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Abstract

Climate change seems to be larger, more complex and more unpredictable than any other environmental 
problem. �is review deals with the economic e�ects of climate change on global agricultural production. 
�e causes and consequences of climate change are very diverse, while populations in low-income countries 
are increasingly exposed to its negative e�ects. Supplying the population with food is possible with increased 
agricultural production, but this often occurs under unsustainable circumstances. Increased agricultural 
production is also one of the main sources of greenhouse gas emissions. In this research we highlight some 
of the important connections between climate change, population growth and agricultural production.
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Introduction

Currently, the combination of the rapidly changing economic environment, unbri-
dled competition for natural resources, and the economic crisis have posed several 
challenges for agricultural and food companies. �e growth of competition and the 
dynamically changing external environment are becoming increasingly di�cult to deal 
with. �e ability to respond in a timely manner to changing environmental impacts 
and regulations is essential. Agriculture is arguably one of the sectors which is most 
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damaged by climate change. �e food industry and the agricultural sector make a 
signi�cant contribution to climate change, but are also particularly vulnerable to its 
e�ects. Technological progress aims to mitigate climate change e�ects and this makes 
it more important than ever to recruit, retain and train skilled employees (Kőmíves 
and Dajnoki 2016; Kőmíves et al. 2019). According to the de�nition of the Food and 
Agriculture Organization (FAO), food security is stable when all people have physical 
and economic access to su�cient, safe and nutritious food, which meets their dietary 
needs and preferences (WHO 2018). Extremes of climate change are expected to ad-
versely a�ect the four pillars of food security – availability, access, utilization and stabil-
ity – and their interactions. �e long-term sustainability of the biosphere requires the 
rapid elimination of the overexploitation of non-renewable natural resources and the 
overexploitation of ecosystems induced by economic growth. Climate change a�ects 
food quantity (through direct e�ects on yields) and food quality, water availability and 
quality, the presence of pests, diseases and pollination. �e available evidence indicates 
that climate change is already a�ecting food security and agriculture in a way that 
makes it more di�cult to eradicate famine and starvation. Famine is especially serious 
in countries where agricultural systems are more sensitive to precipitation and sudden 
changes in temperature and where there is a high proportion of households with in-
comes strongly dependent on agriculture (Ripple et al. 2019). It is becoming increas-
ingly di�cult to sustainably feed humanity in adequate quantities and quality. �ese 
di�culties are partly due to human actions that have been carried out to date. �e 
150-year phase of rapid economic expansion and the resulting increase in greenhouse 
gas (GHG) emissions have globally raised temperatures by 1 °C on average, compared 
to the pre-industrial period. It is expected that with the current rate, the average global 
warming between 2030 and 2050 is likely to reach 1.5 °C. Climate models predict 
elevated average temperatures in most terrestrial and oceanic regions. Heavy rainfall 
and drought are increasingly likely to occur in the same area (Masson-Delmotte et al. 
2018). �ese changes are increasingly a�ecting human systems and food production 
around the world. In South Asia and sub-Saharan Africa – currently areas with clusters 
of poverty and famine – agronomy is highly dependent on precipitation and is very 
sensitive to even small temperature changes. A large proportion of the population (up 
to 80% of rural households in some countries) are strongly dependent on agriculture. 
Populations whose living conditions are primarily based on agriculture are most at 
risk from hunger and food security issues caused by climate change. At the same time, 
climate change has far-reaching and multidimensional e�ects, where multiple areas are 
strongly connected. �is research aims to review the di�erent areas and their connec-
tions in terms of climate change impacts.

Methods

�e overall aim of the article is to undertake a comprehensive review of the topic 
by processing the relevant international and scienti�c literature. Food security, cli-
mate change and subsistence security are interlinked at both global and national levels. 
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Qualitative research is suitable for exploring and synthesizing the results of previously 
conducted relevant research activities. �e methodological examination of the data 
analysis process is often limited, while there are no systematic rules for the analysis of 
qualitative data. When raising research questions, authors need to consider the scope 
of keywords and topics that will be used to support early scoping exercises and sub-
sequent literature reviews. Keywords provide a compact representation of the content 
of the document. In the case of this article the keywords were the following: climate 
change, agriculture, biodiversity, bio economy, water management, and their com-
binations. �e economic impact of climate change on agricultural production was 
analyzed by processing the results of the relevant scienti�c literature. �ese research 
studies were mostly searched in the Google Scholar and   databases and results were 
based on signi�cant studies appearing between 2004 and 2021. �e time period was 
selected to cover almost two decades and to ensure that the relevant research areas 
could be covered. At the same time, the latest databases of the Food and Agriculture 
Organization of the United Nations (FAO) were analyzed. We examined the trends 
between 1960 and 2018, where the data range was limited by data availability. Based 
on these data sources, the most important results were collected in order to achieve a 
comprehensive review of the e�ects. Graphical representations can help readers better 
interpret and understand the results. We used RStudio to visualize the data from the 
aforementioned databases. �e program supports the graphical display of the analyzed 
data. Comparing results is di�cult, because most results can be seen as a rough ap-
proximation of future development.

