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Abstract: Global food insecurity is becoming more severe under the threat of rising global carbon
dioxide concentrations, increasing population, and shrinking farmlands and their degeneration. We
acquired the ISI Web of Science platform for over 31 years (1988–2018) to review the research on
how climate change impacts global food security, and then performed cluster analysis and research
hotspot analysis with VosViewer software. We found there were two drawbacks that exist in the
current research. Firstly, current field research data were defective because they were collected from
various facilities and were hard to integrate. The other drawback is the representativeness of field
research site selection as most studies were carried out in developed countries and very few in
developing countries. Therefore, more attention should be paid to developing countries, especially
some African and Asian countries. At the same time, new modified mathematical models should be
utilized to process and integrate the data from various facilities and regions. Finally, we suggested
that governments and organizations across the world should be united to wrestle with the impact of
climate change on food security.

Keywords: climate change; food security; global; regions; facility

1. Introduction

The Food and Agriculture Organization (FAO) of the United Nations Organization
(UNO) has defined food security as “when all people have physical and economic access
to sufficient, safe and nutritious food to meet their dietary needs and food preferences for
an active and healthy life at all time” [1].

Based on this definition, the current global food security situation cannot be considered
to be optimistic. The world population will increase to 9.1 billion in 2050 [1] whereas a 36%
or even higher increase in crop production (about 1.0 billion tons) is needed to maintain the
global average food consumption at the current level [2]. However, the global cultivated
farmland area has been continuously declining from 0.415 hectares (ha) per capita in
1961 to 0.207 ha in 2017 because of a rapidly increasing population, urbanization, and
farmland degeneration globally [3–5]. Worse still, although the proportion of the world’s
undernourished population has declined from an estimated 980 million in 1990–1992 to
about 850 million in 2010–2012, nearly 30% of the world’s population (approximately 2
billion people out of the global population of over 7 billion) should be considered to be in
the “food insecure” status in the strict sense because they fall short in one or more of FAO’s
dimensions of food security [6,7]. The world’s population has increased by 60% whereas
crop yields are reaching a plateau. In recent years, a few crises have occurred, notably in
2007–2008 and 2010–2011, which have affected food security worldwide [8].

Climate change also threatens food security [9,10]. The atmospheric carbon dioxide
(CO2) concentration has been rising from 280 ppm in the Industrial Revolution era to
408 ppm in 2018 and is predicted to increase to 936 ppm in 2100 [11,12]. The enhancement
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of CO2 concentration has resulted in a 0.76 ◦C increase in global surface temperature since
the Industrial Revolution, with a 0.13 ◦C of decadal increment since 1950 [4]. Such a rapid
CO2 increase will lead to a 1.4 ◦C–5.8 ◦C increase in the global surface temperature in
2100 [5,9]. The elevated CO2 concentration could affect food security directly via changes
in air temperature, precipitation, pest attacks, disease outbreaks, and so on [10,11,13,14].
A previous study estimated that the yield of maize, rice, and wheat has declined between
2.5% and 3.8% globally in the last three decades because of climate change, and most of
this decline has occurred in arid and semi-arid regions [15]. Some others have forecasted
that the negative impacts of climate change on crop productivity would be more severe
under more intense warming scenarios, with a median yield loss near 15% in the most
intense warming scenarios [16]. Moreover, the quality of agricultural products, for example,
protein content, would likely decrease and susceptibility to insect pests increase under
increased CO2 fertilization [17,18]. As a result, against the background of global warming,
the derived precipitation changes, pest and disease outbreaks, and increasing population
would aggravate global food insecurity [7,15,19].

At the intercontinental level, with a total population of 5 billion (75% of the world’s
population), Asia and Africa were the only two continents where per capita food production
was lower than the world average (FAO statistical database; Figures 1 and 2D). Based on
medium-variant projection, the Asian population in 2050 will be under control or even
decline whereas the population of Africa is very likely to increase, perhaps approach, or
even exceed the population of Asia [20,21]. Food security is therefore under growing
threat because of low modernization of agriculture, inappropriate cropping systems, and
a large population in many countries of these two continents [22]. In addition, under the
potential threat of climate change and regional wars, African food security is in a perilous
condition [23]. For example, in some regions of northern, eastern, and southern Africa, the
average temperature increased over 1 ◦C between 1970 and 2000 [24].
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To offset the ongoing climate change threat, researchers have made significant efforts
on this topic. However, as mentioned above, several studies had shown that different
regions faced different climate change intensities and were under different potential climate
change threats [25,26]. So, we want to know if current studies have paid enough attention
to the regions under high climate change threat. If not, how big the gaps were among
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research levels of different regions? Therefore, by using the ISI Web of Science Core
Collection platform of Clarivate Analytics Company (Philadelphia, PA, USA; http://
apps.webofknowledge.com/ (accessed on 29 September 2021)), our research depicted
the current research position of the influences of climate change on food security. By
analyzing and discussing the retrieval results, this study attempted to reveal the questions
mentioned above.
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2. Materials and Methods
2.1. Climate Change Influences on Food Security Data

