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Abstract

:

This study evaluated the environmental conditions of two watersheds selected on the basis of similarities in land use. The environmental conditions of the watersheds were analyzed using two geoprocessing methods and in situ evaluations by applying the rapid assessment protocol (RAP). Geospatial image processing was used to analyze land use, slope, soil classification, and rainfall, while RAP was used to evaluate the connectivity and size of riparian corridors. The results revealed varied uses of land with the landscape matrix in both watersheds, composed of agriculture, pasture, and urban centers. Urban centers were defined as spots and riparian zones as corridors. The analysis of environmental fragility considering all the geospatial variables, classified both watersheds as having medium fragility. The most fragile sites were the urban centers, which had a high slope and degraded riparian zone. Onsite assessments have shown that corridors do not have the size required by legislation; they are fragmented and unstructured, and they contain exotic species. We also propose that a multi-factorial approach be used to evaluate watersheds, associating geospatial assessments and onsite analyses that consider the limitations pointed out in each protocol. This reduces sampling errors and shows the actual state of conservation in riparian zones.
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1. Introduction


Watersheds are recognized as the smallest environmental units for planning management actions [1]. This point of view considers the drainage area, along with biological, hydrological, geomorphological, and ecological factors that are exclusive to each watershed [2].



Geologically, these factors have natural characteristics in the dynamic equilibrium of energy and matter [1]. However, this equilibrium has been altered by many anthropogenic actions such as deforestation, expansion of urban centers, and agricultural activities [3]. It clearly reduces environmental complexity [4] and results in extensively degraded landscapes in the watersheds [3,5].



From the point of view of degradation of natural resources, researchers have tried to broaden the techniques of evaluation of the anthropogenic impacts, and to this end, advancement of the geoprocessing technologies was fundamental [6]. In a technologically limited way, the first Geographic Information Systems (GIS) emerged in Canada. In the 1960s, GIS was part of a government program to inventory natural resources [7]. In the 1970s, the development of commercial software started and created the expression of GIS, with the use of mathematical programs focused on cartography [7]. The 1980s was a period of accelerated growth in the use of this technology, including in Brazil. Currently, geoprocessing contains sets of techniques for collecting, storing, processing, manipulating and integrating geospatial images [8] and it is used in several areas of knowledge such as geography, statistics, health, and the environment.



Due to the ease of obtaining images, several studies used geospatial data to evaluate the environmental conditions [1,3,9]. One of the most used parameters is soil use, which has revealed the reduction of the natural areas and fragmentation of the landscape [3,10]. Thus, geoprocessing techniques associated with several environmental variables such as spatiotemporal information, land use, rainfall, slope, and soil classification [11] are combined with modeling programs [12]. Increasingly robust protocols with multi-factorial methodologies revealed deforestation shapes, climate change [13], hydrogeological mapping [12], areas under erosion risks [4], vulnerability, and environmental fragility [5,14].



The analysis of environmental fragility establishes a hierarchy and aggregated variables into a single approach. This hierarchical transformation a structured way at specific points in the watershed [11], allows to know the environmental impacts, especially when the result of a single variable is insufficient [5]. It provides higher agility and efficiency in planning and territorial management [15] and in the taxonomy assessment of the degree of environmental preservation of watersheds. The results of these studies have revealed degraded, fragmented, and fragile areas [14,16,17]. However, most researchers have only attempted to provide a broad evaluation of these impacted areas, and sometimes, they may not be sensible enough to fine scale disturbances, especially in riparian zones (RZs) [4]. This may be because the images that are free and widely used have low resolution and a pixel error greater than 10 m, which prevents the accuracy of details found in RZs. For example, areas identified as covered area by the reflectance analysis may be covered by exotic species, or 10 m apart, RZ areas may be identified as connected by the GIS where they may not be, caused by the image resolving error.



These uncertainties in the evaluations can be detrimental to the conservation of RZs, which are one of the most important environmental sites [18]. Riparian zones are defined as transitional areas between terrestrial and aquatic ecosystems [19]. The Rzs are considered as one of the most dynamic landscape areas [19,20]. Although their territorial dimension over the terrestrial globe is small, they house ~50% of species richness in the world [21]. In order to consider a RZ as preserved, their characteristics must be maintained as natural as possible [18,22]. Small degraded sections of RZs may alter ecosystem services [23], the allochthon energy supply [24], the hydrological balance, nutrients [25], and change habitat supply and connectivity resulting in the rarity of fauna and low biodiversity [26].



