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Abstract

This research addresses the challenge of assessing ecosystem services, ecosystem condi-
tion, and agricultural externalities in a Latin American socio-ecological context, where
primary production is both a major economic activity and a pressure on ecosystems. In
Uruguay, the intensification of agriculture and livestock farming has raised concerns about
nutrient-related externalities affecting water and soil quality. Although the System of
Environmental and Economic Accounting (SEEA)—Ecosystem Accounting framework
is used for better ecosystem management, it does not explicitly represent externalities.
Using the Santa Lucia sub-basin in Uruguay (supplying water to 60% of the population)
as a case study;, this research combines the Soil and Water Assessment (SWAT) Tool with
ecosystem accounting principles to assess ecosystem services, ecosystem condition, and
externalities. Model outputs are used to compile partial ecosystem accounts in physical
terms, integrating spatially explicit indicators. Results show that nutrient losses to sur-
face waters, interpreted as agricultural externalities, are predominantly driven by diffuse
sources associated with croplands and dairy systems and shaped by hydrological con-
nectivity. Despite data and model-related uncertainties, the approach supports hotspot
identification and the spatial targeting of interventions and provides the basis for future
monetary assessment, illustrating how hydrological modeling can complement ecosystem
accounting in data-scarce contexts.

Keywords: SEEA; ecosystem management; SWAT; water; agriculture

1. Introduction

Agricultural production plays a central role in the economies of Latin American coun-
tries, but it is also a major source of environmental pressure on water and soil resources [1].
Diffuse nutrient losses from croplands and livestock systems represent one of the main chal-
lenges for watershed management in the region, particularly in basins where agricultural
intensification coexists with drinking water supply and other societal demands [2,3].

In Uruguay, the Santa Lucia River basin is of particular importance and supports
intensive agricultural and dairy production. Over recent decades, nutrient enrichment
of surface waters has raised concerns about water quality, ecosystem degradation, and
the sustainability of current land-use practices [4,5]. Figure 1 provides an overview of
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the key components and interactions addressed in the analysis within the study area.
Despite the implementation of measures like establishing buffer zones and requiring
effluent treatment in the region [6,7], problems persist, indicating the need for additional
and more effective actions [8]. Addressing these challenges requires tools that can jointly
represent hydrological processes, agricultural pressures, and ecosystem responses across
space and time.

Affects
Particulate Water Pollution Srirlsmg
ariddissolved (eutrophication) -
nutrients and
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leaching (erosion, loss of primary
organic matter) production

Figure 1. Main environmental issues in the Santa Lucia sub-basin.

In this study, nutrient losses to surface waters are interpreted as agricultural externali-
ties, defined as unintended by-products of economic activities that impose environmental
costs not fully reflected in market prices or production decisions [9].

Hydrological models such as the Soil and Water Assessment Tool (SWAT) are widely
used to analyze water balance components, nutrient transport pathways, and the spatial
distribution of diffuse pollution in agricultural watersheds [10]. In Latin America, SWAT
has been applied to assess nutrient exports, identify pollution hotspots, and explore the
influence of land use and management practices on water quality. However, SWAT applica-
tions in the region often face limitations related to data availability, spatial resolution, and
the representation of nutrient dynamics, particularly under conditions of diffuse pollution
and heterogeneous land management. Moreover, results from hydrological modeling are
rarely translated into frameworks that explicitly distinguish between ecosystem services,
ecosystem condition, and environmental externalities in a way that supports ecosystem
accounting and policy analysis.

While the System of Environmental-Economic Accounting—Ecosystem Accounting
(SEEA-EA) framework is increasingly used to inform natural resource management and
environmental policy and provides an internationally agreed framework for organizing in-
formation on ecosystem extent, condition, and services in physical and monetary terms [11],
externalities are not explicitly identified as such within the accounting structure, although
some of their effects are implicitly reflected through ecosystem degradation and condition
indicators. SEEA-EA is not designed for causal analysis, although it allows for the consis-
tent reporting of changes in ecosystem state and service flows over time and for linking
biophysical indicators with economic activities. In contrast, the System of Environmental-
Economic Accounting—Central Framework (SEEA-CF) explicitly records discharges and
emissions from the economy to the environment, providing a complementary perspec-
tive on environmental pressures. Integrating outputs from process-based hydrological
models into SEEA-EA therefore offers opportunities to enhance the spatial and process
representation of ecosystem services and environmental pressures.

This study aims to contribute to this integration by combining SWAT modeling with
ecosystem accounting to assess water-related ecosystem services, water ecosystem condi-
tion, and nutrient-related agricultural externalities in the Santa Lucia sub-basin. Specifically,
the objective is to illustrate how hydrological services, ecosystem condition, and external-
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ities can be represented within ecosystem accounts. By focusing on a major agricultural
watershed in Uruguay, the study provides insights relevant for watershed management and
ecosystem accounting applications in Latin America and similar data-constrained regions.

This paper contributes to addressing the gap in spatial and temporal analyses of
water-relevant ecosystem services in Latin America and the Caribbean (LAC), where
such studies are relatively scarce compared to the other parts of the world [12,13]. It
specifically tests how ecosystem services can be modelled and mapped for SEEA-EA
in an LAC socio-ecological context, with attention to regional policy interests and data
availability. It also includes intermediate services, which are of high analytical and pol-
icy interest and not generally measured. Furthermore, this paper examines how ex-
ternalities can be connected to an ecosystem account, given their critical importance in
environmental management [9,13].

2. Materials and Methods

This section describes the study area, the modeling tool employed, the data sources,
and the indicators and accounts used in the analysis.

2.1. Study Area

This study focuses on a sub-basin within the Santa Lucia River catchment in Uruguay:.
The sub-basin is situated in the southern region of the country and covers an area of
9180 km?, encompassing parts of the San José, Florida, Lavalleja, and Canelones adminis-
trative units (Figure 2a). The area holds strategic importance as it provides drinking water
for approximately 60% of the national population.

The basin is characterized by a temperate humid climate, with mean annual precipita-
tion ranging from approximately 1100 to 1500 mm and no pronounced dry season. Rainfall
exhibits marked interannual and seasonal variability, which strongly influences runoff
generation, nutrient mobilization, and transport processes. Mean annual temperatures
range between 16 and 20 °C.

Hydrologically, the basin is dominated by a dendritic river network with relatively
gentle slopes in the lower and central sections and more undulating topography upstream.
Streamflow responds rapidly to rainfall events, and surface runoff and shallow subsurface
flow play a major role in nutrient export, particularly during periods of water excess.

The primary river within the watershed is the Santa Lucia River, originating from
the western part of the Lavalleja department. Its major tributary is the Santa Lucia Chico
River, approximately 100 km long, flowing through the Florida department. Within this
tributary lies the largest reservoir in the basin, Paso Severino. The dam supplies water to
the Aguas Corrientes plant, managed by OSE (Obras Sanitarias del Estado), the national
water company responsible for water treatment, purification, and distribution for both
drinking and non-drinking purposes. It is located 20 km downstream from the dam [14]
and this point marks the end of the study area.

Soils are predominantly moderately deep to deep, with textures ranging from loam
to clay loam, and exhibit variable drainage capacity. These characteristics, combined with
agricultural management practices, influence infiltration, erosion potential, and nitrogen
and phosphorus losses to watercourses.

Land use in the basin is dominated by livestock, dairy and rainfed croplands, along-
side remaining areas of natural grasslands and riparian vegetation. As aforementioned,
intensive land use, fertilizer application, and livestock concentration have been identified
as major drivers of diffuse nutrient pollution affecting surface waters.
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Figure 2. Study area. (a) Main water streams, flow stations and administrative units; (b) land uses;
(c) water quality monitoring stations.

These climatic, soil, hydrological and land use characteristics (see Section S2 of the
Supplementary Material) make the Santa Lucia sub-basin well suited for the application of
the SWAT model, which is designed to represent water balance dynamics, land management
practices, and nutrient transport processes in agricultural watersheds, and to support the
analysis of spatially heterogeneous diffuse pollution sources.

