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Abstract

:

Although healthy ecosystems are vital to sustaining human society, the Brazilian Cerrado and Atlantic Forest biomes have suffered from disorderly human development and the intense use of natural resources. Thus, cost-effective studies are needed to develop tools to assess environmental conservation and the integrity of water courses to inform decisions for ensuring their recovery where ecosystem maintenance is deficient. This study sought to develop a methodology in which the Watershed Habitat Evaluation and Biotic Integrity Protocol (WHEBIP) and Rapid Assessment Protocol for Habitat Diversity (RAP) could be used in an integrated, adaptive manner to evaluate the Water Ecosystem Integrity (WEI) in courses of rivers and streams in tropical regions of the Brazilian Cerrado–Atlantic Forest interface undergoing intense agricultural exploitation. Accordingly, a spatial assessment using geographic information systems was followed by a field visit to apply the methodology. A preliminary assessment of the soil conditions in the Lobo Reservoir Hydrographic Basin was conducted, identifying stretches of rivers and streams that were suitable for payment for environmental services and for recovery from the impact of anthropic activities. Such activities were present in 50.23% of the basin’s total area, and intensive degradation was found in stretches of the water courses, primarily where the head springs of the Itaqueri River and Lobo Stream, the principal tributaries of the Lobo Reservoir, lie. Native vegetation, Brazilian Cerrado, and reforestation occupy a total of 38.5% of the basin, comprising areas of intense conservation activity by the Brazilian government.
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1. Introduction


Covering the Amazon, São Francisco, and Prata River basins, three of the largest in South America, the Brazilian Cerrado is a global biodiversity hot spot, with its Amazon, Paraná-Paraguay, and São Francisco rivers contributing almost half of Brazil’s surface water [1]. Despite its importance for the conservation of species and provision of ecosystem services, only about 880 thousand km2 have been preserved as a result of extensive land-use/land-cover (LULC) changes. This constitutes less than half of the vegetation cover native to the Brazilian Cerrado, with only 20% unchanged and less than 7% within protected areas [2,3].



Another biome following the same trajectory is the Atlantic Forest, in which the continuous loss of older native forests is masked by increasing younger native forest cover, mainly in lands marginal to mechanized agriculture [4,5,6]. These forests correspond largely to the legal reserve and permanent protection areas (PPAs) that inhibit the entry of sedimentary material into water course rivers and reservoirs [7,8], and contribute to the healthy water ecosystems critical to sustaining human society. Habitat loss and diffuse pollution, common consequences of fragmented landscapes, pose significant threats to water ecosystems [9,10,11], and have become the focus of conservation efforts to preserve native freshwater biodiversity [6]. The integrity of water courses depends on the impact that multi-scale environmental properties (e.g., soil–water–plant interactions) have on the state of the biological communities and ecological processes that occur in the watersheds [8,12,13,14].



The Lobo Reservoir Hydrographic Basin (LRHB), hereafter the basin, is formed by the streams and rivers that drain the water that feeds the Lobo Reservoir. It is located between the cities of Brotas and Itirapina, in the state of São Paulo (Brazil), a region with significant agricultural, mining, and industrial development, in the midst of Brazilian Cerrado vegetation and fragments of the Atlantic Forest. It lies just over 200 km from the city of São Paulo, a leading corporate, commercial, and financial center in South America. In regions of this type, the management of natural resources depends on numerous data from diverse sources. Each discipline involves extensive and specialized knowledge that reflects in its totality the environment’s complex interactions [8,14]. Understanding the dynamics of loss and gain of native forests is essential for the conservation of biodiversity and the ecosystem services provided by the Brazilian Cerrado and Atlantic Forest biomes, particularly in regions undergoing intense forest transformations resulting from human development [9].



Consequently, assessment tools that enable a practical large-scale approximation of the ecological integrity of water courses have been continuously developed and revised [13,15,16,17,18,19,20,21,22,23,24,25,26]. Accordingly to [6], several field-based protocols were developed based on site-specific surveys of fish assemblages [15,18,22,26], macroinvertebrate communities [15,17,20,23], and physical habitats [15,24,25,27]. An alternate approach to assessing waterway integrity is through the physical characteristics of the respective watershed, based on the ecosystem relationships between the watercourse, the riparian LULC, and the geomorphology [13].



The Watershed Habitat Evaluation and Biotic Integrity Protocol (WHEBIP) [12] was developed to provide an assessment based on geographic information systems (GIS), in which water course integrity was based on the characteristics of the riverside landscape and the hydrographic basin as a whole, primarily interpreted from remote sensing. The effectiveness of the WHEBIP in predicting the ecological integrity of water courses was evaluated using correlation analyses derived from data on macroinvertebrate biotic indices and physicochemical parameters along a watershed in Bregalnica in Eastern Macedonia. Statistical analysis confirmed the ability of the WHEBIP to predict the spatial integrity of water courses with considerable accuracy [12].