On the ISI Web of Science Core Collection platform, the retrieval period was from 1900 to
2018 and the retrieval topic was “TOPIC = ((“climate change”) and ((cereal or crop or grain or
maize or wheat or rice or bean or sorghum or barley) near (yield or production))) OR (((“climate
change”) and “food security”)) OR ((“climate change”) and ((cereal or crop or grain or maize or
wheat or rice or bean or sorghum or barley) near quality)).” The keywords, published years,
institutes, researchers, research regions, and number of times the publications were cited were
extracted for further study (all results in Supplement file S1 and S2).

Based on the extracted keywords, keyword cluster analysis and research hotspot
analysis were performed with VosViewer [27]. The cluster analysis was based on similarities
and connections between the keywords from different research papers indexed in the ISI
Web of Science database. The research hotspot analysis was based on the occurrence
frequency of keywords from the search results. The values of number of published papers,
population, crop production, and per capita food production in different regions were
generated in Arc GIS 10.2 (ESRI, West Redlands, CA, USA) and modified with Adobe
Photoshop CS 6 software (San Jose, CA, USA).

2.2. Global and Regional Food Crop Production Data

The global and regional food crop production data were collected from the FAO
statistical database (http://www.fao.org/faostat/en/#data (accessed on 29 September
2021)) from 1961 to 2014 (all results in Supplement file S3). After sorting the data using
Microsoft Excel, charts were generated with Origin 8 software. Exceptionally, the data of
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Central Asia were only available from 1992 to 2014 because of lacking historical records.
The figures of the relationships among policy suggestion, experiment equipment, model
research, and potential social problems were drawn and modified with Adobe Photoshop
CS 6 software.

3. Results
3.1. Global and Regional Food Crop Production

Based on crop production data downloaded from FAO statistical database, the per
capita food production largely varies across continents (Figure 1). Given advanced technol-
ogy and equipment, the per capita food production of North America is much higher and
had been about four times higher than the world average in the past decades. Similarly,
the per capita food production of Europe was also good, which was higher than the world
average in the past decades. Although higher than the world average, the per capita
food production of Oceania fluctuated widely in the past decades. In poor harvest years
especially, the per capita food production of Oceania was close to the world average. Lower
than the world average before the mid-1990s, the per capita food production of Mid and
South America has been increasing rapidly and exceeding the world average since then.
At present, it is approaching the European average. Different from that of the continents
mentioned above, the per capita food production of Asia was slightly lower than the world
average and the rising trends were also similar in the past decades. Corresponding to the
worst food security situation in the world, the per capita food production of Africa was
far below the world average. In contrast to the rising world average, the per capita food
production of Africa did not rise noticeably in the past several decades. According to the
previous climate change prediction model, these regions were under high climate change
risk [28]. Basing on the results, most countries in Asia and Africa were under high food
insecurity risk. Therefore, more attention should be paid to these regions.

3.2. Search Results on the ISI Web of Science Core Collection Platform

Search results showed 7473 research publications in SCI-EXPANDED from 1988 to 2018.
Paper numbers first exceeded 100 per year in 2007 and 1000 per year in 2016. Different from the
production results mentioned above, the field studies were mostly carried out in North America,
Western Europe, and China, but a few in Central Asia, Central America, the Caribbean, and
most parts of Africa (Figure 2C). Among the top 30 countries where the research data were
collected, the highly sensitive climate threat regions based on previous trends were observed
in India, Kenya, the Philippines, and Pakistan (Supplement file S2) [28]. The result indicated
that lots of studies were carried out at high food production regions such as European and
North American countries (20 countries in Top 30), but they were mostly under low climate
change risk. In contrast, a few studies were carried out at low food production regions such
as some Asian and African countries (4 countries in Top 30) where were predicted under
high climate change risk [28]. Therefore, compared with the potential high climate change
risk, the research advances of these Asian and African regions were far from enough.

3.3. Cluster Analysis Results

In cluster analysis, the keywords with high similarities and from similar research
fields were clustered into different groups and coded with different colors. In this research,
the keywords were divided into four clusters that represented field and lab results (blue),
model results (red), policy regulation (green), and ecology (yellow) separately (Figure 3; all
results in Supplement file S1):

(1) Field and lab results (blue parts in Figure 3) were from a variety of field experimen-
tation, such as Enclosure Chamber (EC), Open Top Chamber (OTC), Free-Air CO2
Enrichment (FACE), and so on. Most of these studies focused on how climate change,
including atmospheric CO2 concentration change, could impact crop growth and
productivity (macroscopic scale) or food quality or crop physiology (microscopic
scale).
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(2) Model results (red parts) are from those studies focused on predicting the impacts of
climate change on food security at the national, regional, or even global scale. Wheat
as a C3 model crop, which generally had a positive response to an elevated CO2, was
selected for almost all predictions.

