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Abstract

:

Since agricultural productivity is weather and climate-related and fundamentally depends on climate stability, climate change poses many diverse challenges to agricultural activities. The objective of this study is to review adaptation strategies and interventions in countries around the world proposed for implementation to reduce the impact of climate change on agricultural development and production at various spatial scales. A literature search was conducted in June–August 2023 using electronic databases Google Scholar and Scientific Electronic Library eLibrary.RU, seeking the key words “climate”, “climate change”, and “agriculture adaptation”. Sixty-five studies were identified and selected for the review. The negative impacts of climate change are expressed in terms of reduced crop yields and crop area, impacts on biotic and abiotic factors, economic losses, increased labor, and equipment costs. Strategies and actions for agricultural adaptation that can be emphasized at local and regional levels are: crop varieties and management, including land use change and innovative breeding techniques; water and soil management, including agronomic practices; farmer training and knowledge transfer; at regional and national levels: financial schemes, insurance, migration, and culture; agricultural and meteorological services; and R&D, including the development of early warning systems. Adaptation strategies depend on the local context, region, or country; limiting the discussion of options and measures to only one type of approach—"top-down” or “bottom-up”—may lead to unsatisfactory solutions for those areas most affected by climate change but with few resources to adapt to it. Biodiversity-based, or “ecologically intensive” agriculture, and climate-smart agriculture are low-impact strategies with strong ecological modernization of agriculture, aiming to sustainably increase agricultural productivity and incomes while addressing the interrelated challenges of climate change and food security. Some adaptation measures taken in response to climate change may not be sufficient and may even increase vulnerability to climate change. Future research should focus on adaptation options to explore the readiness of farmers and society to adopt new adaptation strategies and the constraints they face, as well as the main factors affecting them, in order to detect maladaptation before it occurs.
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1. Introduction


Anthropogenic activities are contributing to current environmental problems such as climate change, natural resource degradation, including soil degradation and biodiversity loss, and environmental pollution. According to the World Economic Forum Global Risks Perception Survey 2021–2022, “Climate action failure” and “Extreme weather” were identified as holding the 1st and 2nd places among the most serious risks on the global scale for the next 10 years [1]. The world’s population is currently increasing and is projected to reach 9.5 billion by 2050 [2], which poses challenges for socio-economic progress and requires expanding the contributions of all resources to meet the necessities of a growing number of people [3]. Food security is one of the main problems in the 21st century, and due to the growth of the population, agricultural production, both food and non-food products, will have to increase by 60% by 2050 compared to 2005 [4].



The Sustainable Development Goals (SDGs) are a universal call for global action aimed to “protect the planet and ensure that all people enjoy peace and prosperity”. To ensure their achievement, they are all interconnected and integrated, balancing the environmental, social, and economic dimensions of sustainable development [5,6,7,8]. Seven out of 17 SDGs are related to agriculture and climate change, namely: No Poverty (SDG1), Zero Hunger (SDG2), Gender Equality (SDG5), Responsible Consumption and Production (SDG12), Climate Action (SDG13), Life Below Water (SDG14), and Life on Land (SDG15) [6,7,8,9,10,11]. To achieve the goals while addressing current climate change problems, climate-smart agriculture is needed, aimed at sustainable food production, climate adaptation, and resilience [12,13,14,15,16,17,18,19,20,21,22].



1.1. Adaptation Strategies—Definitions for Agriculture


While mitigation means activities aimed at reducing greenhouse gas emissions [23,24,25,26], adaptation refers to measures aimed at increasing the ability of people and communities to adapt to climate change and related impacts that will occur in various sectors of human life [23,26,27,28,29,30]. In the light of climate change, adaptation is recognized as actions aimed at reducing vulnerability and/or benefiting opportunities resulting from current or future changes [26,31,32,33]. In this context, Adaptation Strategy (AS) can be defined as “…a general plan of action for addressing the impacts of climate change, including climate variability and extremes. It will include a mix of policies and measures with the overarching objective of reducing the country’s vulnerability. Depending on the circumstances, the strategy can be comprehensive at a national level, addressing adaptation across sectors, regions and vulnerable populations, or it can be more limited, focusing on just one or two sectors or regions” ([34], p. 186). Considering the existence of a large number of definitions of the term “strategy” [35,36], we use the above one with the addition of a local level.



Since the relevance of AS depends on the nature of incentives and the associated vulnerability, discussion of adaptation strategies should begin with an overview of climate and ongoing climate change, as well as their impact on agriculture, answering the question: What is agriculture adapting to? For example, B. Smit and coauthors [37] emphasize that “adaptation in agriculture may be in response to a sequence such as temperature and precipitation conditions, which result in drought (magnitude and/or frequency) which influences crop yield which has consequences for income” ([37], p. 230). At the same time, no country or region has the same adaptation potential, especially depending on their economic and/or social status, which is very important for developing countries, which experience more restrictions compared to developed ones [27,38].



B. Smit and M. Skinner [39] determine the distinctive characteristics of adaptation in agriculture, such as “intent and purposefulness; timing and duration; scale and responsibility; and form” ([39], p. 93). Here “intent and purposefulness” means spontaneous or specifically planned; “timing and duration” is related to anticipatory (proactive), concurrent (during), or responsive (reactive) adaptations. “Scale and responsibility” characteristics are very important in terms of decision-making and planning specific adaptation plans. “Scale” is a spatial level where adaptation occurs, such as plant, plot, field, farm, region, and nation [39]. In this context, “responsibility” means differentiation between the various actors who implement or promote adaptation in the agricultural sector, including farmers as individual producers, private enterprises integrated into agribusiness, and public institutions referring to governmental decisions [37]. Consequently, adaptation “form” refers to the diverse array of structures and procedures that vary depending on spatial and policy levels, shaped by their administrative, financial, institutional, legal, managerial, organizational, political, pragmatic, structural, and technological attributes [39]. At the same time, there are various restrictions on adaptation, or factors affecting agricultural adaptation to climate change, with their different origins: physical, environmental, technological, economic, political, institutional, psychological, or socio-cultural [28,30,40,41,42,43].




1.2. Adaptation Strategies: Scaling from National to Farmer Levels


Climate change effects on agricultural activities vary in different regions, depending on economic, social, and environmental patterns, thus calling for a diverse mix of adaptation actions across the regions [25]. They can differ depending on the scale of the system. For instance, adaptation efforts vary at different levels of scale. At the farmer’s field level, it might involve actions like planting new species or hybrids. At the farm level, strategies could include diversification or obtaining insurance coverage. On regional or national scales, adaptation may entail changes in the number of farms or adjustments to compensatory programs. On a global level, it might necessitate shifts in international food market patterns [37]. Numerous examples of adaptation plans at the regional level can be found in the national communications submitted by the governments of developing countries [44].



The impact of climate change on agriculture is felt both at the level of individual producers and at the level of the entire population [45]. Two levels of agricultural adaptation are often discussed: farm-based measures, which are built on the rational personal interests of farmers, and policy-driven adaptation with government involvement, based on collective needs [46,47]. The most severe repercussions of these changes are felt within local agricultural communities, as they directly affect employment, income sources, and agricultural production. These communities heavily rely on the agricultural sector, rendering them more susceptible to such impacts. The most vitally damaging effects are expressed in reducing food security (availability, accessibility, stability, and use); aggravating water shortages (availability and quality of freshwater); causing damage to vital infrastructure (economic damage from floods and damage to infrastructure from the melting of polar ice caps); intensifying droughts (desertification); and increasing poverty in local communities [43]. At the same time, the choice at the national level related to the national policy in the field of agriculture and development is crucial [31]. According to Stage [48], the main difference between them is that at the local level, private farms and households can take autonomous adaptation decisions, while at the regional or national level, planned adaptation decisions are made by institutional or governmental authorities [48].




1.3. Adaptation Strategies for Agricultural Development and Production at Different Levels


The literature review shows that a comprehensive discussion has unfolded in the scientific community on the global impact of climate change and adaptation to it on various aspects of human life [19,27,28,37,38,43,49,50,51,52,53,54,55,56]. The multiple attempts are devoted to research involving systematic analysis, categorization and documentation of agricultural adaptation as a whole [23,25,32,39,45,57,58,59], as well some specific aspects, such as adaptation features in different countries and regions of the world, e.g.,: the Mediterranean region [60], Eastern Europe [61], Nordic countries [33], the USA [62], Canada [39], developing countries [63], low- and middle-income countries [42], Asia [64,65,66], South Asia [67], African countries [11,18,68], arid and semi-arid tropics of Asia, Africa, and Latin America [69]; in various sectors of agriculture [70], depending on the effects for various crops [71,72,73,74,75,76,77], and in different weather outcomes [16,21,58,78,79].



Despite this extensive discourse, there have been only a few studies conducted that include research from countries and regions of the world, showing adaptation actions at different levels of agricultural production, from regional and local farmers’ responses to government involvement or national level [31]. Thus, in this study, an attempt is made not to cover all the papers on the topic but more so to fill the above gap in research by compiling a scoping review of the literature. The aim of the current study is to review adaptation strategies and actions in countries around the world proposed for implementation in order to reduce the impact of climate change on their agricultural development and production at different levels. The study was completed in three stages: (i) identifying the climate diversity and climate change patterns; (ii) determining the impact of climate change on agricultural production; and (iii) recognizing adaptation strategies and actions in the agricultural sector, including at the local (farms), regional (institutions), and national (governments) levels. We believe that our results would benefit not only future research aimed at studying the development of effective strategies for the adaptation of the agricultural sector in different countries but also the influencing factors and barriers to the adjustment of agriculture to climate change.



The remainder of the paper is structured as follows: Section 2 presents the Materials and Methods of this study. Section 3 provides the Results of the main findings, including a table that summarizes the outputs from all the papers selected for the review. Section 4, Discussion, includes some additional aspects, such as: shortcomings and advantages that arise from climate change to agriculture, in Section 4.1; discussion of the pros and cons of the “bottom-up” and “top-down” approaches (Section 4.2); unique agricultural techniques such as intercropping are considered in Section 4.3; involvement of Indigenous Knowledge in the adaptation process is shown in Section 4.4; biodiversity-based agriculture and smart agriculture are debated in Section 4.5 and Section 4.6; and maladaptation concepts are discussed in Section 4.7. In the final Section 5, we present the main conclusions and implications of this study, including recommendations.





