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Abstract Water resources availability is increasingly con-
strained, considering the quality and quantity available for
use. There is an urgent need of recovering this availability,
focusing on the planning and management process of water
supply systems. One of the main threats to water resources is
related to erosion effects, namely widespread pollution load
and the silting of watercourses and reservoirs useful life
reduction. The objective of this study was to evaluate water
supply systems environmental fragility within the Paulista
Macro Metropolis area and to use the results to develop
environmental zone classes to orient territorial planning. The
study was conducted in seven superficial water supply sys-
tems of the aforementioned region. Environmental fragility
evaluation was focused on four environmental variables that
represent natural vulnerability to erosion, and 2015 land
cover map to delineate human influence on erosive pro-
cesses. Results indicate that Tieté River water supply sys-
tems, namely Piracicaba, Capivari and Jundiai (PCJ) and
Itupararanga systems, can be considered the most fragile
water supply systems in the study area. The environmental
fragility map was used to derive the environmental zoning
map, including conservation and priority areas, suitable re-
gions for agriculture expansion, and areas with high needs
for restoration efforts. In addition, environmental fragility
framework herein can be viewed as a model with high
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replication potential for regional planning and management
in that land cover can be manipulated to minimize environ-
ment natural vulnerability, guiding territorial occupation
toward a more sustainable landscape design, which subsi-
dizes water resources multiple uses.

Keywords Water resources planning - Land occupation -
Basin management - Erosion

Introduction

Aquatic sediment input leading to water supply degrada-
tion is a worldwide problem (Crane 2003; Wang et al.
2013). Constraints on an important natural resource should
drive new investment and prompt policies to increase its
protection, productivity of demand and supply expansion.
Even so, for water, notably one of the most constrained and
valuable resources we have, this does not seem to be
happening, as management is often poor, economic data
are insufficient and stakeholders are insufficiently linked
(Addams et al. 2009). Consequently, one great difficulty
faced by planners and decision-makers is how to initiate
planning interferences that will prevent chaotic events
(Bertolo et al. 2015), such as recent water scarcity crisis
that S@o Paulo State in Brazil faces, since 2013. Manage-
ment is often opaque, assigning water stress responsibility
to climate change (Jacobi et al. 2015), whereas it should
guide practices for a given territory based on the landscape
processes and their consequences. As a result, many
countries struggle to implement fact-based water policies,
and water resources face many threats triggered by inade-
quate land use and occupation.

Natural resources exploitation drives different types of
disturbances in the natural environment, set of scales with
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differing impacts, depending on the resistance degree of
each ecological component (Dalla Corte et al. 2015).
Hence, according to Sporl (2001) when an environment is
significantly altered, various types of issues are triggered
by a disruption in the ecological state of dynamic equi-
librium. Sporl and Ross (2004) state that any alterations in
soil, vegetation cover, topography, climate and water
resources compromise the functionality of the system.
Integrated analysis of the environmental potentialities, i.e.,
using natural characteristics and human influences, makes
it possible to evaluate the resistance degrees of each eco-
logical component, facilitating the environmental planning
process and guiding territorial occupation decision-making
(Sporl 2001; Kawakubo et al. 2005; Furlan et al. 2011).

The aforementioned resistance degree can be expressed as
the environmental fragility, i.e., concept that encloses the
natural vulnerability of an environment according to its
physical characteristics (e.g., relief, soil types), named,
potential fragility, and emergent or environmental fragility,
which encompasses the potential fragility coupled with land
cover and land use effects on the given environment
(Kawakubo et al. 2005). The environmental fragility model
consists in an integrated approach, derived from the ecody-
namics theory (Tricart 1977), that can indicate the level of
susceptibility which the system is subject by certain actions.
Ross (1994) states that the environmental fragility ecological
approach relies on the systems theory perspective, whereby
natural energy and matter exchanges are carried out through
dynamic equilibrium relations. However, according to the
author, this equilibrium is constantly disrupted by human
interventions.

Natural vulnerability coupled with inadequate land use,
e.g., intensive agricultural practices, vegetation removal,
urban conversion, leads to shifts in the hydrological cycle,
that can cause increased runoff, resulting in massive ero-
sive processes (Uddin et al. 2016). Despite being a
worldwide problem, erosion occurs more intensively in
countries with tropical climates such as Brazil where broad
areas are affected by these processes (Dorici et al. 2016).
Bertoni and Lombardi Neto (1999) state that the country
loses approximately 500 million tons of soil annually, i.e.,
the state of Sdo Paulo represents 25% of this amount.
Regarding water supply, intensive erosive processes cause
widespread pollution and the silting of watercourses and
reducing reservoirs useful life (Zhao et al. 2013; Dorici
et al. 2016).

