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Method for classifying sites to Atlantic Rainforest restoration aiming to
increase basin’s streamflows

We propose a method to classify priority sites for Atlantic Rainforest restora-
tion aiming to increase basin streamflows. The Rainfall Forest to Water Pro-
duction (RFWP) method uses multicriteria analysis supported by GIS tech-
niques and hydrological modeling. The method was applied to the Itapemirim
River Basin, southeastern Brazil. The application of RFWP provided a map of
areas with different priority for forest restoration by overlapping standardized
numerical criteria with different weights (climatological, soil type/land use,
and relief). The results indicated the influence of the wide distribution of the
restoration sites on the streamflows. The RFWP proved to be suitable for the
spatial analysis of the effect of different restoring areas on streamflows. Based
on simulated scenarios, an increase in the native forest cover by restoration
up to 27.6% of the basin area is expected to significantly enhance water pro-
duction. The priority areas where forest restoration could better contribute to
increase streamflows were delineated, especially at high altitude and in pas-
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Introduction

The community seeks to restore the for-
est cover to improve the supply of ecosys-
tem services (Lamb 2018). The Atlantic For-
est biome covers 111 Mha (13% of the Brazil-
ian territory — Souza et al. 2020) in highly
heterogeneous environmental conditions.
This biome is one of the Earth’s richest bio-
diversity hotspots (richer than most of the
Amazon forests), with high endemism lev-
els (Morellato & Haddad 2000, Ribeiro et
al. 2009, Rezende et al. 2018). However, it
is the Brazilian biome that suffered the
most extensive, human-induced land use
and land cover change in the past (Morel-
lato & Haddad 2000). Isolated forest frag-
ments cover 7 to 10% of the biome; most of
these fragments are old secondary growth,
surrounded by croplands, pasture, forest
plantation, cities, and infrastructure (Souza
et al. 2020). The high degree of human in-
terference in this biome has affected re-
gional water systems, causing sedimenta-
tion at water bodies, water pollution, loss

tures, which are mostly in degraded conditions.
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of biodiversity, and reduced streamflows
(Costa et al. 2017). The water scarcity and
the pollution caused by the accelerated
landscape alteration at Atlantic Rainforest
point out the need to establish adequate
policies for environmental management,
especially of the water resources.

The potential for maintenance of water
quality and regularization of water flow is
one of the main ecosystem services of-
fered by the forests (Ferraz et al. 2013, Elli-
son et al. 2017). Forest cover is associated
with water quality improvement, although
its relationship in terms of quantity is still
controversial (Ellison et al. 2017, Filoso et
al. 2017, Bennett & Barton 2018). Previous
research showed that in most cases the
forest is more related to the regulation of
streamflows, rather than being directly
linked to the increase or decrease in aver-
age annual streamflow (Bruijnzeel 2004,
Ferraz et al. 2013, Brogna et al. 2017, Kim et
al. 2018).

Forests have the positive hydrologic im-
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pact of increasing water infiltration, with a
consequent reduction in overland flow and
erosion, associated with more significant
recharge from aquifers and higher subsur-
face flow (Bruijnzeel 2004, Ellison et al.
2017). On the other hand, the increase in
forest cover is usually associated with the
increase in evapotranspiration and rainfall
interception (Ellison et al. 2017, Filoso et al.
2017). The potential impact of forest res-
toration in the basin streamflow is, in a sim-
plified way, the final balance between the
positive effects (increasing infiltration) and
the adverse effects (increasing evapotran-
spiration and rainfall interception).

The variables that control the basin hy-
drology are often interdependent, and
their magnitude varies in importance
among different basins. The combination
of soil and climatic conditions, associated
with the wide distribution of land uses, are
factors affecting the hydrology of catch-
ments (Dean et al. 2015, llstedt et al. 2016,
Lozano-Baez et al. 2018). In this respect, as-
sessing the impacts of forest restoration
on streamflows must be careful and take
into account the wide distribution of the
afforested sites, since the land-use change
can present a positive, negative or null ef-
fect to water production. Therefore, the
seek for consistent ways to identify priority
areas for forest restoration aiming to im-
prove water availability is a problem that
needs investigation (Dean et al. 2015, Al-
varenga et al. 2017).

