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Mangrove forests are broadly recognized to support a variety of ecosystem services on coastal margins worldwide. These services may significantly contribute to the wellbeing of millions of people, but there is limited information about their importance in the Global South. This study mapped for the first time the flow of ecosystem services in Brazilian Amazon mangroves, which represent over 700,000 ha of mangroves in the country. We also identified the spatial changes in the flow of services across coastal landscapes, including urban, agricultural upland areas and coastal natural protected areas. Our matrix model indicated that mangroves, waterbodies, sandflats and mudflats are critical to the flow of multiple ecosystem services, including provisioning (fish, mariculture), cultural (historical and intrinsic value, research, and education), and regulation (climate, flood control, nursery, and breeding grounds). Social economic context, occupation, education, and residence time are important factors influencing villagers to identify the flow of ecosystem services, which could be compared across other coastal marine reserves in South America that have similar management of natural resources. Adjacent coastal upland habitats such as forests and croplands are important to support many provisioning ecosystem services to coastal villagers that would otherwise be obtained from mangroves, suggesting that protecting these connected habitats and supporting small-scale agriculture may help to avoid deforestation of mangrove forests. As over 80% of the mangroves in the country are managed as extractive reserves and may support communities with comparable socio-economic characteristics, we provide a foundation for the development and replication of ecosystem services assessments in Brazilian mangroves, which cover an area of over 1 million hectares. Our work highlights the importance of mangrove forests in providing food, and cultural services and to increase local climate resilience of coastal villages in the Amazon coast.
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1 INTRODUCTION
Mangrove forests are important coastal ecosystems with potential value to climate change mitigation and adaptation strategies worldwide (Murdiyarso et al., 2015; Bernardino et al., 2024). Their efficient capacity as carbon sinks has led to an increased interest in evaluating regional and global variability in carbon stocks and burial in mangrove forests (Bernardino et al., 2020; Kauffman, et al., 2020; Breithaupt and Steinmuller, 2022; Passos et al., 2023). Mangroves may offer numerous ecological benefits through carbon accumulation and burial in tropical coasts, and many other ecosystem services (ES) that provide multiple direct and indirect resources to coastal communities (Barbier et al., 2011; Gutting et al., 2021). Over the past years, scientists have connected mangroves to provisioning ES, from fish capture to pharmaceuticals; to regulating ES, from natural hazard mitigation to pollination; to cultural ES, from aesthetic value to cultural heritage; and to supporting ES, from primary production to nursery grounds (Barbier et al., 2011; Himes-Cornell et al., 2018; Afonso et al., 2021). As a result, conserving mangrove forests is regarded as an important climate adaptation strategy to curb carbon emissions, as well as a public good by coastal communities regardless of their legal protection as reserves or the value assigned to them in economic markets.
As an opposing pressure, the continuous population growth and rapid coastal development have made mangroves one of the planet’s most endangered ecosystems (Goldberg et al., 2020). Estimated global loss of mangrove cover varies between 0.16% and 0.39% annually (Goldberg et al., 2020), and the conversion of mangroves into agriculture, aquaculture, and urban areas is a main driver of mangrove deforestation (Kauffman, et al., 2016; Kauffman, et al., 2018a). In parallel to the losses of ecological processes in degraded mangroves, which may include carbon capture and forest productivity (Gomes et al., 2021a; 2021b), the loss of mangroves may limit their potential to deliver ecosystem services in the future. Simultaneous with conservation and restoration efforts, mangrove sustainability in the long term fundamentally depends on the valuation of its ecosystem services (both monetary and non-monetary), as well as the identification of the connections (or the flow) between the ecosystem, biodiversity, and the benefits communities derive. Detailing this information is essential to improve management instruments such as spatial planning, impact assessment, and environmental fines which currently are developed based on very scarce data (CDB, 2012; Canonico et al., 2019).
Since the development of the concepts around ecosystem services (ES), a wide range of evaluation frameworks and mapping approaches have been developed to fit a variety of contexts. ES mapping is particularly useful to link biophysical processes underlying ecosystem structure with human-induced modifications, such as land-use change (Müller and Burkhard, 2012). The identification of flow between ecosystem components and uses enables the evaluation of services’ sustainability according to different scenarios and the connection between areas or habitats (Bagstad et al., 2013; Burkhard et al., 2014), also providing information on the current and future biophysical capacity of an area to produce ES. In this study, flow is used in context as defined by Burkhard et al. (2014) to mean de facto used set (bundles) of ecosystem services and other outputs from natural systems in a particular area within a given period. To that end, the use of flow maps helps to recognize the spatial distribution of ES that could support different types of decision-making for the conservation of many ecosystems (Bagstad et al., 2013).
