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Abstract: Despite advances in water resources management and planning, the São Francisco River
Basin in Brazil has suffered from systematic drought problems in recent years, leading to severe
human and environmental water security threats. This paper aims to track the water security for
different periods and its relations with the changes in physical and natural asset conditions. The paper
explores how investment planning to mitigate the water security threats and explore opportunities
to increase the value of investments. The paper finds that grey infrastructure has regulated threats
from increasing in the downstream of the river basin, however, continuous increase in water security
threats in the upstream of the basin threatens water security downstream. This is evident from
the spatial connectivity and unidirection externalities. As the capacity to further increase in grey
investment is reaching its limit in the downstream, the increases in green infrastructure investment
upstream, especially in the Grande River basin, could be one the way to reduce the externalities and
minimise the water security risks.

Keywords: water security threats; grey investments; green investments; principal component analysis

1. Introduction

The water security issue is intertwined with the economic development of Brazil.
Despite that Brazil encompasses 12% of total continental surface water of the world [1], the
resources’ unequal spatial and temporal distribution contributes to water insecurity along
with occurrences of frequent droughts and floods. Extreme events, for instance, account for
84% of the natural disasters during the period 1991 and 2012 and affected about 127 million
people [1]. The economic impacts of these events accounted for USD 55 billion in terms of
economic losses. The Brazilian Water Security Plan [2] is planning a massive investment of
5 billion USD until 2035 to mitigate such threats to water security. Such investment mainly
includes building hard infrastructure, particularly water storage reservoirs and dams.

Water security can be achieved when the water availability in sufficient quantity
and quality supports the human needs, the economic activities, and the conservation of
the aquatic ecosystem, with a tolerable level of risk related to droughts and floods [2–4].
Dadson et al. [3] demonstrate that water security-related investments can contribute to dif-
ferent economic growth pathways, depending on the state of water security and economic
development. According to the study, the initial investment in water-related assets allows
growth in regions where initial water security is low. On the other hand, losses due to
water-related hazards impede economic growth and may establish a poverty trap without
such investment [3]. Currently, public and private investments in developing countries,
such as Brazil, are insufficient to meet the demand for water [5].

In 2019, the National Water and Sanitation Agency from Brazil-ANA established a
water security index to guide the investments of the Brazilian Water Security National
Plan and prioritise the investment pathway. The study used a set of indicators grouped
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in 4 dimensions of the United Nations (Human; Economic; Resilience, and Ecosystem) to
calculate the Water Security Index for all the Brazilian micro basins [2].

However, water security assessment is complex and involves multiple stressors, such
as watershed disturbance, water pollution, water demand, and water resources develop-
ment, in combination with the current state of natural assets (green infrastructure within
the watersheds, as the total forested area, wetlands, and riparian buffers, for example)
and physical assets (traditional grey infrastructure, as artificial reservoirs, and/or sewage
treatment plants, for example) conditions. In addition, climate change, unplanned land-use
changes, and volatile economic and social conditions add further layers of complexity and
uncertainty in the river basin management.

A new, “blended engineering” combining traditional grey with green approaches is
recommended as a cost-effective pathway to human water security by Brazil. ANA [2], for
instance, recommends the adoption of green infrastructure complementary to structuring
actions in Brazilian Metropolitan Regions. This approach can stimulate innovation in water
provision systems that rely on the coupled use of traditional engineering and environ-
mental services. It represents a critical opportunity space within the overall sustainable
development agenda.

The Brazilian Water Resources Plan 2021 now has a clear agenda on green and grey
infrastructure planning. Green infrastructure includes nature-based solutions which aim
to protect, enhance, or restore components of a natural system to support producing
higher-quality, more resilient, and lower-cost infrastructure services [6,7]. According to
TNC [8], green infrastructure is a concept under development that includes investment
measures to protect, restore, and maintain natural landscapes such as reforestation, forest
conservation, and other measures that contribute to protecting and restoring ecosystem
functions. Studies developed by Lyu et al. [9,10] asserted that the adverse impacts of
urbanisation and climate change on hydrology and water quality can be mitigated by
applying green infrastructure practices.

Targeted investments guided by integrated water security assessment has the potential
to reduce water security threats through change in asset conditions. However, a lack of
understanding of the interactions between the natural and physical assets and drivers
coupled with the complexity of climate change leads to unintended consequences and
sub-optimal outcomes. The delay or inappropriate design of investment often increases the
future cost of addressing the water security given the increasing marginal abatement cost.
Haasnoot et al. [11], for instance, showed that the investments might not always be effective
as environmental, climatic, and socioeconomic conditions change over time, resulting in
“stranded” or unused assets which do not perform as intended, costly retrofitting of
infrastructure, or higher costs for implementation of alternatives.

As a case study, the paper focuses on the São Francisco River Basin (SFRB) and
provides a detailed analysis of the basin’s changes in water security threat conditions.
The São Francisco is the third largest river in Brazil, with a basin that encompasses 8% of
the national territory. The river has historical importance for the country and plays an
important role in the occupation and development of the Northeast Region, especially in
the use of its waters for irrigation and generation of energy [2].

São Francisco River flows through the states of Alagoas, Bahia, Goiás, Minas Gerais,
Pernambuco, Sergipe and the Federal District. According to the Water Plan [12] the river
has around 2860 km of extension and the total drainage area covers a total of 639,219 km2

(Figure 1).
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Figure 1. São Francisco Hydrographic Region, states and water flow. 

