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Abstract: Estimating the on-site and off-site impacts of soil erosion as a function of land use and
climate conditions in semi-arid basins is key for soil and water conservation strategies. However, a
research gap exists in the theme, requiring further investigation using local hydrological data. To
accomplish it, the SDR-InVEST model was applied to the Pardo-FB basin (Brazil) using different land
use, soil conservation, and climate conditions. The mean annual soil loss and the mean sediment
yield in the basin varied between 7 and 36 Mg ha−1 yr−1 and 1.2 and 52.2 Gg yr−1, respectively. The
basin areas where on-site and off-site erosion tolerances were exceeded ranged from 20% to 50% and
from 0% to 1%, respectively, depending on the scenario. The results indicate that anthropic areas and
high erosivities increase soil detachment and decrease sediment retention, generating higher erosion
and sedimentation rates in the basin. The restoration of native vegetation and soil conservation
practices reduced the erosion impacts, but their effectiveness was reduced in the wet climate scenario.
The results contribute to the establishment of soil conservation strategies in the Pardo basin, as well
as in similar basins around the world.
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1. Introduction

Humans rely heavily on the ability of soils to sustain agricultural production and
livestock [1]. At the same time, agricultural systems, along with climate change, are the
main drivers of soil degradation [2]. Hydrological alterations, such as increased rainfall
intensity caused by climate change, can further accelerate this process [3]. Therefore, tools
that go beyond the simple diagnosis of soil erosion and are able to evaluate the effectiveness
of mitigation strategies in future climate scenarios are urgently needed. Distributed soil
erosion modeling has filled this gap, which allows the spatial assessment of soil erosion and
land degradation and provides the necessary technical and political visibility to warrant
effective soil conservation policies [4,5].

In the tropics, the risk of soil erosion is potentially high due to natural factors, such as high
rain erosivity and soil erodibility, with soil loss frequently exceeding 20 Mg ha−1 yr−1 [1]. In
Brazil, the mean annual soil loss ranges from 0.1 Mg ha−1 yr−1, under permanent cover con-
ditions, to 136.0 Mg ha−1 yr−1, under conventional agriculture [6]. The recent agricultural
expansion in the Brazilian savanna has caused significant economic and environmental
costs [3,6,7]. In that region, the high erosion rates, often surpassing soil loss tolerances, are
strongly associated with non-permanent soil cover and highly erodible soils [8].

Although land cover and management practices play an important role in the control
of soil erosion, the relationship is not yet fully understood in semiarid regions of the
Brazilian Cerrado [6,7,9], particularly under a changing climate [3,10–12]. Such is the
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case of the Pardo River basin in southeastern Brazil, whose climate, geomorphology, and
pedology favor soil erosion and degradation [13].

The combined impacts of LULC and climate on on-site erosion include reductions
in crop productivity [7] and increased soil degradation [1]. Tolerable on-site erosion is a
soil loss threshold that still maintains its production and ecological functions, including
agronomic sustainability. In the United States and Europe, on-site tolerance is related to a
loss of productivity, ranging between 5 and 12 Mg ha−1 year−1 [14,15]. In Brazil, it varies
from 2 to 15 t ha−1 yr−1, depending on soil depth and texture [16].

The sediments eroded upstream are transported downstream, generating off-site
impacts such as silting and water quality impairment [17–19]. Off-site soil loss tolerance is
lower than on-site thresholds and is usually taken as 1.0 Mg ha−1 year−1 [18–20]. Both on-
and off-site impacts should be accounted for, especially in semi-arid regions where soils
are fragile and water resources are scarce [11]. Although studies have investigated off-site
impacts in the Cerrado, such as sedimentation [21,22], its wide distribution following land
conversion and climate change requires more investigation [10,23].

Spatially-distributed erosion modeling has been utilized to evaluate the on- and off-
site impacts of soil loss [5,24]. However, many models, such as SWAT, WEPP, LISEM, and
EUROSEM [4], are complex and require specialized knowledge and a high investment of
time, limiting the number of potential users [4]. LISEM, EUROSEM, and SWAT require
large amounts of detailed data and a large number of parameters, which hinders their
application in data-scarce areas of developing countries. The WEPP is considered less
accurate in areas that are less disturbed and dominated by vegetation, and, due to the
non-linearity of the model, it has a strong propagation of errors in the results [25,26].