Intending to provide support for territo-
rial planning, some multicriterial approach
techniques associated with Geographic In-
formation Systems (GIS) have been applied
in the identification of “best” sites to a
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specific goal. This kind of approach, mainly
due to the association with GIS, can com-
bine several spatial factors in a single map
obtained by overlapping different criterion
maps (Malczewski & Rinner 2015, Bonilla
Valverde et al. 2016, Vettorazzi & Valente
2016). Regarding forest sites, these tech-
niques were used to identify priority areas
aiming to increase aquifers recharge (Rah-
man et al. 2013, Bonilla Valverde et al. 2016,
Rahmati et al. 2016), forest conservation
(Vettorazzi & Valente 2016, Valente et al.
2017, Leal et al. 2019), or to improve water
quality (Mello et al. 2018). However, there
is still a lack of studies focused on identify-
ing sites where forest restoration is most
suitable to increase streamflows of catch-
ments, i.e., to increase the basin water
availability.

As a premise of this paper, we assume
that the application of multicriteria analysis
in a GIS environment intending to select ar-
eas to achieve a specific objective - such as
the water availability — can present more
accurate results when supported by simu-
lation models able to predict the effects of
land-use changes in the environment, such
as basin streamflows. In this sense, hydro-
logical models are useful tools to predict
spatial patterns of hydrological processes
with land-use changes. Thus, these models
configure outstanding support for environ-
mental planning and decision-making that
provides quick and low-cost responses.

The main objective of this paper was to
propose and apply a method to identify
sites with different levels of priority for the
restoration of the Atlantic Rainforest, aim-
ing to increase the basin’s water availability
(streamflows). The multicriteria analysis
supported by GIS and hydrological model-
ing was taken as the pathways to achieve
this goal.

Material and methods

The present paper is divided into three
parts. The first comprises the presentation
of the method named “Rainfall Forest to
Water Production” (RFWP), proposed to
identify sites with different levels of prior-
ity for the Atlantic Rainforest restoration
to increase the water availability (stream-
flows) of basins. The RFWP requires some
spatial information on the basin, which are
supported by GIS techniques. The second
part describes the application of RFWP to a
specific basin. Finally, the third part de-
scribes the hydrological modeling of an At-
lantic Rainforest basin, conduced by simu-
lating streamflows of different forest res-
toration scenarios, as built from the RFWP
results.

Rainfall Forest to Water Production
(RFWP)

The RFWP was developed considering
multiple criteria (or factors) for allocating
specific land use (Atlantic Forest), identify-
ing the sites where environmental condi-
tions are more or less favorable to improve
the recharge of aquifers and increase wa-
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ter availability. The definition of the sites’
priority levels passed through the elabora-
tion and overlay of gridded maps contain-
ing the spatial information for each crite-
rion. The following steps were taken: (i)
identifying the most relevant set of criteria
related to water production; (ii) obtaining
a significant set of ratings and weights for
each criterion; (iii) identifying an adequate
technique to combine the gridded maps of
criteria that reflect the relationship be-
tween the factors and the objective.

Selection of the criteria (factors) related
to water production

Three simple spatial characteristics were
chosen as criteria to identify the most suit-
able locations for forest restoration to in-
crease water availability: one climatologi-
cal, one related to soil and land use, and
one related to the relief. Gridded data sets
of each criterion were created. Subse-
quently, the following procedures were
taken with the gridded datasets to achieve
the objectives of the RFWP: standardiza-
tion, definition hierarchy, and overlapping.

The selected climatological criterion was
the difference between historical annual
averages of precipitation and the potential
evapotranspiration (P — PET). The reason
of this choice was that water production is
enhanced in sites with more water input
(higher precipitation depth) and lower wa-
ter “consumption” (lower evapotranspira-
tion depth - Foulon et al. 2018, Pham et al.
2018). Thus, with few input variables, this
criterion represents an initial estimate of
the water depth available to be converted
into water availability. P — PET is not an ex-
act representation of water depth to be
converted into streamflow. PET itself is not
reached throughout the year, and actual
evapotranspiration (ET) would be a better
estimator. However, ET is not as simple to
be determined as PET, depending on a
large amount of meteorological, edaphic,
and vegetational information which are
not always available, especially at the At-
lantic Rainforest biome (Cecilio et al. 2020).