Taking the Paulista Macro Metropolis (MMP) area in
the southeast of Brazil as a case study, this paper applies
spatial analysis techniques to investigate water supply
systems environmental fragility to erosive processes and
define adequate criteria to subsidize the environmental
zoning toward a more sustainable landscape design, which
assure water resources multiple uses and, ultimately,
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provide useful information for decision-makers and plan-
ners to take appropriate land-management measures within
the region.

Materials and methods
Study area

The study was conducted in the MMP, which encompasses
52,000 km?, 180 cities, and holds about 31 million inhab-
itants, i.e., almost 75% of State’s population (Fig. 1). In
this region are located the metropolitan regions of Sdo
Paulo, Baixada Santista, Campinas and Vale do Paraiba/
North Coast, as well as urban agglomerations of Jundiai,
Piracicaba and Sorocaba (DAEE 2013). In a general basis,
the region climate is described by the Koppen Climate
Classification System (1948) as warm, moist temperate
(EMBRAPA 2003).

The greatest part of region territory is inserted in Tieté
River Basin, upstream of the Barra Bonita Reservoir, as
well as the Southeast Atlantic River Basin (Fig. 1). The
Tiet¢e River Basin belongs to the Parana River Basin,
879.873 Km? area, and the main watercourses are the
Tieté, Grande and Paranapanema rivers, and it is situated in
the Atlantic plateau, characterized by highlands, i.e.,
cambro-ordovician rocks and pre-Cambrian crystalline, cut
by basic and alkaline Mesozoic intrusives and by sedi-
mentary basins of Sdo Paulo and Taubaté coverages. It
encloses areas of extensive urbanization including the city
of Sao Paulo and most of the municipalities that integrate
the metropolitan region of Sdo Paulo.

The Southeast Atlantic River Basin encompasses an area
of 214.629 km?, mostly dominated by humid subtropical
climate as described by the Koppen Climate Classification
System (1948) as warm, moist temperate, and the Paraiba
do Sul and the Doce Rivers consist in the most important
watercourses in the basin. This region is characterized for
elevated population contingent and for its economical and
industrial importance. Due to economic activities, most of
the Atlantic Forest was devastated, remaining as scarce
riparian vegetation fragments.

To better analyze the MMP water supply fragility
regarding impacts of erosive processes, we focused on the
seven most important hydric resources systems that inte-
grate a crucial set of water bodies for the State used for
water supply, i.e., Alto Cotia, Alto Tiet€, Cantareira,
Guarapiranga—Billings, Itupararanga, Piracicaba—Capivari—
Jundiai (PCJ) and Paraiba do Sul (Fig. 1). It is important to
notice that the aforementioned water supply systems were
delimited by official data of water collection points’ loca-
tions and their input hydrographic basins obtained from
Brazilian National Water Agency database.
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Fig. 1 MMP, Parana and southeastern basins and the seven most important hydric resources systems analyzed herein

Thematic maps variables

All variables that encompassed environmental maps uti-
lized in fragility analysis consisted of secondary spatial
data, except for relief and land cover information. The
geological and the soil variables were acquired from the
original source in 1:250,000 scale, whereas the precipi-
tation, relief and land cover map were generated in
1:50,000 scale. A summary of the steps used for the
environmental fragility and environmental zoning analysis
is shown in Fig. 2. Further detailed description of envi-
ronmental fragility thematic maps construction is pre-
sented below.

Soils and geological information were obtained from the
Technological Research Institute digital database, that is
part of the Project “Sdo Paulo State erosion and flooding
points registration” (IPT 2012). The environmental fragi-
lity classification for the soil and geological maps followed
the United States soil taxonomic classification (United
States 1975) and the methodologies of Ross (1994), Sporl
(2001) (Tables 1, 2). For instance, soils such as latosols are
classified as having low erosion susceptibility, while

cambisols and neosols are considered as having high and
very high erosion susceptibility.

A rainfall historical dataset from 1251 pluviometric sta-
tions was obtained from the Sao Paulo State Water and
Energy Department (DAEE). The precipitation station his-
torical series (from 1945 to 2014) was geocoded and orga-
nized, and the monthly normal was calculated. The data were
interpolated for each month, using the inverse distance
weight method, which is based on the spatial dependence
among the dataset (Varella and Sena Junior 2000).