2.2. SWAT Modeling

Given the climatic variability, land-use intensity, and dominance of diffuse nutrient
pollution described in Section 2.1, the Soil and Water Assessment Tool was selected to
simulate hydrological processes, nutrient transport, and land management effects at the sub-
basin scale [15]. The model was implemented using the SWAT2012 modeling framework
(revision 681), developed and supported by the USDA Agricultural Research Service
(USDA-ARS, Temple, TX, USA), Texas A&M AgrilLife Research (College Station, TX, USA),
and Texas A&M University (College Station, TX, USA). It was carried out through the
QSWAT 2.6.1 interface, developed by Chris George, with contributions from Yihun Dile
(Texas A&M University, College Station, TX, USA).
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The Santa Lucia basin was delineated into 86 sub-basins using a 30 m DEM and
a snap threshold of 300 m. Hydrological Response Units (HRUs) were defined based
on unique combinations of land use, soil type, and slope class, applying a 0% threshold
for each category to preserve spatial detail. This configuration resulted in 5113 HRUs
across the basin, allowing for a fine representation of land management and biophysical
conditions heterogeneity.

Model inputs included climate variables, land use, soil properties, topographic infor-
mation, and agricultural management practices. Climate forcing, land management, and
nutrient inputs were represented to capture both diffuse and point-source contributions to
nutrient fluxes. Diffuse sources originate from agricultural land uses, while point sources
represent localized discharges from human activities within the basin.

The SWAT configuration activated modules for crop growth, nutrient cycling, and
sediment transport to support the estimation of water-related ecosystem services, ecosystem
condition indicators, and nutrient-related externalities analyzed in this study. Model
outputs were generated at a daily time step and subsequently aggregated to monthly and
annual scales for calibration, analysis, and integration into ecosystem accounts.

Model Performance Evaluation

In this study, model performance was evaluated for three groups of variables: water
flow, agricultural productivity (crop yield and grass/pasture biomass), and water quality.

A complete evaluation was made for water flow. A sensitivity analysis was first
conducted to identify parameters exerting the greatest influence on flow dynamics. Model
calibration was subsequently performed at a monthly time step, while simulations were
run daily, over the period 2009-2018, following a three-year warm-up period (2006—-2008).
This choice was made to reduce noise and uncertainty in daily flow data and to improve
the robustness of performance metrics, while aligning with the study’s focus on annual
water balance. Model validation was conducted using independent data from 2019.

Flow calibration was based on observations from six monitoring stations distributed
across the basin: Paso de los Troncos, Paso Roldan, Florida, Fray Marcos, Paso Pache, and
Santa Lucia R11 (10 km upstream of Aguas Corrientes) (refer to the Figure 2a). Model
calibration was carried out using the SWATPlus R package version 0.2.7 [16], a community-
developed package in R, which provides functionality comparable to SWAT-CUP. Adjusted
parameters can be found in Section S2 of Supplementary Material. Parameter optimiza-
tion was explored using a Particle Swarm Optimization (PSO) algorithm implemented
through the hydroPSO package in R. The procedure aimed to maximize the Nash—Sutcliffe
Efficiency (NSE) as the optimization metric. The PSO configuration used a population
size of 20 particles (npart = 20), a maximum of 50 iterations (maxit = 50), and a relative
tolerance of 0.0001 for convergence. Parallel processing was enabled to improve computa-
tional efficiency. This approach allowed the identification of parameter sets that improved
streamflow simulation while maintaining physically plausible ranges.

Model performance for streamflow was assessed using three complementary criteria:
the Nash—Sutcliffe efficiency (NSE), Kling-Gupta efficiency (KGE), and percent bias (PBIAS).
NSE measures the relative magnitude of residual variance in relation to observed data
variance [17]. KGE, an improvement over NSE, considers the contributions of means,
variance, and correlation to model performance [18]. PBIAS, on the other hand, quantifies
the average tendency of simulated values to deviate from observed data [19].

For agricultural productivity and water quality, a “soft” calibration approach
following [20] was adopted due to limited data availability. This procedure consisted
of four steps: (1) verification of crop growth and management parameters (phenology, har-
vest index, radiation-use efficiency, fertilization rates) against national technical references
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and expert knowledge, (2) comparison of simulated long-term mean yields and biomass
with observed statistics (2005 or 2014-2019), aggregated at the departmental, regional, or
national level depending on data availability, as sub-basin specific data are unavailable,
(3) iterative adjustment of a restricted set of parameters until simulated values fell within
observed ranges and relative differences between crops were consistent with official statis-
tics, applying tolerance ranges of approximately +20% and (4) harmonization of simulated
agricultural production values with National Accounts statistics, to ensure consistency
of basin-level magnitudes used for ecosystem accounting, without altering the relative
spatial patterns produced by the model. Comparisons were based on multi-year averages
and spatial plausibility rather than point-level accuracy, aligning with the study’s focus on
ecosystem accounting rather than farm-scale prediction. SWAT calculates plant nutrient
uptake through its crop growth and nutrient cycling routines, which estimate uptake as
a function of biomass accumulation and nutrient demand during phenological stages. This
process is based on default algorithms within SWAT, but key crop growth parameters
were adjusted during soft calibration. See Section S2 to find the parameters assessed and
adjusted in step 1 and 3. Forestry and native forest were not explicitly calibrated due to
their limited spatial extent, but simulated biomass values were checked for consistency
with official statistics. Sediment exports were also examined by comparing the results
produced by SWAT with those generated by the “Erosion 6.0” model (a model developed
jointly by the government and academy, to support the implementation of the Soil Use and
Management Plans).

Water quality calibration was conducted on a bimonthly basis for the period 2011-2019,
reflecting the temporal resolution of available observations. The variables examined are
nitrate, total nitrogen, and total phosphorus. Soft calibration was performed by adjusting
a limited number of nutrient-related parameters (see Section S2 of Supplementary Material)
and comparing simulated and observed distributions of total N, NO3 and total P. The analy-
sis was conducted at five monitoring stations, selected to represent different dominant land
uses in each location; dairy farms in AV05 (De la Virgen creek) and PS02 (Paso Severino),
agriculture in CGO01 (Canelén Grande), and grassland in SL02 (Santa Lucia). Additionally,
the inclusion of SLO5 (Santa Lucia) station was justified by its proximity to the basin’s
outlet. Please refer to Figure 2c for the locations of these stations. Model performance
was evaluated by comparing medians, interquartile ranges and overall variability, rather
than only point-to-point errors, due to the low temporal resolution and high variability of
observed data.

The adequacy of the soft calibration approach was evaluated using three complemen-
tary criteria: (i) consistency with observed magnitudes: simulated yields, biomass and
nutrient concentrations fall within the observed ranges reported by official statistics and
monitoring data; (ii) spatial plausibility, with higher nutrient loads occurring in sub-basins
dominated by agricultural and dairy systems and lower values in grassland-dominated
upper areas; and (iii) process coherence, reflected in physically meaningful relationships
between rainfall, runoff, and nutrient export. This approach does not aim to predict local
concentrations or yields precisely, but to generate spatially coherent, order-of-magnitude
consistent estimates suitable for ecosystem accounting and hotspot identification.

2.3. Data Sources

All input datasets used in the SWAT model and in the construction of ecosystem ac-
counting indicators are summarized in Table 1, including their sources, resolution, temporal
coverage, data frequency and spatial coverage. The datasets comprise climate variables,
land use, soil properties, hydrological information, agricultural management data, point-
source discharges, and water quality observations.
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Daily climate data were used to drive hydrological and nutrient simulations, while
land use and soil data provided the basis for defining hydrological response units and
agricultural management practices. Observed water quality data were used both to support
model calibration and to characterize aquatic ecosystem condition. Point-source discharges
from dairy farms, industries, and residential areas were incorporated based on available
records and supplementary assumptions.