Soil class and vegetation are determinant
factors in assessing water availability (Cam-
pos et al. 2016), being incorporated into
the RFWP as another criterion. The Curve
Number (CN) parameter of the Curve Num-
ber Method was selected to reflect soil and
land use attributes, as it intrinsically repre-
sents the potential infiltration of the area.
The higher the CN (which varies between o0
and 100), the lower the potential infiltra-
tion, as it is dependent on factors related
to the soil, the surface, and the prepara-
tion and management of the soil (Sartori et
al. 2005). Since forests increase water infil-
tration (Cooper et al. 2013, Dean et al. 2015,
Lozano-Baez et al. 2018, Lozano-Baez et al.
2019), the inclusion of this criterion allow
the selection of areas where the change of
land use from the original vegetation to
the native forest will potentially increase
the infiltration capacity as a consequence
of afforestation.

The premise of using a criterion related to
the relief is to reflect the distance to the
nearest stream and the water table. RFWP
considers that the further away from both,
the more appropriate the site. Often crops
with deeper roots (such as species from
the Atlantic Forest) can uptake water from
the aquifers (Beyer et al. 2018). Therefore,
in sites distant from surface and groundwa-
ter, the root system of trees uses mostly
water from the soil’s unsaturated zone,
leaving the water table to increase its con-
tribution to the streamflow. It should be
made clear that the RFWP is proposed to
Atlantic Rainforest biome, where the dis-
tance from surface and groundwater
sources does not limit forest growth due
to the abundant rainfall. In mountainous
sites, where the soil drains faster thus limit-
ing groundwater storage, the forest is re-
sponsible for maintaining more significant
infiltration and, consequently, the aquifer
recharge (Cooper et al. 2013, Dean et al.
2015, Lozano-Baez et al. 2018, Lozano-Baez
et al. 2019).

RFWP uses a unique criterion that reflects
the depth of the water table and the prox-
imity to surface water together with the
topography. To quantify the influence of
relief on physical processes, such as the
movement of water in the subsoil, we used
topographic indexes (Liang & Chan 2017,
Sheshukov et al. 2018), namely, the topo-
graphic wetness index (TWI - eqn. 1):

TWIj:In(tazfﬁ ) (1)
J

where TWI; is the topographic wetness in-
dex of the cell j, a; is the specific contribu-
tion area upslope cell j (m m?), B; is the av-
erage slope upslope cell j (°). This index
characterizes the surface water saturation
zones and the water content in soils, spa-
tially identifying the sites most suitable to
saturation (Drover et al. 2015, Ediriweera et
al. 2016). The sites located along the
streams and around the springs are satu-
rated zones that do not allow significant in-
filtration gains, contributing more to sur-
face flow (Bressiani & Schmidt 2016).

Sites with higher TWI are those at lower
altitudes, close to streams, where the wa-
ter table is shallower, while the sites with
lower TWI are drier and located on moun-
tain top, where the water table tends to be
deeper (Sgrensen et al. 2006, Lima et al.
2012). Thus, it is preferred to restore the
Atlantic Forest in sites with lower TWI.

Criteria standardization

In the multicriteria analysis, numerical val-
ues of each criterion are standardized over
a normal range and then aggregated
through a linear function of the product of
weights and criteria values (Bonilla Val-
verde et al. 2016). To this purpose, we stan-
dardized the gridded dataset using a com-
mon scale of 256 levels which maintains
the intrinsic characteristics of the original
grid values (Mello et al. 2018) using the fol-
lowing equations (Vettorazzi & Valente
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2016 — eqn. 2, egn. 3):

(Ri, '_Ri,min)

Xi:j= (Ri,m:x_Ri,min) 255 (2)
(Ri ma ™ Ri )

TR, TR )2 3)

where x;; is the standardized value of crite-
rion i at cell j, R;; is the original value of cri-
terion i at cell j, Rimax and Rimin are the maxi-
mum and minimum observed values of the
criterion i. Eqn. 2 was applied to both P -
PET and CN, where the highest values indi-
cate the desired conditions according to
the study’s objective (increase water avail-
ability), while eqn. 3 was applied to the
TWI criterion, where the lowest values is
the desired condition. After standardiza-
tion, the grid values for each criterion
ranged between o (unwanted conditions)
and 255 (desired conditions).