Despite of these degraded sections are in RZs, they are imperceptible by geoprocessing, and measuring their impact is difficult, although necessary in terms of ecology. These fragmentation processes in RZs influence aspects of environmental quality and fragility [11], species composition, richness, and diversity of endemic, sensitive, and specialized species that may migrate to favorable or even extinct areas [18]. According to Zimbres et al. [27], the width, habitat structure, and land use in the landscape directly influence the richness, composition, and functional diversity of mammalian species, with the best population attributes being evidenced in continuous RZs. Due to the ecological complexity of RZs, their classification as preserved areas only through the evaluation of images can generate errors. In this context, this study tries to answer the following questions: i) Are the processed images used to classify areas as preserved reliable? and ii) Which parameters are needed to classify a geographic area as preserved? To answer these questions, we evaluated the conservation status of two neotropical watersheds through the analysis of environmental fragility and connectivity of RZs. Furthermore, we propose the use of factors associated with image processing and onsite environmental analysis with rapid assessment protocol (RAP).




2. Materials and Methods


2.1. Selection of the Study Area


The study area is in the Atlantic forest biome (tropical forest), which is Brazil’s most degraded biome. It was originally comprised 12% of the national territory and currently comprises less than 3%, and is made up of an agglomerate of forest fragments, occupying areas not significant in the landscape and subject to varying levels of disturbance [28]. It is located in a phytogeographical region composed of mixed ombrophilous forest and semi-deciduous seasonal forest in Paraná State, Brazil.



The Salto Caxias hydroelectric plant is located in the upstream area, and the Iguaçu hydroelectric plant and the Iguaçu National Park are both located downstream. In these sites, the land use was evaluated for nine watersheds (Monteiro, Sarandi, Silva Jardim, Gonçalves Dias, Cotejipe, Andrada, Floriano, Santo Antônio, and Capanema) (Figure 1).



Processing was done with free images taken by the Sentinel 2 satellite in 2016, with a spatial resolution of 10 m, using the QGIS software version 2.8-Wien [29]. Land use was evaluated using the supervised multispectral classification technique performed with the MultiSpec software version 3.4 [30], and was classified into five categories, as described in Table 1.



For each category of land use, the area in hectares (ha) and percentage (%) was quantified at each watershed (Table 2). To determine the reliability of the results of the classification, the matrices of land use were analyzed using the Kappa coefficient of agreement. Kappa values ranging between 0.80 and 1, represented an almost perfect result [31]. After that, the values of the area (%) of the land use in each watershed were subjected to hierarchical cluster analysis by the unweighted pair group method using the PCORD® software version 6.0 [32]. The similarity of watersheds was defined through Ward’s method using the Euclidean distance, which classified the watersheds into four groups.



The first group consisted of the Monteiro and Sarandi rivers, the second group consisted of the Silva Jardim, Gonçalves Dias, Cotejipe, and Andrada rivers, the third group consisted of the Floriano, and Santo Antônio rivers, and the fourth group consisted of only the Capanema River (Table 2). This analysis aimed at selecting two watersheds for the environmental evaluation and analysis of environmental fragility, and the connectivity of riparian zones in a non-random manner. From the results of the analysis, we selected the Sarandi Watershed (tributary of the left bank of the Iguaçu River) and the Rio Monteiro Watershed (tributary of the right bank).




2.2. Summary of Information for Analysis of Environmental Fragility


Some factors on the susceptibility to environmental impacts in the watershed were used to determine the environmental fragility, as: (1) land use, according to the procedures described above; (2) relief slope, using the methodology described by the Brazilian Agricultural Research Corporation [33]; (3) soil classification, obtained from the database of the Institute of Lands, Cartography, and Geosciences [34]; (4) rainfall, expressed by the annual average (mm) between 1977 and 2006 obtained from the database of the Mineral Resources Research Center (CPRM) of the Geological Survey of Brazil [35].



Subsequently, each variable received a score ranging from 1 to 5, according to the degree of environmental fragility (Table 3) [4,5,11,15]. A data matrix generated with the scores of the variables was analyzed using the analytical hierarchy process (AHP) method according to the methodology proposed by Saaty [36]. This hierarchic method evaluates the variables and orders by importance [36]. From this, a map could be generated with territorial zones indicated by different degrees of environmental fragility.




