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Abstract: Water resources are paramount for the maintenance of the Earth’s system equilibrium; how-
ever, they face various threats and need increased conservation and better management. To restore
water resources, nature-based solutions can be applied. Nevertheless, it is unclear which solution
promotes greater water supply resilience: restoring riparian vegetation, improving management
practices in key areas for water recharge, or both? In addition, how significant are these results in the
face of climate change effects? To answer this, we used the SWAT (Soil and Water Assessment Tool)
model to simulate and compare four different land use scenarios under three climate conditions (i.e.,
observed climate and two of the IPCC’s future climate projections). Focusing on key areas contributed
more to increasing water supply resilience than forest restoration. Applying both solutions, however,
yielded the greatest increases in resilience and groundwater recharge and the greatest decreases in
surface runoff and sediment loads. None of the solutions caused a significant difference in streamflow
and water yield. Furthermore, according to both of the IPCC climate projections evaluated, by the end
of this century, the average annual streamflow will be lower than the historical mean for the region.
Climate adaptation strategies alone will be insufficient to ensure future water access, highlighting the
need for implementing drastic mitigation actions.

Keywords: climate change; land use/cover change; SWAT; nature-based solutions; conservative use
potential; water supply; Cantareira system

1. Introduction

Water is among the most indispensable resources on the planet. Current global water
scarcity affects two-thirds of the world’s population for at least 1 month a year, and half
a billion people throughout the year [1], placing water resources under intense pressure
with unprecedented consequences [2]. In an annual report on the global risks from the
World Economic Forum in 2020, the water crisis was among the 5 greatest risks in terms of
impact and among the 10 greatest risks in terms of probability of occurrence, in addition to
being listed as the greatest threat to society [3]. According to projections, water scarcity will
continue to worsen in the future, intensified by population and economic growth, changes
in consumption patterns, and climate change [4,5].

For tackling climate change impacts, two approaches are mainly used: reducing the
sources of climate change and preventing further aggravation (i.e., mitigation); making
adjustments to cope with their local impacts (i.e., adaptation) [6]. As one of the main effects
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of climate change corresponds to the greater frequency and intensity of extreme events [7],
adaptation strategies seek to reduce vulnerabilities to such events and/or increase resilience
in response to them [8]. From the climate standpoint, resilience can be defined as “the
outcomes of evolutionary processes of managing change in order to reduce disruptions
and enhance opportunities” [9].

The challenge of climatic adaptation is just one of the various adversities that societies
face and which can be addressed by the application of nature-based solutions (NbS) [10].
According to the International Union for Conservation of Nature’s (IUCN) definition,
NbS are: “Actions to protect, sustainably manage and restore natural or modified ecosys-
tems that address societal challenges effectively and adaptively, simultaneously providing
human well-being and biodiversity benefits” [11].

One of the most widespread NbS applied in Brazil for water conservation consists
of the recovery of riparian forest areas around water bodies. Such a solution is the main
strategy applied by most payments for environmental services (PES) programs developed
in Brazil and is based on the assumption that the increase in forest areas, in general, helps to
improve hydrological conditions in hydrographic basins [12]. In addition, the restoration of
riverine areas has the advantage of being a legally instituted and mandatory action, present
in the Brazilian Forest Act, which facilitates the observance of those measures by rural
landowners. Nonetheless, riparian forests are known to have sediment retention as their
primordial ecological function [13], not having a significant influence on other more relevant
factors from the standpoint of water supply such as infiltration and recharge of aquifers.

An interesting alternative solution would be focusing conservation efforts on areas
of the basin that have greater importance for water recharge such as implementing less
extreme land use changes by improving the management of production systems instead of
carrying out a drastic conversion of agricultural land use in native forest areas. Such key
areas can be easily identified by the application of the conservative use potential (PUC),
a Brazilian method developed for mapping areas within a watershed according to their
potentialities and limitations for sustainable uses, defined in terms of their water recharge
potential, resistance to erosion, and potential for agricultural use [14].

Therefore, this study aimed to compare the effects on the water supply of adopting
different nature-based solutions for water and soil conservation as well as to evaluate the
potential of those solutions to promote climate adaptation and increase water availability
resilience in the Atibainha River basin.

2. Materials and Methods
2.1. Study Area

Located in the eastern portion of São Paulo State, Brazil (46◦25′26′′ W 23◦17′29′′ S
to 46◦5′10′′ W 22◦59′4′′ S), the Atibainha basin is one of five watersheds that integrate
the Cantareira water supply system (Figure 1). With the potential to produce water for
approximately 7.2 million people [15], the Cantareira system contributes more than 40% of
the entire water volume delivered to São Paulo’s metropolitan region [16], thus being the
major water source for the largest urban agglomerate in Latin America.
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Figure 1. Location of the Atibainha River basin in the state of São Paulo, Brazil, highlighting the
region’s relief.
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Atibainha’s reservoir is the second-largest reservoir of the Cantareira in terms of stored
water volume [16] and contributes 12% of all the water the system produces, diverting
4 m3/s from its mean flow rate of 6 m3/s to São Paulo’s public water supply [16]. Moreover,
the Atibainha reservoir plays a key role in national water provision, as it connects the two
largest metropolitan regions in the country through an interstate water transfer system,
receiving and donating water to Jaguari’s hydroelectric dam, located in the Paraíba do Sul
watershed in the state of Rio de Janeiro [17].