Assignment of the criteria’s weights
The weight expresses the relative impor-
tance of each criterion (Valente et al. 2017)

Site classification for rainforest restoration to increase streamflows
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Fig. 1 - Example of the application of Rainfall Forests to Water Production (RFWP)

method.

evaluate RFWP. The basin under study was
the Itapemirim River Basin upstream of the
“Usina Paineiras” stream gauge station —
BHPAIN (Fig. 2). The basin is located in the
south of Espirito Santo (Brazil), between

uses were determined from aerial photo-
graphs using remote sensing photo-inter-
pretation techniques (GEOBASES 2015) and
showed that the three mainland uses are
pastures (42% of the area), forests (23.4%),

as different criteria differently affect water the geographic coordinates 20° 10’ S and and coffee plantations (15.9%). According
availability. To achieve the weight of each 21°15’ S; and 40° 55" W and 41° 50’ W, with to the Brazilian Soil Classification System,

standardized criterion, RFWP uses a deci-
sion-making process known as Analytical
Hierarchical Process (AHP - Saaty 1977),
which employs a pairwise comparison (two
by two) between the criteria to determine
their relative importance and calculate

an area of approximately 5170 km2. Accord-
ing to the Koppen classification, the re-
gions’ predominant climatic types are
“Cwa” (Humid Subtropical climate with dry
winter and hot summer) and “Cwb” (Hu-
mid Subtropical climate with a dry winter

the predominant soil types in the basin are
Interceptisols, Ultisols, and Oxisols, repre-
senting 31.6%, 30%, and 20.4% of the BH-
PAIN.

The gridded dataset used in the applica-
tion of RFWP to BHPAIN was standardized

their respective weights, whose final sum and temperate summer). The altitudes vary to 90 m spatial resolution, indicated as the

must be equal to one.

The P - PET criterion was the most impor-
tant because it represents the potential
volume of water available to be converted
in streamflow. TWI was considered the sec-
ond most important as it indicates the wa-
ter table’s depth, the potential consump-
tion of groundwater, and the aquifer
recharge. Finally, NC was considered the
less critical criterion.

Combination of standardized criteria

RFWP proposes the overlap of the stan-
dardized criteria grids based on the aggre-
gation of the product of the weights and
values of the standardized criteria (Mal-
czewski & Rinner 2015), according to eqn.
4:

SFZ Wi X,

where x;; is the standardized value of the i-
th criterion at the j-th grid cell, S; is the re-
sulting numerical value for the cell j and w;
is the weight of criterion i. High values of S;
indicate sites with high priority and low
value areas with low priority. Fig. 1 shows
an example of a set of criteria and their re-
lationship to the study’s objective after ap-
plying RFWP.

4@

Application of the RFWP

The hydrological modeling of an Atlantic
Rainforest basin was performed using the
“Distributed Hydrology Soil-Vegetation
Model” (DHSVM - Wigmosta et al. 1994) to

iForest 14: 86-94

from 5 to 2854 meters, and the relief is
dominated by mountains, which indicates
suitability for applying the DHSVM.

The gridded data that characterize the
soils and the land use (for 2015) at BHPAIN
were obtained from the Institute of Envi-
ronment and Water Resources of Espirito
Santo (GEOBASES 2015). BHPAIN’s land

most suitable to hydrologic modeling of
BHPAIN with DHSVM model (Mendes et al.
2020).

The climatological criterion considers the
Brazilian daily gridded database containing
rainfall depths, with a spatial resolution of
0.25° x 0.25° (Xavier et al. 2016), which was
used to compute the mean annual rainfall

41°00'W

Il Amazon “l,
[ Atlantic Rainforest 4
Il Caatinga A
I Cerrado
I Pantanal
[ Southern Plains

"-\ 20°30'S

\ @ Stream gauge station
\". [ BHPAIN
= Main rivers
Elevation (m)

1]

725

1450

2175

2900

\
21°00'S)

Fig. 2 — The study area: Itapemirim river basin upstream Usina Paineiras stream gauge

station (BHPAIN), Espirito Santo, SE Brazil.
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depths (P). This dataset was resampled to
the 90 meters spatial resolution, using the
Inverse Distance Weighting interpolator
(Xavier et al. 2016).

The historical average of the monthly ref-
erence evapotranspiration (PET,) was cal-
culated using the Hargreaves & Samani
equation calibrated for Espirito Santo, ac-
cording to eqn. 5 (Zanetti et al. 2019). The
sum of PET,, is the average annual evapo-
transpiration (PET - eqgn. 5).

