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Abstract

:

The Extractive Reserve (RESEX) was designed to protect rubber tapping communities and their livelihoods, thus guaranteeing environmental health. This study was carried out between 2021 and 2023 and aimed to propose a methodology based on the fuzzy logic method to assess the degree of sustainability in RESEXs in the state of Amazonas, Brazil. For this assessment, 10 indicators were used, represented through input variables in the fuzzy inference systems represented by the Environmental Subsystem (ES), Economic Subsystem (ECS), Social Subsystem (SS), and Institutional Subsystem (IS), with performances that converged so that the Sustainability System in the RESEX (SRE) system reached a performance value of 30.0, on a scale of 0 to 100, which translates into low sustainability in these spaces in the state of Amazonas. The methodology’s ability to represent the main phenomena that impact sustainability in the RESEX studied through linguistic variables and weight them in their complexities, as well as inferring a set of decision rules that reflect the knowledge of experts and which aim to quantitatively contextualise sustainability under uncertainty and imprecision in these areas, makes it a viable instrument to be applied and used by managers and decision-makers in the management of these spaces.
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1. Introduction


The Amazon rainforest plays a vital role in climate patterns, ecosystems, hydrological cycling, carbon storage, biodiversity [1], and the source of resources that form the basis of subsistence for the people who inhabit the interior of the forest [2]. Of this forest, however, ~20% has already been cut down, and another 17% is being degraded by human intervention [3], while in Brazil, the Amazon has already lost 18% of its original forest [4]. In this region, Conservation Units (CUs) represent efficient containment barriers to advance agricultural frontiers and to mitigate climate change [5]. These CUs represent 28.6% (1,204,430 km2) [6] of the territory of the Amazon biome, which covers 58.8% of the national territory [7].



In this region, there are 77 (151,895 km2) located Extractive Reserves (RESEXs) out of the 95 (156,217 km2) existing throughout Brazil, representing 6.12% of all Conservation Units (CUs) in the National System of Conservation Units (NSCU) [8]. The establishment of RESEXs in the Amazon is the result of a land policy aimed at resolving land conflicts in this region [9,10]. These conflicts intensified during the National Integration Plan (NIP—1971 and 1974) and the First and Second National Economic and Social Development Plans (NESDP—1972 and 1979) of the federal government, based on a development model that is indifferent to local socio-environmental conditions and negatively impact the way of life of forest peoples and their relationship with nature [11].



The RESEX was conceived by rubber tappers in the state of Acre, in the Brazilian Amazon, and differs from other protected areas because of its emphasis on human beings, who are assigned the task of promoting conservation [12]. It represents one of the main strategies for sustainable development in tropical forests, with a model that consists of protecting rubber tapper communities, their forests, and their livelihoods, thus ensuring that deforestation is contained and biodiversity is conserved [13].



The first RESEX in the Amazon was created in the early 1990s under Presidential Decree 98.897/1990 [14], based on the National Environmental Policy (NEP) [15], which established these areas as territorial spaces of ecological and social interest. At the international level, RESEXs were recognised in 1994 with the creation of Category VI protected areas by the International Union for Conservation of Nature (IUCN). This category was established almost exclusively for these areas in the Amazon [16].



With the creation of the NSCU, RESEXs became part of the Sustainable Use (SU) category group of CUs, which aims to reconcile nature conservation with the sustainable use of part of the natural resources. On the other hand, the Integral Protection (IP) category is more restrictive and aims to preserve nature, allowing only indirect use of its natural resources. The territory of CU in the SU group represents 74.0% of these in the NSCU [8] and seeks to reconcile nature conservation with the presence of traditional populations and their modes of social and subsistence reproduction through procedures that guarantee the sustainable use of natural resources [17].



Despite the establishment of RESEXs in the Amazon assuming different perspectives, such as guaranteeing the right to land, the use of natural resources, and the continued reproduction of the way of life of the traditional populations and communities that inhabit these territories [18,19]; serving as an instrument for combating poverty [20] and the rural exodus [21]; and stimulating income generation [22], it reconciles the interests of conservation with those of social development [23,24,25,26]. This conservation is guaranteed, above all, by the traditional practices of local populations in working with and managing nature, which counteract current production systems [27]. However, the sustainability of the model has been hindered by the lack of public policies for social development [28,29,30], the expansion of economic activities not foreseen in the NSCU by local populations, such as cattle ranching [31,32], uncertainties of the extractive plant economy [33,34,35], among others.



