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Abstract

:

Brazil is one of the largest suppliers of commodities in the world, partly due to the agricultural expansion in the Brazilian savannas (also known as Cerrado) that began in the 1970s. However, as areas with better soil and climate for agriculture become scarce, farmers have been advancing to the ecotone between the savanna and xeric shrubland, where precipitation is less reliable for rainfed agriculture. The expected increase in temperature will lead to extended drought periods, with negative consequences for surface and groundwater resources. This study explores the hazards associated with making land-use decisions based on current climatology in regions where projected increases in temperature and reductions in water availability are anticipated to pose significant challenges to rainfed agriculture in the Brazilian Cerrado biome. We modeled future farmland expansion and how that matches with future climate change predictions (2016–2046). According to our estimates, at least 129 thousand km2 of cropland and 418 thousand km2 of pastures will be added in places with projected higher annual temperatures ranging from 26–30 °C. This is equivalent to ~60% of the current agricultural areas, and a novel agro-climatology will emerge for the Cerrado biome. Therefore, we discuss the agro-environmental policies that are pushing and pulling farmland expansion in the Cerrado. For instance, payments for environmental services could support the conservation of native vegetation on private land in regions with the highest temperature increases and deforestation risks. Moreover, in areas with expected reduced water yields, such as in the western Cerrado, the protection of riparian vegetation and strict regulation of water use could mitigate future risks to agriculture.
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1. Introduction


In Brazil, agricultural production has increased from 391 million tons in 1990 to more than 1105 million tons in 2020 [1]. This enormous growth in production can be predominantly attributed to the expansion of cropland into the Brazilian savannas, also known as the Cerrado. This biome is one of the most biodiverse in the world and is considered a priority for environmental conservation [2]. However, between 1990 and 2020, approximately 22 million hectares of native vegetation were converted to agriculture in this region [3]. This expansion makes the Cerrado the fastest-growing agricultural region in the world [4]. This growth has continued even during periods of economic instability in Brazil and the COVID-19 pandemic. Since the 2010s, Brazil has become the main soy-exporting region in the world, in large part due to technological advances and reliance on rainfed double-cropping due to a prolonged rainy season [5]. Capitalized farmers can reap two and sometimes three harvests through irrigation with center-pivot systems that rely on both surface water and groundwater [6]. This dependence on irrigation is often associated with local conflicts and water shortages [7,8], and periodic droughts pose a significant threat to farmers, increasing the likelihood of crop failure [9,10]. Given the variety of climatic conditions for agriculture, it is worth assessing whether this continuous agricultural expansion in the Cerrado will result in a scenario of increased risk for this capital-intensive type of farming.



Current farmland expansion in the Cerrado tends to occupy marginal environments that are vulnerable to rainfall shortages and where the temperature is projected to increase in the next few decades [11,12,13]. The expected increases in temperature will extend the drought periods in the Cerrado [10] and are likely to increase the demand for irrigation and put more pressure on surface and groundwater resources [13]. According to Brazil‘s National Water Agency [6], For instance, from 2000 to 2017, the areas irrigated by central pivots grew by 182% between 2000 and 2017, from 433,107 ha to 1,222,409 ha. Additionally, scholars believe that this substantial increase in irrigated areas is likely an underestimation of the actual total irrigated area [13]. Despite the potential risks associated with agricultural expansion in the Cerrado biome, there is limited evidence to suggest that this growth will fizzle in the next few decades. For instance, the Brazilian Ministry of Agriculture projects an increase in soy area of ~24% from 2022 to 2032, or 10 million ha of new croplands, of which 6.8 Mha will be in the Cerrado [14]. This growth will be largely concentrated in the ecotone between the Cerrado and the Caatinga. The Caatinga biome is a semi-arid environment that is characterized by periodic droughts, including some that are extreme, resulting in significant losses of rainfed crops in the past decade [15]. Concurrently, recent studies have modeled the impact of land clearing on water scarcity and other ecosystem services (e.g., water availability) in the Cerrado [13,16,17,18]. As global climate change projections of higher temperatures come to fruition [11], it is important to assess future land-use change for landscape management to avoid exposing farmers to unnecessary risks and creating environmental damage through land clearing that will bring little economic return [19].



