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A B S T R A C T

Increasingly, integrated macroeconomic-ecosystem service models inform policy design. We advance two rele
vant research frontiers: (i) incorporation of a new ecosystem service, water purification, into the integrated 
framework and (ii) development of subnational scale analysis. We develop a multi-regional Integrated Economic- 
Environmental Model (IEEM) and link changes in water quality to tourism demand and water treatment costs, 
capturing previously unquantified interactions between natural capital assets and economic performance. The 
multi-regional approach reveals trade-offs and inter-regional disparities in costs and benefits, enabling spatially 
explicit policy insights and equity considerations at a more granular level than previously possible. We 
demonstrate these innovations by applying IEEM to Uruguay’s National Environmental Program for Sustainable 
Development. Results show that the Program would boost Gross Domestic Product and wealth by US$748.2 
million and US$166.4 million, respectively and that the environmental and economic gains, including a 55 
million ton-reduction in carbon emissions and a US$121 million increase in regulating ecosystem services, 
outweigh modest trade-offs in food provisioning services. Expost valuation of the carbon emissions avoided 
would result in a benefit of US$1.1 billion. The methods developed are replicable across countries for rapid, real- 
time policy evaluation for countries seeking to align economic development strategies with sustainability targets.

1. Introduction

A new suite of tools has emerged for public policy and investment 
analysis that integrates natural capital and ecosystem services (ES) 
enabling more robust policy assessments that account for impacts on the 
three dimensions of wealth and sustainable economic development: the 
economy, society and the environment (Banerjee et al., 2025a; Banerjee 
et al., 2020; Johnson et al., 2020; Valin et al., 2013; World Bank, 2025). 
One such modeling framework is the Integrated Economic- 
Environmental Modeling (IEEM) approach, which was first advanced 
in 2016 (Banerjee et al., 2016) and has since been applied to over 30 
countries around the world.

This new class of models begins with, at its core, a recursive dynamic 
Computable General Equilibrium (CGE) model that statistically repre
sents all economic sectors and the interactions between sectors and in
stitutions. A number of natural capital assets and ES may be simulated 
with a CGE alone, including changes in land allocated to different uses, 
various provisioning ES that have market prices (e.g., food, fuel and 
fiber) and in specific scenarios, cultural ES related to tourism and rec
reation. Regulating ES, which generally do not have a market price, 
usually require a specialized treatment to capture policy impacts on the 
value of their future flows. These regulating services include water pu
rification, water regulation, climate regulation and crop pollination ES 
(European Environment Agency, 2018), among others.
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Some of these regulating services are considered intermediate ser
vices (i.e., they are themselves inputs into other ES) by conventional 
accounting frameworks and are frequently excluded from policy anal
ysis due to the complexities involved in their measurement and valua
tion. Neglecting regulating ES, however, can undermine future ES 
supply given their role in supporting the provision of other ES as well as 
environmental quality (Mengist et al., 2020; Small et al., 2017; 
Sutherland et al., 2018). Furthermore, not valuing regulating ES in 
benefit-cost and other decision-making frameworks can lead to erro
neous trade-offs, the undervaluation of natural capital assets and sub
optimal decisions.

Including regulating ES in IEEM and other integrated frameworks is 
made possible by linking the IEEM with spatial land use-land cover 
(LULC) change and ES modeling (IEEM + ESM; Banerjee et al., 2020). To 
date, erosion, annual and seasonal water regulation, water purification, 
climate regulation, coastal protection and crop pollination ES have been 
integrated into IEEM, yielding results in terms of impacts on future ES 
flows in biophysical units. In our recent work, the linkage between 
service provision and human well-being has been established for erosion 
mitigation and crop pollination ES (Banerjee et al., 2024a; Banerjee 
et al., 2025b) which enables estimation of the value of marginal changes 
in service provision. Once this transmission pathway is established, we 
develop heuristics to capture the essence of the relationship between 
changes in regulating ES and economic agents. Heuristics for each 
transmission pathway identified enables the rapid deployment of IEEM 
+ ESM to inform public policy and investment decisions in real-time.

In this paper, we develop transmission pathways between water 
purification ES and the economy and develop heuristics for their inte
gration and implementation in IEEM + ESM. We demonstrate this 
approach by applying IEEM + ESM to the empirical analysis of Uru
guay’s National Environmental Program for Sustainable Development 
(NEPSD), a US$6 million investment loan from the Inter-American 
Development Bank to the Government of Uruguay. The overarching 
goal of NEPSD is to improve water quality through enhanced environ
mental monitoring and management systems, establishing riparian 
buffers and increasing the sustainability of livestock production systems. 

The Program focuses on priority watersheds in Uruguay, specifically, the 
Santa Lucia, Laguna del Sauce and Rio Negro watersheds.

This study advances the literature in two primary ways. First, we 
integrate water quality ES into the dynamic IEEM + ESM workflow, 
explicitly modeling the transmission pathways between biophysical 
changes, water treatment costs and tourism demand. Second, this study 
represents the first multi-regional application of IEEM + ESM, spatially 
disaggregated across Uruguay’s 19 Departments. By resolving economic 
impacts at the sub-national level, this framework provides the granular 
evidence base necessary for designing regionally differentiated policies. 
As integrated assessment models evolve, the ability to capture spatially 
explicit ES feedbacks significantly amplifies the power of these tools, 
moving beyond national aggregates to offer more precise, localized in
sights needed for addressing increasingly complex policy questions.

In what follows, section 2 outlines the IEEM + ESM methodological 
framework. Section 3 details the NEPSD investment scenarios, followed 
by the analysis of results in Section 4. Finally, Section 5 synthesizes key 
findings, highlights methodological innovations and identifies future 
research directions for integrated economic-environmental modeling.

2. Methods overview

We applied the dynamic multiregional IEEM + ESM approach in 
scenario analysis to estimate NEPSD impacts on economic, social and 
environmental indicators (see Box 1 and Fig. 1 for the full IEEM + ESM 
workflow). IEEM + ESM takes a whole-of-economy approach where all 
economic sectors interact through supply and demand relationships and 
factor constraints (labor, manufactured capital and natural capital). At 
the core of IEEM is a recursive dynamic CGE model, long considered the 
workhorse of public policy analysis (Arrow, 2005; Jones, 1965; see 
Supplementary Information (SI) Section 1 for a detailed presentation of 
the IEEM + ESM methodology). CGE models are among the most well- 
documented models in the economics literature, which has developed 
over the last four decades.