2. Materials and Methods


A literature search was conducted in June-August 2023 using electronic databases Google Scholar and Scientific Electronic Library eLibrary.RU, the largest Russian information and analytical portal in science, technology, medicine, and education, containing abstracts and full texts. The following questions were identified prior to the review process and subsequently taken into account when reviewing the literature: (i) What are current or future climate changes? (ii) How does climate change affect and is projected to affect agricultural production? (iii) What necessary adaptation actions (policies and measures) are noted? We were seeking the key phrases “climate change” and “agriculture adaptation measures” to search in Google Scholar and the key words “climate” and “agriculture adaptation” to search in eLibrary. We also looked for studies cited in the recognized papers.



The scoping nature of the literature review does not require full coverage of all papers on this topic, but those enveloping all climate types over different continents. The several first relevant studies were selected for the review, all of them published not earlier than 1999. The review criteria stipulated that publications eligible for inclusion should encompass countries with diverse climates, along with considerations of climate change and its associated impacts or adaptation strategies, without bias in the selection. Ultimately, our search identified 65 studies that were deemed suitable for the review, and we did not impose any restrictions on the study design.



It is important to note that challenges associated with the effects of climate change and the necessary adaptation measures are influenced not only by climatic factors but also by other biophysical variables, such as agro-climatic zones, soil types, and others. In this review, we do not classify our findings based on these specific assumptions. Instead, we seek to clarify and consolidate the relevant challenges and opportunities, taking into account a number of factors related to climate change. However, the results presented in this document can be used in conjunction with the identified prerequisites to assess the applicability of a particular task or opportunity in a particular context.




3. Results


From the reviewed papers, 59 in English and 6 in Russian were included in the table. Most of the articles were from European countries (25) [33,47,71,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102] and Asia (21) [13,17,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121], several from African countries (12) [11,68,69,122,123,124,125,126,127,128,129,130], also South America (4) [131,132,133,134] and North America (2) [135,136], and one paper from Australia [137]. Of these papers, six [17,100,122,131,136,137] were published at the Special Issue of Climate (MDPI) “Agroecological Approaches for Climate-Smart and Biodiverse Agriculture” (https://www.mdpi.com/journal/climate/special_issues/ecosystem, accessed on 1 September 2023), which originally inspired us to conduct this review. The studied areas include a wide range of climates, from equatorial to temperate, with various humidity variations (arid, semi-arid, humid, monsoon, Mediterranean, maritime), organized as from the temperate and subtropical climates of Europe (including Russia) to various climates in Asia, Africa, the Southern and Northern Americas, and Oceania (Australia).



3.1. Climate Change


Most of the descriptions of the climate change in different regions include increase of the mean annual or seasonal temperatures, changes in precipitation, both increase and/or decrease depending on the study area, higher frequencies of extreme weather events [33,83,84,85,89,99,133], such as heat waves, droughts and associated wild fires e.g., [71,81,82,98,101,115,122,124,137] or floods [98,101], changing rainfall patterns [43]; changes in physical and geographical zoning [93,94], changes in agroclimatic indices such as Growing Degree Days [96,97] or Temperature-Humidity Index [135], growing season length of crops [118]; the sea level rise [118]; changes in coastal zones [110,116] or alteration of permafrost and glaciers melting [47,113,116]. An increase in the frequency, duration, and intensity of droughts as the most dangerous effects of climate change on agriculture has been detailed globally, in all regions, and in many countries [47,68,69,71,80,81,82,89,99,101,102,112,115,116,122,124].



Some studies note the changes that have already happened in the last 10–30 years (e.g., in [11,80,82,89,99,109,117,129]). Others, based on different models, describe the predicted changes in the future by the years 2050–2100 according to various scenarios [71,86,87,90,98,103,105,108,119,123,128,134,135] or degrees of warming, e.g., +1 °C [93,104] or +2 °C [69]. In some papers, both current (past years) and future projections of climate change are discussed [114,125,126].




3.2. Changes in Agriculture Due to the Effect of Climate Change


Changes in climate can have different impacts on agriculture. Agricultural productivity is related to weather and climate, fundamentally depends on climatic stability, and, consequently, leads to challenges for food potential. Higher temperatures and reduced precipitation lead to growing aridity, water deficits, desertification, and increases in evapotranspiration, which lead to reduced yield potential, decreasing yields and the growing areas [114,125,126], deterioration of livestock conditions [17,47,69,85,126,137], and reduced reproduction and milk production [47,80]. Possible climate changes in the future may mean that some plants, such as coffee plants, will no longer be able to recover from the effects of natural disasters [131].



High temperatures and changes in precipitation also affect biotic factors, causing indirect effects such as intense weed growth, the incidence of pests and diseases, the introduction of new insects and diseases [13,47,111,112,122,131,134], or abiotic factors, such as widespread loss of nutrients [97,119]. Sea intrusion in coastal agricultural areas leads to agricultural land loss, pollutes freshwater resources, and increases salinity [11,47,109,110,112,115]. Another outcome is soil erosion and a decrease in its fertility [11,13,47,69,83,90,94,108,112,119,122]. Negative impacts are expressed in economic losses, increased labor, and equipment costs [89,137].



However, in temperate climates, yield gains are potentiated by longer growing seasons and the northward expansion of area for cereal cultivation, e.g., wheat, rice, and maize [33,80,84,88,89,92,101] or cotton [101,106], increasing pasture lands [135]. An increase in atmospheric CO2 concentrations can lead to yield growth due to CO2 fertilization [91]. Some countries and regions are shown to have both a negative effect in southern areas (climate losers) and a positive impact in northern parts (climate winners) [71,93].




3.3. Adaptation Strategies and Actions


Agricultural adaptation strategies and actions (ASA) can be grouped into different categories, depending on the spatial scale of adaptation options. Of the 65 papers included in the review, 22 consider adaptation actions at the local scale, or farmer’s level; 8 at the regional scale, or institutional level; 4 at the national scale, discussing decisions and solutions at the governmental level; and 31 studies provide a comprehensive range of ASA scales, including Local-to-Region, Region-to-Nation, or Local-to-Nation strategies and actions. Additionally, two papers referred to as “Local scale” discuss the adaptation of plant species to possible climate changes [100,122].



3.3.1. Agricultural Adaptation Strategies and Actions: Local Scale


Our results show that most studies focus on the local scale (Local), involve mainly practical farmers’ decisions, and activate a vast massif of techniques and methods. Among the farm production practices are often mentioned such as: (i) use of different crops or crop varieties, and plant breeding or development of new crop varieties more suitable to the changing climate—higher temperatures and/or reduced precipitation and hence, water availability, in a given region; flood, landslides, and drought-resilient; salt water resistant; insect and pest resistant [11,13,17,33,69,81,82,86,87,88,89,91,99,100,102,103,104,106,107,108,110,112,113,116,117,118,120,121,122,123,126,128,133]; (ii) crop rotation and intercropping to improve soil quality and fertility [69,83,84,119,124]; (iii) adjustments in planting dates such as changes in harvest and sowing dates, e.g., later sowings, sowings to suit rainfall variability, etc. [13,17,47,81,102,116,118,120,123,124,126,128,129]. Technologies are (can be) introduced for water and soil management, among them: (i) the adoption of water saving technologies such as efficient and sustainable irrigation practices including drip irrigation, micro irrigation and others, and the optimization of an irrigation schedule [11,88,89,91,98,100,102,106,108,110,112,113,114,117,120,124,126,129,132,136]; (ii) waste water reuse [109]; (iii) mulching and contour plugging; the use of living barriers, which improves soil drainage and reduces water-logging; and increasing the soil capacity of moisture-holding [11,47,99,118,131].



Adaptation strategies employed by farmers can significantly increase yields [112]. The actual effects of climate change and variability largely hinge on farm characteristics such as intensity, size, and land use. These factors influence farm management and adaptation practices. Given that various farm types adapt differently, a greater diversity of farm types can mitigate the impacts of climate variability at the regional level. Nevertheless, certain farm types may still remain vulnerable.




3.3.2. Agricultural Adaptation Strategies and Actions: Regional Level


Region-scale ASAs (Region) involve mainly formal decision-makers and employ methods and tools that include the same adaptation practices as at the local level, when these strategies and options are managed by various institutions—Union Councils, private companies, NGOs—at the regional level [71,85,95,118]. These ASAs include (i) farmers’ education, knowledge transfer and management changes [103,104,107,115,118]; (ii) introduction and running of regional early warning weather systems [85,115]; (iii) using modern weather services by integrating them into various digital platforms [96]; (iv) improving agricultural consulting, insurance and credit services [85,97,107,112,115,118,129,134]; (v) reducing the agricultural dependence on chemicals and synthetic fertilizers [17,92,110,111,125]; (vi) modernization of and investments in irrigation systems [11,13,101,102,107,110,112,118,129]; (vii) use of agroforestry [13,85,111,125] and (viii) alternative agricultural techniques [121]; (ix) sequester carbon support biodiversity through habitat and green corridor creation [85,119].