This manuscript contributes to the growing body of literature on the potential hazards associated with expanding farmlands into areas that are unsuitable for rainfed agriculture in light of anticipated future changes in temperature and rainfall patterns. This study aims to address the following questions: In the Cerrado region, where will land-use changes occur in the future if farmers ignore climate change projections and make decisions based on the current climatology? Furthermore, if these areas are converted to other land uses, what proportion of the land will be affected by factors such as higher temperatures, lower precipitation, and water scarcity? In other words, we explore future land change dynamics related to climate projections for temperature and precipitation, from 2016 to 2046, with concerns about the future sustainability of agriculture in the region. To accomplish that, we first built a land change model (LCM) based on the weights of evidence (WoE) statistical approach with land cover data from 2001 to 2016. This LCM considers proximate causes (agriculture expansion, distance to roads), underlying causes (GDP, population density, protected areas), and environmental endowments (slope and suitability for annual crops) as part of a set of predictive variables. Additionally, we compare the LCM outputs with the available maps of projected temperature [20] and potential changes in water balance estimates. Finally, we provide a brief discussion of the current agro-environmental policies that are creating push-and-pull incentives for farmland expansion in the region and how these policies could be modified to account for the unsuitability of water-dependent agriculture under changing climate conditions. In this paper, our goal is to understand how future climate conditions will differ from current climate conditions and what corresponding impacts may arise for farmland expansion.



Study Area and Background


This research focuses on the Cerrado biome, an area of 2 million km2 and the second-largest biome in South America after Amazonia (Figure 1). The Cerrado is characterized by pronounced dry and wet seasons. Rainfed agriculture is practiced from September to April, and this rainy period concentrates 80% of the total annual precipitation that ranges from 900 mm at the semi-arid Caatinga ecotone to the east to 2000 mm in the Amazonian ecotone to the west [21]. Despite the low fertility and high acidity of its soils [22], since 1960 this biome has undergone an intensive occupation process and now accounts for more than half of the grain production in Brazil [23,24,25].



The modernization and expansion of Brazilian agriculture can be attributed to two main factors. The first is the public policy of the 1960s and 1970s, which focused on developing the country through import substitution. The second is the development of technologies for managing soil fertilization in the tropics, which allowed for the expansion of soy cultivation in the savannas of the Cerrado biome. The main technological innovation that enables annual crops in the Cerrado included the development of better-adapted seeds (more recently developed seeds include genetically modified organisms), new soil management techniques that included acidity correction using limestone, and the use of chemical fertilization with phosphorus, potassium, and nitrogen (Embrapa, 2020). To advance these technologies, the government invested heavily in agricultural research for tropical climates, through the creation of the Brazilian Agricultural Research Enterprise (Embrapa, in the Portuguese acronym), and several infrastructure investments aimed at occupying the hinterlands of Brazil. The introduction and expansion of soybean cultivation in the Cerrado symbolize the agricultural revolution of the 1970s and the power of capital in ‘creating natural conditions’ for farming [23]. The large-scale adoption of these technologies launched Brazil as a major supplier of agricultural commodities in the international market.



With most of the Cerrado closer to São Paulo, the major industrial and commercial hub in Brazil, already occupied by the early 1990s, farmland expansion advanced to the transition areas between the Cerrado and Amazonia, such as Mato Grosso state, and more recently to the Matopiba (an acronym for the states of Maranhão, Tocantins, Piauí, and Bahia) (Figure 1).





2. Methods


Our analytical framework combines land change modeling and ecosystem service (water yield) estimates for historical (1980–2010) and projected (2016–2046) scenarios of land use and climate conditions. First, we regionalize our analysis by defining clusters of municipalities with similar socioeconomic conditions (i.e., GDP and population density) to calculate the rates of land change for each sub-region. Second, we simulate future land use by allocating land change rates using the weight of evidence (WoE) method in the Dinamica EGO software [27]. Third, we used the InVEST software [28] to estimate changes in water yield distribution under current and future climate scenarios. We compare current and future temperature envelopes for agricultural areas and the impacts on water production. As seen in Figure 2, our analytical framework is based on Silva’s approach [29]. The following sections will provide details on the datasets used and the modeling approach for each step.



2.1. Datasets


2.1.1. Spatial Data


The land cover data were obtained from the Mapbiomas Project [3]. This project mapped annual changes in land cover since 1985 for all Brazilian territories using Landsat images with 30 m resolution. Based on a sample of 75,000 pixel locations, the Mapbiomas dataset accuracy ranges from 73% to 95% in the biomes of South America [3]. We aggregated the seventeen classes of land use and cover in Mapbiomas into five more general classes: native vegetation, pastureland, cropland, water, and others (a combination of urban, mangrove, non-observed, and other). For the “native vegetation” class, we grouped the original classes of native forest and native non-forest vegetation. For the “pasture” class, we grouped the classes pasture and agricultural mosaic (most of this latter classification is natural pasture according to the Mapbiomas’ experts (personal communication). The “crops” class is the equivalent homonym in Mapbiomas. The class “other” included urban areas, mining areas, and other non-vegetated land covers. The land change modeling explained in Section 2.3 below combined the land cover maps with other explanatory variables: distance to roads, protected areas, slope, and suitability for annual crops. The polygons delineating the boundaries of the 1388 municipalities within the Cerrado and the spatial extent delineation of the Cerrado biome were obtained from the Brazilian Institute of Geography and Statistics [30,31]. All geographical information was processed in ArcGIS and R software, using the South American Coordinate Reference System SIRGAS 2000 datum. Table 1 summarizes the spatially explicit data.




