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Abstract


The world’s population faces serious challenges related to food security, particularly in the agribusiness sector, as it grapples with dependence on mineral fertilizers in key producing regions, susceptible to tariff policy fluctuations and wars, amid climate change and population growth, despite increased food production enabled by new technologies and management practices. This narrative review synthesizes evidence on the main challenges to food security in Brazil, with emphasis on how agricultural production, land use, and mineral fertilizer dependence interact under global climate change. We employed comprehensive literature review methods and analyzed data from national and international agencies to compile relevant information on the influence of this scenario on agricultural production, providing an overview of the topic to understand trends and future projections of these challenges. The results revealed significant vulnerabilities in the sector, especially concerning reliance on imported mineral fertilizers to meet its full demand. In 2024, Brazil imported approximately 90% of the mineral fertilizers used in its agricultural sector, which heightens exposure to geopolitical and market shocks. Moreover, climate change also negatively impacts agriculture, raising production costs and prices of staple foods, thereby exacerbating food insecurity. Therefore, improving fertilizer use efficiency and adopting alternative fertilization sources, combined with conservation practices, represent key strategies to mitigate food insecurity. Among these strategies, reducing import dependence through improved fertilizer use efficiency emerges as the most immediately actionable priority, as it could reduce current demand by 20–30% within 5 years. This should be complemented by medium-term investments in alternative fertilizer sources and long-term climate adaptation measures. These actions can also support the promotion of sustainable development goals aligned with the United Nations’ 2030 Agenda. Aligning fertilizer strategies with climate-smart and low-carbon agriculture policies could simultaneously reduce greenhouse gas emissions and enhance the resilience of food systems.
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1. Introduction


The world population reached 8.2 billion in 2024, according to the “World Population Prospects 2025” report published by the United Nations (UN) Population Division. The document provides a comprehensive overview of global demographic patterns and prospects [1]. It is estimated that the world population will reach its peak around the end of this century, hitting about 10.3 billion people in 2080 [1,2,3]. Considering this, authors such as Pantano et al. [4] and Gumber [5] argue that increasing food production is necessary to minimize food security issues. However, the FAO reminds us that the world already produces enough food for about 10 billion people [6]. This contrast between aggregate sufficiency and persistent hunger underscores that food insecurity is less a problem of global production than of unequal access, distribution, and vulnerability to shocks. In Brazil, this gap is also shaped by logistical and economic constraints that limit the conversion of national output into domestic food access. Export-oriented production systems, infrastructure bottlenecks, and disparities in purchasing power reduce the availability of food for vulnerable populations despite high aggregate production.



Brazil’s agricultural system is strongly export-oriented, with soybeans, coffee, and sugar being among its leading commodities in international trade. This outward orientation increases foreign exchange revenues but also intensifies dependence on external inputs, particularly mineral fertilizers, of which Brazil imports more than 90% of its domestic demand [7]. As a result, disruptions in global fertilizer markets directly affect production costs, yields, and export. Given Brazil’s substantial share in global commodities, any contraction in its agricultural output may transmit shocks to international food markets, thereby affecting global food security.



In Brazil, Law No. 11,346/2006, Article 3, defines food and nutrition security as the right of everyone to regular and permanent access to quality food in sufficient quantities, without compromising other essential needs. This includes healthy eating practices that respect cultural diversity and are environmentally, economically, and socially sustainable [8,9]. At the global level, food security is commonly structured around four interdependent pillars, i.e., availability, access, utilization, and stability, which are all relevant for interpreting the Brazilian case [10]. Nevertheless, around 8.7 million Brazilians were still experiencing severe food and nutritional insecurity in 2023, representing 4.1% of the Brazilian population [11]. This figure is particularly alarming given that Brazil is the world’s third-largest food producer. The situation is projected to worsen significantly due to the convergence of three critical factors: (i) mineral fertilizer import dependency, which exposes the country to geopolitical volatility (exemplified) by the 2022 Ukraine-Russia war impact on global fertilizer markets [12,13,14]); (ii) accelerating climate change, with El Niño /La Niña cycles becoming more frequent and intense [15,16]; and (iii) the cascading effect of reduced agricultural production on food prices, disproportionately affecting vulnerable populations who spend 40–60% of their income on food [17]. This convergence creates a ‘perfect’ storm scenario that demands immediate scientific attention and policy intervention. Conversely, according to future projections, agricultural production in Brazil is expected to continue increasing in the coming decades [18].