2.3. Rapid Assessment Protocol (RAP) in Riparian Zones


As a complementary tool to geoprocessing we also used a rapid assessment protocol (RAP) aiming to provide more robust results. The RAP was used for its ability to provide quick results, easy application, and low cost. The RAP was adapted from Celestino et al. [37] and was applied (Table A1; Figure A1) to evaluate the state of preservation and connectivity of RZs at ten random points in each river (Monteiro and Sarandi) with 20-m2 plots taken between September and October 2016. As a complementary tool to geoprocessing, we also used an RAP to provide more reliable results.



The protocol was used to evaluate the river width and the vegetation area of RZs along both banks, as established in the Brazilian Forest Code (BFC) Law No. 12.651/2012 [38]. This law establishes that the larger the width of the river, the greater the RZ. To determine whether the dimension of the observed RZ agrees with what was expected by the legislation (50 m), the Chi-Square Test (x2) was used. Moreover, the protocol was used to evaluate the environmental structuring in each plot by measuring the presence of the arboreal, shrub, and herbaceous strata, as well as native and exotic species.



Data from the RAP were ordered using a principal component analysis (PCA) [39,40,41]. The main components, having eigenvalues superior to those randomized by the broken-stick model, were evaluated [42]. For these analyses, the PC-ORD® software version 6 was used [32]. The scores of the significant axes were tested using the analysis of variance (one-way ANOVA) to determine whether the environmental conditions of the RZ of the watersheds were different. For these analyses, Statistica 7.0 from StatSoft [43] was used, assuming a 5% significance level.



The sites considered preserved were those where the RZs had native species in different plant strata in their floristic composition: (1) arboreal: high woody, with a stem diameter at breast height (DBH) in adult individuals greater than 15 cm; (2) shrub: semi-woody or woody, medium-sized, whose stem was branched from the base, with no undivided trunk and a DBH of less than 15 cm, and (3) herbaceous: small to creeping species with stems devoid of lignin. These characteristics should be continuous, cohesive, and dense over time, having RZ dimensions compatible with the river width [38].





3. Results and Discussion


3.1. Landscape Components and Land Use


The Monteiro Watershed has an area of 11,339.08 ha, and the Sarandi Watershed has an area of 22,834.44 ha. Within the concept of landscape ecology, both watersheds follow the same pattern of landscape representation, composed of an agricultural matrix representing 50.92% and 68.81% of the total area of the watersheds, respectively.



The spots, which are defined as spatial units smaller than the matrix and distinguishable from the environment [10], were represented by pasture (27.40% and 13.43%, respectively), urban areas (2.43% and 3.20%, respectively), and exposed soil (0.94% and 0.11%, respectively) (Figure 2). Two small urban centers in each watershed corresponded to the most degraded sites, with soil sealing and degraded RZs, fragmented and occupied by houses. In the Rio Monteiro Watershed, the urban centers have a population of 19,585 [44] and a Human Development Index (HDI) of 0.738 [45]. This index quantifies the degree of economic development and the quality of life offered to the population. In the Sarandi Watershed, the population is 31,357 inhabitants with an HDI of 0.744. All municipalities in the watersheds have a high HDI according to the United Nations Development Program. Despite the high HDI, we noticed a lack of understanding of the inhabitants concerning the preservation of the RZs.



In these municipalities, soil sealing promoted by sidewalks, asphalt on streets, houses, buildings etc., increases surface runoff and damages the watershed. According to Ortega et al. [3], soil sealing is not the only degrading factor in watersheds, despite being considered the major contributor to changes in hydrology. When sealing occurs in 10% of the soil in watersheds, this promotes a marked degradation of the water ecosystems with changes in the geomorphological and biological processes [46], and a possible increase in the environmental fragility of the entire watershed due to its interrelationships. Some studies evaluated anthropic alterations resulting from the acceleration of urbanization processes, such as damage to watersheds and compromised water quality [23,47].



The scarcity of soil in the watersheds (<1%) is a consequence of no-till farming (Figure 2), which promotes an environmental benefit associated with the conservation of lands and rivers. According to Howard [48], no-till farming has grown worldwide. For example, in Brazil and Argentina around 111 million hectares is no-till and account for about 70% of agricultural lands in these two countries [48].



In the corridors, in turn, the sites with legal reserve and RZs account for 18.31% of the Monteiro Watershed and 14.45% of the Sarandi Watershed. As less than 20% of the areas are naturally vegetated, the Monteiro and Sarandi Watersheds are susceptible to environmental impacts. Ferreira et al. [49] suggest that watersheds should have an area greater than 35% of the total land covered by vegetation to minimize environmental impacts. Notedly, in study area, as well as in all Paraná a lack of forest cover in Paraná has been a major problem since 1960 when it reached levels below 30% in the state [50]. This shows that there are few extensive preserved areas and raises the need to preserve the remaining ones.