PET ,=MND-(1.08-

[0.0023Q, (T, = T,,)** ()

(17.8+T,,,)]-0.81]

where PET,, is the average monthly evapo-
transpiration (mm), Q, is the monthly ex-
traterrestrial solar irradiation (mm day"),
Tmax is the historical average monthly maxi-
mum air temperature (°C), T is the histor-
ical average monthly minimum air tempera-
ture (°C), Tmea is the historical average
monthly mean air temperature (°C), and
MND is the month’s number of days (day).

In order to consider the variation of evap-
otranspiration in altitude, the historical av-
erage air temperatures were calculated us-
ing multiple linear regression equations es-
tablished for Espirito Santo State, accord-
ing to the general model in eqn. 6 (Castro
etal. 2010):

T=Bo+ B, Alt+ 8, Lat+ 5 Long (6)

where T is the historical average monthly
air temperatures (maximum, minimum, or
mean - °C), Alt is the altitude (m a.s.l.), Lat
is the latitude (°), Long is the longitude (°),
and B, Bs, Bs, B; are regression parameters
(Castro et al. 2010).

A SRTM digital elevation model (DEM)
with a spatial resolution of 90 meters was

used. The DEM was manipulated with GIS
tools to become a hydrologically condi-
tioned digital elevation model (HC-DEM) to
serve as input data for the DHSVM model.
The calculations of the variables Qo, Tmax
Tminy Tmeay PETm (egn. 5, eqn. 6), and PET
were all performed with a GIS tool based
on the HC-DEM. The maps containing the
variables P and PET were then subtracted
to generate the P — PET gridded dataset.

The establishment of the CN gridded
dataset (soil and land use criterion) passed
through the association between the land
use classes and the soil hydrological
groups. BHPAIN soils were classified into
hydrological groups based on the recom-
mendation to Brazilian soils (Sartori et al.
2005). Therefore, the Curve Number meth-
od tables were used to associate land use
and soil group to CN values. This procedure
generated a gridded file with the 9o m spa-
tial resolution adopted. Areas whose land
use could not be converted to forests
(rocky sites, mining sites, urbanized areas,
and water bodies) were excluded from the
posterior analysis by assigning the “No
Data” information.

Finally, TWI was calculated applying eqn.
1 to the HCG-DEM, with the SAGA-GIS Wet-
ness Index algorithm (Conrad et al. 2015).

The criteria weights (w;) were defined
based on the paired comparison using AHP
(Saaty 1977) as described above, resulting
in the following values: (i) P - PET: w; =
0.5813; (i) TWI: w; = 0.3092; and (iii) CN: w;
=0.1096.

The three criteria were combined using
the standardized criteria grids (x;) and
their respective weights (w;), resulting in a
single priority map with values between o
and 255. The combined priority values were
then reclassified into eight priority classes,
from 1 (most suitable sites for forest res-

Tab. 1 - Forest restoration scenarios simulated based on the results of RFWP applied in

the study area (BHPAIN).

Scenario Description

Area of forest restoration

(km?) (%)
SCO No land-use change (current scenario)
SC1 Forest restoration at eligible sites of class 1 44.2 0.9
SC2 Forest restoration at eligible sites of class 2 153.2 3.0
SC3 Forest restoration at eligible sites of class 3 419.8 8.1
SC4 Forest restoration at eligible sites of class 4 807.2 15.6
SC5 Forest restoration at eligible sites of class 5 961.5 18.6
SCé6 Forest restoration at eligible sites of class 6 781.2 15.1
SC7 Forest restoration at eligible sites of class 7 510.2 9.9
SC8 Forest restoration at eligible sites of class 8 211.8 4.1
SCA12 Forest restoration at eligible sites of class 1 and 2 197.4 3.8
SCA13 Forest restoration at eligible sites of class 1 to 3 617.2 12.0
SCA14 Forest restoration at eligible sites of class 1 to 4 1424.3 27.6
SCA15 Forest restoration at eligible sites of class 1 to 5 2385.9 46.2
SCA16 Forest restoration at eligible sites of class 1 to 6 3167.1 61.3
SCA17  Forest restoration at eligible sites of class 1 to 7 3677.3 71.2
SCA18 Forest restoration at eligible sites of class 1 to 8 3889.1 75.3

89

toration) to 8 (least suitable sites). This re-
classification was performed using the GIS
natural breaks method, which maximizes
the difference between classes.