The land use and land cover (LULC) in the region has been changed significantly 
over the years based on the Mapbiomas database. MapBiomas is an open-source raster 
database which presents the evolution of the land use and land cover in Brazil, from 1985 
until now. Mapbiomas classification comprises 33 classes, grouped in the following 
themes: native vegetation, non-forest natural formation, farming, non-vegetated area, and 
water. LULC data used in this article is obtained from “Project MapBiomas-Collection 5 
of the Annual Series of Land Coverage and Use Maps of Brazil”, through the link: 
https://mapbiomas.org/ (accessed on 10 June 2021). In the beginning of the time series, 
forest and non-forest natural formation accounted for almost 67% of the total area of the 
basin, and this value reduced to 58% in 2019. On the other hand, pasture, agriculture, and 
urbanisation have increased in the last decades. Agriculture activities have increased sub-
stantially in the west of Bahia state, Preto river basin, and other irrigation public centres. 
The urbanisation is more significant in the Belo Horizonte Metropolitan Region, which is 
the third most populous metropolitan region in Brazil. 

ANA [13] reveals that the São Francisco basin has been going through a process of 
change, be it climatic or in the water use pattern, and these changes are already impacting 
water availability in the basin. ANA [13] also showed increasing rate of change in the river 
basin precipitation and natural flows pattern since 1993. These modifications impact the 
water security conditions in the catchment area. 

The integration of natural assets into mainstream infrastructure systems can lower 
cost and increase the resilience of the services. Solutions that are cost-effective to enhance 
infrastructure service provisions demonstrate resilience in a changing climate and con-
tribute to the achievement of environmental goal [6]. Natural based solutions, combined 
with traditional grey infrastructure, can contribute to a sound water security investment 

Figure 1. São Francisco Hydrographic Region, states and water flow.

The land use and land cover (LULC) in the region has been changed significantly
over the years based on the Mapbiomas database. MapBiomas is an open-source raster
database which presents the evolution of the land use and land cover in Brazil, from
1985 until now. Mapbiomas classification comprises 33 classes, grouped in the following
themes: native vegetation, non-forest natural formation, farming, non-vegetated area, and
water. LULC data used in this article is obtained from “Project MapBiomas-Collection
5 of the Annual Series of Land Coverage and Use Maps of Brazil”, through the link:
https://mapbiomas.org/ (accessed on 10 June 2021). In the beginning of the time series,
forest and non-forest natural formation accounted for almost 67% of the total area of the
basin, and this value reduced to 58% in 2019. On the other hand, pasture, agriculture,
and urbanisation have increased in the last decades. Agriculture activities have increased
substantially in the west of Bahia state, Preto river basin, and other irrigation public centres.
The urbanisation is more significant in the Belo Horizonte Metropolitan Region, which is
the third most populous metropolitan region in Brazil.

ANA [13] reveals that the São Francisco basin has been going through a process of
change, be it climatic or in the water use pattern, and these changes are already impacting
water availability in the basin. ANA [13] also showed increasing rate of change in the river
basin precipitation and natural flows pattern since 1993. These modifications impact the
water security conditions in the catchment area.

The integration of natural assets into mainstream infrastructure systems can lower
cost and increase the resilience of the services. Solutions that are cost-effective to enhance
infrastructure service provisions demonstrate resilience in a changing climate and con-
tribute to the achievement of environmental goal [6]. Natural based solutions, combined
with traditional grey infrastructure, can contribute to a sound water security investment

https://mapbiomas.org/
https://mapbiomas.org/
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in a river basin. The study developed by Feltran-Barbieri et al. [14] demonstrates, for
example, the economic benefits to implementing green infrastructure in order to decrease
the financial resources spent with water treatment in Brazil. The analysis concludes that
restoring more forests in the Guandu river basin could save up to USD 79 million in water
treatment costs. Preserving natural capital for threat suppression represents a potential
cost avoided in traditional grey infrastructure [15].

The objective of this article is to analyse the change in the water security for different
periods (1988 and 2019) in São Francisco basin and its relations with the changes in physical
and natural asset conditions. The paper explores how targeted investment planning could
mitigate the targeted water security threats. The scientific goal is to evaluate the long-term
water security threats changes during the last decades, understanding the impacts of these
changes in the water resources.

The paper followed a methodology for an integrated water security assessment and
evaluates the change in the water security condition in the São Francisco River and detects
key drivers that influence water security in the basin. The methodology t involves assem-
bling and harmonising different spatial databases, including biophysical, socioeconomic
data, to quantify various stressors while accounting for the externality effects. A princi-
pal component analysis (PCA) has been implemented to identify the most representative
drivers in the water security framework. In addition, a hotspot analysis was applied to
demonstrate areas with the most significative changes in the water security threats from
1988 to 2019.

2. Materials and Methods

The spatial distribution of the land use and the changes have direct impact on the
water demand in the river basin. In the São Francisco River basin, irrigation is the major
component of water demand and accounting for 67% of the total demand. Figure 2
demonstrates the spatial distribution of higher demand for irrigation and other uses (data
obtained from the Handbook of Consumptive Water Use in Brazil [16]). It demonstrates
major demand for irrigation water is generated from the west of the Bahia state.
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Domestic and industrial water consumption is the region’s second most relevant com-
ponent in water demand [16] and is mainly concentrated in the Belo Horizonte Metropoli-
tan Region.

The distribution of the artificial reservoirs constitutes a significant factor influencing
water security in the region. There are 241 dams in São Francisco Hydrographic Region,
accounting for 74.8 billion cubic meters (109 m3) water stored capacity. It impacts the water
availability in the river stream, increasing the average values and reducing the fluctuation
of the river flow, contributing to the water supply for the different sector uses. Despite
these positive impacts, the dam construction in the river basin influences negatively biotic
aspects, as the fish migration, for example.