The classification of the precipitation fragility was per-
formed according to Sporl (2001) and Crepani et al. (1996)
proposition (Table 3). In order to analyze the precipitation
fragility according to the proposed thresholds and define
seasonal rainfall intensity, the study area was subdivided into
watersheds. Each watershed was analyzed considering the
average monthly rainfall, and the fragility classes were
attributed.

In order to add information and enhance the analysis
relief describers, such as vertical and horizontal curvatures,
elevation and hydric density were considered in addition to
the slope. These variables were used to produce relief
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Fig. 2 Flowchart illustrating the methodology used in this study
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Table 1 Soils final values and
the respective fragility levels.

Source Based on Crepani et al.
(1996), Sporl (2001, 2007),
Ross (1994)

Soil types Fragility
Purple ferralsols, dark red ferralsols and red-yellow ferralsols with clayey texture 1
Yellow ferralsols and red-yellow ferralsols with medium/clayey texture 2
Acrisols, Terra Roxa soils and Terra Bruna soils with medium/clayey texture 3
Acrisols with medium/sandy texture and cambisols 4
Podzols, rocky, quartz sands and urban areas 5

subdivisions that summary the main information and better
describe the relief characteristics. The procedure was based
on the Dragut and Eisank (2012) adaptation described in
Manfré et al. (2015). Therefore, Object-based Image
Analysis (OBIA) was applied on TOPODATA products
(Valeriano and Rossetti 2012), according to the following
steps (Fig. 3):

1. Segmentation:

(a) Variables: horizontal curvature, vertical curva-
ture, hydric density, elevation and slope
(b)  Scale factor: 82

@ Springer

2.

Compactness factor: 0
Shape factor: 0

Class hierarchy:

Slope lower than 8%

@
(i)

Concave horizontal curvature
Convex horizontal curvature

Slope between 8 and 20%

®
(i)

Concave horizontal curvature
Convex horizontal curvature
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Table 2 Geology final values
and respective fragility levels.
Source Based on Sporl (2007)
and Sporl (2001)

Rock types Litology Fragility
Metamorphic Quartzites ou metaquartzites
Igneous Rhyolite, granite, dacite

Igneous intrusive
Metamorphic
Igneous intrusive
Igneous

Igneous intrusive

Metamorphic

Igneous and metamorphic

Igneous
Metamorphic
Metamorphic
Metamorphic
Metamorphic
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary

Sedimentary

Granodiorite, quartz diorite, granulites
Migmatites, gnaisses

Phonolite, nepheline-sienite, trachyte, sienite
Andesite, diorite, basalt

Anorthosite, gabbro, peridotite

Mylonites, muscovite-quartz, biotic-shale, chlorite-shale
Pyroxenite, kimberlite amphibolite, dunite
Hornblende, tremolite, actinolite-shale
Staurolite-shale, granitic shale

Phyllite, metassiltite

Slate, metargilite

Marble

Quartz sandstones or orthoquartz
Conglomerates, sub-graywackes
Graywackes, arkosic

Siltstone, mudstone

Shale

Limestones, dolomites, maris, evaporites

L L AR R R R WWWWWNNNND N~ =

Soft sediments: alluvium, colluvium

Table 3 Rainfall rates and the respective fragility levels. Source
Based on Sporl (2007), Crepani et al. (1996)

Rainfall intensity (mm/month)

Fragility

<50
50-75
75-100
100-125
125-150
150-175
175-200
200-225
225-250
250-275
275-300
300-325
325-350
350-375
375-400
400-425
425-450
450-475
475-500
500-525
>525

v L AR R R R W WWWWNNNND NN~ ==

(c) Slope greater than 20%

(i) Concave horizontal curvature
(ii))  Convex horizontal curvature

In the segmentation step, all variables received the same
weight, the compactness factor and the shape factor were
adjusted to zero to avoid format influences, and the scale
factor used was 82, following the same procedure of Dra-
gut and Eisank (2012), Manfré et al. (2015). The class
hierarchy step defined six final classes, according to the
slope and the horizontal curvature orientation. Table 4
presents relief descriptive variables and fragility criteria.

The land cover map was generated using supervised clas-
sification with support vector machine algorithm of six Landsat
8 (OLI) images from August to September 2015 with ENVI 5.3
(Exelis Visual Information Solutions, Boulder, Colorado). Six
land cover classes were defined according to the first two levels
of CORINE Land Cover (CLC) Programme framework (Bos-
sard et al. 2000). The following land use categories were
derived: water bodies, native vegetation, heterogeneous agri-
cultural areas, bare soil, urban areas and clouds.