Remote sensing in conjunction with algorithms incorporating machine learning offer the potential for effectively classifying satellite images [28]. The algorithms can process high-dimensional data and map LULC classes with interpretative and predictive complexity, corresponding to their natural characteristics [29]. In addition, the free availability of medium–high spatial resolution imagery, such as data from the Sentinel-2 satellite, can facilitate the mapping of ecosystem services and water course integrity at a fine scale (10 m) and low cost [30,31,32,33,34].



The forest remnants and many deforested areas of the Brazilian Cerrado and Atlantic Forest are abandoned, resulting in the formation of a mosaic of secondary forests of great importance in preserving biodiversity and affecting CO2 absorption [34]. Accordingly, use of the Rapid Assessment Protocol for Habitat Diversity (RAP) is recommended. This protocol is based on proposals from the Ohio Environmental Protection Agency (EPA) [35,36] and has been adapted for Brazil by [37]. The RAP evaluates the ecological integrity in stretches of rivers and streams, which is defined using such parameters as the quality and conservation of the aquatic habitats related to LULC in watersheds [38,39,40], based on field observations. In prior studies, the RAP was used to assess the environmental conditions of rivers [40], using the structure of macroinvertebrate communities as an indicator of ecological integrity [39] and water quality [38]. It can also assess the dynamics of environmental conservation when used as a methodological validation [14] and identify the susceptibility of water ecosystems to degradation [13].



The WHEBIP and RAP identify and evaluate spatial and environmental parameters, enabling validation of LULC mapping and indicating adverse impacts from anthropic activities. However, the two protocols use differing methods of landscape analysis, with the WHEBIP focusing on spatial analyses and the RAP on field analysis. Thus, this study developed a methodology in which an integrated and adaptive Water Ecosystem Integrity (WEI) protocol was used to validate the LULC map and evaluate the integrity of rivers and streams in tropical regions of the Brazilian Cerrado–Atlantic Forest interface undergoing intense agricultural exploitation. Consequently, a GIS-based spatial assessment was followed with a field visit to validate the proposed methodology. The two protocols were rigorously applied to attain results that can potentially inform the environmental and territorial management of watersheds and identify stretches of rivers and streams that are suitable for payment for environmental services and for recovery from the impact of anthropic activities. The study contributes to national research, as the basin is part of the Brazilian National Council for Scientific and Technological Development’s long-term ecological research program, which promotes advances in environmental and ecological research [7,41].




2. Study Area


The Lobo Reservoir Hydrographic Basin (LRHB), officially designated the Carlos Botelho Reservoir, has an area of approximately 230 km2, a drainage density of 0.75 km/km2, a maximum altitude of 800 m, and a slope of 0.0075 m/m [4]. LRHB is located in the central–west region of the state of São Paulo, between Brotas and Itirapina, at coordinates 22°15′ S and 47°49′ W (Figure 1).



Constructed in 1936 to generate electricity and currently also used for irrigation, tourism, and research, the Lobo Reservoir is one of Brazil’s most studied reservoirs. Internationally known as the Broa Model, the reservoir has been the focus of scientific research by the University of São Paulo (USP) and the Federal University of São Carlos (UFSCar) since the 1970s [41]. The Lobo impoundment is principally formed by the contributions of the Itaqueri River and the Lobo Stream, augmented with those of the Perdizes, Água Branca, Limoeiro, and Geraldo streams. The region belongs to the Tietê/Jacaré Water Resources Management Unit (UGRHI–TJ) number 13 (01). It is inserted in the hydrographic basin of the Tietê River and consequently in the hydrographic basins of the Paraná and Prata rivers.



The climate in the region is classified by Köppen as Cwa of the subtropical mesothermal type. The climate is controlled by equatorial and tropical air masses, comprising two distinct annual periods: a dry period from May to October, with temperatures between 15 °C and 17 °C, and a humid period, from November to April, with temperatures between 21 °C and 23 °C and annual precipitation of 1500 mm. According to [7], these periods and the relatively intense winds are key factors in the entry of sedimentometric material into the aquatic system from precipitation and runoff.



The LRHB is included as a special use (term used in the law) in the environmental protection area of Corumbataí. Created under State Decree 20,960 [42], it is an extensive conservation area with a degree of human occupation that is regulated to ensure the sustainability of the site (art. 15). The Ecological and Experimental Stations in Itirapina are also located in the basin and are under the responsibility of the Brazilian Forestry Institute. The Ecological Station was created by State Decree 22,335 in 1984 and the Experimental Station by expropriation. Their areas are 23 and 32 km2, respectively [43].