3.3.3. Agricultural Adaptation Strategies and Actions: National Level


At the national level (Nation), governmental programs and insurance include the provision of information to farmers about potential climate change impacts and adaptation measures. The government support mechanism is generally response-focused. National Action Plans for Adaptation [26] or National Strategic Plans [99] and National Agricultural Policies [121] to climate change are currently being developed and implemented in many countries around the world, concerning the major vulnerabilities of each country. Weather forecasts and information on climate change trends have public-good properties of non-rival consumption and high costs of exclusion [137]. It should be supplied by the government, not the competitive market, which can lead to the information being underprovided. Government roles should also include: (i) investment in R&D [93,95,97,113,115]; (ii) provision of transport, irrigation, and other infrastructure, and provision of a safety net for those who fail to successfully adapt to climate change [80,137]. Technological developments at the national scale include (iii) the development of early warning systems for risk communication to prevent loss from natural disasters [68,113,115]. Anticipatory disaster risk reduction and climate change adaptation planning are at the national level, as neither instrumental observation nor local awareness schemes alone are suitable for adaptation planning [113]. Other important adaptation strategies are (iv) selection and breeding of new drought/heat resistant/tolerant crop varieties [85,102,105]; (v) creating relevant genebanks [134]; (vi) developing agroforestry systems [69]; (vii) developing and implementing more efficient methods of irrigation [11,68]; and (viii) using renewable energy sources in modern agricultural systems [92]. Governmental support for (seasonal) migrations and alternative livelihood opportunities could help improve the sustainability of agriculture and its resistance to climate change and should be recognized as complementary to the current adaptation tactics and strategies [11,44,113,123]. National Agricultural Policy [121] also addresses the issues of environmental protection in agriculture, which, among others, implies developing farming systems and agro-technologies on a landscape basis [93] and supporting natural and agricultural biodiversity through the creation of habitat and green corridors [95]. Last but not least, Nation ASAs emphasize the importance of developing the international agricultural market, taking into account the opportunities and limitations of global change [91].



All results from the research studies mentioned above are listed in Table 1, where the papers are arranged according to continents, from Europe to Asia, Africa, the Americas, and Oceania, and inside the continents—according to the climate from temperate to equatorial climate zones, including tropical and subtropical, and all varieties of humidity. The following characteristics of studies involved in the review were extracted: study area and its climate, climate change characteristics, consequent changes in agriculture, spatial scale on which adaptation strategies and actions (ASAs) are proposed or executed, which are Local, Region, and Nation, and agricultural ASAs suggested or already used in the studied regions.






4. Discussion


Current climate change faces various challenges for the global community in all spheres of livelihood, including agricultural development and production. Climate change adaptation actions in agriculture incorporate a wide diversity of activities at different scales linked to declining agricultural exposure and vulnerability to changes, such as technological developments or changes in production practices [87].



Of the 65 papers included in the review, 48% consider adaptation measures at the whole range of ASA scales, from Local to Region and Nation, emphasizing the fact that all levels of decision-making should be involved and interconnected in the adaptation process. Developments at one level can help in the implementation of plans at another level, and vice versa, failures in the implementation of decisions at any level can lead to maladaptation as a whole. For example, several studies show the need for regional-scale measures such as investments in training and education, easier access to credits, which can help to adopt local adaptation actions, and facilitating the adjustment process among the poorest farmers at the local scale [128,130].



To describe the picture in “large strokes”, the results identify five groups of the most relevant adaptation measures stimulated by the impacts of climate change. The ASAs in agriculture that can be distinguished at the Local and Region scales are: (i) crop varieties and management, including changes in land use and innovative breeding techniques; (ii) water and soil management, including agronomic techniques; (iii) farmers’ education and knowledge transfer; at the Region and Nation scales: (iv) financial schemes, insurance, migration, and culture; (v) agricultural and weather services, R&D, including the development of early warning systems [11,99,138].



More considerations are addressed below, emphasizing additional aspects on the topic of agricultural adaptation to climate change.



4.1. Climate Change and Agriculture: Shortcomings and Advantages


Climate change has a multiplicative effect on the climate system. In recent decades, tropical Asian countries have reported increasing surface temperature trends and decreasing trends in rainfall. Even with only small changes in climate, the frequency and intensity of extreme events may change in Africa. In Latin America, the climate is affected by the El Niño-southern oscillation, and depending upon the phases of the phenomenon, there is a close relationship between the increase and decrease of precipitation. Local farmers in these regions use crop cultivation strategies such as inter- or mixed cropping. They allow minimal risks and ensure certain productivity even in lean years [69].



Droughts are one of the most dangerous consequences of climate change caused by a decrease in precipitation and/or an increase in temperature, in terms of further implications for agriculture. Drought stress leads to a water deficit, which is also caused by increases in evapotranspiration under a warming climate [139]. Related to droughts, water shortages are one of the key risks for agriculture in the future. Thus, it is essential to research the capability of crops to grow in a water deficit. As it was shown by Sperdouli with coauthors [100], some of the tomato cultivars have no difference in photochemical efficiency under 50% less water. Such research is helpful for estimating minimum irrigation levels for effective photosynthesis.



On the one hand, in the northern areas of temperate regions, climate change is anticipated to increase the food production potential and expand suitable areas for crop cultivation. As a result of prolonged growing seasons and higher CO2 concentrations, increases in net primary productivity (35–54%) are projected in northern Europe [80,140]. Expansion to the North is often considered a decision to address the problems of agriculture caused by climate change in lower-latitude countries [141]. On the other hand, there might be an increased need for plant protection, a risk of nutrient leaching and speeded decomposition in soil organic matter [33], or challenges for agricultural systems located on arable permafrost-affected soils, such as equipment problems, waterlogging of soil, damage to infrastructure, losing topsoil, and soil fertility [141]. Moreover, the reduced duration of snow cover and frost at the soil level may have a negative effect on forest production and can decrease recreational possibilities. In southern areas, climate change is predicted to bring more negative changes with limited benefits [80].




4.2. “Bottom-Up” and “Top-Down” Approaches: Pros and Cons


Generally speaking, “top-down” and “bottom-up” are two different approaches to problem solving, analysis, and decision-making in various fields, including business, psychology, and software development. The “top-down” approach starts with the big picture and breaks it down into smaller parts, while the “bottom-up” approach starts with individual components and combines them into a larger whole [142]. In environmental science, “top-down” approaches usually define critical parameters that relate to comprehensive social benefits and more detailed goals of institutions or operations and denote observations or activities planned in the context of a global, international, or national framework, often with a focus on national and international assessments and scientific research. “Bottom-up” approaches refer to surveillance or action initiatives defined and implemented at a lower level and subsequently transferred to higher-level authorities, often with an emphasis on achieving the results sought by the local communities [142].



Initially, in changing conditions, farmers adapt in their own way, mostly reactively and independently, without having the required comprehension and financial resources to operate for a long time. In order to avoid making wrong decisions, regional and national administrations must respond properly. While “bottom-up” approaches with adaptation options at the Local scale, or at the local level, are aimed at producing and realizing actions to formulate and implement policies with the interest of the local community to fight against recent past or present vulnerabilities [52], “top-down” approaches convey the policies developed by the government at the Region-to-Nation scales with the involvement of technical specialists and based on climate projections and modeled impacts [59].



In many cases, “bottom-up” approaches lag behind “top-down” approaches applied to carbon emission budgets and targets suitable for climate change mitigation aimed at reducing greenhouse gas emissions [143]. As a rule, a “top-down” approach is preferable when the difficulties faced by “bottom-up” approaches, such as the absence of information, inducements, and resources, which are obstacles to effective policy realization, are found [144]. Adaptation actions, which were mainly carried out using a “top-down” approach, may lead to actions that do not meet the actual demands of fragile communities [54,59,144,145]. The fight against climate change is a global problem, but adaptation measures should be taken at the local scale and with the real participation of the community. “Bottom-up” approaches are likely to be a crucial element of adaptation measures at the local level, especially considering the areas’ variety, and should be implemented in accordance with their specific conditions and vulnerabilities.



“Bottom-up” approaches are seen as an effective management method and a way to ensure that local communities and marginalized groups of society have a voice in climate policy. At the community level, they may be appropriate for some climate change adaptation realities. However, for other climate change adaptation measures—for example, in the field of infrastructure, “top-down” approaches may be preferable. At the same time, some unpredictable threats from the “bottom-up” approaches can be raised. In countries with low preparedness for the present climate change risks, local and individual countermeasures can eventually increase societal disparities, lead to long-term maladaptation, and even encourage the aggravation of the climate crisis [146].



Adaptation strategies depend on local conditions, region, or country; limiting the discussion of possible options and measures to only one type of approach—"top-down” or “bottom-up”—can lead to unsatisfactory solutions for those areas that have been most affected by climate change but have insignificant resources to adjust to it [52,59].




4.3. Intercropping as a Cultivation Technique


Adapting a crop system to weather variability and climate change is crucial for sustainable and durable food production. Resistance to unexpected weather conditions depends, among other circumstances, on the intercropping or alternation of crops with the inventive cultivation of many interacting crop species or genotypes together in time and space, which enriches the diversity of the farming fields and landscapes [72,113,125]. It can serve as a means of solving the problems of crop cultivation in northern agriculture caused by climate change [84,102]. In a qualitative study in Finland, it was revealed that intercropping leads to increased yield, self-sufficiency in nutrients and proteins, preservation and care of soil, reduction of pathogen pressure, and regulation of water dynamics [84]. The most notable intermediate crops are: nitrogen-fixing legumes; deep-rooted species, e.g., Lucerne (Medicago sativa L.); special crops, e.g., herbs in feed mixtures; as well as winter oilseeds and cereals sown in autumn [84].



Local crop varieties, or crop landraces, are heterogeneous mixtures of genotypes that give plant phenotypes with small but important differences in field conditions [147]. The genetic variety of such mixtures allows agricultural crops to adapt to drought, heat, saline soil, or other extreme environmental conditions. Landraces with their high heterogeneity can help mitigate such problems as crop failures, reduced yields, loss of quality, and an increase in the number of problems with insects and disease, which can worsen under climate change conditions [122]. The genetic diversity contained in landrace populations is an important part of the global diversity of crops and is considered of primary significance for future international agricultural production [69,122]. Thus, small landholders can use landraces as a means of adaptation to changing climates [133].



Other multiple-purpose farming systems and strategies to combine a variety of crops and animals will make more effective applications of natural resources, involving frameworks and approaches to land management such as agroforestry, alley cropping, and permaculture. Future systems will be spatially diverse and adjusted to certain local environmental conditions and will include ecological design based on whole-system ecologically based thinking.