We link IEEM with the Integrated Valuation of Ecosystem Services 
and Tradeoffs (InVEST) ES suite of models (Natural Capital Project, 

Fig. 1. Full IEEM + ESM workflow.
Source: Authors’ own elaboration
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2025), parametrized with national data and supplemented with global 
data sources. The ES models applied were the Sediment Delivery Ratio 
(erosion mitigation ES), Annual Water Yield (water regulation ES), 
Nutrient Delivery Ratio (water purification ES), Carbon Storage (climate 
regulation ES) and Crop Pollination ES models.

A distinguishing characteristic of IEEM + ESM is the consolidation of 
the following four features within a single, internally consistent 
analytical system: (i) IEEM integrates detailed environmental informa
tion through the United Nations System of Environmental-Economic 
Accounting (SEEA; United Nations et al., 2014), for those countries 
where accounts exist, to represent the economy and the environment in 
a comprehensive and inter-connected way, all consistent with the Sys
tem of National Accounts (European Commission et al., 2009). Consis
tency with the National Accounts ensures robustness of estimates and 
credibility with decision-makers; (ii) the indicators IEEM generates are 
those demanded by policy makers including Gross Domestic Product 
(GDP), employment and poverty, but also metrics of wealth (Hamilton, 
1999; Hamilton and Clemens, 1999), sustainability, natural capital 
stocks and ES supply. The concept of wealth we use is that of genuine 
savings, which is equivalent to net national savings adjusted for by 
changes in natural capital stocks and environmental quality; (iii) IEEM’s 
environmental modeling modules capture the specific dynamics of 
natural capital-based sectors (forestry, agriculture, fisheries and mining) 
and; (iv) IEEM’s linkage with LULC change and ES modeling enables 
estimation of spatially explicit impacts on LULC and the future flow of 
market and non-market ES.

In the dynamic IEEM + ESM approach applied in this study, changes 
in LULC arise from the establishment of riparian buffers, producing 
changes in the delivery of ES, which has consequences for the economy. 
In this workflow, economic shocks accounting for changes in erosion 
mitigation, crop pollination and water purification ES were estimated 
and implemented in IEEM iteratively in 5-year time steps. This approach 
enables estimation of the marginal value for these regulating ES, which 
do not have a market price.

In the implementation of the IEEM + ESM workflow, regulating ES 
are valued in monetary terms through a production function approach in 
the case of erosion mitigation and crop pollination ES, and through 
observed prices in the case of water purification services. These valua
tion methods are considered Tier 3 methods which, according to United 
Nations guidelines for ES Accounting, have the greatest accuracy and 
spatial resolution (NCAVES and MAIA, 2022; UN et al., 2024). At the 
time of publication, the dynamic multiregional IEEM + ESM workflow is 
the only modeling framework in the peer reviewed literature that in
tegrates dynamic feedbacks between changes in ES and the economy in 
this way while maintaining consistency with a country’s System of Na
tional Accounts. 

2.1. Integration of water purification ecosystem services

We integrate water purification ES in the dynamic IEEM + ESM by 
accounting for water quality impacts on water-based recreational 
tourism demand and water treatment costs. In the sections that follow, 
we present an overview of the main features of the method while 
providing all relevant details in SI section 2.

2.1.1. Water purification and tourism demand
A major component of the NEPSD investment is the establishment of 

riparian buffers which are described in detail in section 3.3. These 
buffers are expected to positively impact water quality which is modeled 
and quantified using the InVEST Nutrient Delivery Ratio model. To ac
count for the economic effect of improved water quality, we establish a 
transmission pathway between the economy represented by IEEM and 
the Nutrient Delivery Ratio model by relating water quality improve
ments with water-based recreational tourism demand.

Improvements in water quality will contribute to mitigating negative 

impacts on tourism demand in key coastal destinations in Uruguay, in 
particular, the coastal departments of Maldonado, Colonia, Montevideo, 
Canelones and Rocha. In the past, tourism demand has suffered due to 
episodes of poor water quality, for example, in the summer of 2019, the 
beaches of Montevideo, Canelones and Maldonado experienced cyano
bacteria outbreaks, which negatively impacted tourism visitation and 
expenditure (Anido, 2021; Aubriot et al., 2020; Beltran, 2019; El Pais, 
2019; Kruk et al., 2019). Riparian buffers mitigate the effects of excess 
nutrients leaching from farm fields and thus reduce the risk of future 
outbreaks such as that of 2019.

Cyanobacteria outbreaks pose a significant danger for both local 
populations and tourists. Exposure to cyanobacteria can affect the ner
vous system and cause skin irritation, diarrhea and vomiting (Aguilera 
et al., 2018). Climate change is expected to increase the intensity and 
frequency of these outbreaks (O’Neil et al., 2012; Paerl and Huisman, 
2008) and thus measures to reduce leaching from farm fields are a high 
priority for maintaining water quality standards and mitigating negative 
impacts on Uruguay’s tourism industry.

In our implementation of IEEM, the business-as-usual scenario in
corporates the negative impacts of poor water quality on tourism de
mand and expenditure. With the implementation of NEPSD, the creation 
of riparian buffers will reduce the volume of phosphates and nitrates 
that run-off from farm fields and other non-point sources of pollution 
that reach waterways. NEPSD also includes measures to improve the 
sustainability of agricultural practices in the priority watersheds, which 
are expected to lead to the more rational application of fertilizers and 
improved livestock management and consequently, less harmful run-off.

To formalize the relationship between water quality and tourism 
demand, we reviewed the relevant literature (Aminu et al., 2015; Breen 
et al., 2018; Dorevitch et al., 2015, 2011; Egan et al., 2009; Freeman, 
1995; Keeler et al., 2015; Lee and Lee, 2015; Vesterinen et al., 2010; 
Wade et al., 2010). Econometric studies of this nature specific to 
Uruguay were not available at the time of publication of this study. To 
estimate a tourism demand function with water quality as an indepen
dent variable, we follow the travel cost model developed in Breen, Curtis 
and Hynes (2018). This model is particularly well-suited to the present 
policy context since it is a multi-site study and includes variables for 
which information exists in our case of the priority watersheds in 
Uruguay.