(3) Policy regulations (green parts), mainly discussed how climate change could affect
food security through regulations of sociology, economy, and policies.

(4) Ecology (yellow parts), which focused on how climate change could affect food
security through the global carbon or nitrogen cycles, including greenhouse gas
emissions, tillage, and so on.
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3.4. Results of Research Hotspot Analysis

Based on the frequency gradient of keywords from high to low, VosViewer distin-
guished the keywords into red, yellow, green, and blue. The red area shows the hottest
topics of current research or so-called “hot research fields” (red parts in Figure 3B), and
it consists of model research and policy suggestions, including models on precipitation,
simulation, food security policy, and so on. The surrounding area of “hot research fields”
is colored in yellow, which means hotter topics of current research, including parts of ecol-
ogy considerations (emission, fuel, carbon, diversity, and so on) and field and lab results
(treatment, plant, grain yield, and so on). Therefore, the most concerning keywords and
questions could be summarized as “how climate change could affect food security” (model
research) and “how could we deal with the impact of climate change in food security”
(policy suggestions) (Figure 3).

4. Discussion and Sustainability Policy Suggestions

In the keyword cluster analysis, four keywords (crop model, simulation, experiments,
and treatment) were related to field and model research in the top 20 most frequent words
(Supplement file S1). It meant that researchers had made great efforts in both field and lab
as well as model research in the past. Intense field and lab research laid a solid foundation
and accelerated the rapid development of food security model studies along with providing
a large amount of statistical information for relevant policy-making (Figure 4). The field
and lab data were the basis for model analysis and policy-making. The model analysis
results would be doubtful if the objectivity of the field and lab data were defective. What is
more, these data might mislead policy-making and even induce severe social contradictions
(Figure 4). Based on the extracted information from the search results, current studies
were mostly carried out in European countries and the USA, a few at several Asian and
African countries which had low food production and were under high climate change
risk. Moreover, based on previous studies, the research data from facilities that are more
authentic were still debatable. If future studies keep this trend going, the field and lab
data of climate change would be more defective and then influence model analysis and
policy-making.

4.1. Objectivity of Research Facilities

As mentioned above, the intense field and lab research produced a large amount
of research data. However, the research data from which facilities were more authentic
were still debatable because these data are from different facilities (e.g., EC, OTC, FACE).
Moreover, these facilities were used in different experimental treatments and under var-
ious control conditions. For instance, the advantage of FACE is the open experimental
condition, with minimum variation between the inside and outside conditions. However,
the purchasing and operating costs for a FACE are very high whereas EC is the cheapest,
and its experimental condition is easy to be regulated but shows high contrast with the
external environment. The purchase and operating costs and the variation between the
internal and external conditions of OTC lie between the FACE and EC. Nevertheless, there
are usually discrepancies of CO2 concentration and temperature existing between the top
and bottom locations in an OTC [29–31].

As a consequence of sealed experiment conditions, the compensation effect of ele-
vated CO2 was overestimated in OTC or EC conditions whereas it was more authentic
in FACE [32,33]. Some others reported that FACE differs from reality because CO2 input
in FACE is stable [17,34]. Some studies also indicated that all these facilities were funda-
mentally the same [24,35]. In general, data from EC and OTC were higher than those from
FACE in most research and the data from these chamber research studies did not follow
normal distribution [36].

Actually, how environmental and climate factors could affect crop productivity is quite
complicated because climate factors always change simultaneously with elevated CO2
concentration. It would be hard to reflect the results from EC, OTC, or FACE independently.
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4.2. Representativeness of Field Research Site Selection

As mentioned above, some Asian and African countries which were at the low re-
search level, had low food production and were under high climate change threat. What
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was worse, even in these countries, they also faced different climate change and food
insecurity threats.

The per capita food production of mid-Africa is approximately one-tenth of the world
average. Even worse, this region also suffers from the threat of both wars and climate
change. The per capita food production of eastern Africa is a little higher than mid-
Africa. The two regions are under the same climate risk: high temperature and space–time
difference in precipitation. The per capita food production of western Africa was equal
to that of mid-Africa before the 1980s, and then increased gradually after the mid-1980s,
and has reached 25% of the world average. This region is close to the Sahara, where the
weather is hot but has adequate rainfall. In contrast to other African areas, northern Africa
is arider. There are limited farmlands in this region due to the presence of the Sahara. The
per capita food production was higher in southern Africa than the world average before
the 1980s but became lower after the mid-1990s. As it is far away from the Equator, weather
in southern Africa is cool with adequate rainfall, and this area suffers little from climate
change [16,37–39].