These challenges have taken on new contours in the face of the effects of climate change in recent decades. All over the world, climate change has led to a reduction in the amount of arable land; reduced harvests and economic yields; food shortages for ethnic minority groups [36]; loss of biodiversity; impacts on agriculture, forestry, fishing, livelihoods, and culture; loss of property and economic income; the occurrence of diseases and food insecurity; among others [37]. Studies of 56 RESEXs in the Amazon show that over the next 30 years, climate change will affect the geographical distribution of 18 native species used by local populations and reduce the natural distribution of 11 species, and 9 of these species are expected to disappear from some RESEXs. In four RESEXs, there will be a total loss of species, and in 21 RESEXs, one or more native species will disappear [5]. In the Parnaíba delta RESEX, climate change has led to the expansion of mangrove areas, suppression of native vegetation, ecological dominance of plant species, and impacts on fauna and local communities [38]. In the Amazon, deforestation and wildfires are the main drivers of changes in climate, land use, loss of biodiversity, suppression of vegetation cover, alterations to the hydrological regime, among others [39].



This region is also impacted by climate variability caused by anomalies in the surface temperature of the tropical oceans of the Tropical Pacific, such as El Niño or La Niña, and of the Tropical Atlantic, as well as other diffuse climatic events that cause atypical flooding or long periods of drought [40,41]. In 2023, the combination of anthropogenic actions and climatic events (El Niño) caused one of the longest droughts in the history of this region, with some of its areas registering a warming of 3 °C above the global average, causing rivers to dry up, communities to become isolated, wild species to become extinct, and forest fires to intensify [42]. In the state of Amazonas, located in the respective region, this drought was the longest in the last 100 years, with consequences in both cities and rural areas [43], and which follows a global trend, showing that 2023 was the hottest year ever recorded on the planet since 1850, with an average global temperature of 14.98 °C [44].



In CUs, methods that promote sustainability assessment can make decisions more democratic and transparent, promote a better understanding of reality and predict impacts on the environment and society [45]. Due to its multidimensional and multiscale nature, this assessment requires adapted methodologies and continuous monitoring [46], particularly in an uncertain and dynamic context such as that of the Amazon region [47].



From this perspective, this study aimed to propose a methodology based on the fuzzy logic method for assessing the degree of sustainability in Extractive Reserves in the state of Amazonas in the Amazon Biome. Fuzzy logic has been suitable for application in complex modelling systems or under uncertainty [48]. It has the ability to represent subjective issues and qualitative reasoning, and variables can be stated linguistically and translated into numerical values. In fuzzy logic, exact reasoning corresponds to a limit case of approximate reasoning, which is interpreted as a process of composing nebulous relationships [49].



The flexible approach of fuzzy logic has made this method a viable alternative for use in different applications [50,51,52], such as in attempts to assess sustainability [46] in coastal marine areas [53], coordinate anthropogenic activities on the environment in protected wetlands [54], evaluate nature conservation in a biosphere reserve [55], monitor social and ecological support capacities in protected areas [56], verify potential areas for establishing a scientific nature reserve [57], verify sustainability in a state park [45], among others. The proposed methodology may be suitable for modelling and evaluating sustainability under uncertainty and imprecision in the RESEXs investigated and a tool capable of helping managers and decision-makers in managing and promoting development.




2. Materials and Methods


2.1. Study Area


The state of Amazonas concentrates 60.0% of the public forests in the Legal Amazon [58], which is made up of nine Brazilian states in the northern region. These areas are largely located in federal, state, and municipal CU territories, which account for 30.21% of its territory, covering an area of 472,000 km2 [59]. The state is home to 13 RESEXs, 4 of which belong to the state government and 9 to the federal government, where ~4687 families live. These families are remnants of rubber tappers who migrated from the Northeast Region of Brazil to the Amazon between 1870 and 1912 during the golden period of this economic activity at the end of the 19th century.



The natural resources in these RESEXs (Figure 1) are of fundamental importance for the subsistence of families in these spaces, as well as for other families in communities located in their surroundings. In the Lago Capanã Grande RESEX, for example, the use of its natural resources is carried out by ~350 families, including those registered in Settlement Projects, Indigenous Lands, and in other CUs, according to the local Chico Mendes Institute for Biodiversity Conservation (CMIBC) office. Likewise, in the Guariba RESEX, although there are no human populations living in its territory, there are 38 extractive families registered at the local Amazonas State Secretariat for the Environment (ASSE) office in the municipality of Apuí, authorized to access the natural resources of this RESEX.



In the respective state, RESEX areas cover 45,586 km2, equivalent to 15.0% of the territory of Sustainable Use CU and 8.5% of Full Protection CU [59]; 30.01% of these areas are located in the Amazon and 29.18% of these areas in the whole of Brazil.