Further details on data sources and assumptions are provided in the Supplementary
Material. The process of obtaining the land use map for the study area can be found in
Supplementary Material, Section S1. Section S2 provides the assumptions used in the
model for agricultural rotations, fertilizer application, grazing and crop parameters, and
soil properties. These assumptions are primarily based on expert consultation and the study
presented in [21]. Additionally, to improve the spatial consistency of precipitation inputs,
daily rainfall data were interpolated using ordinary kriging [22] prior to model execution
to estimate areal mean precipitation for each sub-basin. Data sources and assumptions for
point source estimation are provided in Section S3 of Supplementary Material.

Although input datasets differ in temporal and spatial coverage, they were selected to
maximize consistency with the modeling period and to reflect the best available informa-
tion for each process represented. Variables with broader spatial coverage were used to
parameterize dominant management practices (rather than farm specific behavior), while
higher-resolution datasets were prioritized for hydrological and water quality processes.
This approach reflects common practice in data-scarce contexts and supports the analysis
of spatial patterns and relative differences rather than exact point estimates.

Table 1. Data sources used in SWAT model setup and other complementary data for analysis. Note:
Differences in spatial and temporal resolution across datasets reflect data availability.

Temporal Spatial
Variable Description Source Resolution Coverage and p
Coverage
Data Frequency
DEM—Digital . Santa Lucia
Topography Elevation Model [23] 30 m x 30 m (grid) 2004 sub-basin
Physical and chemical Santa Lucia
Soil features features for horizon A and [24,25] Polygons 2013 sub-basin
B. Cartography 1:40.000
Land uses Land uses [26,27] 10m x 10 m (grid) 2015, 2018 Santa Lucia
sub-basin
Rainfall, temperature (min Santa Lucia
Climate and max), radiation, [28,29] Points 2006-2019, Daily .
Lo . sub-basin
humidity, wind
Rotations, fertilization
Manag(?ment applications, grazing, 1] . 2019 Uruguay
Ppractices crops and pastures
growth parameters
From dairy farms (number Santa Lucia
of cows, farm location, [30-32] Polygons 2015 .
sub-basin
Point sources effluent treatment)
. . . . 2006-2019, Santa Lucia
Industrial and Residential [33] Points Monthly sub-basin
Water flow Water flow [33] Points 2006_.2 019, Santa Lu.c1a
Daily sub-basin
. Concentration of N and P . 2011-2019, Santa Lucia
Water quality in water [33] Points Bi-monthly sub-basin
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Table 1. Cont.
Temporal Spatial
Variable Description Source Resolution Coverage and p
Coverage
Data Frequency
San José, Florida,
Soybean and wheat yield [34] Polygons 2014-2019, Lavalleja,
Annual
and Canelones
Agricultural 20052019
Product i 8 ’
roducts Corn and sorghum yield [34] Polygons Annual Uruguay
Grass and [35] Polveons 2005-2019, South-central part
pastures biomass V8 Annual of the country
Amount of water
Water extracted extracteq for hL{ma.n [36] Points 2019 Santa Lu.ma
consumption (drinking sub-basin
and non-drinking)
Water lit Level of concentration of
ater quatty N and P from which water
regulatory . . [37] - 1979 Uruguay
is considered
threshold

not drinkable

2.4. Assessing Ecosystem Services and Externalities

This study assesses selected ecosystem services, ecosystem condition indicators, and
agricultural externalities relevant to water-related ecosystem accounting in the Santa Lucia
sub-basin. The selection of indicators is guided by (i) their relevance for current environmen-
tal policy concerns in Uruguay [38], (ii) data availability and (iii) the capacity of the SWAT
model to simulate the underlying biophysical processes in a spatially explicit manner.

Following the SEEA—Ecosystem Accounting framework, a distinction is made be-
tween final ecosystem services, intermediate ecosystem services ecosystem condition and
pressure indicators. Final ecosystem services are those directly benefiting society, such as
water provision for human consumption and water purification. Intermediate ecosystem
services are defined as biophysical flows generated by ecosystems that support economic
production but do not directly enter final demand. In this study, these include water use by
vegetation, nutrient uptake by crops and pastures, and biomass production, which under-
pin agricultural output but are not themselves final services (see Figure 3). Although crop
yield is already recorded in the System of National Accounts, it is included here in physical
terms as an intermediate biophysical indicator reflecting the combined contribution of
ecosystem processes and agricultural management in order to illustrate spatial production
patterns and support future integration with economic accounts, while avoiding monetary
valuation and double counting. In addition, ecosystem services are classified according
to their functional role (provisioning, regulating and maintenance, cultural and support),
following common ecosystem service typologies. This classification is complementary to
the distinction between final and intermediate services.

Agricultural externalities are defined as nutrient losses generated by productive ecosys-
tems (croplands, pastures, and grasslands) that negatively affect the condition and service
provision of downstream aquatic ecosystems. In line with the SEEA framework, these
externalities are not treated as separate services, but as pressures that influence ecosystem
condition and, indirectly, the capacity of ecosystems to supply services over time.

The indicators selected (see Table 2) represent a partial but policy-relevant set of
ecosystem processes and pressures. While the SEEA-EA framework primarily focuses on
final ecosystem services, it also allows the inclusion of intermediate services and supporting
biophysical indicators when they are relevant for environmental management, policy
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Nutrient uptake by vegetation (I, R)
Water use by vegetation (I, R)
Grass and Pasture biomass (I, P)

Nutrient uptake by vegetation (I, R)

analysis, or for understanding ecosystem functioning [11]. Accordingly, the indicators
used in this study focus on nutrient-related externalities affecting water quality and do not
capture other important impacts of agricultural production, such as pesticide contamination,
or biodiversity loss.

Water use for
household consumption
Pastures/ (E, P)

Grasslands

Water
purification (F,
R)

References:

(I) Intermediate service /
biophysical production indicator
(F) Final service

Water use by vegetation (I, R)

N biological fixation (I, R)

Crop vields (I, P)

(R) Regulating and maintenance
service
(P) Provisioning service

Figure 3. Selected ecosystems and ecosystem services.

Table 2. Ecosystem services, ecosystem condition and agricultural externalities indicators assessed in
the study. Notes: DM = dry matter. N = nitrogen, P = phosphorous.

Category

Indicator Unit Data Source *

Final ecosystem services

Intermediate ecosystem
services/biophysical
production indicators

Ecosystem condition
indicators

Agricultural
externalities /pressures

Water purification (regulating) kg N/year; kg P/year; SWAT model outputs
Water use for household National Water Division

3

consumption (provisioning) m”/year (Ministry of Environment)
Water use by vegetation mm/year SWAT model outputs
i\li}ltIr)l)ent uptake by vegetation ke/ha SWAT model outputs
Biomass production Kg DM /ha SWAT model outputs

Crop yield Kg DM /ha SWAT model outputs

National Division of

Nutrient concentration in Environmental Control and

water bodies (TN, NO3;~, TP) mg N/L; pg P/L Evaluation (Ministry of
Environment); SWAT model
SWAT model outputs

Nutrient losses to water (N, P) Kg N/ha; Kg P/ha + point-source estimates

* Specific calculations performed by SWAT for each variable can be found in [39].

Most of the variables are estimated based on the results of the SWAT model, while
in some cases, additional sources are utilized. A detailed description of each indicator is
provided below.

https://doi.org/10.3390/su18031571


https://doi.org/10.3390/su18031571

Sustainability 2026, 18, 1571

10 of 29

2.4.1. Indicators Related to Pastures, Grassland and Croplands

Following the classification described in Section 2.4, this section presents biophysical
indicators supporting agricultural production in pastures, grasslands and croplands.

