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Northeastern South America is among the continent’s most climate-vulnerable regions, marked by low socioeconomic indices and high climatic hazards, particularly droughts. We did a climate change risk assessment for the region’s most important watershed, incorporating the three components of risk — hazards, exposure, and vulnerability — a procedure rarely done. We analyzed land use and climate change hazards, human population exposure, and socio-environmental vulnerability by mapping ecosystem services and socioeconomic indices. We pinpointed 15 high-risk municipalities out of 455 in the study region, suggesting existing ecosystem-based adaptation (EbA) policies at the municipal level to reduce vulnerability, coupled with watershed-scale technological solutions. We also provide an online dashboard with an interactive map to facilitate results visualization and support the decision-making process. Our proposed approach is transferable globally, focusing on enhancing the effectiveness of EbA in responding to climate change.
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1 Introduction

Climate change-induced increases in the frequency and intensity of extreme events threaten biodiversity and ecosystem functioning, resulting in serious impacts on food, water, and energy security (IPCC, 2021). Impacts are expected to worsen in the near-term, and, therefore, well-planned adaptation efforts are imperative. Adaptation is especially urgent in highly vulnerable areas, i.e. locations with high poverty, poor governance, and limited access to basic services and resources, which are expected to suffer the most (Pörtner et al., 2022). The lack of adaptive capacity, i.e. the ability to cope and adapt to the changing climate, increases vulnerability (IPCC, 2018; Foden et al., 2019). At the local level, poverty and inadequate access to resources, such as health facilities, education, and natural resources intensify human vulnerability to climate change (Torres et al., 2012; Bourne et al., 2016). Despite important efforts and international agreements focusing on mitigation (i.e. reduction of the concentration of greenhouse gases in the atmosphere), adaptation strategies are imperative to increase resilience (Scarano, 2017; Niemeyer and Vale, 2022).

Ecosystem-based adaptation (EbA) are solutions that tackle nature’s fundamental role in promoting adaptation to climate change (Bourne et al., 2016). Ecosystem services (ES) are vital functions of biodiversity and ecosystems that benefit humans directly or indirectly (MEA, 2005; IPBES, 2018, 2020). These include food and water provision, climate regulation, health and cultural benefits (MEA, 2005; Pires et al., 2018). Biodiversity sustains most of these ecosystem functions, and natural features support ecosystems and people in adapting to climate change (Colls et al., 2009; Bourne et al., 2016; Kasecker et al., 2018; Pires et al., 2018; Pörtner et al., 2022). EbA uses biodiversity and ES to facilitate adaptation as part of an overall adaptation strategy and is generally more cost-effective than conventional approaches (Secretariat of the Convention on Biological Diversity, 2009; Scarano, 2017; Manes et al., 2022b). It implies that humans’ well-being and survival hinge on ecosystem functioning, and that conservation, restoration, and sustainable management of natural resources are paramount to protect and buffer communities against negative short and long-term climate impacts (Bourne et al., 2016; Costanza et al., 2017; Manes et al., 2022a, b). It drives sustainability by conserving biodiversity, ES, and mitigating carbon, while reducing poverty and inequalities (Scarano, 2017).

Northeastern South America (NES) is among the continent’s most climate-vulnerable regions (de Oliveira et al., 2012), marked by low socioeconomic indices and high climatic hazards, including the most pronounced drought ever recorded (Castellanos et al., 2022). Predominantly situated in the Brazilian Semiarid region (Figure 1), the region faces escalating droughts due to climate and land use changes (Assad et al., 2016; Bragagnolo et al., 2017; da Silva et al., 2018; Castellanos et al., 2022). Projected hazards indicate total precipitation reduction and an increase in dryness (Castellanos et al., 2022). Food and water insecurity are key issues in the region, exacerbated by a highly vulnerable population, which includes Indigenous Peoples and local communities, as well as smallholder farmers, all intrinsically dependent on ES for their livelihoods (Tabarelli et al., 2017; Niemeyer and Vale, 2022).

[image: Map showing land use and land cover in the northeastern region of Brazil, annotated with state boundaries. It includes native vegetation, crops, pasture, and water. Key biomes are Caatinga, Cerrado, and Atlantic Forest. The map also highlights locations marked as H, M, SM, and L. An inset shows the location within Brazil.]
Figure 1 | Study region: the São Francisco River Basin (SFB) and its simplified land use/land cover and biomes: Caatinga, Cerrado, and Atlantic Forest. The four physiographic regions: L, Low São Francisco; SM, Sub-Medium São Francisco; M, Medium São Francisco and H, High São Francisco.

NES is considered an EbA hotspot due to socioeconomic fragilities (Kasecker et al., 2018), and its rich socio-biodiversity is under increasing threat (Niemeyer and Vale, 2022). Integrating EbA into policies would support the adaptation goals of the United Nations Framework Convention on Climate Change (UNFCCC), the Kunming-Montreal Global Biodiversity Framework of the Convention on Biological Diversity (CBD), and the Sustainable Development Goals (SDGs) (IUCN, 2017). EbA is a priority adaptation strategy in many international and national agreements, such as the Nationally Determined Contributions (NDCs) under the Paris Agreement (IUCN, 2017; Shah et al., 2019; Brazil, 2021). There is an urgent need to turn policy and planning into rapid and effective implementation. This should be done through an integrated risk approach, as highlighted by the recent COVID-19 pandemic (UNEP, 2021). Nonetheless, risk assessments seldom include all three dimensions of climate risk (hazards, vulnerability, and exposure).