The Atibainha river basin comprises 314 km2, mainly covered with native forest
(38.48%), followed by pastures (27.1%) and eucalyptus plantation (25.18%). Five different
soil types occur in the basin: Dystrophic Haplic Cambisols (54.49%), Red-Yellow Acrisols
(25.28%), Red-Yellow Ferralsols (8.23%), Dystrophic Leptsols (5.45%), and Dystrophic
Gleysols (0.24%). With an elevation varying from 764 to 1471 m, the watershed is located in
a mountainous region in the morpho-sculptural unity of the Atlantic Plateau [18], which
is prone to laminar erosion and land slips [19]. The basin’s basement is characterized by
pre-Cambrian crystalline rocks, which define the aquifers present in the watershed, i.e.,
fractured crystalline aquifers [19].

The climate is humid subtropical oceanic (Cfb), with a cool summer and the lack of a
dry season, according to the Köppen classification applied to Brazil [20]. Temperatures in
the region vary from 14 to 21 ◦C (18 ◦C mean), while the precipitation amount ranges from
28 mm/month during the driest month (July) to 247 mm/month in the summer (January),
with a mean annual volume of 1448 mm [20].

2.2. Methodological Framework

Since the 1970s, hydrological models have been applied to assess the impact of en-
vironmental conditions over the hydrologic cycle [21], and their use has been expanding
ever since. They have also been used to evaluate the effects of conservation programs, aid
in public policy development [22], quantify hydrologic ecosystem services [23], compare
management practices and their effects on ecosystems [24], among others. The possibility
to conduct long-term analyses quickly and with little cost is one of the main advantages of
applying hydrological models for research purposes [22].

To evaluate how different NbS affect the water supply in current and future climate
conditions in the Atibainha River basin, we used the SWAT (Soil and Water Assessment
Tool) model to create a baseline simulation (also referred to as the base model), consisting
of current land use and observed historical climate data (from 2009 to 2019). The base
model was calibrated and validated for monthly streamflow. Future climate projection
data from the NASA Earth Exchange Global Daily Downscaled Projections (NEX-GDDP)
were compiled for two different representative concentration pathways (RCPs). In addition,
three other land use land cover (LULC) maps were created to represent the NbS under
investigation. These inputs were used to create alternative land use and climate scenarios,
all adjusted by the same calibration parameter values obtained for the base model. Those
scenarios were later compared among each other regarding their effects on relevant water
cycle parameters.

2.3. SWAT Model

The Soil and Water Assessment Tool (SWAT) is a semi-distributed, process-based
hydrological model developed by the USDA-Agricultural Research Service to evalu-
ate the effects of different management practices and soil uses on the water cycle of
large watersheds [25].

The SWAT was created incorporating elements from a wide range of environmental
models to integrate its functionalities, being capable of simulating many processes that
occur in the watershed related to its hydrologic cycle, plant growth, carbon cycling, routing
components, pesticide and bacteria loads, sediment production, among others [26]. The
model has also been successfully used to assess the effects of climate and land use changes
on water availability and quality [27–29].
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2.3.1. Model Setup

SWAT 2012 with the interface ArcSWAT 2012.10.21 for ArcGIS 10.5.1 was used to create
the model. The basic inputs required and their sources are listed in Table 1. Details of their
modifications and application in the model can be found in the Supplementary Materials
(Tables S1 and S2).

Table 1. Input data and sources used for the model setup.

Data Description/Properties Scale Source

Topography

DEM from SRTM mission
with radiometric and terrain

correction, and the spatial
scale altered from 30 to 12.5 m
by the Alaska Satellite Facility

12.5 × 12.5 m converted to
10 × 10 m *

Alaska Satellite Facility-Alos
Palsar RTC products

Land use land cover map
OrbView, WorldView, and

SPOT-5 satellites images (2011
and 2012) **

1 × 1 m converted to
10 × 10 m [30] (modified)

Soils map Soils map of São Paulo State,
modified

1:50,000 converted to
10 × 10 m [31] (modified)

Rain and temperature gauges
Precipitation (mm) and the

maximum and minimum air
temperatures (◦C) (2009–2019)

Daily mean Agronomic Institute of
Campinas (IAC)

* The pixel dimensions of 10 × 10 m were selected in order to standardize the input data scales and allow their
correct overlay. ** The land use map selected, despite having been developed with less recent images, has a greater
spatial resolution in contrast to other maps available for the watershed and, according to an analysis carried out
(see Supplementary Materials), is consistent with the present reality of the basin.