Water use by vegetation (mm/year): This is represented by actual evapotranspiration
(AET), simulated by SWAT. AET reflects the combined water loss through soil evaporation
and plant transpiration. It reflects the amount of water actually utilized by crops for their
growth. When the water demand of the crop is fully met, the actual evapotranspiration is
equal to the potential evapotranspiration, which is calculated using the Penman-Monteith
formula in this study [40]. However, in Uruguay, ideal humidity conditions are gener-
ally not achieved during the summer months for rainfed crops. As a result, the water
requirements of crops are not fully satisfied, leading to lower actual evapotranspiration
compared to the potential. This water limitation is crucial as it is the most significant factor
affecting the development of summer crops, pastures, and grasses in Uruguay [41-44].
Furthermore, irrigation practices are not widespread in the region, except for rice produc-
tion and horticulture [45]. Therefore, the main sources of water for agricultural production
are rainfall and the water stored in the soil profile, and their contribution to supporting
production is measured through actual evapotranspiration.

Nutrient uptake by vegetation (kg N/ha and kg P/ha): This is used as an indicator of
the ecosystem’s contribution to nutrient provision for crops and pastures. Nutrient uptake
represents the amount of nitrogen (N) and phosphorus (P) absorbed by vegetation during
the growing period and reflects the interaction between soil processes, plant growth, and
management practices. Nitrogen is a critical nutrient for plant growth, and phosphorus
plays a crucial role in various essential functions such as energy storage and transfer
for growth and reproduction [15]. The variables are estimated based on crop nutrient
requirements and a nitrogen and phosphorus cycle model incorporated in SWAT.

N biological fixation (kg N/ha): Legumes have the ability to acquire part of their
nitrogen requirements from the atmosphere through biological nitrogen fixation. This
process involves the association of leguminous plants with rhizobia bacteria, which fix
atmospheric nitrogen into a form that plants can use [15]. SWAT simulates this process
when the soil does not supply sufficient nitrogen to the legume. Biological nitrogen fixation
is considered an intermediate service and is essential, particularly for soybean production
(soybean and other legumes are included as part of agricultural rotations assigned to HRUs
whose land-use category is agriculture).

Grass and pasture biomass (kg/ha—dry weight): Although the values for the basin
average are consistent with national accounts values (see Section Model Performance Eval-
uation), the spatial distribution of these values was obtained through SWAT. They represent
the total aboveground and root biomass available in grasses and pastures. The results
are then multiplied by the harvest index to estimate the biomass consumed by livestock.
A plant growth model, a simplified version of the Environmental Policy Integrated Climate
(EPIC) model, is employed to estimate potential biomass under ideal conditions based on
intercepted energy and the plant’s efficiency in converting energy to biomass [15]. Since
ideal conditions are rarely achieved, the plant biomass is adjusted to account for water,
nutrients, or temperature stresses. Grass and pasture biomass are considered intermediate
services in this study as they are subsequently utilized for meat and milk production.

Crop yield (kg/ha—dry weight): As in the previous case, the values for the basin
average are consistent with the national accounts’ values (see Section Model Performance
Evaluation), and the spatial distribution of these values was obtained through SWAT. It
represents the proportion of aboveground crop biomass that is harvested and removed
from the system for sale in the market, typically comprising the reproductive portion of
the crop. Crop yield is also classified as an intermediate service or biophysical indicators,
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reflecting the combined contribution of ecosystem processes and agricultural management.
Like grass and pasture biomass, crop yield is estimated using a simplified version of the
EPIC plant growth model.

2.4.2. Indicators Related to Water Purification and Nutrient Losses

This section describes the indicators used to assess water purification as a final regulat-
ing ecosystem service in the Santa Lucia sub-basin. Water purification reflects the combined
effect of multiple ecosystem processes—including nutrient retention, uptake by vegetation,
and delayed transport—which together reduce nutrient loads reaching surface waters and
improve downstream water quality.

Water purification: This is assessed through indicators of nitrogen and phosphorus
load reductions along the land—water continuum, as simulated by SWAT. These indicators
capture the regulating function of terrestrial ecosystems, particularly riparian forests and
other natural vegetation, in mitigating diffuse nutrient pollution generated by agricultural
activities before it affects water bodies and downstream users.

Nutrient losses to water: These are represented using indicators of nitrogen and phos-
phorus runoff and leaching (kg N/ha and kg P/ha), simulated by SWAT. These indicators
reflect agricultural externalities arising primarily from diffuse sources and include nutrient
loadings delivered to watercourses through surface runoff, lateral flow, and groundwa-
ter pathways. Nitrogen losses encompass organic nitrogen exported with sediments as
well as nitrate (NO3 ™), while phosphorus losses include both organic and mineral forms
transported in sediments and soluble phosphorus conveyed by surface runoff and ground-
water flow. In addition to diffuse sources, the model accounts for point-source discharges
associated with dairy farms, industries, and residential areas..

2.4.3. Indicator Related to Water Use

This section describes the indicator used to assess water use for human use as a final
provisioning ecosystem service in the Santa Lucia sub-basin.

Water use: This is represented by the amount of surface and groundwater extracted for
household consumption (m?/year). This indicator reflects the actual use of water resources
and is obtained from administrative records provided by the National Water Division of
the Ministry of Environment. The data used in the study corresponds to valid water use
permits registered in 2019.

Although hydrological processes determining water availability are simulated by
SWAT, the model is not used to estimate household water abstractions. Consequently,
water supply is assessed through observed extraction data rather than modeled flows. This
approach allows for a clear distinction between the biophysical processes represented by the
model and the societal use of water resources within the ecosystem accounting framework.

2.4.4. Indicator Related to Water Ecosystem Condition

Nutrient concentration (mg N/L, ug P/L): This is used as an indicator of the condition
of water ecosystems in the Santa Lucia sub-basin. Nutrient concentrations provide a direct
measure of water quality and reflect the cumulative effects of upstream pressures and
ecosystem processes. Observed data are obtained from the National Division of Environ-
mental Control and Evaluation of the Ministry of Environment, which maintains a network
of monitoring points along the main watercourses of the basin. Monitoring data are avail-
able on a bi-monthly basis for the period 2011-2019 and include total nitrogen, nitrate
(NO37), and total phosphorus. These variables are also used to support the calibration of
water quality processes in the SWAT model.
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2.5. Including Hydrological Services and Externalities in an Ecosystem Account

This section describes the approach used to integrate ecosystem services, ecosystem
condition indicators, and agricultural externalities into an ecosystem accounting framework,
following the principles of the SEEA-EA.

Ecosystem accounts are reported in physical units, which serves as the foundation for
the future construction of monetary accounts. Accounts are constructed at the sub-basin
scale. Unless otherwise specified, variables simulated at the HRU level and expressed
per unit area (e.g., crop yield, biomass production, diffuse nutrient losses in kg/ha) were
aggregated to sub-basin and catchment scales using HRU area as weighting factor. In con-
trast, variables reported by the model as total loads (e.g., nitrogen and phosphorus exports
to stream reaches in kg/year) or as concentrations (e.g., NO3 ™ and total phosphorus in
mg/L or ug/L) were analyzed at their native spatial scale and not spatially averaged across
land units. Aggregated indicators were then associated with the corresponding ecosystem
types (e.g., croplands, grasslands, forests, or water ecosystems) for ecosystem accounting
purposes, reflecting the ecosystems in which the underlying biophysical processes occur.
HRU were used exclusively as modeling units, and no allocation of flows among multiple
ecosystem units within HRUs was performed.

Units were checked to maintain consistency between area-based indicators
(e.g., kg/ha/year), total loads (kg/year), and concentrations (mg/L or ug/L).

To ensure temporal comparability in the ecosystem accounts, all model-based indi-
cators reported in the accounts (e.g., crop yield, biomass, nutrient losses and loads) are
expressed as annual averages over a common reference period (2014-2019). Observed
datasets were used for calibration and validation using their full available temporal cover-
age (e.g., streamflow 2006-2019; water quality 2011-2019; some crop statistics 2014-2019),
but the accounting tables report harmonized values for the common reference period.
There are some exceptions. Water extraction for household consumption is reported for
the reference year 2019, consistent with available permit data. In Uruguay, domestic water
abstraction exhibits relatively low interannual variability due to stable population size,
centralized supply infrastructure, and regulated allocation. Land use extent is reported for
2015 and 2018.

