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Abstract

By 2023, deforestation in the Cerrado biome surpassed 50% of its original area, primarily
due to the conversion of native vegetation to pasture and agricultural land. In addition
to anthropogenic pressure, climate change has intensified hydrological stress by reducing
precipitation and decreasing river flows, thereby threatening water security, quality, and
availability in that biome. The Annual Water Yield (AWY) model from the InVEST platform
provides a tool to assess ecosystem services by estimating the balance between precipitation
and evapotranspiration (ET). In this study, we applied the AWY model to the Urucuia River
Basin, analyzing water yield trends from 1991 to 2020. We evaluated climate variables,
land use dynamics, and river discharge data and validated the model validation using
observed stream flow data. Although the model exhibited low performance in simulating
observed streamflow (NSE = −0.14), scenario analyses under reduced precipitation and
increased evapotranspiration (ET) revealed consistent water yield responses to climatic
variability, supporting the model’s heuristic value for assessing the relative impacts of
land use and climate change. The effects of deforestation on estimated water yield were
limited, as land use changes resulted in only moderate shifts in basin-wide ET. This was
primarily due to the offsetting effects of land conversion: while the replacement of savannas
with pasture reduced ET, the expansion of agricultural areas increased it, leading to a net
balancing effect. Nevertheless, other ecosystem services—such as water quality, soil erosion,
and hydrological regulation—may have been affected, threatening long-term regional
sustainability. Trend analysis showed a significant decline in river discharge, likely driven
by the expansion of irrigated agriculture, particularly center pivot systems, despite the
absence of significant trends in precipitation or ET.

Keywords: Cerrado biome; sustainable land use; water resource management; climate
changes; deforestation
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1. Introduction
The Brazilian Cerrado biome is a global biodiversity hotspot [1,2], encompassing

24% of Brazil’s national territory [3], which has been subjected to intensive deforestation
in recent decades, primarily driven by the conversion of native vegetation into pasture
and agricultural lands and recurrent wildfires [2,4]. The remaining native vegetation is
unevenly distributed in that biome, with large vegetation remnants mostly found in the
northeastern region of the biome, while the southern region had been heavily deforested [5].
Furthermore, many of those native vegetation remains have been fragmented and located
within protected areas or unsuitable areas for mechanized agriculture, resulting in a biased
spatial representation of the landscapes that have been protected [6].

Vegetation in the Cerrado biome forms a structural gradient, ranging from open
savanna to dense forest formations [7]. Recent research emphasizes that variations in
vegetation structure, more than species composition, are key to understanding ecosystem
functioning across the biome [8]. Structural attributes such as canopy height, leaf area, and
root depth modulate ecological processes, particularly evapotranspiration, infiltration, and
water retention [9,10]. Consequently, changes in vegetation cover, whether driven by land
use or climate changes, have significant potential to affect hydrological dynamics [11].

Over the past decades, land use change in the Cerrado biome has advanced
predominantly toward the MATOPIBA region—an area comprising the states of Maranhão,
Tocantins, Piauí, and Bahia—recognized as Brazil’s current agricultural frontier [12–15].
The accelerated conversion of native vegetation into croplands and pastures has further
intensified the biome’s ecological vulnerability. In 2023, the Cerrado recorded the highest
deforestation rate in Brazil, with over one million hectares of native vegetation lost in a
single year [15].

The limited extent of protected areas exacerbates this scenario. Only 8.6% of the
Cerrado is currently protected, with just 3.1% under strict protection and the remainder
designated for sustainable use [16]. Furthermore, 40% of the remaining native vegetation
in the Cerrado biome is still legally suitable for deforestation [4].

Depending on the type of land use that replaces the native vegetation, evapotranspiration
may either increase or decrease depending on the vegetative characteristics that influence
this hydrological process. As a result, this can lead to either an increase or a decrease
in water availability [17]. For example, ref. [18] observed that forest disturbances and
climate variability significantly affected streamflow in the Willow River watershed, British
Columbia, Canada, often in opposite ways. Forest disturbances caused by partial logging
increased average streamflow, whereas climate variability contributed to its decrease.