The Figure 3 illustrates the river network and main artificial reservoirs in the São
Francisco catchment area. The higher precipitation is observed in upper São Francisco,
which mainly contributes to the water flow in the basin. Four important hydropower
Dams regulate the water flow in the São Francisco River: Três Marias, Sobradinho, Luiz
Gonzaga and Xingó, as indicated on the map. These Dams regulate the water availability
and the operational rules of the dams attempts to guarantee uninterrupted access of water
for various purposes, including, agriculture, energy and industrial. The water availability
along river reaches was estimated by the Brazilian National Water and Sanitation Agency
as the natural flow at some river location occurred at least 95% of the time (Q95). In reaches
under the influence of reservoirs, the availability was estimated specifically: for areas
downstream from the dam was adopted the minimum outflow from the reservoir summed
to Q95 streamflow incremental contributions from tributaries and for the flooded area
of the reservoir, the flow guaranteed for 95% of the time less the reservoir outflow was
adopted. In the flooded areas of the hydropower dams managed by the National Electrical
System Operator (ONS) the regularization capacity was ignored, using only the Q95 for
the dam location. However, climate change and other biophysical conditions including the
soil water retention capacity limits the actual water availability and demand [1,2,12,13].
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The dams and reservoirs are vulnerable to extreme drought events in the basin.
The recurrence of low rainfall patterns has contributed to water scarcity problems in the
catchment area, and as a consequence, the water level at the reservoirs dropped to 10% of
the capacity. Data collected from the Brazilian Drought Monitor and the Brazilian Reservoir
Monitoring System demonstrate such effects of the lower rainfall values in Sobradinho and
Três Marias hydropower plants located in the São Francisco River. The Drought Monitor is
a systematic monitoring process of the drought severity in Brazil. All the data are available
in a spatial platform and the classification of the severity of the drought is adapted from
the categorization of the National Drought Mitigation Center, Lincoln, NE, USA. Figure 4
shows reduced values of water stored in these two dams, especially during 2015, 2016 and
2017, when the region suffered from problems related to drought, as demonstrated by the
drought severity maps of the Drought Monitor.
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The National Water and Sanitation Agency implemented stricter water allocation
rules to ensure water availability among the essential uses along the main river, even if it
involves forgoing benefits from hydropower. However, these actions are more effective in
the short run but may not be enough to ensure water security in the long term. The effects
of water related investments thus can contribute to enhancing the resilience and decreasing
the vulnerabilities of the water resources systems.

2.1. Methodology

The paper assesses the change in the water security situation in the São Francisco
River. Following the approach of Vörösmarty et al. [4], the paper identifies key drivers
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that influence water security in the basin. The paper’s methodology for an integrated
water security assessment involves assembling and harmonising different spatial databases,
including biophysical, socioeconomic data, to quantify various stressors while accounting
for the externality effects.

The Figure 5 demonstrates the workflow of the methodology. Based on the Hydro-
graphic dataset which comprises the hydrographic network in stretches between the con-
fluence points of the water courses, water security condition for each grid cell is categorised
by 16 drivers, grouped under different themes. The themes include catchment disturbance,
pollution, water resources development, and biotic factors. Some drivers consider the
cumulative effect of the water flow and are standardised, as in Vörösmarty et al. [4].
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Figure 5. Workflow of the methodology.

A PCA analysis selects the most representative drivers. Subsequently, the water
security threats are determined for 1988 and 2019, and a hotspot analysis has been applied
to identify the spatial clusters with the most significant changes in the water security threats
during this period. This result is evaluated with the green and grey infrastructure variation
in the same period to identify the causes of the water security changes and to support near
future investments from a connectivity evaluation approach.

Table 1 shows the drivers and themes which comprise the water security threats
framework. As mentioned, 16 drivers were selected to support the water security threats
determination. They were grouped into four main themes, and each driver is represented by
an indicator. The water flow (flow routing) is applied for some drivers, as detailed below:

• Drivers—nitrogen loading, phosphorus loading and organic loading: the concen-
tration of the contaminants was determined by the cumulative estimated load of
contaminants divided by the water flow;

• Driver—water balance: rate between the cumulative water demand and the water availability;
• Driver—water flow: difference between the mean flow and the water availability;
• Driver—water flow for natural resources: difference between natural minimum flow

and the cumulative water demand.



Water 2021, 13, 3658 8 of 22

Table 1. Drivers and themes which comprise the water security threats framework.

Themes
(Reference:

Vorosmarty et al.
[4])

Drivers

Water Security
Dimension (Human,

Ecosystem,
Economic, Resilience)

Water Security Impacts and/or
Correlation with the
Dimensions [1,2,4,6]

Indicator Flow
Routing

Catchment
disturbance

Cropland Ecosystem
Hydrology alteration and source

of chemical and
sediment pollution.

The proportion of the
drainage area
with cropland

No

Impervious
surfaces Ecosystem

Hydrology alteration and source
of chemical and

sediment pollution.

Proportion of the
drainage area with
impervious surface

No

Livestock density Ecosystem
Hydrology alteration and source

of chemical and
sediment pollution.

Number of animals
per km2 of pasture No

Precipitation
variability Resilience

Greater rainfall variability can
lead to greater flow fluctuations
(possible need for water storage

by dams).

Annual precipitation
coefficient

of variation
No

Wetland
disconnectivity Ecosystem

Loss of local flood protection,
water storage, and natural

water purification

Proportion of the
drainage area
with wetland

No

Pollution

Nitrogen loading Ecosystem Surface water pollution and
consequent health risks

Nitrogen
concentration Yes

Phosphorus
loading Ecosystem Surface water pollution and

consequent health risks
Phosphorus

concentration Yes

Sediment loading Ecosystem Lifetime of reservoirs decreasing
surface water pollution

Micro basin within
higher sediment

loading
production areas

No

Organic loading Ecosystem Surface water pollution and
consequent health risks

Biochemical oxygen
demand (BOD)
concentration

Yes

Water resource
development

Water stored Resilience Water availability increasing Total volume stored
in artificial reservoirs No

Water balance Economic
Susceptibility to droughts and

loss of water security for
economic activities

Proportion between
the cumulative

consumptive use and
water availability

Yes

Human water
stress Human

Susceptibility to droughts and
loss of water security for human

water supply

Total population in
vulnerable areas No

Agricultural
water stress Economic

Susceptibility to droughts and
loss of water security for

agriculture sector

Total water demand
for irrigation within

the microbasin
No

Water Flow Resilience

In general, regions where the
minimum flows are close to

values of mean long-term inflows
correspond to regions with

important aquifers that contribute
to the river network.