Three complementary components are considered: ecosystem extent, ecosystem condi-
tion and ecosystem service supply, while agricultural externalities are reported as pressures
affecting ecosystem condition.

The extent account is based on the spatial delineation of ecosystem types, includ-
ing croplands, pastures and grasslands, riparian forests, and water bodies. Ecosystem
boundaries are derived from land-use data.

The condition account is represented using nutrient concentration indicators (total
nitrogen, nitrate, and total phosphorus) for water bodies.

Ecosystem services are reported separately as final and intermediate services. Fi-
nal ecosystem services include water purification, and water use. In addition, selected
intermediate ecosystem services and biophysical production indicators—such as crop
yield, biomass production, and nutrient-related processes—are reported in physical terms
where relevant for environmental management and policy analysis. Intermediate indi-
cators are kept analytically separate from final services to avoid double counting with
economic output.

Agricultural externalities are incorporated as pressures on ecosystem condition
through indicators of nutrient losses from land to water.
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3. Results

This section presents the results of the SWAT model calibration and of the estimation
of ecosystem services and externalities.

3.1. SWAT Calibration Outcomes

Model performance is considered acceptable when the NSE criterion is above 0.5,
and the PBIAS for streamflow falls within the range of —25% to +25% [18]. Similarly,
several researchers have regarded results as satisfactory when achieving a KGE of 0.5 or
higher [46,47]. As depicted in Figure 4, NSE and KGE values surpassed the aforementioned
thresholds at all monitoring stations. Hence, the model demonstrated satisfactory per-
formance in simulating water flow. Regarding validation, the results were also deemed
acceptable, with NSE values ranging from 0.53 to 0.95 across the six analyzed stations. In
addition to global performance metrics, high-flow peaks and low-flow conditions were
visually assessed during calibration and validation to ensure that the model adequately
represents both the magnitude and timing of streamflow extremes.

Paso Roldan Paso de los Troncos
Nash=0.64 Kge=0.55 Bias=-26.5 a0

:!: Nash=053 Kge=067 Bias=213

discharge
o ~J
[=] n
P

(o]
&n
L

discharge

=]
(=1
L

=1
L

2016 2018 2010 2012 2014 2016 2018

date
Florida Fray Marcos
Kge=0.65 Bias=-12.2 2501 ' Nash=0.79 Kge=0.87 Bias=—1
o 1501 @ 200
2 2 .
& 1001 150
2 . ; 21007
T 907 i S 501
D B I b" T . T D _ T : T T T T
2016 2018 2010 2012 2014 2016 2018
date date
Paso Pache Santa Lucia
4007 Nash=0.82 Kge=0.83 Bias=7.7 Nash=0.85 Kge=0.82 Bias=15.7
@ 200 H w 6004
= 2
£ 2004 24007
@ @ .
5 100 -5 200
2010 2012 2014 2016 2018 2010 2012 2014 2016 2018
date date

Figure 4. Water flow calibration results. Black lines = observed values, red dotted lines = simulated
values. Note: The location of the monitoring points can be seen on the map in Figure 2a.

As previously mentioned, a soft calibration approach was applied for agricultural
productivity and water quality variables due to limited site-specific data. Consequently,
it was not feasible to estimate NSE, PBIAS, and KGE for those components. Concern-
ing agricultural products, the model tended to underestimate average values relative to
national accounts for soybean, corn, and pastures by approximately 10% to 15%, while
overestimating values for sorghum, wheat, and grass by around 10% to 20% (see Figure 5).
To better represent the actual situation, simulated values were harmonized with national
accounts statistics, as explained in Section Model Performance Evaluation.
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Figure 5. Calibration results for crop yields, grass, and pasture biomass (blue bars = observed data,
black points and dashed line = simulated data).

Figure 6 presents the results for water quality calibration. In this case, box plots
were used to compare observed and simulated data. Regarding the results, simulated and
observed distributions show comparable median values and interquartile ranges across
all variables in almost all cases, specifically at the PS02, SL02, and SLO5 stations. In these
stations, differences between simulated and observed medians were generally small relative
to the overall variability of the data, and the simulated interquartile ranges overlapped
substantially with those of the observations.

3.2. Indicators of Ecosystem Services, Condition and Externalities

The Ecosystem Accounting framework aims to collect information on various aspects
of ecosystems, such as their extent, condition, and services, among others, in order to
depict the temporal and spatial variations of these factors. The SWAT model facilitates
the simulation of diverse processes, which generate many of the variables required by the
framework, and it also allows for the generation of maps.
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Figure 6. Water quality calibration results. Notes: obs = observed, sim = simulated.

The following variables, derived from the model results, are suggested in accordance
with the SEEA, and they are also pertinent to the case being studied in Uruguay. Initially,
the variables are presented in a spatially explicit manner, followed by their representation
as ecosystem accounts.

3.2.1. Biophysical Production Indicators (Intermediate Services) and Use-Related Indicator

The maps presented below (Figure 7) depict the provisioning and intermediate ecosys-
tem services assessed in this study, including grass and pasture biomass, crop yield, water
extraction for household consumption, water and nutrient availability, and biological ni-
trogen fixation. Grey areas indicate zones where these services are not provided. It can
be observed that crop cultivation and pastures are predominantly located in the southern
and central parts of the watershed, while grass production occurs in the northern and
eastern areas.

The average annual values of grass biomass from 2014 to 2019 varied between 2200
and almost 10,800 kg/ha, with the lowest values found in the eastern region. Pasture
productivity ranged from 3600 to 10,300 kg/ha. Crop yields for soybeans, corn, sorghum,
and wheat during the same period ranged from 1000 to 2850 kg/ha, 2300 to 7400 kg/ha,
600 to 6800 kg/ha, and 2400 to 4000 kg/ha, respectively.

In addition to biophysical production indicators, this section also reports observed
water abstraction for household consumption as an indicator of the use of a final ecosystem
service. While not representing ecosystem supply, this indicator links water ecosystems to
societal benefits. The highest amount was recorded at the Aguas Corrientes potabilization
plant, located at the downstream end of the basin. Specifically, water extraction in 2019
amounted to 190 million m? (public information was not available for a longer period),
representing 95% of the total water extracted in the region. In terms of intermediate services,
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average values from 2014 to 2019 ranged from 450 to 1250 mm for actual evapotranspiration,
2 to 360 kg N/ha for plant uptake of nitrogen, 63 to 140 kg N/ha for biological nitrogen
fixation, and 1 to 90 kg P/ha for plant uptake of phosphorus.
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Figure 7. Spatial distribution of biophysical production indicators and water abstraction for house-
hold consumption across the selected sub-basin. Note: bubble size is not proportional.
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3.2.2. Water Purification

Water purification as a regulating ecosystem service is assessed using a scenario-based
approach, comparing nutrient loads simulated under current land-use conditions with
a counterfactual scenario in which riparian forests are replaced by barren land. Differences
between scenarios represent the potential contribution of riparian ecosystems to reducing
N and P loads reaching surface waters.

At the basin scale, modeled results indicate that ecosystem processes associated with
riparian forests reduce approximately 1038 tons of N and 95 tons of P per year relative to
the counterfactual scenario (see Table 3). These values reflect the influence of vegetation
cover on hydrological and transport processes, affecting the pathways, magnitude, and
timing of nutrient fluxes, rather than observed removal efficiency.

Table 3. Scenario-based differences in N and P loads reaching surface waters under current land-use
conditions and a counterfactual scenario without riparian forests.