Here we present a comprehensive climate risk assessment in the São Francisco Basin, the most relevant watershed in NES, aiming to identify high-risk municipalities for effective science-based EbA policies. High-risk areas show lower resilience and adaptive capacity, i.e. the potential or ability of a human system to adjust to climate change (Foden et al., 2019). In these areas, people suffer the most from water shortage and low quality, higher temperatures, and have cultural ties to the land and lower socioeconomic development. Ensuring that EbA is implemented in the right locations and with strategies tailored to the specific needs of the area is crucial to achieve all potential benefits and prevent negative impacts (Parmesan et al., 2022). Our analysis encompasses hazards, exposure, and socio-environmental vulnerability, including cultural aspects, to fill gaps and mainstream EbA policy implementation.




2 Methods



2.1 Study area

The São Francisco River Basin (SFB) in NES is the third largest watershed in Brazil, occupying 8% of the country (~640.000 km²) (Figure 1). It crosses six Brazilian States and is divided into four physiographic regions: Low (5% of the watershed), Sub-Medium (17% of the watershed), Medium (39% of the watershed), and High São Francisco (~40% of the watershed) (MMA, 2006).

The SFB still holds 57% of its native vegetation cover (MMA, 2006; Mapbiomas Project 2022b). The remaining area is intensively anthropized mainly by pasture (23% of the basin), agriculture (5%), or both (11%) (Mapbiomas Project, 2022b; Figure 1). The watershed covers a myriad of climates and vegetation types within three out of the five naturally occurring vegetation types, called “biomes” in Brazil: Cerrado savannas, Caatinga seasonally dry forests, and Atlantic Forest rainforest (Figure 1).

The SFB is vital for ES provision in Brazil, with over 70% of its water used for grain and fruit irrigation, primarily for exports (MMA, 2017). Its waters are also responsible for 12% of the national hydropower production (Marengo et al., 2019; da Silva et al., 2021). It accounts for 12% of national hydropower production (Marengo et al., 2019; da Silva et al., 2021), significantly impacting Brazil’s GDP. Facing the greatest socio-economic impacts from natural climatic variability (Brasil, 2006; Marengo et al., 2012), the São Francisco River, central to the SFB, sustains traditional communities such as Indigenous Peoples, quilombolas(Afro-Brazilian descendants of escaped enslaved people who formed autonomous communities in settlements known as quilombos), family farmers, artisanal fishermen, extractivists and gipsy communities (Niemeyer and Vale, 2022; MMA, 2016). The Northeast region alone holds 17% of Brazil’s Indigenous Peoples and more than half of the quilombolas communities (Damasco and Antunes, 2020). These are the most vulnerable population due to their low political representativeness and high cultural value, often unique and irreplaceable. Although there have been little empirical studies that explore the cultural, emotional and spiritual attachments to land and landscapes through interviews or participatory methods, it is widely recognized that a sense of place (sensu Casey, 2001) - enhances communities’ resilience and adaptation capacity to global changes (Selfa et al., 2021).

For centuries, traditional communities in the SFB have shaped their livelihoods and history attached to their lands through adaptation and resistance, learning how to coexist with the Semiarid and keeping up with the São Francisco River’s natural cycles (Moulin et al., 2021; Niemeyer and Vale, 2022). The SF River has many names (Velho Chico, Parapitinga and Opará) and serves the communities who depend on it not only for food and water, but also as a cultural and spiritual reference (MMA, 2017). Locals report that the piracema (the fish migration period), as well as folkloric beings linked to rivers, such as Iara and Caboclo d’Água, are no longer seen due to the impacts of global changes and dam construction (Moulin et al., 2021). Future climate change impacts are expected to worsen, leading to the loss of unique and irreplaceable cultural ES tied to the land and the SF River. It will also exacerbate agricultural productivity and water supply challenges, further increasing food and water insecurity, particularly for the most vulnerable and impoverished populations (Marengo et al., 2018).




2.2 Analysis

We used the IPCC (2014) framework (Figure 2) to assess climate risk in SFB municipalities, focusing on the three main components: hazard, exposure, and vulnerability. Climate risk results from the interaction between hazards, exposure, and vulnerability of human and natural systems (IPCC, 2018; Foden et al., 2019; Pörtner et al., 2022). Hazards are climate-induced physical events, trends, or their physical impacts that may adversely affect socio-ecological systems (IPCC, 2018; Foden et al., 2019). Exposure comprehends the presence of people, human and cultural assets, species, or ecosystems in places that could be adversely affected by climate change (IPCC, 2018; Foden et al., 2019). Finally, vulnerability is the propensity or predisposition of a system to be adversely affected by the effects of climate change (IPCC, 2018; Foden et al., 2019). We mapped various variables associated with each component (Figure 2).

