia) is one of the main abiotic stresses that threaten agriculture activities. Over the last decades, the number of waterlogging episodes on croplands has increased worldwide, mainly due to more intense and unpredictable rainfall events associated with climate change (Hirabayashi et al., 2013). In the United States, it represents a major problem for crop cultivation, with approximately 12% of cultivated soils affected by excess moisture (Boyer, 1982). It is estimated that losses in crop production due to flooding were second only to drought in many of the past years in the United States (Bailey-Serres et al., 2012; Li et al., 2019). This phenomenon is expected to increase as a consequence of global climate change, limiting crop production in various parts of the world (Ploschuk et al., 2018). Table 5 summarizes several examples of the impact of waterlogging on sorghum from different countries.



TABLE 5 Examples of previous studies evaluated the impact of waterlogging on sorghum.
[image: Table5]

Because sorghum has a strong resistance to unfavorable conditions, it is usually grown in marginal areas such as low-lying regions and flooded areas with poor drainage (Huang, 2018). This makes it exposed to waterlogging stress. Sorghum withstands temporary waterlogging (Purseglove, 1986; Tari et al., 2013; Quinn et al., 2015; Matsuura et al., 2016), and is relatively more tolerant to waterlogging than other crops such as corn (Müller et al., 2020) and maize (von Haden et al., 2021). However, it shows major differences in cultivar sensitivity to waterlogging (Müller et al., 2020). It is well documented that considerable variation in waterlogging tolerance exists both between and within species (Orchard and Jessop, 1984). For example, sorghum varieties with high root growth may not be suitable for production in flooding-prone areas (Promkhambut et al., 2011). Waterlogging limits the sorghum root extension (Pardales et al., 1991) and severely affects the root function (Zhang et al., 2019). Moreover, it influences oxygen supply, hindering nutrient and water uptake (Ahmed et al., 2012). The change in leaf water could lead to a decline in photosynthetic capabilities (Zhang et al., 2019), which consequently affects crop yield. Visible symptoms of waterlogging in sorghum include reduction in root growth and rise in root death, increase in the number of nodal root axes, late tillering, reduction in leaf area and stem extension, rapid wilting of leaves, and yellowing of mature leaves (Jackson, 1956; Howell et al., 1976; Orchard and Jessop, 1984; Orchard et al., 1986; Pardales et al., 1991; Promkhambut et al., 2011; Zhang et al., 2016; Kadam et al., 2017).

The response of plants to waterlogging is usually considered to be dependent on genotype, environmental conditions, stage of development, and the duration of the waterlogging period (Russell, 1959; Cannell, 1977). The tolerance mechanism in sorghum to waterlogging includes higher seedling emergence rates (von Haden et al., 2021), higher tolerance of seed germination to anoxia, greater propensity for tillering (Al-Ani et al., 1985; Alam et al., 2017), and development of adventitious and nodal roots during waterlogging (Pardales et al., 1991; Matsuura et al., 2005). In addition, sorghum can adapt to waterlogging stress by reducing leaf chlorophyll and changing fluorescence parameters (Zhang et al., 2019). According to Orchard and Jessop (1984), the development stage when excessive moisture stress occurs is more important in determining the impact on sorghum yield than for how long the stress persists. However, the more the duration of the waterlogging event, the more severe the impact on sorghum will be. Although some previous reviews did not find a consistent pattern of plant damage from waterlogging at different stages of crop development (Orchard and Jessop, 1984), it seems that waterlogging stress at the early development stages is more impactful than in the late stages, because it affects plant establishment/emergence of the crop (Promkhambut et al., 2011; von Haden et al., 2021). Howell et al. (1976) found that waterlogging for 12 days reduces sorghum yield by 30, 26, and 0% at the early vegetative growth stage, early boot stage, and after grain heading stage, respectively. The impact of waterlogging on sorghum can be harmful (Zhang et al., 2016).