Results and discussion

Population, food security and hunger

Climate change is an increasing risk factor for the world’s hungry and malnourished 
people because almost 822 million people are not fed satisfactorily (Sen 2019). In ad-
dition, over 2 billion people su�er from one or more micronutrient de�ciencies, called 
hidden hunger (Fróna et al. 2019). �e number of hungry people, which used to 
show a declining trend, has been rising again since 2015. �e FAO has attributed this 
shift to constant insecurity in con�ict-a�ected regions, economic slowdowns in calmer 
regions and destructive climate experiences (Conforti et al. 2018). For instance, the 
"El Niño" weather event of 2015–2016, aggravated by higher sea surface temperatures 
in addition to several other factors, is thus widely responsible for disrupting food secu-
rity in many countries. Since the early 1990s, the amount of intense weather-related 
catastrophes has doubled, adversely a�ecting the productivity of major crops and con-
tributing to rising food prices, which has also led to a loss of income (Sen 2019). �ese 
catastrophes have had a disproportionately negative impact on people living in poverty 
and further restricted their access to food. One of the most important gaps in climate 
change-related decision-making is the de�nition of climate change as a complex chal-
lenge – i.e. carbon emission privileges, carbon sequestration capacity and emission 
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cuts – rather than consumption, economic growth and social choices (Pelling et al. 
2015). Certainly, the threats caused by climate change can be traced back to produc-
tion, consumption patterns and certain social behaviors. Only in current years has the 
debate on climate change been restructured to focus on consumption opportunities 
and people’s lifestyles, equality of responsibility, and the so-called climate justice and 
consumption opportunities. �is shift is an essential step towards building social har-
mony for the broad changes in the current economic value systems and consumption 
patterns, principally in high-income nations, to avoid the devastating consequences of 
a signi�cantly warmer world, including an increase in hunger and malnutrition in the 
near future. �e global population is still growing by about 80 million persons a year, 
more than 200 000 a day on average (Bongaarts and O’Neill 2018).

�e side e�ects associated with population growth are among the primary drivers 
of global change. �erefore, it is essential to become familiar with the demographic 
developments that have taken place and are expected in the near future. Demograph-
ic booms were linked to the development of agricultural technologies. �e develop-
ment of agriculture is estimated to have started at about 10 000 BC, when the global 
population was about only 2.4 million people (Ourworldindata 2018). Between 1 
and 100 AD, the population of the Earth was around 188 million. As an outcome of 
the Industrial Revolution, with the advances in medicine and health care, signi�cant 
changes have taken place. By the late 1800s, worldwide population had reached and 
exceeded one billion people (Ourworldindata 2018). At the present time, 1.4 billion 
people live in China alone (UN 2017). In the 1930s, with the widespread use of maize 
hybrids, the overall population surpassed 2 billion. Around 1960 the global popula-
tion reached 3 billion, which was partly related to the Green Revolution. �e global 
population grew to 6 billion in the 20th century (Worldometers 2019). Figure 1 shows 
global population growth based on the FAO database for the period from 1950 to 
2018. In the analyzed period alone, population had nearly quadrupled by 2018. Based 
on current growth trends, a further increase can be expected but at a slower pace, since 
the growth rate of the global population has fallen from the 2.2% experienced 50 years 
ago to today’s 1.05%. Currently, nearly 7.8 billion people live on Earth, according to 
the Worldometers (2021).

�e di�erences were important, since the populations of Africa and Asia are con-
siderably greater than in Europe or in Americas.

�e changes in food consumption cannot be explained by population growth it-
self. It is beyond debate that the amount of food consumed is clearly in�uenced by the 
size of the population, while the quality of the food consumed depends on the average 
income of households (Fróna et al. 2019). Indirectly, changing household incomes will 
increase the amount of food consumed, since consumers usually start to restructure 
their diet when income increases. Figure 2 shows the global population growth by 
region. �e �gure shows that the Asian region achieved a more than threefold increase 
from 1951 to 2018, while clear growth can also be seen in the African region. Simul-
taneously, there is a clear decrease in the European region with an almost stagnant 
growth rate.
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Land use and land management

�e harmful causes of climate change also contribute to soil degradation. Degradation 
can also be attributed to direct and indirect anthropogenic activities. Figure 3 shows 
the change in the global agricultural area and that of the European Union based on the 
FAO database, between 1971 and 2016.

Approximately 10% of the global surface is covered by glaciers, another 19% is 
comprised of barren land – deserts and dry salt areas. More than a half of the habit-
able land is used by agriculture. Another 37% is covered by forest, and 11% is bush 
and grasslands. �e remaining 1% is the built environment, i.e. urban areas, which 
include towns, villages, highways, roads and other human infrastructure. Land use is 
unequally distributed between animals and plants intended for human consumption. 
Land (with pasture) for the produce of animal feed is responsible for 77% of global ag-
ricultural land (Ritchie and Roser 2020). Land use change and land management have 
an immense e�ect on the ecosystem and biodiversity. Hong et. al. (2021) analyzed the 
global drivers of land use emissions between 1961 and 2017. �ey estimated the net 
cumulative emissions to be 657 Gt CO

2
-eq, which averaged out at 11.5 Gt annually. 

