
remote sensing  

Article

Analysing the Impact of Climate Change on Hydrological
Ecosystem Services in Laguna del Sauce (Uruguay) Using the
SWAT Model and Remote Sensing Data

Celina Aznarez 1,2,* , Patricia Jimeno-Sáez 3 , Adrián López-Ballesteros 3, Juan Pablo Pacheco 4,5,6

and Javier Senent-Aparicio 3

����������
�������

Citation: Aznarez, C.; Jimeno-Sáez,

P.; López-Ballesteros, A.; Pacheco, J.P.;

Senent-Aparicio, J. Analysing the

Impact of Climate Change on

Hydrological Ecosystem Services in

Laguna del Sauce (Uruguay) Using

the SWAT Model and Remote Sensing

Data. Remote Sens. 2021, 13, 2014.

https://doi.org/10.3390/rs13102014

Academic Editors: Rodrigo Abarca

Del Rio and Silas Michaelides

Received: 26 February 2021

Accepted: 17 May 2021

Published: 20 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Basque Centre for Climate Change (BC3), Scientific Park UPV/EHU, Barrio Sarriena s/n, 48940 Leioa, Spain
2 Institute of Environmental Science and Technology (ICTA), Campus de la UAB, Universitat Autónoma de

Barcelona (UAB), Carrer de les Columnes s/n, 08193 Cerdanyola del Vallès, Spain
3 Department of Civil Engineering, Campus de los Jerónimos s/n, Catholic University of San Antonio,

30107 Guadalupe, Spain; pjimeno@ucam.edu (P.J.-S.); alopez6@ucam.edu (A.L.-B.);
jsenent@ucam.edu (J.S.-A.)

4 Department of Ecology and Environmental Management, CURE—University of the Republic,
Maldonado 20000, Uruguay; jp@cure.edu.uy

5 Department of Bioscience, Aarhus University, 8600 Silkeborg, Denmark
6 Sino-Danish Centre for Education and Research (SDC), Beijing 100049, China
* Correspondence: celina.aznarez@bc3research.org; Tel.: +34-944-014-690

Abstract: Assessing how climate change will affect hydrological ecosystem services (HES) provision
is necessary for long-term planning and requires local comprehensive climate information. In this
study, we used SWAT to evaluate the impacts on four HES, natural hazard protection, erosion control
regulation and water supply and flow regulation for the Laguna del Sauce catchment in Uruguay.
We used downscaled CMIP-5 global climate models for Representative Concentration Pathways
(RCP) 2.6, 4.5 and 8.5 projections. We calibrated and validated our SWAT model for the periods 2005–
2009 and 2010–2013 based on remote sensed ET data. Monthly NSE and R2 values for calibration
and validation were 0.74, 0.64 and 0.79, 0.84, respectively. Our results suggest that climate change
will likely negatively affect the water resources of the Laguna del Sauce catchment, especially in
the RCP 8.5 scenario. In all RCP scenarios, the catchment is likely to experience a wetting trend,
higher temperatures, seasonality shifts and an increase in extreme precipitation events, particularly in
frequency and magnitude. This will likely affect water quality provision through runoff and sediment
yield inputs, reducing the erosion control HES and likely aggravating eutrophication. Although the
amount of water will increase, changes to the hydrological cycle might jeopardize the stability of
freshwater supplies and HES on which many people in the south-eastern region of Uruguay depend.
Despite streamflow monitoring capacities need to be enhanced to reduce the uncertainty of model
results, our findings provide valuable insights for water resources planning in the study area. Hence,
water management and monitoring capacities need to be enhanced to reduce the potential negative
climate change impacts on HES. The methodological approach presented here, based on satellite ET
data can be replicated and adapted to any other place in the world since we employed open-access
software and remote sensing data for all the phases of hydrological modelling and HES provision
assessment.

Keywords: climate change; SWAT model; hydrological ecosystem services; data scarcity; laguna del
Sauce; remote sensing

1. Introduction

Freshwater ecosystems are sensitive to landscape anthropogenic changes due to inten-
sification in land use, anthropisation and increased demand for ecosystem services [1–3].
These stressors have accelerated in the last 50 years, driven by economic development and
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population growth and impact the ecosystem structure and function, therefore weakening
its capacity to maintain ecosystem services flows [4,5]. Hydrological ecosystem services
(HES) are the beneficial effects on people produced by the influence of the earth’s ecosystem
on freshwater, and they can be grouped into the following: improvement of extractive
water supply and in-stream water supply, natural hazard mitigation, water-related cultural
services provision and water-related supporting services [6]. At a global scale, the impacts
of human activities on ecosystems have diminished by 60% of the ecosystem services
provision capacity [7]. These threats are expected to increase during the next decades, due
to the increase in greenhouse gas emissions leading to climate change and alterations in
ecosystem hydrology, which impact the availability of global water resources [8,9].

Particularly for sustainable use of water resources, HES modelling is becoming an
increasingly valuable tool [10], due to the environmental problems and risks associated with
their degradation [11]. Changes in local weather conditions such as rainfall or temperature
affect hydrological cycle features [7], influencing many other processes including the HES
production. Climate change is expected to shift the amount and timing of water movement
through the landscape, altering the dynamics of nutrients and sediment transportation [12].
As water moves through a landscape, its hydrological attributes are directly affected,
improving or degrading the supply of hydrological services and ecosystem processes [6].
Within ecosystems, eco-hydrological processes can have competitive impacts on the same
attribute or simultaneously have both positive and negative effects on different features of a
specific HES. Such complex feedback and trade-offs between services and beneficiaries can
be elucidated from the ecosystem services framework [13]. Therefore, understanding how
climate change affects lakes and HES supply is essential for new adaptive management
strategies. Scenario analyses are highly useful for evaluating possible futures and are
widely used as research and decision-making tools in environmental studies [12,14,15].