Similarly, ref. [19] observed that while forest disturbances increased annual streamflow,
baseflow, and surface runoff, climate variability had the opposite effect. However, climate
variability had a greater impact than forest disturbances in the Upper Similkameen River
Watershed, an international watershed located in Canada and the United States. Meanwhile,
ref. [20] found that the effects of watershed disturbances on streamflow varied with seasonal
changes, particularly during the spring and summer. In their study, forest disturbances
helped offset the effects of climate change on summer streamflow.

In addition to land use change, global climate change has strongly impacted on the
Cerrado biome. Estimates indicate that the Cerrado has become hotter and drier over
the past decades, with a noticeable decline in precipitation levels [21,22]. Based on the
principles of the water balance, these changes are expected to significantly affect water
resource availability in the biome, as reduced precipitation combined with increased
evapotranspiration naturally leads to lower river flows [17,23]. Indeed, estimates indicate
that this phenomenon is widespread across most river basins in the Cerrado [24].
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Land use, forest disturbances, and associated management practices are a fundamental
component of water resource management. The integration between water resource
management and land use planning is acknowledged in the National Water Resources
Policy, which establishes watersheds as management units [25]. Thus, hydrological
modeling at the watershed scale, incorporating different land use and climate change
scenarios, can support more concrete planning actions for land and water resource
management, as well as adaptation strategies to climate change and drought events [19,26].

The InVEST Annual Water Yield (AWY) model from the Integrated Valuation of
Ecosystem Services and Tradeoffs (InVEST) tool, developed by the Natural Capital
Project at Stanford University [27], has been widely applied across diverse landscapes
to estimate ecosystem service provision related to water resources. Applications include
forested watersheds in China [28], semi-arid regions in Ethiopia [29], and United Kingdom
basins [30]. While relatively simple, the model provides scalable estimates of water balance
and hydrological service distribution, making it suitable for analyses under land use and
climate change scenarios [27].

In this study, we aimed to evaluate how water yield in the Urucuia River Basin has
responded to land use changes and climate variability over the period from 1991 to 2020.
In the Urucuia River Basin, located in the state of Minas Gerais within the Cerrado biome,
historical deforestation has followed similar patterns over recent decades, particularly in
the northern region [12,31].

The following research questions were addressed: (i) How has water yield in the
Urucuia River Basin evolved over the past three decades under observed land use and
climate changes? (ii) To what extent do land use changes influence water yield compared
to climate variability in this specific basin? (iii) How sensitive is the InVEST Annual Water
Yield model in detecting hydrological responses to the combined pressures of land use
transitions and climatic fluctuations?

To answer these questions, the InVEST Annual Water Yield model was applied to
analyze water yield dynamics in the Urucuia River Basin, integrating historical land
use transitions, climatic variability, and hydrological modeling to assess impacts on
water-related ecosystem services. Additionally, the model’s response was tested under
different land use and climate variation scenarios, and complementary analyses related to
water resources were conducted.

2. Materials and Methods
2.1. Study Area

The study area comprises the Urucuia River Basin, a major tributary of the São
Francisco River, also referred to as the Middle São Francisco (Figure 1). Based on Strahler’s
classification, the Urucuia River is classified as a sixth-order stream [32], contributing
approximately 10% of the total discharge and 18% of the sediment load to the São Francisco
River. The basin spans an area of approximately 25,000 km2, accounting for about 10% of
the total area of the São Francisco River Basin [33].

Twelve municipalities are located within the boundaries of the Urucuia River Basin,
although four of them have their administrative centers situated outside its limits (Figure 1).
By 2010, its population was 94,408, with 59.3% living in urban areas, with Buritis and Arinos
emerging as the primary urban centers. Although Unaí is the most populous municipality
in the region, its administrative center lies outside the basin [34].