Figure 1. �e increasing global population between 1950 and 2018. Source: authors’ own editing, based on 
the database of FAOSTAT, 2020 (FAO 2020a). Globally, population was three times more in 2018 than it was 
in 1950 (an increase from 2.5 billion to 7.6 billion). In Asia, the growth exceeded the global increase (3.3 times 
more in 2018 compared to 1950), while in Africa, the growth was more than �vefold compared to 1950. �e 
population growth in the same period was only 1.3 times more in Europe and 2.9 times more in the Americas.
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�e 2017 value (14.6 Gt) was 24% greater than in 1961, re�ecting an overall increase 
in emissions from the intensi�cation of agriculture. Latin America, Southeast Asia and 
sub-Saharan Africa were the major emitting regions (accounting for more than two-
thirds of global emissions growth in the analyzed period). �e large increase in land use 
emissions in these regions was associated with cropland expansion and the emission 
intensity of land use. At the same time, mostly beef and a few other red meats provided 
only 1% of calories globally, but accounted for 25% of all land use emissions (Hong 
et al. 2021).

Climate change and climatic extremes might greatly a�ect the food chain, from the 
production process to consumption. Factors caused by humankind, including global 
food production, increase the average global temperature by 0.2 °C per decade (Mas-
son-Delmotte et al. 2018). �e number of extreme weather events such as storms, �res, 
�oods and droughts has increased globally (Woodward et al. 2014). �ere has been a 
rise in the global mean sea level (GMSL), which is around 19 centimeters higher on 
average than it was in 1900 (EEA 2021). All manifestations of climate change have a 
direct and an indirect negative impact on food security, food production, and thus on 
the availability, accessibility and quality of food.

Figure 2. Population growth by regions between 1950 and 2018. Source: authors’ own editing based on 
the database of FAOSTAT (FAO 2020a). Compared to 1950, the largest growth rates were recorded in 
the developing regions, mainly Africa and Asia. In developed regions, especially in Europe, a stagnating 
population is expected. �ese di�erences have great consequences. �e large population increase and its 
regional di�erences will further exacerbate the issues related to the food system, which could increase food 
insecurity problems.
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Climate and water issues

�ere is general agreement that the global warming tendencies of the last century are 
most likely due to human activities (Oreskes 2004; Doran and Zimmerman 2009; 
Anderegg et al. 2010; Cook et al. 2016). In addition, the main global scienti�c organi-
zations have issued public statements in support of this opinion (FAO, IPCC, NASA 
etc.). Scientists are convinced that global temperatures will continue to rise during the 
coming decades, largely due to greenhouse gases produced by human activity. Figure 4 
shows the change in mean temperature between 1961 and 2018. Observing the ten-
dency, further increase can be expected, which is also well illustrated by the trend line 
drawn on the world average.

�e water scarcity problem is one of the most urgent climate-related issues requir-
ing a solution. He�ernan (2013) remarks that drought has been present throughout 
history and the situation could get worse in the near future, exacerbated by human-in-
duced climate change (He�ernan 2013). �e availability of freshwater resources shows 
a similar picture to the availability of land, i.e. it is globally more than su�cient, but 
its distribution is very unequal. Access to water resources also varies greatly: there are 
great varieties between countries in the same region, but even within a country, which 
can lead to alarming levels of water scarcity in some areas. �is is common in countries 
in the Middle East, North Africa, and South Asia where land resources are insu�cient. 
At present, there are still plenty of ways to enhance the e�ectiveness of water usage (for 
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Figure 3. Global agricultural land use change between 1961 and 2017. Source: authors’ own editing based 
on the database of the FAO (FAO 2020c). Agricultural land is limited and further expansion can be hardly 
expected, since the creation of agricultural land is accompanied by deforestation and the destruction of natu-
ral habitats. At the same time, competition for agricultural land has increased signi�cantly, especially with the 
appearance of biofuels. �is has led to the food versus fuel debate in the past decades (Horton et al. 2019).
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example, by providing appropriate incentives to use less water) (EASAC 2017). �is 
is because water demand is likely to be extended by 100% until 2050, which can also 
be determined by urbanization, population growth and the impacts of climate change. 
As a result of urbanization, domestic and industrial water use is expected to double. 
Climate change entails the possibility of more extreme weather events, which can be 
accompanied by a doubling of water use in crop production (Fróna et al. 2019).

Water critically in�uences plant productivity and food production, and is an es-
sential factor in food production processes, while it also plays an important part in 
food security. Changes in water demand, availability and quality caused by climate 
change will in�uence water management outcomes. Adjustment measures needed to 
ensure adequate water management require both supply-side and demand-side strate-
gies. Nevertheless, the water requirements of crop production have increased due to 
the spread of irrigated agriculture (Bates et al. 2008). �e most important climatic 
factors for water availability are temperature, precipitation, and evaporation demand 
(determined by the characteristics of the soil, wind speed, atmospheric humidity and 
temperature). Changes in water demand and water availability because of climate 
change are likely to modify the water �ow of rivers, which will have a signi�cant im-
pact on water availability (Bates et al. 2008). Future directions will be signi�cantly 
a�ected by increasing urbanization. Rising living standards, changing consumption 
preferences and growing demand for goods all require more water (Rembold et al. 
2019). According to Molden et. al. (2010) there is a considerable scope for improving 
water productivity, but the possibilities for di�erent regions and di�erent systems are 
unequal. Sub-Saharan Africa and South Asia are the regions with the highest potential 
gains. �ese areas are among the poorest regions globally, thus increasing water pro-
ductivity could help to reduce poverty and improve agricultural outcomes at the same 
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Figure 4. Global temperature change between 1961 and 2018. Source: authors’ own editing based on 
the database of the FAO (FAO 2020c). Mean surface temperature change compared to the period 1951–
1980. Temperature anomalies have increased in the past few decades, which has further intensi�ed global 
concerns and led to further debates and action.
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time. However, these developments have usually been slowed down since producers 
have not prioritized the improvement of water gains (Molden et al. 2010).