The Normalized Difference Built-up Index (NDBI) was
applied, according to Zhou et al. (2014), using OLI bands 2
and 6, in order to enhance urban areas and bare soil class
separability. The accuracy was measured by the Kappa
index of agreement. Kappa values varied between 0.95 and
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Fig. 3 Flowchart illustrating the physiographic subdivision and OBIA parametrization

Table 4 Topographic variables used at the physiographic subdivi-
sion and respective fragilities

Table 6 Environmental fragility values standardized reclassification
in accordance to Ross (1994), Sporl (2001) methodologies

Slope Values (%) Horizontal curvature ~ Values Fragility Crepani’s class interval ~ Final value  Classification of fragility
Low <8 Convergent/divergent <0 or <0 1 1.0-14 1 Very low
Medium  8-20 Divergent >0 2 1.4-1.8 2 Low
Medium  8-20 Convergent <0 3 1.8-2.2 3 Medium
High >20 Convergent/divergent <0 or <0 4 2.2-2.6 4 High
2.6-3.0 5 Very high

Table 5 Land cover classes and the respective fragility levels

Class Fragility
Water bodies and clouds 0
Native vegetation 1
Heterogeneous agricultural areas 3
Urban areas 4
Bare soils 5

0.97, which indicates that the land use classification layer
was suitable for this study. The environmental fragility
levels of the land cover classes were classified following
Ross (1994) and Crepani et al. (1996) as shown in Table 5.

Environmental fragility map

The environmental maps used in the study were reclassified
into categories following the two methodologies proposed
by Ross (1994), Sporl (2001) both indicating the combi-
nation of the variables considering its environmental fra-
gility in accordance with Table 6.

@ Springer

Basically, the aforementioned methodologies classify
environmental fragility into five hierarchical categories:
The most stable variable has a value equal to 1, the inter-
mediate variable has a value equal to 3, and the most
vulnerable variable has a value equal to 5.

Potential environmental fragility maps were constructed
showing the erosion and sedimentation vulnerability
toward water supply reservoirs without human interfer-
ence. On the other hand, emerging fragility maps were
constructed showing the importance of human activities by
incorporating land cover information. The environmental
fragility maps were prepared using the simple mean of the
thematic maps, i.e., no differential weights were attributed
to utilized thematic variables. The software ArcGis® 10.3
was used to run the map algebra procedures.

Environmental zoning
After environmental fragility maps were generated (Fig. 1),

a regional-scale territorial zoning guide map was provided
for appropriate restoration areas and land use allocation



Environ Earth Sci (2017) 76:441

Page 7 of 13 441

based on Manfré et al. (2013). The most vulnerable areas
identified by the environmental fragility approach herein
presented, i.e., high and very high, that were classified as
agricultural and bare soil areas were considered restoration
priority zones. On the other hand, areas that exhibited
vegetated land cover were considered suitable as conser-
vation zones, whereas areas that exhibited agricultural and
bare soil land covers overlaid with low and medium fra-
gility values were considered as other uses zones. Con-
solidated zones were designated for urban areas and water
bodies encompassed hydric resources.

Results and discussion

A central theme in water resources availability is appro-
priate planning and management. In this sense, a current
challenge is to integrate demand’s managing and socioe-
conomic development in accordance with environmental
vocation and fragility (Sporl 2001; Silva and Santos 2004;
Manfré et al. 2013; Bacani et al. 2015; Dalla Corte et al.
2015; Cunha and Bacani 2016; Almeida et al. 2016). Sporl
and Ross (2004) stated that any change in the different
components of nature, e.g., relief, vegetation cover, soil
exposure, water resources and climate, might compromise
system functionality, disrupting its state of dynamic equi-
librium (Montafio and de Souza 2016). Our results suggest
that water supply systems environmental fragility analysis
can support the identification of key factors that have
predictable effect in water resources integrity and avail-
ability along MMP.

The analysis of individual environmental thematic maps
provided crucial information to understand the peculiarities
of the main erosive processes drivers along the study area.
According to IPT (2012) soil and geological maps coupled
with Ross (1994), Sporl (2001) soil fragility classification
methodology, almost all study area and water supply sys-
tems (i.e., almost 75%), especially PCJ, Alto Cotia and
Cantareira hydrographic basins, present fragile clay or
sandy soil typologies, e.g., argillic and sandy latosol soils
(IPT 2012; United States 1975).