Asia is one of the major grain-producing regions in the world. The production of wheat
and rice is the highest in the world while maize and soybean are also widely cultivated in Asia
(Figure S1 and Supplement file S2) [35,36]. However, the per capita food production of Asia is
below that of the world average because of the large population (Figure 1, Figure 2D, Figure 5
and Figure S1).
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The per capita food production of western Asia is quite low because of dry and
drought weather, infertile farmland, and water shortage. The per capita food production
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of southern Asia is below that of the world average because of the large population, hot
weather, and backward agricultural technology. East Asia is located in the temperate zone
and is suitable for crop cultivation, so it is one of the most important agricultural, yet highly
populated, regions of the world. The per capita food production of East Asia is only close
to the world average because of the large population. In the context of climate change,
this area is also at future risk of increased average temperature (Figure S2). Southeast
Asia is located in the tropics and has abundant rainfall, so this region is one of the most
important paddy production areas of the world (Figure S1). The per capita food production
of this area is higher than the world average. However, countries of this region are mostly
composed of islands and easy to be affected by extreme weather. The per capita food
production of central Asia is higher than that of the world average with large fluctuations
between years. This region is one of the most important wheat production areas of the
world. However, the average temperature from 1970 to 2000 had increased by 1.5 ◦C, which
could potentially threaten its wheat production [37–39].

Besides, the per capita food production in the Caribbean is much less than that of the
world average (Figure 1, Figure 2D, and Figure 5). This area largely consists of tropical
islands with very little farmlands and is susceptible to extreme weather [22,40].

Even though the food security in these regions is not optimistic, there are a few
field studies carried out in most parts of Africa, Central America, the Caribbean, and
Central Asia (Figure 2C) [28]. What was worse, Central Asia and most parts of Africa were
predicted as regions highly sensitive to the climate change threat (Figure S1). A previous
study projected an increase in hot nights, long and persistent heatwaves, and disaster risks
that could lead to an increase by 1.5 ◦C or even 2.0 ◦C across Africa [23]. As the study
region is diverse in features, the acquired field data could not be considered representative.
More validated field studies in African, Asian, and Caribbean regions would help us to
better understand the “effects of climate change on food security.”

4.3. Suggestions

Considering the above-mentioned two drawbacks, our understanding of “how climate
change affects food security” was influenced to a certain extent. In future studies, researchers
should pay attention to those drawbacks. Here we tried to give several suggestions.

First, experimental methodology, including equipment and data processing, should be
modified or integrated to ensure comparability of the field research results. As mentioned
above, because of various field research facilities and their defects, the research data from
facilities that are more authentic were still debatable. Therefore, field research facilities need
to be improved. Currently, there are two solutions suggested to overcome this issue. On the
one hand, these facilities should be combined to take advantage of their respective unique
features. On the other hand, to integrate experiment results from various equipment, new
mathematical models should be developed and modified to optimize these results [41,42].
As mentioned in previous literature, FACE has the advantage of predicting how crops could
respond to future climate change because of the open experimental condition. However,
chambers had the advantages of identifying the mechanisms of crop response at the
molecular, biochemical, and physiological scales as their experimental conditions are easy
to be regulated [36]. Therefore, the choice of the experimental methodology should depend
on the purpose of the research by utilizing the respective advantages and reducing the
errors in the equipment. Owing to its high operating costs, we suggest that FACE should
be carried out only in the regions that are highly sensitive to climate change threats in
the developed countries whereas due to the reasonable cost, chamber facilities could
be utilized widely in controlled experiments in most other regions. Furthermore, new
modified mathematical models should be utilized to process and integrate the data from
various facilities and regions. Thus, the predicted results could be verified in the facilities
using the measures mentioned above.

Second, as mentioned above, there were regional differences between countries and
areas in current research, which were also proved in our results [25,43]. Therefore, to gain
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comprehensive data, more field research should be carried out in regions of the low-income
developing countries that are highly sensitive to the climate change threat (Figure 2C and
Figure S2). On the one hand, such research studies would assist the developing countries
to explore how to increase grain production under climate change threats and relieve grain
production stress. On the other hand, the studies would also assist scientists to collect
more abundant and comprehensive data to cope with future climate change. However,
the research should consider the local environmental, development, economic, and other
conditions. In regions highly sensitive to climate change threat, especially those in the
low-income developing countries, long-term and persistent monitoring research should
be carried out where there are no adequate experimental facilities whereas FACE and
chamber research could be carried out at other high-income developing and developed
countries. As the climate is volatile in regions highly sensitive to climate change threats,
field experiments are cost-effective and could reflect how the harsh environment impacts
crops directly. As the climate is mostly mild in the high-income developing and developed
countries, experiments cannot reflect how extreme environments impact crops directly, so
they should be carried out under regulated experimental conditions and by simulating the
climate change situation.