Hydrological modeling of land-use
change scenarios

The effectiveness of RFWP in achieving its
objectives was verified through hydrologi-
cal modeling, using the DHSVM model
(Wigmosta et al. 1994). For the application
of the DHSVM, we used the input data of a
previous calibration for BHPAIN (Mendes
et al. 2020). More information about the
values of the DHSVM'’s input parameters
used, are reported by Mendes et al. (2020).

The modeling consisted of building 16
scenarios of restoration of the native for-
est (Tab. 1) in sites belonging to each of the
eight classes of priority (and their combina-
tions), thereby verifying the impact over
the water availability. Only sites with agri-
culture, pastures, exposed soil, vegetation,
and early-stage regeneration were consid-
ered eligible to be converted into Atlantic
Forest. In all scenarios, daily streamflow se-
ries for BHPAIN were simulated using the
daily meteorological data from 2008 to
2011. The evaluation of each scenario in
matching the objectives was performed by
the analysis of relative changes in two ref-
erence flows: the average streamflow
(Qave) and the minimum streamflow, repre-
sented by the flow of permanence in 90%
of the time (Qyo). The simulated scenarios
are described in Tab. 1.

The steps for applying the RFWP and veri-
fying land-use changes with hydrological
modeling are summarized in Fig. 3.

Results and discussion

Application of RFWP

The final result of RFWP to BHPAIN is
shown in Fig. 4a, and its reclassification in
the eight different classes is shown in Fig.
4b.

The highest S-values of Fig. 4a represents
sites most suitable for the Atlantic Rainfor-
est restoration to increase water availabil-
ity. The maximum value of S was 231, and
the minimum was 9. The “blank” areas are
those where land use cannot be changed
(rocky sites, mining sites, urbanized areas,
and water bodies).

Comparing Fig. 4 and Fig. 5b, one can ob-
serve that the criterion P — PET was deter-
minant to delineate the three classes of
higher priority (1, 2, and 3) due to its higher
w.. In classes 4 and 5, there is a prevalence
of TWI, but the classes are still influenced
by the P — PET, especially in sites with good
water availability (higher P — PET). The de-
lineation of classes 6, 7, and 8 was influ-
enced by the TWI in sites close to water
bodies and by lower P - PET values.

Class 1 sites (S range: 171-231) were found
in areas close to important remaining for-
est fragments in the upper basin: North-
western portion (Caparad) and Northeast-
ern portion (Castelo and Vargem Alta mu-

iForest 14: 86-94



nicipalities). The sites of class 2 (S range:
147-171) are situated around class 1 sites
and reaches areas under pasture, agricul-
ture, and also remaining forest fragments
in the northwestern (Ibitirama) and north-
eastern (Castelo, Vargem Alta, and Venda
Nova do Imigrante municipalities) headwa-
ters of BHPAIN. Some sites at the high alti-
tude of the BHPAIN’s center were also
class 2 (Alegre, Cachoeiro de Itapemirim,
Castelo, Muiz Freire, and Iina). The forest
fragments of class 1 and class 2 sites in-
clude the Caparaé National Park, the Forno
Grande State Park (Castelo), and the part of
the Pedra Azul State Park belonging to BH-
PAIN (Vargem Alta), which are protected
areas included by the government as a pri-
ority for biodiversity conservation. There-
fore, the sites of these classes can be taken
as fundamental not only for water produc-
tion but also for biodiversity conservation.

Sites class 3 (S range: 129-147) and site
class 4 (S range: 115-129) include pastures,
agriculture crops, and forest fragments at
intermediate altitudes and in the middle
basin. In class 5 (S range: 102-115), pastures
at intermediate altitudes are predominant.
Classes 6 (S range: 88-102), class 7 (S range:
72-88), and class 8 (S range: 9-72) occupies
the lower basin and the lands along the val-
leys near the streams.

Our results confirmed that the RFWP de-
cision rules applied can be considered ade-
quate, since the priority sites for restora-
tion were delineated in major P — PET areas
far away from the water table and streams
and with a significant potential infiltration.
Indeed, these sites present the potential
for the infiltration gain to exceed the evap-
otranspiration losses.