As the result of higher temperature, water scarcity, higher atmospheric carbon con-
centrations and extreme events such as heat waves, droughts and �oods, food produc-
tion is likely to decrease. Weather disturbances and climate change might a�ect food 
prices and thus access to food (Ripple et al. 2019). Yields of vital food crops are already 
shrinking due to increasing extreme events, the unstable water supply and di�erent 
plant diseases. At least 80% of the century-old changes in cereal production in semi-
arid regions can be attributed to climate variability (Conforti et al. 2018). Because of 
the high number of interconnections among global food systems, an extreme event 
occurring in one part of the food chain can cause a problem in another region which 
can have a potential impact on the entire global food system. While many crucial food 
production areas have felt the impact of climate factors on yields, rising food prices 
have been partly o�set by a combination of national policy responses (WHO 2018). 
Poor regions and countries are more interested in their food security and adaptation 
to climate change. Particular attention should be paid to the fact that low-income 
countries and vulnerable people are not able to adapt so easily when a sudden shock 
occurs (Fellmann et al. 2018). Climate change is increasingly a�ecting water resources 
used in food production. Currently, 1.8 billion people live in areas that are exposed to 
the risk of insu�cient water supply, which is nearly a quarter of the global population. 
According to projections, this phenomena will a�ect half of the entire population by 
2030 (Woodward et al. 2014). Climate-linked catastrophes, such as heat waves, �oods, 
droughts, and storms, account for 80% of all internationally reported disasters. During 
the period between 2011 and 2016, much of the world was hit by a severe drought 
that led to a crisis involving the food security of 124 million people in 51 countries 
(Masson-Delmotte et al. 2018).

Energy utilization

Energy consumption and utilization are critical points of climate change research, es-
pecially the food – energy – water nexus. Rasul and Sharma (2016) emphasized the 
importance of a system-wide and holistic approach in designing e�ective adaptation 
policies and strategies. Sectoral approaches may overlook important aspects of the food 
– energy – water nexus and the impact of climate change. �e connection between 
the energy and the agricultural sectors has been further strengthened by the increasing 
role of biofuels. Biofuels are made from agricultural input materials, and as Rasul and 
Sharma (2016) noted, this has made biofuels vulnerable to the impact of changes in 
climate variables (Rasul and Sharma 2016).

Figure 5 shows the levels of energy consumption in global agriculture, expressed 
in thousand terajoules. �e overall energy consumption in agriculture has increased 
considerably since 1970. �ere has been a considerable growth in the gas-diesel oil and 
electricity consumption. Around 1970, the agricultural consumption of gas-diesel oil 
was around 834 thousand terajoules, while it was 247 thousand terajoules in the case 
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of electricity. �ese numbers have increased to 3722 thousand terajoules and 2385 
thousand terajoules, respectively. �is implies that the gas-diesel oil consumption in 
agriculture has increased almost �vefold and electricity consumption has increased 
almost tenfold. �e large growth in consumption indicates the increase in agricultural 
production. It is worth emphasizing that while the actual crude oil and natural gas re-
sources are not a�ected by climate change, access to them and our knowledge of them 
could be a�ected (for example diminishing ice cover in the Arctic region may improve 
access possibilities). At the same time, the increase in extreme weather events could 
restrict access to the oil and gas supply (Rasul and Sharma 2016).

Energy consumption and greenhouse gas emissions are closely connected. Changes 
in energy consumption are mostly a�ected by carbon dioxide emissions in di�erent 
regions globally. Based on the results, reductions in GHG emissions and energy con-
sumption would require much stronger policy initiatives than those so far discussed by 
policy makers. �e reason behind this is that energy conservation policies are expected 
to slow down the current stage of economic growth (Khan et al. 2014). �e transi-
tion from a fossil fuel-dependent to a bio-based economy is a challenging problem, as 
presented in the comprehensive review by Popp et. al. (2021). As they note, biomass 

Figure 5. Global energy consumption in agriculture between 1970 and 2012. Source: authors’ own editing 
based on the database of the FAO (FAO 2020c). Intensive agricultural and food systems have led to a boost 
in energy consumption globally. Gas-diesel oil consumption in agriculture has increased 4.4 times compared 
to 1970, while growth in electricity consumption has exceeded the 1970 level by 9.6 times. In some cases, an 
extreme growth in consumption has been recorded. For example, coal consumption was more than 34 times 
higher in 2018 compared to 1979 (an increase from 23 thousand terajoules to 824 thousand terajoules).
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demand is expected to increase with the transition to a low-carbon economy. However, 
biomass has a limited availability and food security has priority over all other uses. Still, 
it has an important role in energy production as it reduces both dependency on fossil 
fuels and GHG emissions. Crop production residues could contribute considerably in 
this respect (Popp et al. 2021).