2.1.2. Climate Scenarios Data


Historical and future climatic data were provided by the TerraClimate Project [20] and include the average annual temperature (Celsius), annual potential evapotranspiration (mm), and annual precipitation (mm). These were produced using high-resolution models from the WorldClim dataset. The historical average values of climate (temperature, evapotranspiration, and precipitation) data are from the 1981–2010 period. Meanwhile, the projections are between 2016 and 2046 for the warming scenarios of 2 °C and 4 °C. The +2 °C results of our analysis can be interpreted as the best-case scenario for the region, based on the Representative Concentration Pathways (RCP 2.6) that require the world to start reducing greenhouse gases (GHG) emissions by 2020 and achieve zero emissions by 2100 [33]. Still, RCP2.6 assumes a constant growth emission in land use, similar to our assumption of constant land-use transitions. Meanwhile, the scenario of +4 °C can be associated with the extreme scenario of inequality described in the IPCC report. The TerraClimate project combined multiple general circulation models (GCMs) to create a high-resolution dataset that is more representative of observed climate conditions than any single GCM. TerraClimate relies mostly on the Coupled Model Intercomparison Project Phase 5 (CMIP5) due to the availability of data for the relevant period (1958–2015) and their ability to capture key climate variables of interest, such as temperature and precipitation. Figures S2 and S3 in the Supplementary Materials depict the climate variables’ patterns in the Cerrado.





2.2. Subregions for Land Change Modeling


The Cerrado biome is spatially heterogeneous due to its extension and varied socioeconomic dynamics and edaphic-climatic conditions. Therefore, we modeled land change for each subregion separately to estimate the effects of different local contexts underlying the causes of land change. This partitioning increased accuracy when compared to the Cerrado-wide model (Figure S1, Tables S2 and S3 in the Supplementary Materials). Based on empirical observations, we identified the subregions (Figure 3):




	
Southeast Cerrado: This is the older agricultural region mainly occupied by sugarcane and pastures with a strong connection to São Paulo and the Brazilian southeast region, which is the most economically developed region of Brazil.



	
Western Cerrado (i.e., Mato Grosso State): The expanding agricultural frontier region since 1980, with high clearing rates of denser Cerrado vegetation to pasturelands and increasing cropland conversion over pastures. Just north of this region, but outside our study area, is the Amazon rainforest.



	
Matopiba (an acronym for the states of Maranhão, Tocantins, Piauí, and Bahia): This is the northeastern portion of the Cerrado, in the ecotone with the semi-arid Caatinga region; it is a recent agricultural frontier, with the increasing conversion of native vegetation to cropland since the 2000s and infrastructure to export commodities through ports in northeastern Brazil.



	
Central Cerrado: This region is mostly pastureland and does not have pronounced agricultural land uses yet.



	
The Brazilian soy belt: This region in the state of Mato Grosso contains most of the Brazilian soy production and the presence of international traders in the ecotone with the Amazon rainforest.








These regions differ in terms of their occupation processes, edaphic–climatic conditions, population density, urbanization level, GDP composition, and landscape dynamics. We defined the geographical limits of these clusters by applying a k-means analysis in ArcGIS software. The k-means analysis considered the GDP, agricultural land (areas of pasture and crop), and population density (persons/km2), as described in Table 2. We applied a spatial weight matrix using the K-nearest neighbor (KNN) for the resulting groups to be spatially proximal (or contiguous). The KNN approach is a spatial weight matrix that defines relationships based on proximity; it selects the K-nearest points to each location and defines their relationship based on distance, under the assumption of spatial autocorrelation. Preliminary clustering analyses indicated seven optimal groupings for the municipalities; however, three of them were individual municipalities that we decided to merge with adjacent subregions, yielding the five subregions used in the land modeling. For instance, Brasilia (Brazil’s capital) was classified as a unique subregion, probably due to its high GDP, but it is located in the Central region. Figure 3 shows the final clusters of land change modeling. These subregions are important to better contextualize the results and correlate the risks of future climate change with regional economic characteristics.