[image: Venn diagram with three overlapping circles representing factors contributing to high risk. Green circle: “Hazard” with “Climate anomaly, Land use/land cover change.” Pink circle: “Vulnerability” with “ES shortfall, IDHM, IVS.” Yellow circle: “Exposure” with “Population density.” Overlapping area indicates high risk.]
Figure 2 | Climate change risk framework. The green circle represents the variables used to estimate hazards; the yellow circle represents the variable used to estimate exposure; and the lilac circle represents the variables used to estimate vulnerability. The overlap of the three components of risk represented the areas of high risk (red). ES, ecosystem services; IDHM, Municipal Human Development Index and IVS, Social Vulnerability Index in Portuguese acronym. Adapted from IPCC (2014) and Foden et al. (2019).

We analyzed risk at the municipal level, as local adaptation strategies are best developed at this scale, with municipalities having the autonomy to enact regulations and collaborate with neighboring areas (Kasecker et al., 2018; da Silva et al., 2017). Municipalities are places where on-ground actions occur, such as urban development, environmental protection, and provision of water supply and sanitation (Alves et al., 2020), and where national plans, such as the National Adaptation Plan, may succeed or fail (da Silva et al., 2017). Our analysis included all municipalities that had their centroid inside the SFB limits, using the IBGE database, totaling 452 municipalities.

We computed mean values for each risk component variable per municipality and categorized them into four groups based on quantiles, where the lowest values fell on the first quartile, and the highest values fell on the fourth quartile. High-risk municipalities were those with high hazards, vulnerability, and exposure concurrently (Figure 3). We selected municipalities falling into the quartile with higher land use change or climate anomaly values (high hazard); lower ES values, or higher sense of place values, and lower IDHM values or higher IVS values (high vulnerability); and higher population density (high exposure). All analyses were spatially explicit, with maps of ~1km x 1km spatial resolution and SAD69 projection.

[image: Flowchart illustrating criteria for identifying high-risk municipalities. It includes three main categories: high hazards (upper quartile of climate change or LULCC), high socioecological vulnerability (lower quartile of carbon stock, nutrient retention, water yield, sediment retention, or upper quartile of sense of place), and high socioeconomic vulnerability (lower quartile of IDHM or upper quartile of IVS). High exposure is marked by the upper quartile of population density. If any three components meet the criteria, municipalities are classified as high-risk.]
Figure 3 | Flowchart explaining the selection of high-risk areas. The lower quartile holds 25% of the lowest values while the upper quartile holds 25% of the highest values. Therefore, if an area (here, a municipality) is in the upper quartile of climate change or land use change (LULCC), it is under high hazards. An area is considered highly vulnerable if it falls into the lower quartile for carbon stock, nutrient retention, water yield, or sediment retention, or the upper quartile for the sense of place, while also being in the lower quartile for IDHM or the upper quartile for IVS. If an area is in the upper quartile of population density, it is under high exposure. When an area is under high vulnerability, high hazards and high exposure, it is a high-risk area.



2.2.1 Hazard

We analyzed climatic and land use change-induced hazards (Figure 3), calculated as future climate anomaly and potential future deforestation, respectively.

For the climatic hazard, we followed the method by Williams et al. (2007) and Ribeiro et al. (2016) to estimate climate change anomaly, which measures the magnitude of climate change in mean values throughout time. We analyzed precipitation and temperature anomalies based on the sum of Standardized Euclidean Distances (SED) for the historical period and 2050. Higher values of SED indicate higher local climate change (Borges and Loyola, 2020). We evaluated the mean annual temperature and mean annual precipitation, and standardized values by the inter-annual standard deviation (historical period) of temperature and precipitation seasonality (Borges and Loyola, 2020; Ribeiro et al., 2016). We obtained historical (1960-1990) and future (2050) bioclimatic variables from Worldclim with a 1km resolution. We used CMIP5’s HADGEM2-ES, the best-performing global circulation model (CGM) for the study region (Álmagro et al., 2020; Avila-Diaz et al., 2020), and two Representative Concentration Pathways (RCP): an optimistic (RCP 4.5) and a pessimistic (RCP 8.5). We calculated the mean values of climate anomaly per municipality. Projected climate changes can vary considerably among GCMs, as different models are known to perform better in specific regions of the world (Cai et al., 2009; Yin et al., 2013). Therefore, whenever possible, studies should prioritize GCMs that demonstrate good performance in the region of interest (Vale et al., 2021). Given that our study area is quite small, we opted to use a circulation model known to perform well in this specific region, rather than relying on multiple models, reducing the uncertainty that arises from ensemble averaging.

For the land use hazard, we used the Otimizagro model for 2013 and 2050 under a business-as-usual scenario (Soares-Filho et al., 2013, 2016). Otimizagro simulates pasture and agriculture expansion in Brazil based on historical and trend information on agricultural production, following the requirements of the Native Vegetation Protection Law, which controls deforestation and conservation of native vegetation inside private lands (Soares-Filho et al., 2013; Niemeyer et al., 2020). We subtracted the native vegetation in 2050 from the native vegetation in 2013 to produce a map of potential vegetation loss. Then, we calculated an index of the amount of vegetation loss pixels/km² within each municipality.

Municipalities were categorized into different hazard conditions using quartiles of climate anomaly and land use change values (Borges and Loyola, 2020). Hazard-prone municipalities exhibit high values of climate anomaly or land use change (Figure 3).