Difference between
the mean flow and
water availability
(minimum flow)

Yes

Biotic factors

Water flow for
natural resources Ecosystem

Natural flow contributes to
reduce the ecosystems

river threats

Difference between
the water availability

and water uses
(consumption)

Yes

Aquaculture
pressure Ecosystem Aquaculture practices can impact

the aquatic ecosystem

Total water granted
for

aquaculture sector
No

The Drivers are calculated according to the following equation:

D = P(Di) =
n

Ntotal
(1)
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where D is the standardised driver of the microbasin i, Di is the driver score, P is a
cumulative probability, n is the rank of the driver relative to all micro basins sorted in
ascending order, and Ntotal is the total number of micro basins. The scores of the drivers
are standardised on a scale from 0 to 1, where values closer to 0 represent lower water
security threats and nearer to 1 higher water security threats. The upstream to downstream
effects are simulated for some drivers, where applicable, with weights for the Drivers
and Themes.

A Principal Component Analysis (PCA) is then used to select the most representative
drivers in the catchment area. It helps reduce the dimensionality of the data set and
determine the variables that better explain the variability of the data with a lesser number
of variables

The principal components are determined as a linear combination of the original
variables. Thus, are calculated new orthogonal axis, which are the eigenvectors of the
original covariance matrix. The components are extracted in a way that the first component,
denoted as
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where 𝐷 is the standardised driver of the microbasin i, 𝐷  is the driver score, 𝑃 is a cu-
mulative probability, 𝑛 is the rank of the driver relative to all micro basins sorted in as-
cending order, and 𝑁  is the total number of micro basins. The scores of the drivers 
are standardised on a scale from 0 to 1, where values closer to 0 represent lower water 
security threats and nearer to 1 higher water security threats. The upstream to down-
stream effects are simulated for some drivers, where applicable, with weights for the Driv-
ers and Themes. 

A Principal Component Analysis (PCA) is then used to select the most representative 
drivers in the catchment area. It helps reduce the dimensionality of the data set and de-
termine the variables that better explain the variability of the data with a lesser number of 
variables 
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covariance matrix. The components are extracted in a way that the first component, de-
noted as 〖PC〗_1 contributes for a greater variability of the original data. 〖PC〗_1 is 
obtained from the linear combination of the variables Xj, where j = 1, 2, ..., p [18].  
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where w_(1)p are the loadings of the component 1. 
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The relevant variables are selected given the higher eigenvalues as well as the cor-

relation between the drivers. The variables with highest weight in terms of the main
components are selected.

The Human Water Security threats are then calculated using the selected drivers for
each microbasin using the following equation, as calculated by Vörösmarty et al. [4]:

HWS = ∑4
j=1 ∑

dj
k=1 Wj·ωk,j·Di,j,k (3)

where Wj is the weight of theme j, ωk,j is the weight of driver k within the theme j, dj is the
number of drivers within theme j, and Di,j,k is the standardised driver k within theme j for
micro basin i.

The difference of the water security threats between 2019 and 1988 is calculated for
each microbasin using the equation:

HWSchange = HWS2019 − HWS1988 (4)

where:

HWSchange is the water security threats change over the years
HWS2019 is the water security threats in 2019
HWS1988 is the water security threats in 1988

Subsequently, a hotspot analysis using the ESRI ArcGis hotpost tool (RedLands, CA,
USA) is applied to identify spatial clusters of the HWS changes (HWSchange) based on
the Z-score. The intensity of the clustering (hot spot) is identified from the statistically
significant positive z-scores.

The Mann–Kendal test is a non-parametric test and, according to Peng et al. [19], the
original hypothesis H0 is the time series data, which are independent, and the alternative
hypothesis H1 is a two-sided test. p value > 0.05 indicates no trend, away from monotonic
trend. On the other hand, p value < 0.05 demonstrates that there is a trend, rejecting hy-
pothesis H0. Kendall-tau positive values indicate the increasing trend and negative values
a decreasing trend pattern. Mann–Kendall test evaluates whether y values tend to increase
or decrease over time through what is essentially a nonparametric form of monotonic
trend regression analysis [20]. The Mann–Kendall test was applied in studies [1,19,21–23]
to detect the trends in water quality time series data. The Mann–Kendall test is applied in
this article to support the connectivity evaluation to identify the correlation between water
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security threats development and the impacts in downstream areas during the last years.
Initially, specific points in the river basin area were selected and the Mann–Kendall test
was applied to identify the trend of change in these monitoring points for three different
parameters (mean annual phosphorus concentration, BOD concentration and dissolved
oxygen concentration). Finally, a multiple regression between land use and land cover
modification and water quality parameters as the dependent variable is employed. The
following regression model is constructed to explore the relationship decadal change (2009
to 2020) in LULC (forest, pasture and agriculture), obtained and the increasing trend in
BOD at the confluence between São Francisco and Grande Rivers:

BODi = A.Forestedi + B.Agriculturei + C.Pasturei + Constant (5)

where:

BODi is the BOD in the year i
Forestedi is the total forested area in Grande River basin in the year i
Agriculturei is the total agricultural area in Grande River basin in the year i
Pasturei is the total area with pasture in Grande River basin in the year i
A, B, C and Constant are parameters determined by the model.