We ran the Dinamica EGO land change model using three different groupings for comparison—for each municipality, for each subregion, and the Cerrado as a whole. The accuracy between the actual 2016 land cover and its modeled output (Section 2.3) is superior when each subregion is modeled separately within Dinamica EGO. Therefore, we opted to report the results at this scale. In Supplementary Materials Tables S2 and S3, we show the results using the other two groupings. This multi-scale comparison validates our assumption that regional clusters are the ideal scale of analysis for this application because they better capture the regional specificities of land change.




2.3. Land Change Modeling


Based on the land change trends and bioeconomic variables (Table 1 and Table 2), we projected the annual land conversion for the 2016–2046 period using the weight of evidence method (WoE) in the software Dinamica EGO. This timeframe was chosen because it matches the TerraClimate projection estimates for the scenario of a 2 °C temperature increase. The model simulates land cover changes with spatially explicit outputs using a two-pronged approach: (i) The rates of annual agricultural expansion for pasture, cropland, and vegetation regrowth are calculated according to a transition matrix for the baseline period (i.e., 2001 to 2016); (ii) land change by category is allocated spatially by using the estimates based on weights of evidence [36]. In addition to the land change rates for a business as usual (BAU) scenario (period of 2001–2016), we calculated an alternative scenario based on the higher land clearing rates of 2019–2022. This scenario represents an extreme case where crops and pasturelands grow well above average for the whole period. The transition matrix and rates of annual agricultural expansion and regrowth are based on the land use/cover map from the Mapbiomas project [3]. The WoE for spatial allocation considers the distance to agricultural areas and other independent variables (e.g., distance to roads, protected areas, slope, and suitability for crops). Section 2.1 details the model’s variables, and Figure 2 summarizes the overall modeling approach.



WoE is a Bayesian statistical inference method that calculates probabilities of land change conditional on the presence or absence of a certain factor (e.g., soil type) [37]. The WoE breaks continuous variables into binary categories (e.g., distance to roads is converted into a series of buffer distance bins). In addition to predicting the baseline, Dinamica EGO projects the future probability of land change based on the baseline trajectory. Furthermore, it also calculates the goodness of fitness statistics to validate the models built. This software assumes stationarity, meaning that the underlying processes that drove land change in the baseline period do not change over time and that the relationship between the variables remains unchanged in the future.



To obtain the future landscape patterns of land use as close as possible to the observed land cover map, Dinamica EGO has a toolbox that changes the patch size by expanding or contracting land conversion to avoid the so-called salt-and-pepper pattern. This toolbox groups land change into contiguous cells, resulting in landscapes and fragmentation patterns that are more realistic [27]. According to the National Institute of Space Research’s deforestation data [38], the average patch size of vegetation loss in the Cerrado is 0.16 km2, and the standard deviation is ~0.90 km2. To select which variables to include in the model, we applied Cramer’s V test to assess the spatial correlation between the variables. All variables showed a low correlation among themselves (<0.4 in all cases), an indication that no redundant variable was used to explain the land change (see the results in the Supplementary Materials).



Finally, validation was performed for the 2001–2016 period using a fuzzy similarity index [39], meaning a comparison of the land modeled with the actual land cover. The fuzzy similarity calculates a score from 0 to 1 that represents how closely the neighborhood (i.e., group of contiguous cells) around each cell on the two maps match, instead of accounting for the exact match pixel-by-pixel. Spatial models are assessed in the context of neighborhoods because even maps without an exact match on a pixel-by-pixel basis can show a similar pattern in comparison to the observed land cover if the prediction is within the neighborhood of the actual land cover. Dinamica EGO validation uses multiple window sizes to compare neighboring values by checking the location of the expected pixel category [40]. A similarity index of one means a perfect center cell match between the actual land use map and the modeled map. In this study, we compared the minimum values of similarity in the windows of 1 × 1, 3 × 3, 5 × 5, 7 × 7, 9 × 9, 11 × 11, and 13 × 13.




2.4. Water Yield Modeling


We estimated the current and future water yield in the software InVEST [28], based on the IPCC climate projections available in the TerraClimate Project [20]. The model calculates the amount of water yield for each watershed based on the inflows (precipitation) and outflows (evapotranspiration and infiltration into the soil) of the water budget. The InVEST water yield model does not consider groundwater inflows and only calculates surface flow. We calculated the water yield for the historical scenario of 1981–2010 and for the scenarios of a 2 °C and 4 °C temperature increase. To estimate historical and future water yield, we used the respective input rasters for precipitation and evapotranspiration (i.e., historical and projected), while holding everything else constant (i.e., planting available water content (PAWC), elevation (DEM), and root restricting depth). The difference between the future and current climates is represented by the predicted change in water yield. Table 3 summarizes the input variables of the water yield model.