4.4. Traditional and Indigenous Knowledge


Adaptation measures are most effective when they correspond to local conditions and their incentives, opportunities, and resources, including the use of traditional knowledge and community participation. Traditional knowledge (TK) is determined as the local knowledge of a cultural group or a society, as opposed to the global, widespread knowledge acquired by researchers at universities and private institutions [148]. TK is a complex experience of local farmers collected over thousands of years and described by high production capacity, conservation of biodiversity, low energy consumption, and mitigation of climate change. It can serve as a guide in the development of sustainable farming systems [119,149]. Traditional agriculture is usually located on small farms that integrate crops and livestock, thus reducing their reliance on external inputs such as fossil fuels, fertilizers, and pesticides [69,149,150]. Having experience farming in different extreme weather events, traditional farms are also resistant to environmental changeability with minimal external influences [151,152].



Traditional agriculture includes such practices as agroforestry, crop rotation, intercropping, traditional organic composting, cover cropping, and integrated crop-animal farming, which can be accepted as the model methods for climate-smart agriculture. These practices enhance agricultural sustainability and help in mitigating climate change [153]. Highly productive traditional farming in marginal regions, for example, intercropping integrated into animal husbandry and/or agroforestry, constitutes the potentially effective farming skills of traditional farmers based on a deep appreciation of the natural environment laws [154]. Sharing the experience gained by local producers and integrating local knowledge into regional and national adaptation policies will help develop more effective adaptation strategies to decrease vulnerability to climate change [131].



Looking further and deeper into TK practices, Indigenous TK describes ways of learning and a comprehensive approach to living off the land and learning from it [10]. Indigenous peoples’ knowledge and adaptation are collective information and expertise in the field of biodiversity, controlled by the community and improved from generation to generation, performing a key role in the management of natural resources via traditional practices [154]. In the current unfavorable environmental scenarios, Indigenous TK developed for generations in the process of a long interactive assimilation of Indigenous peoples with their local environments after several trials and errors and is recognized as scientific and consistent knowledge [119]. For example, in the Sakha Republic, Russia, local Indigenous people have for centuries effectively used permafrost landscapes such as alases (pools of a thaw lake) for hay production [155]. According to Shaffril and colleagues [65], traditional Indigenous knowledge should be integrated into current adaptation strategies as follows: (1) promote the recognition of TK and the role of Indigenous peoples in policy design and formulation; (2) develop a strategic adaptation scheme that meets the requirements, capabilities, and concerns of Indigenous peoples; and (3) announce particular spheres and study content that future research should be focused on [65].




4.5. Biodiversity-Based Agriculture


Agricultural ecosystems, like other ecosystems, depend on biodiversity, and species of animals and plants depend on sustainable agricultural landscapes [85]. But in the last decades, due to intensive monoculture farming, agrobiodiversity has reduced, with the main sown crops being corn, wheat, rice, soyabean, and others [156,157,158]. It is estimated that in the 20th century, 75% of the world’s food crop diversity was lost due to the replacement of local varieties by genetically uniform, high-yielding varieties [12].



Biodiversity-based, or “ecologically intensive agriculture”, is a strong ecological modernization of agriculture that relies on high biological diversification of farming systems [159] and intensification of ecological interactions between components of the biophysical system that contribute to productivity, fertility, and resistance to external perturbations [160]. Biodiversity-based agriculture, as a way of adapting to current climate change, addresses several agricultural aspects of the current climate crisis; it supports ecosystem services and reduces the use of chemicals. Its inherent complexities are only a little understood, which leads to a little awareness that can be used as an indication supporting its regulation [85,119,161].



Providing the world with food depends on protecting our valuable ecosystems and their biodiversity. Environmental protection actions in agriculture should be addressed in existing NAPs [121]. In food production, preference should be given to ecosystem rehabilitation and conservation, which requires a far-sighted rational management strategy and fundamental changes in models and practices of economic development, products, and production. Food systems must be restructured in such a way as to have a neutral and positive impact on the environment, as well as to ensure healthy nutrition and food safety, and strategies with a low impact on the environment should become a priority task [21].




4.6. Climate Smart Agriculture


To better adapt to climate change, farmers must develop or transform their agricultural systems by replacing old procedures and practices with climate-smart agricultural practices [162,163]. Climate-smart agriculture (CSA) is an integrated agricultural approach to agricultural management aimed at sustainable growth of agricultural productivity and incomes, solving the interrelated problems of food security and climate change, reorienting agricultural development for achieving mitigation and adaptation goals, and effectively controlling agricultural growth [17,22,124,164,165]. CSA includes a range of adaptations and climate change mitigation practices aimed at sustainably increasing productivity (food, fiber, and fuel production), reducing GHG emissions, improving resilience, and promoting national food security and development goals [12,22,124,166]. CSA considers not only environmental but social and economic scope as well, to expand advantages and diminish compromises, consequently involving institutional, policy, and technological practices [165]. CSA activities are a combination of technologies and practices implemented in the agricultural system at various scales [15,165]. They include both long-existing traditional practices and innovative agricultural technologies known and promoted extensively, such as agroforestry, conservation agriculture, biodiversity-based agriculture, water management, and sustainable land management practices or technologies [16,18,165]. At the farm level, the implementation of CSA practices depends on the social-economic environment, which is influenced by institutional patterns, resource accessibility, and climatic conditions. The use of a combination of methods allows farmers to expand the synergy between CSA practices and technologies, increasing farms’ productivity in the face of intersecting challenges [18,124,167].



While it is desirable to reach all the goals, in the real world of agriculture, trade-offs will be necessary to find a compromise between the goals of productivity, sustainability, and mitigation. Today, CSA is a key concept for many organizations working at the nexus of climate change adaptation and agriculture. CSA is a set of guidelines that can be used to identify successful agricultural production models among different methods. Any agricultural technology compared to standard existing practices can ameliorate the objectives of CSA and be indicated as climate-smart [168].



Just a decade ago, it was argued that the concept of CSA was vague and with no firm criteria, with “no specific direction, no new science agenda, no ability to negotiate and prioritize contentious, conflicting agendas, and no compelling reason to increase or shift investment” [169]. Nowadays, we can justify the main directions of the future development of the CSA as follows: (i) involvement of advanced Internet technologies to provide the information security of agriculture; (ii) improvement of the crop structure and management methods; (iii) provision of “Internet + weather” services; (iv) enhancement of the agricultural service quality; and (v) development and use of agricultural weather insurance [22]. These ideas and strategies will consolidate ecological conservation, stimulate sustainable advancements in agriculture, and extenuate the effects of climate change.




4.7. Catching Maladaptation before It Happens


The adaptation of farmers to climate change is facing many challenges of various origins, such as physical, environmental, economic, institutional, technological, socio-cultural, psychological, or political [28,30,41,42,43,114,130]. Some adaptation measures taken in response to climate change may be insufficient and even elevate vulnerability to it. New areas of concern arise, particularly maladaptation—a concept widely used to denote the negative effects of adaptation to climate change [26], in farmers’ programs, and at regional or national adaptation policies [58,170]. The term “maladaptation” is defined as “changes in natural or human systems that inadvertently increase vulnerability to climatic stimuli; an adaptation that does not succeed in reducing vulnerability but increases it instead” ([171], p. 378). Some adaptation practices can serve short-term goals but involve future costs for society from a long-term perspective, causing unpredictable negative changes. At the same time, the review study conducted in South Asian countries shows that short-term adaptation options, such as improved agricultural technologies, may fail without long-term investments in institutional changes [67].



The bad tidings comprise the point that there is a dramatic ambiguity in the climate forecasts themselves. The mysteries of uncertainty arise from knowing what future climate to expect before communicating planned decisions. The solution may be to apply sensitivity analysis, which can show areas with high sensitivity to climate change and the degree of their potential impact [172]. These assumptions about the likely success of adaptation can be made based on a very small amount of research. The potential for achieving some degree of success on a global scale, even if entirely warranted, likely conceals noteworthy variations at the regional level in terms of their effects, adaptability, and the underlying assumptions regarding vulnerability. Exposure to multiple stresses and impacts leads to growing uncertainties and higher vulnerabilities [6,103]. In short, it is not easy to find the right solution anyway, and unfortunately, there will be winners and losers [31,172].



The general assumption is that some incursions unintentionally exacerbate, reallocate, or even generate new resources of vulnerability, which are caused by (i) superficial comprehension of “sensitivity” and “vulnerability” concepts; (ii) uneven involvement of the interested participants in the development and fulfillment of the adaptation programs; (iii) inclusion of adaptation strategies and actions into already operating development projects; and (iv) lack of critical attitude to how to define an “adaptation success” [55]. Three types of maladaptive consequences can be grouped as (i) restoring vulnerability; (ii) changing vulnerability; and (iii) undermining sustainable development [173].



Future research should focus on adaptation options to examine farmers’ and societal readiness and the difficulties they face in adopting new adaptation strategies, as well as their essential influencing factors, to catch maladaptation before it happens [174].





5. Conclusions and Recommendations


The objective of this study is to review adaptation strategies and interventions in countries around the world proposed for implementation to reduce the impact of climate change on agricultural development and production at various levels. The attempt is not so much to cover all works on the topic but rather to fill a gap in studies showing adaptation actions at different levels of agricultural production, ranging from regional and local farmer responses to government involvement or national level, by compiling a scoping review of the literature. The study was completed in three stages: (i) identifying the climate diversity and climate change patterns; (ii) determining the impact of climate change on agricultural production; and (iii) recognizing adaptation strategies and actions in the agricultural sector, including at the local (farms), regional (institutions), and national (governments) levels. The search identified 65 studies that were selected for the review. The studied areas include a wide range of climates, from equatorial to temperate, with various humidity variations (arid, semi-arid, humid, monsoon, Mediterranean, maritime). Most descriptions of climate change in different regions include increases in mean annual or seasonal temperatures, changes in precipitation, both upward and downward, depending on the study area, and increases in the duration, frequency, and intensity of extreme weather events, including heat waves and droughts. The negative impacts of climate change are expressed in terms of reduced crop yields and crop area; impacts on biotic and abiotic factors; economic losses, increased labor, and equipment costs. However, there are positive impacts in temperate climates, which are reflected in increased crop yields, enhanced by longer growing seasons and the northward expansion of crops such as wheat, rice, and maize.