Scenario Tons of Nitrogen/Year Tons of Phosphorus/Year
Current 9725 2861
Hypothetical (no riparian forest) 10,763 2956
Dieraein o .
Difference in % 11% 3.3%

Water purification capacity shows marked spatial heterogeneity across the basin.
Sub-basins with a higher extent of riparian vegetation exhibit larger differences between
scenarios, indicating a stronger regulating function. Percentage differences are reported to
illustrate the relative magnitude of this capacity and should be interpreted as scenario-based
contrasts, not as efficiency measures.

Overall, the results highlight the role of riparian ecosystems in regulating nutrient
delivery to surface waters and support spatial comparison for ecosystem accounting and
management, while acknowledging the simplified nature of the counterfactual scenario.

3.2.3. Ecosystem Condition Indicators

The selected indicators to assess the state of water bodies were nutrient concentrations.
Figure 8 demonstrates that phosphorus, nitrogen, and nitrate levels in the water were lower
in the upper part of the basin and increased as we approached the downstream area, with
values ranging from 110 to 1980 pg P/L, 1 to 11 mg N/L, and 0.1 to 3 mg N/L, respectively.

N N
40 Kilometers A 40 Kilometers A 40 Kilometers

@ 0-155
© 156-414

O 415-720
© 721-1034
® 1.4-3.2 @ 1035-1980
(b) (c)

Figure 8. Ecosystem condition. (a) Total N (mg N/L); (b) total NO3 (mg N/L); (c) total P (ug P/L).
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3.2.4. Nutrient Losses and Agricultural Externalities

Average annual nutrient loadings from diffuse sources range from 0 to 84 kg N /ha and
0 to 32 kg P /ha across sub-basins (Figure 9). The spatial distribution of these values reveals
a clear non-random pattern, with high-loading sub-basins concentrated predominantly
in the central-southern and lower sections of the Santa Lucia watershed, while the upper
basin generally exhibits lower nutrient exports. Sub-basins located downstream of the
Santa Lucia Chico River and in the vicinity of the Paso Severino reservoir present the
highest nutrient loads, indicating the presence of pollution hotspots.

0 5 10 20 Kilometers [ > 0 5 10 20 Kiometers
[FEE ) [

(a) (b)
Figure 9. Nutrient loadings to water courses. (a) P loadings (kg P/ha); (b) N loadings (kg N/ha).

These hotspots coincide spatially with areas dominated by intensive land uses, par-
ticularly dairy production systems and rainfed croplands. In contrast, sub-basins charac-
terized by a higher proportion of natural grasslands and native vegetation, mainly in the
northern and eastern parts of the basin, consistently show lower nutrient exports. These
patterns highlight the role of land-use intensity and hydrological connectivity in shaping
nutrient externalities.

To move beyond a purely descriptive representation, a spatially explicit aggregation
analysis of N and P loadings was conducted at the sub-basin level, across the 86 delineated
sub-catchments, to assess spatial heterogeneity, clustering patterns, and the contribution
of different source types. As detailed in Section 54, total nutrient loads were decomposed
into diffuse and point-source contributions. Diffuse sources dominate nutrient exports
throughout most of the basin, accounting on average for approximately 95% of total N and
P loads, while a limited number of sub-basins exhibit a substantially higher contribution of
point sources, primarily associated with dairy farms.

The spatial configuration of nutrient loadings translates into longitudinal gradients
in water quality, with nutrient concentrations increasing from upstream to downstream
sections of the basin (Figure 8). This pattern reflects the cumulative effect of spatially
clustered diffuse pollution sources along the river network and links nutrient losses to
downstream pressures on aquatic ecosystem condition. Overall, the observed spatial
patterns indicate that nutrient exports are not uniformly distributed across the landscape
but instead form spatial clusters driven by the interaction of land use intensity (high
proportion of croplands and dairy pastures), livestock concentration, proximity to the
main drainage network and hydrological connectivity. These results provide quantitative
spatial evidence to support targeted watershed management strategies focused on specific
sub-basins rather than uniform basin-wide measures.
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3.3. Hydrological Services and Externalities in Ecosystem Accounts

The indicators presented in Section 3.2 were integrated into ecosystem accounts
following the SEEA Ecosystem Accounting framework to illustrate how hydrological
services, ecosystem condition, and agricultural externalities can be consistently represented
within a common accounting structure.

The extent account describes the spatial distribution of ecosystem types relevant for
hydrological regulation and water use, including croplands, grasslands, native forests, and
riparian vegetation. Ecosystem extent is derived from land-use maps and remains constant
over the accounting period, providing the spatial basis for linking biophysical indicators to
ecosystem units. It is presented in Table 4 and provides information on the surface area
dedicated to each type of land use/coverage, both in hectares and as a percentage. This table
is consistent with the map displayed on the right side of Figure 2. As previously mentioned,
the predominant land uses in the analyzed basin are grassland, pastures (associated with
livestock and dairy production, respectively), and rainfed crops, which together account
for more than 85% of the total area (43%, 22%, and 21%, respectively).

Table 4. Extent table, showing percentages and total areas for each land use type [24,25].

Land Use Hectares %
Grassland 397,342 43%
Dairy (Pastures) 204,801 22%
Rainfed crops 192,690 21%
Forestry 39,887 4%
Native forest 31,894 3%
Horticulture 21,465 2%
Residential 8926 1%
Fruits 7745 0.8%
Water bodies 3321 0.4%
Irrigated crops 2830 0.3%
Wetland 2556 0.3%
Olives 856 0.1%
Industrial 748 0.1%
TOTAL 915,062 100%

The condition account focuses on aquatic ecosystem condition and is represented
by observed nutrient concentrations of total nitrogen, nitrate, and total phosphorus in
surface waters. These indicators capture the state of aquatic ecosystems without attributing
causality to specific pressures. There are various ways to present such indicators [48].
In this case, we report the variables’ values corresponding to the downstream end of
the basin, where the purification plant is located, due to its strategic importance. It also
reflects cumulative upstream pressures and the location where the ecosystem service is
effectively used. Table 5 presents the average values and standard deviation (SD) obtained
for the selected station and present reference figures. In fact, in Uruguay, the Ministry of
Environment has established that nitrate and phosphorus concentrations should not exceed
10 mg N/L and 0.025 mg P/L, respectively, in water intended for human consumption [36].
The average values indicate that the regulatory threshold for nitrate is still well below the
observed values, while the measured values for total phosphorus exceed the reference by
a factor of 22.
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Table 5. Ecosystem condition table—annual average values and standard deviation (SD) in parenthe-
ses, emphasizing nutrient concentrations relevant to water quality, data for SLO5 station.

Unit of Measurement  Water Courses Reference Values

Area Ha 3321 -
Concentration of P ug P/L 557 (447) 25
Concentration of N mg N/L 1.8 (3.7) -

Concentration of mg N/L 0.7 (12) 10

NO3

Regarding the physical supply of ecosystem services, Table 6 differentiates between
final/intermediate services and provisioning /regulating and maintenance services, reflect-
ing the average values obtained from the maps shown in Figure 8.

Table 6. Physical supply of ecosystem services table by land use type,—annual average values and
standard deviation (SD) in parentheses/hectare.