Recent approaches to ES mapping also incorporate stakeholders into the modeling process (Campagne and Roche, 2018), thus improving legitimacy, enhancing knowledge sharing, and highlighting the ES that are most important to a particular context. Studies show that the understanding of localization and different knowledge systems, as reflected by the different users on the uses of mangroves, contributes to management effectiveness by improving the role local users play in decision-making as beneficiaries of mangrove ecosystem services (Ruslan et al., 2022). This methodological rationale is appropriate for regions where various stakeholders depend on a particular ecosystem but have competing interests that affect the ecosystem’s health, which is the case of the Amazon mangrove forests in Brazil. Hence, based on multiple evidences for the provision of ecosystem services from wetlands to local villagers (Barbier et al., 2011; Himes-Cornell et al., 2018), we hypothesize in this study that indigenous and local community groups depend on and access the resources or benefit from the regional coastal landscapes. Identifying the flow of ecosystem services with stakeholder’s involvement helps them to identify areas of resource use and foster the conservation of ecosystems they rely on. Considering the fast pace of the current changing world, multiple stressors (e.g., climate change, infrastructure development, biodiversity loss, and changing consumption patterns), the ability to follow changes in ES in space and time allows researchers to accurately estimate drivers’ impact on ES delivery (Campagne and Roche, 2018). Besides, when built together with local residents, such evaluations of ES trade-offs can significantly enhance policy, community-based conservation, and ecosystem-based approaches to the management of such resources (Campagne and Roche, 2018).
Brazilian mangroves are among the largest in the world, of which over 70% are located along northern Brazil’s Amazon coastline (Bernardino et al., 2021). These mangroves are typically managed through reserves of sustainable use to meet conservation and development needs (UNEP, 2014). These reserves are the most common mangrove management system in South America, where it is estimated that nearly 40 million people living in the region might be dependent on the ES provided by these unique forests (UNEP, 2014). However, although multiple mangrove benefits to those coastal communities are often recognized, those relationships are not yet mapped in detail. In this study, we adopted a rank-matrix approach based on local stakeholders’ knowledge to identify and map the flow of ecosystem services in Brazilian Amazon mangroves and associated coastal habitats. The dataset was built through community surveys carried out at in several villages in the Curuçá region on the Amazon coast, located in Pará state, north of Brazil (Figure 1). This evaluation considered a wide range of ES types, scored, and connected to different habitats by the local communities’ knowledge and vision of the ecosystem fluxes. We focused on fisher’s as we identified this group were the main stakeholders living in the region, and the ones that most heavily rely on the ecosystem services from natural mangrove forests. Given the proximity and the high conservation status of mangrove forests on the Amazon coast, we hypothesized that mangroves would be key to the flow of several ecosystem services to local communities. We also hypothesized that perception of the flow of mangrove ecosystem services are influenced by a host of socio-demographic characteristics including education, type of livelihood, source of income and knowledge of the ecosystem services among others (Aburto-Oropeza et al., 2008; Hernandez-Blanco et al., 2021). Our findings provide a key assessment to improve our understanding of the importance of mangroves to coastal villagers in Northern Brazil.
[image: Figure 1]FIGURE 1 | Map of the Brazilian Amazon coast indicating the extent of mangrove forests (dark green) and the studied regions in Curuçá. Right panel. Detail of Curuçá mangroves and the border of the extractive reserve (RESEX). Map produced with ArcGIS Online 2023, National Geographic Society Subscription ID 3968399452.
2 METHODS
2.1 Study area
Brazil has the second largest global expanse of mangrove forests (11,400 km2), with over ⅔ of those mangroves located in the northern region along the Amazon coast (Bernardino et al., 2022; Bunting et al., 2022). Amazon mangroves include well-developed forests and hold ecosystem carbon stocks that are 2 to 10-fold higher than nearby upland forests in the Amazon and Caatinga biomes (Kauffman et al., 2018b). Mangrove forests in Brazil have been historically protected by law with over 80% of forests within protected areas which markedly limited their loss to coastal development and aquaculture (Bernardino et al., 2021).
This study was carried out in Curuçá and nearby villages (00°43′48″ S–47°51′06″ W) located on the Northern Amazon coast of Brazil (Figure 1). It is a humid equatorial region (Amazon Rainforest equatorial climate-type Am), characterized by high temperatures (27°C annual average), low thermal amplitude, and high precipitation of over 2000 mm per year (Bernardino et al., 2015). Curuçá has over 40,000 residents and its economy is based on fishing, agriculture, and tourism in mangroves. The city is within a coastal extractive reserve (Mãe Grande de Curuçá Reserve), which holds one of the largest protected areas on the Amazon coast with rich mangrove ecosystems so there is good representation for other reserves in the country. The reserve has nearly 60 traditional community settlements with approximately 3,000 families living on estuarine islands, tidal creeks, rivers, beaches, and mangroves (Figueiredo et al., 2009).
2.2 Ecosystem services assessment (matrix model)
To quantify the flow of ecosystem services (ES) within the study area we adapted the matrix model (Campagne et al., 2020), which was applied and developed in a host of case studies (Jacobs et al., 2014; Basheer et al., 2022). The matrix model is based on surveying stakeholders including local experts from Government research organizations, local communities, and laymen who are typically engaged in determining ES scoring. The model involves filling a matrix (ranking) of ecosystem services against an (or a group of) ecosystems. The matrix approach (also referenced as look-up tables) is based on the use of a visual panel of geospatial units classified according to ecosystem type, land cover, habitats, or other geographical classification related to services or goods, which allow participants to attribute scores (0–5, from not relevant to very high; Table 1) to ES flow, capacity, supply, use, demand, or other concepts (MEA, 2005). The ES matrix approach was used to map and quantitatively describe the flow of the various mangrove services in the study region within the extractive reserve. Rather than using an existing matrix from an already published study, we used an empty ES matrix that was filled by the participants based on land use land over types (seven in total).