Simple yet robust models, such as the SDR-InVEST [27] bridge this gap [28]. Con-
trary to the other models, the SDR-InVEST model requires readily available data and low
modeling skills. Furthermore, the model is based on the Universal Soil Loss Equation
(USLE), which has intrinsic predictive limitations but relatively good accuracy [23,29–35].
Although the SDR-InVEST has been applied globally, with variable degrees of success, no
studies were carried out in semi-arid savannas of Brazil [10,23]. Therefore, considering the
importance of understanding the on-site and off-site impacts of erosive processes and their
control in the Pardo river basin under present and prospective land use and climate change
scenarios, the objectives of this study are: (1) to assess the distribution and severity of soil
loss under the present land use conditions; (2) to quantify the corresponding sediment
yield at the basin outlet; and (3) to evaluate the impact of land use change and climate
variability on soil loss and sediment yield in the basin.

2. Materials and Methods
2.1. Study Area

The study area here called Pardo-FB, is in the Rio Pardo Basin, north of the state
of Minas Gerais (MG) (Brazil), between latitudes S 15◦0′42.595′′ and 15◦51′9684′′ and
longitudes O 42◦31′9.304′′ and 42◦30′39.337′′ (Figure 1). The Pardo-FB has an area of
5508 km2 and includes five municipalities (Indaiabira, Montezuma, Rio Pardo de Minas,
Santo Antônio do Retiro, and Vargem Grande do Rio Pardo) [36].

The basin climate is semi-arid [39], with a mean annual precipitation of 748 mm
(Figure 2). The basin’s relatively low rainfall and high temperature make it susceptible to
desertification [39].
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Figure 1. Location of the Pardo-FB Basin with principal watercourse (Pardo river); Digital Elevation
Model (DEM); rainfall and sediment monitoring stations and Conservation Units Reserve for Sustain-
able Development “Nascentes Geraizeiras” (RDSNG); Montezuma State Park (PEM); and the “Serra
Nova” e “Talhado” State Park (PESNT). The Pardo-FB basin has a mean altitude of 926 m and a mean
slope of 13%. The basin is relatively circular in shape, with a compactness coefficient, shape factor,
and circularity index of 1.43, 0.27, and 0.47, respectively. The drainage density is 1.23 km−1, which
provides a relatively fast runoff response to precipitation [37]. The predominant soils in the basin are
Oxisols (55%), followed by Leptsols (20%) [38].
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Figure 2. Annual rainfall (a) and mean monthly rainfall (b) in the Pardo-FB basin.

The Pardo-FB basin is predominantly covered by native savanna vegetation (Cerrado)
(79%), and anthropized areas are occupied mostly by silviculture, pasture, and agriculture.
The eucalyptus plantations were the main land use conversion in recent years in the
basin [40].

As a response to social pressures against land use conversion in the basin, the Re-
serve for Sustainable Development “Nascentes Geraizeiras” (RDSNG) was created in 2014
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(Figure 1). The other Conservation Units (UC) in the Pardo-FB basin are the Montezuma
State Park (PEM) and the Serra Nova e Talhado State Park (PESNT), both fully protected
conservation UCs.

2.2. Mean Annual Sediment Yield in the Basin

The observed daily sediment load at the basin outlet was the sum of the suspended
load and the bed load, namely [37]:

Qst = Qsm + QSnm (1)

where Qst is the total sediment load (Mg d−1); Qsm is the measured (suspended) sediment
load (Mg d−1); and QSnm = unmeasured (bed) sediment load (Mg d−1).

The observed sediment concentration (Css) and streamflow (Q) data, between 1997 and
2010, were obtained from the National Water and Sanitation Agency [41] at the Fazenda Ben-
fica gaging station (no. 53490000) (Figure 1), situated at the basin outlet. The Css (mg L−1)
was converted into a measured (suspended) sediment load (Qsm, ton day−1) with the
formula [37]:

Qsm = 0.0864 · Q · Css (2)

where Q is the daily streamflow (m3 s−1); Css is the observed concentration of suspended
solids (mg L−1), 0.0864 = dimensionless coefficient for unit conversion [37].