Figure 6 shows the nitrogen, phosphate (P2O5) and potash (K2O) nutrient use in 
the OECD (Organization for Economic Co-operation and Development) countries, in 
the EU and in the less economically developed countries between 1961 and 2018. �e 
use of global nitrogen fertilizers has quadrupled since 1961 in the OECD countries, al-
though nitrogen use has been stagnating since 1980. �ere has been a three-fold increase 
in the EU as well, but there has also been a slight decline in the past few decades due to 
increased e�ciency and sustainability. �e same tendencies have occurred wi th phos-
phate and potash use per area of cropland. Fertilizer use in the least developed countries 
has increased from 0.77 kg/ha in 1961 to 17.61 kg/ha in 2018 on average. �is amount 
is almost 23 times more than the base amount in 1961. �e growth is even more ex-
treme in the case of phosphate (43 times more) and potash (29 times more). Despite 
this, the levels of use per cropland area are much less in the least developed countries 
compared to the OECD countries. For example, the average nitrogen use was 75 kg/
ha in the OECD in 2018, while it was only 17 kg/ha in the least developed countries.

Nitrogen fertilizer increases the mineralization of soil organic matter, resulting in 
a reduction in the natural organic matter stock. �is has led to a great deal of contro-
versy in achieving long-term sustainability. In some parts of the planet, enormous and 

Figure 6. Fertilizer use in the EU, OECD and in the least developed countries between 1961 and 2017. 
Source: authors’ own editing based on the database of the FAO (FAO 2020c). Fertilizer use per area of crop-
land largely increased until the 1980s. Generally, in the most developed regions, decreasing fertilizer use 
could be recorded, while a further reduction can be expected in the future due to environmental concerns.
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uncontrolled synthetic N-fertilization has had a damaging e�ect on the environment 
(Mahal et al. 2019). Excessive nitrogen use is a serious source of danger for already 
scarce freshwater supplies. �e many areas under water management that sustain and 
provide food for the expanding human population have come under stress. Rivers, 
lakes and underground water layers dry out or become too polluted for use (Lane et 
al. 2017). Agriculture accounts for a massive proportion of water consumption – more 
than in any other sector –, and there is also the problem of ine�ciently utilized water. 
Agriculture uses 70% of the fresh water available to the world, of which approximately 
60% is wasted by wasteful, leaking irrigation systems, and ine�cient application meth-
ods and crop cultivation (Romero-Lankao et al. 2017). Many top agriculture producer 
countries, including the United States of America, China, and India, have reached or 
are very close to reaching their water resource limitations. �e problem is exacerbated 
by the fact that agriculture also generates considerable freshwater pollution through 
pesticides and fertilizers, which a�ect the lives of humans and other species (Trimmer 
and Guest 2018).

Potential effects on biodiversity

�e expansion of agriculture has led to one of the greatest adverse e�ects on habitat, 
changing the environment and exerting further pressures on biodiversity. �e IUCN 
(International Union for Conservation of Nature) Red List estimated that 28 000 
species are threatened with extinction, while agriculture alone is responsible for the ex-
tinction of 24 000 species. However, it is also known that these e�ects can be reduced, 
either through dietary changes, by replacing some meat consumption with plant-based 
alternatives, or through innovations in technology (Ritchie and Roser 2020).

Although biodiversity is essential to agriculture and human well-being, it is de-
clining at an unprecedented rate (FAO 2020b; Pereira et al. 2012). Agriculture, espe-
cially livestock, and biodiversity have a special connection, since as the FAO (2020b) 
notes, “depending on the ecological context and land use history, livestock is either 
among the most harmful threats to biodiversity or necessary to maintain high nature 
value farmland”.

Biodiversity and its related areas can be analyzed only in a broad context. Oliver 
and Morecroft (2014) analyzed the climate change and land use interactions on biodi-
versity. According to their results, biodiversity was impacted through a wide range of 
interactions of climate change and land use (Oliver and Morecroft 2014). Suitable ad-
aptation and conservation strategies are necessary to reduce the negative impact of cli-
mate change, which take the interactions and possible feedbacks into account. Henle 
et al. (2008) reviewed the con�icts between biodiversity conservation and agricultural 
activities in agricultural landscapes. �e major reasons behind the biodiversity-related 
con�icts were the intensi�cation of agriculture, the abandonment of marginally pro-
ductive but high nature value (HNV) farmland, and the changing scale of agricultural 
operations (Henle et al. 2008). �e factors mentioned by Henle et al. (2008) are still 
relevant to satisfy the growing food demand, although the Common Agricultural Policy 
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(CAP) has an increasing focus on environmental issues. Pereira et al. (2012) remarked, 
that biodiversity change is mostly driven by habitat change and overexploitation, but 
the role of pollution, exotic species and diseases were also important factors. Climate 
change can be regarded as an emerging driver of biodiversity change. As a response to 
climate change, species are shifting their ranges and the extinction risk of species has 
already increased at high northern latitudes. In these regions, it can be expected that 
birds and plants will be most a�ected by further climate impacts.