The most common lithological occurrence in the study
area migmatites (29.33%), which are erosion resistant
rocks with low fragility levels. Similarly, the granitoids are
very resistant rocks with high distribution (14.98%) in the
study area. The environmental fragility of the geological
classes is mostly distributed between the classes “Low”
and “High.” However, some of the studied river basins as
Alto Tiet€, Cantareira, Guarapiranga—Billings and Paraiba
do Sul are predominantly classified as “Low Fragility.” On
the other hand, Alto Cotia and Itupararanga basins are
majorly classified as “High Fragility” and PCJ system is

mostly divided between “High” and “Very High” fragility
values.

Soil erosion consists in a two-stage process which
depends on water both soil particles detaching—mostly
due to rainsplashing, and transporting soil particles, i.e., if
rainfall exceeds the soil’s infiltration rate, surface water
runoff occurs (Le Bissonnais 2016). Sporl (2001), Dorici
et al. (2016) state that soil resistance to erosion is related to
soil texture, as well as to its physical and mechanical
properties, e.g., porosity, depth, structure, permeability and
stoniness. According to DEFRA (2005), soils with a high
sand or silt content are the most vulnerable. In contrast,
soils with higher clay content exhibit more stable soil
crumbs or aggregates and organic matter also influences
aggregate stability by its binding effect (DEFRA 2005).

In the same way as soil, the authors point those litho-
logical occurrences fragility is basically defined by the rock
type permeability and erosion resistance (Sporl 2001). In
the presence of tectonic or pressure relief fractures, the
rock exhibits lower endurance, favoring material losses
(Dethier et al. 2014). When water bodies are exposed to
fragile soils and rock types that are susceptible to sediment
losses, material input can lead to profound changes in
water resources. Sediment losses, loading and deposition
produce alterations in morphometry, by channel shallowing
and widening (Shields et al. 2010), and produce substrate
composition modifications, which can alter flux velocity
and habitat for aquatic fauna and flora removal (Cruz et al.
2013). Furthermore, sediment inputs contribute water
quality depreciation, through pollutants inputs; for
instance, dissolved solids enhance within the water col-
umn, affecting biochemical reactions (Humphries et al.
2011; Wang et al. 2013). Therefore, soil and lithological
information are embedded in the environmental fragility
approach herein, once it can influence a set of key aspects
of water resources integrity in a regional scale.

Erosion by water is the most common form of land
degradation worldwide and usually increases with agri-
cultural activity (Baptista et al. 2015). The rainfall analysis
showed that almost 74% of the study area exhibit
250-350 mm/month, which correspond to “medium”
rainfall erosive potential. However, the Alto Tiet€, Paraiba
do Sul and Guarapiranga—Billings basins were classified as
“High Fragility” and “Very High,” respectively, according
to Ross (1994), Sporl (2001). Rickson (2014) and Dorici
et al. (2016) affirm that rainfall plays a crucial role in
triggering erosion, resulting in sediment transportation to
water supply systems. In addition, Frey et al. (2015)
demonstrated that rainfall-induced runoff sediments can be
an important source of surface water pollution. For
instance, the authors demonstrate that runoff from exposed
sediments can be a source of pathogenic bacteria, i.e.,
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Campylobacter spp. and Salmonella spp. and many pollu-
tants, such as phosphorus (Frey et al. 2015).

The geomorphological subdivision provided a summary
of the main characteristics of the study area relief. The
slope and the horizontal curvatures defined the classes,
which helps to understand the geomorphological dynamics
and evidences important features and regions with rough
and steep slope relief. The main river and coastal plains, as
well as the main mountainous complexes and important
details of the relief, mainly close to the water supply
reservoirs. In this sense, the relief environmental fragility
presented most of the areas classified as “Medium” or
“High Fragility.” The Cantareira, Paraiba do Sul and Alto
Tieté River Basins had 80.36, 77.52 and 47.22% of its
areas classified as “High Fragility,” respectively. Alto
Cotia (49.21%), Guarapiranga—Billings (53.13%), Itu-
pararanga (45.32%) and PCJ (36.56) were majorly classi-
fied as medium fragility.

This paper presents an adaptation of Manfré et al. (2015)
methodology to obtain relief subdivisions. Considering the
objective of the environmental fragility analysis for the
water supply systems in the MMP, the usage of a classi-
fication based on several relief derivatives would not
enhance the final results in order to quantify the relief
contribution for the erosive dynamics on the water supply
systems (Silva Neto 2014). According to Valeriano (2008),
the horizontal curvature represents the dispersion and
accumulation capability of the superficial runoff. In this
sense, the usage of a classification tree based on the slope
and horizontal curvature presents a summary of the relief
subdivision focused on the sediments and pollution con-
tribution of each subdivision.