The model estimated in Breen, Curtis and Hynes (2018) takes the 
form presented in equation (1). 

lnλi = β0 + β1 • x1i + β2 • x2i + βwq • xwq + βwqDm
• (Dm • xwq) (1) 

Where:
λi is the number of tourist visit days.
β1⋯.n are model coefficients.
x1i is a vector of individual and site-specific variables.
Dm is a dummy variable for a specific type of recreational activity.
To account for changes in tourism demand for a unit change in water 

quality, we estimate an economic shock to implement in IEEM. In the 
Breen et al. (2018) model, we focus on the variables related to the type 
of recreational activity and water quality. While the authors consider 
various water quality variables, our application of the Nutrient Delivery 
Ratio model provides estimates of the volume of phosphates and nitrates 
reaching waterways. In the absence of visitor preference survey data 
from Uruguayan waterways, we solve equation (2) for the change in the 
length of stay of water sports enthusiasts arising from a change in the 
level of phosphates present in the water as described in equation (2). We 
selected the water sports category as the representative behavioral 
proxy because it isolates the sensitivity of users engaging in direct water 
immersion activities which accurately captures the avoidance behavior 
of Uruguay’s dominant sun and sand tourists who are constrained pri
marily by the health risks of direct contact with toxic cyanobacteria 
blooms in the water (Aubriot et al., 2020).

Specifically, we estimate the change in water quality, Δxwq, arising 
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from the implementation of riparian buffers (i.e. the BUFFER scenario 
described in section 3.3) with the Nutrient Delivery Ratio Model. We use 
the business-as-usual (BASE) LULC map and a scenario-generated map 
(BUFFER LULC map) representing the buffers established through 
NEPSD as inputs and the main variables of change in the Nutrient De
livery Ratio model which calculates the amount of nitrates and phos
phates that are exported to waterways. The difference between the 
BUFFER and BASE model runs is the NEPSD-driven change in the vol
ume of nutrients reaching waterways. 

Δλi = βwq • Δxwq + βwqDm
• (Dm • Δxwq) (2) 

We use the following coefficients and data from Breen et al. (2018)1

βwq = -18.61.
βwqDm 

= -9.231.
xwq = 0.038.
Dm = 1.
The implementation of riparian buffers resulted in a 1.46% and 

0.58% reduction in nitrates and phosphates, respectively. We use the 
average of these two results (1.02%) and calculate that Δxwq =

− 0.000387108.2

To estimate the impact of this 1.02% improvement in water quality 
(Δxwq = -0.000387108) on the length of stay of water sports enthusiasts, 
we calculate: 

Δλ = − 18.61 • 0.00038710+( − 9.231 • 0.00038710)

= − 0.010777473 (3) 

As shown in equation (3), a 1.02% improvement in water quality would 
result in a 0.01078-day increase in length of stay.

The next step in calculating an economic shock to implement in IEEM 
is to calculate the average length of stay of tourists and their average per 
person per day expenditure; these were calculated as 6.15 days and US 
$79.47 per person per day, respectively. Considering the average length 
of stay and tourism expenditure and the 1.02% improvement in water 

quality, the 0.01078-day increase in length of stay would increase the 
average length of stay from 6.150 days to 6.161 days. On an annual 
basis, this would imply a US$2,789,383 increase in tourism demand 
arising from the improvement in water quality attributable to NEPSD. 
This is one of the two transmission pathways developed to link water 
quality improvements with economic outcomes. The second trans
mission pathway, described in the section that follows, relates water 
quality to water treatment costs.

2.1.2. Water purification and water treatment costs
The carefully designed implementation of riparian buffers can posi

tively impact water quality (Chaplin-Kramer et al., 2016) which can 
result in the reduction of water treatment costs. With cleaner water 
reaching water treatment facilities, the variable costs of chemical 
treatment are reduced. In establishing this transmission pathway be
tween water quality, water treatment costs and economic outcomes in 
IEEM, we focus on water turbidity. To estimate changes in the volume of 
sediments reaching Uruguay waterways, again the difference in 
turbidity between the BASE and BUFFER LULC maps, we implement the 
InVEST Sediment Delivery Ratio model. Turbidity is the volume of 
suspended sediments in water and is commonly used as an indicator of 
overall water quality.

Water treatment facilities aim to eliminate turbidity (Danelon et al., 
2021) which simultaneously eliminates many other pollutants, 
including organic components and nutrients beyond certain thresholds 
(EPA, 1999). Gianessi et al. (1981) estimated that soil erosion from crops 
and pasture lands account for about 68% of the suspended sediments 
found in waterways. The NEPSD Program includes measures to enhance 
erosion mitigation ES through the establishment of buffers and 
improved crop and pastureland management.

In the absence of empirical evidence from Uruguay on the relation
ship between erosion and water treatment costs, we reviewed the in
ternational literature. Elsin et al. (2010) estimated the costs avoided due 
to an increase in the quality of raw water used as an input into eight 
water treatment facilities in the Neuse River Basin in North Carolina, 
USA. The authors performed a benefits transfer from the producer’s 
perspective to relate changes in water quality to water treatment costs. 
Their study used the findings of Dearmont et al. (1998), Forster et al. 
(1987), Holmes (1988) and Murray and Forster (2001), which found 
that a 1% change in turbidity would affect water treatment costs by 
between 0.07% and 0.4%. Piaggio and Siikamäki (2021) estimated that 
the contribution of forests to purifying water in Costa Rica was 
approximately US$9.50 per hectare. The authors also found that 
reducing turbidity by 1% would decrease the amount of aluminum 

Box. 1. IEEM  ESM methods Summary.

The IEEM + ESM modeling workflow implemented in this study is comprised of two models that interact through the transfer of data and results 
from one model to another. The first model is IEEM which is constructed based on a country’s National Accounts, the internationally accepted 
framework for measuring economic activity and development, usually combined with other sources of statistical data on the economy, gov
ernment and households. In this application, a multiregional Social Accounting Matrix underpins IEEM, which is a statistical representation of 
all sectors and transactions in an economy at the Departmental level as well as land-use dynamics for the base year. IEEM is used to generate a 
business-as-usual projection of the economy in the absence of any new public policies and investments. Policy scenarios are then implemented in 
IEEM which represent the key components of NEPSD.