2.2.2 Exposure

We analyzed exposure as municipal human population density, i.e. the number of people per km² (Figure 3). In more populated areas, more people and human assets are expected to be exposed to climate-induced hazards, such as droughts, sea-level rise, erosion, and heavy rainfall events (Castellanos et al., 2022). We used estimates of municipal population in 2021 from IBGE (2021) and calculated the population density (number of people/km²) in each municipality. Highly exposed municipalities have high values of population density (Figure 3).




2.2.3 Vulnerability

To ensure comprehensive vulnerability analysis, we evaluated socio-environmental and socioeconomic vulnerability (Figure 3). Socio-environmental vulnerability was determined based on five ES, while socioeconomic vulnerability relied on two socioeconomic indices.

We analyzed the following ES: water yield, water quality, erosion control, sense of place, and carbon stock, chosen for their regional or global relevance. For example, water security (i.e. reliable availability of acceptable quality and quantity of water) is paramount to sustaining agriculture, industry, and human well-being (Pires et al., 2018), and a key issue especially in the Semiarid region of the SFB (Niemeyer and Vale, 2022). Erosion control is essential as sediment runoff affects downstream irrigation, water quality, recreation, and reservoir performance, with potential intensification due to land use conversion and changes in land management practices (Sharp et al., 2018). Sense of place is a cultural ES that plays a vital role in adaptation strategies, being associated with recognized features of an ecosystem or locality fostering a sense of authentic attachment and belonging (MEA, 2005; Adger et al., 2013; Hernández-Morcillo et al., 2013). The carbon stock of a landscape contributes globally to climate mitigation through carbon sequestration by native vegetation and soils (Gomes et al., 2019).

We used the InVEST software (Integrated Valuations of Ecosystem Services and Tradeoffs) to model and map ES provision (Kareiva, 2011; Manhães et al., 2016; Duarte et al., 2016; Resende et al., 2019). For water yield, we used InVEST’s Annual Water Yield Model, which calculates the amount of rainfall that reaches a stream (mm/km²/year). As land use change alters the water cycle through changes in evapotranspiration, infiltration, and water retention patterns, the model offers insights into how different land use patterns affect annual water yield (Sharp et al., 2018). For water quality, we used the Nutrient Delivery Ratio Model. This model maps nutrient sources (nitrogen and phosphorus) from watersheds and their transport to streams (index). Anthropogenic nutrient sources may include industrial effluent, urban discharges, and fertilizer used in agriculture and residential areas. The model’s output facilitates the evaluation of nutrient retention by natural vegetation. The nutrient retention service is especially relevant for addressing surface water quality concerns (Sharp et al., 2018). We followed the methodology by Yang et al. (2018) to calculate nutrient retention based on InVEST outputs (see Supplementary Material for more information). Finally, for erosion control, we used the Sediment Delivery Ratio Model, which assesses landscape capacity to retain sediment and nutrients, contributing to maintaining soil fertility and water quality (Resende et al., 2019). Sediment dynamics at the catchment scale are influenced by climate, soil properties, topography, and vegetation. Sediment retention reflects land cover’s ability to prevent sediment transport to streams (t/km²/year). Supplementary Materials provide details on datasets and input calculation methods. We analyzed the sense of place as the number of indigenous and Quilombo sites per municipality based on IBGE (2020) data. These sites represent permanent settlements inhabited by self-declared Indigenous Peoples or quilombolas (IBGE, 2020), where the landscapes’ ecosystem has an intrinsic cultural value (de Oliveira Braga et al., 2014). For carbon stock (t/km²), we summed aboveground and soil carbon stock maps from Englund et al. (2017) and Gomes et al. (2019), respectively. For socio-environmental vulnerability analysis, we computed mean ES values per municipality and categorized them into four quantile groups (Figure 3). Higher socio-environmental vulnerability is observed where carbon stock, water yield, water quality, or erosion control are low, or sense of place is high (Figure 3).

We used the Municipal Human Development Index (IDHM, PNUD/IPEA/FJP, 2020) and the Municipal Social Vulnerability Index (IVS in Portuguese acronym, IPEA, 2016) to assess socioeconomic vulnerability. IDHM comprises three dimensions of human development: longevity, education, and income dimensions, reflecting the opportunity for a long, healthy life, access to knowledge, and a standard of living ensuring basic needs1. It adjusts to each municipality’s reality, reflecting regional challenges. It varies from 0 (very low human development) to 1 (very high human development). IVS complements IDHM, emphasizing social exclusion and vulnerability beyond monetary resources (IPEA, 2016). It comprises sixteen indices across three dimensions: urban infrastructure, human capital, and income/work. Ranging from 0 (very low vulnerability) to 1 (very high vulnerability), IVS aims to highlight governmental flaws in service provision (IPEA, 2016). Socioeconomic vulnerability is higher where IDHM is very low, or IVS is high (Figure 3).

Highly vulnerable municipalities have very low ES values or high sense of place values, alongside very low IDHM or high IVS (Figure 3).






3 Results



3.1 Hazard

By 2050, the SFB may lose 331,000 km2 of native vegetation, a 26% reduction from 2013, mainly in the Medium and Sub-Medium São Francisco regions dominated by Cerrado and Caatinga vegetation (Figures 4A, B). The Medium São Francisco exhibits higher potential climate anomalies, particularly under pessimistic scenarios, as expected (Figures 4B, C). Municipalities generally experience medium to high potential climate anomaly, showing consistent spatial trends across scenarios (Figures 4E, F). Therefore, we opted to utilize climate anomaly projections from the pessimistic scenario for subsequent analyses.

