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Abstract: By the end of this century, the average global temperature is predicted to rise due to the
increasing release of greenhouse gases (GHGs) into the atmosphere. This change in climate can
reduce agricultural yields, resulting in food insecurity. However, agricultural activities are one of the
major contributors of GHGs and lower yields can trigger increased activity to meet the demand for
food, resulting in higher quantities of GHGs released into the atmosphere. In this paper, we discuss
the growth requirements and greenhouse gas release potential of staple cereal crops and assess
the impact of climate change on their yields. Potential solutions for minimizing the influence of
climate change on crop productivity are discussed. These include breeding to obtain cereals that are
more tolerant to conditions caused by climate change, increased production of these new cultivars,
improved irrigation, and more effective use of fertilizers. Furthermore, different predictive models
inferred that climate change would reduce production of major cereal crops, except for millets due
to their ability to grow in variable climatic conditions, and in dry areas due to a strong root system.
Moreover, millets are not resource-intensive crops and release fewer greenhouse gases compared to
other cereals. Therefore, in addition to addressing food security, millets have an enormous potential
use for reducing the impact of agriculture on global warming and should be grown on a global scale
as an alternative to major cereals and grains.
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1. Introduction

Cereal grains including wheat, maize, and paddy are considered primary crops as they are staple
foods to most of the population across the globe. By 2050, a 70–100% increase in cereal food supply is
required to feed the predicted world population of 9.8 billion people [1]. Boosting the production rates
is generally accepted as the solution to meet the increasing demand, but historic figures show that
the current production rates are nowhere near what is required to meet the targets [2]. Furthermore,
this problem is further compounded with a drastic reduction in the amount of fertile and arable land
available to grow these crops, which is expected to continue to decrease into the future due to current
agricultural practices [3]. Researchers agree that global climate change can have an impact on the
production yields of crops and is an issue that must be addressed for attaining food security [4,5].
Studies have shown that the earth will be warmer in the future, with the average surface temperature
increasing at a pace of roughly 0.2 ◦C per decade over the next 30 years. Furthermore, estimates show
that global temperatures will increase by 2.5 to 4.5 ◦C by the end of the 21st century as a result of
the rising concentrations of greenhouse gases (GHGS; e.g., CO2 and CH4) in the atmosphere [6,7].
Global warming can reduce the net carbon gain by increasing plant respiration rates, which in turn
would decrease the production yield of crops and could even result in the invasion of weed, pathogens,
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and pests [8,9]. For example, during the cultivation of wheat, an increase in temperature by 1 ◦C could
reduce production yields by 3 to 10% [10]. In a world where population size is soaring and reaching
unsustainable levels, a drastic reduction in agricultural yields of major cereal crops can significantly
hinder ensuring food security.

To resolve this problem, the scientific community must find alternative crops that can be adapted
and cultivated despite the global warming phenomenon. Concurrently, these crops should also
be able to release less greenhouse gases, must be less resource-intensive, and be rich in major
and minor nutrients required for our well-being. Millets are cereal crops that have many of the
desirable attributes mentioned above when compared to other major crops (e.g., wheat, paddy and
maize) [11]. Millets are hardy cereal crops with short growth periods that are roughly between
60–100 days depending on the variety. Millets are drought-tolerant crops that can be grown under
a wide range of weather conditions [12]. Moreover, researchers have shown that millets release less
greenhouse gases, which could be beneficial in reducing the contributions of the agri-food sector to
global warming [11]. In a scenario, where water and food crises are staring at us in the face, millets can
become a major food for achieving the targets of food and nutritional security. Millets as a replacement
are further favored by the fact that, when compared with crops such as maize and paddy, they are
less resource-intensive; i.e., they require significantly lower soil quality, and lower inputs of water and
fertilizers. For example, paddy requires large quantities of water during their growth and drought
conditions can have direct implications on a significant drop in yield [13]. Also, there are several
other possible strategies including breeding, technical progress, and improving fertilizer efficiency to
increase cereal crops production.

While climate change has the potential to influence the cereal yield directly by heat and water
stresses, it can also have an indirect impact by affecting the fertilizer supply, pathogens, and pests [14].
The majority of researchers agree that global warming is irreversible over a short period and requires
global policy change and sustainable agricultural practices for a long period to mitigate and reverse
the environmental damage. The primary objective of this review is to assess the influence of climate
change on the projected yields of major cereal crops. Various solutions have also been presented
along with the promotion of millets for crop diversification, especially in the regions where food
insecurity will be prevalent. However, it is important to note that there are numerous factors that lead
to uncertainity in yield predictions, especially in the regions with poor soil and water conditions.

2. Production Data—Cereal Crops

Table 1 lists the production quantities of various cereal crops around the world and the total
area in which they are planted in 2016. The tabulated data shows that, of the cereals listed in the
table, the largest area of agricultural land dedicated to the production of maize is in the Americas
(Table 1) [15]. Specifically, 70.1 Mha is used to cultivate maize in the Americas, followed by 63.5 Mha
in Asia. Hence, the highest maize production in terms of quantity was in the Americas, accounting
for 52% of the total world production followed by Asia (31%), Europe (11%) and Africa (6%). Asia,
where a majority of the global population resides, accounted for 90.1% of the world’s production of
paddy. Furthermore, Asia produces 47.2% and 43.6% of the world production of millet and wheat,
respectively. In Asia, paddy, millet, and wheat were cultivated on 140.5 Mha, 10.9 Mha, and 100.5 Mha
of agricultural land, respectively. As shown in Table 2, the top five producers of paddy in 2016 were:
China (209.5 MT), India (158.7 MT), Indonesia (77.3 MT), Bangladesh (52.6 MT), and Vietnam (43.4 MT).
However, the yields of paddy production vary widely: the highest was 6.9 t ha−1 in China and the
lowest was 3.7 t ha−1 in India [15].