Hydrological models are increasingly important to assist water management strate-
gies through the assessment and quantification of the landscape processes that regulate
the water balance components, linked to the production and distribution of HES [16,17].
Among these is the Soil and Water Assessment Tool (SWAT) [18], used to forecast the
impact of land management on water, sediment and agricultural pollutants yield in un-
gauged basins [19,20]. The SWAT has the potential to simulate how CO2 concentration,
rainfall, temperature and humidity could influence plant growth, evapotranspiration, snow
and runoff generation, as well as to assess the effects of climate change on freshwater
ecosystems [9,21,22]. Furthermore, hydrological models are frequently used in combina-
tion with climate scenarios generated from GCMs to predict climate change effects on
water resources [23]. Despite the growing relevance of the ecosystem services framework
and the potential of modelling tools such as the SWAT [24], HES analyses that involve
SWAT modelling are still very limited. In 2016 HES analyses concentrated in 1.5% of
SWAT publications and only 0.4% of publications within the ecosystem services topic [11].
Furthermore, the same study highlighted that there are regions such as South America
where its application is under-represented, with only 5% of publications in the SWAT
Literature Database for Peer-Reviewed Journals [11].

In a context where resources to improve the provision of multiple HES are still scarce,
modelling tools such as SWAT are helpful to underpin adaptation planning strategies
by understanding the potential responses of HES to climate drivers [25,26]. In Uruguay,
monitoring capabilities are still scarce, and this approach can contribute to enhancing the
capabilities for the management and conservation of water resources in ungauged basins.
Laguna del Sauce is the second-largest drinking water source in Uruguay, supplying 95%
of the population in the Maldonado region, where a tourism influx during the summer
doubles the local drinking water demand. Recently, this shallow lake has experienced an in-
creased recurrence of cyanobacteria—events that have affected the purification process and
restricted recreational use, generating great repercussions at the public opinion level [27,28].
Moreover, the Laguna del Sauce catchment is experiencing a land-use intensification trend,
which along with climate change has the potential to aggravate the current problems
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associated with Laguna del Sauce as well as alter its hydrological performance. Even
though there are studies on the biological processes of the Laguna del Sauce catchment, no
studies have developed response scenarios to climate change to anticipate and respond
to the potential impact of HES provision. These studies would be key to inform regional
watershed management, land-use policies and restoration strategies since it is a eutrophic
system. Assessing how climate change will impact ecosystem services provision is neces-
sary for long-term planning since impacts and vulnerability are local-scale issues requiring
comprehensive climate information [29]. This study aimed to characterise potential climate
change impacts on water resources in Maldonado, Uruguay, through the perspective of
ecosystem services, particularly by providing a first estimation of the overall response
of freshwater HES to climate change impacts on the hydrology of the Laguna del Sauce
catchment. In order to contribute to new research avenues on data-scarce regions, like
our study case, we also aimed to explore the applicability of remote sensing for ungauged
basins. This work demonstrates how evapotranspiration data from remote sensing can be
successfully used in the calibration of distributed hydrological models, which will open up
many possibilities in South American countries where hydrological information is scarce,
improving the accuracy of hydrological simulations.

2. Study Area

Laguna del Sauce (34◦43′S, 55◦13′W) is a subtropical shallow lake (max depth 5 m)
located in Maldonado in the south-eastern region of Uruguay (Figure 1). It is an intercon-
nected system of three shallow lakes—Laguna del Sauce (4045 ha), Laguna de los Cisnes
(205 ha) and Laguna del Potrero (411 ha)—and was originally a coastal lagoon until 1947
when it was dammed for military purposes [27,30]. Due to its outflow dam, Laguna del
Sauce connects unidirectionally with the Atlantic Ocean through Potrero stream and has
no seawater intrusions [30,31]. The catchment extends over an area of 722 km2 with its
main tributaries, from the Pan de Azúcar river in the northwest to Sauce in the north-
east (Figure 1). The lake volume is 152.5 mm3, and the average water input to the lake
is 285.4 mm3/year [27,30]. The Laguna del Sauce catchment has average temperatures
around 12–21 degrees, a mean yearly rainfall of 1084 mm for the 1981–2019 period, and
a mean elevation of 99 m. Rainfall tends to be concentrated during winter (July, August
and September), although it is highly variable from one year to the next. Among the wide
variety of HES provided by Laguna del Sauce, the drinking water supply is the main
service. It is the second-largest drinking water source in Uruguay, supplying more than
95% of the permanent population of 160,000 people and more than 400,000 people during
summer [30,32]. It is the only freshwater ecosystem in Uruguay defined by the national
water code (decree 253/79) with classification 1, which establishes drinking water supply
as its principal use.

Laguna del Sauce is a eutrophic ecosystem, with high nutrient concentrations and
recurrent blooms of cyanobacteria, particularly during warm seasons (November to
March) [31]. Cyanobacteria blooms have been recorded from 1960 to the present with
increasing recurrence and persistence over time, which implies an important health threat
due to their toxicity potential and the main use of this ecosystem as a tap water supply [30].
These cyanobacterial blooms caused disruptions in the water supply in 2015, despite insti-
tutional efforts on biomonitoring and purification [28]. These blooms also affect various
productive and recreational activities in the area and compromise the availability of dif-
ferent ecosystem services [30]. Two main factors are identified as convergent factors that
explain the accelerated eutrophication and cyanobacterial blooms: first, the damming of
the lake to maintain its water level in 1947, increasing the residence time of the water, and
second, an accelerated increase in the nutrient inputs from the basin due to the intensifi-
cation of agricultural-livestock and urban uses in the last 150 years. These two combined
factors have rapidly increased the nutrient internal loading in Laguna del Sauce, sustaining
high biomasses of algae and cyanobacteria [30,31,33,34].
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Tributaries: Pan de Azúcar and Sauce river. Land uses for 2015 [35].

Laguna del Sauce catchment cover is predominantly grassland (47.6%) and native
forest (16.9%) [30], while livestock farming on natural and regenerated pastures is the
main land-use. Forest activity represents 12.9% of the catchment, mainly represented by
Eucalyptus spp. for the paper and energy industry [34,36] with a forestry priority that
occupies 48.4% of the catchment, of which 29.7% is currently forested. Agriculture had
a sustained expansion over time, corresponding mainly to soybean, wheat and sorghum
which ranged from 1171 ha in 2008 to 8216 ha in 2015 and represent 11.6% of the catchment
area [36] (Figure 1). Urban areas occupy 4.4% of the catchment, with sustained urban
growth in the region for the last 60 years [32].