2.2. Data

Several data sources have been used to derive the drivers. The Brazilian Ottocodified
Hydrographic Dataset 5k (BHO5k) is used as the reference spatial database. This dataset
is derived from the multi-scale BHO 2017 and comprised of watercourses with an area
greater than or equal to 5 km. Each stretch receives a code and is associated with a drainage
area, in a one-to-one relationship. An essential characteristic of this representation is to
be topologically consistent, that is, to correctly represent the hydrological flow of rivers,
through connected stretches and with a flow direction [17]. In the São Francisco catchment
area, there are micro basins. All the drivers were calculated for 2019. The drivers selected
from PCA analysis were calculated also for 1988 to estimate the water security threats in
1988. The Table 2 describes the source of data and a summary of each driver.

Table 2. Drivers and source of data applied in the water security threats analysis.

Drivers Data Description

Cropland The cropland area in each microbasin was calculated overlaying the Mapbiomas land use and land cover
dataset (class type agriculture) with the microbasin located within São Francisco River basin.

Livestock density
The number of animals was extracted from the Municipal Livestock Survey, organised by Brazilian Institute of
Geography and Statistics (IBGE). This value was divided by the total area of pasture obtained by the
Mapbiomas database (class time pasture).

Impervious
surfaces

The impervious surface area in each microbasin was calculated overlaying the Mapbiomas land use and land
cover (class type urban infrastructure) with the microbasin located within São Francisco River basin.

Precipitation
variability

Precipitation variability was determined by the Resilience Dimension of the water security index (annual
precipitation variability indicator), determined in ANA [2] by the rainfall coefficient of variation in each microbasin.

Wetland
dysconnectivity

Proportion of wetlands in each microbasin calculated overlaying the MapBiomas LULC dataset (class type
wetlands) with the microbasin database.

Nitrogen loading

1. Total nitrogen (N) load–nonpoint pollution:
Nitrogen nonpoint pollution contribution calculated from urban, agriculture and forest, multiplying export
coefficients [24] by the total area of each LULC class obtained from Mapbiomas dataset. Nonpoint N loading from
livestock estimated by export coefficient [25] for each animal category multiplying by the number of animals
available in the Municipal Livestock Survey from the Brazilian Institute of Geography and Statistics (IBGE).
2. Total N load–point pollution:
Total N load for each grid cell generated from total N load from sewage treatment plant spatial location of the
Sewage Atlas [26].
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Table 2. Cont.

Drivers Data Description

3. N concentration for each grid cell
Total load of Nitrogen for each grid cell summing point and nonpoint contribution within the microbasin, and,
subsequently, cumulative load from upstream to downstream. The concentration of nitrogen for each stretch of river
calculated by the division between the total cumulative nitrogen load and the river flow calculated by ANA [17].

Phosphorus
loading

1. Total Phosphorus (P) load–nonpoint pollution:
Nonpoint pollution contribution calculated from urban, agriculture and forest, multiplying export coefficients
[24] by the total area of each LULC class obtained from Mapbiomas dataset. Nonpoint P loading from
livestock estimated by export coefficient [27] for each animal category multiplying by the number of animals
available in the Municipal Livestock Survey from the Brazilian Institute of Geography and Statistics (IBGE).
2. Total P load–point pollution:
Total P load for each grid cell generated from total P load from sewage treatment plant spatial location of the
Sewage Atlas [26].
3. P concentration for each grid cell
Total load of phosphorus for each grid cell summing point and nonpoint contribution within the microbasin,
and, subsequently, cumulative load from upstream to downstream. Adopted an exponential decay of the
cumulative phosphorus load, as in ANA [26]. The concentration of phosphorus for each stretch of river
calculated by the division between the total cumulative phosphorus load and the river flow calculated by
ANA [17].

Sediment loading Total sediment loading production resulting of the geomorphology, geology, soil type, land use, slope and rain
rates (database generated by Campagnoli [28]).

Organic loading

1. Biochemical Oxygen Demand (BOD) load:
Nonpoint pollution contribution calculated from urban, agriculture and forest, multiplying export coefficients
[24] by the total area of each LULC class obtained from Mapbiomas dataset. Nonpoint BOD loading from
livestock estimated by export coefficient adopted in ANA [29], for each animal category multiplying by the
number of animals available in the Municipal Livestock Survey from the Brazilian Institute of Geography and
Statistics (IBGE).
2. Total BOD load–point pollution:
Total BOD load for each grid cell generated from total BOD load from sewage treatment plant spatial location
of the Sewage Atlas [26].
3. BOD concentration for each grid cell
Total load of BOD for each grid cell summing point and nonpoint contribution within the microbasin, and,
subsequently, cumulative load from upstream to downstream. Adopted an exponential decay of the
cumulative BOD load [26]. The concentration of BOD for each stretch of river calculated by the division
between the total cumulative BOD load and the river flow calculated by ANA [17].

Water Storage

The influence of the capacity of reservation in artificial dams was calculated selecting the artificial reservoirs
constructed within the river basin, available at SNIRH [17]. The Inverse Distance Weight (IDW) method was
applied to estimate the influence of the water stored in neighbourhood grid cells. This an adaptation of the
Brazilian Water Security Plan [2] which considered the distance pondered in the resilience dimension of the
Brazilian water security index.

Water Balance

Proportion between the cumulative consumptive use and water availability. Water demand information is
gathered from the Handbook of Consumptive Water Use in Brazil [16] that provides information about water
demand from 1931 until 2030 in water resources planning studies. The information about water uses in 1988
and 2019 were divided by the water availability in each river stretch.

Human water
stress Total population in a vulnerable situation provided by Brazil Atlas: Urban Water Supplies [30].

Agricultural
Water Stress Water demand for irrigation extracted from the database of the ANA [16].

Water flow Difference between the mean flow and water availability (minimum flow) available in the Brazilian Water
Resources Information System [17].