The Ecological and Experimental Stations in Itirapina are focused on preservation and environmental conservation through forest management activities, environmental education, research, visitation, and regulation of activities that could adversely impact the environment, such as hunting, fishing, road construction, fire, vandalism, and agriculture. The ecological station plays a significant role in the conservation of the Brazilian Cerrado, typically the savannah and countryside. The biome is marked by characteristic soil and climate. It encompasses formations that originated during the glacial periods when the global temperatures dropped and the climate became drier, favoring the retraction of forests and, consequently, the expansion of open vegetation requiring less humidity and adapting to the new environmental conditions [43]. The environmental degradation of areas of the Brazilian Cerrado has paced a series of endemic species at risk. Accordingly, it is vital to regulate the use of areas that has not yet been preserved [2,3].




3. Materials and Methods


The study’s methodology can be characterized as follows. Section 3.1 describes the elaboration and acquisition of spatial data for GIS validation and evaluation, and Section 3.2 describes the integrated protocol for assessing the ecosystem integrity of rivers and streams in tropical watersheds in the transitional Brazilian Cerrado–Atlantic Forest interface.



3.1. Elaboration and Acquisition of Spatial Data for GIS Validation and Evaluation


Table 1 presents the information and acquisition of spatial data used to identify the basin’s water ecosystem integrity, with LULC primarily used to evaluate environmental changes.



The integrity of the basin’s water course was evaluated using the available remote sensing data. A scenario was used to characterize the significant spatial changes in land use and conservation, which frequently reflects annual agricultural cycles of planting and soil management. As the harvest begins in September, this month was chosen to represent the entire year. In addition, September is the month with the lowest precipitation and cloud cover.



The land-use map was compiled from the 10 m spectral bands B02, B03, B04 and 20 m spectral bands B05, B06, B07, B8A, B11, and B12 of the visible and infrared regions of the Sentinel-2A satellite sensors. The image was attained free of charge from the website of the Copernicus Open Access Hub of the European Space Agency. The LULC map was generated with the Random Forest (RF) machine learning algorithm using R software and the SIRGAS 2000 geodetic reference system in the Universal Transverse Cartographic Projection of Mercator, Zone 23 South. For RF, the Ntree parameters were defined to 500 and Mtry to the square root of the number of input variables [34]. Fifty samples were collected for each land-use class, identified according to their expressive distribution. The identified classes were agriculture, water, flooded area, urban area, Brazilian Cerrado, native vegetation, pasture, reforestation, and exposed soil. The study classified native vegetation and Brazilian Cerrado separately to better understand their development and relevance.



In each of the 11 sites where the WEI protocol was applied, different types of land use were observed to verify the map’s accuracy. From field observations, 50 training samples were collected for each class as a classification reference. The map’s accuracy was verified through classifier training collections with 50 samples per class, interpretation of satellite images, and use of high-resolution images via Google Earth [10,13,14,46,47]. Land uses were observed and identified in each stretch of the water course, using the integrated protocol for assessing Water Ecosystem Integrity (WEI) in tropical basins in the Brazilian Cerrado–Atlantic Forest interface, hereafter the integrated basin protocol, to validate the LULC map. The analysis of the results obtained with the classifications was carried out through the confusion matrix. The confusion matrix represents one of the ways to evaluate the accuracy of a classification, through the comparison between the classification results and reference data [48]. From the transition matrix of the reference and prediction data, we attained the values of producer and user accuracy, and omission and inclusion errors per identified thematic class, as well as the overall accuracy of the classification. After verifying its concordance, the LULC map was used as a database to interpret the basin’s general characteristics and the integrity of its water courses. After the field visit to apply the WEI protocol, we performed a correlation test to verify the association between field results and the LULC map.




3.2. Integrated Protocol for Assessing Water Ecosystem Integrity (WEI) in the Cerrado–Atlantic Forest Interface


A GIS-based field-visit approach was used to assess the integrity of the basin’s water courses after the LULC data were analyzed to determine the basin’s general characteristics, such as the areas of LULC classes, percentage of native vegetation in relation to the basin’s total area, and integrity and support of the riparian forest (permanent protection area, PPA, protected by law) along the water course, particularly in areas with springs. LULC data from the basin were also used as a reference map during the field visit to apply the WEI protocol.



Based on this, WHEBIP was adapted to the LULC characteristics of the basin and the transitional Brazilian Cerrado–Atlantic Forest interface (Table 2). The protocol comprised 12 metrics scored for stream segments defined using an upstream source or tributary confluence and a downstream confluence with another stream segment or terminal water body [12]. In item 1, the basin’s LULC classes described the dominant riparian coverage in the stretch. In addition, we added item 4 to identify the sequential stage of the native vegetation of the riparian forest along the water course, according to Brazilian legislation [49].