China was also the largest producer of wheat in 2016, with a total production of 131.7 MT,
followed by India with 93.5 MT. Russia and US also produced significant quantities of wheat with total
productions of 73.3 MT and 62.9 MT, respectively. Canada produced 30.5 Mt with a yield of 3.3 t ha−1.
The wheat yields were also significantly higher in China (5.4 t ha−1) compared to the US, Canada,
and India, whose yields varied between 3 and 3.5 t ha−1. The top producer of maize in 2016 was the US
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(384.8 MT), accounting for 36.3% of the world’s total production, followed by China (231.7 MT), Brazil
(64.1 MT), Argentina (39.8 MT), and Mexico (28.3 MT). The yield of maize was found to be significantly
higher in the US with 11.0 t ha−1 followed by Argentina with 7.4 t ha−1. India is the largest producer
of millet (10.3 MT) followed by Niger (3.9 MT) and China (2.0 MT). Mali and Nigeria produced 1.8 MT
and 1.5 MT, respectively. However, the yields were significantly higher in China at 2.7 t ha−1 followed
by India (1.2 t ha−1).

Table 1. The production and planting area of different crops all over the world in the year of 2016.

Region Maize Area
(Mha)

Maize Yield
(MT)

Paddy Area
(Mha)

Paddy Yield
(MT)

Millet Area
(Mha)

Millet Yield
(MT)

Wheat Area
(Mha)

Wheat Yield
(MT)

Africa 36.6 77.8 12.5 32.5 20.0 13.6 8.9 23.1
Americas 70.1 547.4 6.1 36.0 0.2 0.3 36.9 126.7

Asia 63.5 324.1 140.5 667.9 10.9 13.8 100.4 326.7
Europe 17.7 117.4 0.6 4.2 0.6 0.9 62.5 250.1
Oceania 0.07 0.6 0.03 0.3 0.04 0.03 11.3 22.7
World 187.9 1060.1 159.8 740.9 31.7 28.3 220.1 749.4

(Source: FAOSTAT, 2017).

Table 2. List of largest producing countries of agricultural crops in 2016.

Crop First Yield
(MT) Second Yield

(MT) Third Yield
(MT) Fourth Yield

(MT) Fifth Yield
(MT)

Paddy China 211.1 India 158.8 Indonesia 77.3 Bangladesh 52.6 Vietnam 43.4
Millet India 10.2 Niger 3.9 China 2.0 Mali 1.8 Burkina Faso 1.1
Wheat China 131.7 India 93.5 Russia 73.3 USA 62.8 France 29.5
Maize USA 384.7 China 231.8 Brazil 64.1 Argentina 39.8 Ukraine 28.1

(Source: FAOSTAT, 2017).

The production data shows that China is the largest producer of cereal crops in the world
producing 28.5%, 17.6% and 21.8% of paddy, wheat, and maize respectively. India also produces
significant quantities of cereal crops. It produces 21.4%, 12.6%, and 36.3% of the world’s production of
paddy, wheat, and millets, respectively. These two countries house 36.7% of the world population and
hence must produce a huge quantity of cereals to provide food security to their population. However,
major differences exist between these countries in terms of their yields; China produces cereal grains
at significantly higher rates compared to India. Due to the growing populations in these countries,
the stress on resources like soil and water are increased, leading to the accelerated deterioration of the
environment [16,17].

3. Required Growing Condition of Different Crops

3.1. Paddy

Paddy (Oryza sativa) or rice paddy, is normally grown in water-flooded fields in more than
95 countries and plays a vital role in feeding large sections of the world’s population, especially in
India and China [18]. As shown in Table 3, paddy cultivation needs a significant amount of water,
estimated to be around 500 to 600 mm. The optimal temperature for growth was reported to be
between 22 and 31 ◦C, and requires 5 to 6 h of sunshine per day [13]. Many studies have shown that
climatic conditions (rainfall, irrigation, temperature) can have a significant effect on the yield of crops.
A report showed that the yield of paddy (YLY6) was 8.23 t ha−1 when the ‘continuous flooding method’
was employed [13]. This is higher than when paddy was grown using the alternate ‘wetting and
drying irrigation system’ (7.98 t ha−1), which was adopted in regions having a limited supply of water.
In the continuous flooding system, the amount of irrigation water supplied was 296 mm while rainfall
water on the field was estimated to be 533 mm throughout the growing period. In the ‘wetting and
drying system’, the amount of water supplied by rainfall remained constant, while irrigation water
was reduced to 224 mm.
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As shown in Table 4, the optimal soil pH for paddy growth ranged from 5.0 to 6.5 [19].
Paddy requires 90–120 kg ha−1 of nitrogen (N), 30–40 kg ha−1 of phosphorous (P), and 40–60 kg ha−1

of potassium (K) throughout its cultivation period [20]. In addition to high water and nutrient
requirements, pesticides must be used to reduce crop spoilage, which results in contamination of
surface water by heavy metals, which are discharged into rivers and lakes [21].