Potential evapotranspiration (PET) was estimated using the Hargreaves method [32].
Different from other PET estimation methods, which require climate data that are not
available for future climate projections (such as wind speed, relative humidity, and solar
radiation data), Hargreaves requires only the maximum, minimum, and average surface
air temperature data for estimating evapotranspiration [33]. Furthermore, the Hargreaves
method is able to estimate future PET changes with changes in temperature [34].

Regional studies [30,35–45] support the alteration of the default values of some key
parameters (i.e., curve number, universal soil loss equation’s cover management factor, and
plant growth parameters) to adequately represent the study area’s conditions (Tables S3–S6).
Moreover, a management calendar was developed for eucalyptus plantations according to
the productive model most traditionally adopted in the region.

2.3.2. Model Calibration and Validation

The base model was calibrated and validated for the monthly mean of daily streamflow
measured by two river gauges (Figure 1). Calibration and validation were performed semi-
automatically using the SWAT-CUP program [46]. Further details on those procedures,
as well as the results obtained and the interpretation of the results, are available in the
Supplementary Materials (Tables S9–S12).

2.3.3. LULC Scenarios

Three land use and land cover change scenarios were created according to the two
NbS for soil and water conservation, and their comparison is the focus of this study.

The first scenario (hereinafter referred to as the “riparian restoration” scenario) repre-
sents the strategy of increasing the watershed forest cover through complete restoration of
riparian vegetation around the water bodies present in the basin. These areas were legally
instituted by the Brazilian Forest Act [47], referred to as hydric permanent preservation
areas (APPs), which must be protected according to the criteria in Table 2.
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Table 2. Water body type and width and the corresponding mandatory hydric permanent preserva-
tion area (APP) width.

Water Body Type Water Body Width/Surface
Area APP Width

River

<10 m 30 m
10–50 m 50 m

50–200 m 100 m
200–600 m 200 m

>600 m 500 m

Lake *
<20 ha 50 m
>20 ha 100 m

Spring ** - 50 m
* This rule applied to natural lakes. For artificial lakes, the riparian vegetation width was set in the environmental
licensing process, with a minimum width corresponding to 15 m. ** Springs must be completely encircled by
riparian vegetation with a 50 m radius.

The second scenario (hereinafter referred to as the “focal conservation” scenario)
represents the strategy of concentrating conservation efforts in specific areas of the basin
according to their capacity to provide hydrological services of interest. The selection of
these areas was based on the conservative use potential (PUC) method [14].

The PUC method assigns and spatializes, separately, values ranging from 1 to 5, to
the basin’s lithology, soil, and topography classes [14]. Then, the three values attributed to
each point of the basin are weighted according to a multicriteria analysis [48], resulting in a
single PUC class value, spatially represented by pixels in a raster layer. Higher PUC classes
indicate greater potential for use, being associated with flat to gently undulating areas;
deep, well-structured soils with good drainage conditions and large hydraulic conductivity;
lithologies with high potential for nutrient supply. Lower PUC classes, on the other hand,
indicate fragile areas more susceptible to erosion processes and with various limitations
of use related to their physical traits such as steep slopes; shallow, unfertile, and badly
drained soils; lithologies that contribute few nutrients to the soil profile.

Finally, the third scenario (hereinafter referred to as the “combined solution” scenario)
represents the most conservative scenario in which both of the aforementioned strategies
are applied together.

For each of these alternative scenarios, a different land use map was constructed
(details in the Supplementary Materials) and used as input in the model (Figure 2). The
raster produced with the PUC classes’ values was overlayed with a current land use map.
All sites containing eucalyptus plantations and pastures in areas with classes equal to 4
or 5 had their SWAT land use code modified from EUCA and PAST to RFLO (managed
eucalyptus reforestation) and PMAN (managed pasture), respectively.

PUC classes equal to 4 and 5 were selected instead of lower classes, since they are
related to areas with higher drainage and recharge potential, thus being of more relevance
for the aim of increasing water supply resilience in the Cantareira system. Classes 1, 2, or 3
would be more appropriate for interventions seeking to improve water quality and avoid
possible landslide events. Furthermore, instead of converting pastures and eucalyptus
plantations into forests, we opted to maintain the original uses in the areas selected to
evaluate a scenario that was closer to the local reality of implementing environmental
conservation projects. The areas of greatest potential, available for productive uses, were
scarce and valuable, which often makes them targets of conflicting interests, among which
their maintenance in pristine state seems to have little socioeconomic appeal.
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Figure 2. Land use map constructed and applied in each land use land cover (LULC) change
scenario: (a) current land use; (b) riparian restoration scenario; (c) focal conservation scenario;
(d) combined solution scenario. The SWAT land use codes are indicated in the map’s legend. Land
use codes applied in map’s legend are the same as in the SWAT database: EUCA = eucalyptus;
FRSE = forest—evergreen; PAST = pasture; PMAN = managed pasture; RFLO = reforestation;
URLD = residential low density; UTRN = urban transportation; WATR = water.
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The codes RFLO and PMAN represent two new land use classes added to the SWAT
database to represent a condition of managed eucalyptus and pasture use. The param-
eters altered to represent those conditions were the curve number [45]; universal soil
loss equation cover management factor value [44]; maximum and minimum leaf area
index [41]; maximum canopy water storage [49]; initial leaf area index [41]; initial dry
weight biomass [49] (Table S7). The percent area occupied by each land use type for each
scenario is indicated in Table 3.