5.2.4. Synergetic effects between abiotic stresses

Although the effects of the three main abiotic stresses, i.e., heat stress, drought, and waterlogging, are usually studied independently, these stresses are strongly coupled. There are many synergetic effects between them, making their combined effect more detrimental than individual effects (Dreesen et al., 2012). The coupled impacts affect almost all morphological, physiological, and biochemical aspects of crop productivity (Ndlovu et al., 2021). Heat and drought are strongly coupled (Luo, 2007; Luo et al., 2008; Seneviratne et al., 2010) as heat stress often leads to moisture stress (Król, 2013), and drought can occur due to exceptional heat stress and low humidity (Prasad et al., 2021). The severity of the moisture deficit effect appears to be highly dependent on the temperature (Machado and Paulsen, 2001). In semi-arid regions, heat stress often overlaps with drought stress (Zandalinas et al., 2017). Recent research suggested that one of the main channels by which warming temperatures can affect sorghum yields is through its influence on water stress/drought conditions (Lobell et al., 2015). Based on crop modeling, the worst case of reduction in sorghum yield in the future due to climate change occurs when both heat and water stresses are combined (Sultan et al., 2013). Waterlogging is also associated with temperature (Zhang et al., 2019). Waterlogging impact on the crop can be amplified if associated with a rise in the temperature of floodwater (Fausey and McDonald, 1985).




5.3. Strategies to reduce climate risk on sorghum


5.3.1. Adequate use of fertilizers

As shown in our climate risk assessment (Section 4.4), sorghum yield in many counties such as Egypt, Uzbekistan, Paraguay, Saudi Arabia, and Oman exhibit higher magnitudes than in other countries despite being located in hot temperature conditions and receiving negligible amounts of rain. Sorghum is cultivated in these high-yield countries mainly under high rates of fertilizer use (Table 1), which enhance their adaptive capacity and contributed to the improved crop yield. This suggests that adequate use of fertilizer might offset the impact of unfavorable climate conditions.

It is well-documented that sorghum responds positively to fertilizers. Sánchez (2010) argued that without soil replenishment, even the best crop varieties and the most informed policies cannot prevent hunger in Africa. Especially where poor sorghum yield is prevailing, adding adequate quantities of chemical fertilizers and/or organic manures could enhance the crop yield noticeably. A review conducted by Pal et al. (1982) on the response of grain sorghum to inorganic fertilizers concluded that improved varieties and hybrids of sorghum respond to N and P rates up to 150 and 40 kg/ha, respectively. Examples in Africa of positive impacts of using fertilizers on sorghum yield include applications in Ethiopia (Bayu et al., 2006; Sebnie et al., 2020; Temeche et al., 2021), Senegal (Ganyo et al., 2019), and Ghana (Buah et al., 2012). The positive impact of the use of fertilizers extends also to sorghum’s grain quality (Kaufman et al., 2013; Babiker, 2015; Nokerbekova et al., 2018; Astuti et al., 2019), and mitigating some abiotic stresses such as salinity stress (Zamani et al., 2020).

The low use of fertilizers in agriculture can be considered a major obstacle to food security and poverty reduction efforts in sub-Saharan Africa (Koussoubé and Nauges, 2017). This low level of usage can be attributed to many factors, including, fertilizers prices (Cedrez et al., 2020), the financial status of farmers (Khalifa et al., 2020), and the lack of access to credits (Koussoubé and Nauges, 2017). In many regions in sub-Saharan Africa and South Asia, especially under rainfed conditions, farmers are applying no or low levels of inputs (e.g., fertilizers) as a risk-averse strategy in response to the fluctuating and unreliable rainfall (Ali, 2019; Begho et al., 2022). Promoting the use of fertilizers, especially among smallholder farmers, requires an economic optimization of the fertilizer type, quantity, and timing that increase yield with an acceptable profit margin (Kaizzi et al., 2012; Hegano et al., 2016). These conditions differ from case to case, implying different needs for fertilizer types and quantities. For instance, while 46 kg/ha of N in two split doses is recommended for farmers in lowland clay soil in Ethiopia (Temeche et al., 2021), N and P combination of 40:0 and 40:17 kg/ha is recommended for sorghum cultivated in sandy loam in Guinea savanna zone of Ghana (Buah et al., 2012). Mapping soil nutrient deficiency is critical as it enables determining the required fertilizer types and quantities needed for a specific location and a certain crop type. Hence, soil fertility mapping is an essential prerequisite for the effective and sustainable use of fertilizer that aim at improving crop productivity while minimizing the negative impacts of excessive fertilizer use.