However, habitat fragmentation resulting from the heterogeneous mosaic of land use in watersheds is common. Thus, it is important to recognize that fragmentation should not occur in riparian corridors. The RZ connects the spots, mitigates habitat loss [18], and promotes ecosystem services by forming a buffer zone between the terrestrial and aquatic environments [3].




3.2. Environmental Fragility


The environmental fragility presented in Figure 3 demonstrates different degrees with a predominance of medium fragility in both watersheds. The degree of fragility was evaluated at specific points of the watersheds and is associated with the scores from Table 3. The less sensitive areas, with very low and low fragility, were classified because they had lower slope, stable lands, and preserved RZs. Conversely, the sites with greater fragility (very strong) have a greater slope, more urban centers, and degraded RZs (Figure 3).



The urban centers were the most fragile sites in the watersheds. This was due to the presence of simultaneous fragility-enhancing agents, such as soil sealing, RZ removal, and a region with a hilly slope of 8 to 20% [33]. The greater the slope, the greater the damage caused by the volume and velocity of the surface runoff from rainwater, carriage of the fertile land layer and seed banks, and erosion and silting of the rivers [17,51]. Although both watersheds were classified as having medium fragility, the Sarandi Watershed had a greater number of sites with very strong fragility due to the presence of more urban centers.



Studies of landscape evaluation in an olive-growing region of Spain have found that land slope and cover are highly associated with vulnerability, erosion, and ecological fragility of the landscape [4,52]. Thus, knowledge of land use and the impact caused by geomorphological factors in the watersheds is important for implementing public policies and restoration practices, especially in the case of watersheds with rugged terrain that tend to be more fragile and should be prioritized for environmental management.




3.3. Onsite Assessment of Conservation Status and RZ Connectivity


It was observed through RAP that the mean width of the Monteiro River was 12.71 m, while the mean width of the Sarandi River was 15.63 m. According to Article 4 of Law No. 12,651/2012 BFC, rivers of this width should have a RZ 50 m wide [38]. In 80% of the points sampled in the Monteiro Watershed and 95% in the Sarandi Watershed, the RZ have significantly smaller dimensions (Monteiro x2 = 144.73, p < 0.01 and Sarandi x2 = 237.57, p < 0.01) than that determined by environmental legislation (BFC).



There is no international consensus on the ideal RZ size, with each country having its own understanding. However, there is a consensus that river width, hydrological regime, landscape, and biome are fundamental variables for determining the RZ size [53]. Although RZ protection is increasingly required by environmental legislation, these sites are currently used as agricultural areas or are occupied by houses [54]. This causes several impacts on ecosystem processes worldwide and are still ignored by owners [55] and surveillance sectors. In arid regions, more than half of the population lives less than 1 km away from a RZ, which causes impacts in these environments and worsens the problem of desertification [56]. In North America and Europe, over 80% of the RZ area has disappeared in the last 200 years [18], and it is estimated that the current RZ area is even smaller.



In addition to the impacts caused by the reduction and fragmentation of the RZ, this study indicated problems in environmental structuring. We observed deforested spots with sparse trees and imbalances among the arboreal, shrub, and herbaceous strata, especially in the Sarandi Watershed (Table 4). The RZ of the Monteiro River had 73.50% of its area composed of arboreal vegetation while the Sarandi River had 14.37% with a predominance of the genus Morus. The shrub stratum in Monteiro RZ was 19.13%, while in the Sarandi Watershed, the stratum was higher than 50%. The high amount of shrub stratum is related to the low number of arboreal species that allows the pioneer trees to develop better than the non-pioneers. The herbaceous stratum in Monteiro was 7.37% and 32.75% in Sarandi.



Two significant axes were identified using the broken-stick model. The first axis (Principal Component 1—PC1) explained 42.30% of the data variation, and the second one (Principal Component 2—PC2) explained 31.80% of the data variation. We found a greater number of herbaceous species in the positive side of PC1, and a higher arboreal stratum, with a greater presence of RZ on the negative side. The positive side of PC2 was representative of the shrub stratum and exotic species, whereas the negative side of PC2 was representative of the native species (Figure 4A).