The classes that combined high slope and water accu-
mulation characteristics were classified as “High Fragi-
lity,” once these features accelerate the erosive and
pollution load on the water supply systems. Cantareira,
Paraiba do Sul and Alto Tiet€ systems were mostly clas-
sified as high fragility due to its location, within moun-
tainous regions with high drainage density.

Landscape is highly complex along the study area;
most of MMP exhibits a mosaic of urban and hetero-
geneous agricultural areas. The Paraiba do Sul and PCJ
basins exhibit the lowest percentages of native vegetation
cover, whereas forestry, pasture and crops and urban
land cover predominate, respectively. Most part of these
areas was classified as “medium” and “high” fragility.
Despite the great areas with human occupation along the
study area, the Alto Cotia, Guarapiranga—Billings and
Alto Tieté basins native vegetation corresponds to more
than half total basins area. These result may be due to
the fact that a large proportion of Alto Cotia basin
encompass the Morro Grande reserve, while the other
two aforementioned water supply systems are associated
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with Serra do Mar and Serra da Mantiqueira mountain-
ous regions.

Land cover was included in the environmental fragility
analysis, once human activities might represent a source of
pressure and impacts that can disrupt natural elements
stability. Furthermore, the land cover provides insightful
information about environmental and socioeconomic con-
text, which can be seen as an essential tool for land use
decision-making and water demand management (Sporl
2001; Montafio and de Souza 2016). Although the risk of
erosion by water occurs wherever soils are exposed to
heavy or prolonged rainfall, particularly those with a high
sand or silt content (Sporl 2001), problems with erosion
have become more apparent in recent decades owing to
changes in land cover and use, namely soil management
practices, cropping patterns, field sizes and livestock
enterprises. According to Le Bissonnais (2016), Rainsplash
is the most important cause of aggregate breakdown and
the detachment of soil fragments on cultivated land; how-
ever, it may also result from cultivation equipment or
livestock. For example, under continuous arable cropping,
reduction in organic matter content and soil aggregates
breakdown by cultivations will increase soil vulnerability
to erosion, compared with medium- to long-term leys
rotations (Rasmussen et al. 1998; Le Bissonnais 2016).
DEFRA 2005 state that, even when no sediment is carried
off farmland, runoff carrying soluble nutrients, recently
applied animal manures and pesticides can enter water-
courses, causing pollution. According to Glasson et al.
(2012), Montano and de Souza (2016), human activities—
reflected in land cover map, can interfere with hydrological
cycle, mainly through urban and vegetation removal and
agricultural conversion.

Moreover, land use is responsible for a great mount of
total solids delivered to water bodies (Uddin et al. 2016;
Silva et al. 2015); in fact, agricultural practices are esti-
mated to be responsible for 70% of nitrate and 30-50% of
phosphorus pollution (Kronvang et al. 1997; Kay et al.
2012) in aquatic systems. Furthermore, anthropogenic
activities usually represent major driving forces in water
supplies reservoirs eutrophication process acceleration due
to the input of phosphorus-concentrated products into water
bodies (Wang et al. 2013; Silva et al. 2015). This shows
why an efficient soil management and land cover planning
help water quality protection. In urban areas, impervious
(urban) surfaces can lead to increased runoff rates to the
detriment of water infiltration; as a consequence, several
pollutants are collected by increased runoff rates and vol-
umes, specially associated with rainfalls, favoring sediment
and pollutants loads.

Crane (2003), Collins and Zhang (2016) state that one of
the most pervasive global problems for freshwater envi-
ronments, scaling worldwide, is the excessive loadings of
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Fig. 4 Environmental fragility map for MMP water supply systems

sediment on water bodies. Foley et al. (2005) affirm that
these loadings are a consequence of anthropogenic actions
associated with the expansion and urbanization and more
intensive use of crop land, pasture and plantations (Baptista
et al. 2015) coupled with deforestation, whereas native
vegetation cover provides armoring effects protecting
water bodies banks protection against erosion (Pusey and
Arthington 2003) as illustrated by the increase in root
masses (i.e., coarse and fine roots influence soil resistance
and stability) in riparian zones with increased levels of
vegetation, as demonstrated by Ghestem et al. (2014).
Enhanced inputs of sediment to water bodies can alter
the physical, chemical and biological characteristics of the
aquatic environment and thereby constitutes an important
ecosystem stressor and water quality impairment factor
(Wang et al. 2013; Collins and Zhang 2016). Disruptive
consequences to water bodies encompass physical alter-
ation, e.g., reduction in the storage capacity of reservoirs,
wetland areas destruction, temperature change. Sediment
mobilization and delivery to surface water bodies play an
key role in the lixiviation and dispersal of nutrients
(Kronvang et al. 1997) and contaminants (Horowitz et al.