3. Results


3.1. Past and Future Land Use Change


The area of native vegetation and pasture decreased from 2001 to 2016, while the cropland area doubled in size (Table 4). The land cover transition matrix (Table 4) indicates that 38% (86,388 km2) of the cropland in 2016 was pasture in 2001, and 13% (30,634 km2) was a result of a direct change from native vegetation. Meanwhile, most pastureland expansions occurred over native vegetation during the same period (84,193 km2). The main trends for all subregions are vegetation regrowth on pasturelands and land clearing of native vegetation for pasture, as well as a pasture-to-crops land change in the soy belt. The results of regrowth are consistent with increasing land abandonment/regrowth as reported in the literature [45]. In short, the expansion of cropland over pasture is the largest change between land uses, although native vegetation clearing still occurs mainly for pasture.



As for future projections of land change, our model estimated 74 thousand km2 of native vegetation loss and 181 thousand km2 of crop area increases from 2016 to 2046 (Table 5). The model indicated a pasture decrease of 108 thousand km2 because a portion of land clearing will regrow back to secondary vegetation and pasture-to-crop conversion will maintain its historical trend. We estimate an average addition of ~10 thousand km2 per year of new croplands, a number very similar to the official government projection of ~11 thousand km2 per year for soybeans and sugar cane in the Cerrado [46]. We ran an alternative scenario that uses the larger conversion rates observed during 2019–2022 to project land change into the future and obtained similar results: ~2000 km2 more vegetation loss than business as usual, and an additional ~3000 km2 of pastures up to 2046. The probability map of land change for 2046 indicates that cropland expansion will be concentrated in the north (i.e., the Matopiba region), while regrowth and pasture-to-crop conversion will occur in the southern parts of the biome (Figure 4 and Figure 5).



The models performed relatively well according to the error assessment for the 2001–2016 period. Our model predicts 1.17 million km2 of agricultural area (crops and pasture) against the observed one million thousand km2. The modeled landscape has 87% similarity with the land use of 2016 (Figure S1) in a window of 7 × 7 pixels, according to the maximum fuzzy similarity index. This level of accuracy gets lower or higher depending on the window size. The land change transition probability matrix used by Dinamica Ego to forecast future change can be found in Table S1 in the Supplementary Materials.




3.2. Future Temperature and Land Use Change


The projected increase in temperature by 2046 corresponds to the zones of higher probability of land change for pasture and cropland, both in the northern Cerrado biome (Figure 4). Figure 6 compares the current distribution of pasture areas and croplands over intervals of current temperature and the future projection of climatology in the baseline year of 2016. In the conservative scenario, we estimated an additional 129 thousand km2 of crops and ~418 thousand km2 of pastures located in places with two degrees Celsius of warming and average annual temperatures ranging from 26–30 °C. This is equivalent to ~60% of the current agricultural areas. The agricultural areas in temperatures above 28 °C do not currently exist, but will comprise ~27 thousand km2 in the conservative scenario of +2 °C, constituting a novel agro-climatology for the Cerrado.




3.3. Water Yield


The combination of farmland expansion and higher temperatures will result in an adverse scenario for the water balance of crops. Currently, Mato Grosso state has the highest historical water yield in the study area (Figure 7) due to the higher rainfall levels that characterize this part of the Cerrado just south of the Amazon. Our results, however, indicated that a scenario of a 2 °C increase in temperature will affect this region the most. We estimate that new agricultural land will expand in areas with severely reduced water availability, particularly in Mato Grosso. According to our model, most land clearing (581,000 km2) will occur in places with reduced water production (up to −1500 m3/ha per year), and some of these areas are already vulnerable to drought, such as those along the eastern part of the biome (i.e., the states of Minas Gerais and Bahia).





4. Discussion


The results of our land change model indicate an expansion of croplands in the northern parts of the Cerrado (lower latitudes) and of pasturelands spread across the biome. The expansion of cropland and pastureland into these areas of higher temperatures is problematic because several studies suggest that higher temperatures will cause a reduction in agricultural productivity in tropical regions [47,48,49,50]. Indeed, the reduced water balance and precipitation in the Amazon–Cerrado ecotone impacts maize, soybean, and other annual crop yields because a minimum precipitation threshold of ~1700 mm/year is required for double cropping [51]. In addition to crop losses, higher temperatures may decrease regional GDP and shift crop suitability ranges [52] as we predicted higher temperatures in ~60% of agricultural areas. Soybean farming will be the main activity affected since it currently corresponds to half of the total agricultural production in the region and is the main crop planted in the agricultural frontiers of the Matopiba and Mato Grosso.