5.3.2. Efficient irrigation

Although the effect of fertilizer application is obvious, the magnitude of the positive impact might differ between countries. Some countries with relatively high levels of fertilizer use, though, still exhibit relatively lower (or equal) sorghum yield compared to countries that use comparable amounts of fertilizers. This indicates that other controlling factors such as sorghum varieties, varieties’ tolerance to biotic and abiotic stress, and agronomic practices are also playing roles in determining crop yield. In particular, it seems that low adoption of irrigation and deficiencies in irrigation systems contribute substantially to preserving the low crop yield in these countries. For instance, although Pakistan shows a relatively high level of fertilizer use and high irrigation percentage of agricultural land, its average yield of sorghum is rather low. See Figure S3 in the supplementary information for a visualized representation of fertilizer use, %irrigation, and yield in these 17 countries. This suggests that factors such as water management, and deterioration of irrigation infrastructure are playing a role in suppressing crop yield in this country (Muzammil et al., 2021).



5.3.3. Improved varieties and better agronomic practices

A large body of literature found important differences between sorghum varieties in terms of yield, nutritional content, and tolerance to climate risks (Amare et al., 2015; Ogbaga et al., 2016; Assefa et al., 2020; Tasie and Gebreyes, 2020; Wendmu et al., 2022). Similarly, agronomic practices such as tillage, plant density, and sowing date, among others, are found to widely impact sorghum yield (Conley and Wiebold, 2003; Ajaj et al., 2021; Carcedo et al., 2021; Zander et al., 2021; Gao et al., 2022; Naoura et al., 2023), indicating that adopting best agronomic practices is an indispensable factor for any program that aims to improve crop productivity and build climate resilience.

To conclude, adequate use of fertilizers with reliable and adequate irrigation, supplemented with efficient management, improved varieties, and better agronomic practices, are likely to boost the sorghum yield in regions suffering from low crop yield and minimize the potential impacts of climate change in high-risk countries.





6. Summary and conclusion

Sorghum has a relatively higher tolerance to harsh environmental conditions compared to other crops. However, there are many sources of concern regarding the sustainability of sorghum cultivation under climate change. This includes, among others, the severe reduction in harvested area and yield experienced in some of the largest global sorghum producers and the serious imbalance in sorghum yield between regions and economies. Moreover, the relatively slow rate of improvement in sorghum yield based on the work of breeding programs, and the competition over water and land with biofuel production are other sources of concern regarding sorghum sustainability.

This study provides a comprehensive assessment of the current status of sorghum production, its vulnerability and resilience to climate risk. It consists of four assessments that involve (i) evaluation of sorghum production status and trends, (ii) estimates of yield gap in sub-Saharan Africa, (iii) assessment of deficit in soil nutrient replenishment, and (iv) evaluation of climate risk. The knowledge created in this research provides valuable insights into where and how to interfere in order to enhance the global production of sorghum, and highlights which strategies are most effective to strengthen sorghum resilience to climate change.