[image: Maps illustrating hazard values and rankings for land use and climate change scenarios. Maps A-C show vegetation loss and climate anomalies for optimistic and pessimistic scenarios. Maps D-F depict hazard rankings for land use change, optimistic, and pessimistic climate change scenarios, with color gradients representing hazard levels from low to high.]
Figure 4 | Potential hazards projected to 2050 within the São Francisco River basin. (A) land use change (difference between vegetation in 2050 and 2013); (B, C) climate anomaly according to the optimistic (RCP4.5) and the pessimistic (RCP8.5) scenarios; (D) municipalities’ hazard ranking based on land use change; and (E, F) municipalities hazard ranking based on climate anomaly under the scenarios.

Worrisomely, climate and land use changes spatially coincide, with the Medium São Francisco predicted to endure the most pronounced changes (Figures 4, 5). In contrast, municipalities in the High São Francisco region primarily experience minimal climate and land use alterations. Among the 455 municipalities analyzed, 9% were in the highest hazard category, most within the Medium São Francisco, covered by Cerrado (red municipalities in Figure 5). Meanwhile, 10% fell into the lowest hazard category, mostly in the High São Francisco and covered by Atlantic Forest (blue municipalities in Figure 5). See Supplementary Table SM4 and the online dashboard2 for result details.

[image: Panel A shows a quadrant chart with land use and land cover change (LULCC) on the x-axis and anomaly levels on the y-axis. Quadrants are color-coded: top left is orange (17), top right is red (42), bottom left is blue (48), bottom right is yellow (22). Panel B features a map highlighting regions matching the color codes from Panel A, with red in the north, yellow in the northeast, and blue in the south. A scale bar indicates distances up to 300 kilometers and a north arrow is present.]
Figure 5 | Synthesis of climatic and land use hazards within the São Francisco River basin. (A) Diagram showing different conditions of climate anomaly and land use change (LULCC). Numbers within the squares show how many municipalities fall within that category. (B) Map showing the municipalities that fall within each category in the diagram. The map uses the same color scheme as in (A), with blank municipalities representing those that do not fall within specified categories.




3.2 Exposure

There are 113 municipalities under high exposure, i.e. have high population density (Figure 6), 45% of which are in the High São Francisco region, and 42% in the Low São Francisco region, mostly within the Atlantic Forest (48%). Conversely, of the 114 municipalities that are under very low exposure, 66% are in the High São Francisco region, and 35% are in the Medium São Francisco region, mostly within the Cerrado (85%).

[image: Map showing different exposure levels in an area, categorized as high, medium, low, and very low through varying shades of red and beige. A scale and compass are included.]
Figure 6 | Exposure within the São Francisco River basin. Municipalities are ranked based on population density.




3.3 Vulnerability

Ecosystem services (ES) exhibited idiosyncratic spatial patterns (Figure 7A). Carbon stock and water yield were lower in the Sub-Medium and Low São Francisco regions, increasing southwards towards the High São Francisco. Water yield was also higher in the Medium and High São Francisco areas. Water quality remained consistently high across the basin, although slightly elevated in the Sub-Medium São Francisco. Erosion control had moderate to low values basin-wide. The sense of place was relatively higher in the Sub-Medium São Francisco and lower in the Medium and High São Francisco regions.

[image: Two rows of maps illustrate ecosystem services and their associated rankings. The top row shows maps of ecosystem services values: carbon stock, water yield, water quality, erosion control, and sense of place, each with color gradients from high (red) to low (blue). The bottom row shows associated rankings with maps categorized into vulnerability levels: high (dark red), medium (red), low (light red), and very low (beige), for the same categories. A compass and scale are included.]
Figure 7 | Vulnerability given by the provision of ecosystem services within the São Francisco River basin. (A) Estimated values for each ecosystem service. Note that sense of place is calculated per municipality, while other ecosystem services are calculated per pixel (1 km² resolution). (B) Municipality ranking based on ecosystem services values separated into quartiles.

Most municipalities (78%) had high vulnerability to at least one ES (Figure 7B). None were highly vulnerable to all ES simultaneously, though one (Catuti, Minas Gerais state) showed high vulnerability to four ES, excluding the sense of place, presenting medium cultural value. Additional municipality details are available in Supplementary Table SM4. Primarily, highly vulnerable municipalities were in the Sub-Medium and Low São Francisco regions, mainly within Caatinga vegetation, occasionally Cerrado. However, for water quality, the most vulnerable municipalities were in the Medium and High São Francisco regions.

Socioeconomic indices revealed a consistent trend, with the highest vulnerability (low IDHM and high IVS) clustered in the Sub-Medium and Low São Francisco, contrasting with low vulnerability in most High São Francisco municipalities (Figure 8). Lower IDHM and higher IVS values indicate higher socioeconomic vulnerability.