3. Materials and Methods

To assess the potential impact of climate change on the aquatic resources of the Laguna
del Sauce catchment and its associated HES, we simulated the hydrological cycle under
different climatic scenarios (Representative Concentration Pathways RCP 2.6, 4.5 and 8.5,
IPCC, 2013). To meet the aims, we (1) modelled the current hydrological cycle of the
catchment based on climatic data, (2) calibrated and validated the model based on satellite-
derived ET data, demonstrating the use of remote sensing data to assess calibration and
validation of hydrological models in watersheds where there is lack of observed streamflow
data, (3) downscaled climate scenarios based on GCM models available for RCP 2.6, 4.5
and 8.5 as well as historical data and its inclusion in the hydrological model, and (4)
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downscaled the climate scenarios and inclusion in the hydrological model to evaluate the
climate change impact on the Laguna del Sauce catchment and the associated HES supply.

3.1. SWAT Model Implementation

The Soil and Water Assessment Tool (SWAT) [18] is a continuous-time model and
simulator of volume and water quality that is spatially distributed on a daily basis, so it
can be used for evaluating HES provision [37]. SWAT simulations include major catchment
components: meteorology, hydrology, soil type, land use, crop structure and agricultural
management. In the SWAT, the basin is split into multiple sub-basins, which are further
divided into unique land use/soil characteristics called hydrological response units (HRUs).
Each HRU produces a quantity of runoff that is directed to calculate the total runoff. The
water balance equation used in the SWAT model is as follows:

SWt = SWO + ∑
(

Rday −Qsurf − Eα −Wseep −Qgw

)
(1)

where SWt is the final soil water content (mm), SWO is the initial soil water content (mm),
Rday is the precipitation, Qsurf is the surface runoff, Eα is the evapotranspiration, Wseep
is the percolation and Qgw is the amount of return flow (in millimeters on a daily basis).
The catchment division into HRUs allows the model to show differences in ET for various
land uses and soils, using the Priestley-Taylor (1972), Penman-Monteith [38] or Hargreaves
(1975) methods. We performed the Hargreaves method because it provides reference
evapotranspiration (ETo) estimates when measured meteorological data is scarce and only
requires maximum, minimum and average surface air temperature [39,40].

The SWAT requires weather data input, digital elevation models (DEM), soils and
land use. We defined the topographical contours for the Laguna del Sauce catchment
based on the 30 m grid resolution DEM Shuttle Radar Topography Mission (SRTM 2008)
converted to WGS 84 UTM 21 S. Comparing the land use map of 2000 [41] with that of
2015 [35], no significant variations in land use can be detected. The biggest change in
land use between 2000 and 2015 was a 7.5% reduction in the percentage of grassland,
mainly due to an increase in crops (4.3%), and, to a lesser extent, in forest (2.5%) and
urban areas (0.7%). For this reason, Land use and land cover (LULC) were obtained from
a 30 m resolution raster map (Figure 1) from the 2015 Land Cover Classification System
(LCCS) for the Laguna del Sauce catchment [35] We obtained the soil map with the soil
profile description, standardized soil texture and geology classes from the Harmonised
World Soil Database (HWSD) [42]. We combined daily temperature data from the Climate
Forecast System Reanalysis (CFSR) with daily precipitation from the Climate Hazards
Group Infra-Red Precipitation (CHIRPS) with a resolution of approximately 38 km and
5 km [43], respectively. This combination of open-access weather data driving hydrological
models in streamflow simulation provides highly accurate results [44–46]. Furthermore,
CFSR data is available on the official SWAT website via ready-to-use meteorological data at
http://globalweather.tamu.edu/ (accessed on 14 May 2020).

3.2. Model Setup, Calibration and Validation

We preprocessed the spatial information used in our study with the QSWAT plug-in
module designed for the Quantum GIS software [47]. The Laguna del Sauce catchment
was divided into 37 sub-basins and adapted by the SWAT2Lake plug-in module of the
Quantum GIS [48] to exclude the lake area. Since there was no streamflow gauging
station in the Laguna del Sauce catchment, we used open-access remote sensed data for
daily ET data. We calibrated and validated our SWAT model to assess the correlation of
the observed and simulated evapotranspiration (ET) data obtained from the Simplified
Surface Energy Balance model (SSEBOP; USGS), similar to previous applications dealing
with the assessment of the water cycle and land-atmospheric responses [49,50]. Details
on the SSEBOP model are provided in [51,52]. We chose the period of 2005 to 2009 for
calibration and of 2010 to 2013 for validation, using SSEBOP evapotranspiration records

http://globalweather.tamu.edu/
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data to compare these records with the simulated data with a warm-up period of 4 years
(2001–2004) to reduce uncertainty in the initial conditions. During the calibration, we
subjected our model parameters to adjustments to obtain model results that correspond
better to the measured data sets. Based on previous studies [53], we conducted manual
calibration using a limited set of behavioral parameters identified for evapotranspiration
processes, which were the curve number (CN2), the soil evaporation compensation factor
(ESCO), and the plant uptake compensation factor (EPCO) (Table 1). We assessed our model
performance during the calibration and validation periods by using statistical evaluation
indices from [54]: the coefficient of determination (R2), and the Nash-Sutcliffe efficiency
coefficient (NSE).

Table 1. SWAT behavioral parameters used for calibration.

Parameters Parameter Definition Default Value Calibration Value

CN2 Curve number 83.38 * −10%

EPCO Soil evaporation
compensation factor 0.95 0.8

ESCO Plan uptake
compensation factor 0.80 0.95

* area averaged.