For the application of the RFWP in other
areas or biomes, it is recommended to test
different weights and the relative impor-
tance of criteria to assess which process is
dominant to achieve the objective (Schnei-
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Fig. 3 - Methodological steps for the application of RFWP and verification of land-use

changes by hydrological modeling.

derman et al. 2007), or even include addi-
tional criteria. A sensitivity analysis must be
incorporated to check the ordering of pri-
ority and the criteria’ weights (Malczewski
& Rinner 2015).

Hydrological modeling of land-use
change scenarios

The percentages of change in the refer-
ence flow for each scenario compared to
current situation (SCo) are shown in Fig.
5a. Since the results in Fig. 5a may be
masked according to the different restored
areas of each class, the rate of variation of
the flows (in %) as the surface (in km?) cov-
ered by native vegetation increases in the
study area is displayed in Fig. 5b.

Fig. 6 shows that the percentage change
in streamflows were more pronounced for
Qave than for Qq, for all the scenarios, sug-
gesting that forest restoration in BHPAIN
could affect more significantly the annual
water availability than that of dry periods.
The discussion of the results presented in
Fig. 6 will follow two main aspects: the
comparison of the scenarios related to for-
est restoration individually in each class
(SC1to SC8), and the analysis of the scenar-
ios that simulated the restoration of more
classes together (SCA12 to SCA18).

Comparison of different scenarios of
forest restoration (SC1 to SC8)
Fig. 5a shows that class 5 (SC5) is the one

Fig. 4 - Maps resulted from | (a)
the application of RFWP to
BHPAIN. (a) Values of the
aggregated criteria over
the study area; (b) reclassi-
fication of grid pointsin 8
classes of priority to forest
restoration.
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Fig. 5 - Results of the simulated scenarios of the Atlantic Forest restoration at
BHPAIN. (a) Percentage of change in Q.. and Qq; (b) percentage variation of the
streamflows per increment of the Atlantic Forest area.

with the most significant change in Que
(1.29%) and Qq, (0.87%), while the order of
the other classes’ impacts varies consider-
ing Qave Or Qq. Forest restoration in SC7
and SC8 (worse to water production) con-
tributed to the reduction of Qq, showing
that RFWP results are consistent. The root
system of the forest, in classes 7 and 8,
tends to be closer to groundwater sources.
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In these areas, the forest maintains the
evapotranspiration closer to PET for a
longer period, increasing water consump-
tion (Méricz et al. 2016). Therefore, forest
restoration in these areas contributes
more to water consumption (Gribovszki et
al. 2017) than with the increase of infiltra-
tion, resulting in the reduction of water
availability in dry periods. Based on the

18.62%
15.63%

15.13%

above considerations, we concluded that
site belonging to classes 1 to 6 are more
suitable for forest restoration aimed to wa-
ter production than sites belonging to
classes 7 and 8.

Fig. 6 presents the percentage of BHPAIN
area affected by land-use changes in the
simulated scenarios SC1 to SC8, where only
a little afforestation occurs at SC1 (0.86% of
the basin’s area), SC2 (2.97%), and SC3
(8.13%) compared to the other scenarios
(SC4 to SC6). SC4, SC5, SC6 scenarios simu-
lated an effective change of pastures and
abandoned pastures to forest (about 15 to
19% of BHPAIN). Although classes 1to 3 are
the priority levels, their area available for
forest restoration is smaller (Tab. 1, Fig. 6).
This confirms the minor effect of SC1to SC3
over the streamflows (Fig. 5a), and high-
ights the need to evaluate the relative im-
portance of afforestation in each scenario,
which can be calculated by dividing the
percentage change in the streamflow by
the restored area (Fig. 5b), resulting in the
percentage change in streamflow per 1.0
Km? of afforested area.

Fig. 5b shows that the SC1 has the highest
rate of change in flows per km? of forest
restoration. For all the other scenarios, the
flow gains are decreasing. For Qa., the rate
of change in SC1 is almost double that for
SC2, suggesting the effectiveness of forest
restoration for water production in these
areas. The results in Fig. 5b support our ini-
tial assumption on the existence of areas
more suitable for increasing water avail-
ability, and the effectiveness of method
adopted in separating sites based on their
potential increase of streamflow after for-
est restoration.