2.2. Methodological Approach


This study took place between 2021 and 2023, with information on the RESEX being gathered through field and documentary research. For the field research, visits were made to the offices of the ASSE and the CMIBC, located in the inner regions of the state of Amazonas. These visits took place after these institutions had issued authorisations for access to information. During the visits, information was collected in files passed on by managers (13) responsible for RESEX governance regarding cattle herds, land regularization, production activities, public policies, and the number of employees who work in the management and supervision of RESEX.



The information on the Guariba RESEX was limited to the rate of deforestation, threats to biodiversity and natural resources used by extraction families outside the RESEX. It is part of the Apuí State Mosaic of Conservation Units (ASMCU), which integrates the management of nine State Conservation Units of different types. Through documentary research, information was collected on deforestation (2010–2022) in the respective RESEX and in the state of Amazonas by consulting the platform of the Project for Monitoring Deforestation in the Legal Amazon by Satellite of the National Institute for Space Research—PRODES–INPE [60,61].



The information on the cattle herd in the state of Amazonas was obtained by accessing the platform of the Brazilian Institute of Geography and Statistics [62]. With regard to accessing information on cattle herds in municipalities in the respective state, this was obtained during on-site visits to the Amazonas State Agricultural and Forestry Defence Agency (AFDA), which is linked to the State Secretariat for Rural Production (SSRP). This information was compared with information on cattle herds obtained from local ASSE and CMIBC offices. The information on cattle herds in the Lower Juruá RESEX was obtained in the field [63], as it was more up to date than the information provided by CMIBC.



The information on financial resources earmarked for RESEX management was taken from the 2021 Management Report of the National Fund for Biodiversity Conservation—NFBC [64], while the information on the Management Plan (Federal) or Environmental Management Plan (State) and Deliberative Councils was taken from the Ministry of the Environment portal [65] and the ASSE [66], where information on federal and state CUs in the state of Amazonas is available under the Conservation Unit tab.




2.3. Data and Methods


2.3.1. Modelling the Sustainability System Using Fuzzy Logic


To design the methodology for assessing sustainability in RESEX, 10 indicators were adopted covering the environmental, economic, social, and institutional dimensions. These dimensions came to represent the primary dimensions of sustainable development during Rio 92, within the framework of the Agenda 21 Commission on Sustainable Development (CSD), and a reference to the development of sustainability indicators [67,68,69], which are among the main strategies used to assess sustainability [70,71].



The indicators used by the methodology are represented through input variables in the fuzzy inference systems represented by the following subsystems, Environmental (ES): IES1 + IES2 + IES3; Economic (ECS): IECS1 + IECS2; Social (SS): ISS1 + ISS2; and Institutional (IS): IIS1 + IIS2 + IIS3, the results of which underpinned the evaluation of the RESEX Sustainability System (SRE) via Equation (1) as follows:


SRE = (ES + ECS + SS + IS)



(1)







The respective assessment was based on the fuzzy inference process approach. This was achieved by (i) defining the indicators for the sustainability subsystems, (ii) outlining the fuzzy inference process, and (iii) experimenting with the methodology (Table 1).



The indicators were designed using the fuzzy inference process to assess sustainability in RESEX in the state of Amazonas. The choice of indicators was based on their relevance in the scientific debate on sustainability in RESEX, on the legal instruments (Table 2) that guide the creation and management of these spaces and those that guarantee the rights of traditional populations and communities in Brazil, and on the information available on these territories in the respective state.




2.3.2. Fuzzy Inference Process


Fuzzy logic is based on the theory of fuzzy sets, which is a qualitative computational method that describes imprecision or partial truth and focuses on the degree of pertinence of the set. Its theoretical foundations were first publicised in 1965 by Lotfi Asker Zadeh, who, eight years later, introduced fuzzy control, based on the concept of linguistic variables and IF–THEN rules, from the formulation of human knowledge inference [52]. Logical reasoning or fuzzy inference follows three distinct and interconnected stages (Figure 2), which are Fuzzification, Inference, and Defuzzification.



In the Fuzzification stage, the inputs of the linguistic variables were defined with their respective terms, numerical reference intervals (metrics), and linguistic values, as well as the pertinence functions responsible for gradually mapping the degree of adherence into sets of rules, ranging from 0 (total exclusion) to 1 (total inclusion), with the pertinence factor assuming any value of this interval in the set. The choice of this function represents the first stage in the representation of fuzzy sets, the choice of which depends on issues such as the modelling of the problem and computational performance [85].