Brazil’s grain production is expected to reach 354.8 million tons in the 2025/26 harvest. This result represents a 0.8% increase compared with the previous period, equivalent to a rise of 2.9 million tons [13]. However, adverse climatic conditions in Brazil, mainly influenced by phenomena such as “El Niño 23–24” [15], followed by “La Niña 24–25” [16], and the projected “La Niña 25–26” [19], generate uncertainty and negatively impact the country’s main agricultural regions. In this context, climate instability may cause significant crop yield losses, thereby reducing supplies of several agricultural commodities [13,20,21,22,23]. Brazil is not merely one of the leading players in the international agribusiness market, it is a critical node in global food security. Brazil accounts for approximately 39% of global soybean production, 38% of global coffee production, and 22% of global sugar production [24,25]. Therefore, Brazil is not merely a major exporter but a structural pillar of global commodity supply. Disruptions in its production capacity rapidly propagate through international trade networks, influencing prices, trade balances, and food access in importing regions. Disruptions to Brazilian agricultural output have immediate ripple effects: for example, the 2023 drought in the Cerrado reduced coffee production by 30%, contributing to a 25% increase in global coffee prices within six months. Such price volatility directly impacts food security not only in Brazil but in importing nations, particularly in Africa and Asia, where food represents 50–70% of household expenditure [24,25]. Therefore, understanding and addressing Brazil’s agricultural vulnerabilities is not a regional concern but a global imperative [26,27,28].



The 193 member countries of the United Nations, including Brazil, have committed to working toward fulfilling several established international agreements, such as the Hague Convention on Food [29], the Paris Agreement, and the Glasgow Climate Pact [30,31], among other commitments aligned with the 17 Sustainable Development Goals (SDGs) of the UN 2030 Agenda. Notably, these include SDG 2 “Zero Hunger and Sustainable Agriculture,” SDG 12 “Responsible Consumption and Production,” SDG 13 “Climate Action,” and SDG 15 “Life on Land” [32].



Despite the growing body of literature on Brazilian food security, existing studies primarily focus on fertilizer dependency and climate change impacts separately. There is still a lack of systematic analyses that integrate these dimensions and assess their synergistic effects on agricultural production and food security. Moreover, regional heterogeneity within Brazil, particularly differences between the Cerrado, a major export-oriented grain frontier, and the Amazon region, characterized by distinct land use dynamics and environmental constraints, remains insufficiently explored.



Based on these gaps, this review aims to explore the transmission pathway of Brazil’s food security vulnerability through three interconnected dimensions: (i) the supply side (agricultural output and land use dynamics), (ii) the input side (dependence on mineral fertilizers), and (iii) the risk side (climate variability and extreme events). By integrating these three dimensions, this study seeks to provide a more operational and comprehensive understanding of how structural dependencies and climatic risks interact to shape Brazil’s food security trajectory and its implications for global food systems.




2. Materials and Methods


2.1. Literature Search Strategy


The search was conducted between March and December 2025 using leading scientific databases, including Scopus, Web of Science Core Collection, ScienceDirect, and SciELO, as well as targeted searches in Google Scholar.



The search strategy was based on combinations of controlled vocabulary terms and free-text terms associated with food security, fertilizer production and use, climate change, and Brazilian agribusiness (e.g., “food security”, “fertilizer use”, “organic fertilizers”, “climate change”, “Brazilian agriculture”, etc.). Boolean operators and field restrictions were used to narrow the search and minimize redundancy. Examples of typical search strings include: (“food security” OR “food insecurity”) AND (“fertilizer” OR “mineral fertilizer*” OR “NPK”) AND (“climate change” OR “global warming”), adapted to the syntax of each database. For databases that permit it, filters were applied to limit results to peer-reviewed journal articles, books or book chapters, and official reports. No restrictions on publication year were initially placed to allow both foundational and current research to be captured.