Mefsti:e(:ien t Grassland Pastures Croplands C‘z]s:zzs Rli:\(;izg:e TOTAL
Area Ha 397,342 204,801 195,520 3321 800,984
Final services
Provisioning services
Water use for hgusehold hm? /year ) ) } 201 201
consumption
Regulating and maintenance
Water purification Tons/N/year - - - - 1038 1038
Water purification Tons/P/year - - - - 95 95
Intermediate services
Provisioning services
Soybean yield kg/ha - - 2270 (335) - 2270 (335)
Corn yield kg/ha - - 6200 (857) - 6200 (857)
Sorghum yield kg/ha - - 4250 (1190) - 4250 (1190)
Wheat yield kg/ha - - 3500 (319) - 3500 (319)
Grass biomass (fodder) kg/ha 4888 (2208) - - - 4888 (2208)
Pas“(lfrjscll’i;’)mass kg/ha - 7309 (1211) - - 7309 (1211)
Regulating and maintenance
Water use by vegetation mm/year 739 (65) 828 (69) 786 (45) - 803 (177)
N uptake by vegetation kg N/ha 4(1.2) 60 (16) 268 (34) - 80 (109)
P uptake by vegetation kg P/ha 2(0.7) 31(9) 38 (4) - 18 (20)
N biological fixation kg N/ha - - 114 (13) - 114 (13)

The provision of the services mentioned is associated with the emergence of externali-

ties, which are detailed in the subsequent account (see Table 7). The results again represent
the average values for the entire basin and are consistent with Figure 10.
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Table 7. Externalities table (only from diffuse sources)—annual average values and standard deviation
(SD) in parentheses/hectare.

Unit of Measurement Grassland Pastures Croplands Water Courses
Area Ha 397,342 204,801 195,520 3321
P loadings to water kg P/ha 1.3 (1.8) 7.9 (6.5) 5.6 (4.3) -
N loadings to water kg N/ha 6.8 (8) 12.8 (11) 20.4 (15) -
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Figure 10. N and P loadings to reach and rainfall.

These levels of nutrient load per hectare translate to a total export of 2.8 million kg of
phosphorus and 8.6 million kg of nitrogen from diffuse sources to watercourses through-
out the basin. Additionally, point sources contribute to 0.1 million kg of phosphorus
and 0.4 million kg of nitrogen. Consequently, the total annual loading averages around
2.9 million kg of phosphorus and 9 million kg of nitrogen (approximately 95% from diffuse
sources and 5% from point sources).

4. Discussion

This section discusses the main implications of the analysis, along with the lessons
learned, its relevance for the LAC region and the limitations identified.

4.1. Implications for Watershed and Ecosystem Management

This study demonstrates that it is possible to represent key hydrological and nutrient
transport processes at a major basin in Uruguay, such as the Santa Lucia catchment, using
the SWAT model. Combined with ecosystem accounting, this approach allows for the
assessment of water-related ecosystem services, ecosystem condition, and agricultural
externalities, as well as their spatial and temporal variability. These aspects are crucial for
watershed and ecosystem management, as they support the identification of priority areas
and processes relevant for environmental policy.

By explicitly quantifying nutrient losses from agricultural activities and analyzing their
spatial distribution, the results highlight the importance of targeted interventions focused
on pollution hotspots rather than uniform basin-wide measures. The analysis shows that
most of the nitrogen (N) and phosphorus (P) loads reaching watercourses originate from
diffuse sources, particularly from pastures and croplands where agricultural and dairy
production are concentrated. This suggests that management strategies addressing nutrient
surpluses, runoff generation, and hydrological connectivity in intensive production areas
have the potential to reduce pressures on aquatic ecosystems.

These findings are broadly consistent with a previous study that identified the primary
sector as the main source of pollution [7]. However, there is a difference in the importance
attributed to dairy farms as point sources, especially in relation to phosphorus. The
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previous study reported that dairy farms accounted for 7% to nearly 20% of total nitrogen
discharges and 17% to 53% of total phosphorus discharges in MA-defined level 2 sub-
basins. In contrast, this study found that point sources (including dairy farms, industries,
and the sewage system) contributed only around 5% of total discharges across those sub-
basins. Point sources were found to be relevant in only a few sub-catchments (out of the
86 defined by the model), where they accounted for 63% and 75% of total nitrogen and
phosphorus, respectively.

Differences between studies can be partly attributed to methodological approaches.
Previous assessments relied on fixed runoff coefficients derived from literature and cali-
brated for average climatic conditions [49], whereas the SWAT model explicitly represents
hydrological processes and their response to rainfall variability. As nutrient exports are
strongly influenced by precipitation patterns, particularly during periods of water ex-
cess, approaches that do not capture hydrological dynamics may misrepresent the relative
contribution of different sources. While uncertainties inherent to SWAT modeling may
also influence the estimated magnitude of diffuse sources (see Section 4.4), the results
consistently indicate the dominant role of diffuse agricultural pressures at the basin scale.

Beyond spatial heterogeneity, nutrient-related externalities exhibit marked temporal
variability driven by climatic conditions and agricultural cycles. Nutrient exports are
strongly associated with rainfall events, particularly during periods of water excess, when
surface runoff and leach increase substantially (Figure 10, based on SWAT). In Uruguay’s
temperate climate, higher nutrient losses typically occur during autumn and winter, when
precipitation exceeds evapotranspiration and soil saturation is more frequent, whereas
lower losses are observed during summer dry periods.

These temporal dynamics imply that nutrient externalities are not constant throughout
the year. Consequently, mitigation measures targeting critical periods—such as improved
fertilizer timing and enhanced buffer effectiveness during high-flow seasons—are likely to
be more effective than measures applied uniformly over time. Integrating both spatial and
temporal dimensions of nutrient losses therefore provides a stronger basis for designing
efficient, targeted watershed management strategies.

4.2. Lessons for Ecosystem Accounting

The integration of SWAT modeling with publicly available data demonstrates the
feasibility of constructing ecosystem accounts that jointly represent ecosystem services,
ecosystem condition, and agricultural externalities in physical terms. Estimating biophysi-
cal indicators prior to monetary valuation proved essential for linking economic activities
to ecosystem pressures and to changes in ecosystem capacity, thereby bridging elements of
the SEEA Central Framework and SEEA Ecosystem Accounting.

A key lesson from the application is the need to clearly distinguish between ecosystem
services, condition and externalities when translating model outputs into accounting
entries. Scenario-based differences in nutrient loads were suitable for representing water
purification as a regulating ecosystem service, while nutrient losses to surface waters were
more appropriately recorded as externalities. Observed nutrient concentrations functioned
effectively as indicators of aquatic ecosystem condition. This separation helped avoid
conceptual overlap and supported a coherent accounting structure.

The spatially explicit nature of the indicators was particularly valuable for ecosys-
tem accounting and management. While SEEA-EA emphasizes reporting services at the
scale of the accounting area, per-hectare indicators facilitated spatial comparison and the
identification of hotspots, complementing aggregated basin-level values. Together, these
perspectives illustrate how hydrological modeling can support ecosystem accounting in
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data-scarce contexts by providing spatially disaggregated information relevant for both
policy and management.

4.3. Relevance to Other Parts of Latin America

The approach presented in this paper is relevant to other regions in LAC, where agri-
cultural and livestock production exert significant pressure on water and soil resources and
where data availability often limits the implementation of comprehensive environmental
assessments. The combined use of the SWAT model and the SEEA framework enables the
identification of pollution hotspots, the assessment of ecosystem service provision and
externalities, and the development of evidence to support environmental policy.

This relevance is particularly strong for agricultural watersheds characterized by
temperate climates, relatively gentle topography, and high hydrological connectivity, where
diffuse nutrient pollution represents a major environmental concern.

The predominance of diffuse agricultural sources observed in the Santa Lucia sub-
basin is consistent with findings from other intensively farmed watersheds in Latin America,
where nutrient pollution is primarily driven by cropland expansion, livestock intensifi-
cation, and limited control over non-point source emissions [1,3]. Similar patterns have
been documented in agricultural catchments of southern Brazil, the Argentine Pampas, and
central Chile, where nutrient exports are closely linked to land use intensity and hydrologi-
cal connectivity [50,51]. These regions share broadly comparable biophysical conditions,
making the proposed framework transferable with limited methodological adaptation.

Policy responses across the region have increasingly combined regulatory and
incentive-based instruments, including mandatory riparian buffer zones, nutrient man-
agement plans, restrictions on fertilizer application timing, and payments for ecosystem
services aimed at protecting water quality [52,53]. Evidence from these experiences sug-
gests that mixed policy instruments are more effective than purely regulatory approaches
in addressing diffuse agricultural externalities while maintaining agricultural viability [54].