A total of ten inputs were made for the ES, ECS, SS, and IS in the fuzzy system’s pertinence functions. These inputs varied between two and three in the respective subsystems, with one output for each, while for the SRE system, four inputs and one output were produced, resulting in a total of fourteen inputs and five outputs in the fuzzy inference system. The representations of the numerical ranges of the inputs varied in percentage (%), arithmetic mean, units (Un), financial values (BRL), time (year), and square kilometres (km2). With the linguistic values representing the analysis variables varying in “Very Low”, “Low”, “Medium”, “High”, and “Very High”. The pertinence functions used to map these inputs were trapezoidal and triangular (Figure 3), which were implemented using MatLab software version R2013a.



These functions define the degree of pertinence of an input in one or more fuzzy sets, which can be understood as qualitative groups defined by their pertinence functions and identified through linguistic variables [86]. To assess environmental, economic, social, and institutional sustainability, ten input variables and four output variables were declared (Table 3).



For each variable used in the fuzzy analysis, the following conditions were considered for Brazil:




	(a)

	
IES1—In order to preserve the biodiversity of a biome or ecosystem, it is necessary to preserve at least 30 percent of the area of the rural property [87,88]. In a forest property in the Amazon, the Brazilian Forest Code allows the loss of up to 20 percent of the vegetation cover. However, indicators of vegetation cover integrity alone may not reflect the viability of terrestrial biotas, given the effects of habitat loss, species extinction and degradation, among other non-linear disturbances [89]. As this is a CU, IES1 considers the integrity of vegetation cover in RESEX for performance purposes based on the accumulated deforestation between 2010 and 2022.




	(b)

	
IES2—Extensive cattle ranching represents the main threat to vegetation cover in the Amazon [90,91,92] and in RESEX areas [31,93]. Despite the NSCU restriction on the breeding of large animals in Conservation Units, in the RESEX investigated, the policy on cattle activity takes on a distinct characteristic in their Management Plans. For performance purposes, IES2 considered the lowest stocking animal unit per hectare (AU/ha) in the RESEX. In the state of Amazonas in 2006, this rate ranged from 0.51 to 0.76 AU/ha [94], while, in Brazil, it was 0.92 AU/ha, according to the 2017 Agricultural Census [95].




	(c)

	
IES3—In the Amazon, the loss of vegetation cover is mainly concentrated in areas with ambiguous or undefined land ownership [96], which are more susceptible to misappropriation and environmental crimes [58]. In RESEX, these areas also contribute to intensifying territorial conflicts [97]. For performance purposes, this variable considered the percentage of RESEX areas regularised by the state.




	(d)

	
IECS1—In RESEX, the economic concentration on a few products and the lack of public policies aimed at this sector contribute to the unfeasibility of this economy, despite the fact that there are several native species capable of improving the quality of life of local populations, with ecological balance and social justice [98,99]. Even if the income from a particular species is reduced, this can be offset by the diversification of other species that are harvested and sold in a sustainable way [100]. In this way, as more productive activities are developed in RESEX, better performances will be attributed to this variable.




	(e)

	
IECS2—Brazilian public policies aimed at extractivist, riverine, and indigenous populations have been inefficient in recent decades [101], even serving to induce deforestation in protected areas [102]. In the RESEX, the number of programmes aimed at promoting productive activities is of fundamental importance for the enhancement of this economy and the well-being of the families that practice them. For the purposes of performance, IECS2 considered the supply of these programmes in RESEX.




	(f)

	
ISS1—The absence of public social development policies in RESEX is the main cause of poverty among their populations [28,103]. As these are essential services, ISS1 considered, for performance purposes, the universalisation of infrastructure services offered to families in the RESEX (Education—Basic Education, Early Childhood Education, Primary Education, and Secondary Education; Health—health centres and emergency medical services; electricity—via the public grid, renewable or mixed energy system, communication system—fixed, mobile, or mixed telephony and internet access).




	(g)

	
ISS2—The assessment of this variable takes the same approach as ISS1, i.e., it considers, for performance purposes, the universalisation of access to basic sanitation services (mains water, sewage system, and rubbish collection services) by families in the RESEX. These services are essential for social well-being and environmental health, as they involve sanitation issues and the possibility of soil and river contamination. Due to the geographical isolation of the RESEX, the practice of incinerating or burying household rubbish by families was considered to be a rubbish collection service.