3.2. Millet

Millets are one of the major crops traditionally grown for thousands of years for human
consumption in India, China, and Africa, due to its higher nutritive values (high protein content, 11 g
protein/100 g) [22]. Millet species that are commonly cultivated around the world are proso, pearl,
finger, kodo, and foxtail [23]. Millet is a drought-resistant cereal crop with a short growth duration
that varies between 60 to 100 days [24]. Millet crops range from 30 to 100 cm in height and have
a strong rooting system and generally require no fertilizer. Millet is a C4 crop; i.e., it has the capacity
to fix carbon even under high temperatures and low nitrogen conditions due to its low transpiration
rate [24,25]. As shown in Table 3, the optimal growing temperature for millets is 20 to 35 ◦C with
4 to 6 h of sunshine per day. Millet can be grown in sandy, salty, alkaline, and acidic soils; thus,
the optimal pH ranges widely between 4.5 to 8.0 (Table 4). Moreover, the nutrient requirement for
millets is minimal, and a few millet varieties can be grown in soils (sandy loam, slightly acidic soils)
with low fertility [26]. Furthermore, most millets are pest free due to their strong disease resistance
traits, which could be a key to reducing the use of pesticides and the consequent pollution caused by
pesticide use.

3.3. Maize

Maize (Zea mays L.) is a wild grass also known as corn or Indian corn and belongs to the Poaceae
(Gramineae) family. It was domesticated more than 7,000 years ago in Mexico and has spread rapidly
throughout North and South America as a primary crop [27]. In terms of production, maize ranks
third after wheat and paddy [28]. In both developed and developing countries, it is a major crop
for human and animal consumption because it is rich in carbohydrates (76–88%), protein (6–16%),
fat (4–5.7%), and minerals (1.3%) [29]. As shown in Table 3, maize is a warm-season crop and the
optimal temperature requirement is 11 to 30 ◦C with 5 to 6 h of sunshine per day. It requires
nutrient-rich and moist soil with a pH ranging between 5.8 to 7.0 for its cultivation. The rainfall
requirement is 200 to 450 mm during the growing season [30] and the whole growing duration is
90 to 110 days. Application of fertilizer is commonly recommended with 125 to 160 kg N, 55 to
80 kg phosphorous pentoxide (P2O5), and 85 to 110 kg potassium oxide (K2O) per hectare (Table 4).
Maize gives good yield in silt loamy soil and is a C4 plant, like millets, which makes it a considerably
water-efficient crop compared to C3 plants (soybean, wheat). This feature enables maize to be more
temperature resistant and provides the capacity to fix more carbon [29–31].

3.4. Wheat

Wheat (Triticum spp.) is the most widely cultivated cereal crop and is commonly consumed in
many parts of the world. Wheat is classified as either winter wheat or spring wheat, according to the
season during which the crop is grown [32]. The winter wheat sprouts before freezing occurs, then
becomes dormant until the soil warms in the spring. It also requires a few weeks of cold before being
able to flower. Normally, it is sowed in October and November and is ready to be harvested by June and
July. For the spring crop, wheat is usually planted between March and May and should be harvested
between July and September. Spring wheat has a growing cycle of four months, which is considerably
shorter than that for winter wheat. As shown in Table 3, the growing temperature for wheat is −3 to
23 ◦C with a 120 to 180 day growing period, and it requires 4 to 6 h sunshine per day. It can be grown in
sandy loam soils and the optimum soil pH range is from 5.5 to 6.5 (Table 4). The nutrient requirements
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for optimal yields are 70–200 kg ha−1 N, 20–40 kg ha−1 P, and 80–100 kg ha−1 K, which are higher
than that required by maize [15,33,34].

Table 3. The requirements of rainfall, irrigation, temperature, sunshine, and duration of growth for
various cereal crops.

Species Irrigation
(mm)

Temperature
(◦C)

Sunshine
(h/d)

Duration of
Growth (d)

Photosynthesis
Pathway References

Paddy 500–600 22–31 4–6 90–120 C3 [13,15]
Millet 0 20–35 4–5 60–100 C4 [24,25]
Wheat 60–90 −3–23 4–6 120–180 C3 [15,31,32]
Maize 40–50 11–30 6–7 90–110 C4 [15,29]

Table 4. The requirement of soil condition, fertilizer, and pesticide of various crops. mi.

Species Soil pH Soil Type N (kg/ha) P (kg/ha) K (kg/ha) Pesticide References

Paddy 5.0–6.5 flooded field 90–120 30–40 40–60 Yes [19,20]
Millet 4.5–8.0 saline, sandy, clay loams No * No * No * No * [24–26]
Wheat 5.5–6.5 sandy loam 70–200 20–40 80–100 Yes [15,32–34]
Maize 5.8–7.0 warm and silt loams 125–160 55–80 85–110 Yes [29–31]

* Minimal use of fertilizers and pesticides compared to other cereals.

4. Greenhouse Gases from Different Crops

The release of GHG including carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O)
from various crops are not well studied compared to the emission of GHGs from other industrial
sectors (e.g., coal and oil), especially in the developing world [35]. Even the data presented in the
few studies conducted are highly variable due to the variability associated with the agricultural
conditions in any particular region. Recent research has shown that global concentrations of CO2,
N2O, and CH4 are increasing rapidly and currently are 40%, 20%, and 150% of pre-industrial age
levels, with agricultural operations being one of the major contributors to this phenomenon. Due to
the greenhouse gas effect, the increase in GHG levels can have a substantial impact on temperatures
and consequently on climatic conditions [11,36–38].