TABLE 1 | Policy relevance of the Ecosystem Service Flow Metrics. Values indicate low flow (0) to very high flow (5).
[image: Table 1]2.3 Data needs and sources
Application of the matrix model using participatory mapping (through workshops) requires a range of datasets obtainable from various sources, including land use and land cover maps. The land use land cover (LULC) map used in this study was derived from the Sentinel-2 (S-2) satellite imagery for the year 2022 (https://sentinel.esa.int/web/sentinel/missions/sentinel-2; accessed on 27th September 2022). The LULC maps for Curuçá were developed following best practices for land cover classification using remote sensing data (Mountrakis et al., 2011). Specifically, we utilized a support vector machine (SVM) classifier, which has demonstrated high accuracy for complex land cover categorization from satellite imagery (Pal and Mather, 2005). SVMs are supervised, non-parametric statistical learning models that construct optimal decision boundaries between classes based on labeled training samples (Foody and Mathur, 2004).
We implemented the SVM classifier using S-2 multispectral imagery in ESRI ArcGIS Pro software. Class divisions were mapped for six categories: Forest formation (Amazon Rainforest, other modified forest types); mangroves; other vegetation types (cropland, pastureland); coastal areas (mud and sand flats); water body areas (ocean, river, lakes, channels, and creeks); and urban areas. Rigorous accuracy assessment was performed using standard methods (Souza et al., 2020) including high-resolution visual inspection with Google Earth, collection of in situ field reference data and MAPBIOMAS Project system of Land Cover Class Definitions. These maps and habitat classifications tend to be easily recognized by local stakeholders and are typical representations of ecosystem types on the Brazilian Amazon coast. We assessed accuracy both quantitatively using confusion matrices and derived statistics, as well as qualitatively using expert analysis ensuring class divisions matched typical ecosystem representations.
2.4 Data collection
Data on the perception of the flows for the mangrove ecosystem was collected from the various resource user groups in Curuçá and they included: main sources of livelihoods, places of residence, access and use of mangrove ecosystem services, and knowledge on the role of mangroves and other landscapes in the provision of ES. Data collection was based on participatory mapping of the flow ES across the various LULC types in Curuçá, Brazil. This was conducted by presenting a map of the land use land cover classifications to the stakeholders for them to identify where they got the ES from. Visual panels for ES prioritization surveys were developed based on the LULC maps of the study area. We integrated the land cover type into the matrix study to allow the estimation of the flow of ES across land use change (Figure 2). The survey was designed considering the active participatory engagement of local villagers in the ecosystem service (ES) assessment, with a four-step process of data acquisition.
[image: Figure 2]FIGURE 2 | Land cover land use (LCLU) of the Mãe Grande de Curuçá RESEX, indicating the seven major land cover categories. Map created with ESRI ArcGIS Pro software (https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview).
First, a scoping exercise was performed through a focus group discussion (involving 20 participants) to identify the ES and the LULC classes present in the study region. One workshop was held with community-based organizations, covering the entire Curuçá. The workshop was held in Boa Vista do Muriá village with 20 participants from Curuçá and the surrounding villages (Abade, Boa vista do Iririteua, Cabeceiras, Coqueiro, Itajuba, Livramento, Muriá, Mutucal, Pedras Grandes, Pindorama, Ponta de Ramos and Recreio). The participants were representatives of governments (4), villagers (6) and local leaders (10). Selection of the participants was done bearing in mind the multiplicity of users in Curuçá mangrove and was sufficiently diverse to represent most of the key stakeholders involved in carrying out research and in the conservation. Several issues were discussed during the meetings ranging from the topic of ES, defining ES, the potential of Curuçá mangrove to provide these services, to the state of management of the reserve and the different organizations involved. Participants were taken through an introductory session in which they refreshed their familiarity with the ecosystem types in Curuçá, defined what ES is and discussed the ES classification using the Millennium Ecosystem Assessment framework. This discussion included elicitation of the different LULC and ES and a total of 24 ES were selected and assigned using the categories described in the Millennium Ecosystem Assessment (MEA, 2005).
The second step was the development of land use land cover maps that was used at the actual data collection to aid participants to visualize the spatial extent of the area during scoring of ES flows according to land use land cover type. The process of generation of the land use land cover map is described above. Also, during this step, a data collection tool was developed based on the information collected during the scoping stage. The main components of the data collection included; consent form, socio-demographic characteristics such as duration of stay in the area, gender, sources of income, membership to social groups, products obtained from the mangroves, knowledge of the ecosystem services associated with mangroves, matrix table for scoring the flow of an ES against a land use land cover type (scores ranged from 0 to 5 as discussed in the matrix model section), threats to the land covers, among others. The data collection tool and the land use map were pretested together with a section of the community (n = 20).