In most cases, scienti�c research focuses on the negative e�ects of climate change, 
but Bellard, Bertelsmeier, Leadley, �uiller, and Courchamp (2012) noted that climate 
change could also have positive e�ects on biodiversity (Bellard et al. 2012). Many 
plants could bene�t from the more clement temperatures and increased CO2 in terms 
of biomass production. Milder winters and increased precipitation may bene�t threat-
ened species as well. Biodiversity is often positively a�ected by intermediate levels of 
disturbance. For example, extensive and low-input livestock systems can be of high 
natural value (FAO 2020b). Lomba et al. (2020) noted that farmlands could provide 
a diverse cultural and natural heritage globally if managed under low-input farming 
systems (Lomba et al. 2020). At the same time, inappropriate management practices, 
such as overgrazing in low-input systems or nutrient pollution in high-input intensive 
systems, could occur and have negative impacts on biodiversity (FAO 2020b). Further-
more, as Pereira et al. (2012) remarked, not all biodiversity change is negative, since 
it should be assessed in a broader context with its consequences for ecosystem services 
and species existence values (Pereira et al. 2012).

A major issue is that we do not know yet how mitigation of greenhouse gas emis-
sions could reduce biodiversity impacts. Climate change is expected to have a large 
e�ect at every system level. Warren et al. (2013) analyzed the changes in the future cli-
matic ranges of common and widespread species globally (Warren et al. 2013). Accord-
ing to their estimates, without mitigation, almost 60% of plants and ~35% of animals 
are expected to lose more than 50% of their present climatic range by the 2080s. With 
mitigation, losses are expected to be reduced by 40–60%, depending on the emission 
peak. At the same time, according to Pereira et al. (2012), species were reported to be 
negatively a�ected by climate change in regions that were not su�ering a great deal of 
warming (mainly the Cape region and southeastern Australia).

Climate change a�ects areas which have a great importance, not only in biodiver-
sity conservation, but in providing a wide range of socioeconomic services. According 
to Lomba et al. (2020), high nature value (HNV) farmlands are of great importance 
in Europe, because they cover a high proportion of Europe’s agricultural land, support 
biodiversity conservation and o�er a wide range of ecosystem services. �ese farmlands 
and the associated farming systems were adapted to the natural conditions where they 
have been implemented. �e preservation of these areas is important since they con-
tribute to agricultural production, and biodiversity conservation and provide a wide 
range of ecosystem services. Although many of these farmlands are under pressure from 
climate related challenges, the two major threats to these areas are agricultural inten-
si�cation and farmland abandonment. Lomba et al. (2020) list the alternative future 
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scenarios for HNV farmlands, which include the “Business-as-usual HNV farmlands”, 
“Museum landscapes”, “Back-to-nature”, “Production farmlands” and “Viable HNV 
farmlands” scenarios. Depending on the possible future directions, some of these sce-
narios could contribute to the mitigation of climate change. For example, the “Back-
to-nature” scenario assumes that halting HNV farmland loss fails to become a long-
term societal priority. In this scenario, replacement of farmlands by forest ecosystems 
could provide regulating ecosystem services, especially climate change mitigation tools. 
At the same time, legal options and the trade-o� between rewilding and farmland 
abandonment should be debated as well.

Due to its complexity, it is extremely hard to include biodiversity in environmen-
tal assessments in an e�ective way (FAO 2020b). Accurate prediction and e�ective 
solutions are still missing, despite the threat posed by climate change. Bellard et al. 
(2012) addressed several problems with model estimations, especially the under- or 
overestimation of risk for biodiversity. �e diversity of approaches, methods, scales 
and assumptions had led to the lack of a coherent picture. �ese results were supported 
by Oliver and Morecroft (2014) in terms of climate change and land use interactions. 
Garcia, Cabeza, Rahbek, and Araújo (2014) argued that forecasting the long-term 
impacts of climate change on biodiversity is challenging, since species and community 
dynamics are very complex, in addition to the interaction with other stressors (Garcia 
et al. 2014). Also, due to the large number of undiscovered species, climate change as-
sessment represents only a small portion of biodiversity. Lack of data on the majority 
of species is also a contributing factor. Urban et al. (2016) draw attention to the impor-
tance of developing accurate predictions about biological responses to climate change. 
�e inclusion of several important biological mechanisms would increase the accuracy 
of predictions. Urban et al. (2016) also highlighted possible mechanisms and practices 
to help collect the detailed data necessary for modelling, while Henle et al. (2008) 
noted that sustainable con�ict resolution strategies need to take into account the levels 
of con�icts and the di�erences in terms of geographical scale (Urban et al. 2016).

�e use of scenario analyses comes from military planning, but it was also ex-
tended to the strategic planning of businesses and other organizations in the early 
1960s, where policymakers systematically analyzed the long-term consequences of in-
vestments and other strategic decisions. �e aim of working with di�erent scenarios is 
not to foretell the future, but to better perceive the uncertainties in the continuously 
changing environment in order to make decisions that have a crucial e�ect on a wide 
range of potential future issues (Moss et al. 2010).