Global warming potential (GWP) is an estimate to assess the total amount of heat that can be
trapped in the atmosphere due to GHGs. It is defined by the Intergovernmental Panel on Climate
Change (IPCC) as “the radiative forcing following a pulse emission of a unit mass of a given greenhouse
gas in the present day atmosphere integrated over a chosen time horizon, relative to that of carbon
dioxide” [39]. The assessment of the potential is made either based on a 20- or 100-year duration and
generally it is assumed that the longer the gas is present in the atmosphere, the lower is its potency
(can have exceptions Ex: Sulfur hexafluoride) [40]. Simply, if a GHG has a higher thermal absorption
rate and takes longer to degrade, it has a higher GWP.

The GWP of various cereal crops like rice, wheat, maize and millets have been calculated which
are reported in Table 5. Multiple studies including life cycle analyses have been conducted in different
parts of the world to assess the GWPs based on the regional data. The GWPs can vary widely based on
agricultural practices, availability of irrigation systems, fertilizer applications, availability and mode of
transportation as all these factors play a role in GHGs released into the atmosphere (Table 5) [11,41–49].
Carbon equivalent emission (CEE) is just a measure of total carbon equivalents calculated based on the
GWP (which is the CO2 equivalents). CEE is obtained by using the following equation.

EE = GWP × atomic weight o f carbon
Molecular weight o f CO2

= GWP × 12
44

(1)

Various researchers have evaluated the GWP of three major cereals rice, wheat, and maize in
multiple parts of the world and reported that it can vary widely based on the aforementioned factors.
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The GWP for these cereals was found to reach 17,000–19,000 kg CO2 eq. ha−1. However, comprehensive
data on the GWP of other, cereals like millets and sorghum, are missing. Jain et al., was the first to
evaluate the GWP of millet along with other major cereals [11]. It must be noted that the cerelas crops
in this study were fertilized. The mean available N, P, and K in the plot used for rice cultivation is
reported to be 9.62 kg ha−1, 17 kg ha−1, and 335 kg ha−1, whereas in the plots used for other cereal
crops they were 17.7 kg ha−1, 15.6 kg ha−1, and 312 kg ha−1, respectively. In this study, the mean GWP
and CEE for the five cereal crops was estimated to be 3598 kg CO2 eq. ha−1 and 977 kg C ha−1 [11].
Wheat showed the highest GWP with 3968 kg CO2 eq. ha−1, followed by maize (3427 kg CO2 eq. ha−1)
and rice (3401 kg CO2 eq. ha−1). Millets have the lowest GWP with 3218 kg CO2 eq. ha−1 for pearl
millet (a minor millet) and 3358 kg CO2 eq. ha−1 for sorghum (a major millet). The CEE of different
crops have showed that millets have the lowest carbon emissions (878 kg C ha−1), followed by sorghum
with 916 kg C ha−1. The highest carbon emission was released by wheat (1042 kg C ha−1). Hence,
to reduce greenhouse emissions from agricultural activity, cultivating millets will be a better option,
which in turn could be beneficial in reducing global warming. Furthermore, a comprehensive life cycle
analysis must be performed on millets to confirm the lower GWPs when transportation and other
factors are also included.

Table 5. Seasonal flux of global warming potential and carbon equivalent emission from soil under
different crops ([11,41–49]).

Crop Global Warming Potential
(Kg CO2 eq. ha−1)

Carbon Equivalent Emission
(kg C ha−1)

Rice 2890–17,000 956–4600
Millet 3218 878
Wheat 2000–18,000 545–4900
Maize 3427–17,600 935–4800

Sorghum 3358 916
Rice-Wheat * 7137–18,000 2000–4900

Wheat-Maize * 12,880–18,850 3512–5100

* values presented are for the cropping system (2 seasons).

5. Climate Change Impact on Crops Yield and Food Security

5.1. Paddy

Many studies showed that growing conditions (e.g., irrigation, temperature, fertilizer supply)
play a vital role in the final yield of paddy. The study reported that the yields of paddy (Xiushui 134)
under an alternate wetting and drying irrigation system were reduced significantly when compared to
yields using continuous flooding irrigation [50]. The same study also evaluated the controlled release
of nitrogen fertilizer under the alternate wetting and drying (AWD) irrigation system. In the wetting
and drying method, the supply of irrigation water was decreased by 28% and 42% in the two years
of experimentations compared to the flooding method. Despite the lower consumption, this method
performed better with higher paddy yield and plant biomass such as root, shoot, and panicle.
Specifically, AWD irrigation increased the grain yield by 5.7–6.6% in the two years of experimentation.
Paddy yields in fields fertilized with conventional urea at 240 kg N ha−1, controlled-release bulk
blending fertilizer at 240 kg N ha−1 and polymer-coated urea at 240 kg N ha−1, increased by 62 to
72%, 56 to 67%, and 80 to 93%, respectively, with the alternate wetting and drying irrigation system.
This irrigation system was also tested in other countries growing paddy like India and the Philippines,
which confirmed the water conservation potential of the AWD irrigation system without compromising
on the yields [50]. Carrijo et al., recently found that mild-AWD can conserve water by 23.4% compared
to the continuous flooding methods without a considerable loss in the yields [51]. However, if the
rice crop undergoes a severe AWD (soils are dried significantly) the loss in the final yield was over
20% compared to the continuous flooding method [51]. Similarly, a study reported that alternate
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wetting and drying irrigation showed a higher paddy yield (8516–8346 kg ha−1) in two years of
experimentation as compared to controlled irrigation treatments (6532–7868 kg ha−1) [52].