2012), which disrupt water quality for human consumption,
industrial and recreational uses (Collins and Zhang 2016).

The environmental fragility map for MMP (Fig. 4) was
generated through the overlaying of the thematic maps.
The analysis of the synthesis map and Table 7 permitted
the observation of the two most fragile water systems, PCJ
and Itupararanga. These systems encompassed 4.91 and
32.89% of the areas classified as “high” and/or “very
high.” We suspect that the high fragility exhibited by these
systems is attributable to the effects of vegetation cover
fragmentation in these basins that are associated with
massive human activities and coupled with fragile litho-
logical occurrences and soils with high loss susceptibility.

On the other hand, the lowest fragility values were
observed for Cantareira, Guarapiranga—Billings and Alto
Tieté (i.e., 68.60, 64.72 and 60.80% of low fragility areas,
Table 7). Despite the influence of the steep relief and
rainfall rates, these basins still exhibit significant vegeta-
tion cover remnants of the Atlantic Forest. Vegetation
rainfall interception and root masses play a fundamental
role in armoring and stabilizing the river banks, avoiding
sediment losses.

@ Springer
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Table 7 Environmental fragility classes’ area (ha) and percentage (%) for MMP water supply systems

Water supply system Very low % Low % Medium % High % Very high %

Alto Cotia 126.72 0.50 0.00 14406.17  57.18 2469.74 9.80 8192.06  32.52
Alto Tiete 165.85 0.14 198.73  0.16 74,363.26  60.80 10,857.75 8.88 36,729.66  30.03
Cantareira 1713.02 0.70 339.04  0.14 168,031.42  68.70 21,657.09 8.85 52,835.20  21.60
Guarapiranga-Billings ~ 2241.49 2.08 0.00 69,798.27  64.72 11,304.96 10.48 24,496.08  22.72
Itupararanga 918.84 0.85 0.00 56,570.70  52.13 15,337.58 14.13 35,698.63 32.89
Paraiba do Sul 66.53 0.01 2107.74 027  416,467.79  52.83 142,327.15 18.05 227,398.59  28.84
PCJ 6402.42 0.69 084 000 276,337.20  29.62  200,522.98  21.50  449,525.15  48.19

Given the urge to assure water multiple uses, according
to the national water regulation, and the role of intensive
human activities in triggering erosion processes and sedi-
ment input to water supply bodies, there is a necessity of
guide maps that orient the decision-making process toward
water sustainability, cost-effective solution to meet the
growing water requirements implied by economic and
population growth and face climate change challenges
(Addams et al. 2009).

Figure 5 shows the appropriate land use for MMP. The
areas that presented urban land cover in the 2015 land

48°00"W
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47°00"W
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cover map were considered “Consolidated land cover” in
the environmental zoning classification, despite their fra-
gility value. Similarly, river, streams, lakes and reservoirs
identified in the 2015 land cover map were considered as
“Water bodies” in the environmental zoning classification.

Analyses revealed that most part of PCJ, Paraiba do Sul
and Itupararanga basins (32.83, 26.43 and 24.92%,
respectively) were considered “Restoration” critical zones,
once they comprised areas classified as “High” and “Very
high” environmental fragility with pastures, crops and
exposed soils (Table 8).
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Fig. 5 Environmental zoning map for MMP water supply systems
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Table 8 Environmental zoning classes’ area (ha) and percentage (%) for MMP water supply systems

Water supply systems  Conservation % Water bodies %

Other uses % Restoration % Consolidated %

Alto Cotia 13,629.85 54.10 126.72 0.50
Alto Tiete 66,795.07 54.61 1499.17 1.23
Cantareira 115,715.78 4731 2581.31 1.06
Guarapiranga—Billings 62,830.93 5826 224221 2.08
Itupararanga 37,301.86 34.37 918.84 0.85
Paraiba do Sul 329,311.82 41.77  5305.50 0.67
PCJ 156,050.05 16.73  6402.43 0.69

3076.01 12.21 3382.97 13.43 4979.14 19.76
16,222.87  13.26 28,446.24  23.26 9351.90 7.65
71,732.09  29.33 48,407.31 19.79 6139.27 2.51
17,422.91 16.16 8830.28 8.19 16,514.48 15.31
32,443.69  29.89 27,049.97  24.92 10,811.40 9.96