Located within the Brazilian Cerrado biome, the Urucuia River basin is characterized
by a tropical savanna climate (Aw according to the Köppen–Geiger classification) with
distinct wet and dry seasons [35]. Climatological normals from the INMET stations
indicate annual precipitation between 1000 and 1300 mm and average annual temperatures
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ranging from 23 to 25 ◦C. The predominant soils include Latosols, Neosols, Argisols, and
Cambisols [36], with elevations varying from 444 to 1076 m above sea level and average
slopes between 2.59% and 8.54% [36].

Figure 1. Spatial location of the Urucuia River Basin (URB) within the São Francisco River Basin, along
with meteorological stations from the Brazilian National Institute of Meteorology (INMET).

Land use and land cover (LULC) within the basin are characterized by agricultural and
livestock activities alongside remnants of native vegetation. Agricultural and pasture lands
covered approximately 41% of the Urucuia basin by 2022. Forest and savanna formations
cover about 43%, while non-forest natural formations account for around 15%. The primary
crops cultivated include soybeans, corn, beans, sorghum, and sugarcane, with smaller areas
with permanent crops [4,37].

2.2. Data Acquisition and Pre-Processing

Precipitation data were collected from 27 rain gauge stations managed by the Brazilian
National Water Agency (ANA), accessed via the HIDROWEB platform [38]. These stations
are distributed within and around the Urucuia River Basin. To fill precipitation data gaps,
we initially used reanalysis datasets from ANA. Where these were unavailable, we applied a
regional weighted interpolation approach using data from the nearest neighboring weather
stations. The gap-filling method yielded a Nash–Sutcliffe Efficiency of 0.86, indicating high
reliability. Additionally, when reanalysis was insufficient, multiple imputation techniques
such as linear regression models and climatological averages were applied, following the
methodology recommended by [39].
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Reference evapotranspiration (ET0) data were acquired from the NASA/POWER
platform, which offers broad spatial and temporal coverage. ET0 was calculated using the
Penman–Monteith method based on variables provided by NASA/POWER, yielding a
Nash–Sutcliffe efficiency of 0.79 compared to available ground observations. Annual ET0

values were spatialized across the basin through ordinary kriging interpolation.
Soil physical properties, specifically the Root Restricting Layer Depth (RRD) and

Plant Available Water Content (PAWC), were derived from the ISRIC database, a global
repository endorsed by the InVEST model documentation. RRD was defined as the
depth to bedrock, acknowledging uncertainties in determining actual root depth across
heterogeneous landscapes.

Land use and land cover (LULC) data were sourced from the MapBiomas Project,
Collection 7 [40], which provides annual land use and land cover maps for the entire
country of Brazil, derived from satellite imagery. The data were reclassified to meet the
model’s requirements, including the assignment of biophysical parameters such as crop
coefficients (Kc), root depth, and vegetation presence. Table 1 summarizes the root depth
and Kc values assigned to each LULC class, adapted from [29,41–44].

Table 1. Root depth and Kc values for land use and land cover class.

LULC Root Depth (mm) Kc

Forest 8000 0.8
Savanna 6000 0.7

Native grassland 1500 0.5
Wetland 1000 1

Rocky outcrops 100 0.2
Silviculture 7000 1

Pasture 1000 0.45
Agriculture 2000 0.8

Mosaico 2000 0.6
Urban area 100 0.4

Water 1 1
Other non-vegetated areas 1 0.2

Note: Root depth and Kc values were adapted from [41]. Sources: [29,41–44].

The basin boundaries were defined based on metadata from the National Water
and Sanitation Agency (ANA). The Z parameter, representing rainfall seasonality, was
calculated as proposed by [45], by dividing the number of annual rainfall events (days with
precipitation > 0.1 mm) by five. This parameter was computed annually based on ANA’s
precipitation records.

The pre-processed datasets, summarized in Table 2, were formatted according to the
requirements of the InVEST AWY model.