3.3. Climate Change Projections

Climate models are useful to analyse climate change impacts on the hydrologic cycle
and freshwater ecosystems [55,56]. We considered the Representative Concentration Path-
ways (RCP 2.6, 4.5 and 8.5) scenarios for future climate projection by the IPCC based on
the Coupled Model Intercomparison Project (CMIP5) [8]. These pathways were developed
based on factors such as population growth, socio-economic development and greenhouse
gas emissions [57,58]. We based our study on 2 of the CMIP5 Global Climate Models
(GCMs) that best fit the observed climate and have already been used and tested for the
elaboration of future regionalized climate scenarios for Uruguay [59]. These GCMs were
produced by the Met Office Hadley Centre (HadGem2-ES) and the Canadian Centre for
Climate Modelling and Analysis (CanESM2), among other international institutions. We
selected the RCP 2.6, 4.5 and 8.5 scenarios: the RCP 2.6 indicates a mitigation scenario,
leading to reduced greenhouse gas emissions over time, with a pick of radiative forcing
pathway driving to 3.1 W/m2 by mid-century and a decline reaching 2.6 W/m2 by 2100 [59].
The RCP 4.5 indicates a stabilized forcing level by implementing a range of technologies
and approaches to reduce greenhouse gas emissions to 4.5 Wm—2 before 2100, whereas
the RCP 8.5 scenario involves very high greenhouse gas emissions, with an increasing
radiative forcing pathway driving to 8.5 Wm—2 by 2100 [59]. These regionalized weather
data of each GCM were separately inserted in SWAT. Then, the SWAT model assigned to
each subbasin the weather data of the cell that is closest to the subbasin centroid. Based on
daily rainfall, we projected minimum and maximum temperature GCM outputs for RCP
2.6, 4.5 and 8.5 scenarios in the near future (NF) (2026–2050), mid future (MF) (2051–2075)
and far future (FF) (2076–2100) for the Laguna del Sauce catchment. We considered 25
years of data from historical simulation runs (1 January 1981 to 31 December 2005) as the
baseline period. These temporal scenarios were selected based on the availability of CMIP-5
data for historical and future periods. Since spatial resolutions of GCMs are too coarse
(~200 km) to assess local hydrological processes [60] and climate model data may contain
systematic errors, we did not use such data directly in our simulations. Instead, we used
statistical downscaling through the bias correction technique, increasing the accuracy of the
downscaled data’s results before applying GCM projections to the calibrated SWAT [9,61].
All the data processing, statistical analysis and corrections were performed in R [62] and
the “qmap” package [63]. A quantile mapping bias correction algorithm was used to adjust
the distribution of the modelled data (HadGem2-ES and CanESM2) in order to match
observed data (CFSR and CHIRPS).
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3.4. Indicators for Ecosystem Services Assessment

We selected four hydrological HES according to their significance in the quality and
quantity of water in the Laguna del Sauce catchment and data availability. We selected four
HES, including natural hazard protection, erosion control regulation, water supply and
flow regulation for the sub-basins (Table 2) [26,64]. We also analysed future data changes
due to climate change effects on precipitation and temperature. To this, we assessed local
climate change impacts based on future precipitation, evapotranspiration and temperature
alterations. We evaluated the climate change impact on floods through daily streamflow
extracted from SWAT outputs and the estimation of several parameters included in the
Indicators of Hydrologic Alteration in RiverS (IAHRIS) software [65]. IAHRIS is a free
software developed by the Centre for Public Works Studies and Experimentation (CEDEX),
which determines the degree of streamflow alteration through a range of indicators. A
more detailed IAHRIS software description is given in Section 3.4.2. To represent the
HES of land coverage capacity to retain soil (erosion control), we analysed the sediment
yield export, through the SWAT variable “SYLD,” which is the sediment yield transported
from the sub-basin into the reach per year metric tons/ha [66,67]. In this study, we
understood water supply services as those related to the infiltration, retention and storage
of water in rivers, lakes and aquifers, while we understood regulation services as those
implying the regulation of water flow on the ground surface to maintain the watershed
conditions through evapotranspiration and infiltration [68,69]. We quantified water supply
directly from SWAT outputs through the water yield value, which is the net amount
of water (surface and ground waters) that leaves the sub-watershed and contributes to
streamflow. Furthermore, to account for water regulation features, we quantified the green
and blue water values. Here, we refer to green water as the amount of water available for
evapotranspiration and transpiration held above the groundwater table and blue water as
the surface water and groundwater in water bodies [70,71].

Table 2. Indicators based on SWAT output parameters (Adapted from [71,72]).

HES Description SWAT Indicator Outputs

Water
supply

Freshwater
availability for

consumptive use and
in situ water supply

Water yield [mm] at the
sub-subbbasin level WYLD

Water flow
regulation

Maintaining water
cycle features through
green and blue water

Green Water (flow and
storage): Evapotranspiration

[mm]; Soil water content
[mm]

Blue Water: Water yield
[mm]; Deep aquifer recharge

[mm]

WYLD
DA RCHG

ET
SW

Soil
erosion control

Sediment retention
service provision

Sediment yield [t/ha] at
thesub-basin level SYLD

Natural
Hazard

protection

Flood, storms and
climatic extreme
events mitigation

Daily streamflow [m3/s] +
IAHRIS

FLOW OUT

3.4.1. Estimation of Blue and Green Water Using SWAT Model

Water availability, including blue water (BW), green water flow (GWF) and green
water storage (GWS), was estimated by the SWAT on the basis of the hydrological cycle
simulation [73–75]. We calculated BW by combining water yield (WYLD) and deep aquifer
recharge. The calculation of BW is formulated as follows:

BW = WYLD + DA_RCHG (2)
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where WYLD refers to the net amount of water (surface and ground waters) that leaves the
sub-watershed and contributes to streamflow within the time step (mm) and DA_RCHG
indicates the recharge of deep aquifers (mm).

In the case of the green water (GW) calculation model, the water is distributed into
green water flow (GWF) and green water storage (GWS) [21]. The calculation of GW is
expressed as follows:

GW = ET + SW (3)

where green water is estimated as the sum of GWF as actual evapotranspiration (ET) and
GWS as soil water content (SW), expressed in millimeters [74]. To estimate the percentage
of precipitation that is transformed in ET, we used the green water coefficient (GWC)
sensu [75], which is the equivalent of the evapotranspiration coefficient. The use of the
GWC highlights the rate of transformation from precipitation to GWF. The equation is
expressed as follows:

GWC = (P − BW) ÷ P (4)

where GWC is the green water coefficient, P is precipitation and BW is blue water.