	(h)

	
IIS1—Brazilian investment in protected areas is one of the lowest (BRL 4.43 per 0.01 km2) compared to countries such as Canada (BRL 53.33), Australia (BRL 55.1), South Africa (BRL 67.09), among others [104]. IIS1 was based on financial transfers from the NFBC [64] between November 2014 and September 2021, earmarked for the management and inspection of RESEX, correlating the distribution of these amounts to the areas (km2) of the RESEX.




	(i)

	
IIS2—The Management Plan is a compulsory instrument from the fifth year of the establishment of a CU, according to the NSCU. In 2010, in the Amazon region, 70.0% of management plans had not been started or completed [105]. In 2018, only 55.0% of federal CU had a Management Plan, with this absence being more pronounced in RESEX (73.0%) and federal Natural Monuments—Monas (100%) [106]. As this is a fundamental instrument in the management and territorial planning of CU, IIS2 considers the shortest time taken to approve the RESEX Management Plan for performance purposes.




	(j)

	
IIS3—The evaluation of this variable is similar to that of IIS1, i.e., it considers the total area of the RESEX (km2) per server for management and inspection purposes. In Brazil, the total protected area per employee is 186 km2, much higher than in countries such as South Africa (11.76 km2), the United States (21.25 km2), New Zealand (23.52 km2), Argentina (24 km2), Costa Rica (26.78 km2), Canada (52.57 km2), and Australia (71.04 km2) [104]. Thus, the smaller the total area of RESEX per server, the better the assessment of this variable.









In the fuzzy system inference stage, the data were aggregated to produce the indicators. This aggregation took place in two stages using fuzzy modelling. The first stage was to obtain the sustainability results of the ES, ECS, SS, and IS, and the second stage was to obtain the result of the SRE system, based on the results of the respective subsystems. These two stages are called the first- and second-order input modelling of the fuzzy system [107]. A total of 260 propositions were defined using “IF and THEN” rules (Figure 4). These rules were examined in parallel using an algorithm responsible for the computational treatment of sets of rules, which reflect the knowledge of the experts and the representation of a scenario capable of leading to the determination of the degree of sustainability in RESEX in the state of Amazonas. This stage can be understood as a metric that uses fuzzy logic to map the relationship between input and output variables [108].



In the Defuzzification stage, MatLab software version R2013a was used to compile the indicator aggregation algorithms. In this stage, the region resulting from the inference stage was translated into numerical values, turning qualitative information into quantitative. Standard Mamdeni type inference operators (Min–Max) were used, with Defuzzification by centre of gravity (centroid). These operators are among the most widely used methods in this process [109]. The first provides an action on the average value of all the individual control actions, with the pertinence functions assuming a maximum value between 0 and 1, while in the second method, the numerical control action is calculated from the centre of gravity of the global control action arrangements. Finally, the results achieved were compiled to reach a final conclusion on the performance of the SRE. To this end, the performance of the sustainability indicators and their effects on the sustainability performance of the ES, ECS, SS, and IS were analysed, as well as the ability of the proposed methodology to promote realistic sustainability scenarios under uncertainty in RESEX in the state of Amazonas.






3. Results and Discussion


3.1. Environmental Sustainability


The sustainability of the Environmental Subsystem (ES) in the fuzzy inference process produced an output considered high in the Defuzzification stage, with sustainability reaching a performance level of 80.8 (Figure 5). This result is consistent with the low loss of vegetation cover in the RESEX, which, between 2010 and 2022, was equivalent to 0.16% (77.16 km2) of their territories, guaranteeing an integrity of 99.9% of the vegetation cover, according to the IES1. In addition to a low cattle herd in these territories, which currently stands at 1114 head and represents an AU/ha of 0.02, according to IES2, and the land regularisation of RESEX almost in its entirety, which corresponds to 96.2% of their areas, as shown by IES3.



Protected areas inhabited by human populations have been shown to be more effective in conserving biodiversity, and traditional peoples and communities in these areas play a critical role in global biodiversity conservation objectives, despite the fact that these populations are present in less than 15 percent of the planet’s forests [110].




3.2. Economic Sustainability


The sustainability of the Economic Subsystem (ECS) (Figure 6) resulted in the Defuzzification stage in an output with a performance grade of 20.1, which reflects the low sustainability of the ECS.



This performance is related to the concentration of the extractive economy in RESEX, with an average of only 4.02 products, according to IECS1, and the low supply of public policies for this sector, with an average of 0.84 per RESEX, as represented by IECS2.