The unmeasured bed load (QSnm) was estimated from the measured suspended load
(Qsm), using a previously calibrated equation obtained for the Cerrado region of Brazil [37]:

Qsnm = 5.4 · Qsm
0.638 (3)

The sediment rating curve (SRC) was developed to estimate the annual average
sediment on the basin outlet from the streamflow measurements. A SRC is the function
that relates the measured streamflow (Q, m3 s−1) and the sediment yield (Qst, ton day−1 or
kg s−1) by using regression analysis; usually the curve is expressed in the form of a power
equation, with the R2 used as a goodness-of-fit index [37,42]:

Qst = a · Qb (4)

where Qst is the sediment yield (g s−1); Q is the streamflow (m3 s−1); a & b = equation
parameters [42]. The average daily sediment load was estimated using the SRC equation
and the daily mean streamflow. The daily sediment loads are then calculated for the mean
annual sediment load (ton day−1) used in the model calibration.

2.3. InVEST Sediment Delivery Ratio Model

The SDR-InVEST is a distributed model that calculates the yearly soil loss in basin
slopes, the annual sediment yield at the basin outlet, and the sediment retention resulting
from a given land cover [27]. The mean annual soil loss for each basin pixel in the model
is [43]:

USLEi = Ri · Ki · LSi · Ci · Pi (5)

where USLEi issoil loss (Mg ha−1 yr−1); Ri is rainfall erosivity (MJ·mm(ha·hr·yr)−1); Ki is
soil erodibility (Mg·ha·hr (MJ·ha·mm)−1); LSi is a slope length-gradient factor (unitless);
Ci is a cover-management factor (unitless); and e P is a support practice factor (unitless).

The LSi is computed using the equation developed by Desmet and Govers [44]:

LSi = Si

(
Ai−in + D2

)m+1
−Am+1

i−in

Dm+2 · xm
i ·(22.13)m

(6)

where Si is the slope factor for grid cell i; Ai−in is the contributing area (m2) at the inlet
of a grid cell computed from the Multiple-Flow Direction method; D is the cell linear
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dimension (m); xi is the mean slope aspect weighted by proportional outflow from grid cell
i; m is the RUSLE slope length exponent factor. To avoid overestimation of the LS factor
in heterogeneous landscapes, long slope lengths are capped at a maximum value that is
adjustable as a user parameter (item 2.5) [44].

To compute the sediment yield in each pixel, the model uses the sediment delivery
ratio-SDR, which is a function of the hydrological connectivity of the basin [45]

SDRi =
SDRmax

1 + exp
(

IC0−ICi
k

) (7)

where SDRi is the sediment delivery ratio (unitless); SDRmax is the maximum theoretical
SDR (unitless) [45]; ICi is the connectivity index (unitless); and IC0 and k are calibration
parameters that define the shape of the SDR-IC0 function (unitless).

The connectivity index (IC) is a pixel-by-pixel routing index based on the relationship
between the slope and land use/land cover (LULC) of neighboring pixels, developed by
Borselli et al. [46]:

IC = log10

(
Dup

Ddn

)
(8)

Dup = C· S
√

A (9)

Ddn = ∑i
di

Ci · Si
(10)

where Dup is the upstream connectivity; Ddn is the downstream connectivity; C is the
average C factor of the upstream contributing area; S is the average slope gradient of the
upstream contributing area (m m−1); A is the upstream contributing area (m2); di is the
length of the flow path in the steepest downslope direction (m); and Ci and Si are the C
and the S factor of the its pixel, respectively.

The sediment yield that reaches the basin outlet is [27]:

Ei = USLEi· SDRi (11)

Esim = ΣEi (12)

where Ei is the sediment export from a given pixel i (Mg ha−1 yr−1); USLEi is the soil
loss (Mg ha−1 yr−1); SDRi is the sediment delivery ratio (unitless); and Esim is the total
catchment sediment export.

Sediment retention (Reti) represents the avoided soil loss provided by the current land
use, weighted by the SDR factor. It is estimated by the difference between the amount
of sediment exported under the present land cover (LULC) and the amount of sediment
exported in the bare soil condition [27]:

Reti = (RKLSi · SDRbar)− Ei (13)

where Reti = sediment retention in the pixel (Mg yr−1); RKLSi = soil loss potential per pixel
of the bare soil (Mg yr−1); and SDRbarr = SDR for bare soil.

2.4. Data Sources and Processing
2.4.1. Cover-Management (C) and Support Practice (P) Factors

The land use and cover map for the year 2010, with a spatial resolution of 30 m,
was obtained from Brazil MapBiomas collection 6 [40], through the Google Earth Engine
platform [47] (Figure 3d). In this study, the C factor for each LULC condition in the
present and prospective scenarios was obtained from the literature (Table 1). The P factor,
representing the soil loss reduction provided by support practices, was taken as 1.0 for the
calibration of the model [43].
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Table 1. Values of the cover-management factor (factor C) and the respective sources.