3.4.2. Description of Parameters from IAHRIS Used for Flood Analysis

We assessed the impact of climate change on floods in the Laguna del Sauce watershed
by Indicators of Hydrologic Alteration in RiverS (IAHRIS) software version 2.2. IAHRIS is
an open-access software program [76] that includes 24 Indicators of Hydrological Alteration
(IHA) that can determine the degree of alteration between historical flow data and future
flow data series. First, 25 parameters are calculated using historical and future streamflow
data, and then IHA are obtained based on parameter comparison [55]. These IHA are
related to the usual, maximum extreme (floods) and minimum extreme (droughts) values.
We assessed the impact of floods on ecosystem services based on the parameters shown
in Table 3. To consider all the significant aspects related to the ecological processes of the
riverine ecosystems, we classified the parameters in terms of magnitude and frequency,
variability, duration and seasonality. The magnitude and frequency of floods were analysed
using not only the annual maximum daily flow (MMDF) but also the effective discharge
(ED), connectivity flow (CF) and flushing flow (FlF). ED is related to the mobilization and
transport of sediment materials being responsible for the geomorphology of the riverbed,
and it is calculated through the following equation:

ED = MMDF × (0.7 + 0.6 × CV_MMDF) (5)

where MMDF is the average of yearly maximum daily flow and CV_MMDF is the coefficient
of variation of yearly maximum daily flow.

The CF makes the maintenance of the lateral floodplain connectivity possible and
guarantees an adequate humidity condition for the different stages of the biota. The CF
must be higher than the ED to exceed the riverbed and access the floodplain. IAHRIS
estimates the CF as the flow corresponding to twice the return period of the ED in the
study period. FlF is defined as a 5% exceedance percentile. Variability depends on the
coefficient of variation of the maximum and flushing flows, and duration is defined as
the maximum number of consecutive days registering flows above 5%. Finally, flood
seasonality is assessed for each month by calculation of the average number of days with a
percentile above 5%. A more detailed description of the calculation parameters used can
be found in [76,77].
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Table 3. Parameters used in this study for flood analysis.

Aspect Parameter Acronym Unit

Magnitude and
frequency

Average of yearly maximum daily flow MMDF m3/s
Effective discharge ED m3/s
Connectivity flow CF m3/s

Flushing flood (5% exceedance
percentile) FlF m3/s

Variability
Coefficient of variation of yearly

maximum daily flow CV_MMDF -

Coefficient of variation of flushing flood
series CV_FF -

Duration Consecutive days in a year with a
percentile above 5% CD_Q5 days

Seasonality The average number of days per month
with a percentile above 5% AD_Q5 days

4. Results and Discussion
4.1. Calibration and Validation

Calibration and validation of the SWAT model is usually performed by using stream-
flow data. However, in recent years, several works have been published [78–80] that
show that by calibrating only with satellite evapotranspiration data, it is possible to obtain
reasonable streamflow estimates at ungauged catchments. Using remote-sensed data from
ET, our SWAT model was calibrated from 2005 to 2009 and validated from 2010 to 2013.
We reduced the CN2 parameter values by 10% and replaced the ESCO by 0.8 and the
EPCO by 0.95. Running our model with these specified optimal values was consistent
with previous studies in similar climatic conditions and thus allowed us to evaluate the
performance of our model [81]. After the calibration and validation, we analysed the results
statistically to evaluate the performance of the hydrological simulation (Figure 2). Monthly
NSE and R2 values for calibration and validation were 0.74, 0.64 and 0.79, 0.84, respectively.
These values are similar to other hydrological models that have used satellite-derived AET
data for calibration and validation, as we followed the same performance ratings used
on previous contributions [82–85]. Overall, the statistical indices for the calibration and
validation results showed a high correlation between the monthly observed and simulated
ET. Hence, our results support the utility of remote-sensed data from ET for modelling
data-scarce regions and ungauged basins. Given the calculated statistical indices, our
model performance can be categorized as satisfactory in agreement with Awan and Ismaeel
(2014) criteria [53], where the authors calibrated the SWAT model at the monthly scale
with only actual evapotranspiration data, considering that the model performance was
satisfactory if R2 is greater than 0.6 and NSE is greater than 0.5. Furthermore, our model
simulation estimated an average contribution to the lake of around 270 mm3/year, coincid-
ing with previous models of annual inflows to Laguna del Sauce [27]. AET represents a
large fraction of total precipitation (68%) which is consistent with the results reported by
the Government of Uruguay in its National Water Plan [86] for the hydrological region of
the Río de la Plata and its Maritime Front, where 71% of total precipitation is lost as actual
evapotranspiration.
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4.2. Climate Change Impacts on Rainfall and Temperature

Here, temperature, evapotranspiration and future alteration values of precipitation
(Table 4 and Figure 4) are described for the following periods: the NF (2026–2050), the
MF (2051–2075) and the FF (2076–2100). We also compared the anomaly to the baseline
period 1981–2005 under RCP 2.6, 4.5 and 8.5 scenarios (Table 4). All scenarios and periods
corresponded to a projected decrease in precipitation during spring (Figure 4). Additionally,
for summer, the CanESM2 model predicted more precipitation, and the HadGem2-ES
model less precipitation. In addition, HadGem2-ES projected a marked increase in seasonal
precipitation during the autumn and winter months. The CanESM2 model predictions
showed more precipitation in the winter and summer months for all RCP and the overall
analysed periods. Based on the CanESM2 and HadGem2-ES models, the Laguna del Sauce
catchment is projected to experience a wetting trend except for in spring, where we can see
a marked decrease in precipitation. This is consistent with previous findings that predicted
increased rainfall in Uruguay [29,87] for 2030 and 2050 under RCP 2.6, 4.5 and 8.5 [58].

Table 4. Local climate change impacts analysis ensemble of CanESM2 and HadGem2-ES models for
RCP 2.6, 4.5 and 8.5.