2.2. Eligibility Criteria and Study Selection


Prior to conducting the search, inclusion/exclusion criteria were established to assure that only relevant and methodologically sound sources would be retained. Studies and documents were included if they: (i) dealt with at least one of the thematic axes identified as: food security or food insecurity, fertilizer production or use (mineral, organomineral, or organic), climate change impacts on agriculture, or policies and governance related to these themes; (ii) contained empirical data, quantitative or qualitative analyses, modeling, or systematic/scoping reviews; and (iii) were either set in Brazil or provided global or regional assessments that had explicit implications for Brazil. Official statistics and technical documents from national and international agencies (e.g., FAO, FAOSTAT, IBGE, CONAB, IPCC, OECD–FAO, SEEG, ANDA, Brazilian ministries, and specialized councils) were considered as the primary reference data sources for production levels, fertilizer flows, greenhouse gas emissions, and socio-economic indicators. When multiple sources provided conflicting data (e.g., production estimates from CONAB vs. FAOSTAT), priority was given to official Brazilian government sources (CONAB, IBGE) for domestic data, while international sources (FAO, OECD) were used for global comparisons. Any significant discrepancies between sources were noted in the text.



Exclusion criteria consisted of: (i) publications that lacked full-text availability; (ii) opinion articles, news articles, or non-technical commentary that did not contain sufficient methodological detail to support evaluation; (iii) localized case studies that were highly particularized and whose results could not be meaningfully generalized or aggregated to support the national-scale discussion; (iv) studies focusing on single crops or single regions without national-scale implications; (v) publications that did not address at least two of the four core dimensions (food security, fertilizer use, climate change, policy); and (vi) studies published before 2010, except for seminal works establishing theoretical frameworks. Duplicate references retrieved through different databases were evaluated based on completeness and currency, with preference being given to the most current and complete versions (e.g., journal articles were preferred over conference abstracts that reported similar results). Study selection occurred in two phases: first, titles and abstracts were screened to exclude obviously irrelevant entries; second, the full texts of all remaining entries were evaluated for borderline cases and for all entries that had been designated as potentially eligible.




2.3. Data Extraction and Thematic Organization


For each entry that met the selection criteria, the following information was systematically extracted into structured spreadsheets: bibliographic data (authors, year, journal or institution), geographic scope, methodologic approach, key variables analyzed, and major findings related to one or more of the four core dimensions (food security, fertilizer dependence and use, climate drivers and impacts, and policy/governance instruments). For official statistics and institutional reports, additional fields documented the time range covered by the data, the spatial extent of the data (e.g., national, regional, or global with Brazilian disaggregation), and the type of indicator documented (e.g., production volume, trade flows, fertilizer application rates, emissions inventories, or socio-economic metrics).



The extracted data were then grouped into three major axes corresponding to the organization of the review: (i) how agricultural production influences food security; (ii) the impact of fertilizers on food security; and (iii) the effect of climate change on food production. A thematic coding scheme was then applied to each axis to organize evidence into subtopics (e.g., grain and horticultural production trends, family farming and subsistence crops, fertilizer import dependency and price volatility, alternative fertilizers [e.g., manure, sewage sludge, biofertilizers], and climate-related stressors [e.g., droughts, extreme weather events, emissions trends]). Using this thematic organization, it was possible to compare evidence across different themes and identify areas of agreement among different studies, gaps in knowledge, and emerging trends.




2.4. Quantitative Data Handling and Graphical Synthesis


Data on agricultural production, fertilizer use, and greenhouse gas emissions were mainly retrieved from official databases, including FAOSTAT, CONAB, ANDA, CEPEA, SEEG, and others cited in the article. When necessary, raw data were imported into spreadsheet formats and standardized for comparison purposes by: (i) converting measurement units; (ii) aligning time periods; and (iii) standardizing country and product codes. Data cleaning involved checking for internal consistency (e.g., whether totals matched sums of sub-categories) and, where discrepancies existed between sources, prioritizing the most recently revised official data or the agency providing the greatest degree of methodological detail.



Graphical displays were developed using these standardized datasets to illustrate important trends in Brazilian food insecurity, fertilizer imports and use, global fertilizer use rankings, and agricultural greenhouse gas emissions. Statistical summaries were calculated to show the size and direction of changes over time; however, no inference was made beyond what was indicated by the data’s own stated resolutions and uncertainties. As the principal goal was to develop a comprehensive descriptive summary of the literature that incorporated multiple official datasets, no statistical inference testing was undertaken.




2.5. Bibliometric and Co-Occurrence Analysis


To understand the growth and internal organization of the scientific literature examining food security in relation to agriculture and climate change, a bibliometric analysis was conducted using a subset of the records retrieved from Scopus. The time span of the search was limited to the time before February 2025 and combined the terms “food security”, “agriculture”, “climate change”, and related descriptors, limiting the search to articles, reviews, and book chapters in the agricultural, environmental, and social sciences. After exporting the bibliographic records (including titles, abstracts, authors’ keywords, and index terms) in a compatible format, term co-occurrence networks were created to display the dominant concepts and their connections.