The wide yield gap in sub-Saharan Africa is a serious challenge for food security that jeopardize food security in this region. However, it highlights huge hidden opportunities available to boost global sorghum production. Bridging the yield gap to the country-specific maximum achieved yield in 31 sub-Saharan African countries would increase sorghum production from 22.7 to 29.4 million t. The potential production of 29.4 million t from these countries represents more than 50.7% of the current global sorghum production. Given the fact that the potential yield might be much larger than the ones that have been considered in the current investigation, this implies higher potential production to be expected from this region if the yield gap is bridged. Focusing on bridging the sorghum yield gap in countries such as Nigeria, Sudan, and Ethiopia would generate most of this potential increase in production, mainly due to their large harvested areas of sorghum.

The low yield in many sub-Saharan African countries is possibly a direct result of the low use of improved varieties, highly variable rainfall, and the low use of fertilizers (Dembele et al., 2021). Although this low yield is a challenge for food security in these countries, it represents an opportunity to attain higher sorghum production from the same cultivated areas by using a combination of fertilizers, new cultivars, and improved agronomic practices (Sanders et al., 2019).

Despite the relative resilience of sorghum to stresses, this crop can be affected by multiple biotic and abiotic stresses. Among abiotic stresses, heat stress, moisture deficit, and waterlogging might be the most pressing challenges for sorghum cultivation in the future under climate change. Our current investigation identified several countries where sorghum is cultivated under unfavorable climate conditions. Characteristics of these countries helped us to derive some insights on how to increase the resilience of sorghum under climate change. It seems that adequate fertilization and irrigation can play a critical role in improving sorghum tolerance to unfavorable climate conditions. However, better soil fertilization and better management of soil moisture alone may not solve sorghum production challenges. Rather, a combination of strategies that include soil fertility management, efficient water management, improved crop varieties, and better agronomic practices might be more effective. The wide gap between the low-income and the higher income countries in terms of advanced technologies, financial resources, and agricultural practices suggests major efforts by developing countries on technology adoption, policy reform and enforcement need to be carried out to achieve higher crop yield.

For future research, knowledge regarding traits associated with heat, moisture deficit, and waterlogging tolerance needs to be improved (Promkhambut et al., 2011; Zhang et al., 2016; Kadam et al., 2017; Prasad et al., 2021). In addition, investigating the synergies between the three stresses is still limited (Machado and Paulsen, 2001; Dreesen et al., 2012) and needs more investigation.
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Main findings
Climate change will decrease rainy-season sorghum
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Main findings

Sorghum maintains 25% mean emergence rates in areas that experience the most severe waterlogging.

Some waterlogging-tolerant varieties of sorghum produce 16% higher grain yield under waterlogging conditions.
Reducing seed numbers at the initial development stage is the main driver of yield reduction under waterlogging sress.
‘The potential impact of waterlogging in the Vertisols in Ethiopia on crop yield is severe.

‘Waterlogging stress at the early vegetation and early reproductive development stages of sorghum can affect negatively
parameters such as plant height, stem diameter,leaf area,leaf dry weight, shoot dry weight, primary root length, and root

dry weight.
‘Waterlogging can reduce crop yield by 13-20% under medium and heavy events.

Due to flooding of 5.5 days, sorghum yield can be reduced by nearly 57%., and concentrations of the major nutrients N,
K, Ca, Mg, and § were also found to be dropped.

‘Waterlogging reduces crop yield by up to 26-30% depending on the duration of looding.

Root systems are severely restricted under waterlogging conditions.
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Country Main findings
Mastrorillietal. (1999) | Ttaly ‘Water shortage at the early development stage can reduce the biomass production of sorghum by up to 30%.
Santamaria etal. (1990) | Australia The yield of sorghum varieties that have low osmotic adjustment can experience a 32% reduction compared to a 5%

reduction in varieties with high osmotic adjustment.

Manjarrez-Sandoval etal. | Mexico Drought stress causes a considerable reduction in sorghum yield by up to 70-80% when occurring during the maturity

(1989) development stage.

Sarshad et al. 2021) Iran Depending on the varicty, drought stress decreases the crop yield by 28.4-45.3%