In these areas, the production of Brazil nuts (Bertholletia excelsa Humb. & Bonpl.), managed fishing, particularly that of the pirarucu (Arapaima gigas Schinz, 1822), and the production of manioc flour (Manihot esculenta Crantz) stand out as the main productive activities. This concentration contributes to the economic unviability of extractive activities and the economic empowerment of local populations. This economy in the RESEX is also affected by the absence or poor quality of policies for this sector, despite the fact that nine support programmes for productive activities have been identified in these RESEX, which are not evenly distributed among them. In the Amazon, with the decline of the extractive economy comes the expansion of the agricultural frontier, the emergence of new economic alternatives, an increase in population density, the emergence of substitute products [34], among others.




3.3. Social Sustainability


The sustainability of the Social Subsystem (SS) showed a low performance value (17.0) in the Defuzzification stage (Figure 7). This result is consistent with the absence or low quality of public social development policies made available to families in RESEX, such as those that promote access for these families to infrastructure and communication services, as well as basic sanitation, represented by ISS1 and ISS2, with a performance that was 11.3 and 11.3, respectively.



In percentage terms, the results presented by ISS1 and ISS2 represent the 528 families in the Middle Juruá RESEX who access these services, unlike what happens in the other RESEXs investigated. In this RESEX, public policies have played an important role in promoting environmental health and quality of life for families. It has a number of programmes stemming from public–private partnerships and organised civil society, making it the only RESEX in the state of Amazonas to offer distance learning higher education, which is the result of a partnership with the Federal University of Amazonas (UFAM). Public policies become efficient in RESEX when they ensure adequate livelihoods for their populations, with high financial incomes, access to health services and education, among others [111,112]. In protected areas, guaranteeing adequate livelihoods for the local populations and those around them is a fundamental requirement for forest conservation [113].




3.4. Institutional Sustainability


The sustainability result produced in the output at the Defuzzification stage for the Institutional Subsystem (IS) was 40.0 (Figure 8). Although this performance was higher than the sustainability performance of the ECS and SS, it is still considered a low level of performance. It is related to the low financial investments in recent years aimed at managing and supervising RESEX. These investments, between 2014 and 2021, totalled BRL 13,621,404, equivalent to BRL 42.7/km2/year, represented by the IIS1. Although this figure exceeds the national average for investment in the Conservation Units in Brazil and that of countries like Argentina (BRL 21.37), Costa Rica (BRL 32.29), and Mexico (BRL 39.71), it is still lower than that of countries like New Zealand (BRL 110.39) and the United States (BRL 156.12) [104].



The low sustainability performance of the IS was also influenced by the time it takes to approve management plans, which currently takes 8.7 years, as indicated by the IIS2, exceeding the mandatory period of five years from the creation of the CU, as determined by the NSCU. The Management Plan is a fundamental instrument in the management of protected areas, through which the way in which humans occupy the space and appropriate the natural resources is standardised. This guarantees sustainable management with less impact on local ecosystems [16]. In addition, there is the low number of civil servants responsible for managing and supervising RESEX, which have 46 civil servants for these functions, equivalent to one civil servant for every 991 km2, according to IIS3, even exceeding the national average of one civil servant for 186 km2 [104].



The ES indicators were the best performers, contributing to this subsystem’s high performance in the Defuzzification stage, showing the high environmental health in RESEX and the importance that traditional populations in these areas play in forest conservation. In contrast, the low performance of the ECS, SS, and IS indicators contributed to these subsystems showing a low level of performance in the Defuzzification stage. These designs resulted in the SRE system achieving a performance value of 30.0 (Figure 9), on a scale of 0 to 100, which demonstrates low sustainability in the RESEX investigated.



The ability of the proposed methodology using the fuzzy logic method to quantitatively represent the degree of sustainability of the ES, ECS, SS, and IS dimensions and how these performances affect the degree of the SRE system, has enabled the modelling of sustainability under uncertainty and imprecision in RESEX in the state of Amazonas, as well as a better understanding of the human–nature relationship in these territories. It has highlighted the main phenomena that impact the degree of sustainability in RESEX, such as the absence or low quality of public social development policies, and these policies are aimed at promoting extractive activities and incipient financial and personnel investments for management and inspection, which limit the actions envisaged in the management plans with regard to promoting social development in these spaces, where the discrepancy between environmental health and social well-being has been evident. Protected areas that allow sustainable extractive activities, despite being effective in containing deforestation, are less effective in reducing poverty [114]. The reality of the RESEX investigated is also experienced by other RESEXs located in the Amazon region, where the lack of an alliance between environmental conservation and social development has led to socio-environmental erosion [28] and organisational deterioration [115]. Despite this situation, the RESEXs investigated have fulfilled one of their fundamental objectives, which is the conservation of biodiversity, and this translates into a low loss of vegetation cover in their territories, guaranteed above all by the traditional way of life of the local populations in working with and managing nature. This reinforces the idea of these areas acting as barriers to contain deforestation in the Amazon [25,27,116]. In particular, in the state of Amazonas, where deforestation between 2014 and 2022 showed a significant increase, resulting in the suppression of 12,493 km2 of forest, making it the second most deforested state in the Amazon region between 2021 and 2022, behind only the state of Pará [61].