The expansion of crops over pasturelands in the Southeast region is likely due to the much higher profitability of crops and the proximity to the many ports and processing facilities located in the states of São Paulo and Minas Gerais. However, new roads linking the Cerrado to ports in northern Brazil will lower the costs of transportation and promote crop expansion over pastures. Indeed, we observed a strong soy expansion over pastures in the soy belt of the Mato Grosso and Matopiba regions. Moreover, we expect a net pastureland loss caused by the conversion of pasture to crops, indicating that most new pasturelands have been short-lived. Indeed, we found that 60% of pastures are converted to crops within 5 years after deforestation (Table S4).



If cropland expansion and temperature and precipitation predictions come to fruition in the future, irrigated agriculture will likely continue to expand in the Cerrado. Our results indicate that most of the loss in water yield (approximately 9300 m3/ha/year) will take place in Mato Grosso state, the leading grain producer in Brazil. Nevertheless, rising temperatures also increase evaporation, which reduces the availability of surface water for irrigation (Figure 7 and Figure 8). Recent studies in the Cerrado have found similar risks of water scarcity for agriculture caused by rising temperatures and land clearing [8,16,51]. A warmer climate will likely increase the magnitude of the problems already described in this work, with a significant impact on agricultural yield. Therefore, new water management strategies and more efficient irrigation technologies will be required in the next decade to avoid losses in agricultural production and productivity [19]. Thus, we must question whether it is worth continuing this expansion under a scenario where risks from crop losses are likely to increase. This rationale also indicates the need for land management policies to mitigate the negative effects of rising temperatures in the Cerrado biome. The challenge is enormous and will also require the active participation of the private sector. We suggest that a combination of conservation policies, compensation for avoided land clearing, and agricultural intensification is necessary to meet these challenges.



Our land change model’s results are in agreement with other recent studies. For instance, our projected land change rates are consistent with those found by Monteiro et al. [53], who estimated 302 thousand km2 of new agricultural areas between 2012 and 2050. Strassburg et al. [19] also projected similar results, with ~202 thousand km2 of land change in a business-as-usual scenario for the period of 2012 to 2050. Furthermore, Ferreira et al. [54] and Lima et al. [55] found the same critical regions at risk of vegetation loss in the northern (Matopiba) and western (Mato Grosso) parts of the Cerrado. However, our approach is different in a few aspects; for instance, we considered competing land uses between pasture and crops and the regrowth of secondary vegetation. Strassburg et al. [19] mention the importance of regrowth/restoration, and our work captures this dynamic explicitly in the model as a transition between land uses.



A few caveats are worth recognizing. General models such as ours do not capture the dynamics that take place as a result of local government and politics. In particular, we did not assess how private sector commitments to halt deforestation (i.e., the soy moratorium) in the Amazon could be expanded to the Cerrado to avoid leakage and increase its overall effectiveness, thereby reducing deforestation [56,57]. Moreover, commodity exports and political stability are relevant factors for the advance of land clearing in tropical areas [58] and affect land change in other biomes in South America, such as the Chaco [4,59]. Still, the growing demand for agricultural commodities resisted recent shocks in logistics and inputs caused by the pandemics and the Ukraine-Russia war. Hence, if the economic underlying causes of land change persist for the following decades, the pace of land conversions in the Cerrado will continue as we predicted.



What strategies could be implemented to move the agricultural sector towards a more sustainable future and away from short-sighted land use decisions? First, the creation of new protected areas (PAs) is the main strategy to halt farmland expansion in areas with increasing climatic risk for crop yield that are important suppliers of ecosystem services [19]. According to our land change model, protected areas lower the probability of vegetation loss in all subregions, but the status of protection remains fragile. For instance, protected areas cover a meager ~8% of the Cerrado, in comparison to 46% of the Amazon [26]. Compounding matters further, most of the Cerrado lands are already under private ownership (~85% of the total area, including 49 Mha of native vegetation, according to the Brazilian Rural Environmental Registry), with little public land left for the creation of new protected areas [60]. Although private protected areas cannot be compared to or substituted for public PAs due to their smaller and more fragmented pattern, these remaining fragments of vegetation (Figure 5) can be relevant to the overall landscape connectivity and protection of water resources. This is especially true for riparian forests and those that protect the headwaters of watersheds [13]. Hence, the engagement and participation of private landowners will be crucial for the protection of the remaining Cerrado vegetation.