Based on the basic data from different regions and facilities, current agricultural
facilities could also be modified, upgraded, and combined with advanced technology
to cope with future climate change threats [44,45]. Agricultural facilities could provide
suitable crop-growing conditions internally and resist crops from external severe climate
conditions; this is a mature technology to cope with climate change threats. However,
there are also some challenges that should be overcome, such as efficient cooling and
ventilation technologies in the tropical regions, efficient heating technologies in the polar
zones, cladding materials outside facilities, and so on [46]. Similar to the various climatic
and economic conditions in different countries, local conditions, such as facility costs and
climatic conditions should be considered when field research is carried out.

5. Conclusion

Food security has been one of the hot topics of research for years. As there are large dif-
ferences in the economies and states of social development, food security across countries
faces different challenges under the threat of climate change. However, as shown in this
article, too many studies were carried out in the regions under low food insecurity, only a
few in regions with high food insecurity. In the meantime, large-scale research data were
collected from different facilities, or even under various experimental treatments and con-
trol conditions. Therefore, the objectivity of field research facilities and representativeness
of field research site selection is still debatable. Therefore, we wish to make the following
proposals: First, different kinds of facilities should be combined to take advantage of their
respective unique features to reflect influences under various climatic conditions. Second,
to integrate experiment results from various equipment, new mathematical models should
be developed and modified to optimize these results. Third, to gain comprehensive data,
more field research should be carried out in regions of low-income developing countries
that are highly sensitive to climate change threats. To frame the rules as objectively as
possible, abundant and suitable data are required. The data should be not only of a large
size but also of a representative nature. This large requirement cannot be met by individual
institutes or countries. The whole world should be united to join in this project actively
and cope with the potential climate change threat positively.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10102342/s1, Figure S1: Global cultivation areas (A) and yields (B) of maize, rice, wheat
and soybean, Figure S2: Changes and frequencies of abnormal surface temperature per 10 years
from 1970 to 2000, Supplement file S1: Keywords cluster analysis in Vosviewer, Supplement file S2:
Search results of 7473 research publications from SCI-EXPANDED, Supplement file S3: The global
and regional food crop production data

https://www.mdpi.com/article/10.3390/foods10102342/s1
https://www.mdpi.com/article/10.3390/foods10102342/s1


Foods 2021, 10, 2342 11 of 12

Author Contributions: W.L.: Methodology, Validation, Formal analysis, Data curation, Investigation,
Funding acquisition, Writing. Y.C.: Conceptualization, Supervision, Funding acquisition, Project
administration. X.H.: Modification, Investigation. P.M.: Software. H.T.: GIS Figure. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Western Light Talent Culture Project B (Y929091521) and
the Shaanxi Province Talents Special Support Plan (Y939080101).

Data Availability Statement: The datasets generated for this study are available on request to the
corresponding author.

Acknowledgments: The authors would like to thank Wang Yanfen and Zhao Yan for their helpful
and constructive suggestions for this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. IPCC. Climate change 2007 impacts, adaptation and vulnerability. In Contribution of Working Group II to the Fourth Assessment

Report of the Intergovernmental Panel on Climate Change; Parry, M.L., Canziani, O.F., Palutikof, J.P., van der Linden, P.J., Hanson,
C.E., Eds.; Cambridge University Press: Cambridge, UK, 2007; p. 976.

2. Asseng, S.; Guarin, J.R.; Raman, M.; Monje, O.; Kiss, G.; Despommier, D.D.; Meggers, F.M.; Gauthier, P.P.G. Wheat yield potential
in controlled-environment vertical farms. Proc. Natl. Acad. Sci. USA 2020, 117, 19131–19135. [CrossRef]

3. FAO Statistical Database. Available online: http://www.fao.org/faostat/en/#data (accessed on 19 February 2021).
4. Stephenson, J.; Newman, K.; Mayhew, S. Population dynamics and climate change: What are the links? J. Public Health 2010, 32,

150–156. [CrossRef] [PubMed]
5. Smith, P.; Gregory, P.J.; van Vuuren, D.; Obersteiner, M.; Havlik, P.; Rounsevell, M.; Woods, J.; Stehfest, E.; Bellarby, J. Competition

for land. Philos. Trans. R. Soc. B-Biol. Sci. 2010, 365, 2941–2957. [CrossRef] [PubMed]
6. Ehrlich, P.R.; Harte, J. To feed the world in 2050 will require a global revolution. Proc. Natl. Acad. Sci. USA 2015, 112, 14743–14744.