Using the proposed methodology, the phenomena that impact the sustainability of RESEX were represented using linguistic variables and weighted in terms of their complexity, and inferences were made using a set of decision rules, which quantitatively contextualise sustainability under uncertainty and imprecision in RESEX. Fuzzy logic offers suitable methods and is easy to implement [46], which makes it a viable alternative for modelling sustainability in complex systems such as socio-environmental systems [117,118,119]. Modelling these systems is an expensive process because most of the tools used for formal modelling are deterministic and precise [50]. This is the situation with indicator systems, which tend not to measure sustainability in a systemic way; in many cases, place greater emphasis on the human factor [120]; and, like stochastic methods, are not suitable for modelling scenarios under uncertainty [50,56].



The above-mentioned characteristics attribute important aspects to the methodology and its ability to contextualise sustainability under uncertainty and imprecision in RESEX, as well as an instrument capable of helping managers and decision-makers formulate public policies that meet local social demands, capable of promoting the ecological and social character of RESEX, their identities as sustainable use conservation units, resilience to the effects of climate change and sustainable development in these areas. This methodology can also make the sustainability assessment process more democratic, in which decision rules can be drawn up and reflect the knowledge of specialists involved in the management of these areas such as local managers, community representatives, field technicians, and others, making it possible to include new variables and parameters in addition to those used in this study, thus promoting realistic sustainability scenarios in these spaces.





4. Conclusions


The methodology proposed for evaluating the degree of sustainability in RESEX showed that, although these areas are environmentally healthy, as demonstrated by the ES, sustainability in these areas has been made unfeasible by the absence or low quality of public policies for social development and these policies aimed at promoting extractivist activity, as well as by the low financial and personnel investments for management and inspection, which limits the actions provided for in the Management Plans, such as those aimed at promoting social development, leading to the low performance of the ECS, SS, and IS. This is reflected in the low performance value (30.0) of the SRE system, in a numerical range varying between 0 and 100, indicating low sustainability in the RESEX in the state of Amazonas. There is a clear discrepancy between environmental health and social well-being, which is the main obstacle to consolidating the RESEX model.



The methodology used is sensitive to the main phenomena that impact on the sustainability of RESEX represented by linguistic variables, allowing sustainability to be quantitatively contextualised under uncertainty and imprecision in RESEX. The proposed methodology can be useful for RESEX managers and decision-makers, as well as for identifying and monitoring the main phenomena that impact sustainability, as well as helping to formulate and implement public policies that meet the demands of local society, making better use of the resources earmarked for management and promoting a more democratic process in assessing sustainability, among other things. This will ensure greater empowerment of these spaces in the Amazon region since they play an important role in containing deforestation caused mainly by cattle ranching and extensive agriculture in this region, guaranteed mainly by the way local people work and manage nature.
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Figure 1. Map of the Extractive Reserves located in the state of Amazonas, in the Amazon biome, Brazil (Source: Authors; Map created with QGIS v.3.18 software and IBGE 2022 Cartographic base). 
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Figure 2. Fuzzy inference process (Source: Authors). 
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Figure 3. Representation of the input (ES, ECS, SS, IS) and output (SRE) variables in the Fuzzification stage of the SRE system. In the centre, a graph shows the trapezoidal and triangular pertinence functions, with the y-axis representing the degree of pertinence and the x-axis the numerical interval (Source: Authors). 
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Figure 4. Definition of the ES inference rules in the MatLab software toolbox version R2013a (Source: Authors). 
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Figure 5. Fuzzy inference of the Environmental Subsystem (Source: Authors). 
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Figure 6. Fuzzy inference of the Economic Subsystem (Source: Authors). 
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Figure 7. Fuzzy inference of the Social Subsystem (Source: Authors). 
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Figure 8. Fuzzy inference of the Institutional Subsystem (Source: Authors). 
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Figure 9. Fuzzy inference of the SRE system (Source: Authors). 
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Table 1. Modelling stage for assessing sustainability in RESEX (Source: Authors).
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	Steps
	Description