In contrast, applying this framework in tropical or mountainous regions of LAC—such
as the Amazon basin or the Andean highlands—would require substantial adaptation.
These contexts are characterized by more complex hydrological regimes, steeper topog-
raphy, higher rainfall intensities, and greater spatial heterogeneity of soils and land use.
Under such conditions, SWAT calibration is more challenging due to the need for high-
resolution soil data, detailed management information, and sufficiently long water quality
time series, which are often lacking. These constraints limit the precision of nutrient flux
estimates and require cautious interpretation of results.

By providing spatially and temporally explicit information on nutrient externalities,
the framework applied in this study supports the design of targeted policies that account
for both hotspot locations and critical periods of nutrient loss. This approach aligns
with emerging policy needs in Latin America, where fiscal constraints and heterogeneous
farming systems require efficient, spatially differentiated interventions rather than uniform
basin-wide measures.

4.4. Limitations and Uncertainties

The results obtained in this research should be interpreted with caution due to several
limitations and sources of uncertainties that affect both model performance and data inputs.
These limitations are particularly relevant in data-scarce contexts such as those commonly
encountered in Latin America.

Data quality and availability: These represent important sources of uncertainty. Cal-
ibration of agricultural yields and water quality indicators was constrained by limited
and uneven data, especially for nutrient concentrations in surface waters. Water quality
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observations were available at relatively low temporal resolution and, in some cases, de-
rived using simplified measurement approaches, which may not fully capture extreme
hydrological events such as floods and droughts. These limitations affect the calibration of
nutrient processes and contribute to uncertainty in modeled nutrient fluxes.

Point sources: Information on industrial and residential discharges was obtained
from physical files instead of digitalized sources, resulting in limited coverage of smaller
companies. This implies that point sources of pollution may be underestimated in the
model, although the magnitude of this bias is expected to be relatively small.

Land use: Inputs are based on the most up-to-date available land-use map at the
time the model was implemented (2015 and 2018; see Supplementary Material, Section S1).
Changes that occurred before or after these reference years (such as the expansion of
cropland and forestry areas and the decline of natural grasslands and dairy systems [55])
are not captured in the model. These dynamics may influence nutrient export estimates,
particularly in areas undergoing rapid agricultural intensification. Updating land-use
inputs using more recent remote sensing products represents an important avenue for
future research.

Model-related limitations: These are inherent to the SWAT framework. Although
SWAT is widely applied and suitable for medium to large agricultural watersheds, model
results depend on parameterization quality, input data resolution, and the representation
of local management practices. In data-scarce contexts such as Latin America, these factors
introduce uncertainty in nutrient flux estimates, particularly at finer spatial scales. There-
fore, results should be interpreted as indicative of spatial patterns and relative magnitudes
rather than precise point estimates. The analysis relies on the SWAT2012 framework, which
has known limitations in representing certain nutrient and erosion processes.

Indicator selection limitations: The analysis focuses on nutrient-related externalities
due to their policy relevance and data availability. Other important externalities associated
with agricultural production, such as pesticide contamination, and biodiversity impacts,
are not explicitly considered. Consequently, the ecosystem accounts presented represent
a partial assessment of agricultural externalities and could be expanded in future research
by incorporating additional indicators.

5. Conclusions

This study demonstrates the feasibility of integrating hydrological modeling and
ecosystem accounting to jointly assess water-related ecosystem services, ecosystem con-
dition and externalities in a major agricultural watershed in Uruguay. By combining
SWAT modeling with the SEEA Ecosystem Accounting framework, the analysis illustrates
how biophysical processes, environmental pressures, and ecosystem responses can be
represented in a consistent and policy-relevant structure.

The results show that nutrient losses to surface waters, interpreted as agricultural
externalities, are predominantly driven by diffuse sources associated with intensive crop-
land and dairy systems, as well as hydrological connectivity. The integration of spa-
tially explicit indicators of ecosystem services and externalities into ecosystem accounts
supports the identification of priority sub-basins and critical periods for management
intervention. Rather than supporting uniform basin-wide measures, the results highlight
the relevance of targeted, spatially and temporally differentiated strategies to address
nutrient-related externalities.

At the same time, the findings should be interpreted considering data limitations,
model-related uncertainties, and the partial coverage of agricultural externalities considered
in this study. The ecosystem accounts presented are partial and exploratory, intended to
support comparative analysis and decision-making, rather than precise quantification of
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absolute magnitudes. Uncertainty related to input data quality, model parameterization,
and simplified process representation limits the reliability of point estimates but does not
undermine the usefulness of the results for identifying relative patterns and management
priorities. Future research could strengthen this approach by improving data availability,
incorporating additional externality and ecosystem services indicators, and extending the
analysis to multiple accounting periods.

From a policy perspective, this approach is particularly relevant for data-scarce con-
texts, such as many regions of Latin America, where spatially explicit modeling can com-
plement official statistics and support the gradual development of ecosystem accounts.
The framework can support the design and monitoring of policy interventions aimed at
reducing externalities and maintaining the provision of essential ecosystem services. The ap-
proach can identify areas of high pollution and serve as the foundation for future monetary
accounting and policy assessments. The SWAT model enables the evaluation of different
measures to mitigate externalities, such as changes in land use and management practices,
implementation of buffer zones, and other interventions. These measures can be assessed in
terms of their impact on the provision of ecosystem services, which can be tracked using the
physical supply account within the ecosystem accounting framework [10]. Furthermore,
the construction of the physical use of ecosystem services account allows for the evalua-
tion of the beneficiaries and potential losers resulting from these interventions. However,
the approach is not intended to replace detailed regulatory assessments or site-specific
evaluations, and its applicability depends on data availability and institutional capacity.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/su18031571/s1. Sections S1-54 (see [56,57]). Figures and tables
captions: Figure S1. Land use map adaptation for SWAT model. Table S1. Rotation for agriculture
(both rainfed and irrigated). Table S2. Rotation 1 for agriculture and livestock. Table S3. Rotation 2
for agriculture and livestock. Table S4. Rotation for livestock. Table S5. Rotation 1 for dairy farming.
Table S6. Rotation 2 for dairy farming. Table S7. Grazing parameters for different crop types. Table S8.
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Hydraulic Conductivity (Ksat) parameters for different soil types. Table S11. Hydrological group
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quality calibration parameters. Figure S2. Digital Elevation Model. Figure S3. Soil data. Figure S4.
Climate data. Figure S5. Location and distribution of dairy farms across the basin. Table S14. List of
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P (left map) and N (right map) loadings—% represented by dairy farms over point sources. Table S15.
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Abbreviations

The following abbreviations are used in this manuscript:

AET Actual Evapotranspiration

AV05 De la Virgen Creek 05

CGo1 Canel6n Grande 01

DGRN Natural Resources General Division

DM Dry matter

EPIC Environmental Policy Integrated Climate
HRUs Hydrological Response Units

INIA National Institute for Agricultural Research
INUMET Uruguayan Institute of Meteorology

IPA Agricultural Plan Institute

KGE Kling-Gupta Efficiency

LAC Latin America and the Caribbean

MA Ministry of Environment

MGAP Ministry of Livestock, Agriculture, and Fisheries
MVOTMA  Former Ministry of Environment

N Nitrogen

NO3 Nitrates

NSE Nash-Sutcliffe Efficiency

Obs Observed

OSE State Sanitary Works

P Phosphorous

PBIAS Percent Bias

PS02 Paso Severino 02

PSO Particle Swarm Optimization

SD Standard Deviation

SEEA System of Environmental and Economic Accounting

SEEA-CF System of Environmental Economic Accounting-Central Framework
SEEA-EA  System of Environmental and Economic Accounting-Ecosystem Accounting

Sim Simulated

SL02 Santa Lucia 02

SLO05 Santa Lucia 05

SWAT Soil and Water Assessment Tool

UdelaR University of the Republic
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