2.3. Annual Water Yield Model (InVEST)

The estimation of water yield in the Urucuia River Basin was performed using the
Annual Water Yield (AWY) model, part of the InVEST (Integrated Valuation of Ecosystem
Services and Tradeoffs) suite developed by the Natural Capital Project at Stanford University.
This model estimates the annual water yield per pixel by calculating the difference
between annual precipitation and actual evapotranspiration (AET), considering land cover
characteristics, reference evapotranspiration (ET0), and soil properties, especially the Root
Restricting Depth (RRD) and the Plant Available Water Content (PAWC) [27].
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Table 2. Input data for AWY model.

Input Source File Format

Precipitation ANA Raster
Reference evapotranspiration NASA/POWER Raster

RRD ISRIC Raster
PAWC ISRIC Raster

Land use and land cover MAPBIOMAS Raster
River basin shape ANA Shapefile

Kc (crop coefficient) Literature review CSV
Root depth Literature review CSV

Z (N/5) ANA One value per year

A core assumption of the AWY model is that all water not lost through evapotranspiration
contributes to water yield, either via surface runoff or subsurface flow. However, the model
does not explicitly differentiate between these pathways nor account for anthropogenic
water withdrawals, such as irrigation [27], which is a relevant limitation in regions like the
Urucuia Basin where irrigated agriculture is expanding.

The model is applied to a water balance equation to estimate annual water yield (Y)
per pixel:

Y =

(
1 − AET

P

)
· P

where: Y is the annual water yield (mm), AET is actual evapotranspiration (mm), and P is
annual precipitation (mm).

The estimation of AET varies depending on whether the land cover is vegetated. For
vegetated land, the Budyko curve, adapted for the model, was applied as follows [45]:

AET
P

= 1 +
PET

P
−

(
1 +

(
PET

P

)ω) 1
ω

where PET = potential evapotranspiration (mm) and ω = controlling parameter of the
Budyko curve.

Potential evapotranspiration is derived by multiplying the reference evapotranspiration
by a crop coefficient (Kc) [41]:

PET = kc · ETO

where ETO = reference evapotranspiration (mm).
The ω parameter is estimated as [46]

ω = Z · AWC
P

+ 1.25

where Z is the seasonality factor and AWC is the Available Water Content. The AWC is
calculated by multiplying the PAWC by the minimum between the root depth and the Root
Restricting Layer depth.

The Z parameter plays a critical role in representing rainfall seasonality but remains
uncertain. Two methods for estimating Z are suggested in the literature: calibration against
streamflow data or computing the number of rainfall events per year divided by five [46].
In this study, the latter approach was adopted, using ANA’s precipitation records to count
days with rainfall greater than 0.1 mm.

All input data required by the model, including precipitation, ET0, soil attributes,
LULC, crop coefficients, root depths, and the Z parameter, were previously presented in
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Section 2.2. This structured approach ensured that the spatial and temporal dynamics of the
basin were appropriately represented across the 30-year analysis period from 1991 to 2020.

2.4. Water Yield Validation

The validation of the Annual Water Yield (AWY) model outputs was conducted by
comparing the simulated water yield with observed streamflow data from the Urucuia River
Basin. The discharge records were obtained from station ID#43980002, managed by the
Brazilian National Water Agency, which is the monitoring station closest to the basin’s outlet.
As the station is not located exactly at the river’s mouth, the modeled basin boundary was
adjusted to correspond to the drainage area upstream of this monitoring point.

The AWY model generates water yield in millimeters per year for each pixel. To
enable direct comparison with observed streamflow data, these values were converted into
volumetric discharge (cubic meters per second). The conversion was performed following
the methodology adapted from [27], using the equation

QTsim =

(
0.001 · AWY · A

T

)
where QTsim is the simulated streamflow (m3/s), AWY is the annual water yield (mm), A
is the drainage area (m2), and T is the number of seconds in a year.

Model validation covered the same time span as the simulations, from 1991 to 2020.
Three statistical metrics were employed to evaluate model performance: the coefficient of
determination (R2), percent bias (PBIAS), and the Nash–Sutcliffe Efficiency (NSE).

The coefficient of determination (R2) quantifies the proportion of variance in the
observed data explained by the model estimates, ranging from 0 to 1, with higher values
indicating stronger correlations [47].