Linked to IEEM are the InVEST erosion mitigation, crop pollination, water purification, water regulation and carbon storage ES models. ES 
model runs calculate changes in future ES flows for each policy scenario with respect to the business-as-usual scenario. These results are 
summarized at the level of Uruguayan Department and are used to calculate economic shocks that account for changes in ES flows, which are 
subsequently implemented in IEEM to generate the final results presented in section 4. In most previous IEEM applications (Banerjee et al., 
2024b, 2023, 2022), the bridge between IEEM and the spatial ES modeling is made through a LULC change model, which spatially allocates 
change in demand for land across the landscape (see Fig. 1). In this application, the major LULC change arises through the establishment of 
riparian buffers with known spatial locations. For this reason, maps representing this LULC change, which are a key variable input into the ES 
modeling, are instead generated through the application of a Geographic Information System (GIS; ArcGIS 3.3.0) and standard analytical tools 
within the GIS, without the need for an LULC change model’s land allocation algorithm.

1 Although the interaction term in Breen et al. (2018) lacks statistical sig
nificance, we retain the point estimate to avoid the implicit and theoretically 
inconsistent assumption of the complete absence of a behavioral response to 
toxic blooms which is consistent with methodological best practices (The White 
House, 2023; United States Environmental Protection Agency, 2024).

2 We chose to average nitrogen and phosphorus in light of the Uruguayan 
evidence which has shown that cyanobacteria blooms are driven by high con
centrations of both nitrogen and phosphorus (see Ferrari et al. 2011 for more).
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sulfate used in water treatment plants by 0.005%, thus reducing variable 
water treatment costs.

Given the limited data available for the Uruguayan case, we use the 
regression model developed in Forster et al. (1987) to calculate the 
economic shock to implement in IEEM to relate changes in water quality 
to water treatment costs. Equation (4) describes the relationship be
tween the annual variable water treatment cost (independent variable) 
and the volume of water treated, the average retention time, the average 
daily reduction in turbidity and soil erosion as explanatory variables. 

c = a0 • sa1 • ra2 • ta3 • ea4 (4) 

Where:
c is the average daily variable treatment cost in United States Dollars.
s is the average daily volume of water treated in thousands of gallons.
r is the average water retention time in days.
t is the average daily reduction in turbidity.
e is the annual level of soil erosion in tons per acre.
a1, a2, a3 and a4 are the regression coefficients.
Estimating the logarithmic form of equation (4) gives: 

logc = − 0.562+0.657 • (logs)+ 0.14 • (log r)+0.119

• (log t)+0.406 • (loge) (5) 

With the logarithmic form of the model, the interpretation of the co
efficients is straightforward. The coefficient on water quality, proxied 
for by turbidity, indicates that annual water treatment costs would be 
reduced by 0.4% for each 1% reduction in soil erosion. Since we are 
interested in the relative change in water treatment costs with respect to 
a change in soil erosion, in the absence of data for Uruguay, we assume 
similar values for the variables s, r and t in equation (5) following For
ster et al. (1987).

To calculate the change in soil erosion arising from the imple
mentation of riparian buffers, we implement the Sediment Delivery 
Ratio model with the BUFFER and BASE LULC maps as the key variables 
of change. The difference in the results of these two model runs is the 
NEPSD-driven change in soil erosion. Specifically, the resulting differ
ence between the BUFFER and BASE LULC was a 4.69% reduction in soil 
loss attributable to the implementation of the NEPSD riparian buffers. 
Following from equation (5), a 4.69% reduction in soil erosion would 
thus result in a 1.88% reduction in the annual variable water treatment 
costs. This is the shock implemented in IEEM to account for changes in 
water treatment costs resulting from the impact of NEPSD on water 
quality.

3. Scenario generation

This section outlines the scenarios developed to evaluate the eco
nomic and environmental impacts of Uruguay's NEPSD Program. To 
provide a clear roadmap of the analytical framework, Table 1 presents a 
high-level overview of the baseline and policy scenarios, summarizing 
the primary objectives and key variables affected in each. The subse
quent subsections describe the watersheds where interventions occur, 
the anticipated ecosystem services impacts, the NEPSD theory of change 
and the key characteristics of each of the scenarios.

In this application, we develop and implement scenarios in IEEM +
ESM that represent the key components of NEPSD’s two specific objec
tives, to: (i) strengthen the Ministry of Environment’s strategic planning, 
evaluation, control and environmental monitoring functions; and (ii) 
improve the integrated management of priority watersheds, with an 
emphasis on reducing agricultural and other non-point pollution loads. 
Fig. 2 presents the locations of the priority watersheds, namely, the 
Santa Lucia, Laguna del Sauce and Rio Negro watersheds. Many of the 
activities and investments related to the first objective involve institu
tional strengthening, which we apply in our first investment scenario. 
For the second objective, our application focuses on the establishment of 

riparian buffers along waterways in the three priority watersheds and 
the implementation of more sustainable livestock production systems. 
Fig. 3 presents the NEPSD theory of change with an emphasis on the 
Program components that are central to this study.

3.1. Background on The Santa Lucia, Laguna del Sauce and Rio Negro 
watersheds

The Santa Lucia, Laguna del Sauce and Rio Negro watersheds are 
important for both rural areas and urban centers in Uruguay. All three 
watersheds have experienced major changes in land use, with the 
establishment of monoculture forest plantations affecting water regu
lating and other ES (Torremorell et al., 2021). Eutrophication and algal 
blooms have been the most significant water quality issues in all three 
watersheds. The Santa Lucía watershed (13.4 thousand km2) located in 
Uruguay’s south is the primary source of potable water for Montevideo, 
the nation’s capital, with a total population of approximately 1.384 
million people in 2024. Over the last two decades, the Santa Lucia 
watershed has experienced intense LULC change with clearing for 
intensive crop production (mostly soybean) and an increasing number of 
cattle feedlots and dairy operations, all of which have had important 
impacts in the basin (DIEA, 2018; MGAP, 2015). Consequently, water 
contamination has become a serious health risk, especially for the 
drinking water supply of Montevideo. Episodes of contamination have 
since arisen requiring increased government expenditure in water 

Table 1 
IEEM + ESM scenario overview.