Table 3 presents RAP, composed of a questionnaire with 10 parameters used to verify environmental characteristics and their alterations, and 12 parameters used to assess aquatic habitat conditions and anthropogenic changes. Some parameters were excluded from the WEI protocol to avoid obtaining repetitive data due to joint use with WHEBIP. In sum, 23 parameters of the basin’s water ecosystem integrity were evaluated through these means. The WEI protocol was applied by five members of the Hydrometry Center from the Center for Water Resources and Environmental Studies at the University of São Paulo, São Carlos’s School of Engineering.



The parameters obtained during application of the WEI were weighted to reflect the expected relative importance of each attribute in determining the integrity of the local flow [12]. For each metric, the scoring criteria that best described the features interpreted from LULC and field visit were used. For example, when scoring the first metric, dominant riverine land cover, assume that the segment of interest flows through pasture or agriculture. The score assigned to this metric would be 5. However, if the stretch flowed through native vegetation or Brazilian Cerrado, but there were indications that cattle routinely entered the forest (as evidenced by a network of trails), the score would be recorded as 20 to reflect the riverside vegetation composed of a wooded pasture [12]. This score represented the average value for an area characterized by forest (35) and pasture (5). The sum of the scores for all metrics was compared with the associated score ranges and health ratings, viz. ≤180 poor, 181–359 fair, 360–575 good, 576–710 very good, and 711–815 excellent. WEI ratings were intended to reflect the specific habitat and community characteristics noted in Table 4.



Table 5 describes the waterway and geographic coordinates of the integrated basin protocol application points.





4. Results


4.1. Spatial Evaluation of LULC in the Transitional Cerrado–Atlantic Forest Interface


An analysis of the results attained with the classification of the basin’s LULC was conducted using the confusion matrix. The global accuracy was 99.43%. Figure 2 depicts the relation between producer (PA) and user (UA) accuracy and between omission (OE) and inclusion (IE) errors for each thematic class. In general, the thematic classes obtained high PA and UA values, except for Urban and Flooded areas. The rates for the Urban area were 34.78% (PA) and 88.89% (UA), and 85.71% (PA) and 100% (UA) for the Flooded area. The errors in the transition matrix indicated some confusion in identifying these classes. For the Urban area, seven pixels were classified as Exposed Soil, five pixels as Agriculture, two pixels as Brazilian Cerrado, and one pixel as Pasture, yielding an OE of 65.22%, while for the Flooded area, six pixels were classified as Native Vegetation and one pixel as Reforestation, yielding an OE of 14.29%.



Table 6 presents the basin’s areas and occupancy. The identified classes were Agriculture, Water, Flooded area, Urban area, Brazilian Cerrado, Native Vegetation, Pasture, Reforestation, and Exposed Soil, with a prevalence of Exposed Soil, Reforestation, and Pasture, with approximately 51, 39, and 34 km2, respectively. The least common classes were Agriculture, Water, and Flooded area, with some 6, 6, and 19 km2, respectively. LRHB` LULC comprise 20.88% of Native Vegetation (Atlantic Forest) and Brazilian Cerrado. Government conservation and preservation actions were identified through research at the Itirapina Experimental Station, with Reforestation activity occupying 17.62% of the watershed. Human activities were present in half (approximately 50.23%) of the basin, comprising Agriculture, Urban area, Pasture, and Exposed Soil.



Figure 3 depicts the basin’s land use and occupation, with the integrated basin protocol’s application points and the drainage network of the water courses. The LULC map was used as a field reference for applying the integrated base protocol.



Figure 4 presents a scatterplot to demonstrate the association between the field results and the LULC map. Table 7 demonstrates the comparison between the data obtained from the WEI protocol (LULC) and the data obtained from the spatial analysis. Of the eleven field collection points, six points were identified as containing pairs of equal land-use classes. Therefore, on the scatterplot it was only possible to visualize five points containing different land-use class pairs. However, the results showed a favorable correlation coefficient (0.79) and determination coefficient (0.63).




4.2. Evaluation of Water Ecosystem Integrity in the Lobo Reservoir Hydrographic Basin


Figure 5 shows the score obtained from applying the integrated basin protocol WEI for each point and photographs of the application points. The head springs of the main contributors to the Lobo Reservoir were in the south of the basin in the upper reaches of the Itaqueri River and Lobo Stream water courses, as depicted in Figure 1. The locations of the head springs were verified in the field and corresponded to points Itaqueri 1 (It1) with poor and Lobo 1 (Lb1) with regular scores. The two regions constituted the LULC classes of Pasture and Agriculture, which corresponded to alteration of the landscape and ecosystem environment from anthropic activities. At point It1, changes were found in the drainage channel and water dam, making the site dry. At point Lb1, evidence of cattle access was found, such as footprints, erosion, and reduced stream flow.