[image: Maps depicting socioeconomic indices and associated rankings. Panel A shows a color gradient from blue (low) to red (high) highlighting socioeconomic index values. Panel B uses similar colors to represent index variations in different regions. Panel C displays an associated ranking with shades of red, indicating vulnerability levels. Panel D presents similar data with a range from very low (light) to high vulnerability (dark).]
Figure 8 | Vulnerability given by socioeconomic indices within the São Francisco River basin. (A) Values of Municipal Human Development Index (IDHM) and (B) of Municipal Social Vulnerability Index (IVS); Municipality ranking based on (C) IDHM and (D) IVS, separated into quantiles. Blanks represent municipalities with no information.

Most municipalities (94%) with high socioeconomic vulnerability in the SFB are in the Caatinga biome, in the Northeast region (Figures 8C, D). About 83% of municipalities intersected very low IDHM and high IVS, with all but one located in the Sub-Medium or Low São Francisco. Additional details are provided in Supplementary Table SM4 and interactive spatial visualization is provided in the online dashboard.




3.4 High-risk areas

Municipalities under higher risk are in the intersection between hazards, exposure, and vulnerability (Figure 9). Fifteen municipalities in the SFB were identified as high-risk, combining all three components (red in Figure 9), with some in the Sub-Medium and most in the Low São Francisco. Additionally, 97 municipalities (21%) intersect two risk components: 52 with high hazard and vulnerability (blue in Figure 9), 29 with high exposure and hazard (light green in Figure 9), and 16 with high exposure and vulnerability (lilac in Figure 9). Further details on municipalities and their risk components are available in Supplementary Table SM4 and interactive spatial visualization is provided in the online dashboard.

[image: A Venn diagram and map depicting hazard, vulnerability, and exposure analysis. The Venn diagram shows overlapping regions indicating combined factors with values: hazard (103), vulnerability (45), and exposure (53), with shared numbers. The adjacent map highlights corresponding areas in an unspecified region using colors matching the Venn diagram: green, pink, yellow, and blue, identifying different risk levels.]
Figure 9 | Risk components in municipalities within the São Francisco River basin. (A) Diagram showing the three components of risk (hazard, exposure, and vulnerability) and the number of municipalities that fall within the components or in the intersection between components. (B) Map showing the municipalities with the same color scheme as in (A). Framework based on Borges and Loyola (2020).





4 Discussion

The SFB combines low socio-economic development with severe drought stress, rendering the region particularly vulnerable to climate change. We identified the municipalities facing the most significant climate change risks. Our discussion encompasses the biophysical and social aspects of our findings, along with management strategies to enhance resilience in these high-risk municipalities to ongoing climate change.



4.1 Biophysical and social dimensions

Our findings indicate higher hazards in municipalities of the Northwest (Medium São Francisco) (Vieira et al., 2020). Deforestation is projected to primarily impact the Cerrado and Caatinga regions in the North and Northeast of the SFB. Notably, in 2021, Cerrado and Caatinga ranked as the second and third most deforested biomes in Brazil (Mapbiomas Project, 2022a). In the Caatinga, chronic deforestation accelerates land degradation, increasing desertification risk (Vieira et al., 2020). High aridity and land degradation could also increase fire susceptibility, under a positive feedback that further exacerbates desertification (Castellanos et al., 2022; Vieira et al., 2020; Viegas et al., 2022). Indeed, fire occurrences related to agricultural expansion in the Caatinga increased by 167% between 2020 and 20213. Additionally, desertification is associated with carbon emissions from soil and vegetation, underscoring the global significance of preserving Brazilian dry forests as potential carbon sinks (Fernandes et al., 2020, 2021).

Our study identified a water quality gradient, declining from the High to the Low São Francisco, consistent with prior research (Bettencourt et al., 2016; MMA, 2017). However, this does not imply that the Northeast is devoid of water quality issues, as approximately 55% of the region’s water is unfit for human consumption, and 77% of the Low São Francisco has water unsuitable for irrigation (MMA, 2017). Anthropic activities have contributed to water quality deterioration (Bettencourt et al., 2016; MMA, 2017). Water scarcity is projected to be exacerbated by climate change-induced aridity and rising irrigation demands, which currently represents 77% of water withdrawals (Lucas et al., 2021; Paredes-Trejo et al., 2021; da Silva et al., 2021; Vieira et al., 2020). Freshwater ecosystems and biodiversity are also impacted, as is shown by the decreased productivity of traditional artisanal fishing (MMA, 2017).

The São Francisco River, Brazil’s national integration river, has lost 50% of its natural water surface in the last three decades, and hydroelectricity generation is declining (Mapbiomas Project, 2022b; da Silva et al., 2021). Anticipated rainfall reductions by 2100, possibly as early as 2050, will impact water availability and hydropower generation, and hydroelectricity production in the SFB could completely cease during drought years by 2030 (de Jong et al., 2018). These projections are expected to exacerbate socio-environmental vulnerabilities and conflicts over water, leading to population migration to other regions (Marengo et al., 2012; Forcella et al., 2015).

Our findings suggest low erosion control throughout the São Francisco River. Scarce yet intense rainfall increases surface runoff and sediment transport, negatively impacting river sedimentation, hydropower generation, and water quality (Bettencourt et al., 2016). Recovery of riparian vegetation could be an important EbA strategy in municipalities most affected by river sedimentation and water degradation (Holanda et al., 2005, 2009). Strengthening and enforcing the Native Vegetation Protection Law could support such efforts (Niemeyer et al., 2020). Restoration efforts could focus on species providing food and medicine to boost income generation and engage landholders (Holanda et al., 2005).