Scenario High-Level Description Key Elements / Variables 
Changed

BASE The counterfactual reference 
scenario representing the future 
trajectory of Uruguay’s economy 
until 2050 in the absence of any 
new large public policies and 
investments.

Imposes historical 
macroeconomic trends and the 
same GDP growth rate across all 
Departments. Serves as the 
reference point to which all 
other policy scenarios are 
compared.

INVEST Captures the direct public 
investments associated with the 
NEPSD program.

Simulates the public 
expenditure required for 
enhanced environmental 
monitoring and management 
systems. The total size of 
investment is US$6 million 
across all scenarios described 
below.

GOVCAP Simulates NEPSD’s first 
objective, focusing on the 
institutional strengthening and 
capacity-building aspects of the 
Program.

Simulates the institutional 
strengthening and capacity 
building aspects of the Program 
(US$1.2 million).

BUFFER Simulates the establishment of 
riparian buffers to mitigate 
nutrient runoff and enhance 
water purification ecosystem 
services.

Establishes 30-meter buffers (15 
m on each side of major 
waterways) in the three priority 
watersheds. Converts areas 
identified as uncompliant and/ 
or non-forested into forested 
buffers, withdrawing this land 
from agricultural production 
(US$3 million).

SILVOPAST Targets water quality 
improvements through the 
adoption of sustainable 
silvopastoral practices.

Models interventions aimed at 
increasing the sustainability of 
livestock production systems to 
reduce nutrient leaching from 
farm fields (US$1.8 million).

COMBI A comprehensive scenario 
assessing the full, simultaneous 
implementation of the NEPSD 
components.

Integrates the INVEST, 
GOVCAP, BUFFER, and 
SILVOPAST shocks 
simultaneously to evaluate the 
synergistic macroeconomic and 
spatial ecosystem service 
impacts through 2050.

Source: Authors’ own elaboration.
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treatment to ensure water quality standards are upheld (Piaggio et al., 
2018).

The Laguna del Sauce watershed (772 km2) is located in the south
east of Uruguay, supplying potable water to the cities of Maldonado and 
Punta del Este. These cities are Uruguay’s main tourism destinations, 
especially during the summer season, receiving 18% Uruguay’s inter
national visitation and 39% of total tourism expenditure in 2023 
(Ministerio de Turismo, 2025). As with Santa Lucía, the watershed 
suffered intense upstream LULC change in the last two decades and 
episodes of water contamination have become more frequent (Piaggio 
et al., 2018; SARAS, 2010).

The Rio Negro watershed (69.7 thousand km2), the largest of the 
three, is located in the center of Uruguay, spanning the width of the 
country from east to west. Some of Uruguay’s largest hydroelectric fa
cilities are located in the Rio Negro watershed, namely, Baygorria, 
Constitución (Palmar) and Rincón del Bonete. Over 2005 to 2020, these 

three hydroelectric plants produced an annual average of 69.01, 190.16 
and 103.91 kilotons of petroleum equivalent (ktpe), respectively, ac
counting for approximately 44% of national hydroelectric output 
(Ministerio de Industria, Energía y Minería, 2025). Hydropower 
contributed 31% of Uruguay’s total energy output in 2022. The Uru
guayan Government designated the Rio Negro watershed as a priority 
watershed to fast track the preparation of environmental plans and 
baselines prior to the establishment of Uruguay’s largest pulp and paper 
mill in Paso de Torres. This pulp mill has now been operational since 
2023 and is the world’s largest single line pulp and paper mill, pro
ducing an average of 2.1 million tons of pulp per year.3

Fig. 2. Uruguay and its principal watersheds. Notes: Laguna del Sauce is identified by the red arrow at the base of the map and indicates a relatively large water 
body.). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Source: Reclassified Land Use Land Cover Map (2021, 30-meter resolution) identifying major watersheds (MGAP, 2021

3 https://www.upmpulp.com/pulp-production/paso-de-los-toros/.
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3.2. NEPSD potential impacts on ecosystem services

Riparian buffers generate a broad array of ES. Increasing forest cover 
in upstream watersheds, including buffers, stores carbon for climate 
change mitigation, reduces erosion, improves water quality (Piaggio and 
Siikamäki, 2021), enhances crop pollinator habitat (Riis et al., 2020) 
and in broader terms, contributes to water security. Increasing forested 
areas reduces the risk of vector-borne diseases, such as dengue (Piaggio 
et al., 2024). Riparian buffers provide benefits for fisheries by cooling 
waters and reducing thermal stress for fish which affects fish physiology, 
growth and behavior (Hall and Selker, 2021; Macedo et al., 2013). Cool 
water is also important for some industrial processes. Climate change 
will cause stream temperatures to rise in the absence of mitigating or 
adapting measures (van Vliet et al., 2013). A study by Langhans et al. 
(2022) found that increasing national forest cover by 1.9% in Costa Rica 
would increase water regulation, water quality and carbon storage ES.

There are some trade-offs, however, between establishing riparian 
buffers and economic outcomes. While riparian buffers can enhance 
some ES, they can simultaneously reduce other ES such as food provi
sioning services from agricultural activities where buffers withdraw land 
from agricultural production. To compensate, different buffer widths 
can be designed to maximize multiple objectives and offset negative 
trade-offs (Semmens and Ancona, 2019). Multiple benefits are simulta
neously enhanced where buffers are established in areas with steep 
topography that are generally less productive for agriculture and by 
withdrawing less productive areas that require intense fertilization 
(Langhans et al., 2022). In this way, buffers can be spatially targeted to 
balance environmental and socioeconomic outcomes (Cole et al., 2020).

Increased water purification ES in the priority watersheds will 
improve the quality of water entering water treatment plants and reduce 
water treatment costs and subsequent health risks related to human 
exposure to contaminated water. Additional benefits include reduction 
in eutrophication and algal blooms. Increased fish provisioning services 
could arise with enhanced fish stocks, fish species diversity and health. 
Cultural and recreational ES could be improved by creating higher 
quality experiences for water-based activities such as swimming, fishing, 
sailing and hiking, along with potential educational co-benefits. In 
economic terms, we expect the NEPSD investments will reduce water 
treatment and health costs associated with contaminated water sources 
and simultaneously boost recreational tourism demand.