The co-occurrence map depicted (vide supra) resulted from applying a frequency threshold for term inclusion and grouping closely related terms together to avoid excessive noise (e.g., combining plural and singular forms, or removing obvious spelling variants). Clustering algorithms were subsequently applied to group the terms into thematic categories, identifying large clusters centered on food security, food supply, agriculture, climate change, and sustainable development. The resulting visualization supported the complementary, semi-quantitative evaluation of the centrality of certain topics and situated the qualitative synthesis within the broader research environment. To perform this quantitative evaluation, the bibliographic data were analyzed using VOSviewer software version 1.6.20 (Leiden University, Leiden, The Netherlands). In particular, the resulting network was visualized with nodes sized by frequency and edges weighted by co-occurrence strength, identifying the largest research clusters within the field. This approach focused on keyword co-occurrences and thematic organizations within the field. The resulting network visualization indicates the dominant and emerging research themes associated with food security, and provides supporting evidence for the qualitative synthesis presented in this study.




2.6. Limitations and Scope


This review employed an integrative, narrative approach based on systemically acquired evidence but did not strive to retrieve or perform a quantitative synthesis of all the studies on the subject (e.g., registered in PROSPERO or the use of PRISMA flowcharts). The decision to do so is due to the fact that the topic under study is inherently multidisciplinary, encompassing aspects of agronomy, soil science, environmental sciences, economics, and public policy, and frequently involves the use of diverse data and methods that cannot be readily synthesized into a single quantitative framework. However, transparent selection criteria, detailed descriptions of the search procedures, and structured data extraction procedures were employed to minimize potential selection bias and increase the replicability of the study.



The focus on Brazil as the case study limits the relevance of certain global or regional studies that may have contributed to the discussion of Brazilian food security or of the structural factors (e.g., fertilizer market dynamics and climate governance frameworks) that impact Brazilian agriculture and food security. Although the literature and databases searched are considerable, there exist knowledge gaps, particularly concerning the performance of alternative fertilizers at scales of longer duration than several years, the differences in food accessibility at the subnational level, and the cumulative effects of various climate stressors on specific crop systems. These limitations are discussed in the final section of the paper and should be taken into account when extending the conclusions to other spatial and thematic domains.





3. Literature Review


3.1. Influence of Agricultural Production on Food Security


Brazilian agribusiness is globally recognized for its importance in the production and supply of agricultural products, particularly soybeans, corn, coffee, and sugar [27]. It is also vital to the national economy, as it contributes significantly to Gross Domestic Product (GDP). This sector is projected to account for 29.4% of Brazil’s GDP in 2025, thanks to its diversified production, including agricultural and livestock products, with grains playing a particularly prominent role [33]. This relevance stems from aggressive growth in food production between 2011 and 2020. During this period, Contini and Aragão [34], analyzing data from the International Grains Council (IGC) on the production of major grains (i.e., rice, barley, corn, soybeans, and wheat), found that Brazil’s production grew by 5.3% per year, more than twice the global production growth rate.



In 2020, Brazilian agricultural production was sufficient to feed 625 million people according to the United States Department of Agriculture (USDA), 628.2 million according to the United Nations Food and Agriculture Organization (FAO), and 636.9 million according to the IGC [34], that is, enough to feed nearly three times the country’s population. On the other hand, food security in Brazil, unlike production data, has been declining sharply over the years. In 2019, around 43 million Brazilians experienced moderate or severe food insecurity. By 2022, the country had reached a peak of more than 70 million people (Figure 1), coinciding with the end of the COVID-19 pandemic and the escalation of conflicts in Eastern Europe [35].



Between 2023 and 2025, food insecurity in Brazil remained high despite temporary declines in coffee and fruit prices. This situation reflected abundant supply and weakened external demand, as well as the 50% tariffs imposed by the United States on 35.9% of Brazilian exports, which reduced coffee exports by 17.5% in August 2025, causing the U.S. to lose its leading position to Germany [36,37]. The downturn did not make products cheaper domestically, since uncertainty drove up international coffee prices by nearly 30%, affecting national production and industry despite a temporary 2.17% drop in consumer prices. This episode illustrates how trade disruptions and price volatility can interact with domestic inequalities, suggesting that food insecurity in Brazil is more strongly influenced by price stability and income distribution than by aggregate food availability alone.