Pathway Scenario Period P
(mm)

∆P
(%)

T
(◦C)

∆T
(◦C)

PET
(mm)

∆PET
(%)

Baseline - 1981–2005 1023.25 - 17.0 - 1283.7 -

RCP 2.6
NF 2026–2050 1053.20 2.9 17.02 0.02 1326.3 3.3
MF 2051–2075 1008.50 −1.4 17.06 0.06 1332.5 3.8
FF 2076–2100 1025.45 0.2 17.08 0.08 1328.2 3.5

RCP 4.5
NF 2026–2050 1056.30 3.23 18.1 1.0 1306.9 1.81
MF 2051–2075 1069.15 4.49 18.6 1.6 1325.8 3.28
FF 2076–2100 1044.20 2.05 19.1 2.1 1349.2 5.10

RCP 8.5
NF 2026–2050 1034.70 1.12 18.3 1.3 1325.3 3.24
MF 2051–2075 1093.70 6.88 19.4 2.3 1354.1 5.48
FF 2076–2100 1143.90 11.79 21.0 3.9 1415.5 10.26

Our simulation projected higher temperatures for all the future scenarios and periods
with moderate variations for RCP 2.6 scenarios and particularly high temperatures for
RCP 4.5 (FF) and 8.5 (MF-FF) (Figure 4), coinciding with previously projected trends for
Uruguay [29,58,87]. The forecasted warming based on the annual average of both climate
models used for the RCP 4.5 scenario shows an increasing trend across the considered
periods, with extreme values of +1.98 ◦C for the RCP 4.5–FF (CanESM2) and +2.23 ◦C
for the RCP 4.5–FF (HadGem2-ES). These variations are accentuated in the spring and
summer seasons, particularly for the CanESM2 model and RCP 8.5. The warming trend
based on the annual average of the models used for the RCP 8.5 scenario shows a marked
increasing trend across the considered periods, with extreme values of +4.75◦C for the RCP
8.5–FF (CanESM2) and + 3.12 ◦C for the RCP 8.5–FF (HadGem2-ES). This warming trend
might seriously impact the livestock sector, which is of great economic importance at the
national scale [88,89] and comprises the main use for land in our study area. By affecting
the quantity and quality of livestock feed as well as inducing heat stress, warming might
reduce milk production and thus affect animal life cycles [88], implying drastic changes in
the production system [29,89].
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refers to July, August and September and Spring refers to October, November and December.

Climate warming and changes in precipitation promote shifts in habitats and season-
ality, affecting the adaptation capacity of freshwater species and altering food webs and
ecosystem functions [90–92]. This is predicted to increase nutrients loading in freshwaters,
which in combination with warming may promote harmful cyanobacterial blooms [93–96].
Since our predictions indicate higher precipitation, it can favour the runoff and drag of
nutrients and sediments from the catchment to the Laguna del Sauce ecosystem. The
combined effect of increased nutrients and global warming increases the potential for
macrophytes and phytoplankton. However, higher rainfall also reduces the lake residence
time and the flushing of potential phytoplankton blooms. Moreover, rising precipitation,
temperature and intensification of land use, especially for agricultural purposes, increase
the potential for cyanobacterial blooms [95,96]. Even though the effects of both eutrophica-
tion and climate change on the blooms of harmful cyanobacteria are complex to understand,
authors have suggested that climate change could increase the magnitude and occurrence
of these events [92,94,96]. Therefore, our predictions regarding the climate regulation in
our study area due to the effect of climatic change may affect critically the provision of
local ecosystem services, such as drinkable water and food production systems.

4.3. Effects on Hydrological Ecosystem Services
4.3.1. Water Regulation and Supply

We quantified the effects of climate change on water budget distribution for each
simulated period, aggregating our results for each sub-watershed, and the variation of the
effects from the baseline is expressed in a percentage for the entire catchment (Table 5).
The total annual water yield volume for RCP 2.6 based on the ensemble of both models
increased by 11.2% but decreased by 5% NF and 1.9% FF. Whereas, the total annual water
yield volume for RCP 4.5 based on the ensemble of both models increased by 9.28% for
the NF and 14.64% for the MF from the baseline. Yet the projected water yield for the
FF period showed a decrease of 6.88% compared to that for the MF period. For NF-RCP
8.5, we predicted an increase compared to the baseline of 3.10% less than the same period



Remote Sens. 2021, 13, 2014 13 of 23

in the RCP 4.5 scenario. The water yield increased with precipitation, and the extreme
value (342.98 mm) appeared under FF-RCP 8.5. However, the NF and FF, respectively, had
projected increases of 19.96% and 30.92% on water yield. Such projected water yields may
likely enhance drinking water provision. Precipitation has an especially strong influence on
water yield, as we can relate it to the local climate change impact analysis. We also found
differences between the forecasting of the CanESM2 and HadGem2-ES climate models, and
such differences generate uncertainties in the interpretation of the potential effects driving
water yield projections.

Table 5. Water regulation indicators: Water Yield (variation and mean values ex-pressed in percentage), Blue Water (BW),
Green Water Flow (GWF), Green Water Storage (GWS) and Green Water Coefficient (GWC) in comparison to the three
different projected periods for all RCPs and both models used.

Pathway Scenario Period Water
Yield (mm)

∆ Water
Yield (%)

BW
(mm)

GWF
(mm)