3.3. NEPSD scenario Description

To simulate the key components of NEPSD, we implement a BASE or 
business-as-usual scenario and four intervention scenarios, each imple
mented at the Department level. A fifth scenario simultaneously im
plements all NEPSD interventions, representing the complete NEPSD 
policy package. The economic and statistical underpinnings of each 
scenario are described in detail in SI section 2.

The scenarios are as follows:
BASE: This scenario is the counterfactual reference scenario to which 

all other scenarios are compared. It presents the future trajectory of 
Uruguay’s economy until 2050 in the absence of any new large public 
policies and investments. For each Department, due to the lack of 
Departmental data, we impose the same GDP growth rate across all 
Departments in the BASE. In the BASE, the exogenous part of Total 

Fig. 3. Theory of Change presenting the expected impact of The National Environmental Program for Sustainable Development on water quality and human well- 
being. .
Source: authors’ own elaboration drawing on Keeler et al. (2015)
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Factor Productivity growth is adjusted for consistency with the growth 
rates that are imposed. In non-BASE scenarios, GDP growth is invariably 
endogenous. We impose population projections by Department from INE 
(National Statistics Institute). In the BASE, we assume that exogenous 
variables such as government receipts and spending items grow at the 
same rate as GDP. The same assumption applies to non-government 
payments such as remittances and private foreign borrowing. For the 
non-BASE scenarios that follow, all these payments are assumed to be 
fixed at their BASE real values. In other words, we implicitly assume that 
they do not necessarily grow at the same rate of GDP.

INVEST: This scenario simulates the expenditure side of NEPSD by 
implementing an increase of $6 million in public investment. This in
vestment is allocated to capital formation and services that contribute to 
achieving NEPSD goals.

GOVCAP: This scenario simulates NEPSD’s first objective and the 
institutional strengthening and capacity building aspects of the Pro
gram. Twenty percent of the total investment is allocated to this 
component.

BUFFER: This scenario relates to NEPSD’s second objective, aimed at 
reducing non-point source pollution that reaches waterways, specif
ically, through the planting of riparian buffers. To identify the areas 
requiring buffers, we consulted the Ministry of Environment’s geospatial 
database, which documents the location and characteristics of legally 
compliant riparian buffers in the Santa Lucia and Laguna del Sauce 
watersheds; buffers in the Rio Negro were not included in the database 
at the time of writing.

We identified the areas in our BASE LULC map within the legislated 
riparian buffer zones that are uncompliant and/or not forested in all 
three watersheds and thus require tree planting under NEPSD. We 
established 30-meter buffers (15 m on each side of the waterway) for 
major waterways. Considering the three watersheds together, the total 
new buffer area is equal to 122,947 ha. This figure is slightly greater 
than the sum of areas withdrawn from cropland and grassland reported 
in Table 2 since it also includes withdrawals from LULC classes other 
than crops and grasslands. Fifty percent of the total investment is allo
cated to this component.

On the one hand, establishing riparian buffers reduces the total area 
available for crops and animal grazing. Accounting for the trees already 
present in the buffer zones, the planting of trees in buffers would remove 
6,988 ha and 114,149 ha from total cropland (0.30%) and livestock 
pastureland (1.05%), respectively (Table 2). On the other hand, planting 

trees in buffers reduces overall rates of erosion in watersheds and pro
vides pollinator habitat for adjacent farmland, which can positively 
impact agricultural productivity (Garibaldi et al., 2016; Klein et al., 
2007; Panagos et al., 2018; Pimentel et al., 1995). In addition to these 
benefits, riparian buffers can improve water quality, with subsequent 
effects on tourism demand and water treatment costs.

SILVOPAST: This scenario simulates the implementation of sus
tainable productive silvopastoral systems in 5% of the Uruguayan area 
dedicated to livestock activities. This area amounts to 544,544 ha. 
Thirty percent of the total investment is allocated to this Program 
component. More sustainable and productive silvopastoral systems are 
able to maintain and enhance livestock output on a smaller land base 
with conservatively estimated productivity gains of up to 3% (Banerjee 
et al., 2023; Rodríguez, 2017). Additional measures in this intervention 
include limiting the access of cattle to watercourses, which reduces 
water contamination.

COMBI: This scenario is the simultaneous implementation of the 
INVEST, GOVCAP, BUFFER and SILVOPAST scenarios and represents 
the full impact of NEPSD Program.

4. Integrated Economic-Environmental modeling results

4.1. Land use land cover change and ecosystem service impacts

In the zoomed in view presented in Fig. 4, the riparian buffers 
planted in the COMBI scenario in 2050 on the right can be identified by 
comparing it with the BASE map on the left. The COMBI map reveals fill 
planting along the major waterways in the northeast of the Rio Negro 
watershed.

Fig. 5 (Panel A) presents erosion mitigation ecosystem services by 
major watershed. Erosion ES would improve the most in the Rio Negro, 
by 0.88% followed by the Santa Lucia watershed (0.12%). Continuing 
clockwise, climate regulation ES (Panel B) would be most enhanced in 
the Rio Negro (14.56%), Santa Lucia (3.65%) and Rio de La Plata 
(1.47%) watersheds. Water purification ES (Panel C) would improve the 
most in the Rio Negro, Santa Lucia and Rio de La Plata watersheds 
(3.45%, 0.44% and 0.27%, respectively). Water regulation ES (Panel D) 
would be most positively impacted in the Rio Negro, Santa Lucia and Rio 
de La Plata watersheds (1.41%, 0.26% and 0.15%, respectively).

Fig. 6 presents COMBI scenario impacts on climate regulation (Panel 
A), crop pollination (Panel B), water purification (Panel C), water 

Table 2 
Areas withdrawn from agricultural production by Department, in hectares and percent share as indicated.