Scores on the PCA axes tested by one-way ANOVA were significant along the PC1 (F = 10.50, p < 0.01) and PC2 (F = 7.27, p < 0.01) axes, among the RZ of the watersheds (Figure 4B). These results suggest that the Monteiro Watershed is more preserved than the Sarandi Watershed, having a greater and better environmental structuring of the RZ, as demonstrated by the arboreal and native strata. Environments with dense vegetation are less impacted, reducing the edge effect. The agricultural matrix that surrounds the RZ increase the damage related to the edge effect, which facilitates the strangulation and fragmentation of the RZ [57]. This may explain the greater degradation of the RZ of the Monteiro Watershed. The degree of these impacts is still associated with size, distance, and time when the fragments were disconnected [47].



The biggest problem indicated by RAP could not be revealed using geoprocessing. Through the RAP was found the presence of exotic species in the Sarandi Watershed, with 73.35% of the area composed of exotic forest. In the Monteiro Watershed, in turn, the composition of exotic forest was about 1%. Three exotic genera, Eucalyptus, Ricinus, and Morus, were found in the two RZs. The genera Eucalyptus and Ricinus occurred randomly and infrequently in both watersheds. The genus Morus, in turn, was abundant in the Sarandi RZ at several points. The high presence of the genus Morus can be explained by two factors: (1) allelopathy, which hinders the establishment of other plant species [58]; and (2) dispersal facilitated by zoochory and hydrocoral, which allows the direct contact of the exotic propagules in large areas along the river course [59]. When exotic species are established, they can alter the structure of terrestrial and aquatic communities, modifying the availability of resources in the trophic pathways concerning the three key processes of the ecosystem: decomposition, production, and consumption [54,55].



Despite the higher frequency of native and arboreal species in the RZ of the Monteiro Watershed, it is not possible to affirm that this is a preserved RZ, because the species are located in many sparse and fragmented areas. Cattle were observed in the RZ in certain areas, where cattle movement prevented natural regeneration through ecological succession processes and promoted the silting of the river. Moreover, it makes clear the need for assessment of infractions occurring in the RZ by the responsible bodies.




3.4. Multi-Factorial Approach


We propose a model for environmental analysis of watersheds using the methodological approach multi-factorial (land use in the watershed, slope, soil classification, rainfall, presence of arboreal, shrub and herbaceous strata, and native and exotic species) and multi-spatial (hydrographic, RZ, and river). This is a systemic evaluation of the factors that independently influence the environmental quality of watersheds. The proposal of these factors is aimed at generating consistent information for environmental assessment studies on watersheds.



These previous limitations were found to be in this study, since the protocol of geospatial images processing had limitations related to: (1) Resolution: images with high precision are expensive, which makes them inaccessible for research projects with a limited budget. Free images, in turn, still have reduced spatial resolutions, which are not effective for RZ assessment, especially for aquatic bodies spanning less than 10 m and a RZ range of 30 m [38]. (2) Reflectance: the land was classified using reflectance of the visible wavelength [60]. In the RZ, the reflectance produced by the canopy does not permit the identification of whether these areas have herbaceous, shrub, or arboreal species in their environmental structuring, which would facilitate a greater structured environment with greater biodiversity [18,61], especially when the vegetated areas of the RZ are composed of native species. This problem is underestimated and little discussed in Brazil due to its high territorial dimension and reduced inspection structure, which is done only through image monitoring. The limitations of this protocol suppress important information needed in the environmental assessment of watersheds. In this sense, we observed that many studies evaluate the RZ only using the remote sensing protocol, which classifies the RZ as preserved areas or native forest [11,62]. In this study, we observed after the onsite analysis that this is not true for the Sarandi RZ.



Inconsistencies in the onsite rapid assessment protocol (RAP) are associated with: (1) Difficulty in evaluating large areas: it is necessary to define points in a random way which may underestimate some impacts or fail to show details. The results are extrapolated to explain only general patterns. (2) Training and standardization of the collector: using the same researcher in the collections is recommended to standardize the sampling error and decrease the subjectivity as proposed by Hannafordet al. [63]. However, for many points, more than a single collection team is necessary for temporal standardization of the assessment, which is impossible if the collection is performed by the same researcher.



In this study, the application of RAP allowed us to identify inaccurate information or information disguised by remote sensing, in particular, information regarding the levels of environmental structuring and high presence of exotic species. In this way, this methodological proposal indicates that watershed assessments should link protocols with geoprocessing and onsite analysis (such as RAP) to be considered consistent, accounting for the limitations of each protocol. All steps in the methodological procedures are described in Figure 5.