Furthermore, various researchers have shown that global warming can have a negative impact on
the yields of paddy produced around the world. Over the past century, the average global temperatures
have increased by 0.5 to 0.6 ◦C [53]. The increase in temperature has resulted in increased respiration
in the plant and a subsequent increase in carbon metabolism and a decrease in the yield of paddy [54].
The higher temperatures can also cause the flowers of the paddy to become sterile, disrupting the
reproduction process. Recently, the International Food Policy Research Institute (IFPRI) reported that
climate change could reduce the paddy yield by 10 to 15%, which can result in a rise in market price
by 32 to 37% [55,56]. Using historic data from 1999 to 2007, the ORYZA 2000 model predicted for
Malaysia that a 2 ◦C temperature increase could reduce paddy yields by 0.36 t ha−1, which would
result in a huge economic loss [57]. Matthews et al., simulated the impact of increased atmospheric
carbon dioxide on the productivity of rice in various parts of Asia and found that on average the yields
will go down by 4% [58]. Though, there are areas where the yields would rise due to the increased
global temperatures (especially in regions with cooler climate) leading to double-cropping, this would
not be sufficient to compensate for the overall loss in yields in various parts of Asia, which grows the
majority of rice in the world [58]. The study suggested using shorter-maturing varieties with shorter
ripening periods to maintain the yields.

There are numerous studies that suggest that global warming will increase the yield of rice
from 2.9–34% depending on highly optimistic scenarios primarily due to warming in the night and
production moving to areas that have a cooler climate now that would heat up as a result of climate
change in the 2050s and 2080s [59–61]. However, these studies do not necessarily consider the
socio-economic consequences in the regions that are currently growing rice and available strategies
for these farmers to cope with the loss of rice production. Furthermore, despite a slight increase in
production, various studies agree that in the long-run the yields will fall drastically as the global
temperature increases by the end of the century [58,62,63]. If no effective strategies to tackle reduced
yields are implemented soon, global warming will cause a shortage of food, thereby resulting in food
insecurity for future generations.

5.2. Millet

Millet crops have a deep-rooted system that is beneficial and can utilize the residual nitrogen,
phosphorus, and potassium in the soil. Hence, this deep-root system does not require a high quantity
of fertilizer in comparison with other crops. Pearl millet (Pennisetum glaucum) accounts for more than
50% of the global millet production [64]. Compared to traditional cereal crops, pearl millet requires
lower amounts of resources for its growth and can grow in adverse conditions (e.g., water and fertilizer
shortage) due to its physiological characteristics [24,65]. In one field study, four pearl millet genotypes
(2304, LHB08, 606A1*2304, and 707A1*4280) were grown using four different quantities of nitrogen: 0,
40, 80, and 120 kg ha−1 [66]. The results from this study showed that the application of N fertilizer in
varying quantities does not have any significant effect on the head length, plant (dry) weight, and the
final yield of pearl millet. However, another study reported that significant differences were found in
the dry forage yields of pearl millet treated with different levels of N fertilization during the growth
period (0–300 kg ha−1) [67]. These discrepancies in the data reported warrants further investigation
into how the application of N fertilizers would impact the millet yields.

Moreover, millet is one of the most drought-resistant crops due to its strong root system,
which allows them to grow in areas that experience frequent periods of dry weather [68]. Many studies
showed that the yield of millets in dry areas increased with the increasing temperature. A study
reported an average annual increment of 30 kg ha−1 to 121 kg ha−1 in the yields of millet as the
temperature rose in three different cities in China (Xifeng, Anding, and Ganzhou). They recommend
the expansion of millet plantations in the province due to the rising temperature [69]. Furthermore,
a study simulated the impact of temperature change on the yield of millet through a modified
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CSM-CERES-Pearl millet simulation model [64]. The results found that the millet yield increased
by 6% after drought (lower limit of soil water availability) and 8% after heat simulation (increased
from 27 ◦C to 29 ◦C). Drought and heat tolerance together showed an increase in millet yield which
amounts to 14% under climate change. Furthermore, millets also possess the ability to grow in hilly
terrain and mountainous regions where cultivation of other cereals is difficult [70]. This shows that
millets possess the potential to be a vital crop that could grow with limited nitrogen input in drought,
high-temperature and hilly regions around the world. This is one crop that clearly has the potential
to reduce the carbon footprint as it has the least global warming potential, and at the same time
is resistant to the global warming effects such as increased frequency in droughts and increased
average temperatures.

5.3. Maize

Modeling of crop yields indicates that the maize yield in Malawi will decrease 14% by mid-century,
and 33% by the century’s end because of climate change [71]. Similarly, in the northeast region of
China, global warming modeling forecasted that the extreme temperature increase (where temperature
increases by 1.32 ◦C) would lead to a decrease in maize production by ~35% in 2030 as compared
to productivity in 2008 [72]. In the United States, global warming has resulted in an average 2.5%
decrease in maize yield in the period from 1970 to 1999, and precipitation modeling reported that by
the 2050s, corn yields are projected to decrease further by 20 to 50% depending on the current emission
scenarios [73]. Water supply is also a vital factor for maize production. Studies revealed that from 1999
to 2002, the average yield of maize grown under irrigation (12.44 t ha−1) was 16.5% higher than when
cultivated under non-irrigated condition (10.68 t ha−1) [74]. The yields of maize grown under two
irrigation systems, raised bed and drip irrigation systems, were compared [75]. The results showed that
compared to the drip irrigation system, the raised bed irrigation system was beneficial for increasing
the plant height, biological yield, and grain yield by 1%, 5%, and 21%, respectively. Researchers
have also evaluated the changes in the maize yields in Africa with a 2 ◦C raise in temperature and
a 20% reduction in the precipitation. They reported that the yields reduced by about 10% under these
conditions [76]. Lobell et al., further used the historical data in understanding the role of moisture
on the final yields of maize. They reported that a loss of 1% and 1.7% was observed in the final yield
of maize for each day the crop spends at a temperature over 30 ◦C under rain-fed conditions and
drought conditions. They showed that moisture plays a vital role in maize’s ability to cope with the
high temperatures that will be caused due to global warming [77]. A comprehensive study on changes
in maize productivity was published in 2014 in which the yield sensitivity was investigated based
on temperature and atmospheric CO2. A total of 23 models were tested in four locations (France,
USA, Brazil, and Tanzania) in four different continents. The results showed a strong correlation
between the temperature and yields, where the yields reduced by about 0.5 t ha−1 per 1 ◦C raise in
temperature. However, the study showed that the yields increased slightly (with large uncertainty)
when the atmospheric CO2 levels doubled from 360 ppm to 720 ppm. The study concluded that if
innovative management techniques are not implemented to control the increasing temperature, drastic
yield loses in maize are possible in various parts of the world. Furthermore, these losses cannot be
counteracted by the projected raise in yields due to the raise in atmospheric CO2 [78].