Points It2, It3, It4, Lb2, Lb3, and Lb4 corresponded to the middle and lower course of the Itaqueri River and Lobo Stream water courses. The sites evidenced greater integrity than the head spring points. Points It2 and Lb3 were rated as good and very good, respectively, with a greater presence of water, less traces of cattle access, less alteration of the landscape from anthropic activities, and less PPA degradation. Points Lb2 and It3, on the other hand, were rated with a fair score, reflecting changes in the landscape from the construction of roads and highways, access by cattle, and lack of conservation activity to safeguard the PPA integrity.





5. Discussion


The basin can be considered as a well-preserved watershed, except for its southern region. The results presented in this study indicate that 20.88% of the watershed is composed of native vegetation (Atlantic Forest) and Brazilian Cerrado. In addition, 17.62% is made up of a reforestation area (Itirapina Experimental Station) dedicated to scientific research. Native vegetation, Brazilian Cerrado, and reforestation occupy a total of 38.5% of the hydrographic basin and correspond to the remaining conservation areas.



The basin’s southern region, however, where the courses of the Itaqueri River and Lobo Stream waterways lie, has two points with severe levels of environmental degradation from anthropic activities. During the application of the integrated basin protocol WEI at point It1, landscape completely altered and devoid of native vegetation was seen, and at point Lb1, the native vegetation corresponded to secondary forest in an initial-to-medium stage of regeneration. The points observed in the places of head springs (It1 and Lb1) had poor and fair conservation levels, representing the worst states of ecosystem integrity in the LRHB. In addition, fragments of remaining native vegetation were found, and applying the integrated basin protocol identified their state of ecological succession. According to the National Environmental Council (CONAMA in Portuguese) resolution [49], primary vegetation is represented by maximal local expression with broad biological diversity, minimal anthropic effects to the point of not significantly affecting its original characteristics of species and structure, while secondary or regenerating vegetation is the result of natural succession processes following total or partial suppression of primary vegetation, in which the remnants of primary vegetation may occur.



The points rated as poor, fair, and good by the integrated basin protocol indicate regions that require governmental intervention for the restoration, recovery, maintenance, and improvement of the ecosystems. Brazilian environmental legislation is broad and provides conditions for rural landowners to carry out recovery plans for such areas. Modern and innovative methods include payment for environmental services, in which management is based on the economic valuation of nature and, consequently, on the distribution of financial incentives to those responsible for environmental preservation [50]. The maintenance of preserved areas, often perceived as a loss, thus becomes profitable. The Water Producer Program uses the incentives in its projects as a way of valuing the work of the rural producers in ensuring proper conservation practices in rural properties and reforestation areas [50].



Methodological Discussion


The WHEBIP provides the rapid assessment of water ecosystem integrity in watersheds with riverine and sub-basin features derived primarily from aerial imagery and topographic maps. Its calibration is based on the relationship between the WHEBIP scores, and field data collected in the French Creek watershed, NY [12]. Further research conducted in the Cussewago Creek watershed (PA) indicates that the WHEBIP can be used as a quick assessment tool for generalized water course integrity. However, as it is a protocol based on observations from remote sensing data, it is subject to subjectivism, and it is necessary to consider uncertainties. For this reason, [12] recommend that the protocol be used primarily as a stratification tool to guide the classification of the integrity of water courses in watersheds. In the present study, the WHEBIP was applied in conjunction with the RAP to form the integrated basin protocol, WEI. Thus, the WHEBIP parameters were observed in the field work of the WEI protocol, reducing the uncertainties of the applied methodology. Furthermore, it was possible to validate the LULC map from spatial evaluation (confusion matrix) and correlation indices between field data and data obtained from GIS.



As assessed with category metrics in some studies, in general, the integrity of water courses gradually decreases as anthropic effects increase [21,51]. This pattern is particularly noticeable along the middle and lower part of rivers and their tributaries where anthropic pressure is most evident [21]. An analogous pattern of decline has also been observed in other studies [51,52]. According to the latter study, the ecological conditions, and the diversity of habitats in the stretches of the basin showed that, as it is an urban stream, the anthropic influence has become an important factor for the low levels of maintenance of the watersheds. These same ecological conditions were identified at most sampling stations along the Vermelho Stream in Minas Gerais, Brazil [52]. The results of the present study demonstrated the opposite. In the basin, the regions identified with poor and fair ecosystem integrity are close to the head springs of its principal rivers in the basin, while those corresponding to the medium and lower water courses are well-preserved due to the existence of environmental conservation activities protected by decrees. This demonstrates the effectiveness of the integrated protocol assessment WEI in identifying the parts with low conditions of ecosystem integrity in the rivers and streams, thus pointing out the places where the actions of restoration and maintenance of the habitat diversity need to be intensified.