The third step involved modification of the data collection tool based on the feedback from the pretest. One such concern was that the tool was long, hence some questions were dropped, the final data collection tool was also transformed into a digital survey. The survey tool was designed in English and translated to Portuguese, and uploaded to the ArcGIS Survey123 tool, where it was hosted online (https://survey123.arcgis.com/) and later applied the questionnaires in the local community (fourth step).
The fourth step was the actual data collection, the survey tool was presented to the local community through workshops where discussions around the research and the objectives were discussed with the participants. A total of 6 workshops were held, with each workshop having around 20 participants. The workshops were held in 6 different villages, with each targeting members from 2 villages for a total of 12 villages represented. A total 109 valid responses were obtained. Identification of the participants was not purely random since participants needed to be people knowledgeable with the various land use land cover types and ecosystem services. We assumed that by selecting participants based on their resource use would create a mix of diversity capable of providing insights into the flow of the ecosystem services.
2.5 Data analysis
Data on the socio-demographic and economic characteristics of the respondents were analysed for measures of central tendencies and dispersion such as mean, and percentages using STATA 14 (Table 2). Inputs from the workshops and group discussions were organized in summary matrixes containing the averaged ES scores (0–5) attributed by the villagers to the flow or relationship between coastal Amazon habitats and ES types. Habitat prioritization was evaluated using printed maps of the reserve land cover and developed based on the result of the summary matrixes. ES flow patterns were represented using maps and plots to allow spatial visualization of change in scoring. Inferential analysis was performed to acess the variability in the score patterns between different landscapes. We used a 1-way (factor = ecosystem) permutational multivariate analysis of variance using distance matrices (PERMANOVA; Anderson, 2017). PERMANOVAs and plot matrixes were built using the results of the individual responses, each participant was included as one sample in the analyses (absence of scores were not included in the analysis), and pairwise post hoc comparisons were added to the significant results (to test the dissimilarity between scores of each landscape type). Comparisons and statistical analyses were carried out separately for each of the three main ES categories (provisioning, cultural, and regulation) highlighted by the studies. Data were transformed (square-root x+1) before PERMANOVAs to reduce variance within analyzed factors (Anderson, 2017). We assumed α = 0.05 and determined the significant p values. Graphical and analytical processing was performed in the R project (R Core Team, 2021), using the packages “vegan” for PERMANOVA, “ggalluvial” for flow plots (Oksanen et al., 2018; Brunson and Quentin, 2020).
TABLE 2 | Socio-demographic characteristics of community members who contributed to this study from the Curuçá region.
[image: Table 2]We also conducted a multivariate multiple regression analysis to assess factors that influence perception of the flow of ecosystem services for each of the seven landscape types evaluated. However, we only present the regression results for the mangrove ecosystem given the main study objectives. We used a multivariate analysis to analyze the relationship between the 24 mangrove ecosystem services against a similar set of potential predictors (based on the literature; Campagne et al., 2020), which included length of stay, membership to social groups, dependence on mangroves, type of livelihood, and knowledge of mangrove ecosystem services. The first step in the analysis involved running a MANOVA test in STATA 14 to show whether all the equations taken together were statistically significant. Several stepwise fitting of MANOVA was conducted and only eight of the ecosystem services were significant when taken together. The eight ecosystem services were then subjected to multivariate regression analysis to obtain coefficients, standard errors, and p-values for each of the predictors in each part of the model, as shown in Eq. 1:
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where: [image: image] is the dependent variable, perception of flow [image: image] by individual [image: image]; [image: image] represents the mean change in the perception of flow (dependent variable) for one unit of change in X variable holding other determinants in the model constant, E is the error term and [image: image] are the factors that affect the perception of flow also called the determinants or independent variables.
3 RESULTS
3.1 Socio-economic profile of the participants
The majority of the respondents who participated in the study were males (60%) with a strong reliance on fishing (Table 2). The average number of years that a resident had stayed in the village at the time of data collection was 37.8 years. Other socio-economic characteristics considered in the study included duration of stay in the area, membership to social groups, sources of income, use of mangrove forest products, and knowledge of mangrove ecosystem services (Table 2). Only about 18% of the respondents stated that they belong to social groups in the community. Fishing was the main source of income to about 67% of the respondents, followed by farming at 28%. The majority of the respondents (92%) stated that fishing was their main occupation, with mariculture within the mangroves also important to about 61% of the respondents.
3.2 Flow of ecosystem services across land cover types in Curuçá
Provisioning ecosystem services identified by the villagers’ included activities associated with fisheries (fishing catch, fishing vessels, mariculture and gear), energy sources (firewood, coal, timber), other food supply or maintenance (livestock feeds, hunting, and beekeeping), herbal medicine (phytotherapy), and handcraft (ornamentals). Out of the twelve (12) provisioning ES prioritized, very high flow (score 5) was only found for fish catches, which were reportedly associated with mangrove forests, and waterbodies (Table 3; Figure 3). Mangrove mariculture, phytotherapy, and firewood extraction from forests (Amazon and other types) and crop and pasture lands were scored with the medium flow (score 3; Table 3). Timber for housing was equally reported with medium flow from the Amazon rainforest and other types of forests within the reserve. The analysis of the individual score patterns revealed that provisioning ES flow is mostly associated with mangroves, the Amazon rainforest and other forests, and less associated with urban areas (PERMANOVA F = 50.2, p = 0.01, Table 4). The Amazon rainforest has consistently medium scores (mostly scoring twos and threes) across all the provisioning ES when compared to the other landscapes. All the other landscapes showed variable ES score patterns, with predominant small scores (0 and 1) to several of the provisioning ES.