Nitrogen plays a major role in the cultivating stages of maize, directly influencing plant height,
grain yield, and kernel quality. A high yielding cultivar of maize (BH 661) was fertilized with five
different levels of nitrogen: 0, 23, 46, 69, and 92 kg N ha−1 [29]. The results showed that the number
of leaves per plant, plant height, ear length, kernel quality, number of rows per ear, and grain yield
increased with increasing rates of nitrogen fertilization. The number of kernels per ear and ear length
were highest with 92 kg N ha−1 compared to the control group and other treatments. In a similar study,
maize cultivar BH-660 was cultivated using five levels of Nitrogen (0, 46, 92, 138, and 184 kg ha−1) and
five levels of Phosphorus (0, 23, 46, 69, and 92 kg ha−1) [79]. The results showed that the combination
of Nitrogen and Phosphorus significantly increased the grain production and biomass yield of maize.
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The highest grain (5497.5 kg ha−1) and biomass yields (16,521 kg ha−1) were recorded when the
maximum level of N/P (184/92 kg ha−1) was applied to the crop.

5.4. Wheat

Global climate changes and extreme weather events will have a huge impact on the production
of wheat, one of the most widely consumed cereals. In France, winter wheat yields were analyzed
using a modelling approach based on historical yield and gridded weather data available from 1950 to
2015. The model predicted that due to climate change, the wheat yield would be reduced by 3.5 to
12.9% in the medium term from 2037–2065, and it further predicted that winter wheat productions
would decrease by 14.6 to 17.2% by the end of the century [80]. In China, researchers reported that
wheat production rates would be reduced by 3 to 10% due to a 1 ◦C increase in temperature during the
growing period based on the historical data between 1970–2000. The same study also reported that
the increase in temperature over the last two decades would have resulted in the yields dropping by
4.5%, if not for the increased use of resources (like irrigation, fertilizers etc.,) in growing the crops [10].
Experimental observations on wheat yields between 1981–2009 across China showed a wide variation
in the productivity of wheat in different climactic regions. They found that the wheat yields in Northern
China rose by 1–13% while a reduction of 1% to 10% was observed in Southern China [81]. In Turkey,
a wheat yield prediction model with a long term forecast to 2100 was used to estimate yields based
on regional panel data (NUTS2), and the results showed that the wheat production would decline by
8% to 23% by the end of 2100 [82]. These models predicted that as the temperature increased on the
earth’s surface, the soil would become drier leading to lower yields. This could drive up the price of
wheat on the markets as it is the main ingredient in many food products around the world.

Water is one of the most important factors for proper growth, balanced development, and high
yields of wheat. Two cultivars of winter wheat (Baviaans and 14SAWYT306) were cultivated with three
irrigation durations or schedules with the control case having no irrigation. The three schedules were
irrigation up to development of the stem extension, irrigation from stem extension up to physiological
maturity, and irrigation throughout the growth of the crop [32]. The results showed that irrigation
treatments significantly increased grain yield compared to no irrigation treatment for both cultivars.
Compared with no irrigation, irrigation throughout the growth period increased the number of tillers,
number of grains per spike, grain yield, harvest index, and grain protein by 20.58%, 26.07%, 42.72%,
16.71%, and 3.31%, respectively.

6. Food Security

Food security is comprised of food availability, food accessibility, food utilization, and food
systems stability [83]. Climate change is a potential threat to food security as it is capable of decreasing
crop yields, and intensifying competition over scarce resources. As shown in Figure 1, more and more
countries are facing food insecurity as the climate is changing. It was predicted that by the end of
2017, Mongolia, Mauritania, Niger, Chad, Somalia, and Namibia would be facing a high level of food
insecurity (Figure 1A), which appears to have been true. According to the World Food Programme,
countries such as India, Zambia, Myanmar, Egypt, and Botswana will join the list of countries facing
adverse food insecurity issues by the end of the 2050s (Figure 1B). Furthermore, by the end of the
2080s, most of the African and Asian countries will be facing a high level of food insecurity due to
increasing temperatures and depleting resources (Figure 1C) [83].
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6.1. Food Availability and Accessibility

Food availability refers to the total amount of food having an acceptable quality available for
consumption either through domestic production or through importation. This is one of the primary
factors for evaluating food security [83]. Currently, climate change has a negative influence on food
security as various predictions indicate a significant decrease in the productivity of different crops [84].
Many studies found that climate change can reduce the yield of wheat by 3.5 to 12.9% [80], of maize
by 34.6 to 35.4% [72], and of paddy by 10 to 15% [55,56]. Also, the global growth rate of the human
population is estimated to be 1.1% per year and the total population is anticipated to grow from
7.6 billion in 2017 to 9.8 billion by 2050 [1]. The decrease of crop yield due to global warming will make
it difficult to feed this rapid explosion in population, which can lead to extremely scarce availability of
food in the future, thereby jeopardizing food security and safety.