LULC Factor C Source

Native vegetation

Forests Formation 0.004 [43,48]
Savanna Formation 0.012 [43,48]
Grassland 0.013 [43,48]
Wetlands 0 [43]

Anthropic areas

Eucalyptus plantation 0.3 [49]
Pasture 0.035 [50]
Mosaic of Agriculture and Pasture 0.15 [50]
Coffee 0.11 [51]
Non vegetated * 1 [43]
Urban Area 0.03 [52]

Other

Rocky Outcrop 0 [43]
River 0 [43]
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2.4.2. Digital Elevation Model (DEM)

The digital elevation model (DEM) used was the SRTM-GL1 (version 3), with a spatial
resolution of 30 m, obtained through the Google Earth Engine platform [47,53]. This DEM
has less vertical bias and eliminates gaps and voids, making it reliable for regions of open
savanna [54,55].

The SDR-InVEST model uses the DEM to determine the flow accumulation and the
sediment flow path. In order to reduce topographic uncertainty, the basin DEM was
corrected with a stream-burning technique [27,56], using the basin drainage network
acquired by the Brazilian Institute of Geography and Statistics (IBGE) [57]. Drainage
was converted from shapefile to grid format (raster). The “map processing extension”
technique was used to extend the contour definitions of the drainage raster, based on the
DEM extension, in the Arcgis 10.4.1 software. Subsequently, the extended drainage raster
was used to correct the DEM. The drainage raster extended was also used as input data to
represent the actual flow and to be merged into the simulated stream to ensure that the
exported sediments were calculated correctly [27] (Figure 3a).

2.4.3. Rainfall Erosivity (R)

Basin rainfall erosivity (R), representing the potential of rainfall and runoff to cause
soil erosion [43], was obtained using a Fournier-type equation [58] from monthly and
annual precipitation data [37]:

R = 42.307 ·
(

M2
p

Pa

)
+ 69.763 (14)

where R is the annual rainfall erosivity (MJ·mm(ha·hr·yr)−1); Mp is monthly precipitation
(mm); and Pa is the annual precipitation (mm).

Precipitation data were obtained from the CHIRPS [59] satellite database for the period
between 1985 and 2019 (Figure 3c). The CHIRPS monthly precipitation data were post-
processed with a bias correction routine [60], using observed P data from three gauging
stations as ground truth (Figure 1).

2.4.4. Soil Erodibility (K)

The soil erodibility factor (K) of basin soils (Figure 3b) was obtained by an equa-
tion developed for the Brazilian savanna [21]. The soil texture information for the equa-
tion was obtained from the BDiA platform, the Environmental Information Database
(https://bdiaweb.ibge.gov.br/):

K = −0.000430 ·
[
(AF + SI)

CO

]
+ 0.000437∗AT + 0.000863 · SI (15)

where AF = horizon sand content A; SI = silt content; CO = soil organic carbon content; and
AT = total soil sand. The 1:250,000 scale soil map of the basin was obtained from the IBGE
database [38].

2.5. Model Calibration

The threshold flow accumulation (TFA) parameter (2500) was obtained by comparing
the synthetic stream network and drainage network in the real world through Google
Earth [47,56]. The SDR-InVEST model was calibrated by adjusting the parameters Lmax
(the maximum allowed value of the slope length parameter (L), Equation (6)) and k
(Equation (7)).

To evaluate the results simulated by the model, the simulated sediment annual yield
(Esim) at the basin outlet is compared to the observed sediment loading at the outlet of
the watershed [MANUAL INVEST]. Thus, for each combination of these parameters, Esim

https://bdiaweb.ibge.gov.br/
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was compared to the observed yield value, until a minimum percentage error (Ep) was
obtained [61]:

Ep =
∑n

t=1 Esim −∑n
t=1 Eobs

∑n
t=1 Eobs

· 100 (16)

where Esim is the simulated sediment yield (Mg yr−1); Eobs is the observed sediment yield
(obtained with the sediment rating curve—item 2.2) (Mg yr−1). Model default values were
used for the parameters SDRmax (0.8) and IC0 (0.5).