Table 3. Land use and cover area for each LULC scenario.

Scenario
Land Use Land Cover Area (%) *

EUCA FRSE PAST PMAN RFLO URLD UTRN WATR

Current 25.18 38.48 27.1 - - 1.67 1.26 6.31
Riparian restoration 20.32 49.90 20.53 - - 1.67 1.26 6.31
Focal conservation 15.16 38.48 11.57 15.52 10.02 1.67 1.26 6.31
Combined solution 12.75 49.90 9.81 10.72 7.57 1.67 1.26 6.31

* Land use codes applied in the table are the same as for the SWAT database: EUCA = eucalyptus;
FRSE = forest—evergreen; PAST = pasture; PMAN = managed pasture; RFLO = reforestation;
URLD = residential low density; UTRN = urban transportation; WATR = water.

2.3.4. Climate Change Projections

In the future climate conditions, the NASA Earth Exchange Global Daily Downscaled
Projections (NEX-GDDP) dataset was used. The NEX-GDDP contains statistically down-
scaled climate scenarios of the Coupled Model Intercomparison Project Phase 5 (CMIP5). It
considers two representative concentration pathways (RCPs) of 4.5 W/m2 and 8.5 W/m2,
with a spatial resolution of 0.25◦ × 0.25◦ (~25 × ~25 km) [50]. The dataset provides daily
precipitation and maximum and minimum temperature data, which were used in this study
for the period considered as the future scenario (2020–2095). Further details on the proce-
dures applied for obtaining the projected climate data are available in the Supplementary
Materials (Table S8).

2.4. Scenario Analysis

Parameter values for each land use scenario were compiled according to climate
scenario and simulation period (annual or monthly). Their distributions were tested for
normality, and the results indicated that the data were nonparametric. Therefore, to com-
pare the annual mean distributions of each parameter evaluated between different LULC
scenarios, we applied the Kolmogorov–Smirnov test using the R program [51]. For the
monthly period results, we evaluated the differences between land use scenarios graphically
by plotting the 95% confidence intervals in bars along with the monthly averages.

3. Results
Effects of LULC Change and Climate Change on Water Yield and Related Hydrological Components

Analyzing the annual distribution of the climate parameters, it was possible to notice a
trend in the RCP 8.5 projection in which the first half of the century was marked by a higher
precipitation amount and cooler temperatures, whereas in the second half (more precisely,
beginning in the year 2054) an abrupt shift occurred with an extreme reduction in rainfall
volumes and an increase in the maximum and minimum temperatures (Figures 3 and 4).
Even though the RCP 4.5 projected values were more evenly distributed throughout the
simulated time period, a separation of the projected years into two periods was used to
evaluate the results, the first period (P1) referring to the years 2020 to 2053 and the second
period (P2) corresponding to the years 2054 to 2095.
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Figure 3. Annual mean precipitation amount for the observed historical climate condition and the
two climate change projections corresponding to RCPs 4.5 and 8.5. The shaded area shows the 95%
confidence interval enclosing the linear trendline estimated for the temperature data.

Figure 4. Mean daily maximum and minimum temperatures for the observed historical climate
condition and the two climate change projections corresponding to RCPs 4.5 and 8.5. The shaded area
shows the 95% confidence interval enclosing the linear trendline estimated for the temperature data.

In both climate change projections, the amount of annual mean precipitation is ex-
pected to increase, compared to the historical mean, by 27.0% and 22.8%% for RCP 4.5 and
RCP 8.5, respectively. For RCP 8.5, an increase of 41.0% in precipitation occurred in period 1,
while in period 2 that surplus corresponded only to 8.1%. Minimum temperatures are also
expected to increase for both projections by 6.5% (RCP 4.5) and 14.5% (RCP 8.5). Maximum
temperatures, however, are expected to decrease according to the RCP 4.5 scenario by 4.0%,
whereas according to RCP 8.5, they are expected to increase by 2.1%. For RCP 8.5, a great
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maximum temperature variation is expected to occur, altering from a 3.2% decrease in the
first half of the century to a 6.4% increase by the year 2095 (Table 4).

Table 4. Percentage change in average, minimum, and maximum daily temperatures and the average
annual precipitation for future climate projection scenarios compared to current climate scenario
(2012 to 2019). P1 corresponds to the average for the years 2020 to 2053; P2 corresponds to the average
for the years 2054 to 2095; “Annual” corresponds to the average for the entire projection period
(2020 to 2095).