It is important to note that the water yield, water quality, and erosion control results derived from widely used, although simplified, models (Sharp et al., 2018), that potentially deviate from reality due to limited local-scale data for model parametrization. Still, we used concise, reliable information from studies within or near the SFB region. Moreover, water demand should be included in future analysis, which could impact high-risk area identification. Thus, the information provided here serves to evaluate the relative potential for ES provision within the region, being an initial step in the decision-making process.

The Northeast region holds the highest sense of place value within the SFB, representing individuals’ attachment and identity to their surroundings (Adger et al., 2013). Indigenous and quilombola territories in Brazil effectively mitigate deforestation, foster regrowth, and are pivotal for biodiversity and ES conservation (Lima et al., 2020; Resende et al., 2021; Alves-Pinto et al., 2022), playing a key role in guaranteeing human wellbeing and supporting climate change adaptation (Scarano, 2017; Pires et al., 2018). Additionally, Semiarid communities have developed cultural practices and social technologies to adapt to climate-related risks. Incorporating local knowledge into policy frameworks can enhance the effectiveness and scalability of adaptation initiatives, as demonstrated by the success of the 1 Million Cisterns Program (P1MC) (Niemeyer and Vale, 2022). The P1MC is a large-scale initiative to provide access to safe drinking water through rainwater harvesting in Brazil’s semi-arid region.

Global impacts on land and ecosystems lead not only to species loss, but also to the disruption of social processes and the loss of ecosystem services (Moulin et al., 2021). Climate change jeopardizes cultural values and expressions, which influence societal responses and adaptations to climate risks (Adger et al., 2013). Cultural ES is often unique and irreplaceable, yet still overlooked in vulnerability assessments (Pires et al., 2018). Indigenous Peoples and local communities are typically the first and most drastically affected by climate change, often displaced from their valued places (Thomas et al., 2019). Territory, human displacement, and indigenous and local knowledge are non-economic losses driven by climate change (UNFCCC, 2024). While the cultural dimension in our analysis remains superficial, our approach offers a valuable starting point to represent people-place relationships, an aspect often overlooked in assessments of ecosystem services and EbA in Brazil (Pires et al., 2021). This is particularly relevant given the historical resistance and claims for ancestral land by Indigenous Peoples and quilombola communities. Still, we strongly encourage that further studies are conducted in direct contact with Indigenous Peoples and local communities. Directly engaging local communities in knowledge co-production fosters inclusivity and should integrate decision-making and EbA policy development (Bourne et al., 2016; Niemeyer and Vale, 2022).




4.2 High-risk areas management

We identified fifteen high-risk municipalities in SFB (Supplementary Table SM4). These areas show relatively low vulnerability to water availability, possibly due to higher relative precipitation. The vast majority are under high hazards related to climate anomaly. Inhabitants of high-risk municipalities have a significant social vulnerability, especially considering the high number of indigenous and quilombolas sites. These communities are particularly vulnerable and should be a focal point for EbA policies. These municipalities have either very low or high susceptibility to land use changes, likely due to extensive pastureland conversion already in place. The Low São Francisco region has the lowest native vegetation percentage under protection (4%) within the basin (Mapbiomas Project, 2022b). Thus, expanding protected areas could be a key EbA strategy to mitigate further deforestation. Policymakers should analyze each risk component of high-risk municipalities and integrate local data to develop and implement effective EbA strategies.

Analyzing risk components helps identify high-risk areas for EbA strategies, improving adaptation capacity. However, local EbA measures contribute, but are not enough in reducing climatic hazards in the short term, requiring large-scale mitigation actions that reduce greenhouse gas emissions or increase their sequestration. Similarly, reducing exposure typically involves resettlement, which is desirable only in disaster-prone situations. Hence, widespread local EbA actions in the SFB would be effective in reducing vulnerability and climate change impact (Garcia et al., 2019) and should be complemented by technological solutions at the regional or watershed scale.

EbA includes ecosystem conservation, restoration, and management (Scarano, 2017). Maintaining natural features increases ecosystems and species’ resilience to climate change, which is crucial for ecosystem service provision, thereby bolstering climate change adaptation and socio-ecological systems’ health (Bourne et al., 2016). Conservation, restoration, and sustainable management are crucial in areas prone to land use changes to bolster climate resilience (Bourne et al., 2016). However, the SFB is inadequately protected: only 7% of its native vegetation lies within protected areas, and just 1% falls within the strictly protected category (Jenkins et al., 2015; CNUC/MMA, 2022). This increases the risk of losing unique species and ecosystem functions. Land use and climate changes exacerbate extinction risks for SFB’s endemic species and the ecosystem services they provide (Manhães et al., 2016; Velazco et al., 2019). This emphasizes the need to expand this protected areas network, including indigenous and quilombolas’ territories, to safeguard species and ES that are essential for local welfare (Velazco et al., 2019; Colli et al., 2020; Resende et al., 2021; Niemeyer and Vale, 2022; Vale et al., 2023).