The most frequently mentioned anthropogenic pressures are changes in natural cover, increased intensity in land use, impermeable surfaces, and hydromorphological disturbances [10,11]. Increased human pressures impair water quality and physical habitat quality and ultimately lead to changes in stream communities [8]. According to [52], assessing habitat diversity is an important tool in addressing the health of aquatic ecosystems due to the strong relationship between habitat availability and aquatic diversity. In addition, combining information from biophysical characterization with spatial analysis provides evidence for the ability of a stream to support a healthy aquatic community and the presence of chemical and organic pollution in the aquatic ecosystem.



As a suggestion for future work, we emphasize the importance of applying the methodology at other scales, such as, for example, integrating biological condition data with landscape integrity information at a multiscale level; relate stream condition to three different scales of landscape integrity (stream reach, catchment scale, and watershed scale) [53] and associate the WEI protocol to different types of landscape indicators.





6. Conclusions


This study developed a methodology based on GIS and field evaluation to identify ecosystem integrity in water courses in a transitional Brazilian Cerrado–Atlantic Forest interface. The method was used efficiently and effectively to inform land-use planning and management to sustain the ecosystem. The authors applied the integrated basin protocol WEI in the field, obtaining additional data on ecosystem integrity for each water course comprising the basin. While springs were identified in an intense process of degradation from anthropic activities, the basin also evidenced significant environmental conservation activities from the middle to lower courses of its waterways, which has maintained a considerable portion of its vegetal remnant. Furthermore, the Brazilian Cerrado, once deemed in the process of extinction, has been preserved through a conservation unit protected by Brazilian environmental legislation.



The integrated basin protocol WEI has proven to be effective and efficient in identifying regions that require government action in collaboration with landowners to promote economic development that supports environmental sustainability. The protocol enabled the verification of the general environmental conservation status of the Lobo Reservoir Hydrographic Basin, while identifying adverse impacts to the ecological integrity of its water course.
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Figure 1. Lobo Reservoir Hydrographic Basin (LRHB) location. (A) South America and Brazil states; (B) São Paulo State; (C) Waterway drainage system and hydrographic basin contour lines of LRHB, with water courses and Water Ecosystem Integrity (WEI) points. 
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Figure 2. Accuracy of the transition matrix for each thematic class of LRHB, including Producer and User accuracies, and Omission and Inclusion errors. 
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Figure 3. LULC map with integrated basin protocol WEI application points. 
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Figure 4. Associations between scores on the LULC map and results of land use extracted from the WEI protocol. 
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Figure 5. Integrated basin protocol WEI score for each application point with photographs for each location visited. 
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Table 1. Data type, date of acquisition, source, acquisition, and scale or resolution of spatial data used to identify Water Ecosystem Integrity of rivers and streams.
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Data Type

	
Date of

Acquisition

	
Source

	
Acquisition

	
Scale or

Resolution






	
LULC

	
September

2022

	
Satellite image

Sentinel-2A

	
USGS [44]

	
10 m/20 m




	
Waterway

drainage system

	
2015

	
Digital Elevation Model (DEM), Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)

	
United States Geological Survey (USGS) [45]

	
1:50,000




	
Hydrographic

basin contour lines
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Table 2. Watershed Habitat Evaluation and Biotic Integrity Protocol (WHEBIP) adapted to land use/land cover of the LRHB characteristics and Brazilian legislation.
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Parameters

	
Description

	
Rating






	
1. Dominant riverine land cover

	
Native vegetation, Brazilian Cerrado

	
35




	
Flooded area, reforestation

	
25




	
Pasture, agriculture

	
5




	
Urban area, residential/commercial construction, exposed soil

	
1




	
2. Estimated PPA width; mark all

other ground cover as 1.

	
>30 m

	
35




	
5–30 m

	
25




	
<5 m

	
1




	
3. Continuity of riparian canopy

along waterway

	
Without breaks

	
35




	
Breaks comprise up to 10%

	
25




	
Breaks comprise between 10% and 50%

	
10




	
Breaks comprise between 50% and 100%

	
1




	
4. Succession stage of native vegetation of riparian forest along water course

	
Primary forest, secondary forest in

advanced regeneration

	
50




	
Secondary forest in initial-to-medium regeneration

	
25




	
Degraded forest, any land use

	
1




	
5. Wetlands

	
Wetlands dominate riparian area

	
20




	
Wetlands comprise up to 50% of riparian area

	
10




	
Absence of wetlands

	
5




	
6. Estimated percent of land cover

beyond riverside area, such as agriculture, urban areas, roadways, or industrialization

	
<25%

	
25




	
25–49%

	
15




	
50–74%

	
5




	
>75%

	
1




	
7. Estimated percent of land cover beyond riparian area

as native vegetation.