Recommended strategies and actions for agricultural adaptation that can be emphasized at local and regional levels are crop varieties and management, including land use change and innovative breeding techniques; water and soil management, including agronomic practices; farmer training and knowledge transfer; at regional and national levels, financial schemes, insurance, migration, and culture; agricultural and meteorological services; and R&D, including the development of early warning systems.



In many cases, measures to adapt agriculture to climate change are currently represented by guidelines based on administrative boundaries (Nation or Region scale). On the contrary, it is necessary to develop recommendations based on climate realities that are acceptable not for the country(ies) as a whole but for agricultural units (Local scale) located in a certain climate. It is not entirely obvious whether the future climate will present mainly challenges or opportunities, so the recommended measures may even oppose one another. The adaptation choices are not easily made since they may lead to unknown or even negative outcomes.
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Table 1. Climate change and Agricultural Adaptation Strategies and Actions (ASAs). The periods are underlined for which the assessment of climatic changes was conducted.
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	##
	Study
	Study Area
	Climate
	Climate Change
	Effect on Agriculture
	ASAs Scale
	Agricultural Adaptation Strategies and Actions





	1
	[80]
	Europe
	Temperate
	20th century: increase in surface air temperature (0.8 °C), precipitation (10–40%), drought in southern Europe (20%); reduced summer precipitation
	Area of cereal cultivation expands northward; reduced reproduction and milk production in dairy cows; for cooler regions: reduced feed requirements, increased survival, lower energy costs; lower yields due to limited moisture supply
	Nation
	Later sowings in northern Europe; shorter rotations and regular thinning in the forests; soil management and planting techniques for the continental and Mediterranean forests



	2
	[81]
	Europe
	Temperate-to-Subtropical
	Current and projected (by 2050) changes: increased incidents of heat waves and droughts
	Negative effects on the continental climate in the Pannonian zone (Hungary, Serbia, Bulgaria, and Romania)
	Local
	Changing the timing of cultivation; selecting other crop species and cultivars



	3
	[82]
	Europe
	Temperate-to-Subtropical Mediterranean
	1990 to 2003: increase in temperatures, water shortage, the incidence of heatwaves and related droughts
	Reduction of crop yields and the area for cropping; generally lower yields in warmer climates
	Local-to-Region
	Changing crop rotations and inputs; irrigation management; fertilizer-intensive farmers; and higher exposure to extreme conditions stimulate adaptation



	4
	[47]
	Europe
	Boreal, Atlantic-to-Temperate-to-Alpine, Mediterranean
	Four climate change scenarios for 2080s: increased temperature and precipitation (rainfall); increased risk of floods, drought and water scarcity; loss of glaciers and alteration of permafrost
	Disruption of zoning areas and decreased crop productivity; increased area with the need for supplemental irrigation; deterioration of water quality; deterioration of soil quality and desertification; sea level rise intrusion in coastal agricultural areas; increased risk of agricultural pests, diseases, and weeds; deterioration of livestock conditions; improvement in livestock productivity
	Local
	Changing crop sowing days; growing heat-resistant cultivars; improving soil structure; contour plugging to improve soil drainage and reduce waterlogging; increasing the water-holding capacity of soils; increasing the collection of winter rainwater to increase the supply for subsequent irrigation; pests and diseases: the introduction of resistant or less-susceptible varieties; vaccination as a measure of adaptation to livestock diseases



	5
	[83]
	Europe
	Temperate
	Scenario period 2040–2065 relative to baseline 1980–2005: warmer temperatures and more frequent extreme weather events
	2040–2065: Yield losses for current crop varieties; decrease in spring-sown crops due to shortened growth duration and intensified drought; soil organic carbon decrease
	Region
	Crop rotations; crop residue management; re-initialization



	6
	[33]
	Europe, Nordic countries
	Temperate
	Differences between 2071–2100 compared to 1961–1990: temperature increase 1–3 °C during spring, summer and autumn; stable or increased precipitation, with 30% increase in northern Sweden during spring; warmer and wetter conditions; more frequent extreme weather events
	The vegetation period starts 10–50 days earlier and ends 5–50 days later, increasing agricultural production potential
	Local
	Northward expansion of crops; introduction of “new” crops and varieties; crop-, soil-, and water management; chemical plant protection; plant breeding



	7
	[84]
	Finland
	Temperate
	The end of the 21st century: warming and lengthening of growing season; reduced time with snow cover; higher precipitation; potential increase in weather variability and extremes (windiness, heavy rains, warm spells)
	Potential impact on crop yields; increasing pest risks; yield gains potentiated by longer growing seasons
	Local
	Intercropping: mixing of forage crops (grasses and legumes) and under-sowing cereals with perennial grasses; multi-species or cultivar-rich forage mixtures; maintaining and improving soil quality and fertility via intercropping



	8
	[85]
	Great Britain (Scotland)
	Temperate
	Projections up to 2030, 2050, and 2100: wetter and warmer winters, drier and warmer summers, a higher frequency of extreme events
	Hotter, drier summers impact the current crop growth; opportunities for new types of crops in the future; the negative impact of flooding and severe storms; wetter and warmer weather increases grass growth, supporting the livestock industry in the west and northern regions; extreme heat provides challenges for crops and livestock
	Region-to-Nation
	Adjusting planting and harvesting dates, selecting resilient crop types to withstand extreme weather, altering pasture and soil management practices, facilitating knowledge transfer, implementing management changes such as providing advice, establishing early weather warning systems, and promoting farmer cooperatives. Additionally, adaptations involve changes in fertilizer application frequency to enhance both inorganic and organic fertilizer efficiency, improved soil management techniques to respond better to wetter and drier conditions, which can support carbon sequestration and retention, as well as the utilization of agroforestry to sequester carbon, stabilize at-risk soils, provide shade and shelter to livestock, create diverse income sources, and support biodiversity by establishing habitats and green corridors; and the provision of transport, irrigation, and other infrastructure



	9
	[86,87]
	Netherlands Flevoland Province
	Temperate maritime
	By 2050: 2 °C increase in global temperature, including changes in air circulation resulting in drier summers; 1 °C increase in global temperature, without changes in air circulation
	Average climate change improves farm performance in terms of farm economic results; extreme events reverse the positive impacts of average climate change and pose large risks
	Local
	Combination of crop and farm level adaptation: shift to (more) winter wheat in systems dominated by root crops



	10
	[88]
	Belgium, Loam Region
	Temperate maritime
	The end of the 21st century: a shift in climate conditions to drier summers and wetter winters
	The positive impact of warmer temperatures on some crops, such as winter wheat, and the expected increase in extreme events such as heatwaves and longer drought periods will negatively affect summer crop yields, particularly sugar beet and potatoes
	Local
	Land-use changes: expanding the area dedicated to less susceptible crops like winter wheat; reducing the portion of land allocated to barley, sugar beet, potatoes, and grain maize; farming practices to mitigate crop stress: irrigation and techniques for conserving soil and water, such as drip irrigation for potatoes; the cost-effectiveness of irrigation practices may not be justified due to the significant financial burdens they would impose on farmers



	11
	[89]
	France, Paris
	Temperate
	Current climate change in seasonal patterns (e.g., temperature, frost, wind) and in extreme events (e.g., droughts, heat waves)
	Negative impacts on (i) vegetables (e.g., increased pressure from arthropods, metabolic disorders, decrease in crop yield and quality), (ii) farm management (e.g., increased and more difficult labor, more complex crop planning), and (iii) profitability (e.g., production losses, increased labor, and equipment costs); positive impacts (e.g., potential to extend the growing season or grow tunnel crops outside)
	Local
	Use of cover crops, mulching, agroforestry, and diversification; alterations in crop planning; implementation of equipment to regulate or ameliorate climatic conditions in enclosed environments like tunnels and efficient irrigation systems



	12
	[90]
	Switzerland, Swiss Central Plateau
	Temperate
	2050:

model ETHZ-CLM: strong climate change signal in summer with +3.5 °C and −24% in seasonal precipitation;

model SMHIRCA-HadCM3Q3: moderate changes for the summer season with +1.3 °C and −11% in seasonal precipitation, but an important increase of +21% in seasonal precipitation during the fall
	2050: a decrease in productivity by 0–10 %, an increase in soil loss by 25–35 %, and an increase in N-leaching by 30–45 %
	Region
	Adjustments in crop distribution, including an increase in the proportion of early-harvested winter cereals at the expense of irrigated spring crops; reduced tillage practices; irrigated areas should be directed toward soils with lower water retention capacity at lower elevations; some pre-alpine grasslands may also be converted into croplands



	13
	[91]
	Austria
	Temperate
	Past 40 years: increase in annual temperature (0.8–1.8 °C); changes in precipitation (−2.2% … +6.2%)
	Increasing forage yields; likely benefits for grassland from higher temperatures and CO2 fertilization
	Local-to-Nation
	Development of the National Adaptation Strategy for Agriculture: Robust adaptation measures should be (i) founded on integrative systems perspectives considering interplay between soil, plants, and water; (ii) sustainability considerations involving farming inputs and natural production factors are essential; (iii) incorporation of global change dynamics, including international market developments.

Farmers: adopting irrigation systems, reducing tillage, implementing winter cover crop planting



	14
	[92]
	Russia, European part
	Temperate
	By 2030 (compared to 1990–2020): sharp fluctuations in temperature; heavy rains in the central part; the onset of drought and dehydration of rivers in the south; southern part: increase of water resources shortage
	In the central strip, yields will improve due to longer insolation, making it possible to grow agricultural plants that were previously cultivated only in the south
	Region
	Reducing the agricultural dependence on chemicals and synthetic fertilizers; creating incentives to promote the use of renewable energy sources in all modern agricultural systems



	15
	[93]
	Russia
	Temperate
	+1 °C warming: precipitation increase in the north and decrease in the south; changes in physical and geographical zoning
	The growth of aridity in the south of the country.