Maximum Temperature (◦C) Minimum Temperature (◦C) Precipitation (mm)

Observed values 27.1 15.3 1276.9

Climate Change Projection Estimated Temperatures (◦C) Percent Change (%)

RCP 4.5 (P1) 25.7 15.8 26.1
RCP 4.5 (P2) 26.3 16.6 27.7

RCP 4.5 (Annual) 26.0 16.2 27.0

RCP 8.5 (P1) 26.3 16.3 41.0
RCP 8.5 (P2) 28.8 18.4 8.1

RCP 8.5 (Annual) 27.7 17.5 22.8

The projected future increase in precipitation and temperature produced general re-
sults common to all four LULC scenarios analyzed: the annual mean water yield and
streamflow values increased in comparison to the base model by at least 11% and 10.1%,
respectively. Annual mean surface runoff contributions to streamflow reduced by approxi-
mately 63.4%, while annual mean groundwater and lateral flow contributions increased
by approximately 126.6% and 9.1%, respectively. Finally, annual mean sediment loads to
streams decreased by approximately 85.1% (Table 5).

Table 5. Percentage change in the average annual streamflow; water yield; surface runoff; lateral flow;
groundwater flow; sediment for land use land cover (LULC) change scenarios and future climate
scenarios compared to the mean annual parameter values simulated for the base model (current
land use and the observed historical climate time series—years 2012 to 2019). P1 corresponds to the
average for the years 2020 to 2053; P2 corresponds to the average for the years 2054 to 2095; “Annual”
corresponds to the average for the entire projection period (2020 to 2095). APP = Riparian restoration;
PUC = focal conservation; APP + PUC = combined solution.

Streamflow (m3/s) Water Yield (mm) Surface Runoff (mm) Lateral Flow (mm) Groundwater Flow (mm) Sediment (t)

Simulated
val-
ues
for
the

base
model

3.0 298.5 128.4 80.2 8.1 2646.9

Percent Change (%)

Observed historical climate
APP −4.0 −4.4 3.5 −6.0 −14.6 −9.9
PUC −4.2 −4.7 −22.3 0.5 16.8 −10.8
APP

+
PUC

−6.9 −7.8 −34.3 0.9 24.4 −22.5

RCP
4.5 P1 P2 Annual P1 P2 Annual P1 P2 Annual P1 P2 Annual P1 P2 Annual P1 P2 Annual

Current 12.4 18.3 15.7 13.5 19.5 16.8 −61.7 −58.3 −59.8 11.6 15.9 14.0 121.0 131.9 127.0 −82.1 −73.2 −77.2
APP 11.1 17.0 14.4 12.1 18.0 15.4 −66.7 −63.3 −64.8 9.4 13.5 11.7 125.7 136.6 131.7 −84.1 −75.9 −79.6
PUC 11.4 17.2 14.6 12.4 18.3 15.6 −73.9 −71.3 −72.5 11.7 16.1 14.1 135.6 147.6 142.2 −83.4 −74.8 −78.7
APP

+
PUC

10.4 16.2 13.6 11.2 17.2 14.5 −77.2 −75.1 −76.0 10.2 14.7 12.7 138.1 150.8 145.1 −85.2 −77.3 −80.9
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Table 5. Cont.

Streamflow (m3/s) Water Yield (mm) Surface Runoff (mm) Lateral Flow (mm) Groundwater Flow (mm) Sediment (t)

RCP
8.5 P1 P2 Annual P1 P2 Annual P1 P2 Annual P1 P2 Annual P1 P2 Annual P1 P2 Annual

Current 73.5 −38.2 11.8 76.3 −38.6 12.8 −18.3 −76.3 −50.4 51.2 −30.4 6.1 228.1 8.4 106.7 −58.4 −84.3 −72.7
APP 72.4 −39.6 10.5 75.0 −40.1 11.4 −19.3 −79.2 −52.4 47.0 −32.8 2.9 229.5 10.0 108.2 −62.4 −86.0 −75.4
PUC 72.5 −38.7 11.0 75.2 −39.2 12.0 −38.8 −83.1 −63.3 52.3 −30.8 6.4 254.8 17.1 123.5 −61.8 −85.3 −74.7
APP

+
PUC

71.5 −39.6 10.1 74.0 −40.2 10.9 −47.3 −85.1 −68.2 52.2 −32.7 5.3 263.6 18.4 128.1 −66.3 −86.7 −77.6

Regarding the resilience of the water availability promoted by different land uses, the
combined solution and focal conservation scenarios presented the best projected perfor-
mances, since they had the lowest standard deviation values for water yield and streamflow
annual and monthly means in all climate conditions (Table 6). The smaller predicted varia-
tions in water production and flow throughout the simulated years for the aforementioned
scenarios were difficult to observe in graphical representation (Figures S1 and S2), but they
could be, however, easily noticed when comparing monthly values (Figures 5 and 6).

Table 6. Standard error (SE) values for the annual mean and monthly mean water yield and stream-
flow for each climate and LULC scenario. APP = riparian restoration; PUC = focal conservation;
APP + PUC = combined solution.