Food accessibility refers to the ability of individuals, communities and countries to purchase
quality food in sufficient quantities. Many factors affect the food accessibility such as food price,
educational background, and property rights [83]. Recent research reported that the negative effect
of climate change on food production resulted in increases in food prices by as much as 20% [85].
Various predictions have shown that by the end of the 2050s, the market prices of corn will rise by 42 to
131% due to the predicted increase in global warming and population growth. The market prices of rice
are predicted to rise, between 11% to 78%, due to yield reduction caused by climate change [55,86,87].

6.2. Food Utilization and Food Systems Stability

Food utilization refers to the capacity of an individual or a household to consume and benefit from
food [88]. The utilization component of food security is generally related to the nutritional aspects of the
food consumed. If food sources are not able to provide a balanced and nutritious diet, the implications
on the health and productivity of the population could be significant. Many studies stated that climate
change reduced the food quality including their nutritional value. A report found that the proportion of
total soluble sugars and starch present in soybean decreased because of an increase in the temperature
from 28/18 ◦C to 44/34 ◦C (day/night) during cultivation [89]. In the case of wheat, a 2 to 4 ◦C increase
can influence the starch content, granular size and gelatinization of the grain [90]. On the other hand,
climate change can also lead to mutation and development of new pests, pathogens, and weeds which
could affect the food chain, human health, crop yield, and quality [91].

The term ‘food systems’ deals with nutrition, human health, community, economic development
and agriculture. Generally, it includes growing, harvesting, processing, packaging, transporting,
marketing, consumption, and disposal of food [92]. Global warming and the current trend of climate
change have the potential to push our food systems to the brink of becoming unsustainable by
increasing food price [86]. For poor people, especially in developing countries, food security can be
easily affected by fluctuations in price because a considerable proportion of their income is spent on
foods. Maintaining the stability of food systems is challenging, especially in the context of global
warming and climate change [93].

7. Potential Strategies to Increase Cereal Crops Production

Climate change has the potential to influence the cereal yield directly by heat and water stresses
but can also indirectly impact the fertilizer supply, diseases, and pests [14]. Researchers agree that
global warming, due to release of carbon dioxide, is an irreversible trend over a period of hundreds of
years and can have long-term implications on the planet [94]. For now, improving the yields of various
cereal crops and reducing global food losses are essential to keeping pace with population growth and
to mitigate the influence of climate change. Possible technical solutions for achieving improved crop
yields and countering the effects of climate change are briefly discussed below.
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7.1. Breeding

The average temperatures around the globe are estimated to increase by 2.5–4.5 ◦C by the end of
this century [6,7]. The maintenance of an appropriate temperature during the growth period is vital
for cereal crops in different stages of cultivation since most of the cereal crops are highly sensitive to
environmental and climatic variations. For example, high temperatures can reduce pollen viability
and result in reduced kernel numbers and ultimately the yield during the heading and flowering
periods [95].

Traditionally, breeding is used to improve the yield of crops rather than their tolerance to high
temperatures. However, there is an increasing need to breed new varieties of crops that can withstand
extreme weather events and increasing annual temperatures with stable production rates [96]. Studies
have been carried out on exploiting and extending the existing genetic variability to develop new
heat-tolerant and high-yielding crop genotypes. For example, new varieties of cowpeas have been
developed that have higher average grain yields when grown under high temperatures. This was
an improvement from the traditional variety of cowpea whose yield reduced drastically when the
night-temperature rose above 20 ◦C [97]. Also, a recurrent selection method using ancestor T. tauschii
as a gene donor, has been successfully used to increase grain filling and produce larger grains in BC1F6
wheat plants [98]. Furthermore, a gene related to heat tolerance present in potatoes was selected
through three-cycle recurrent selection breeding, which led to an increase of up to 37.8% in yield.
The breeding technique in this case was used to develop varieties that can give better production
rates in tropical climate using potato varieties native to Europe [99]. In other studies, over-expression
of glycerol-3-phosphate acyltransferase was found to result in increased saturation of the thylakoid
membrane lipids in transgenic tobacco plants. These plants showed faster recovery rates after heat
stress compared to wild plants [100]. This showed that glycerol-3-phosphate acyltransferase plays
a major role in improving the heat resistance of plants. It is possible to also achieve over-expression of
enzymes related to glycerol-3-phosphate acyltransferase at higher levels in cereal crops (e.g., wheat,
maize, paddy) through molecular breeding, which can possiby increase the heat tolerance.