TABLE 3 | Average score values of provisioning ecosystem services in the Curuçá region, indicating flow intensity between land cover type from 0 (no flow), to 5 (very high flow).
[image: Table 3][image: Figure 3]FIGURE 3 | Average score values of ecosystem service flow across provisioning ecosystem services and land cover types in the marine reserve Mae Grande de Curuçá, Brazilian Amazon. Areas in blue indicate no flow to very low flow of ecosystem services whereas green areas indicate higher flow.
TABLE 4 | PERMANOVA results of ecosystem service flow scores among landscapes studied in the Curuçá region, Brazil.
[image: Table 4]The local community identified eight regulating ES flow from the coastal habitats in the Curuçá region, which included biodiversity conservation, animal nursery and breeding, water purification, and other services associated with coastal resilience (climate regulation, coastal erosion, flood control, sediment control, and storm protection). The majority of the local community members are of the view that there is a very high flow (score 5) of nursery and breeding for fish and other animals such as crabs, birds and monkeys within the mangroves (Figure 4; Table 5). A high flow (score 4) was also attributed to nursery and breeding grounds for fish and other animals associated with the Amazon rainforest, waterbodies, coastal areas (mud and sand flats), and other forest types. Flood control and water purification had a high flow (score 4) from mangroves, while the Amazon rainforest, other forest types, and coastal areas are regarded to offer medium flow (score 3). Similarly, biodiversity conservation has a high flow to the mangrove ecosystem, while the amazon rainforest, other forest types, coastal areas and water bodies are regarded to offer medium flow. Urban areas have a low flow (score 2) for all regulating ES presented (Figure 4; Table 5). Similar to the provisioning services, most regulating ES flow was attributed to the mangroves (PERMANOVA F = 64.7, p = 0.01, Table 4), which together with the mud and sand flats and the Amazon rainforest showed a similar association with all of these services (Figure 4). Crop and pasture lands and urban areas scored the least regulating ES flow (scores 1–2). Crop and pasture lands also scored consistently low for the provisioning ES that were considered in the study. Nevertheless, they scored high for cultural services; historical value for generations, and intrinsic values in particular.
[image: Figure 4]FIGURE 4 | Average score values of ecosystem service flow across regulating ecosystem services and land cover types in the marine reserve Mae Grande de Curuçá, Brazilian Amazon. Areas in blue indicate no flow to very low flow of ecosystem services whereas green areas indicate higher flow.
TABLE 5 | Average score values of regulating ecosystem services in the Curuçá region, indicating flow intensity between land cover types from 0 (no flow), to 5 (very high flow).
[image: Table 5]The majority (over 90%) of the local community members were of the view that there is a high flow (score 4) of education and research within the mangroves, Amazon rainforest, other forest types, coastal areas, and water bodies (Figure 5; Table 6). Stakeholders scored a medium flow (score 3) in education and research for urban areas. Tourism and recreation have a high flow in the mangrove ecosystem, mud and sand flats and urban areas, while the Amazon rainforest, other forest types and water bodies were regarded to have medium flow (score 3). In general, mangroves had a very high flow of historical value for generations, while the other land use and land cover (LULC) types are regarded to offer a high flow. Similarly, mangroves and coastal areas (mud and sand flats) have a very high flow for intrinsic value, while the other LULC classes have a high flow of ES (PERMANOVA F = 12.2, p = 0.01).
[image: Figure 5]FIGURE 5 | Average score values of ecosystem service flow across cultural ecosystem services and land cover types in the marine reserve Mae Grande de Curuçá, Brazilian Amazon. Areas in blue indicate no flow to very low flow of ecosystem services whereas green areas indicate higher flow.
TABLE 6 | Average score values of cultural ecosystem services in the Curuçá region, indicating flow intensity between land cover types from 0 (no flow), to 5 (very high flow).
[image: Table 6]3.3 Factors that influence the perception of the flow of mangrove ecosystem services
There was a strong agreement among villagers that there is a high flow of ecosystem services to mangroves, including fisheries (95%), intergenerational values (91%), intrinsic value (93%), nursery and breeding ground (94%), climate regulation (89%), biodiversity conservation (96%), and storm protection (87%; Table 7). On the other hand, there was also a near-universal understanding among villagers that there is a low flow towards the crafting of fishing vessels (86%), coal (86%), wood for construction (83%), livestock feeds (97%), hunting (95%), and beekeeping (86%) from local mangrove forests. The perception on the understanding of the flow was mainly influenced by the period each respondent lived in the region, by their association with social or environmental organizations, and if they lived from fishing or from other activities.
TABLE 7 | Percentage scores for the flow of mangrove ecosystem services.