2.6. Erosion, Sedimentation, and On- and Off-Site Soil Loss Tolerance

Mean soil loss (on-site erosion), calculated by the SDR-InVEST model, was compared
to the on-site soil loss tolerance, taken as 10 Mg ha−1yr−1 [8,16,62], to obtain the basin
areas with the risk of permanent degradation by erosion. With respect to sedimentation,
the exported sediment in the basin pixels was compared with off-site tolerance, taken as
1.0 Mg ha−1 yr−1 [18–20], above which the risk of sedimentation of the drainage channels
is significant.

2.7. Simulation Scenarios

Different land use and climate scenarios were analyzed to assess erosion and sedimen-
tation impacts, as well as basin sustainability with respect to on-site and off-site erosion
and sedimentation tolerances.

• Land use Scenarios:

The land use/land cover LULC of 2010 was taken as the baseline condition (BL)
(Figure 3). The pessimistic LULC scenario (PE) assumed that the anthropic areas (agricul-
ture, pastures, eucalyptus, and non-vegetated areas) of the BL scenario were increased
by 50% using the InVEST proximity-based model [27], which were added around the
existing anthropic areas in the basin. Similarly, in the LULC optimistic scenario (OP), native
vegetation replaced the original anthropic areas based on the remaining Cerrado vegetation
of the baseline scenario using the proximity model.

• Conservation Scenarios

To estimate the impact of the Brazilian environmental legislation on the erosive and
sediment retention processes in the basin, land conservation was established in the BL,
OP, and PE scenarios (Land Use Scenarios—previous item), following the guidelines of
the National System of Conservation Units (SNUC) [63] and the Brazilian Forest Code
(CF) [64].

The implementation of CF guidelines consisted of the restoration of native vegetation
in the areas of permanent preservation (APP) with anthropic use in 2010. Among the APPs
indicated by the legislation, the following are considered here: 30 m-wide strips along
drainage channels, 50 m at the headwater sources, and 100 m along the edges of plateaus.

The SNUC determines which uses and land cover are allowed for each category of
Conservation Unit (UC). Thus, for the integral protection UC’s (PEM and PESNT) (Figure 1),
the anthropic areas in the inner limits were converted into native vegetation, and in the
buffer zone (Figure 1), conservation practices (countering and terracing) were applied. For
the UC of the sustainable development (RDSNG), conservation management practices
were applied to anthropic areas in the inner limits and within the buffer zone of the UC
(Figure 1).

The conservation management practices selected for the UCs were contouring and
level terraces to minimize the erosion processes on steep slopes. This corresponded to
a reduction of 50% in the original P factor (1.0) within the basin anthropic areas [43].
Thus, the BL_L (baseline LULC scenario and established land conservation (SNUC/CF)),
OP_L (optimistic LULC scenario and established land conservation (SNUC/CF)), and
PE_L (pessimistic LULC scenario and established land conservation (SNUC/CF)) scenarios
were established.



Water 2023, 15, 563 9 of 18

• Climate change scenarios

Three climate scenarios were analyzed in the present study based on the erosiv-
ity mean and the standard deviation of the rainfall time series: (i) a baseline climate-
Rm (7336.3 MJ·mm(ha·hr·yr)−1), using the mean annual erosivity of the period between
1985 and 2019; (ii) a dry climate-Rdry (4944.4 MJ·mm(ha·hr·yr)−1), reflecting the ero-
sivity of a typical dry year (2008) of the historic series; and (iii) a wet climate-Rwet
(9874.7 MJ·mm(ha·hr·yr)−1), represented by the erosivity of a typical wet year (2002).

3. Results
3.1. Sediment Rating Curve (SRC)

The sediment rating curve at the basin outlet is obtained from observed streamflow
(m3 s−1) and observed sediment load (t d−1) with its respective power equation and the R2
(Item 2.2. and Figure 4). The mean annual sediment yield, calculated based on the SRC
equation, for the basin in the studied period was 13.1 Gg yr−1.
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3.2. Model Calibration

The calibrated values for parameters k and Lmax were 0.547 and 4.0, respectively,
corresponding to a mean error of <1% between the simulated and observed sediment yield.

3.3. Model Simulation Scenarios
3.3.1. Soil Loss

Figure 5 shows the basin soil loss in the baseline; optimistic and pessimistic scenarios
are very spatially variable.