Climate
Scenario LULC Scenario

Water Yield (SE) Streamflow (SE)

Annual Mean Monthly Mean Annual Mean Monthly Mean

Observed
historical climate

Current 116.3 22.1 1.034 3.050
APP 116.6 23.2 1.066 2.930
PUC 108.1 19.6 0.950 2.918

APP + PUC 102.4 17.8 0.902 2.838

RCP 4.5

Current 61.9 14.7 0.504 3.605
APP 61.9 14.0 0.503 3.565
PUC 61.6 12.8 0.495 3.571

APP + PUC 61.5 12.3 0.493 3.540

RCP 8.5

Current 187.3 23.7 1.815 1.888
APP 188.0 23.9 1.824 1.846
PUC 186.3 22.0 1.807 1.870

APP + PUC 185.9 21.3 1.804 1.842

Figure 5. Monthly mean water yield for each LULC scenario (i.e., Current; APP = riparian restoration;
PUC = focal conservation; APP + PUC = combined solution) in each climate condition for the entire
simulation period: observed historical = average for each month of the year for the years 2012 to 2019;
RCP 4.5 and RCP 8.5 = average for each month of the year for the years 2020 to 2095.
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Figure 6. Monthly mean streamflow for each LULC scenario (i.e., Current; APP = riparian restoration;
PUC = focal conservation; APP + PUC = combined solution) in each climate condition for the entire
simulation period: observed historical = average for each month of the year for the years 2012 to 2019;
RCP 4.5 and RCP 8.5 = average for each month of the year for the years 2020 to 2095.

Furthermore, the importance of the combined solution and focal conservation sce-
narios to reduce fluctuations in water availability can be seen by their projected greater
contribution for increasing water recharge through the simulated years (Figure S3) and
by the importance of groundwater flows in sustaining the water supply to the drainage
network, especially during the dry periods (Figure 7) when other flow components, such
as surface runoff, present lower expected volumes (Figure 8).

Figure 7. Monthly mean groundwater for each LULC scenario (i.e., Current; APP = riparian restora-
tion; PUC = focal conservation; APP + PUC = combined solution) in each climate condition for the
entire simulation period: observed historical = average for each month of the year for the years 2012
to 2019; RCP 4.5 and RCP 8.5 = average for each month of the year for the years 2020 to 2095.
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Figure 8. Monthly mean surface runoff for each LULC scenario (i.e., Current; APP = riparian
restoration; PUC = focal conservation; APP + PUC = combined solution) in each climate condition for
the entire simulation period: observed historical = average for each month of the year for the years
2012 to 2019; RCP 4.5 and RCP 8.5 = average for each month of the year for the years 2020 to 2095.

Restricting the analysis to riparian restoration and focal conservation, the two land
use scenarios representative of the NbS, were compared and was the main focus of this
study. The focal conservation scenario presented a greater reduction of surface runoff and
a greater increase in groundwater and lateral flows for all climate conditions. The riparian
restoration scenario, in turn, showed a superior decrease in sediment production under
both climate change projections (Table 5).

Nevertheless, when considering all four land use scenarios, the combined solution
was the scenario that showed greater percentage changes in relation to the base model for
all parameters and in all climate conditions evaluated, except for the lateral flow projected
in RCP 4.5 and RCP 8.5, for which the focal conservation scenario presented the highest
increase in values (Table 5).

The different land use scenarios presented significantly different annual mean param-
eter values only for the future climate scenarios and only for half of the variables analyzed:
groundwater flow, surface runoff, and sediment loads (Table 7). Riparian restoration and
focal conservation scenarios presented significant differences in relation to the other scenar-
ios more frequently when applied together than when applied separately: each scenario
was significantly different in 41.7% of the total differences found when applied separately
and in 66.7% when implemented together. Thus, the combined solution scenario stands
out as the one with the greatest impacts on the hydrological conditions of the study area.

Although the alternative land uses’ adoption increased the overall projected environ-
mental quality of the basin, the implementation of those scenarios resulted in a predicted
reduction of annual mean water yield and streamflow volumes compared to the current
land use for each climate condition evaluated (Table 7). Nonetheless, these annual mean
volume differences between the LULC scenarios were not statistically significant.
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Table 7. Statistically different annual mean parameter values between different land use land cover
(LULC) change scenarios for each climate condition, according to the Kolmogorov–Smirnov two
sample test. APP = riparian restoration; PUC = focal conservation; APP + PUC = combined solution.

Parameter Climate Condition Statistically Different Scenarios (p-Value)

Current APP PUC

Groundwater flow RCP 4.5
PUC 0.017 - * NA **

APP + PUC 0.001 0.028 -

Surface runoff RCP 4.5
APP 0.006 NA
PUC 0.001 0.001 NA

APP + PUC 0.001 0.001 0.002

Surface runoff RCP 8.5
PUC 0.028 - NA

APP + PUC 0.003 - -

Sediment loads RCP 4.5 APP + PUC 0.003 - -

* Negative signs indicate p-values greater than the significance level of 5%. ** NA corresponds to non-applicable
comparisons between different scenarios.