Second, a complementary approach to public protected areas would be to pay landowners for the ecosystem services provided and to avoid deforestation in private areas, based on the opportunity cost of the land or the acquisition of private properties for conservation purposes. This is a well-known approach used by The Nature Conservancy in many places [61]. According to Brazilian law, the legal instrument for permanent protection of these areas would be the creation of private reserves of natural heritage (RRPN, in the Portuguese acronym). To cover the opportunity cost of preservation, a private agreement could be made to offset emissions from a third party, create carbon credits, or pay for the protection of riparian forests and headwaters [62] to finance the protection of these areas. In this case, the incentive could be paid in annual installments at a discount rate of 3–7% corresponding to the annual leasing value of land or as a lump sum equal to the market land price [63]. A payment for native vegetation conservation on private lands would be more efficient in pasture areas because the opportunity costs are lower due to the low profitability of this activity. Likewise, Feltran-Barbieri and Feres [64] found that limiting ranching expansion would not limit the increase in production necessary to meet the demand for beef and dairy because there is a potential to increase productivity (i.e., heads/hectare) on 100 Mha degraded pastures in suitable areas. Though the benefits of ecosystem services are still uncertain (i.e., extreme heat regulation) and may be less than the land value in regions such as Mato Grosso where farm profitability is high [12]. In any case, it is economically more feasible to prioritize areas with lower opportunity costs.




5. Conclusions


Our study examined the dangers of making land use decisions based on current climatology in places where temperature and reduced water availability are projected to become issues for rainfed agriculture in the Brazilian Cerrado biome. According to our estimates, at least 129 thousand km2 of cropland and 418 thousand km2 of pastures will be created in places with projected higher annual temperatures. For the consolidated areas where agriculture is highly profitable, cropland will likely continue its expansion over pastures. However, new agricultural areas in temperatures above 28 °C will likely comprise ~27 thousand km2 in the conservative scenario of +2 °C, constituting a novel agro-climatology for the Cerrado. Consequently, future agricultural areas will face a severe reduction in water yield. We estimate that the Mato Grosso and Matopiba regions, both main producers of soybeans, will be affected by reductions in surface water yield. Our models project that water yields in Mato Grosso will decrease by ~9300 m3/ha/year. Thus, land change trends in the Cerrado combined with scenarios of rising temperatures and reduced availability of water will put more pressure on water resources and increase reliance on irrigation. According to the models, the regrowth of native vegetation is a strong trend in land change, maybe due to land clearing in areas not suitable for agriculture. Therefore, public policies can guide the restoration and incentivize the recovery of these cleared areas, particularly those that are important for water resources and ecosystem functions, such as riparian forests and natural springs.



We recommend strategies to mitigate the impacts of farmland expansion over environments that are likely to become drier in the Cerrado biome, e.g., support pasture intensification, protection of riparian vegetation around rivers, and a financial mechanism to compensate for the opportunity cost of not clearing the land on private properties. For current agricultural land uses, cattle ranching will have to rely on smaller areas in the future by adopting semi-intensive systems whereby the last stage of fattening uses byproducts of the agricultural sector such as cotton seeds and corn husks, among others. This could be scaled up through landscape planning, with public policies and market incentives. For instance, payments for environmental services could support the conservation of native vegetation on private land in regions with the highest temperature increase and deforestation risk. Moreover, in areas with expected reduced water yields, such as in the western Cerrado, the protection of riparian vegetation and strict water use regulation could mitigate future agriculture risks. A combination of enforcement and conservation policies is necessary to mitigate the risk of farmland expansion into areas vulnerable to future temperature increases and reduced water availability.
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Figure 1. Brazilian Amazon and Cerrado biomes in South America. Source: Brasil [26]. 
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Figure 2. The analytical framework of this study. 






Figure 2. The analytical framework of this study.



[image: Land 12 00914 g002]







[image: Land 12 00914 g003 550] 





Figure 3. Cerrado land use (2016) on the left, and subregions for land modeling on the right side. Source: (A) Mapbiomas [3] and Brazil [26], and (B) the author’s analysis. 
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Figure 4. Probability of land change in 2046. Source: author’s analysis in Dinamica EGO. 
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Figure 5. (A) Land use (2016), (B) land change simulation (2046) within the Cerrado, and (C) projected vegetation loss (2016–2046) at the municipal level. Source: Mapbiomas and the author’s analysis in Dinamica EGO. 
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Figure 6. Distribution of agricultural area (km2) on current and projected land use and average temperature. Source: LCM and TerraClimate temperature projections. 
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Figure 7. Water yield (m3/ha per year) estimates for (A) the historical scenario and (B) additionality with a 2 °C increase and (C) a 4 °C increase. Source: water yield modeling in the software InVEST. 
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Figure 8. The feedback loop of increasing temperature and available water for agriculture. 
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Table 1. Spatial data description for land change modeling.
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	Variable
	Description and Procedures
	Source





	Land use/cover
	Annual land use/cover, based on Landsat images, 30 m resolution
	Mapbiomas Project [3]