7.2. Irrigation and Fertilizer Efficiency

Application of water and fertilizer plays a vital role in determining the yields of various crops
during different stages of cultivation. The yield of crops increased only within a certain range of
increase in water and fertilizer application. However, some developing countries (e.g., China, India,
Algeria, Egypt, Iran, Mexico, and Pakistan) are facing issues with water scarcity due to climate change,
population explosion, excessive agricultural activities, and industry usage [101]. For example, in China,
the wetlands have shrunk by 9%, namely 340,000 square kilometers since 2003 [102]. Thus, improving
the irrigation efficiency must be considered a priority as part of a strategy for the development of
sustainable agriculture practices and increasing production of various crops. The International Food
Policy Research Institute (IFPRI) reported that increasing the irrigation efficiency could increase the
crop yields by 21% [55,103]. An evaluation of the efficiency of water use in California for different
cultivation techniques [104] reported that efficiency of water use was 60 to 85% in surface irrigation,
70 to 90% for sprinkler irrigation, and 88 to 90% for drip irrigation. Thus using a drip irrigation system
could effectively control water usage and help improve yields and reduce the quantity of water usage
by more than 50% [105].

Furthermore, the use of fertilizer is another vital factor that directly impacts crop production.
Over the past few decades, an estimated 30–60% increase in crop production was because of the use
of fertilizers [105]. Currently, the usage of fertilizer is increasing in both developed and developing
countries. Food and Agriculture Organization (FAO) reported that fertilizer application reached
186,900,000 tonnes in 2014, up by 2.0% compared to 2013. World demand for fertilizers is estimated
to be growing at 1.8% per annum from 2014 to 2018. However, long-term excessive application of
fertilizers has been shown to have a negative effect on the soil and on the quality of cereal crop.
Several studies have shown that over-fertilization can lead to soil acidification [15,106]. Furthermore,
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nitrogen leaching and ammonia volatilization also contribute to environmental issues in areas where
urea and nitrogen-fertilizers are applied. Similarly, a study reported that the soil pH declined to
4.3 after 13-years of production in Shouguang and Shandong provinces in China, which potentially
can lead to reduced crop yields and quality [107]. Therefore, an emphasis has to be placed on using
fertilizers at appropriate levels, which can save resources and avoid environmental pollution.

7.3. Increasing the Cultivation Area of Tolerant Cereal Crops

The aforementioned millets, and especially pearl millet, are considered to be the most drought-tolerant
among the major cereal grain crops (e.g., wheat, maize, paddy). As studies have shown, the cultivation
of rice will move to the regions that are warming-up (traditionally temperate zones) as global
temperatures increase in Asian countries like China, and India. To compensate for the loss of the
rice crop, Millets could be grown in the resulting drylands as a result of their strong root system,
which helps them to tolerate water stresses [68]. Moreover, millets need little to no fertilizers. Millet is
a C4 crop, meaning it has the ability to fix carbon at a lower transpiration rate compared to other cereal
crops [24]. Millets can adapt to various soil environments (sandy, acidic and alkaline soils, and acidic
soils) with a wide range of soil pH between 4.5 to 8.0 [26]. Apart from the ability to fix carbon, research
has showed that the C4 crops (including maize) have various other advantages. Firstly, reports have
shown that the projected rate of yield decline in C4 crops is much smaller compared to C3 crops like
rice and wheat. This is primarily due ot their tolerance towards low moisture atmosphere. The water
use efficiency is 150–400% higher in C4 crops compared to C3 crops [108,109]. Secondly, C4 crops
have a lower photo-respiration under increased CO2 and temperature in the atmosphere, which are
predicted to be the result of global warming [109]. Some modeling studies have suggested that by
using improved and water-efficient irrigation technologies in the future, the yields of C4 crops can be
increased by up to 38% under the predicted climatic conditions in few areas, whereas the yields of C3
crops will have no significant change [109,110].

Though there are various C4 crops, millets are more environment-friendly because they release less
greenhouse gases when compared to other cereal crops and climate change effects appear to have less
influence on millet yields. Sorghum is another drought-tolerant crop, which is mostly attributed to its
dense and prolific root system, ability to maintain relatively high levels of stomatal conductance,
maintenance of internal tissue water potential through osmotic adjustment, and phenological
plasticity [111]. Furthermore, millet is already grown in the various tropical countries of Asia, Africa,
and to a lesser extent South America (Figure 1). Hence, by educating the local growers, introducing
policy changes and technological interventions to reduce the work-load on farmers could ultimately
increase the production of millets in these areas. It is pertinent to concentrate in these regions as the
majority of the world population now lives in tropical climates where climate change can directly
impact the crop yields, production rates, hydrological balance, temperature, and soil quality [112,113].
Thus, increasing the area of land used to grow tolerant cereal crops (e.g., millet and sorghum) is a vital
strategy for reducing the influence of climate change, issues of water shortage, and food security.

8. Conclusions

This review summarizes the growing requirements of different cereal crops and influences of
climate change on the yields of various cereal crops around the world. Breeding and irrigation
techniques were presented as solutions to address these issues and challenges caused by global
warming. Climate change and especially the increase in ambient temperatures will reduce the yields
of major cereal crops. Hence, to achieve our goals of food security, we need to emphasize the use
and production of food crops that can withstand the on-going changes to the climate to replace or be
an alternative to the current major cereal crops, especially in the arid and semi-arid regions around the
globe that are at a greater risk of food insecurity. Millet is one such crop that is tolerant to increasing
temperatures and has the ability to grow in subpar quality soils. Furthermore, millet production can
help to mitigate climate change since it emits less greenhouse gases than other cereal crops, and has
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less environmental impact since it requires little or no input of fertilizer and water while growing
on marginal land. Therefore, efforts should be made to encourage farmers to grow these crops and
to increase their market value, especially in developing countries. Researchers and growers should
develop diversification stratergies based on local conditions. This should be part of the strategy for
achieving food security within the context of climate change and a rapidly increasing population.
Furthermore, it has to be noted that an holistic approach is required in tackling food insecurity issue as
there is no single solution that can solve the issue.
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