[image: Table 7]Our multiple regression analysis suggests that a higher flow of mariculture was associated with respondents who depended on mangroves for mariculture; while its low flow was scored by those who had lived in the village for long (Table 8). Perception of low flow of firewood was associated with respondents who reported to depend on mariculture, and those who stated that mangroves provided water purification services; while high flow of firewood was associated with respondents who stated that they depended on mangroves for firewood, phytotherapy, fishing, and making fishing vessels. Higher flow of tourism and recreation in the mangroves was associated with respondents who associated mangroves with provision of recreational and water purification ecosystem services; while low flow of tourism and recreation was associated with respondents who were aware that mangroves provided water purification services. Higher flow of flood control ecosystem services was associated with respondents who stated that they aware of mangroves as important in flood control, sediment control, and those who dependent on mangroves as a source of crafts and ornamental materials.
TABLE 8 | Multivariate multiple regression analysis for predictors of the perception of flow of mangrove ecosystem services.
[image: Table 8]4 DISCUSSION
Here we provide the first empirical assessment of ecosystem service flow in the Brazilian Amazon coast based on local community perceptions. Although there is a growing number of studies investigating ecosystem services and their implication for management in wetlands (Barbier et al., 2011), most of the studies have focused on the United States and Europe with regions such as Africa and South America recording fewer studies. We found that land use land cover was a key determinant of the ecosystem services flow in the Amazon coast of Brazil, suggesting that the size, habitat composition, and conservation of habitats may determine its ability to provide ecosystem services to coastal communities. Respondents perceived that the Amazon coast mangroves had the greatest ability to provide flow of a number of ecosystem services when compared to urban or upland forested and agricultural landscapes, supporting our hypothesis that mangroves would offer key ES to coastal villagers (Figure 6). In addition, coastal habitats and waterbodies that are in proximity to mangroves were also highly relevant to the flow of ecosystem services, which suggests the importance of habitat connectivity and of marine reserves in preserving coastal ecosystems along the land-ocean continuum (Aburto-Oropeza, et al., 2008).
[image: Figure 6]FIGURE 6 | Schematic flow of provisioning (A), cultural (B) and regulating (C) ecosystem services across landscapes in the study region.
Mangroves were identified by community members to be key in providing provisioning ecosystem services that include a number of food items and crafting materials that are essential to the lives of coastal villagers. Fish and crustaceans are key protein sources of coastal communities globally and the flow of these ecosystem services from mangroves and connected coastal habitats is widely recognized and valued (Aburto-Oropeza, et al., 2008; Hernandez-Blanco et al., 2021). Mangroves and connected coastal habitats are important nursery habitats for several estuarine and marine species (Acosta and Butler, 1997; Hutchison et al., 2014), mainly because these ecosystems promote the migration of species and enhance the availability of nutrients (Valiela et al., 2013; Lana and Bernardino, 2018). As a result, the remarkable stakeholder’s recognition of the joint importance of mangroves, waterbodies, and coastal areas (mud and sand flats) to the provision of food and materials provides further support for their conservation. The need for conservation of upland areas near mangroves brings important policy challenges with current challenges to control deforestation in the Brazilian Amazon (Carvalho et al., 2019). To achieve better outcomes, a strategy to link current mangrove protection to nearby coastal landscapes (rivers, croplands and other forest types) would likely improve the national determined targets to lower carbon emissions and improve the benefits to coastal communities as these landscapes would provide wood that would otherwise be extracted from mangroves (Bernardino et al., 2024).
Provisioning services with medium to low flow were associated with mariculture and other extractive activities, which are often prohibited or controlled in mangroves of the Brazilian Amazon. Some of these materials are easily obtained on converted land near villages, as indicated by the high flow of these services on those landscapes. This is in contrast to many other coastal communities in Africa and Asia which widely use mangrove wood for fuel and construction (Owuor et al., 2019). Although the diversity and flow intensity of provisioning services such as firewood in the Brazilian Amazon may be limited due to the availability of urban utilities, mangroves may be an important source of these materials in isolated or lower-income communities in Africa and Asia (Abdullah-Al-Manun et al., 2017; Owuor et al., 2019). The limited use of firewood from Amazon mangroves is also explained by the limited road access to these areas as a result of their protection. Fragmentation and degradation of mangroves will expectedly increase the use of firewood and decrease the value of other services provided (Brander et al., 2012). As expected, mangroves, coastal areas, and forests were also key to the flow of regulating ES on the Amazon coast. High-valued regulatory services such as storm protection, climate mitigation, and biodiversity conservation were identified in Amazon mangroves, which resemble the high flow of those services from wetlands globally (Barbier et al., 2011).
We also observed that cultural ES were important in several land use land cover types within the Amazon region, including mangroves. Many coastal villagers frequently use these areas for cultural ES and have a strong connection to their preservation. This is also true for a diverse range of landscapes including nearby croplands, forested areas and aquatic habitats. The value of nearby continental landscapes to the flow of ecosystem services to coastal communities is often unrecognized and unchecked, but our results indicate that croplands, and continental forests add important flow of cultural and provisioning services to villagers. Our results support that the forested and agricultural areas near to those villages are extremely important to them, both as a source of food (manioc and banana plantations), and also culturally, as they spend time in the “farinha houses” processing manioc creating a strong connection to these landscapes. Our results also support that these communities need to be actively involved in the management of those areas, with proper legal framework so they can help enforce legal rights and the protection of these habitats. Although many of the Brazilian coastal extractive reserves allow the participation of stakeholders in management and use decisions, law enforcement, and protection are often bypassed by commercial and external users.