Payments for environmental services (PES), sustainable forest management incentives, and indigenous rights support may integrate biodiversity and ES conservation with socioeconomic development (Fernandes et al., 2021; Niemeyer and Vale, 2022). Providing technical assistance for sustainable agricultural practices like agroforestry and implementing deforestation-curbing policies could enhance native vegetation regeneration and carbon sequestration in Brazil’s Semiarid region (Fernandes et al., 2021; Niemeyer and Vale, 2022). Designing protected areas that balance biodiversity conservation and ES provision, resilient to climate change, is crucial (Manhães et al., 2016; Velazco et al., 2019).

Hydropower from the São Francisco River is an important energy source for Northeast Brazil (Milhorance et al., 2019) but is already suffering reductions due to drought. which is expected to increase along with climate change. Climate change impacts and increased demand may reduce water availability by up to 50% by 2050 at the Sobradinho hydroelectric plant within the SFB (de Jong et al., 2018; da Silva et al., 2021). Other than investments in irrigation regulations, investing in renewable resources like wind and solar energy are technical solutions that offer cheaper, more sustainable alternatives that are less vulnerable to climate change (de Jong et al., 2018). In 2025, the Northeast is responsible for almost 90% of Brazil’s wind energy production (https://l1nq.com/lHP56), and solar and wind energy production in the region are expected to increase (da Silva et al., 2021; de Jong et al., 2019). However, regulatory frameworks for wind and solar power in the region need improvement due to negative social and ecological impacts resulting from institutional weaknesses, fraudulent licensing, and procedural injustices, which have marginalized local communities from decision-making (Gorayeb et al., 2018). Impacts include wind farms near ecologically significant areas and displacement of Indigenous Peoples and traditional communities lacking formal land titles (Gorayeb et al., 2018; Niemeyer and Vale, 2022).

Given the São Francisco River’s significance and vulnerability to climate change, urgent implementation of a sustainable restoration program is imperative. Proposed in 2001 by the federal government, the Revitalization program aims to enhance socio-environmental conditions, ensure water access, promote sustainable economic activities, and implement preventative measures and improve sanitation (IPEA, 2019; Alves da Silva Rosa et al., 2021). Despite slow progress, it stands as a vital EbA and is key to achieving regional water security (Alves da Silva Rosa et al., 2021; Niemeyer and Vale, 2022).It offers soil conservation benefits and opportunities for soil remediation and native vegetation restoration in low sediment retention areas. Incentives for a more sustainable development are paramount, and the Revitalization program of the SFB must be the center of sustainable investments both in high-risk areas and the SFB entirely.

There are still several obstacles to the effective implementation of EbA. Some of the most prominent challenges in the region include a strong policy focus on infrastructure and engineering solutions rather than on nature-based approaches; conflicts due to land concentration and the political influence of agribusiness; existing policies that fail to effectively reverse social vulnerabilities or enhance climate resilience, further undermining efforts to adapt to changing conditions; biodiversity conservation is still limited in the region, as well as restoration and the Revitalization program; and finally, Brazil’s constant changes in the political environment are a significant challenge to environmental sustainability, being unable to maintain some EbA-key policies in the long-term (Niemeyer and Vale, 2022). In addition, there is a high global financial gap for adaptation measures that exceed current available cash flows (Brandon et al., 2025). Adaptation actions are often misinterpreted as avoiding climate-related losses only, when it delivers economic, social, and environmental returns (Brandon et al., 2025).





5 Conclusions

Our study offers spatially explicit priorities for climate change adaptation in the São Francisco River basin in NES. It can aid decision-makers in developing science-based regional action plans and implementing effective EbA policies. High-risk municipalities are mainly in the Northeast region, within the Caatinga biome, facing threats to food, water security, and health. These areas should prioritize EbA strategies like restoration, conservation, and sustainable resource management to enhance resilience for both people and biodiversity. Niemeyer and Vale (2022) proposed policies and legal instruments to support EbA in the Caatinga seasonally dry forests.

EbA should be integrated into municipal development plans, drawing inspiration from the National Adaptation Plan (Kasecker et al., 2018). Simultaneously, technological solutions for energy security, such as expanding solar and wind power production, should be implemented at the watershed scale, observing socioenvironmental safeguards. Our findings can guide Brazilian decision-makers in initiating EbA strategies, supported by robust monitoring and evaluation systems. It should also involve local communities and the São Francisco River Basin committee to ensure inclusive and cohesive actions.

The online dashboard we developed4 provides interactive spatial visualization to facilitate the decision-making process. It allows users to visualize the SFB on Google Earth Engine over a map or satellite imagery, and select from the drop-down menu, or click on the municipality the user is most interested in. A pop-up window will appear showing the name and risk category, and the user will be able to choose which risk category to be portrayed on the map. While this dashboard provides a visual and interactive overview of the region’s situation, Supplementary Table SM4 offers insights into the most critical risk components that need to be prioritized in each municipality to promote EbA.

To maximize benefits and avoid harm, EbA must be implemented in the right areas with tailored approaches and inclusive governance. Our method helps identify crucial risk components, facilitating the development of municipality-specific adaptation solutions. This is the first step of the decision-making process and local specificities must be recognized in order to develop appropriate actions. This approach can be applied elsewhere in the globe to assess a region’s potential to deliver ecosystem services, serving as a decision-making baseline. However, for site-specific actions, we recommend including local field data analysis.
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