Cropland by 
Department

Grassland by 
Department

Buffer withdrawn from 
Cropland

Buffer withdrawn from 
grassland

Share withdrawn from 
cropland

Share withdrawn from 
grassland

Montevideo 7,041 1,262 1 ​ 0.0% 0.0%
Artigas 73,317 8,80,266 5 85 0.0% 0.0%
Canelones 46,607 1,66,944 − 36 − 1,307 − 0.1% − 0.8%
Cerro Largo 1,06,866 9,67,413 − 1,389 − 8,161 − 1.3% − 0.8%
Colonia 2,03,842 1,55,769 − 13 –32 0.0% 0.0%
Durazno 1,05,754 8,66,129 − 519 − 19,157 − 0.5% − 2.2%
Flores 1,31,330 3,38,651 − 406 − 9,090 − 0.3% − 2.7%
Florida 57,169 6,35,046 − 788 − 15,662 − 1.4% − 2.5%
Lavalleja 37,877 7,73,942 ​ − 2,354 0.0% − 0.3%
Maldonado 8,024 3,07,869 − 41 − 1,666 − 0.5% − 0.5%
Paysandu 2,21,261 8,54,454 − 2 − 67 0.0% 0.0%
Rio Negro 2,92,730 3,95,566 − 699 − 10,207 − 0.2% − 2.6%
Rivera 34,490 6,50,427 − 833 − 12,705 − 2.4% − 2.0%
Rocha 1,33,238 7,00,067 − 6 − 4 0.0% 0.0%
Salto 81,732 9,14,115 − 5 − 38 0.0% 0.0%
San Jose 82,842 1,62,620 − 2 − 542 0.0% − 0.3%
Soriano 4,62,604 2,76,650 − 1,124 − 8,337 − 0.2% − 3.0%
Tacuarembo 68,636 12,01,261 − 1,137 –23,504 − 1.7% − 2.0%
Treinta-y- 

Tres
1,44,999 6,42,429 6 − 1,403 0.0% − 0.2%

Total 23,00,359 1,08,90,880 − 6,988 − 1,14,151 ​ ​

Source: IEEM + ESM results.
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Fig. 4. Zoomed-in view of BASE (left) and COMBI (right) scenarios in 2050 indicating areas of planting riparian buffers. . (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
Source: IEEM+ESM results. Note: Oval shape on the map (right) indicates one area of riparian buffer planting where the green around waterways is more intense. 
Map legend follows that of Fig. 2

Fig. 5. Beginning at the top left moving clockwise, COMBI scenario impacts on erosion mitigation, climate regulation, water regulation and water purification 
ecosystem services as a percent difference from BASE in 2050. .
Source: IEEM+ESM results
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regulation (Panel D) and erosion mitigation (Panel E) ES by department 
in 2050. In general, impacts would be positive across Departments and 
in numerous cases, those Departments experiencing the greatest positive 
impacts for one ES would also experience relatively large positive im
pacts in other ES. Climate regulating ES would be especially enhanced in 
Florida, Durazno and Flores. Crop pollination services would increase 
the most in Soriano and Flores. Water purification ES would increase the 
most in Flores, Tacuarembó and Rivera. Water regulation ES would be 

most positively affected in Flores, Durazno and Tacuarembó. Erosion 
mitigation ES would be enhanced the most in Flores, Durazno and 
Florida.

Table 3 presents COMBI scenario impacts on ES expressed in mon
etary terms. The Table provides a somewhat different picture than Fig. 6
since large percentage change impacts in Fig. 6 could be more symp
tomatic of changes arising from relatively small BASE values rather than 
outsized impacts. In Table 3, food provisioning services would decline 

Fig. 6. COMBI scenario impacts on climate regulation, crop pollination, water purification, water regulation and erosion mitigation (Panels A, B, C, D and E, 
respectively) as a percent difference from BASE in 2050, for 19 departments of Uruguay (Panel F). .
Source: IEEM+ESM results
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the most in Tacuarembó (US$135.9 million) and Durazno (US$103.3 
million) and would increase the most in Colonia and San Jose (US$142.8 
million and US$133.8 million, respectively). Tacuarembó, Rivera and 
Durazno would experience the greatest increase in forestry provisioning 
ES (US$2.0 million, US$1.8 million and US$1.3 million, respectively). 
Water purification ES proxied for by changes in tourism demand would 
increase the most in Montevideo, Canelones and Maldonado (US$19.2 
million, US$2.4 million and US$1.8 million, respectively). Water puri
fication ES proxied for by changes in water treatment costs would in
crease the most in Montevideo, followed by Canelones and Maldonado 
(US$5.5 million, US$2.4 million and US$1.5 million, respectively).

Erosion mitigation ES would improve the most in Montevideo, Rio 
Negro and Soriano (US$1.0 million, US$0.9 million and US$0.9 million, 
respectively). Crop pollination ES would be most improved in Soriano 
(US$23.0 million), followed by Montevideo (US$14.5 million) and Rio 
Negro (US$8.7 million). Overall, the NEPSD investment would posi
tively affect forestry provisioning, water purification, erosion mitigation 
and crop pollination ES by US$9.3 million, US$43.9 million, US$14.8 
million, US$5.4 million and US$71.8 million, respectively. Food provi
sioning ES would be the only ES negatively affected with a net reduction 
of US$156.3 million.

In terms of carbon emissions, COMBI, with its greater pace of eco
nomic growth, would result in an additional 8.61 kilotons (kt) of CO2e 
emitted from the increased consumption of fossil fuels. This would be 
offset through the increase in climate regulation services delivered by 
NEPSD with an additional 15,170 kt of carbon stored, equivalent to 
55,674 kt of CO2e. Net emissions with NEPSD Program implementation 
would thus be a 55,665 kt reduction in CO2e. If a monetary value were to 
be assigned to the carbon emissions avoided, following Lange et al. 
(2018) and The World Bank (2021) using a value of US$20 tons of CO2e 
emissions, the NEPSD Program would generate an additional US$1.1 
billion in climate regulation ES which is notably more than all other ES 
combined.