Based on the multivariate regression, the factors that influenced respondents’ perception of the flow of the mangrove ES were the length of habitation in the area, membership to a social group, dependence on mangroves, type of livelihood and knowledge of mangrove ecosystem services. The perception of the flow of ecosystem services is typically influenced by a host of factors, which may include the direct reliance on an ecosystem, socio economic and demographic characteristics of respondents and awareness and direct use of ecosystem services (Hicks and Cinner, 2014; Chen et al., 2015). The strong user’s perception of ecosystem services benefits from mangroves has direct implications for their future valuation as the value of ecosystem services increase in connected wetland habitats, so the stakeholder’s recognition would support an area-based valuation of those services (Brander et al., 2012). The marine reserve in Curuçá has nearly 22,000 ha of mangroves and 4,500 ha of coastal areas and waterbodies; which were highly associated with ES flow. Our survey covered an estimated population of 16,409 residents and 3,963 households (IBGE, 2010), but the number of residents and non-residents benefiting from mangrove services could be much higher as the Amazon coastal region is mainly connected by rivers and coastal bays. These highly connected landscapes, low fragmentation and the large extension of mangroves on this Amazon coast suggest that the associated value of those mangroves should be extremely high (Brander et al., 2012).
The strong association between social context and livelihood to the perceived flow of ecosystem services in the Brazilian Amazon may reasonably match the perceived flow of those mangrove services in communities from other regions of the country that live within managed extractive reserves. These reserves cover 87% of the country’s mangrove area, and over 2/3 of them allow extractive use of mangroves and nearby coastal ecosystems (Bernardino et al., 2021). The consistent management of these reserves should facilitate the mapping of ecosystem services in the country and their valuation on a nationwide scale. Information and education may be also critical to the perceived flow of ecosystem services from mangroves and other landscapes (Lamarque et al., 2014; Henderson et al., 2016; Chen et al., 2018), but the effect of education, extension projects, access to seminars, or to internet has not been assessed in this study. Such strategies could help local communities develop more critical thinking and careful observation of natural processes. As a result, the perceived flow of ecosystem services including invisible ones such as regulating and supportive ecosystem services may be more heterogeneous spatially and across areas of variable income per capita.
While this study provides novel insights into community perceptions of ecosystem service flows in the Amazon region, some limitations should be noted. The data represents a single snapshot in time and location. Expanding participatory assessments across multiple time periods and mangrove sites would strengthen generalizability. The survey data is also subject to individual biases and recall limitations. Supplementing surveys with ecological data could further validate perceived service flows. Additionally, assessment of the determinants of perception of the flow of ecosystem services only focused on mangrove services overlooking terrestrial system contributions. Future studies should adopt a coupled social-ecological approach spanning coastal and inland habitats. Applying an intersectional lens to evaluate how gender, age, culture, and other factors shape ecosystem service perceptions would also enrich understanding. Long-term monitoring is needed to track how development trajectories alter ecosystem service flows and community dependencies. Fostering participatory co-production of knowledge across stakeholders remains essential for informing policies that sustain critical services from Amazonian socio-ecological systems.
Although Brazilian law recognizes mangroves as areas of permanent protection, it is not uncommon to identify mangrove areas converted to aquaculture, urbanization and deforestation. Land Uses and Land Cover (LULC) impacts of mangroves may directly remove those forests and lead to a decrease in water quality through the release of nutrients, suspended sediments, and related impacts (Queiroz et al., 2022a; Queiroz et al., 2022b). As mangroves and continuous coastal areas were typically associated with a high flow of ecosystem services and hold much of their ecological function (e.g., carbon sequestration, productivity), these areas can be considered as environmentally critical for conserving. Our work supports that not only mangroves, coastal areas, and waterbodies may be critical to the livelihoods of coastal villagers. Given that many coastal inhabitants are involved with private work and even coastal fishers rely on the flow of services from upland forests and croplands (wood and other provisioning services), guaranteeing access to croplands and conserving upland forests near the coast may ensure that coastal communities are able to have a sustained use of ES without causing degradation to mangroves. Our work also calls for the need to increase studies focusing on the data-scarce regions that were not assessed by field work, an attempt that the current study makes. Incorporating the values of ecosystems and the values they provide into decision-making and policy; and also strengthening the engagement of indigenous and local people (IPLC) in data collection and research is crucial. These activities are stipulated in some of the recent Global debates, such as the Post Aichi targets and the Global Biodiversity Framework (OECD, 2019).
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Other forests # from other land use/land cover categories except Amazon rainforest