In the different LULC scenarios, the mean soil loss ranged from 7 Mg ha−1 yr−1 for
the OP_L scenario (Rdry) to 36 Mg ha−1 yr−1 for the PE scenario (Rwet) (Figure 6). The
basin areas where erosion was above and below on-site soil loss tolerance are presented in
Table 2 for the different land use, conservation, and climate scenarios.
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Figure 5. Basin soil loss (USLE) for the BL (baseline land use), the OP (optimistic land use), and the
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The highlights of BL high erosion: (a) rugged slope, (b) eucalyptus plantation, and (c) eucalyptus
plantations over highly erodible soils (Leptsols).
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Figure 6. Mean basin soil loss. Land use scenarios: BL—baseline LULC, OP—optimistic LULC,
and PE—pessimistic LULC; conservation scenarios: BL_L—baseline LULC and established land
conservation, OP_L—optimistic LULC and established land conservation, and PE_L–pessimistic
LULC and established land conservation; climate scenarios: Rm—baseline climate (mean erosivity),
Rdry—dry climate, and Rwet—wet climate.

Table 2. Percentage of basin areas with erosion above and below on-site soil loss tolerance
(10 Mg ha−1 yr−1) in the land use scenarios: BL—baseline LULC, OP—optimistic LULC, and PE—
pessimistic LULC; conservation scenarios: BL_L—baseline LULC and established land conservation,
OP_L—optimistic LULC and established land conservation, and PE_L—pessimistic LULC and es-
tablished land conservation; climate scenarios: Rm—baseline climate (mean erosivity), Rdry—dry
climate, and Rwet—wet climate.

Scenarios
Rdry Rm Rwet

≤T >T ≤T >T ≤T >T

OP 77.3 22.7 68.6 31.4 61.2 38.8
BL 71.8 28.2 62.7 37.3 55.2 44.8
PE 66.1 33.9 56.9 43.1 49.7 50.3

OP_L 80.0 20.0 72.0 28.0 64.8 35.2
BL_L 75.6 24.4 67.1 32.9 59.9 40.1
PE_L 71.1 28.9 62.5 37.5 55.4 44.6

3.3.2. Basin Sediment Yield and Exported Sediment

The annual basin sediment yield at the basin outlet varied from 0.2 to 0.3% and from
0.05 to 0.07% of the total soil loss generated inside the basin in the different LULC and
conservation scenarios, respectively (Figure 7). The sediment yield ranged from 1.2 Gg yr−1

for the OP_L scenario (Rdry) to 52.2 Gg yr−1 for the PE scenario (Rwet).
Table 3 presents the % of the basin areas where the exported sediment in the basin

pixels were below and above the off-site tolerance threshold (1.0 Mg ha−1 yr−1). A majority
of the basin generates an amount of sediment below 1.0 Mg ha−1 yr−1, which reaches 100%
in some scenarios (Table 3).

On average, only 0.1% of the basin area experienced off-site sedimentation above the
tolerance threshold. Such areas were characterized by higher IC, SDR, CP, LS, K, R, and
a slope grade above 20%, including mosaic of agriculture and pasture, deforested areas,
and eucalyptus plantations. Conversely, the basin areas below the 1 Mg ha−1 yr−1 off-site
tolerance threshold included natural forests, savannas, and pastureland in flatter areas.
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Figure 7. Total sediment yield at the basin outlet. Land use scenarios: BL—baseline LULC, OP—
optimistic LULC, and PE—pessimistic LULC; conservation scenarios: BL_L—baseline LULC and
established land conservation, OP_L—optimistic LULC and established land conservation, and
PE_L—pessimistic LULC and established land conservation; climate scenarios: Rm—baseline climate
(mean erosivity), Rdry—dry climate, and Rwet—wet climate.

Table 3. Percentage of the basin area above and below off-site sedimentation tolerance
(1 Mg ha−1 yr−1) in the land use scenarios: BL—baseline LULC, OP—optimistic LULC, and PE—
pessimistic LULC; conservation scenarios: BL_L—baseline LULC and established land conservation,
OP_L—optimistic LULC and established land conservation, and PE_L–pessimistic LULC and es-
tablished land conservation; climate scenarios: Rm—baseline climate (mean erosivity), Rdry—dry
climate, and Rwet—wet climate.