In the northern part, the thermal regime is expected to improve.

In the whole country, climate change will not significantly affect the agricultural sector.
	Nation
	Inventory and reassessment of agricultural resources and the assortment of cultivated plants; revision of the principles of environmental protection measures; formation of the ecological framework of natural zones due to new agricultural technologies; developing farming systems and agro-technologies on a landscape basis



	16
	[94]
	Russia
	Temperate
	Current: changes in the annual and seasonal amplitudes of temperature and humidity, contributing to the displacement of the boundaries of bioclimatic zones to the north
	Soil degradation, strengthening of erosion processes, and decrease in farmland fertility
	Region-to-Nation
	Expanding the cultivation of drought-resistant crop varieties and hybrids; undertaking land reclamation; transitioning to minimal or zero tillage technologies to prevent soil erosion; enhancing moisture retention; increasing use of fertilizers and plant protection products



	17
	[95]
	Russia, Ulyanovsk Region
	Temperate
	1961–2010: higher temperatures and droughts; increase in climate change amplitudes
	Decrease in the yield of grain crops; reduction of the area of grain and fodder crops
	Region-to-Nation
	Expanding crops of later-ripening and higher-yielding varieties of cereals and legumes, soybeans, and late-ripening varieties of forage crops; investing in R&D to develop crops that are more resistant to changing climatic conditions, especially high temperatures and droughts



	18
	[96]
	Russia, Vologda Region
	Temperate
	Current: strengthening of regional differentiation in Growing Degree Days, distribution of frost-free periods, precipitation
	Reducing the efficiency of the present system of agricultural production
	Region
	Using modern weather services by integrating them into various digital platforms for farming and performing mechanized work to increase the efficiency of agricultural production



	19
	[97]
	Russia, Leningrad Region
	Temperate
	By 2030, compared to current: increasing air and water temperature; duration of the frost-free period; Growing Degree Days, precipitation, frequency, and intensity of natural anomalies
	Intensive phosphorus and nitrogen leaching from agricultural lands causes a widespread loss of nutrients
	Region-to-Nation
	Improving state support for agricultural insurance, land reclamation, seed production, and the development of biotechnologies that ensure the effectiveness of budgetary support and accelerate the pace of adaptation of agricultural production to climate change



	20
	[98]
	Europe, Mediterranean
	Subtropical
	Changes by the 2050s compared to 1961–1990: 1.5 °C temperature increase; up to 40% decrease in precipitation; increased evaporation; reduced soil moisture; changes in the annual precipitation patterns
	Crop productivity decrease caused by shortening of the growing period; subsequent negative effects on grain filling; in some regions, reduced water quality due to higher water temperatures and lower levels of runoff
	Local
	Conservation tillage; irrigation management



	21
	[99]
	Italy
	Subtropical
	Current: drought; wind; hail; flood events; late frost; damage by extreme maximum and minimum temperatures; intense precipitation; loss of suitability of the territory; saltwater intrusion; erosion; phytosanitary damage
	Every year, potential damage to Italian crops from all climate events = 10–40% of production (yield and income, in quantity and value);

2009–2018 extreme events cost the agricultural sector EUR 14 billion: damage to structures, infrastructure, and production
	Local
	Eight thematic groups: soil management; soil conditioners and fertilizers; agronomic techniques; crop protection; water resources management; engineering, digitization, and training; innovative breeding techniques and animal welfare; winemaking techniques



	22
	[100]
	Greece
	Subtropical
	Current: below-normal precipitation; warmer temperatures
	Drought stress caused by water scarcity and increased evapotranspiration; plant damage; increased risk of wildfires
	Local
	Reduced irrigation; pruning; grafting; de-leafing; fertilization



	23
	[71]
	Greece
	Subtropical
	By 2050: temperature increase; increase in duration and intensity of droughts, accompanied by significant reductions in summer soil moisture
	Crops for which the effect of climate change is mostly negative (tomato, pepper, potato, olive trees); mostly benefited (cabbage, tobacco); with mixed regional effects (barley, grapevine, cucumber); northern and central Greece and Sterea Ellada and Attiki are climate winners, west and southern Greece are climate losers
	Region
	Adjustment of sowing dates to help plants avoid extreme temperatures; additional irrigation water through increased irrigation rates or high-efficiency irrigation systems; increased N-fertilization necessary to address nutrient deficiencies resulting from reduced precipitation; vineyards: changes in cultivation and management practices or relocation



	24
	[101]
	Greece
	Subtropical
	2010–2099: increase in annual mean and maximum summer temperatures; increase in evapotranspiration; decrease in annual precipitation; more intensive summer droughts, floods, and soil erosion
	Water cycle intensification, crop yield reduction, soil losses, declining water resources, increase in irrigation needs, a decrease in yield for some crops (maize, sunflower, and beans); a mostly negative effect for tomato, potato, and olive trees; increase in yield of rice, wheat, cotton, peach, and orange trees
	Region-to-Nation
	Modernizing irrigation systems; maintaining irrigation networks; recycling treated water for irrigation; selecting heritage crop varieties that exhibit drought and salt tolerance; suitable summer pruning; incorporation of shredded tree branches to enrich the soil surface



	25
	[102]
	Cyprus
	Subtropical
	2031–2060: continual, gradual, and relatively strong warming; prolonged droughts; reduction of annual precipitation
	Yield loss up to 9%; increase of the early winter sowing season (14–18%); tomato yield decrease (20–30%); almost stable olive yield; higher yield losses (24–38%) for late-matured grape varieties
	Local-to-Nation
	Green manure for vegetables; deficit irrigation strategies (regulated reduced irrigation) in olive groves; zero tillage and early sowing in wheat/barley crops; organic mulching for olive groves; artificial shading of vineyards; integrated pest management; intercropping with legumes; breeding drought/heat-resistant/tolerant crop varieties



	26
	[103]
	Japan (Kazuno, Nagano), South Africa (Elgin)
	Temperate humid (Kazuno)

Subtropical humid (Nagano, Elgin)
	By 2060: temperature increase
	Apple (Malus pumila var. domestica) farming in:

	
Kazuno: climatically well suited and will be so in 2060;



	
Nagano: negative effects of high temperatures, such as paler color and softening of fruits;



	
Elgin: the climate is already close to the warmer margin with insufficient winter chill units; further warming will push this region beyond the critical threshold, with apple production no longer being commercially viable





	Local-to-Region
	Farm: Kazuno: drastic change by introducing peaches (Prunus persica var. vulgaris), a species better suited to a warm climate than apples;

Region:

Nagano: adopting technical remedies against the poor coloring and changing cultivars to those with lower chill unit requirements and higher tolerance against sunburn;

Elgin: maintaining apple production by changing cultivars



	27
	[104]
	Kazakhstan
	Temperate
	Different warming scenarios: (1) GFDL, (2) and (3) incremental; increase in:

	(1)

	
+4.9 °C annual air temperature, +24% precipitation




	(2)

	
+3 °C annual air temperature, +20% precipitation




	(3)

	
+3 °C annual air temperature, no change in precipitation






	Dramatically change in spring wheat yields:

	(1)

	
Significant drying of soils: increased evapotranspiration from the higher temperatures outweighs the increased precipitation; the wheat cultivating area could decrease by >10%




	(2)

	
Soil moisture increase




	(3)

	
Soil moisture decrease; reduce the area suitable for wheat cultivation by more than 50%






	Local-to-Nation
	Snow reserving; choice of planting date; forecasts on agricultural pest and disease outbreaks; informing farmers about coping with climate change; regular local workshops on different techniques for growing wheat; sustainable seed banks with wide varieties available; change land management to reduce soil erosion; incorporating results into Kazakhstan’s National Action Plan



	28
	[105]
	China
	Tropical in the far south, Subarctic in the far north, Alpine in Tibetan Plateau
	B2 scenario, RCM projections by 2020s, 2050s, and 2080s: mean temperature increase by 1.2, 2.2, and 3.2; precipitation increase by 4%, 7%, and 10%, respectively
	Increased instability in agricultural production since the 1980s; more severe droughts and heat waves in some places; increased crop damage from spring frost; northward and westward movement of winter wheat plantations in Northeast China; decrease (95%–10%) of crop productivity by 2030
	Nation
	Strengthening agricultural infrastructure; breeding stress-resistant crop varieties; developing new agricultural technologies (including biotechnology); promoting the large-scale planting of superior crop varieties in suitable areas for bolstering the agricultural sector’s resilience to disasters



	29
	[106]
	China
	Tropical in the far south

Subarctic in the far north

Alpine in Tibetan Plateau
	Current: temperature increase, precipitation decrease
	Next 20–80 years: drop in rainfed yields of rice, wheat, and maize (20–36%); increase in cotton yields
	Local-to-Nation
	Nation: focus on smaller-scale irrigation and drainage projects; construction of water storage facilities; optimization of water utilization; encouraging research into seed varieties resistant to drought, waterlogging, high temperatures, diseases, and pests.