The increase in grain production (along with the growth in the production of vegetables, legumes, and fruits during at least one of the periods 1995–1996, 2002–2003, and 2008–2009) has a positive correlation with the probability of achieving food security, indicating that productivity gains are linked to greater household food security, although to a limited extent, due to the strong influence of individual variables such as education level and income [36]. Due to the contrast between thriving agricultural production and the alarming state of food insecurity, Brazil has faced criticism regarding the environmental, social, and governance impacts of its agricultural production. This has raised socio-environmental and economic concerns, prompting researchers to develop more sustainable agricultural systems that are more effective at combating hunger and ensuring food security [38,39]. In other words, gains in production mainly strengthen the ‘availability’ pillar, whereas access and stability remain constrained by income, social protection, and governance factors.



The relevance of this issue under commercial pressures has fostered a growing interest in understanding it in greater depth. Thus, several studies have been conducted. The schematic representation of term co-occurrence (Figure 2) visualizes the most relevant topics in scientific publications on food security, illustrating the frequency of terms such as “food security”, “food supply”, and “agriculture”, as well as their connections.



The clustering of terms around ‘food security’, ‘climate change’, and ‘sustainable development’ reinforces the choice of analytical axes adopted in this review, particularly the focus on fertilizer dependence and climate-related risks within Brazilian agriculture.



The strong interconnection of these terms with “climate change” and “sustainable development” demonstrates that recent literature extensively addresses climate challenges and the pursuit of sustainable solutions for food production, aligning with the discussion presented in this study.



Beyond environmental challenges, Brazil also faces structural limitations stemming from its reliance on imported mineral fertilizers. Despite its significant contribution to global food production and exports, the domestic fertilizer market is weak, stemming from the country’s inability to meet domestic demand. As a result, Brazil must import most of the fertilizers it uses, which may become one of the greatest challenges for the national economy in the future [40].




3.2. Fertilizers and Their Effects on Food Security


Nutrient management is essential in agricultural production areas, as it can help prevent productivity limitations and improve soil quality [41]. The nutrients nitrogen (N), phosphorus (P), and potassium (K) are the most required for plant growth and development and are periodically analyzed to monitor soil fertility [42]. Naturally, because they are the nutrients plants demand most, NPK-based fertilizers are the most imported and traded in Brazil [7,43].



When analyzing the trade balance, starting with nitrogen fertilizers (Figure 3), the volumes imported by Brazil exceeded 6.7 million tons in 2021 [24], mainly originating from Russia (23%), China (16%), Algeria (12%), Qatar (8%), Nigeria (6%), and the United Arab Emirates (5%) [44,45]. However, the supply of this input from Russia dropped sharply in 2022 [46] due to the escalation of the conflict in the country. As for phosphate fertilizers (Figure 3), this category accounts for the largest domestic production in the Brazilian market, with approximately 2.0 million tons in 2021, although imports reached a new record of about 5.0 million tons in the same year [24]. The main source countries for these inputs were Morocco (25%), Russia (14%), the United States (13%), Saudi Arabia (12%), Egypt (11%), and Israel (9%) [44,45].



Potassium fertilizers account for the largest share of Brazil’s fertilizer imports by volume (Figure 3); in 2021 alone, the country imported 8.0 million tons [24]. Canada is the main supplier of potassium chloride to Brazil, exporting approximately 4.5 million tons in 2022, an increase of 9.1% compared with 2021. The input was also imported from Europe: about 1.2 and 1.1 million tons were imported from Germany and Israel, respectively, in 2022, representing increases of 6.3% and 14.1% compared with the previous year [46,47,48,49]. However, in the same year, Russia supplied 3.1 million tons of potassium fertilizer to Brazil, a 13.7% decline from the previous year. The neighboring country, Belarus, exported 1.0 million tons of the product in 2022, a 55.3% decrease from the previous year, representing less than half its earlier volume [43,46].



It is evident that Brazil remains highly dependent on imported mineral fertilizers to meet domestic demand [49]. Conversely, estimates indicate that domestic consumption of mineral fertilizers has been rising, along with import volumes [40,50]. According to historical records, the country has been reaching new import highs for fertilizers year after year. In 2021 alone, the combined imports of nitrogen, phosphate, and potassium fertilizers (Figure 3) exceeded 19 million tons [24], with projections suggesting further increases in the coming years. Brazil is thereby consolidating its position as the world’s fourth-largest consumer of mineral fertilizers (Figure 4), ranking just behind China, India, and the United States [51], countries that occupy these positions due to their demographic and socioeconomic conditions.