Combination of forest restoration
scendarios (SCA12 to SCA18)

The SCA12 to SCA18 scenarios consisted
of combining two or more classes of sites
eligible to forest restoration. According to
Fig. 5a, the most substantial increment for
Q.ve is predicted under SCA18, which simu-
lated the most significant increase in forest
cover (3889.1 km? or almost 75% of the
basin area). The results of scenarios SCA15
to SCA18 showed little difference from

Fig. 6 - Change of each land
use (expressed as percent-
age of the basin area) con-
sidering the afforestation
of all eligible areas inside
each suitability class to for-
est restoration at BHPAIN.

Abandoned pastures / initial forest regeneration

m Pasture
m "Campo Rupestre"
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each other. The more significant increase
of Qg was obtained under scenario SCA16,
which simulated forest restoration over an
area of 3167.1 km? (61% of the whole basin).
Yet, the increase in both flows was not
high, being only 4.73% for Q... and 2.45% for
Qoo This corroborates the results of previ-
ous studies on the BHPAIN, which demon-
strated that the rainfall exerts more influ-
ence than forest cover over BHPAIN
streamflow (Mendes et al. 2018).

Fig. 5a also suggests that the combined
scenarios (SCA) could lead to higher in-
creases in streamflow than the individual
scenarios (SC). Indeed, a considerable in-
crease in the streamflows was observed
under SCA12 to SCA15, while smaller in-
creases in the Q,.. and Qq, are predicted by
the subsequent scenarios. However, Fig.
5b shows that the percentage gain in Qg
per km? of afforestation is expected to be
higher under SC12 to SC14. Therefore, the
sites of classes 1 to 4 are priority sites, and
have more potential to increase Q.. and
Q,0, and therefore water availability.

Overall, our results delineate the areas of
the BHPAIN where forest restoration could
better contribute to increase streamflows,
especially pastures, which are mostly in de-
graded conditions (Rocha Junior et al.
2017). Based on simulated scenarios, an in-
crease in the native forest cover up to
27.6% of the BHPAIN area, namely at sites
indicated by classes 1 to 4 (SCA14), is ex-
pected to significantly enhance local water
production.

General considerations about RFWP

The results found are the first step to-
wards spatial planning aimed to identify
suitable sites for afforestation to support
the environmental and socioeconomic
functions of the landscape. The results of
RWFP must be assessed carefully for each
basin, as it could have negative conse-
quences in different ecosystems, such as in
the warmer regions with high evapotran-
spiration. For example, it has been re-
ported that an intermediate forest cover in
regions with drier climate can maximize
groundwater recharge (llstedt et al. 2016,
Oliveira et al. 2016).

The RFWP is a useful tool that allows the
delineation of sites where forest restora-
tion potentially changes the balance be-
tween infiltration and evapotranspiration,
thus achieving net water production. Our
results showed that in specific sites, the
forest impact on the streamflow was posi-
tive, while in other sites the flow is re-
duced. The results of hydrological model-
ing confirmed the suitability of the method
used in this study for spatial analysis and
mapping.

Land use planning and management can
greatly benefit from the use of RFWP to
identify the areas of favorable conditions
for the infiltration and aquifer recharge, in-
crease the water availability of catchments
and, as an immediate consequence, reduce
erosion processes. The benefits of forest

iForest 14: 86-94
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restoration in the study area can be en-
hanced by adopting best management
practices (Cristan et al. 2016) and sustain-
able agricultural systems (Wilson & Lovell
2016), such as agroforestry. In this context,
due to the vast predominance of pastures
at BHPAIN, the adoption of Integrated
Crop-Livestock-Forest Systems (ICLFS) is
recommended to achieve sustainability (Al-
ves et al. 2017).

Finally, identifying priority areas for for-
est restoration intending to increase water
availability is still a challenging problem.
Further research is encouraged, especially
in different regions, to test the applicability
of the RFWP. Besides, we consider essen-
tial the validation of RFWP with observa-
tional data in the field.

Conclusions

The methodology applied in this study
(RFWP) allowed to map sites with different
levels of priority for the restoration of At-
lantic Rainforest aimed at increasing water
availability (streamflows) in the BHPAIN
(SE Brazil). The hydrological modeling
proved that the method adopted is effec-
tive for the above purposes. However, cau-
tion should be taken in the choice of crite-
ria to be included and in the weighting of
criteria, and their prior assessment is rec-
ommended to improve the RFWP perfor-
mance. Overall, our results support the use
of RFWP as a helpful tool in land use plan-
ning and management.
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