Complexities of climate change effects

Figure 7 shows a simple framework of the causes and e�ects of anthropogenic activities 
connected to climate change. �e WHO has comprehensive estimations of the diseases 
and mortality caused by anthropogenic climate change by 2030, following projections 
from the global climate model concerning GHG emission scenarios. Studies claiming 
a correlation between health and climate have highlighted the estimation of relative 
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changes in climate-sensitive health outcomes, including cardiovascular disease, ma-
laria, diarrhea and various forms of malnutrition. �is is only an incomplete list of pos-
sible health issues, while serious uncertainties occur in all underlying models. �ere-
fore, these estimates should be taken into account as moderate, evaluated estimates of 
the health strains of climate change. Nevertheless, the total deaths caused by climate 
change were estimated to be at least 150 000 people per year by 2000 (Patz et al. 2005).

Climatic scenarios describe possible future climatic circumstances. �ey are used 
to help assess the impacts of climate change and the options of adaptation, while pro-
viding information to decision-makers (Fróna 2020). However, climate scenarios can 
involve several �uctuations, such as the often mentioned elements of climate, such as 
temperature, precipitation, cloud cover, humidity and wind. �ey might project the 
above factors as an annual or seasonal average and in a daily or even shorter resolution 
(Parson et al. 2007; Moss et al. 2010). Adjunct scenarios change the present condi-
tions by plausible but arbitrary amounts. For example, the temperature of a region may 
increase by 2, 3, or 4 °C under current conditions, or may increase or decrease by 5, 
10, or 20%. Such adaptations may be performed on annual or seasonal averages, for 
long periods of current conditions, or for temperature/precipitation variability over 
days, months, or years. Similarly to the simple emission scenarios used to compare 
climate models, adjunct climate scenarios are easy to prepare, but they do not repre-
sent currently valid future states. �ey are carried out for original exploration stud-
ies of climate e�ects and for testing the sensitivity of collision models (Parson et al. 
2007). By using climate models, the current climate and its responses to past disrup-
tions are studied, and scenarios for future climate change are compiled under speci�c 
scenarios of emissions and other disruptions. Just as modelling future climate change 
requires the determination of future emission trends, assessing the future e�ects of 
climate change requires the determination of future changes in the climate. Data from 
a climate change scenario can be used to assess the impact of freshwater systems, ag-
riculture, forests, or any other climate-sensitive system or activity. Impact assessments 
can use a variety of methods, including quantitative models such as hydrological and 
yield models, threshold analyses which examine the qualitative disturbances in the 

Figure 7. A sequential approach to climate change. Source: authors’ own construction based on Moss 
et.al (2010).
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behavior of climate-sensitive systems, or expert opinions integrating a variety of scien-
ti�c knowledge (Parson et al. 2007).

�e results of the several consistent models show the strong negative e�ects of cli-
mate change, especially in regions where developing countries are concentrated. Simu-
lations that take into account speci�c nitrogen stress outcomes have signi�cantly more 
severe consequences of climate change and have an impact on adaptation planning 
(Rosenzweig et al. 2014). A number of forecasting systems are available for climate ex-
tremes and food security. �ese systems make it possible to study the e�ects of climate 
extremes on agriculture and food security.

Some of the tools available:

• ASAP – (Anomaly Hotspots of Agricultural Production)
• ASIS – (Agriculture Stress Index System)
• GEOGLAM CM4EW – (Global Agricultural Monitoring) (European Com-

mission 2019).
• General Circulation Model (GCM) projections.

Other plants or food sources that are vitally important for humanity might be af-
fected by climate change. �e greater proportion of research deals with the four main 
�eld crops – wheat, rice, maize and soybeans – in the case of negative climate change 
impacts, despite the fact that many other crops are essential for achieving food secu-
rity and healthy nutrition. Climate issues cause modi�cations in agriculture; therefore 
temperature and water resources a�ect livestock farming as well. FAO studies claim 
that the most harmful event related to climate change is drought (Masson-Delmotte 
et al. 2018).