GWS
(mm) GWC

Baseline - 1981–2005 275.75 - 283.5 753.29 86.49 0.72

RCP 2.6

NF 2026–2050 306.53 11.2% 315.13 750.7 88.78 0.70

MF 2051–2075 261.93 −5.0% 269.1 754.8 99.985 0.73

FF 2076–2100 270.50 −1.9% 277.89 762.1 89.085 0.73

RCP 4.5

NF 2026–2050 301.35 9.28% 309.62 759.68 94.37 0.70

MF 2051–2075 316.12 14.64% 324.91 758.05 87.91 0.69

FF 2076–2100 297.14 7.76% 305.33 753.08 87.95 0.71

RCP 8.5

NF 2026–2050 292.54 6.09% 300.57 749.22 85.01 0.72

MF 2051–2075 330.78 19.96% 339.79 765.37 95.42 0.68

FF 2076–2100 342.98 30.92% 352.55 785.75 85.97 0.69

Our results indicate that increased precipitation and evaporation under warming scenar-
ios are likely to increase BW and GWF in the Laguna del Sauce catchment for the 2026–2100
period (Table 5). Whereas high temperature can increase GWF, this indicator seems to par-
ticularly increase along with precipitation [97]. However, BW will increase more than GW,
and thus a downward trend of GWC is observed. This trend is explainable because foliage
returns part of the precipitation, which returns to the atmosphere by evaporation. Yet these
results must be considered carefully, as the afforestation in the Laguna del Sauce catchment
is mainly composed of Eucalyptus spp., which has a great water demand and soil acidi-
fication impact. This afforestation increases GWF and reduces the refill of aquifers (BW).
Our results suggest a negative impact of afforestation on hydrological cycles increased
by the consolidated forest production model for Uruguay. As 48.4% of the catchment
is categorized as forestry priority, of which 29.7% is currently forested [37], increasing
afforestation in the catchment would likely decrease the amount of water to reach the
lake; at the same time, acidification would affect water quality, increasing the release of
nutrients from soils. Even though the construction of LULC scenarios under climate change
is beyond the scope of this paper, it is an issue that needs to be addressed in the future.

As expected, increased precipitation leads to an increase in water yield, which can
cause an increase in the flood hazard of the watershed due to increased rainfall intensity and
extreme storm events (see Section 4.3.3.). However, the variation of annual groundwater
recharge is very limited as most fraction of high intensity precipitation will be partitioned
off as surface runoff rather recharge. From a seasonal perspective, most scenarios show
an increase in recharge in autumn and winter, which contrasts with a recharge decrease
in spring. There is no clear trend in summer (Figure 5). These variations have a similar
pattern to the seasonal variations of precipitation shown in Figure 4.
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4.3.2. Soil Erosion Control

For each model and RCP for each sub-basin, we accounted for the variation of the
sediment yield from the baseline (Figure 6). Both GCMs present similar outputs on
sediment yield, so the results in Figure 6 are presented as an ensemble. The sediment yield
mapping at the sub-basin level indicates which areas have a low or high contribution to the
regulation of erosion and thus can be prioritized for preservation and mitigation efforts.

Variations in sediment yield may owe to factors such as slope, management practices,
proximity to streams and lack of downstream retention [98]. Here, sediment yield increased
in response to forest plantation, agricultural and urban land uses (Figures 1 and 4), which
might increase sediments and nutrients inputs to the lake. We observed an increase in
sediment yield in the sub-basins surrounding the main tributary rivers of Laguna del
Sauce: Arroyo Pan de Azúcar and Arroyo Sauce. The vulnerability in these areas will likely
become more evident and could result in reductions in HES supply. The areas that present
a greater variation in future scenarios have an erosion estimation as high or higher than
7 t ha−1, which is more than the tolerable loss defined for Uruguay [99], implying that
such areas are contributing “hotspots” to the sediment budget. Increases in sediment yield,
such as that observed in the Laguna del Sauce catchment, negatively affect water quality,
increasing turbidity and eutrophication [100,101]. These results may result in synergy
with our local climate change predictions, particularly during winter (Figure 4), since the
increase in extreme rainfall events is associated with an increase in sediment transport
throughout the catchment.

Since areas with sediment yield greater than 7 t ha−1 will increase over time, con-
siderable growth in the sediment budget towards water bodies is also implied. Areas
where native vegetation together with grassland predominates under the current land-use
(Figure 1) are the ones contributing the least to the sediment budget. Erosion control by
grasslands is strongly coupled with water regulation and supply [102,103]. This should
be carefully considered, as the conversion of grassland and native forest to cropland and
afforestation could generate a significant increase in soil erosion and soil loss. Therefore,
grasslands and native forest land cover need to be maintained and preserved to prevent
erosion. However, those making efforts on such preservation should contemplate the
trade-offs associated with overgrazing by livestock production, which restricts the soil
erosion control service provided by these ecosystems [104–106]. Furthermore, other risks
associated with this activity should be considered, such as the direct access of watering live-
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stock to water bodies and courses and the accessibility of riparian areas, which contributes
to native forest deterioration and reduces HES provision for soil erosion control.
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4.3.3. Natural Hazard Mitigation

The IAHRIS results indicate that, regarding floods, the hydrologic shift will be mainly
produced in terms of magnitude and duration. Under the RCP 8.5 scenario, both GCMs
predict an important increment in the magnitude and frequency of floods, especially for
the FlF, where MMDF, ED and CF would experience increases of up to 40% (Table 6).
These results are consistent with previous climate change scenarios for South America that
predicted increases in extreme droughts and rainfalls (IPCC, 2007), affecting hydrological
regimes [107–109]. These changes mean higher erosion and transport capacity and new
morphological results in the search for the balance of the system. The usual values of
floods (FlF) would also increase from 8.80 to 10.46 and from 11.89 to 13.51 in the CanESM2
and HadGem2-ES models, respectively. The maintenance of the FlF is one of the key
factors of the HES provision because, as they are small avenues, they only can drag the
finest materials. This factor, together with the flood’s high frequency (several times a
year), guarantees adequate substrate conditions for spawning and reproduction and the
sustainability of the riverbed. RCP 4.5 does not present a clear trend, since variations
in the magnitude of floods are lower than in the RCP 8.5 results. It can be noted from
HadGem2-ES that there would be a reduction in the variability of floods, while CanESM2
does not present such a clear trend. Overall, both models agree on an increment in the
duration of the floods, especially in 2070–2099, when CD_Q5 would have more than 10
consecutive days in a year with a percentile above 5%, which could result in loss of the river
rapids [107] and an increase in the mortality rate of the most sensitive plant species due to
anoxia stress if the flooding period increases [108]. The massive decomposition of sensitive
plants may cause an additional supply of nutrients [109], aggravating eutrophication.

Table 6. Indicators of Hydrologic Alteration in Rivers (IAHRIS) results for floods in RCP 2.6, 4.5 and RCP 8.5 scenarios.
Aspect: MF = Magnitude and frequency; V = Variability; D = Duration; Hist = historical data.