Water flow for
natural resources Difference between the water availability and cumulative water uses (consumption).

Aquaculture
pressure

Total water granted for aquaculture sector. Water grants extracted from the Brazilian Water Resources
Information System [17].
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Water quality data used in the connectivity evaluation was obtained from the Brazilian
National Water Resources Information System and complemented with more recent data
provided by the Water Resources Information System of the Bahia State (Table 3).

Table 3. Water quality parameters source of data of the connectivity analysis.

Water Quality Parameter Data Description

Biochemical Oxygen Demand (BOD) concentration (mg/L) Water quality data, used in the connectivity analysis in Grande and
Corrente river basins, was obtained from water quality database
provided by ANA [17] and by the Environmental and Water
Resources Information System of the Bahia State.

Dissolved oxygen (DO) concentration (mg/L)

Total phosphorus (P) concentration (mg/L)

3. Results and Analysis

The results of the Principal Component Analysis (PCA), presented in the Appendix A,
show the relevant drivers in the river basin region. The correlation matrix was applied to
decrease the number of drivers with high correlation and higher component scores (in this
situation one driver was select).

Table 4 illustrates the drivers selected after PCA and the weight adopted. It includes:
cropland area, livestock density, annual precipitation variability, sediment production,
organic loading, water stored, water balance, agricultural water stress, and flow regulation.

Table 4. Themes, drivers and weights for water security threats.

Themes/Drivers Relative Weight

Theme: Catchment disturbance 0.18

Driver: Cropland 0.4

Driver: Livestock density 0.3

Driver: Annual precipitation variability 0.3

Theme: Pollution 0.38

Driver: Sediment loading 0.4

Driver: Organic loading 0.6

Theme: Water resource development 0.44

Driver: Water stored 0.3

Driver: Water balance 0.3

Driver: Agricultural water stress 0.25

Driver: Water flow 0.15

The results of the water security threats demonstrate a considerable number of micro
basins with higher value of water security threat (see Figure 6). Figure 6 illustrates the
result of the water security threats for 1988 and 2019. Water insecure micro basins are
mostly concentrated in upstream areas due to lower water availability and higher water
demand for irrigation. The Semiarid Region and the Belo Horizonte Metropolitan Region
also face higher water security threats. The water-secure grid cells are located along the
main river (São Francisco) and in the catchment vicinity of the artificial reservoirs, where
the water availability is higher.
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According to Figure 7, there is no significant difference in overall water security threats
in the current situation compared to 1988. However, in the west of the river basin (west of
the Bahia State), there are significant increase in water threats; whereas in some grid cells
of the semi-arid region, there is more significant decrease in the water security threats. The
increased threats in the western Bahia can be explained by the growth of the agriculture
activity in the last decades with heavy dependence on irrigation.

3.1. Analysis of Green and Grey Investments from 1988 and 2019

Green infrastructure represents natural systems, as forests, wetlands and green corri-
dors, for example. On the other hand, grey infrastructure refers to traditional water security
civil works such as dams, wastewater treatment plants, canals and water treatment plants.
In the São Francisco River basin, currently, there is an increased reliance on traditional
infrastructure (Grey Infrastructure) to mitigate water threats which have yielded benefits
in regulating the threats so far.

Here, the paper considers forest (natural forest and forest plantation), wetland and
grassland as green capital stock whereas the capacity of water reservation in artificial
reservoirs as the grey infrastructure and attempt to identify the most suitable application
of green investment.

The Figure 8 demonstrates the growth of the water stored capacity between 1988 and
2019. It illustrates the concentration of new built grey infrastructure in the north of the
river basin, as well as in upstream of the Preto River basin, a tributary of Paracatu River, in
Minas Gerais State. The added grey infrastructure, especially in the semiarid region, played
an important role in reducing the water security threats from increasing. This is evident
from the Figure 9, that shows the reduction of the threats in river basins that expanded the
grey infrastructure during the last decades.
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The Figure 10 depicts the spatial distribution of the green infrastructure variation. In
terms of green infrastructure, there is a net loss during the period between 1988 and 2019.
The alteration of the land use and land cover reveals an overall decreasing of the forested
area, with a reduction around 5.5 million kilometres square of the green infrastructure
from 1988 until 2019. Aggressive land conversion, intensive agricultural practices, and
grazing explains the increase in the water security threats, particularly in the western part
of the basin.

3.2. Connectivity Analysis to Support near Future Investments

The paper analysed the spatial externality through the connectivity assessment of the
drivers in the river basin. In São Francisco River basin, upstream positive externalities,
like water flow, water availability and precipitation, generate benefits for downstream. On
the other hand, negative impacts related with point and non-point pollution, sediment
production and water demand increase, impact not only locally but can probably produce
negative externalities in the downstream (Figure 11).

As can be noted in Figure 11, the water security threat has increased in upper Grande
and Corrente river basins related with the land use modification during the last decades. A
Mann–Kendall test is applied to identify the possible impacts of these changes in the water
quality conditions in 2 regions (A and B), and 3 monitoring points were selected for each
region, as shown in the Figure 12.

Appendix B presents the results of the Mann–Kendall non-parametric test for the
monitoring water quality gauges selected (Region A: 1A, 2A, 3A; Region B: 1B, 2B, 3B). As
mentioned, the test is associated with the p-value and suggest the rejection of the hypothesis
H0 is identified for BOD in the points 1A and 2A. So, according to the results, is possible
to assert the trend of BOD increasing in these 2 points examined (1A and 2A) during the
last years.
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and 3B).

The trend of growth of the BOD at the confluence between São Francisco and Grande
Rivers) the points 1A and 2A (see Figure 12) can be explained by the increasing of the water
security threats in the Grande River basin. The land use and land cover modification, with
the decreasing of the green infrastructure in this region during the last years, is a factor that
can be impacting the water quality conditions in downstream areas in São Francisco River.