[CrossRef] [PubMed]
7. Smith, P.; Gregory, P.J. Climate change and sustainable food production. Proc. Nutr. Soc. 2013, 72, 21–28. [CrossRef] [PubMed]
8. Suweis, S.; Carr, J.A.; Maritan, A.; Rinaldo, A.; D’Odorico, P. Resilience and reactivity of global food security. Proc. Natl. Acad. Sci.

USA 2015, 112, 6902–6907. [CrossRef] [PubMed]
9. Barbier, E.B.; Hochard, J.P. Land degradation and poverty. Nat. Sustain. 2018, 1, 623–631. [CrossRef]
10. DaMatta, F.M.; Grandis, A.; Arenque, B.C.; Buckeridge, M.S. Impacts of climate changes on crop physiology and food quality.

Food Res. Int. 2010, 43, 1814–1823. [CrossRef]
11. Luck, J.; Spackman, M.; Freeman, A.; Trebicki, P.; Griffiths, W.; Finlay, K.; Chakraborty, S. Climate change and diseases of food

crops. Plant Pathol. 2011, 60, 113–121. [CrossRef]
12. Meinshausen, M.; Smith, S.J.; Calvin, K.; Daniel, J.S.; Kainuma, M.L.T.; Lamarque, J.-F.; Matsumoto, K.; Montzka, S.A.; Raper,

S.C.B.; Riahi, K.; et al. The RCP greenhouse gas concentrations and their extensions from 1765 to 2300. Clim. Chang. 2011, 109,
213–241. [CrossRef]

13. Gregory, P.J.; Johnson, S.N.; Newton, A.C.; Ingram, J.S.I. Integrating pests and pathogens into the climate change/food security
debate. J. Exp. Bot. 2009, 60, 2827–2838. [CrossRef] [PubMed]

14. Paini, D.R.; Sheppard, A.W.; Cook, D.C.; De Barro, P.J.; Worner, S.P.; Thomas, M.B. Global threat to agriculture from invasive
species. Proc. Natl. Acad. Sci. USA 2016, 113, 7575–7579. [CrossRef]

15. Lobell, D.B.; Schlenker, W.; Costa-Roberts, J. Climate trends and global crop production since 1980. Science 2011, 333, 616–620.
[CrossRef] [PubMed]

16. Philippe, R.; Sultan, B.; Quirion, P.; Berg, A. The impact of future climate change on West African crop yields: What does the
recent literature say? Glob. Environ. Chang. 2011, 21, 1073–1083. [CrossRef]

17. Taub, D.; Miller, B.; Allen, H. Effects of elevated CO2 on the protein concentration of food crops: A meta-analysis. Glob. Chang.
Biol. 2008, 14, 565–575. [CrossRef]

18. Zavala, J.A.; Casteel, C.L.; DeLucia, E.H.; Beranbaum, M.R. Anthropogenic increase in carbon dioxide compromises plant defense
against invasive insects. Proc. Natl. Acad. Sci. USA 2008, 105, 5129–5133. [CrossRef]

19. Trebicki, P.; Nancarrow, N.; Cole, E.; Bosque-Pérez, N.A.; Constable, F.E.; Freeman, A.J.; Rodoni, B.; Yen, A.L.; Luck, J.; Fitzgerald,
G.J. Virus disease in wheat predicted to increase with a changing climate. Glob. Chang. Biol. 2015, 21, 3511–3519. [CrossRef]
[PubMed]

20. United Nations Department of Economic and Social Affairs, Population Division. World Population Prospects 2017—Data Booklet;
United Nations: New York, NY, USA, 2017.

21. Food Insecurity and Climate Change Map. Available online: https://www.metoffice.gov.uk/food-insecurity-index (accessed on
29 September 2021).

22. De Marsily, G.; Abarca-del-Rio, R. Water and Food in the Twenty-First Century. Surv. Geophys. 2015, 37, 503–527. [CrossRef]