Scenarios
Rdry Rm Rwet

≤T >T ≤T >T ≤T >T

OP 99.99 0.01 99.94 0.06 99.93 0.07
BL 100.0 0.0 99.84 0.16 99.78 0.22
PE 100.0 0.0 99.42 0.58 99.16 0.84

OP_L 100.0 0.0 100.0 0.0 100.0 0.0
BL_L 100.0 0.0 99.99 0.01 99.98 0.02
PE_L 100.0 0.0 99.95 0.05 99.91 0.09

3.3.3. Sediment Retention

The results of sediment retention in the basin pixels are presented in Figure 8 for the
different scenarios. According to that figure, little variation existed between the land use
and conservation scenarios, but a significant difference in on-site sediment retention existed
between the three climate (erosivity) scenarios.

3.3.4. Conservation Practices

In the different conservation scenarios, ecological restoration and conservation
practices were applied to 10% of the basin area and reduced soil loss and sediment
export (Table 4). The effectiveness of conservation measures was directly proportional
to the increase in the anthropic area. In relation to the erosivity of the rain, this did not
occur because in the Rwet scenario, the benefits were equal to or smaller than in the
Rdry scenario.
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Figure 8. Total sediment retention in the basin (land use scenarios: BL—baseline LULC, OP—
optimistic LULC, and PE—pessimistic LULC; conservation scenarios: BL_L—baseline LULC and
established land conservation, OP_L—optimistic LULC and established land conservation, and
PE_L—pessimistic LULC and established land conservation; climate scenarios: Rm—baseline climate
(mean erosivity), Rdry—dry climate, and Rwet—wet climate).

Table 4. Percentage reduction in soil loss and sediment export after conservation practices.
OP -> OP_L: land use scenario OP (optimistic LULC) to conservation scenario OP_L (optimistic
LULC and established land conservation); BL -> BL_L: land use scenario BL (baseline LULC) to
conservation scenario BL_L (baseline LULC and established land conservation); PE -> PE_L: land use
scenario PE (pessimistic LULC) to conservation scenario PE_L (pessimistic LULC and established
land conservation).

Variable & Scenario
Scenario Change

OP -> OP_L BL -> BL_L PE -> PE_L

Soil Loss
Rdry 19.6 22.8 24.3
Rm 20.5 23.5 24.8

Rwet 19.4 22.8 24.5

Sediment
export

Rdry 75.8 75.4 80.5
Rm 77.0 76.3 81.0

Rwet 75.3 75.4 80.6

4. Discussion
4.1. Sediment Rating Curve (SRC)

The graphical and R2 results of the sediment rate curve of the Pardo-FB show a good
fit [42]. However, there could be bias because of the low frequency of sediment sampling
compared to stream flow [37].

4.2. Calibration Model

The low calibration (error < 1%) indicates that the InVEST-SDR model can explain
the sedimentological behavior of the Pardo Basin, similar to findings of other studies in
different parts of the world, using long-term data [23,30–34]

4.3. Soil Loss

The high soil loss rates (>10 Mg ha−1 yr−1) in Figure 5 were associated with a com-
bination of steep slopes, highly erodible soils, and anthropic land use. The values of soil
loss increased on steep slopes, even though flat areas, where the conversion of the natural
savanna into a mosaic of agriculture, pasture, and eucalyptus plantations, also had high
values of soil loss, such as those found in other studies [3,7,10,46].

In the BL scenario with baseline erosivity, 63% of the basin area had erosion rates
below the soil loss tolerance (10 Mg ha−1 yr−1) (Figure 5). These areas are covered with
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permanent vegetation (91%), areas of low steepness (s < 10%), and areas of low erodibility
(K < 0.02). The soil loss range between 10 and 80 Mg ha−1 yr−1 (33% of the basin area) was
dominated by land uses of permanent and non-permanent vegetation, steep slopes, and
highly erodible soils (K > 0.02). Less than 4% of the basin area would experience severe
erosion (>80 Mg ha−1 yr−1) in the BL scenario, which was associated with non-permanent
vegetation, slopes > 20%, and soil erodibility < 0.02. The other LULC scenarios showed
similar trends.

The differences in soil loss values among LULC types found a good correspondence
with runoff plots in the Brazilian savanna, where soil losses from natural and undisturbed
Cerrado conditions were very low compared to areas with conventional crops and forestry
plantations [9,12,65–69]. The low soil loss rates of the native vegetation result from the
permanent canopy and ground cover and the undisturbed, highly permeable soils, which
facilitate the infiltration of water into the soil and reduce surface runoff [8,70–74].