	
>75%

	
35




	
Between 50% and 75%

	
20




	
25–49%

	
10




	
<25%

	
1




	
8. Riverine coverage for upstream segments, including tributaries converging into water course

	
Native vegetation, Brazilian Cerrado

	
50




	
Wetland, reforestation

	
40




	
Pasture, agriculture

	
10




	
Urban area, residential/commercial

construction, exposed soil

	
1




	
9. Sub-basin land cover for upstream segments, including tributaries converging into water

	
>75% intact

	
30




	
50–75% intact

	
20




	
25–49% intact

	
10




	
<25% intact

	
1




	
10. Flow segment sub-basin land gradient

	
Low

	
20




	
Moderate

	
15




	
High

	
10




	
11. Point source pollution, e.g., sewage treatment plants, mines, construction, stockyards, cattle trails

	
No probable identified

	
25




	
Point source likely in drainage area

	
10




	
Point source likely adjacent to flow

	
1




	
12. Roads, e.g., logging, farm, gravel, crossings with bridges or culverts

	
Without roads

	
25




	
Roads within 30 m of stream

or crossing with bridges or culverts

	
10




	
Stream bed crossings or active construction

	
1




	
13. Conservation measures, such as riverside fencing, soil conservation, set-aside. Rate areas dominated by forests and wetlands at 25 rating.

	
Conservation measures for more than 10 years

	
25




	
Conservation measures for 5–10 years

	
15




	
Conservation measures for less than 5 years

	
10




	
Absence of conservation measures

	
1








Adapted from [12].
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Table 3. Rapid Assessment Protocol for Habitat Diversity (RAP) adapted to tropical regions of transitory Brazilian Cerrado–Atlantic Forest interface.
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Parameters

	
Description

	
Rating






	
14. Erosion at or near margins

and silting of water course bed

	
Absent

	
35




	
Moderate

	
25




	
Significant

	
1




	
15. Water odor

	
None

	
35




	
Sewer (rotten egg)

	
10




	
Oil/industrial

	
1




	
16. Type of bottom of the river

	
Oil/industrial

	
35




	
Mud and/or sand

	
25




	
Cement/plumbing

	
1




	
17. Habitat types of the bottom of the river

	
Habitat > 50% diversified

(Submerged trunk/gravel)

	
50




	
Habitat between 30% and 50% diverse, suitable

to sustain aquatic populations

	
40




	
Habitat between 10% and 30% diverse,

insufficient with substrata modification

	
10




	
Habitat <10% diverse, evidently deficient with unstable rocky substrate for fixation of organisms

	
1




	
18. Extensive rapids

	
Well-developed rapids, as wide as

the water course and twice its width in length

	
50




	
Equal in width to water course

but less than twice its width in length

	
40




	
Fast stretches may be absent and are not as wide as water course and less than twice its width in length

	
10




	
Absence of rapids

	
1




	
19. Frequency of rapids

	
Relatively frequent, with distance between rapids divided by water course width between 5 and 7

	
50




	
Infrequent, with distance between rapids

divided by water course width between 7 and 15

	
40




	
Occasional, with distance between rapids

divided by water course width between 15 and 25

	
10




	
Generally, with smooth water or shallow rapids,

with distance divided by water course width > 25

	
1




	
20. Sedimentary deposit

	
Less than 5% of by water course bed with mud deposits and absence of deposition in backwaters

	
35




	
Some evidence of bottom modification, mainly as gravel, sand, or mud build-up, with 5–30% of bed affected and mild deposition in backwaters

	
20




	
Moderate deposit of gravel, sand, or mud on banks with 30–50% of bed affected and

moderate deposition in backwaters

	
10




	
Large mud deposits and increased bank development with > 50% of bed modified and backwaters absent

due to significant sediment deposition

	
1




	
21. Channel alteration

	
Normal by water course pattern with channeling (rectification) or dredging absent or minimal

	
35




	
Some channeling, usually near bridge construction, evidence of changes over decades

	
20




	
Some modification on both banks

with 40–80% of the by water course altered

	
10




	
Bank modifications affecting > 80% of waterway

	
1




	
22. Flow characteristics

	
Relatively equal flow across the by water course width

with minimal exposed substrate

	
40




	
Water depth > 75% of by water course channel

or < 25% exposed substrate

	
20




	
Water depth 25–75% of channel and/or

most substrate in rapids exposed

	
10




	
Water depth scarce and present only in backwaters

	
1




	
23. Plants

	
Small aquatic macrophytes, mosses,

or both distributed over bed

	
40




	
Aquatic macrophytes, filamentous algae, or mosses in waterway with substrate with periphyton

	
30




	
Filamentous or macrophyte algae on few rocks or some backwaters with abundant periphyton and biofilm

	
20




	
Absence of aquatic vegetation on bed

or large macrophyte banks such as water hyacinth

	
10








Adapted from [35,36,37].
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Table 4. Water course integrity via LULC interpretations of waterside, sub-basins, and field visits.
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	Poor
	Fair
	Good
	Very Good
	Excellent