Table 5 illustrates the results for the multiple regression from both points: 1A and 2A.
The correlation coefficient R2 for both locations demonstrates that the land use as a factor
that contributes largely to the increase in BOD downstream.

Table 5. Results of the multiple regression analysis.

Point 1A Coef. Std. Err. t

Agriculture area 0.0036165 * 0.0017828 2.03

Forested area 0.0035718 * 0.0018806 1.90

Pasture area 0.0028281 * 0.0015144 1.87

Constant −204.2026 106.79 −1.91

R-squared = 0.6863

Point 2A Coef. Std. Err. t

Agriculture area 0.00915 ** 0.0030781 2.97

Forested area 0.0092978 ** 0.0032604 2.85

Pasture area 0.006454 ** 0.0023067 2.80

Constant −528.3928 183.7454 −2.88

R-squared = 0.8005
* 10% level of significance, ** 5% level of significance.

It is evident that the water security threats are increasing in the west of the basin,
especially from the Grande River basin (Figure 12), induced by the land-use modification
over the last 32 years, and influences the water quantitative and qualitative conditions in
São Francisco River.
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The economic effects of such negative externality are explained using a conceptual
diagram (see Figure 13) using cost and benefit curves. The marginal abatement cost curve
is upward sloping and implies the additional costs involved from grey infrastructure in
mitigating the threats Assuming that the additional deployment of grey infrastructure
costs more in reducing the threats, the marginal abatement cost in reducing the threat
increases with more threats. The marginal benefit curve, on the other hand, is downward
sloping as and implies the benefits from agricultural productivity in the region which will
decline at the marginal level with increase in water security threats. Figure 13 explains
that the equilibrium condition is met with regards to current threats to water security
downstream (T0) where the marginal abatement cost is equal to the marginal benefit of
reducing the threats downstream. This is the point where the level of water security threat
should have been balanced without any effects of negative externalities. However, negative
externalities (point and non-point source of pollution) from Grande increases the social
costs. The actual equilibrium condition is established at a higher level of threats (T1) where
marginal abatement costs equal the marginal social cost inclusive of the effects of negative
externalities. Additional costs to the extent of AB will be incurred to reduce the threats to
To level. The policy questions is how to reduce the additional costs in mitigating the water
security threats. A clear upstream-downstream trade-off is evident between the increase
in intensity of agricultural production and land conversion in the Grande region and the
increase in grey infrastructure downstream.
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So far, due to increased grey investment, the water security threats have been regulated.
However, with a further increase in land-use change in the Grande and Correntes region
and intensive agriculture, the magnitude of the negative externalities will increase. As the
capacity to further increase in grey investment is reaching its limit, it will increase threats
the downstream. The increases in green infrastructure investment in the Grande and region
could be the only solution to reduce the externalities and minimise the water security risks.
It needs evaluation of the marginal benefits and costs of reducing the threats in the region
and evaluation of the external costs in terms of effects of the diffused pollution. This is
beyond the scope of the current study. Future research may focus on how a blended green
and grey infrastructure investment can resolve such a trade-off.
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4. Conclusions

Despite the advances in water related investments, São Francisco River basin has
suffered with systematically water problems. An integrated water security assessment
approach has been used to evaluate the change in the water security condition in the São
Francisco River and detects key drivers that influence water security in the basin. Over
a time, gap of 32 years (1988 and 2019). The grey and green infrastructure change in the
period were determined and compared with the water security threats modification.

Results indicate that changes in the water security threats are probably associated
with the modification in the green and grey infrastructure in São Francisco River basin. The
increasing of the total water storage capacity in artificial reservoirs, especially in the driest
region of the catchment area, contributed to the reduction of the threats in the region. On
the other hand, the decrease in the green infrastructure, particularly in the west of the case
study area, and the growth of water use led to the increase of the water security threats.

The factors contributing to the increase in water security threats in the west of the river
basin can reduce the benefits and increase the cost in reducing the threats in the downstream
of the basin. The increases in green infrastructure investment in the Grande and region
could be the only solution to reduce the downstream externalities and minimise the water
security risks. This could be well aligned to the water plan of the São Francisco River [7],
which aim to define a “green net” within the catchment area, including conservation areas
and ecological corridors.

Future works may involve a detailed trade off assessment to evaluate the better choice
of investments by decision makers in a river basin scale. This approach can support,
for example, the implementation of the actions proposed in the Brazilian Water Security
Plan. Future work may also include stakeholder analysis to derive the weight of the
different drivers.
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Appendix A. Driver Correlation Matrix and Component Matrix of the PCA

Table A1. Driver correlation matrix.

DRIVERS Cropland Impervious
Surface

Livestock
Density

Wetland Dis-
connectivity

Nitrogen
Loading

Phosphorus
Loading

Sediment
Loading

Organic
Loading Water Stored Water Balance Human Water

Stress
Agriculture
Water Stress Water Flow Aquaculture

Pressure

Annual
Precipitation

Variation

Water for
Natural

Resources

Cropland 1 0.051 0.18 0.113 0.142 0.186 0.074 0.145 −0.125 0.251 0.008 0.468 0.036 0.036 −0.037 0.115

Impervious
surface 0.051 1 0.047 0.023 0.021 0.033 0.072 0.038 −0.058 0.08 0.175 0.001 −0.044 0.018 −0.056 0.018

Livestock
density 0.18 0.047 1 −0.004 −0.229 −0.206 0.215 −0.205 0.098 −0.191 0.009 0.04 −0.378 −0.002 −0.38 −0.257

Wetland dis-
connectivity 0.113 0.023 −0.004 1 −0.035 −0.048 −0.055 −0.119 −0.015 0.036 −0.002 0.06 −0.071 0.132 0.055 −0.1