Percent bias (PBIAS) assesses the average tendency of the model to overestimate or
underestimate observations, where a value of zero denotes perfect agreement, positive
values indicate underestimation, and negative values suggest overestimation [48]. The
Nash–Sutcliffe Efficiency (NSE), here also referred to as the Coefficient of Efficiency (CE),
evaluates the predictive power of the model relative to the observed mean, with values
closer to 1 indicating better model performance, whereas negative values imply poor
predictive capacity [49].

The criteria for interpreting these performance metrics follow the classification
proposed by [47], summarized in Table 3.

Table 3. Performance evaluation under different estimators.

Performance R2 PBIAS CE

Very good 0.7 < R2 ≤ 1 PBIAS < ± 10 0.75 < NS ≤ 1
Good 0.6 < R2 ≤ 0.7 ± 10 ≤ PBIAS < ± 15 0.65 < NS ≤ 0.75
Moderate 0.5 < R2 ≤ 0.6 ± 15 ≤ PBIAS < ± 25 0.5 < NS ≤ 0.65
Unsatisfactory R2 ≤ 0.5 PBIAS ≥ ± 25 NS ≤ 0.5

This validation framework ensured a comprehensive assessment of the AWY model’s
capacity to replicate hydrological patterns in the Urucuia River Basin over three decades.

2.5. Testing for Trends

To complement the qualitative evaluation of the AWY model results and to investigate
the potential influence of climate variability and land use change on water yield trends in
the Urucuia River Basin, statistical analyses were conducted using established methods
for trend detection in environmental time series. The Mann–Kendall test was applied
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to identify the presence of monotonic trends, while the magnitude of these trends was
quantified using Sen’s slope estimator, as proposed by [50].

Considering that hydrological and climatic time series often exhibit serial correlation,
which can affect the results of trend analyses, the Trend-Free Pre-Whitening (TFPW)
procedure was applied prior to the application of the Mann–Kendall test. This methodology,
developed by [51], removes the effect of autocorrelation, ensuring that the trend detection
remains reliable and statistically sound.

The trend analyses encompassed the primary input variables of the AWY model,
including annual precipitation, reference evapotranspiration (ET0), and the extent of native
vegetation cover. In addition, the model outputs, such as potential evapotranspiration
(PET), actual evapotranspiration (AET), and annual water yield, were analyzed to provide
a comprehensive understanding of the hydrological processes and their responses to
environmental changes. The observed annual mean streamflow recorded at the Urucuia
River monitoring station (ANA station ID#43980002) was also included in the analysis to
compare observed and modeled trends.

All statistical procedures were performed in the R Version 4.3.3 programming
environment, utilizing appropriate packages for trend detection and analysis of time
series data. This analytical framework ensured a robust and comprehensive assessment of
long-term changes in the basin’s hydrology over the thirty-year study period.

3. Results and Discussion
3.1. Model Performance Assessment

The performance of the Annual Water Yield (AWY) model in simulating streamflow
in the Urucuia River Basin was assessed using three statistical metrics. The AWY model
showed moderate performance according to the coefficient of determination (R2 = 0.64)
and percent bias (PBIAS = −11.11), whereas the Nash–Sutcliffe efficiency (NSE = −0.14)
indicated unsatisfactory performance [49].

A comparison between estimated and observed streamflow data from 1991 to 2020,
using a linear regression model, indicates that the estimates derived from the AWY model
explain 71% of the variance in observed streamflow, as indicated by the coefficient of
determination (R2 = 0.71; Figure 2).

Although the model showed low performance in simulating observed streamflow
(NSE =−0.14), scenario analyses under reduced precipitation and increased evapotranspiration
(ET) revealed consistent water yield responses to climatic variability, supporting the model’s
heuristic value for assessing the relative impacts of land use and climate change.