Waterbodies # from other land use/land cover categories except Coastal areas

Crop and pasture lands = Amazon rainforest and coastal areas

*Indicate significance levels of 0.01.
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Social flow of ES
metrics

Description

Relevance for policy, planning and management

No flow

Very low flow

Low flow

Medium flow

High flow

Very High flow

Assigned 0 to mean that the ES s not obtained from the land use
land cover type

Assigned 1 to mean that the ES is only obtained from the land
use land cover type at very low levels

Assigned 2 to mean that there is a low access of the ES from the
land use land cover type

Assigned 3 to mean that there is an average access of the ES from
the land use land cover type

Assigned 4 to mean that there is a high flow of ES in that Land
Use Land Cover

Assigned 5 to mean that the highest flow of ES is found in that
Land Use Land Cover

Indicates sites where focus on the conservation of the ES is not necessary
Indicates sites where conservation of the ES is not necessary
Indicates sites where rare ES are perceived to have a low flow. Helps to

understand areas where conservation of ES may not be necessary

Indicates sites where rare ES are perceived to have a medium flow. Helps to
understand areas where need for conservation of ES may be monitored

Indicates a site where conservation of ES may be necessary

Indicates areas with very high flow of the ES and therefore conservation of
these land use land cover is very important
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Variable Description N Percentage Mean Min Max

Duration of stay Number of years that a household has lived in the village 108 = w75 |1 82
Gender proportion of households were male compared to females 108 0%
Membership | Proportion of houscholds who are members of social groups or organizations | 108 | 18% = [ ==
Sources of income Fishing 64 58.6% - — -
Farming | 30 [ 27.5%
Retirement 8 7.3%
Government job s | 7.3%
Private sector job 4 3.7%
Business | 3 | 2.8%
Self-employed 7 %
 Use of mangrove forest products [ Fishing o | 92% - = | =
Materials for making vessels 7 65%
Making fishing gears 51 8%
Mariculture 65 61%
Phytotherapy s 53%
Firewood | 53 49%
Timber | 30 | 28%
Livestock feeding 2 1%
Hunting T 20%
Bee keeping 28 26%
Crafts and ornamentals [ 38 35.5%
 Knowledge of Mangrove ES Nursery and breeding ground 103 945% = = | =
Flood control | 91 | 83.4%
Water purification w 34%
Sediment control e s
Climate regulation 79 72%
Biodiversity | 103 | 94.5%
Storm protection % 88%
Coastal erosion 90 82.6%
Recreational value | 88 81%
Education and research | 100 | 92%
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