http://doi.org/10.1073/pnas.2002655117
http://www.fao.org/faostat/en/#data
http://doi.org/10.1093/pubmed/fdq038
http://www.ncbi.nlm.nih.gov/pubmed/20501867
http://doi.org/10.1098/rstb.2010.0127
http://www.ncbi.nlm.nih.gov/pubmed/20713395
http://doi.org/10.1073/pnas.1519841112
http://www.ncbi.nlm.nih.gov/pubmed/26627228
http://doi.org/10.1017/S0029665112002832
http://www.ncbi.nlm.nih.gov/pubmed/23146244
http://doi.org/10.1073/pnas.1507366112
http://www.ncbi.nlm.nih.gov/pubmed/25964361
http://doi.org/10.1038/s41893-018-0155-4
http://doi.org/10.1016/j.foodres.2009.11.001
http://doi.org/10.1111/j.1365-3059.2010.02414.x
http://doi.org/10.1007/s10584-011-0156-z
http://doi.org/10.1093/jxb/erp080
http://www.ncbi.nlm.nih.gov/pubmed/19380424
http://doi.org/10.1073/pnas.1602205113
http://doi.org/10.1126/science.1204531
http://www.ncbi.nlm.nih.gov/pubmed/21551030
http://doi.org/10.1016/j.gloenvcha.2011.04.007
http://doi.org/10.1111/j.1365-2486.2007.01511.x
http://doi.org/10.1073/pnas.0800568105
http://doi.org/10.1111/gcb.12941
http://www.ncbi.nlm.nih.gov/pubmed/25846559
https://www.metoffice.gov.uk/food-insecurity-index
http://doi.org/10.1007/s10712-015-9335-1


Foods 2021, 10, 2342 12 of 12

23. Iyakaremye, V.; Zeng, G.; Zhang, G. Changes in extreme temperature events over Africa under 1.5 and 2.0 degrees C global
warming scenarios. Int. J. Climatol. 2020, 41, 1506–1524. [CrossRef]

24. Ainsworth, E.A. Rice production in a changing climate: A meta analysis of responses to elevated carbon dioxide and elevated
ozone concentrations. Glob. Chang. Biol. 2008, 14, 1642–1650. [CrossRef]

25. Headey, D.; Barrett, C.B. Measuring development resilience in the world’s poorest countries. Proc. Natl. Acad. Sci. USA 2015, 112,
11423–11425. [CrossRef] [PubMed]

26. Kennedy, J.; Blunden, J.; Alvar-Beltrán, J.; Kappelle, M. State of the Global Climate 2020. WMO 2021, NO. 1264. Available online:
https://public.wmo.int/en/our-mandate/climate/wmo-statement-state-of-global-climate (accessed on 28 June 2021).

27. Van Eck, N.J.; Waltman, L. Software survey: VOSviewer, a computer program for bibliometric mapping. Scientometrics 2010, 84,
523–538. [CrossRef]

28. Hansen, J.; Ruedy, R.; Sato, M.; Lo, K. Global surface temperature change. Rev. Geophys. 2010, 48, 1–29. [CrossRef]
29. Kimball, B.A.; Kobayashi, K.; Bindi, M. Responses of agricultural crops to free-air CO2 enrichment. Adv. Agron. 2002, 77, 293–368.

[CrossRef]
30. Tubiello, F.N.; Amthor, J.S.; Boote, K.J.; Donatelli, M.; Easterling, W.; Fischer, G.; Gifford, R.M.; Howden, M.; Reilly, J.; Rosenzweig,

C. Crop response to elevated CO2 and world food supply: A comment on “Food for Thought”. by Long et al.; Science 312:
1918–1921, (2006). Eur. J. Agron. 2007, 26, 215–223. [CrossRef]

31. Long, S.P.; Ainsworth, E.A.; Leakey, A.D.B.; Nösberger, J.; Ort, D.R. Food for thought: Lower-than-expected crop yield stimulation
with rising CO2 concentrations. Science 2006, 312, 1918–1921. [CrossRef] [PubMed]

32. Barnabas, B.; Jager, K.; Feher, A. The effect of drought and heat stress on reproductive processes in cereals. Plant Cell Environ.
2008, 31, 11–38. [CrossRef]

33. Leakey, A.D.B. Rising atmospheric carbon dioxide concentration and the future of C4 crops for food and fuel. Proc. R. Soc. B-Biol.
Sci. 2009, 276, 2333–2343. [CrossRef] [PubMed]

34. Cattivelli, L.; Rizza, F.; Baeck, F.-W.; Mazzucotelli, E.; Mastrangelo, A.M.; Francia, E.; Marè, C.; Tondelli, A.; Stanca, A.M. Drought
tolerance improvement in crop plants: An integrated view from breeding to genomics. Field Crops Res. 2008, 105, 1–14. [CrossRef]

35. Wang, M.; Li, Y.; Ye, W.; Bornman, J.F.; Yan, X. Effects of climate change on maize production, and potential adaptation measures:
A case study in Jilin Province, China. Clim. Res. 2011, 46, 223–242. [CrossRef]

36. Ainsworth, E.A.; Leakey, A.D.B.; Ort, D.R.; Long, S.P. FACE-ing the facts: Inconsistencies and interdependence among field,
chamber and modeling studies of elevated CO2 impacts on crop yield and food supply. New Phytol. 2008, 179, 5–9. [CrossRef]

37. Bremner, J.; López-Carr, D.; Suter, L.; Davis, J. Population, poverty, environment, and climate dynamics in the developing world.
Interdiscip. Environ. Rev. 2010, 11, 112–126. [CrossRef]