	Riparian zone
	Intensive land use with or sparse woody riparian zone
	Narrow woody riparian corridor or pasture with intensive land use and frequent breaks
	Riparian corridor > 10 m wide with moderate use and occasional breaks
	Riparian corridor > 30 m wide with low to moderate use and few breaks
	Forested riparian corridor > 50 m wide with few or no breaks



	Drainage canal
	Unstable with sediment bars, plumbing and/or low unstable benches
	Largely unstable with gravel bars and low unstable banks
	Largely stable with gravel bars and moderately stable banks with some undercutting
	Stable, with occasional gravel bars and largely stable banks with little undercutting
	Stable with sparse gravel bars and stable banks with little undercutting without support



	Substrate
	Dominated by fine, largely homogenous particles
	Gravel and embedded cobblestones with few gaps
	Gravel and cobblestones with obvious sediment and gaps
	Gravel, cobblestones and boulders with light sediment and obvious gaps
	Gravel, cobblestone, and boulders with little or no sediment and obvious gaps



	Biotic integrity
	Mats of macrophytes or algae, sparse rheophilic fish, and low benthic species richness
	Mats of macrophytes or algae, few rheophilic fish, benthos-tolerant with moderate species richness
	Sparse macrophyte or algae patches, some Theophilus fish, moderate benthic species richness
	Some algae and/or moss stains, common rheophilic fish, high benthic species richness
	Some algae and/or moss stains, common rheophilic fish, high richness of benthic species







Adapted from [12,25].
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Table 5. Integrated basin protocol WEI application points.
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Point

	
Description

	
Water Course

	
Geographic Coordinates






	
It1

	
Head spring (farm)

	
Itaqueri

	
22°20′27.60″ S

	
47°55′17.72″ O




	
Lb1

	
Head spring (farm)

	
Lobo

	
22°18′42.03″ S

	
47°56′15.59″ O




	
It2

	
Proximate to dirt road

	
Itaqueri

	
22°18′43.50″ S

	
47°52′47.80″ O




	
Lb2

	
Proximate to dirt road

	
Lobo

	
22°17′20.50″ S

	
47°55′35.30″ O




	
Lb3

	
Proximate to highway

	
Lobo

	
22°15′54.23″ S

	
47°54′42.36″ O




	
It3

	
Proximate to highway

	
Itaqueri

	
22°15′29.90″ S

	
47°51′53.20″ O




	
It4

	
Ecological Station (Itirapina)

	
Itaqueri

	
22°13′27.79″ S

	
47°54′03.56″ O




	
Lb4

	
Experimental Station (Itirapina)

	
Lobo

	
22°14′41.57″ S

	
47°51′43.08″ O




	
Ab1

	
City of Itirapina, SP

	
Água Branca

	
22°14′56.69″ S

	
47°49′08.47″ O




	
Ab2

	
Proximate to highway

	
Água Branca

	
22°13′52.90″ S

	
47°51′12.10″ O




	
G

	
Proximate to highway

	
Geraldo

	
22°12′22.70″ S

	
47°52′16.90″ O
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Table 6. Area and basin occupancy rate for each LULC class of the LRHB.
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	Class
	Area (km2)
	Occupancy





	Agriculture
	5.85
	2.64%



	Water
	5.87
	2.65%



	Flooded area
	19.10
	8.62%



	Urban area
	20.26
	9.14%



	Brazilian Cerrado
	22.73
	10.26%



	Native Vegetation
	23.54
	10.62%



	Pasture
	34.24
	15.45%



	Reforestation
	39.05
	17.62%



	Exposed Soil
	50.96
	23.00%



	Total
	221.60
	100%
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Table 7. Land-use classes identified during the application of the WEI protocol (Field Analysis) in comparison with the land-use classes identified in the spatial analysis.
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	Point
	Field Analysis
	Spatial Analysis





	It1
	Pasture or Agriculture
	Pasture or Agriculture



	Lb1
	Pasture or Agriculture
	Pasture or Agriculture



	It2
	Native Vegetation or Brazilian Cerrado
	Native Vegetation or Brazilian Cerrado



	Lb2
	Native Vegetation or Brazilian Cerrado
	Native Vegetation or Brazilian Cerrado



	It3
	Urban Area or Exposed Soil
	Flooded Area or Reforestation



	Lb3
	Native Vegetation or Brazilian Cerrado
	Flooded Area or Reforestation



	It4
	Native Vegetation or Brazilian Cerrado
	Flooded Area or Reforestation



	Lb4
	Native Vegetation or Brazilian Cerrado
	Native Vegetation or Brazilian Cerrado



	Ab1
	Urban Area or Exposed Soil
	Urban Area or Exposed Soil



	Ab2
	Native Vegetation or Brazilian Cerrado
	Native Vegetation or Brazilian Cerrado



	G
	Native Vegetation or Brazilian Cerrado
	Urban Area or Exposed Soil
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