Local (farm): choosing more adaptive, multi-functional, and high-yield crops; embracing water-saving technologies like plastic sheeting, drought-resistant varieties, stubble retention, low-till methods, and surface-level plastic irrigation pipes



	30
	[107]
	China, Yongqiao District
	Subtropical humid, dry winter
	Current: temperature increase, precipitation decrease
	Future crop loss, heat waves during the crop’s flowering phase in July/August, and rainfall shortages affect stable crop harvests; more risky situations in the future
	Local-to Region
	Planting new crop varieties and adopting new technologies; increasing investments in irrigation systems; education and insurance adaptation practices



	31
	[108]
	China, Huai River Basin
	Temperate semi-humid and monsoon
	2035s, RCP4.5, and RCP8.5 scenarios: mean temperatures increase by 1.34 and 1.65 °C; ensemble mean precipitation increases by 3.79% and 5.65%, respectively
	Higher evapotranspiration from soil and plants leads to a higher magnitude of blue water footprint; lower precipitation increases the effect of temperature on blue water consumption
	Local-to-Region
	Switching to a more efficient irrigation technique (e.g., drip irrigation); switching to plant crops that require the least amount of water but produce the highest yields



	32
	[109]
	Vietnam, Can Tho City
	Tropical
	1999–2008: air temperature increase (0.2 °C); solar radiation increase (by 200 h); air humidity decrease (5%); precipitation decrease (200 mm year−1)
	Saline water invasion in inland areas is polluting freshwater resources and limiting agricultural production, particularly monocrop rice cultivation
	Local-to-Region
	Wastewater reuse



	33
	[110]
	Vietnam, Ca Mau Peninsula
	Tropical
	By 2030: rise of sea levels: risk of further penetration of salt water with more severe intensity in coastal areas
	Effect on tree growth: trees are stunted, and the yield is low depending on the salt concentration
	Local-to-Region
	Land use planning; transforming the agricultural model by selecting rice varieties tolerant to salt; augmenting salt tolerance by introducing rich Ca2+ fertilizers; adopting the alternate wetting and drying technique to optimize irrigation water usage and enhance the irrigation system; conversion of paddy land into aquaculture areas or the implementation of a rice-shrimp rotation model



	34
	[111]
	Indonesia, West Java
	Equatorial
	Current: changes in rainfall patterns, especially the onset of the dry season and its duration
	Decrease in productivity and quality of crop yields; indirect effects: increasing pests and diseases
	Region
	Expanding the arable land area through social forestry practices’ intensifying pesticide use and employing more inorganic fertilizers. Alternatively, focus on increasing organic farming or transitioning to the cultivation of perennial crops



	35
	[112]
	Nepal
	Tropical savanna
	Current: increased temperature; change in the timing of rainfall, including the late start of monsoons; decreased availability of surface and ground water; long-spell drought; less frequent but heavy rainfall causing floods and landslides
	Reduction in the rice area planted, grain quality and yield; increased evapotranspiration thus require more irrigation; more infestation of insects and diseases; introduction of new insects and diseases; poor germination; water stress causing less tiller number, delay panicle initiation, reduce grain and panicle number; delay in transplantation; shortage of irrigation water; loss of crop due to heavy rainfall/hailstorm; destruction of water resources and irrigation canal; soil erosion; degradation of soil quality
	Local-to-Region
	Cultivating short-duration varieties; opting for insect and pest-resistant varieties; altering the planting locations of these varieties; improving irrigation methods; increasing weed control efforts; employing additional pesticides; implementing soil conservation techniques; reducing tillage; practicing seed priming; adjusting sowing/planting/harvesting dates; adopting direct-seeded rice cultivation; raising seed rates; growing drought-tolerant varieties; enhancing the use of chemical fertilizers; increasing the application of farmyard manure; establishing waterways to manage heavy rainfall; cultivating flood-tolerant varieties; transitioning to non-rice crops



	36
	[17]
	Nepal, Terai
	Tropical savanna
	Current: abnormal changes in temperature and precipitation; the occurrence of extreme events: a decrease in the number of rainy days and an increase in the intensity of monsoon precipitation, floods, and landslide occurrences
	Decline in production of cereal crops, attributed to increasing water stress that resulted from rising temperatures and reduced rainy days; decline in agricultural production; and direct loss of agricultural land and livestock due to the increased incidence and severity of climate-induced hazards
	Local-to-Region
	Climate-smart practices for grain yield improvement: no tillage; fertilizer (based on crop sensor readings); residue; green manuring



	37
	[113]
	Western Nepal
	Temperate-to-Tropical
	Current: rapid glacier melt and snowpack loss, extreme precipitation and temperature events, and alteration of water availability
	Negative impacts on water resource availability and agricultural productivity
	Local-to-Nation
	Promotion of crop varieties resilient to flood, landslides, and drought: transition to flood-resistant hybrid types of rice and sugar cane plantations in the flood-prone fields; use of bio-dams to mitigate the effect of floods and deforestation; methods of row spacing (intercropping) and agroforestry; provision of sustainable irrigation facilities; reliable services for dissemination of agricultural information; introduction of rainwater harvesting; spread of flood- and drought-resistant types of crops; support for alternative livelihood opportunities; development of reliable early warning systems to inform about risks



	38
	[114]
	Sri Lanka
	Tropical monsoon
	Ratnapura:

1901–2000: mean annual temperature increase by 0.5 °C

By 2050s: rainfall decrease (9%–17%)
	Temperature rise leads to increased evapotranspiration, soil moisture loss, and crop physiology; disturbance to the normal cropping calendar; frequent crop failure and yield loss
	Local
	Five groups of adaptation measures: crop management, land management, irrigation management, income diversification, and rituals; transition of planting time to suit rainfall variability; implementation of micro irrigation; reduction of irrigation depth; and crop diversification



	39
	[115]
	Iran, Fars Province
	Temperate-to-Tropical
	Current: severe droughts
	Reduced quality and quantity of agricultural water resources (saltiness and bitterness)
	Local-to-Nation
	Cost management; development and diversification of income sources; social capital management (including use of facilities and loans); environmental stress management; use of educational and consulting services; additional: general and governmental adaptation interventions such as infrastructure development, removal of organizational barriers, creation of information and dissemination infrastructures



	40
	[116]
	Pakistan, Khyber Pakhtunkhwa Province
	Subtropical-to-Temperate, monsoon, semiarid
	Current: temperature increase; prolonged summer seasons and short winters; fluctuating rainfall patterns, frequent floods, severe droughts, intense heat waves, melting of glaciers, and rise in sea level; unpredicted rainfall, disastrous floods, severe droughts, and storms
	Great agricultural losses result in remarkable differences in expected crop yields
	Local
	Change crop type, variety, and planting dates; plant Eucalyptus on lands around the river to reduce soil erosion as a result of floods; change fertilizers, seed quality, and shaded trees; change the variety of crops



	41
	[117]
	Pakistan
	Subtropical-to-Temperate, semiarid
	1980–2013: Significant increase in the summer and winter temperatures; rainfall: (1) slight increase in both summer and winter rainfall; (2) significant decrease in both winter and summer rainfall; (3) slight decrease in winter rainfall and an insignificant increase in summer rainfall, with large fluctuations over the years
	B2 and A2 scenarios, decrease in productivity of main staple crops, wheat and rice, by 6–8% and 16–19%, respectively
	Local
	Development of heat-resistant and drought-resistant varieties; irrigation and soil conservation measures; and crop insurance schemes informing and training farmers on adequate strategies for adaptation to climate change; changing crop varieties, resource use, adaptation of planting dates, and planting shady trees



	42
	[118]
	Pakistan, southern and central Punjab
	Subtropical desert
	Past 10 years: decreased winter and summer rainfall; increased temperature; the growing season length of crops; the sea level rise
	Reductions in wheat yields; negative impact on productivity of cotton; severe adverse impact of GSL reduction on wheat and rice
	Local-to-Region
	Changing crop variety and type; planting dates; planting trees; increasing and/or replacing fertilizer; rational use of soil and water; income from non-agricultural activities; and diversification



	43
	[119]
	India
	Tropical-to-Sub-equatorial
	Projected climate change: increased variability in summer monsoon precipitation
	Land degradation due to soil erosion and nutrient depletion
	Local-to-Nation
	Conservation agriculture: reasonable disturbance of soil cover; contiguous crop rotation; conservation tillage, or without tillage; preservation of plant residues; organic farming; green manure application; mixed crop-livestock systems; biodiversity conservation approach



	44
	[13]
	India, Uttar Pradesh
	Subtropical humid with a dry winter
	Current warming; increasing the incidence of strong winds; longer summers and shorter winters
	Effect on agricultural productivity through physiological changes in crops and reduce grain quality; effect on other factors of production agriculture, such as water availability, soil fertility, and pests
	Local-to-Region
	Changes in agricultural and farming practices as a passive response: transition of sowing and harvesting dates, cultivation of short-duration varieties, inter-cropping, changes in the structure of crops, investment in irrigation and agroforestry



	45
	[120]
	India
	Tropical-to-Sub-equatorial
	Projected increase in temperatures
	Damage to crops, with greater challenge to wheat; lower heat-induced yield losses
	Local
	Adaptation between crops: types of crops, e.g., for growing more heat-resistant varieties of rice; cultivation of sorghum and maize, more resistant to heat than rice; transition to wheat as a crop that grows in cooler seasons; intra-crop adaptations: investments in irrigation to protect against heat and drought stress; transition of sowing dates to avoid heat stress; application of fertilizer or other agricultural resources for heat control; shading trees and planting to protect crops from high temperatures



	46
	[121]
	Bangladesh
	Subtropical monsoon
	Projected temperature increase
	Upset about rainfed rice crop choices
	Local-to-Nation
	Change the choice of crop in favor of irrigation-based Boro, Aus, and other crops; cultivate climate change-tolerant crop varieties, e.g., from the traditional rain-fed Aman variety to the irrigation-dependent Boro rice; use alternative farming practices (integrated farming, floating gardens)



	47
	[11]
	Africa
	Equatorial-to-Temperate semi-arid
	Last 50–100 years: increased warming trend of 0.5 °C or more; increased heat; extreme weather events; droughts; more rapid minimum temperature warming than maximum temperature; annual precipitation has decreased in the eastern and western Sahelian regions; there has been an increase and intensification of droughts due to reduced precipitation; there has been increased evapotranspiration in Eastern and Southern Africa; and heavy precipitation events have increased in East Africa
	Food crises due to droughts, crop pests (i.e., desert locusts), poor soil fertility, high salinity, and increased crop diseases and pests
	Local-to-Nation
	Variations and management of crops; water and soil management; financial schemes; migration, insurance, and culture; agricultural and weather services. Dominant strategies: crop diversification (51.5%), planting drought-tolerant varieties (45%), changing planting dates (42%), planting early-maturing crops (22%). Building more infrastructure for irrigation, water, and soil management; promotion of crop insurance; use of improved varieties; expansion of opportunities for diversification of livelihood, in addition to the established adaptation practices