In addition to import statistics, it is important to consider the structural risk that this dependency poses to food security. Recent events, such as the conflict between Russia and Ukraine, sanctions on Belarus, and the global rise in natural gas prices, have revealed the vulnerability of Brazilian agriculture to fluctuations in international input markets. In response to this situation, the National Fertilizer Plan 2022–2050 (PNF) was established, setting strategic guidelines to reactivate industrial plants, attract investments, promote technological innovation, diversify supply sources, and develop national alternatives such as organomineral fertilizers and bio-inputs. The PNF is explicitly aligned with Brazil’s Low-Carbon Agriculture (ABC+) Plan, which seeks to reduce agricultural emissions while sustaining productivity and food security through practices such as integrated crop–livestock–forestry systems and enhanced nutrient management [14]. These measures seek not only to reduce external dependence but also to strengthen the resilience of the national production system, ensuring a sustainable supply of nutrients for crops and, consequently, price stability and the mitigation of food insecurity [52,53]. At the international level, initiatives such as the Fertilize 4 Life (F4L) collaboration between Brazil, the United States, and international partners further highlight the strategic importance of improving fertilizer-use efficiency for global food security and climate mitigation [54].



This situation highlights the magnitude of the challenges facing Brazil’s fertilizer market, not only because it must meet domestic demand but also because it plays an indirect role in ensuring food security. The use of imported mineral fertilizers is essential for maintaining internal agricultural production [45]. In 2024, the total volume of fertilizers delivered to the domestic market reached 45.61 million tons, of which 91% were imported [7]. Given the importance of Brazilian agribusiness, this high level of vulnerability makes the country dependent on other nations to sustain its status as an agricultural powerhouse and as a global leader in the production and export of several essential agricultural commodities [55]. More critically, this situation exposes the population to rising staple food prices, which may worsen food insecurity [24].



This dependence on imports, combined with geopolitical factors, underscores Brazil’s fragility and the need to rethink agricultural production in a more autonomous and sustainable way. To mitigate this problem, the government should invest in subsistence crops essential for social inclusion [56]. Moreover, encouraging the production of fruits and vegetables (“hortifruti”) promotes dietary diversification and improved nutrition, an essential aspect of food security, as highlighted in Table 1.



It is essential that such investment promotes the development of research that enhances food diversity and the sustainability of production systems—topics that, under commercial and environmental pressures, have attracted growing interest in studies such as those by Flexor et al. [58].



Considering the mineral fertilizer crisis [43], measures have been implemented to mitigate its impacts (Table 2), including the promotion of organic fertilizers, bio-inputs [45], and conservation practices as alternatives to meet future demands [62,63]. Among the alternative sources, noteworthy examples include cattle manure [64,65], poultry litter [65,66,67], and swine manure [66,68,69], as well as raw sewage sludge [70,71,72,73,74] and organic fertilizers based on composted sewage sludge [70,75], castor cake [76,77], vinasse [78], and biofertilizers [45], among many other alternative fertilization sources. These materials can improve soil fertility, enhance plant nutrition, and ensure the proper final disposal of organic waste [79].




3.3. Effect of Climate Change on Food Production


Historically driven by variations in Earth’s orbital movements and solar radiation, climate change is now estimated to be 90% caused by human activities, directly affecting food production [80]. According to the Intergovernmental Panel on Climate Change [81], these changes directly influence food production, as evidenced by several studies (Table 3). Food systems (including agriculture, land use change, storage, transport, processing, retail, and consumption) are estimated to contribute roughly one third of global anthropogenic GHG emissions. This percentage includes activities such as agriculture and land use, storage, transportation, packaging, processing, retail, and consumption. Therefore, climate change is both a cause and a consequence of an environmentally unsustainable world [82].



The results shown in Figure 5 reveal a significant increase in global CO2 emissions from the agricultural sector, reaching the highest levels in 2022. According to FAO [6], in 2022 the agricultural system accounted for an increase of approximately 10% compared to the year 2000, totaling 16.2 GtCO2e. This growing emission of greenhouse gases, combined with other human activities, has contributed to the rise in global temperatures, with the last six years (2017–2022) being the hottest on record [83].