	Roads
	Polylines of existing roads in Brazil clipped to Cerrado and used to calculate a raster of distances to roads
	Ministry of Infrastructure [31]



	Protected Areas
	Polygons of Protected Areas, including indigenous land, parks, and other set-aside areas for conservation.
	Ministry of Environment [26]



	Slope
	Estimates of slope in percentage, 30 m resolution
	Geological Service of Brazil [30]



	Suitability for rainfed crops
	Raster with nine categories of suitability for crops, according to soil and climate
	FAO/GAEZ [32]
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Table 2. Data summary by Cerrado subregion. Source: IBGE [25,34,35] and Mapbiomas [3].
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	Matopiba
	Soy Belt
	Central Area
	Western
	Southeast
	Total for Cerrado





	the year 2016
	
	
	
	
	
	



	GDP (BRL currency)
	122,399,863
	21,264,910
	391,751,655
	187,815,050
	810,490,154
	1,533,721,632



	Total population
	8,510,555
	271,934
	8,929,537
	5,398,667
	23,439,741
	46,550,434



	Population density (person/km2)
	17
	5
	61
	8
	91
	54



	Pasture (ha)
	14,080,822
	357,324
	9,867,015
	30,491,629
	13,401,512
	68,198,302



	Cropland (ha)
	5,696,811
	4,630,154
	3,760,074
	13,358,148
	9,928,908
	37,374,095



	Native vegetation (ha)
	70,198,750
	4,069,766
	9,909,120
	55,717,127
	19,847,909
	159,742,673



	the year 2001
	
	
	
	
	
	



	GDP (BRL currency)
	16,133,402
	1,917,149
	56,456,329
	23,312,219
	171,104,708
	268,923,807



	Total population
	7,080,592
	128,355
	6,664,906
	4,280,237
	19,817,473
	37,971,563



	Population density (person/km2)
	15
	2
	44
	7
	75
	44



	Pasture (ha)
	11,755,970
	404,599
	12,527,722
	32,574,281
	24,068,868
	81,331,440



	Cropland (ha)
	1,469,094
	2,129,127
	1,758,879
	4,721,833
	4,789,848
	14,868,781



	Native vegetation (ha)
	15,340,797
	306,894
	11,251,002
	31,392,753
	19,703,744
	77,995,189
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Table 3. Data for InVEST’s water yield model.
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Variable

	
Description and Source






	
Root restricting layer depth (mm)

	
Raster provided by Hengl et al. [41]




	
Precipitation (mm)

	
Historical (1981–2010) and future scenarios (2 °C increase) from the TerraClimate Project [20]




	
Annual Evapotranspiration (mm)




	
Plant Available Water Content (PAWC)

	
A raster with the fraction of water in the soil that is available for plants’ use (from 0 to 1). Calculated in the software offered by the U.S. Department of Agriculture (USDA) [42], using the soil texture (percentage of clay, sand, and silt) from FAO [43].




	
Land use/cover

	
Annual land use/cover, based on Landsat images, 30 m resolution [3]




	
Watershed polygons

	
Polygons are classified by the National Agency of Water (ANA, in the Portuguese acronym) according to the Pfafstetter Coding System. We used level 4 due to the similarity with the municipality’s area for management [44]




	
Biophysical table

	
Indicates the vegetation class in the land use/cover raster, the maximum root depth for vegetated land use classes (mm), and the plant evapotranspiration coefficient (Kc), according to the InVEST user guide.
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Table 4. Land cover transition area matrix (km2) from 2001 to 2016, in Cerrado. Source: Elaborated with data from Mapbiomas [3].
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2016

	
Total in 2001




	

	

	
Native Vegetation

	
Pasture

	
Cropland






	
2001

	
Native vegetation

	
893,039.38

	
84,193.27

	
30,634.73

	
1,007,867.37




	
Pasture

	
24,155.22

	
689,192.30

	
86,388.01

	
799,735.53




	
Cropland

	
485.24

	
6107.35

	
110,819.20

	
117,411.79




	

	
Total in 2016

	
917,679.84

	
779,492.92

	
227,841.94
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Table 5. Results of the land change modeling (km2) for the projected land cover transition from 2016 to 2046.
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2046

	
Total in 2016




	

	

	
Native Vegetation

	
Pasture

	
Cropland






	
2016

	
Native vegetation

	
611,097

	
58,612

	
82,864

	
752,573




	
Pasture

	
63,600

	
479,787

	
107,347

	
650,734




	
Cropland

	
4077

	
4252

	
513,379

	
521,708




	

	
Total in 2046

	
678,774

	
542,651

	
703,589
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