When considering the Current LULC scenario, which had the greatest streamflow
and water production projected annual mean values, the increase promoted by the RCP
4.5 climate scenario resulted in a still small average water yield and discharge values of
348.7 mm and 3.5 m3/s, respectively. The RCP 8.5, its turn, generated a large increase in
water yield for the first half of the century, corresponding to a mean value of 651.7 mm
in the year 2053, which is more than two times higher than the observed historical mean
value (298.5 mm) (Figure 5). The large water yield also corresponded to a considerable
mean flow of 6.4 m3/s for the year 2053 (Figure 6). Nonetheless, those averages were not
sustained in the second half of the century, suffering a substantial decline and reaching
small values by the year 2095, corresponding to a mean water yield of 62.2 mm and mean
streamflow of only 0.6 m3/s.

4. Discussion

Nature-based solutions in implementing best management practices (BMPs) in key
areas for water recharge is predicted to reduce the temporal variation in water supply
when compared to the NbS of increasing the basin’s forest cover in riparian areas. The
focal conservation and combined solution land use scenarios were able to maintain greater
water supply stability throughout the analyzed years and between months and, therefore,
contributed to an increase in resilience in the face of temperature and precipitation changes
over time.

Even though restoring hydric permanent preservation areas (APPs) contributed less to
water supply stabilization than BMP implementation in target areas, restoration is extremely
important for decreasing sediment influx into water bodies, since trapping sediment is
the main ecological function of riparian vegetation [13]. APP’s efficiency in providing
that service was shown by Monteiro and colleagues [52], who also evaluated this land use
scenario using the SWAT model. Our results regarding total sediment transported into
the streams must be interpreted with caution, since our model was not calibrated for that
variable. Nonetheless, any error that might be present in the simulated values is equally
present in all LULC and climate change scenarios, which enables the comparison between
them and validates further discussions from a sediment production standpoint.

Simultaneous application of both NbS compared in this study resulted in a syner-
gistic effect that generated greater environmental condition changes than those achieved
by the implementation of each scenario separately. This indicates that the increase or
reduction effects on a given variable promoted by the adoption of the focal conserva-
tion or riparian restoration scenarios were repeatedly larger when these scenarios were
used in combination.
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The aforementioned environmental condition changes promoted by the alternative
land use scenarios enhanced the basin’s environmental quality. Those changes were related
to the increase in the basin’s water production resilience, and both factors were promoted
by modifications to the contribution of different components of the hydrological cycle to
streamflow. In SWAT, water production is the net amount of water that leaves the subbasin
and contributes to streamflow in the reach, corresponding to the sum of the contributions
of different water cycle compartments (i.e., surface runoff, groundwater. and lateral
flow) to streamflow, discounting the transmission losses and pond abstractions [53]. The
increase in water recharge promoted by focal conservation and combined solution scenarios
occurred at the expense of reducing water volume contributed by other compartments,
explaining the reduction in surface runoff verified in those land use scenarios for the
observed historical climate condition. The reduction in surface runoff that occurred in all
LULC scenarios for the projected climate conditions, on the other hand, occurred primarily
due to the increase in evapotranspiration volumes (approximately 25%) favored by the
mean temperature increase. Nonetheless, even in future climate conditions, the effects
of LULC can be observed, with the focal conservation and combined solution scenarios
producing the greatest surface runoff decrease and groundwater and lateral flow increases.

The supply of water through groundwater recharge and lateral flow helps to prevent
abrupt oscillations in water fluxes characterized by floods and drought events, reducing
the challenges of water management in the public and private sectors. Moreover, the
reduction in surface runoff also favors sediment yield decrease, which improves the quality
of the water produced in the basin and, therefore, lowers the costs of its treatment and
prevents water bodies silting and its associated issues such as reducing the reservoir’s
storage capacity. However, despite all the positive effects aforementioned, favoring sub-
superficial water fluxes also enhanced water retention in soil layers, so that a greater portion
of precipitation was no longer available as blue water (main interest from the point of
view of water supply) and became available as green water. This, in turn, lowers water
production and, consequently, the streamflow that contributes to the reservoir, as shown by
the alternative land use scenarios’ implementation.

Siqueira and colleagues [29], modeling LULC and climate changes with SWAT in
another Brazilian watershed, also observed that the implementation of water and soil
conservation measures caused a reduction in the blue water available in their study area.
Furthermore, according to the interpretation of the data by Siqueira [29], the reduction in
streamflow produced by alternative land uses was caused by the conversion of other uses
into forest. For the present work, the flow reduction was higher in scenarios that maintained
the same land uses as the current scenario, but improved management conditions and
increased water infiltration in areas of the basin which were prone for having naturally
greater recharge potential. Thus, for this work, the increase in water recharge contributed
more to reduce the volume of water produced than the increase in evapotranspiration.
However, it is worth mentioning that according to our results, the reduction in annual mean
water yield did not present significant differences among the various land use scenarios,
while other changes linked to the improvements in environmental quality (such as increased
recharge and reductions in sediments loads and surface runoff) were significantly different.