Many research studies have shown that an increase in temperature has a negative impact on agriculture, causing droughts, irregular rainfalls and poor soil and water quality [80,84,89] and ultimately reducing food production. Studies have shown that in Brazil, climatic shocks tend to occur in semi-arid regions and amongst smallholder farmers and that they can exacerbate existing food insecurity inequalities [84].



Although, Figure 5 provides only data regarding CO2 emissions from agriculture, it shows how agriculture and livestock are playing a significant role in climate change scenarios and therefore are having a large impact on agricultural production, which is being discussed in the scientific literature.



Agricultural production is increasing due to the growing world population, which is requiring larger amounts of food production [88]. Additionally, just like how the climate change is harming agriculture; population growth is contributing to rising global temperatures [89,91]. Both of these factors, whether through the expansion of cultivation area or through the intensification of productivity [91], are resulting in negative environmental impacts: deforestation is occurring because of the need to expand production into previously unutilized areas and the transformation of those ecosystems, while the intensive use of technology, machinery, fertilizers and pesticides results in soil degradation and water pollution creating a perpetual cycle of destruction [6].



Additionally, the increase in ocean temperatures [80] is another factor that is hindering food production. As glaciers melt, there is a rise in the level of the oceans, resulting in saltwater entering low-lying areas and contaminating freshwater sources [80,85]; additionally, ocean acidification is increasing and negatively impacting marine fauna [86].



Climate change has resulted in numerous impacts on agriculture and livestock production, including extended droughts, intense rains and extreme temperature fluctuations, etc. [84]. By 2050, food production needs to meet the total production of the last 500 years; given the projected global population of 9 billion people [92]. Therefore, recommendations for adaptation strategies exist and include no-till farming systems, reforestation, erosion control, increasing soil organic matter, pasture management and genetic improvement for heat and drought tolerance [93].



Research has shown that when strategies to mitigate the impacts of climate change are implemented, there are positive social, political and economic impacts that result in improved food security. If major changes are not made, agricultural productivity could decrease by 3–12 percent by mid-century and could reach 11–25 percent at the end of the century if mitigation efforts are unsuccessful [94].



Achieving food security in a climate change situation requires integrated and sustainable strategies. One strategy to achieve this is by using innovative technologies and regenerative agricultural practices that increase productivity while decreasing environmental impacts. Examples of practices such as crop rotation, biochar application, agroforestry, and silvopastoral systems and soil health management, contribute to carbon sequestration and ecosystem resilience [59,60,95,96,97]. Precision agriculture technologies can optimize input use and reduce losses, making the agricultural sector more productive and sustainable. Therefore, integrating technology and innovation in the field, can not only reduce CO2 emissions but improve the sustainability and stability of food production and therefore improve global food security [98]. In this context, the application of precision agriculture technologies is supported by digital tools that enable real-time data acquisition and decision-making across different stages of the production system [99,100]. The use of GPS-based guidance, Internet of Things (IoT) sensors, unmanned aerial vehicles (UAVs), and advanced data analytics allows the spatial and temporal monitoring of crop conditions and input use, improving management accuracy [101,102]. These technologies contribute to the optimization of fertilizers, water, and pesticides by aligning their application with crop demand, reducing waste and environmental impacts [103]. Furthermore, the integration of digital platforms with supply chain and logistics management enhances the efficiency and sustainability of agri-food systems, reinforcing their role in promoting stable food production and global food security [99,100].



Climate change is disproportionately impacting populations that are socially and economically vulnerable, as these populations are more susceptible to extreme weather events (such as droughts and floods), and have less adaptive capacity in regard to food scarcity and price volatility [86]. These impacts are directly compromising the four pillars of food security: availability, access, utilization and stability, and thus require a broadened understanding of what constitutes food security [103]. Additionally, the increasing concentration of CO2 in the atmosphere can lead to reductions in the concentration of key micronutrients (such as iron and zinc) and protein in staple crops such as rice and wheat, and therefore increase the risk of hidden hunger amongst vulnerable populations [81].



Considering the above scenario, it is essential to develop integrated public policies that align the actions of the agriculture, environment and social justice sectors, and focus on sustainable and resilient solutions, such as climate smart agriculture [87].



Strategies such as the National Fertilizer Plan, promoting bio-inputs, and supporting sustainable family farming, are examples of how to support the resilience of the agri-food system and contribute to achieving the United Nations’ Sustainable Development Goals, specifically Goal 2: “Zero Hunger and Sustainable Agriculture” [90].