38. Wheeler, T.; von Braun, J. Climate Change Impacts on Global Food Security. Science 2013, 341, 508–513. [CrossRef]
39. Pugh, T.A.M.; Müller, C.; Elliott, J.; Deryng, D.; Folberth, C.; Olin, S.; Schmid, E.; Arneth, A. Climate analogues suggest limited

potential for intensification of production on current croplands under climate change. Nat. Commun. 2016, 7, 12608. [CrossRef]
[PubMed]

40. Moorhead, A. Climate, Agriculture and Food Security: A Strategy for Change; World Bank Group: Washington, DC, USA, 2009. (In
English)

41. Hasegawa, T.; Li, T.; Yin, X.; Zhu, Y.; Boote, K.; Baker, J.; Bregaglio, S.; Buis, S.; Confalonieri, R.; Fugice, J.; et al. Causes of variation
among rice models in yield response to CO2 examined with Free-Air CO2 Enrichment and growth chamber experiments. Sci. Rep.
2017, 7, 14858. [CrossRef] [PubMed]

42. Matthew, H.; Hoshika, Y.; Killi, D. Has the Impact of Rising CO2 on Plants been Exaggerated by Meta-Analysis of Free Air CO2
Enrichment Studies? Front. Plant Sci. 2016, 7, 1–4. [CrossRef]

43. Boucher, O.; Bellassen, V.; Benveniste, H.; Ciais, P.; Criqui, P.; Guivarch, C.; Le Treut, H.; Mathy, S.; Séférian, R. In the wake
of Paris Agreement, scientists must embrace new directions for climate change research. Proc. Natl. Acad. Sci. USA 2016, 113,
7287–7290. [CrossRef] [PubMed]

44. Cassman, K.G.; Grassini, P. A global perspective on sustainable intensification research. Nat. Sustain. 2020, 3, 262–268. [CrossRef]
45. Jain, M.; Balwinder-Singh; Rao, P.; Srivastava, A.K.; Poonia, S.; Blesh, J.; Azzari, G.; McDonald, A.J.; Lobell, D.B. The impact of

agricultural interventions can be doubled by using satellite data. Nat. Sustain. 2019, 2, 931–934. [CrossRef]
46. McCartney, L.; Lefsrud, M.G. Protected agriculture in extreme environments: A review of controlled environment agriculture in

tropical, arid, polar, and urban locations. Appl. Eng. Agric. 2018, 34, 455–473. [CrossRef]

http://doi.org/10.1002/joc.6868
http://doi.org/10.1111/j.1365-2486.2008.01594.x
http://doi.org/10.1073/pnas.1512215112
http://www.ncbi.nlm.nih.gov/pubmed/26374789
https://public.wmo.int/en/our-mandate/climate/wmo-statement-state-of-global-climate
http://doi.org/10.1007/s11192-009-0146-3
http://doi.org/10.1029/2010RG000345
http://doi.org/10.1016/S0065-2113(02)77017-X
http://doi.org/10.1016/j.eja.2006.10.002
http://doi.org/10.1126/science.1114722
http://www.ncbi.nlm.nih.gov/pubmed/16809532
http://doi.org/10.1111/j.1365-3040.2007.01727.x
http://doi.org/10.1098/rspb.2008.1517
http://www.ncbi.nlm.nih.gov/pubmed/19324804
http://doi.org/10.1016/j.fcr.2007.07.004
http://doi.org/10.3354/cr00986
http://doi.org/10.1111/j.1469-8137.2008.02500.x
http://doi.org/10.1504/IER.2010.037902
http://doi.org/10.1126/science.1239402
http://doi.org/10.1038/ncomms12608
http://www.ncbi.nlm.nih.gov/pubmed/27646707
http://doi.org/10.1038/s41598-017-13582-y
http://www.ncbi.nlm.nih.gov/pubmed/29093514
http://doi.org/10.3389/fpls.2016.01153
http://doi.org/10.1073/pnas.1607739113
http://www.ncbi.nlm.nih.gov/pubmed/27382141
http://doi.org/10.1038/s41893-020-0507-8
http://doi.org/10.1038/s41893-019-0396-x
http://doi.org/10.13031/aea.12590

	Introduction 
	Materials and Methods 
	Climate Change Influences on Food Security Data 
	Global and Regional Food Crop Production Data 

	Results 
	Global and Regional Food Crop Production 
	Search Results on the ISI Web of Science Core Collection Platform 
	Cluster Analysis Results 
	Results of Research Hotspot Analysis 

	Discussion and Sustainability Policy Suggestions 
	Objectivity of Research Facilities 
	Representativeness of Field Research Site Selection 
	Suggestions 

	Conclusion 
	References