A changing climate might exacerbate losses within the global food system. About 
a third of the food produced by farmers is lost between production and the market 
in low- and middle-income countries. �e proportion in high-income countries is 
almost the same, with a similar percentage being wasted at di�erent points of the 
food chain (Gustavsson et al. 2011). �e present food system accounts for 21–37% 
of total net human emissions. �is will further exaggerate climate change and its im-
pacts without providing a better food security system (Arneth et al. 2019). In fact, in 
addition to placing a huge stress on insu�cient environmental resources, this level of 
food loss is a factor in maintaining food insecurity. Climate change can signi�cantly 
a�ect food security and agriculture, although the impacts might vary across di�erent 
regions. To ensure the future food demand and security of the growing population, 
there is a crucial need for agriculture to adapt to the negative impacts of a changing 
climate. �e diverse adaptation strategies may include changing land and crop produc-
tion practices, changing food consumption and waste management techniques and the 
development of improved plant varieties (Anderson et al. 2020). Climate-intelligent 
agriculture might promote synergies between productivity, adaptation and mitigation, 
although the spread of these technologies could be strongly restricted (Loboguerrero 
et al. 2019).
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�e production, transport and consumption of food reaches far beyond the pro-
duction areas of farmers (and producer countries). �erefore, the food system approach 
o�ers a better opportunity for analysis. �e food systems approach o�ers signi�cant 
advances in terms of adapting to and mitigating climate change. By explicitly acknowl-
edging the fundamental links between consumer demand, dietary change and produc-
tion, it supports the much broader integration of actors and institutions. However, the 
intensi�cation of climate responses requires further research (Rosenzweig et al. 2014). 
Consuming primarily plant-based foods could enhance human health and signi�cantly 
reduce greenhouse gas emissions by reducing the global consumption of animal prod-
ucts. In addition, the area needed to produce animal feed would be freed up and plants 
necessary for human food could be grown in its place. It is necessary to drastically 
reduce the large amount of food wastage globally (Ripple et al. 2019). Managing food 
waste is of paramount importance in guaranteeing food security (Corrado et al. 2019). 
It is a challenge to �nd an appropriate balance and tradeo� between food waste/lost 
and food security. Solutions that seem credible often increase consumer risk. In order 
to meet both aspects, there is a need for cooperation and development among actors 
within the food chain (both consumers and authorities) (Kasza et al. 2019). Teaching 
about sustainable development needs to be integrated into educational programs, of-
fering a variety of subjects with more comprehensive guidelines. �e �ght against hun-
ger would be more e�ective with new and inclusive institutional teaching frameworks, 
which could enable and promote more social action (Sánchez García et al. 2019).

Conclusion

Climate change is a�ecting developing countries in particular, where urbanization, 
growing water scarcity and a lack of technological development remain the most cru-
cial challenges to be dealt with. Technology and knowledge transfer have so far pro-
vided only limited assistance to developing countries. By formulating e�cient adapta-
tion strategies, the negative e�ects of climate change on food security can be mitigated 
or even avoided. Within the food system, adaptation activities are aimed at reduc-
ing vulnerability and enhancing the �exibility of the system to climate change. In a 
few regions, extended climate events are changing agro-ecological zones. Adaptation 
to extreme experiences is intended to minimize damage, modify hazards and avoid 
damaging e�ects or share losses, thereby creating a more �exible system. In addition 
to current and expected climate change, adaptation requires both technological (new 
varieties produced by biotechnology or breeding) and non-technological (e.g. land 
management, markets, food change) solutions.

Without a collective approach, climate change e�ects cannot be mitigated suf-
�ciently. Even with the tremendous e�orts made at present, several areas are lagging 
behind. However, several future directions have been clearly outlined in the research 
literature. With increasing populations, growing demand and changing diets are ex-
pected in the future. �ese demands can only be satis�ed with further productivity 
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gains, since agricultural land expansion is extremely limited. Meat consumption, es-
pecially beef and other red meats, should be limited within reasonable limits. �is is 
a viable, but di�cult task, since currently meat substitutes are not widely accepted 
among consumers and large-scale production is still a problem (Cole et al. 2018; Good 
Food Institute 2021). Raising awareness of products and increasing trust should be a 
priority in this area. At the same time, the consumption imbalance between developed 
and developing countries has to be mitigated as well. We have to add that a reduction 
in meat consumption should be discussed in the context of marginalized lands and 
biodiversity. Furthermore, alternative diets with lower meat consumption have clear 
health bene�ts (Tilman and Clark 2014), which should be taken into account as well.

By reducing the current levels of food loss and food waste, several emission “gaps” 
between the current and the expected levels of emissions can be reduced. �is would 
require a complex strategy along the whole food value chain. Furthermore, food loss 
and waste solutions should be linked to existing problems, such as plastic waste pol-
lution, since the food industry is one of the major users of plastics. Finally, one of the 
most urgent problems is water scarcity. Since water supply distribution is very unequal 
globally, innovative solutions are needed in agriculture to achieve further productivity 
gains. By implementing precision agriculture methods, the whole production process 
can be monitored and controlled. Finally, data collection, transparency and interdisci-
plinary approaches will gain further importance in the future as well.

In terms of biodiversity connections, achieving socioeconomic viability and pre-
serving the cultural and natural heritage of HNV landscapes are of great importance, 
although climate change inherently a�ects these regions. At the same time, it is hard 
to quantify these e�ects and their possible future directions without suitable data and 
assessment methods. Evaluating these e�ects would require an even more complex 
approach with highly detailed data. Existing models should be extended to include 
di�erent social and economic interactions, as well. According to the FAO (2020b), 
an e�ective knowledge transfer strategy, and cultural awareness and appreciation have 
been major success factors in maintaining and improving biodiversity.

�e solution to these problems also depends on collective and interdisciplinary ef-
forts and cooperation between public authorities and the scienti�c community. Adap-
tion to climate change and to its negative e�ects causes a signi�cant transformation in 
the interaction between global society and the natural ecosystem. Government agen-
cies have issued several climate emergency statements. In addition to policy makers, 
cooperation between the private sector and the public needs to be established to over-
come the harmful impacts of climate change.
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