3.2. Sensitivity to Climate Inputs

Scenario simulations revealed a pronounced sensitivity of water yield to variations
in precipitation and evapotranspiration (ET0). Higher precipitation combined with lower
ET0 resulted in increased water yield and higher estimated streamflow (Figure 3), while
the opposite conditions led to substantial reductions. These findings are consistent with
previous studies, which emphasize that the AWY model is primarily driven by climatic
inputs, particularly precipitation and evapotranspiration rates [46].

This climatic sensitivity is inherent to the model’s structure, in which water yield is
directly calculated as the difference between precipitation and actual evapotranspiration.
As a result, climate change projections indicating reduced precipitation and increased
evapotranspiration in the Cerrado biome [52,53] suggest a potential decline in water yield,
thereby diminishing the provision of ecosystem services in the region.
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Figure 2. Estimated and observed streamflow data from 1991 to 2020 in the Urucuia River Basin.
Source: from streamflow dataset [38].

Figure 3. Estimated streamflow under different climatic scenarios in the Urucuia River Basin, varying
precipitation and reference evapotranspiration, where Pmax, mean, min = maximum, mean, minimum
precipitation and ETmax, mean, min = maximum, mean, and minimum evapotranspiration (ET0).

3.3. Effects of Land Use and Land Cover Change

In contrast to the climatic variables, land use and land cover (LULC) changes between
1991 and 2020 had a more nuanced impact on water yield. The MapBiomas data indicates a
reduction in native vegetation cover from 67.4% in 1991 to 53.5% in 2020, mainly due to
the conversion of savanna formations into pasture [40]. Despite this significant land cover
transformation, when precipitation and ET0 were held constant, the modeled streamflow
remained relatively stable (Figure 4).
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Figure 4. Estimated streamflow in the Urucuia River Basin in response to land use and land cover
changes from 1991 to 2020.

This result can be explained by the characteristics of the LULC changes observed
in the study region. The replacement of native vegetation by pasture generally reduces
the evapotranspiration potential of the landscape, as pastures often exhibit lower crop
coefficients (Kc) compared to savanna formations [41,43]. However, in some cases,
transitions from mosaics of land uses to agriculture or from pasture to agriculture may
increase Kc and, consequently, the evapotranspiration rate. Figure 5 summarizes the most
frequent LULC transitions in the study period and the associated changes in Kc values.

Figure 5. Main land use and land cover changes and associated crop coefficient (Kc) changes in the
Urucuia River Basin occurred between 1991 and 2020. Source: from land use dataset [4].

Even with these transformations, the overall Kc value for the basin underwent minimal
variation. This relative constancy contributed to balanced actual evapotranspiration levels,
which in turn resulted in limited variation in the modeled water yield. Similar findings have
been reported in other studies, where the impact of LULC changes on water yield depends
on the types of conversions and their associated evapotranspiration potential [29,54].

Our results demonstrated that precipitation and evapotranspiration were the primary
controlling factors of water yield in the Urucuia River Basin. This finding is consistent with
previous studies on the hydrology of the Cerrado biome, which have identified a persistent
decline in precipitation and a rise in temperature across the region, both of which directly
influence hydrological processes [21,22]. Ref. [22] reported that between 1961 and 2019,
maximum temperatures increased by 2.2 to 4.0 ◦C and minimum temperatures by 2.4 to
2.8 ◦C, followed by a significant increase in the vapor pressure deficit and an approximate
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15% reduction in relative humidity. These climatic changes have critical effects on the
dry season, particularly by reducing night cooling, which diminishes dew formation, an
important moisture source for Cerrado species. Such alterations threaten both ecosystems’
functioning and the regional water balance.

The observed reduction in native vegetation in our study area reflects the broader
historical trend of land use change in the Cerrado. The agricultural frontier, especially
in the MATOPIBA region, has advanced by systematically replacing savanna and forest
formations with pastures and croplands [12–14]. In 2023, the Cerrado was once again the
most deforested biome in Brazil, with over one million hectares of native vegetation
cleared [40]. As noted by [15] da Conceição Bispo et al. (2023), this loss has been
concentrated in areas that still harbored significant native vegetation, intensifying both
ecological and hydrological vulnerabilities.