Thus, multi-factorial assessments are an important tool and can accurately determine the impact of inadequate land and water management in watersheds. Studies conducted by Lin et al. [64] and Naiman et al. [18] demonstrate that multi-criteria assessment associated with landscape and hydrodynamic modeling can show the influence of RZs on rivers and environmental performance in the watershed, emphasizing the importance of RZs in the provision of habitat, connectivity, and energy supply to terrestrial and aquatic ecosystems.





4. Conclusions


Some of the most important conclusions derived from this paper are:

	
The two watersheds were environmentally unstructured. The weakest points in the basins were urban centers, high declivity sites, and nonexistent or fragmented RZs. Although similar in terms of soil use and occupation, the RZ of the Sarandi River basin was more degraded than the other river basin considered, with disconnected riparian corridors, successional disturbances of plant species, and high presence of exotic species.



	
The use of GIS, especially with free low-resolution geospatial images, was not accurate enough to identify if a RZ was preserved. The imprecision of the geoprocessing in: (i) details of the real arboreal situation, shrub, and herbaceous strata, (ii) identification of small fragments, and (iii) verification of presence/absence of exotic species in the composition of the RZ, evidenced the inefficiency of the exclusive use of GIS for determination of RZ preservation.



	
Classifying a geographic area as preserved, considering the numerous associated factors, is difficult. It is necessary that the RZ maintains its natural characteristics at maximum. It means that the preserved areas must have a forest cover that resembles as much as possible the intact biome. However, a RZ must be composed of arboreal, shrub, and herbaceous strata, connected in longitudinal scale, without presence of exotic species. In addition, it should respect at least the dimensions laid down by legislation for that biome, so that RZs can exercise their bio-ecological functions. In this way, the current configuration found in the studied areas is far from ideal. The lack of preservation of the RZ and the permanent preserved areas is evident, since the forested area in each of the basins is less than the 20% required by Brazilian legislation.



	
In order to improve the understanding of environmental changes, we suggest that future studies to assess anthropogenic impacts in river basins and RZ preservation include this methodology that contains combined protocols of evaluations with GIS and onsite evaluations.



	
Finally, in order to improve the environmental conditions of the studied watersheds, we suggest the following actions: (i) insertion of contour lines in the agricultural matrix, (ii) increase of permeable areas in urban centers, (iii) increase in awareness by land owners, (iv) concrete actions taken by state agents such as public awareness, oversight, and penalties for non-compliance with current legislation, and (v) the government should promote public policies aimed at reforestation with native species instead of exotic species.
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Table A1. Rapid Assessment Protocol (RAP).






Table A1. Rapid Assessment Protocol (RAP).





	
RAPID ASSESSMENT PROTOCOL (RAP)






	
1. IDENTIFICATION




	
1.1. Watershed:

	
1.2. Location/Stretch:

	
1.3. Coordinate:




	
1.4. Date:

	
1.5. Hour:




	
1.6. Collection Team:




	
2. RIVER




	
2.1. Width (m):

	
2.2. Depth (m):




	
Habitats




	
2.3. Backwater (%):

	
2.4. Current (%):

	
2.5. Rapids (%):




	
Background Land Type




	
2.6. Clay (%):

	
2.7. Silt (%):

	
2.8. Sand (%):




	
3. RIPARIAN ZONE




	
Vegetation




	
3.1. Dimension/Width of RZ (m):




	
3.2. Native Species (%):

	
3.3. Exotic Species (%):




	
3.4. Arboreal (%):

	
3.5. Shrub (%):

	
3.6. Herbaceous (%):




	
3.7. Preserved (Native vegetation) (%)

	
3.8. Anthropized I: (Forestry, pasture, or agriculture) (%)

	
3.9. Anthropized II (Residential, commercial, or industrial) (%)
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Figure A1. Onsite sampling – Application of RAP. (A) measurement of river width, (B) measurement of RZ width, (C–E) application of land RAP, (F) degraded RZ, (G) RZ classified as preserved by geoprocessing and observed in the onsite assessment to be degraded as a consequence of the large presence of exotic and sparse species, and (H) preserved RZ. 
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Figure 1. Location map of the nine watersheds in which the land use was analyzed. Circles refer to the two watersheds selected by the similarity cluster method to analyze the environmental fragility and connectivity of riparian zones (RZs). 
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Figure 2. Sarandi and Monteiro rivers watersheds with the drainage areas delimited, land use profile, and landscape items. 
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Figure 3. Analysis of environmental fragility in the Sarandi and Monteiro watersheds, considering the degrees of fragility. 
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