The LULC changes increase the susceptibility to soil degradation mostly during the
summer season, when intense precipitation events occur, such as in the Rwet
scenario [10,23,43,66,75]. These justify the percentage of areas above tolerance for on-
site soil loss, given the increase of anthropic areas and the extreme wet events found in the
results.

4.4. Exported Sediment

Sediment export in the basin was directly proportional to rainfall erosivity and in-
versely correlated to permanent land cover, as reported in other studies [45,46]. In the
scenario BL (Rm), anthropic areas contribute 6.4 times more than native vegetation to the
total sediments that reach the basin outlet. The other scenarios showed similar trends.

Differences in sediment export among scenarios are influenced by sediment sources
(soil loss) and by sediment delivery (soil loss delivery rate—SDR and continuity index—
IC) [23,27,75–77]. Almost half of the agricultural and pasture mosaic areas are up to 130 m
from the rivers in BL, and this increased in PE.

In these places, eroded sediments are less likely to find a sink to impede the sediment
flow due to the proximity to rivers [23,75–77]. Furthermore, on the banks of rivers, the
sediment loads, coming from slopes and more elevated areas, are potentially higher due to
the greater distance and greater slope of the path [23,45,77].

The non-vegetated areas and eucalyptus plantations also occur close to rivers and
in areas with slopes above 10%, which increases the susceptibility to sediment deliv-
ery [78]. In the OP scenario, sites close to rivers have a higher percentage of native
vegetation, which provides greater impedance and infiltration of the water and eroded
sediments [32,33,70,79,80].

It is inferred, then, that anthropic areas and their spatial distribution facilitate the
transport of sediments from other parts of the basin to rivers. Thus, besides the increase in
sediment sources, the expansion of anthropic areas over time enhances connectivity in the
landscape, which results in a significant increase in sediment exports [23,45,75–77,81].

The chances of the soil particles being transported depend on the availability of water,
which can be generated at the site and/or come from the slope [46]. Therefore, PE is a
scenario that is not only pessimistic in relation to soil and water ecosystem services but also
pessimistic in relation to climate change, favoring the negative effect of wet extremes.

4.5. Sediment Retention

The sediment retention was inversely proportional to soil loss and to the presence of
permanent vegetation, unlike the results of similar studies [23,75,77]. The native vegetation
has the potential to retain sediments, especially in the sloping areas, while deforested areas,
coffee, and eucalyptus plantations showed the least sediment retention potential. Sediment
retention was proportional to soil erosivity, a fact corroborated by other studies [10,23].



Water 2023, 15, 563 15 of 18

4.6. Land Conservation

The conservation practices used reduced impacts of the slope on soil water ero-
sion and reduced the potential for sediment transport in the landscape and the deliv-
ery to rivers (SDR and CI) [40–46]. With less eroded sediments and low connectivity in
the landscape, naturally the sediment export and areas above off-site tolerance will be
reduced [13,37,38,47–49].

However, the results also showed that high rainfall scenarios limit the benefits of
conservation practices. The vegetation’s ability to influence soil loss and flow connectivity
has strong temporal and spatial dynamics, which varies by seasons of the year and climatic
extremes [16,46,82].

Borrelli et al. [3] simulated future changes in climate and land use in different parts of
the world and observed that in scenarios of extreme humidity it will be necessary to expand
the use of conservation practices and the restoration of native vegetation. However, the
authors emphasize that for some locations, such practices may be insufficient to minimize
the impacts of the intense erosivity of rainfall on erosion processes.

5. Conclusions

In the present (baseline) condition, the Pardo River basin has a mean soil loss of
19 Mg ha−1yr−1, equivalent to 1.9 times the on-site soil loss tolerance, as a consequence of
non-permanent soil cover, steep slopes, and high soil erodibility. If unchecked, this could
lead to permanent soil degradation.

Although the mean sediment exported from basin slopes exceeded the off-site sedi-
mentation threshold in only 2% of the basin area, the high sediment yield at the basin outlet
(a mean of 16.2 Gg yr−1) has a high silting potential.

The results of the study indicate that permanent soil cover, reduced erosivity, and
conservation practices significantly contribute to the reduction of on- and off-site soil loss
impacts, such as land degradation and sedimentation, increasing the sediment retention on
the basin slopes.

These findings, which were corroborated by other studies, could lead to the establish-
ment of sound soil conservation policies in the Pardo basin and other similar watersheds of
the Brazilian savanna, improving overall basin sustainability.
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