Despite all the projected benefits produced by the combined adoption of the NbS
evaluated, their implementation, in itself, is not enough to mitigate the effects of even
the most moderate scenarios of climate change and, thus, to ensure the water supply of
the Metropolitan Region of São Paulo. Even though mean water yield and streamflow
increased in both climate change projections assessed, in the case of the RCP 8.5 scenario,
such an increase was not consistent throughout the projected period. In the century’s first
half, an abrupt increase in streamflow of 73.5% generated considerable mean discharge
values of 5.2 m3/s; nonetheless, those values were not sustained in the second half of
the century in which the progressive streamflow declined from a mean of 6.4 m3/s (in
2054) to a mean of 0.6 m3/s (in 2095), which would make it impossible to supply the São
Paulo Metropolitan Region while at the same time maintaining the minimum streamflow
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required for the supply of other cities downstream of the Atibainha reservoir. For the RCP
4.5 scenario, despite precipitation being distributed more evenly throughout the simulated
period and the mean streamflow remaining more stable at approximately 3.5 m3/s, river
discharge mean values were still close to the mean values observed for the Atibainha basin
(3.0 m3/s) over the last ten years, which were marked by a severe drought that occurred in
2014 and 2015 and by the slow recovery of the water supply system following this event.
Both the average values of streamflow recorded over the last 10 years and those projected
by RCP 4.5 were below the historical average for the region, corresponding to almost half
of the mean discharge inflow to the reservoir taken into account in the establishment of the
granting rules of the Canteira system of 6 m3/s.

The occurrence of the extreme events projected by RCP 8.5 could have even more
drastic consequences in the other sub-basins of the system, since in contrast with Atibainha
watershed, they present a more pronounced state of degradation [30]. This highlights the
importance of expanding this modeling exercise for the entire Cantareira to estimate the
potential of NbS to improve water supplies for the system as whole and to identify key
areas for conservation on a broader scale. Furthermore, the poor environmental conditions
of other Cantareira watersheds raises the need for landscape improvement actions to be
associated with rapid and severe measures to reduce GHG emissions so that there is a
chance of securing a future water supply for the MRSP.

Although the evaluated NbS are listed in the IPCC report as mitigation strategies and
have significant potential as carbon sinks, other actions seem more effective and present
more immediate results towards the objective of keeping climate change below 2 ◦C relative
to pre-industrial levels [54]. Such actions involve a drastic cut in anthropogenic GHG
emissions by mid-century through large-scale changes in energy systems and, potentially,
land uses [54]. This is also related to the fact that energy production is the economic activity
with the greatest contribution to greenhouse gases emissions [54].

The present study was the first application of the conservative use potential (PUC)
method to build and simulate a land use scenario in the SWAT model. Our results not only
confirm other works’ findings regarding the effects of riparian restoration on the water
cycle but also expand the understanding of their role by verifying a synergistic relationship
with other land use scenarios. Moreover, the results suggest that the sequential adoption
of the evaluated NbS, starting with the application of best management practices in key
areas and then moving on to the revegetation of riparian areas, allows for achieving more
effectively the desired impacts of payments for environmental services (PES) schemes.

5. Conclusions

The adoption of best management practices in target areas is more efficient for reducing
temporal oscillations in water availability than simply restoring riparian vegetation areas in
the basin. Nevertheless, the increment in riparian forest cover has a synergistic effect with
best management practices: both NbS produced better results when applied together than
separately. Therefore, the application of best management practices in key areas, followed
by the revegetation of riparian areas, is a more effective strategy to produce the desired
impacts of water payments for environmental services (PES) schemes.

In addition to being more effective, this perspective is more likely to consolidate new
programs, since it starts with the application of practices that are more economically viable,
easier to adopt, and with more chances to be adhered to by the local population, before mov-
ing on to more expensive actions, which involve more abrupt changes in land use and the
implementation of which could benefit from greater structure and maturity of the program.

Nevertheless, only implementing these adaptation strategies without taking severe
mitigation measures is insufficient to maintain water production at satisfactory levels
to meet the São Paulo’s Metropolitan Region’s future water demand, even under more
optimistic climate change projections.

Water quality and quantity are intricately connected to the regulation of atmospheric
carbon concentration. Actions like riparian restoration, for instance, applied to water
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quality improvement, can also contribute to sequestering carbon. Finding the balance to
invest in these different actions, combining climate adaptation and mitigation, is one of the
greatest challenges of this century in the search for ensuring water security today and in
the future for Latin America’s larger metropolitan regions.
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contribution to streamflow for each climate condition and each LULC scenario; Table S1: Confusion
matrix used to assess the accuracy of the land use map; Table S2: Sources of climate data and the
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studies; Table S4: Initial plant growth parameters altered according to regional studies; Table S5:
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