Nitrogen
loading 0.142 0.021 −0.229 −0.035 1 0.965 −0.328 0.92 −0.157 0.813 0.028 0.174 0.869 −0.006 0.596 0.748

Phosphorus
loading 0.186 0.033 −0.206 −0.048 0.965 1 −0.314 0.947 −0.149 0.827 0.032 0.198 0.835 −0.01 0.592 0.744

Sediment_loading 0.074 0.072 0.215 −0.055 −0.328 −0.314 1 −0.286 0.149 −0.289 0.013 −0.078 −0.249 −0.012 −0.51 −0.306

Organic
loading 0.145 0.038 −0.205 −0.119 0.92 0.947 −0.286 1 −0.129 0.771 0.03 0.182 0.825 −0.024 0.569 0.783

Water stored −0.125 −0.058 0.098 −0.015 −0.157 −0.149 0.149 −0.129 1 −0.219 −0.004 −0.118 −0.156 −0.03 −0.227 −0.155

Water Balance 0.251 0.08 −0.191 0.036 0.813 0.827 −0.289 0.771 −0.219 1 0.046 0.413 0.719 0.014 0.564 0.751

Human water
stress 0.008 0.175 0.009 −0.002 0.028 0.032 0.013 0.03 −0.004 0.046 1 0.008 0.027 −0.001 0.01 0.041

Agriculture
water stress 0.468 0.001 0.04 0.06 0.174 0.198 −0.078 0.182 −0.118 0.413 0.008 1 0.102 0.032 0.145 0.248

Water flow 0.036 −0.044 −0.378 −0.071 0.869 0.835 −0.249 0.825 −0.156 0.719 0.027 0.102 1 −0.014 0.577 0.767

Aquaculture
pressure 0.036 0.018 −0.002 0.132 −0.006 −0.01 −0.012 −0.024 −0.03 0.014 −0.001 0.032 −0.014 1 0.013 −0.019

Annual
precipitation

variation
−0.037 −0.056 −0.38 0.055 0.596 0.592 −0.51 0.569 −0.227 0.564 0.01 0.145 0.577 0.013 1 0.602

Water for
natural

resources
0.115 0.018 −0.257 −0.1 0.748 0.744 −0.306 0.783 −0.155 0.751 0.041 0.248 0.767 −0.019 0.602 1
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Table A2. Component matrix of the PCA.

Drivers
Components

1 2 3 4 5

Agriculture water stress 0.287 0.674 −0.210 −0.179 −0.193

Annual precipitation variation 0.730 −0.241 −0.320 0.065 −0.113

Aquaculture pressure −0.004 0.124 −0.385 0.240 0.621

Cropland 0.170 0.805 −0.061 −0.152 −0.062

Human water stress 0.038 0.095 0.242 0.678 −0.109

Impervious surface 0.015 0.228 0.258 0.695 −0.072

Livestock density −0.339 0.483 0.280 −0.123 0.109

Nitrogen loading 0.943 −0.005 0.129 −0.016 0.125

Organic loading 0.924 0.004 0.211 −0.039 0.103

Phosphorus loading 0.943 0.041 0.148 −0.024 0.119

Sediment loading −0.424 0.267 0.472 −0.050 0.218

Water balance 0.882 0.225 0.004 0.014 0.018

Water flow 0.889 −0.154 0.124 −0.025 0.107

Water for natural resources 0.863 −0.007 0.089 −0.023 0.000

Water stored −0.241 −0.131 0.357 −0.187 0.570

Wetland disconnectivity −0.041 0.210 −0.578 0.230 0.350

Appendix B. Mann–Kendall Test Results

Table A3. Mann–Kendall test results (values in red–trend identified).

Parameter Region River Point
Identification

State
Monitoring

Code

Upstream
Area (km2)

Period of
Data

Number of Years
with Data Variables Kendall-tau p-Value Trends

Biochemical
oxygen
demand
(BOD)

A

São Francisco 1A PMIRSF450 425,338 2009–2019 11 BOD 0.7035 0.0052 Increase

São Francisco 3A GRDRSF420 345,271 2013–2020 8 BOD 0.6236 0.0624 Not trend

Grande 2A GRDGRD800 76,304 2009–2010
2013–2020 10 BOD 0.7307 0.0071 Increase

B

São Francisco 1B CRBRSF250 305,915 2014–2020 7 BOD 0.7237 0.0573 Not trend

São Francisco 3B CRBRSF220 34,273 2014–2020 7 BOD 0.2182 0.6295 Not trend

Correntes 2B CRBCRT800 270,695 2014–2020 7 BOD 0.7237 0.0573 Not trend

Phosphorus
(P)

A

São Francisco 1A PMIRSF450 425,338 2008–2011
2013–2020 12 P −0.2896 0.1968 Not trend

São Francisco 3A GRDRSF420 345,271 2013–2021 9 P −0.1111 0.7545 Not trend

Grande 2A GRDGRD800 76,304 2008–2010
2013–2021 12 P −0.1407 0.6223 Not trend

B

São Francisco 1B CRBRSF250 305,915 2014–2021 8 P 0.6071 0.0478 Increase

São Francisco 3B CRBRSF220 34,273 2014–2021 8 P −0.0364 1 Not trend

Correntes 2B CRBCRT800 270,695 2014–2021 8 P 0.4629 0.1579 Not trend

Dissolved
oxygen (DO)

A

São Francisco 1A PMIRSF450 425,338 2008–2011
2013–2020 12 DO −0.0387 0.9027 Not trend

São Francisco 3A GRDRSF420 345,271 2013–2021 9 DO −0.2222 0.4655 Not trend

Grande 2A GRDGRD800 76,304 2008–2010
2013–2021 12 DO 0.0303 0.9453 Not trend

B São Francisco 1B CRBRSF250 305,915 2014–2021 8 DO −0.1429 0.7105 Not trend
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