	Sustainability Indicators
	Conservation of forest cover (IES1)

Cattle herd (IES2)

Land regularisation (IES3)

Productive activities (IECS1)

Incentive programmes (IECS2)

Infrastructure (ISS1)

Sanitation (ISS2)

Financial resources (IIS1)

Management Plan (IIS2)

Total area per server (IIS3)



	Fuzzy Inference System
	Fuzzy system development

Development of inference rules

Simulation in MatLab software version R2013a



	Methodology Experiment
	Compilation of the indicator regression algorithms, analysing and discussing the results










 





Table 2. Legal aspects of the indicators used to assess sustainability in RESEX in the state of Amazonas (Source: Authors).
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	Indicators
	Legal Instruments





	Conservation of forest cover (IES1)
	Federal Law No.9.985/2000 (art. 18); Federal Decree No. 4.339/2002; Federal Law No. 12.651/2012 (art. 12); Federal Constitution (art. 255–§ 1°) [72,73,74,75]



	Cattle herd (IES2)
	Federal Law No. 9.985/2000 (art. 18°) [72]



	Land regularisation (IES3)
	Federal Law No. 9.985/2000 (art. 18°); State Law No. 3.135/2007 (XIII); Normative Instruction No. 03/2007 [72,76,77]



	Productive activities (IECS1)
	Federal Law No. 9.985/2000 (art. 5°–VI, art. 18°); Federal Law No. 10.831/2003 (art. 2°); Joint Normative Instruction No. 17/2009. (art. 10) [72,78,79]



	Incentive programmes (IECS2)
	Federal Law No. 9.985/2000 (art. 5°); Federal Decree No. 6.040/2007 (art. 3°–XVII; Federal Decree No. 9.334/2018 (art. 2º, 3º) [72,80,81]



	Infrastructure (ISS1)
	Federal Constitution (art. 5°, 23°–IX, 187°–VII, 196°); Federal Decree No. 6.040/2007 (art. 1°–III, V); Federal Decree No. 9.334/2018 (art. 2°, 3°); Federal Law No. 9.394/1996 (art. 1°–§ 2°, art. 21°–I); Federal Law No. 12.796/2013 (art. 4°, 5°) [75,80,81,82,83]



	Sanitation (ISS2)
	Federal Decree No. 9.334/2018 (art. 2°, 3°); Federal Law No. 11.445/2007 (art. 2°–III, V) [81,84]



	Financial resources (IIS1)
	Federal Law No. 9.985/2000; Federal Decree No. 4.339/2002 [72,73]



	Management plan (IIS2)
	Federal Law No. 9.985/2000 (art. 2°–XVII, 27– § 3°) [72]



	Total area per server (IIS3)
	Federal Law No. 9.985/2000; Federal Decree No. 4.339/2002 [72,73]










 





Table 3. Characteristics of the variables by type (input and output) and subsystems in the pertinence functions in the fuzzy system (Source: Authors).
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Subsystem

	
Type of Variables

	
Variable

	
Numeric Range

	
Numeric Range






	
ES

	
Input

	
IES1—Conservation of Forest Cover (%km2)

	
0–100

	
Low, Medium, High




	
IES2—Cattle Herd (AU/ha)

	
0–2




	
IES3—Land Regularisation (%km2)

	
0–100




	
Output

	
ES—Environmental Subsystem

	
0–100

	
Low, Medium, High




	
ECS

	
Input

	
IECS1—Productive Activities

	
0–10

	
Low, Medium, High




	
IECS2—Incentive Programmes

	
0–10




	
Output

	
ECS—Economic Subsystem

	
0–100

	
Low, Medium, High




	
SS

	
Input

	
ISS1—Infrastructure

ISS2—Sanitation

	
0–100

	
Very Low, Low, Medium, High




	
Output

	
SS—Social Subsystem

	
0–100

	
Very Low, Low, Medium, High




	
IS

	
Input

	
IIS1—Financial Resources (BRL/km2)

	
0–150

	
Very Low, Low, Medium, High




	
IIS2—Management Plan

	
0–20




	
IIS3—Human Resources (Qty/km2)

	
0–200




	
Output

	
IS—Institutional Subsystem

	
0–100

	
Very Low, Low, Medium, High




	
SRE

	
Input

	
ES—Environmental Subsystem

ECS—Economic Subsystem

SS—Social Subsystem

IS—Institutional Subsystem

	
0–100

	
Very Low, Low, Medium, High




	
Output

	
SRE—Sustainability in RESEX

	
0–100

	
Very Low, Low, Medium, High, Very High
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