Our findings indicated relative stability in water yield despite land use changes.
However, the existing literature shows that the impacts of vegetation replacement on
evapotranspiration are highly dependent on the characteristics of the new land cover [17,41].
In the Urucuia River Basin, the dominant conversion from savanna formations to pastures,
which generally have lower crop coefficients (Kc), tends to reduce the evapotranspiration
potential. Other transitions, such as from pasture to agriculture, can increase Kc and
enhance evapotranspiration, as evidenced in other regions [29,55]. These observations
confirm that the specific nature of land cover changes is a critical determinant of their
hydrological impact.

An additional concern is the limited scope of formal conservation efforts in the
Cerrado biome. Ref. [16] observed that only 8.6% of the Cerrado is currently protected
by conservation units, with just 3.1% under strict environmental protection. Furthermore,
approximately 40% of the remaining native vegetation is still legally subject to deforestation
under current Brazilian legislation [2]. This scenario is particularly alarming in Minas
Gerais, where the Urucuia River Basin is located, since the northern region of the state
experienced peak deforestation during the 1990s and early 2000s [12,31].

It is important to interpret our findings within the framework of Brazil’s National
Water Resources Policy, which establishes the watershed as the fundamental unit for
planning and management [25]. Hydrological models such as InVEST, when applied
alongside scenarios of land use and climate change, offer valuable insights for informing
conservation strategies and adaptive management. This approach is increasingly necessary
given the intensification of extreme climate events and the escalating anthropogenic
pressure on water resources [26].

4. Conclusions
This study assessed the dynamics of water yield in the Urucuia River Basin over

the period from 1991 to 2020, considering the combined effects of land use changes and
climate variability. Using the InVEST Annual Water Yield model, we investigated how these
environmental drivers influence hydrological processes in a region that is both ecologically
and hydrologically strategic within the Brazilian Cerrado.

Our first research question addressed the historical evolution of water yield in the
basin. The results demonstrated that, despite significant reductions in native vegetation
and advances in agricultural land use, water yield remained relatively stable over the past
three decades. This apparent stability was primarily driven by climatic factors, particularly
the variations in precipitation and reference evapotranspiration, which showed a stronger
influence on hydrological outputs than land use changes alone.

Regarding the second question, this study found that climate variability exerts a
more decisive influence on water yield compared to land use transitions in the Urucuia
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River Basin. Precipitation and evapotranspiration dynamics were the dominant factors
controlling the availability of water resources, confirming patterns reported in other studies
of the Cerrado biome. Although land use changes modified the vegetation cover and
associated crop coefficients, their net effect on water yield was attenuated due to the
compensatory nature of the land transitions observed, such as the replacement of savanna
formations with pastures of lower evapotranspiration potential.

In response to the third question, the InVEST Annual Water Yield model demonstrated
adequate sensitivity in detecting the hydrological responses to climate variability. However,
the model presented limitations in capturing the effects of land use changes, particularly in
regions with complex agricultural dynamics and irrigation practices. The model’s structure,
which does not account for subsurface flows or consumptive water use, limits its precision
in contexts where groundwater dynamics and irrigation play significant roles.

Overall, this study highlights the importance of considering climate as the main
driver of hydrological services in the Cerrado, while recognizing that land use changes
can amplify or mitigate these effects depending on the nature of the transformations. The
findings reinforce the need for more comprehensive models that integrate surface and
subsurface hydrology, land use practices, and climate projections to improve water resource
planning and management in the region, offering valuable guidance for sustainable land
and water management. Ultimately, this study contributes to improving sustainable
development goals by supporting a policy definition that balances economic growth with
the conservation of crucial ecosystem services, ensuring long-term regional sustainability
and the resilience of water-dependent local communities in the Cerrado biome.

Future research should focus on refining input datasets, incorporating consumptive
water use explicitly, and enhancing model calibration and validation with observed
hydrological data. Such advancements are essential to support public policies aimed
at balancing agricultural production with the conservation of water-related ecosystem
services in the Cerrado.
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