224,663.99 28.50 208,338.87 26.43 20,747.62 2.63
280,446.77  30.07 306,271.61 32.83 183,617.74 19.68

In contrast, Guarapiranga—Billings, Alto Tieté and Alto
Cotia basins (58.26, 54.61 e 54.10%, respectively) were
considered suitable areas for conservation efforts
(Table 8). Overall, the areas pointed as ‘‘Conservation’’
critical zones encompassed those with low fragility values
coupled with vegetation cover, according to the land cover
map. Therefore, in these areas conservation efforts toward
native vegetation protection are recommended, namely
protected areas implementation and greater integration to
the Brazil’s Forest Code policies—e.g., Natural Heritage
Reserve (RPPN) creation facilitation, registration of Legal
Reserves Areas and expansion of Environmental Protection
Areas (APA).

MMP consists in a complex region that is rapidly
growing; therefore, a realistic environmental zoning map
should also provide guidance to the best usage of land
according to urban and agricultural activities expansion
demands in accordance with environmental vocation.
Therefore, the zone “Other uses” were delineated, to
appoint areas that were classified as “Low” and “Medium”
with crops, pastures and exposed soils land cover. PCJ and
Itupararanga (30.07 and 29.89%, respectively) exhibited
the greatest proportion of areas considered suitable for the
expansion of other uses (Table 8). Nevertheless, those
activities should incorporate sustainable practices that
minimize soil exposure to erosive process (Rasmussen
et al. 1998) and protect water bodies from sedimentation
and pollution effects (Manfré et al. 2013), e.g., forest
agricultural systems, organic farming (Gattinger et al.
2012).

Our results represent important tools for the government
strategies toward environmental planning and manage-
ment, such as water production safeguard through payment
for environmental services—PSA programs, environmental
health risks campaigns and action to address environ-
mental pollution (Vincent 2010; Montafio and de Souza
2016). Despite several limitations on payment programs,
this could be a suitable strategy for Itupararanga system, as
also pointed by Manfré et al. (2013), and other areas
pointed as zones for conservation, once encompassed
basins still hold native vegetated patches associated with

crucial watersheds for the hydric load to the water supply
resources, whereas restoration strategies exhibit high
demands on financial, technical knowledge and human
resources to assure efforts success. It is important to notice
that erosion vulnerability is associated with a multiplicity
of physical and anthropogenic variables other than those
considered in this study. Therefore, we encourage the
inclusion of other variables, such as water bodies recharge
information, and the adaptation to other pertinent scales.
Nevertheless, results herein can be seen as a model with
high replication potential for regional planning and man-
agement, since it emphasizes regional peculiarities that
drive erosion that can lead to water availability constraints
through water supply resources siltation and water quality
depreciation.

Conclusions

In synthesis, due to intensive anthropogenic influences and
the inherent vulnerability, soil erosion consists in a serious
problem in the Paulista Macro Metropolis area, threatening
water resources multiple uses. Assessment of soil erosion
and its spatial distribution at regional scale is necessary for
sustainable land use and soil conservation management.
Adopted environmental fragility framework is effective
to identify singular and collective influences of variables
related to on erosion susceptibility, water bodies sedi-
mentation and pollution load vulnerability on a regional
perspective. This conceptual model is focused on the
relationships among the natural vulnerability of an envi-
ronment in terms of its physical characteristics, the degree
of protection for different types of land cover and human
activities and erosive processes vulnerability. Although
evidence is based on uncontrolled secondary data and
remote sensed products, it is reasonable to affirm that PCJ
and Itupararanga systems can be considered the most
fragile water supply systems in the study area. Therefore,
these systems demand urgent management efforts toward
siltation effects prevention and water resources availability
conservation, as pointed by the zoning map herein, that
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indicated suitable areas for restoration, native vegetation
conservation and expansion of human activities in the
aforementioned basins. It is also reasonable to speculate
that erosion vulnerability is associated with a multiplicity
of abiotic and biotic attributes other than those considered
in this study. Even so, the methods and results herein
provide valuable references for understanding the rela-
tionship between soil erosion susceptibility, environmental
factors and human pressures. The framework can also be
viewed as a model with high replication potential for
regional planning and management in that land cover can
be manipulated to minimize environment natural vulnera-
bility, e.g., relief, soil characteristics, rainfall rates, guiding
territorial occupation toward a more sustainable landscape
design, that assure water resources multiple uses. In further
studies, more attention should be given to the local scale,
for the in situ validation. In addition, to improve the model,
it is necessary to insert information regarding social aspects
of the water supply systems, once that the human impact is
not restricted to land cover.
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