4. Conclusions


Beginning with an assessment of the importance of the appropriate use of fertilizers in managing the broad issues associated with climate and environmental changes, it is clear that the misuse of fertilizers may result in the creation of substantial amounts of greenhouse gases (GHGs). Three areas are particularly relevant to developing policy to address this issue: (i) reducing reliance on imported fertilizers through domestic production of fertilizers, recycling organic residue, and increasing the efficiency of use of fertilizers; (ii) supporting the expansion of low-carbon and climate-smart agriculture practices that promote enhanced soil health, increase carbon sequestration, and increase crop yields; and (iii) strengthening social safety nets and/or economic support programs to protect vulnerable households from the effects of higher prices and reduced agricultural productivity due to climate-related events. There is still much uncertainty regarding the relative impacts of various factors on the growing levels of food insecurity and the type(s) of actions necessary to reduce the numbers of individuals who experience food insecurity. The proper use of mineral fertilizers is a critical component of minimizing food insecurity, since the costs of the fertilizers used directly affect the prices of staple foods. Therefore, reducing dependence on mineral fertilizers increases the accessibility to food and represents one of the primary strategies to achieve international objectives related to eliminating hunger and advancing sustainable development. Future research should prioritize the identification of logistical and regulatory bottlenecks that limit the large-scale adoption of alternative fertilizers and bioinputs in Brazil, particularly regarding supply chain structure, regional accessibility, and cost variability. In addition, integrated assessments combining agronomic efficiency, economic feasibility, and greenhouse gas emissions are needed to support decision-making at farm and policy levels. Another critical gap concerns regional disparities in food access, which require spatially explicit analyses linking production, distribution infrastructure, and socioeconomic vulnerability. Addressing these aspects will enable more effective strategies to reduce fertilizer dependency while improving food system resilience under climate change.
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Figure 1. Number of Brazilians experiencing moderate or severe food insecurity between 2017 and 2022 [35]. 
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Figure 2. Visualization map of term co-occurrence extracted from scientific publications related to food security from the Scopus database. 






Figure 2. Visualization map of term co-occurrence extracted from scientific publications related to food security from the Scopus database.



[image: Land 15 00382 g002]







[image: Land 15 00382 g003] 





Figure 3. Brazilian production and import of nitrogen-, phosphorus-, and potassium-based (NPK) mineral fertilizers from 2000 to 2021 [24]. 
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Figure 4. Major consumers of mineral fertilizers based on nitrogen, phosphorus, and potassium (NPK) in 2021 [24]. 
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Figure 5. Global anthropogenic CO2 emissions from the agricultural sector between 2000 and 2022 [83]. 
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Table 1. Selected aspects of Brazilian agricultural production and their relationships with different dimensions of food security.
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	Observed Agricultural Factor
	Impact on Food Security
	Reference





	Expansion of grain production
	Increased food supply; potential to feed 600 million people
	[24,34]



	Growth in vegetable and fruit production
	Dietary diversification and improved nutrition
	[38,57]



	Family farming and subsistence crops
	Social inclusion and reduction in local hunger
	[58,59]



	Sustainable systems and crop diversity
	Reduction in environmental losses, inclusion, and productive stability
	[58,60]



	Production with socio-environmental responsibility
	Response to commercial and environmental pressures on Brazil
	[39,61]










 





Table 2. Fertilizers and their implications for global food security.
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	Type of Fertilizer or Action
	Observed Effect
	Reference





	Imported NPK fertilizers
	Support production but increase dependence and external vulnerability
	[46,51]



	International supply crisis
	Higher prices and risk to food availability
	[43,52]



	National Fertilizer Plan (PNF)
	Reduction in external dependence; promotion of domestic production
	[52,53]



	Use of organic fertilizers
	Improvement of soil health and reduction in environmental impact
	[70,79]



	Bio-inputs and global alternatives
	Productive security and lower ecological impact
	[62,63]










 





Table 3. Impacts of climate change on food production and food security.
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	Climatic Event or Trend
	Impact on Agricultural Production
	Reference





	Periods of drought and excessive heat
	Reduced productivity and crop losses
	[83,84]



	Increase in ocean temperature
	Loss of agricultural areas and water contamination
	[80,85]



	Greenhouse gas emissions
	Feedback cycle and worsening of global warming
	[86,87]



	Population growth
	Pressure on natural resources and increased food demand
	[88,89]



	Extreme events
	Reduced production stability and increased food insecurity
	[90]
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