	48
	[122]
	Southwestern Morocco, Agadir
	Subtropical-to Temperate arid, semi-arid, dry sub-humid
	Current: enhanced drought periods; increased temperatures
	Direct or indirect influence on vegetable crop production: water availability, temperature extremes during production cycles, soil fertility, pest populations
	Local
	Use of local crop varieties to mitigate the effects of drought due to fluctuations in water supplies



	49
	[69]
	Asia, Africa, and Latin America
	Tropical arid and semi-arid
	+2 °C warming scenario: increasing surface temperature; increase in frequency and intensity of extreme rainfall events; higher drought frequencies
	Reduced grain yields; effect on forest distribution, productivity, and health; a northward shift of tropical wet forests into areas currently occupied by tropical dry forests; soil erosion and sedimentation in mountain regions; negative impacts on sheep breeding and lamb wool productivity
	Local-to-Nation
	Utilization and processing of agricultural and secondary products and waste; cultivation of crops resistant to saltwater; adoption of practices that integrate crops and livestock; adjustment of crop varieties in response to shifting climate conditions; implementation of agro-forestry techniques; adoption of minimum or zero-tillage methods; utilization of traditional agro-silvi-pastoral systems; selection of appropriate crop varieties; practice of intercropping or relay cropping of grains with legumes; establishment of mixed systems combining trees, grasses, and crops; crop rotation; use of organic fertilizers with limited synthetic fertilizer application; effective utilization of crop residues



	50
	[68]
	Sub-Saharan Africa
	Equatorial-to-Tropical
	Current: increasing temperatures; variable rainfall trends; increased droughts and flood frequencies; prevalence of storms and forest fires
	2050: effect on crop production 10–20%, up to 50%
	Nation
	Changing crop dates; dam, well, and irrigation scheme construction; conservation agriculture; application of optimum fertilizer; harvesting of rainwater; crop diversification; management of disease and pests; water, irrigation, and flood management; insurance based on weather index; information and early-warning systems



	51
	[123]
	Kenya
	Tropical-to Temperate Humid-to-Semi-arid
	End of the 21st century: median temperature increase to 34 °C
	2050: significant yield losses (8–22%) of key staple crops
	Local-to-Region
	Alterations in agricultural practices: modifications in field selection, adjustments to planting dates, alterations in planting density, diversification of crop varieties; enhancements in livestock handling techniques, such as livestock selection, feeding methods, and animal health protection; changes in timing and location of cattle herding; improvements in land utilization strategies, including fallow land treatment, tree planting or safeguarding, irrigation, and water harvesting; conservation measures for soil and water resources; soil tillage practices; soil fertility management; livelihood strategies, encompassing the combination of cultivated crops and livestock production; blend of agricultural and non-farm activities; temporary or permanent migration



	52
	[124]
	Kenya
	Tropical-to Temperate Humid-to-Semi-arid
	Current: frequent droughts, periodic floods, and unpredictable rainfall patterns
	Threats to food and livelihood security
	Local
	Climate-smart agriculture: irrigation, changes in cultivation calendar; using certified seed; crop rotation; soil testing



	53
	[125]
	Nigeria
	Tropical-to-Temperate
	1971–2000: air temperatures increase with a faster increase in minimum temperatures (0.8℃)

Future: no specific trend in rainfall deviations
	Agricultural productivity declination
	Local-to-Region
	Mixed cropping or intercropping practices; minimum or zero tillage methods; mixed farming and agroforestry; mixed crop-livestock-agroforestry system; integrated soil nutrient management; conservation tillage and slow-forming terraces; mulching; using vaccines, antibiotics, and anti-stress agents; planting trees for shade and to serve as windbreakers; proper water treatment; use of feed with a high nutrient content, crossing animals, and improving grazing areas; reduce the size of the herd to ensure adequate ventilation and improve the livestock-keeping system



	54
	[126]
	Nigeria
	Tropical
	Past 30 years: increase in average minimum and maximum temperatures by about 0.25 °C and 0.15 °C, respectively; very high variability of rainfalls.

Future: temperatures will continue to increase
	Influence on crop and livestock production, hydrologic balances, input supplies, and other components of agricultural systems
	Local
	Tree planting; mixed farming; mixed cropping; soil conservation; using different crop varieties; transition of planting dates and irrigation; mulching; zero tillage; making ridges; early or late planting operations



	55
	[127]
	Nigeria, Enugu State
	Tropical wet and dry (savannah)
	Projections for humid regions of southern Nigeria: increases in rainfall, cloudiness, and rainfall intensity.

Projections for the savannah areas of northern Nigeria: temperature increase; reductions in rainfall; and soil moisture availability
	Increased temperatures and a decrease in water availability reduce the length of growing seasons and yield potential; proliferation of pests and diseases; agricultural land loss due to a rise in the sea level
	Local
	Using resistant crop and animal varieties/species; using organic manure; mixed farming; diversifying crop production enterprises



	56
	[128]
	Ghana, Sekyedumase District
	Tropical Sub-humid
	By 2050: temperature increase by 1.3–1.6; increase in inter-annual rainfall variability; increase in the intensity of rainfall events; decrease in the number of rainy days
	Long drought periods during the reproductive (particularly grain filling) stage of crops affect grain size, weight, and hence yield
	Local
	Diversification of crops; transition of crop planting dates



	57
	[129]
	South Africa, Limpopo Province
	Subtropical-to-Temperate
	Past four decades: increase in average minimum and maximum monthly temperatures; increase in the number of warmer days; decrease in the number of cooler days; increase in average rainfall; increased frequency and intensity of floods and droughts
	Floods destroy crops, infrastructure, and the harvesting period
	Local-to-Region
	Efficient management of irrigation systems; water-efficient crop cultivation; optimization of irrigation scheduling; implementation of management approaches to minimize water wastage; insurance and subsidies; resizing of land holdings; transitioning from crop cultivation to livestock rearing; shortening of crop growing period



	58
	[130]
	South Africa and Ethiopia
	Subtropical
	Projections: warming is expected to be greater than the global average; temperature increases mostly in the summer; precipitation decreases
	Great threats to food and water security
	Local
	Using different crops or crop varieties; shade tree planting; soil conservation; transition of planting dates; irrigation; changing the area of cultivated land; animal feed supplementing



	59
	[131]
	South-central Mexico
	Subtropical-to-Temperate
	Current: temperature increase; increase of warm nights and extreme minimum temperatures; decrease in cold periods, cold nights, and cool days; changes in the quantity and distribution of precipitation. The rainfall pattern is more irregular, with more stormy events
	Coffee yield decreased by up to 34% due to changes in coffee growth, flowering, and fruiting. Increases in the incidence rates of pests and diseases (rust and coffee berry borer). Damage to coffee plants from natural disasters
	Local
	Use of coffee agroforestry systems with diversified species of multipurpose trees and shrubs; use of shade cover to avoid water stress during heatwave periods; slowing down the speed of downstream runoff water to reduce soil loss due to water erosion by using living barriers



	60
	[132]
	Mexico, State Tlaxcala
	Subtropical-to-Temperate
	Climate change scenarios for the years 2020 and 2050 compared to 1961–1990: increase in minimum temperature; reduction of frost threats; severe droughts
	Decrease in maize yields (Ceres-Maize model)
	Local
	Greenhouse construction; compost use; dripping irrigation



	61
	[133]
	Brazil
	Subtropical Temperate humid
	Current: increase in extreme temperatures; decrease in average precipitation; more frequent intense precipitation; intensification of extreme weather events
	More frequent heat stress; scarcity of drinking water; damage to agricultural production and rural properties by increased flooding
	Local
	Use of landraces tolerant to drought and other climate extremes



	62
	[134]
	Colombia
	Tropical
	By 2050s: increase in annual mean temperature by 2.5 °C, with a maximum of 2.7 °C in the Arauca department and a minimum of 2 °C in Chocó and Nariño; precipitation increase by 2.5%, with a minimum change of −1.4% in Cesar and a maximum of 5.6% in Huila. The driest periods throughout the year are likely less dry, while the wettest periods are projected to become wetter
	Loss of plant genetic resources, desertification and salinization of agricultural lands, reductions in rice yield, loss of coffee growing environments; increases in incidence of coffee berry borer; increase in the risk of Fusarium head blight in wheat; change in soil water availability, enhancing drought in some regions and flooding risks in others; change in precipitation affects biotic factors (pests, diseases, weeds); increased pest and disease prevalence
	Region-to-Nation
	Postponement of harvesting and sowing dates; construction of walls and barriers to prevent salinization and protect coastal ecosystems; adaptation subsidies and an agricultural insurance system for producers on mountain slopes and in dry areas; placement of heat-resistant varieties in appropriate genebanks



	63
	[135]
	USA
	Temperate-to-Tropical
	Three periods: 2010–2039, 2040–2069, and 2070–2099: temperature and summer temperature-humidity index increase; annual precipitation increases; summer precipitation decreases
	Reducing crop land and increasing pasture land
	Region-to-Nation
	Shift of land use from cropping to grazing; decrease of crop land and increase of pasture land



	64
	[136]
	USA, IL, Carbondale
	Subtropical humid
	Current: hotter and drier growing season
	Drought is one of the most limiting factors in extensive green roof systems; water deficiency leads to a decrease in herb productivity but improves essential oils and antioxidant potential
	Local
	Improvement of roof materials, water-retaining gels, mulching, and subsurface irrigation systems to enhance the management of extensive green roofs for food production; supplemental irrigation to maximize quality and yield



	65
	[137]
	Australia
	Tropical-to-Temperate Semi-arid
	Current:

Southwest and southeast farming regions: average rainfall is falling and more variable.

North: rainfall increase, increase in the severity of cyclones.

South: higher temperatures, less rainfall, more frequent and longer drought periods, higher risks of bush fires
	Changes in growth ra