Model Aspect Parameter Hist
RCP 2.6 RCP 4.5 RCP 8.5

NF MF FF NF MF FF NF MF FF

CanESM2

MF

MMDF 92.12 98.56 92.29 93.21 101.92 100.20 85.06 97.84 91.61 127.22

ED 93.20 100.22 88.99 91.21 105.58 101.83 85.8 105.35 80.54 118.5

CF 124.40 134.16 116.23 119.95 142.29 136.27 114.43 144.62 100.83 152.28

FF 8.80 10.18 8.36 10.47 7.38 8.50 6.69 6.72 10.08 10.46

V
CV_MMDF 0.52 0.53 0.44 0.46 0.56 0.53 0.51 0.63 0.30 0.39

CV_FF 0.62 0.62 0.42 0.74 0.80 0.77 0.62 0.86 0.64 0.58

D CD_Q5 8.29 12.45 5.45 7.62 8.33 10.65 2.92 4.54 8.96 11.5

HadGem2-ES

MF

MMDF 98.45 108.71 105.95 95.43 93.64 96.26 106.67 115.87 107.92 119.11

ED 98.50 105.43 98.85 91.32 85.02 88.90 94.76 105.81 106.1 117.64

CF 131.00 138.07 127.13 118.85 107.97 113.78 119.17 134.72 139.85 155.39

FF 11.89 13.77 12.34 11.40 12.61 13.9 12.17 12.86 11.44 13.51

V
CV_MMDF 0.50 0.45 0.39 0.43 0.35 0.37 0.31 0.36 0.47 0.48

CV_FF 0.59 0.86 0.57 0.51 0.55 0.52 0.50 0.54 0.51 0.59

D CD_Q5 3.79 8.16 5.29 4.95 8.17 6.29 4.04 8.54 6.58 10.29

Related to the seasonality of floods, it can be noted from the heat maps included in
Figure 7 that there will be some changes in the seasonal patterns of flooded days that
appear on average each month due to climate change. These changes will be particularly
significant during the wettest periods in 2070–2099 under the RCP 8.5 scenario, in which
we were able to find changes in the CanESM2 model from 2.8 to 7.1 days in May or changes
in the HadGem2-ES model from around 2 to more than 5 days in August and September.
These increases imply the persistence of extreme conditions which may not be adapted
to our species and could lead to the practical disappearance of the necessary synchrony
between the phenology of many species and environmental variables associated with
circulating flows (i.e., velocities, content in dissolved oxygen, turbidity, temperature). In
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this way, the life cycles of many native species would be altered, and these changes could
enhance the intrusion of foreign species with a level of environmental demand that is much
less restricted.
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(b) HadGEM2-ES.

4.4. Limitations of the Study and Future Improvements

Even though spatially explicit models are a cost-effective way to quantify and map
the supply of ecosystem services, their application has some limitations. These limitations
are mainly related to the quality and reliability of the input data used as well as to the
simplifications on which the models are based [67,110,111]. In describing complex dy-
namics, it is necessary to incorporate some level of simplification to account for ecological
functioning processes. Consequently, processes and indicators need to be approximated.
Since our model was based on a low number of input parameters, its sensitivity to these
factors could be high, particularly because we modelled an ungauged catchment and most
of our data was obtained from national and international inventories, as no field data
was available for our model requirements. The use of evapotranspiration satellite data
posed a few constraints regarding the proposed approach to perform an automatic model
calibration, which led us to perform it manually. Despite these limitations, SWAT pre-
dictions based on satellite data for calibration and validation gave reasonable indications
about the impact change on HES provision. Both SSEBOP and CHIRPS satellite-based data
proved accurate to model hydrological dynamics in the region and therefore to cope with
data-scarce limitations. However, we want to highlight the importance of strengthening
on-site monitoring capabilities, which would make it possible to pinpoint more accurate
modelling. Furthermore, access to high-quality local data coverage would allow analysis
that could account for complex problems, such as modelling the input nutrient process
within the catchment and its role in the eutrophication process, which is a major global
challenge associated with climate change.
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In this study, we did not consider land-use change scenarios on the provision of
HES for the climate change scenarios that we evaluated. Incorporating land-use change
scenarios was beyond the scope of this work. However, we consider that such should
be taken into account and studied in the future, as it can have serious implications. An
example is the case of afforestation, a productive activity that affects water resources by
interacting with its main processes: evaporation, erosion, infiltration and runoff. In this
sense, our work can be used as a baseline for future works considering these aspects. One
further challenge of HES assessment is the definition of indicators based on SWAT model
outputs. Simulated variables are good indicators to account for biophysical processes
relevant to ecosystem service quantification. Yet the metrics and modelling approach we
adopted to account for ecosystem services do not integrate other relevant dimensions
beyond the scope of this paper, such as social and cultural data about local beneficiaries’
values and preferences. However, the integration of such information in SWAT-based
biophysical assessment could be key to informing policy making and water resource
management.

5. Conclusions

This work illustrates the application of the SWAT to model HES supply in the Laguna
del Sauce catchment (SE Uruguay) to assess how climate change impacts patterns. Our
SWAT model proved to be accurate for modelling climate change impacts on multiple
HES indicators in this study. The calibration approach based on satellite ET data from
the SSEBOP model proved to be efficient in the Uruguayan case study, which offers a
new technique to scale satellite-derived data. It was also the case in the use of CHIRPS
data, which had an adequate performance in our case study. Overall, the modelling
approach employed in this study provides a basis for further studies worldwide about
water management alternatives and their potential to mitigate climate change risks.

Climate change will have mostly negative impacts on the water resources of the
Laguna del Sauce catchment, especially in the more extreme scenario (RCP 8.5). In all
scenarios, the catchment will experience a wetting trend with a shift in seasonality and an
increase in precipitation extreme events, particularly in frequency and magnitude. Even
though the amount of water will increase, changes to the hydrological cycle will jeopardize
the stability of freshwater supplies and HES on which many people in the region depend.
Hence, identifying HES hot spots and where they are likely to be affected is important
to underpin decisions on the prioritization of key provider areas, which would inform
managers to optimize limited financial resources in critical regions.
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