4.2. Economic impacts

Table 4 shows the individual contribution of each of the NEPSD 
Program components on key macroeconomic indicators in cumulative 
terms in 2050. Focusing on GDP, the INVEST scenario would have a 
negative impact as would the BUFFER scenario, on the order of US$46.6 
million and US$1,983.9 million, respectively. All other scenarios would 
make net positive contributions to GDP. The SILVOPAST scenario would 
make the greatest contribution to GDP followed by the GOVCAP 

scenario (US$2,412.1 million and US$362.4 million, respectively). The 
overall impact of the NEPSD Program on GDP would be US$748.2 
million. Impacts on wealth would be positive though less than impacts 
on GDP. Cumulative wealth would increase with NEPSD implementa
tion, by US$166 million. A sensitivity analysis confirms the robustness of 
the parameter assumptions used in the water quality interventions (SI 
section 4). In this sensitivity analysis, positive GDP and wealth impacts 
persist even under highly conservative assumptions where the tourism 
visitation elasticity and water treatment cost shocks are reduced by 
50%.

Table 5 provides a Departmental-level break-down of impacts on key 
macroeconomic indicators for the COMBI scenario. Focusing on GDP, 
the most important impacts would be found in Montevideo, followed by 
Colonia and San Jose. The wealth impacts also follow this trend. More 
negative impacts would be found in Tacuarembó, Durazno and Rivera.

Fig. 7 presents the individual contributions of the NEPSD scenarios to 
net present value, considering a 12% opportunity cost of capital, which 
is the standard discount rate used by some multilateral development 
banks including the Inter-American Development Bank (Banerjee et al., 
2019; IDB, 2019). The full NEPSD investment would result in a US$290 
million return on the investment. The SILVOPAST scenario would make 
the greatest contribution to net present value followed by GOVCAP (US 
$430 million and US$199 million, respectively). The BUFFER scenario 
presents a negative US$329 million net present value though the com
bination of all other scenarios would offset this negative impact.

Table 3 
Cumulative ecosystem service flows in 2050 in millions of (2023) US Dollars.

Department Food provisioning Forestry provisioning Water purification, Tourism Water purification, Treatment Cost Erosion mitigation Crop pollination

Artigas 11.3 0.0 0.3 0.1 0.0 0.5
Canelones 28.9 0.0 2.4 2.4 0.2 4.7
Cerro Largo − 50.3 0.7 0.3 0.5 0.2 3.5
Colonia 142.8 0.0 0.9 0.2 0.1 2.1
Durazno − 103.3 1.3 0.2 0.3 0.4 2.5
Flores − 48.4 0.1 0.1 0.1 0.5 3.7
Florida − 48.5 0.6 0.3 0.3 0.3 1.6
Lavalleja − 1.2 0.7 0.3 0.5 0.1 0.3
Maldonado − 2.2 0.0 1.8 1.5 0.1 1.7
Montevideo 2.4 0.0 19.2 5.5 1.0 14.5
Paysandu 33.8 0.7 0.5 0.2 0.0 − 0.5
Rio Negro − 52.0 0.9 0.4 0.7 0.9 8.7
Rivera − 75.2 1.8 0.4 0.6 0.3 1.9
Rocha 16.3 0.2 0.4 0.1 0.0 0.7
Salto 23.2 0.0 0.5 0.2 0.0 0.2
San Jose 133.8 0.0 0.2 0.8 − 0.2 1.0
Soriano –32.3 0.2 0.4 0.5 0.9 23.0
Tacuarembo − 135.9 2.0 0.3 0.5 0.3 1.6
Treinta-y-Tres 0.5 0.2 0.2 0.1 0.2 0.2
National − 156.3 9.3 29.1 14.8 5.4 71.8

Source: IEEM + ESM results. Note that climate and water regulation ecosystem services are not reported in this table since they are not valued in monetary terms.

Table 4 
Cumulative impacts on macroeconomic indicators in millions of (2023) US 
Dollars.

INVEST GOVCAP BUFFER SILVOPAST COMBI

GDP − 47 362 − 1,984 2,412 748
Wealth − 7 163 − 568 580 166
Private consumption − 45 951 − 1,681 2,061 1,311
Private fixed 

investment
− 17 165 − 596 608 164

Exports − 20 259 − 1,075 1,047 148
Imports − 8 183 − 948 894 178

Source: IEEM + ESM results.
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5. Discussion and Conclusions

5.1. Interpretation of key results

Results of this study show that overall, the NEPSD Program would 
have a positive effect on the economy, the environment and Uruguayan 
society. Cumulative GDP and wealth would be enhanced by US$748.2 
million and US$166.4 million, respectively. The Program would 
generate a US$290 million return, against US$6 million upfront in
vestment cost. Regulating ES would be positively impacted by US$130.4 
million though this would not quite offset the entirety of the food pro
visioning ES decline (US$156.3 million). NEPSD would increase the 
combustion of fossil fuel by 8.61 KT of CO2e, though this would be more 
than offset by the NEPSD-driven increase in climate regulation services, 
with an additional 15,170 KT of carbon stored. This net 55,665-KT 
reduction in CO2e would make an important contribution to Uru
guay’s Nationally Determined Contributions (Republica Oriental del 
Uruguay, 2024). If a conservative value of carbon is assigned to these 

emissions reductions, the NEPSD Program would generate an additional 
US$1.1 billion in climate regulation ES, outweighing the value of all 
other ES combined.

Considering the impact of the individual components of the NEPSD 
Program on economic indicators, the investment (INVEST) scenario 
alone would result in a decline in GDP and wealth, due to a crowding out 
effect of private investment (US$46.6 million and US$7.5 million, 
respectively). This crowding out is a short-run phenomenon that is 
somewhat common where only the effects of the public investment are 
considered (Afonso and Aubyn, 2008; Argimon et al., 1997; Banerjee 
et al., 2015). The establishment of riparian buffers (BUFFER) would 
have a relatively large and negative impact on GDP, but the wealth 
impacts would be just 29% of the GDP impacts. The smaller negative 
impact on wealth occurs because wealth accounts for changes in natural 
capital stocks and environmental quality, both of which would be 
enhanced with the implementation of riparian buffers.

Improving the management of livestock production through more 
productive and efficient silvopastoral systems (SILVOPAST) would 

Table 5 
COMBI scenario impacts on macroeconomic indicators by Department as a difference from BASE in millions of (2023) US Dollars.

Department Private consumption Investment Exports Imports GDP Wealth

Artigas 54.8 2.4 7.9 9.9 44.9 2.5
Canelones 116.3 15.7 − 1.2 11.4 53.6 4.9
Cerro Largo 33.3 3.0 − 6.4 − 2.9 4.2 − 14.5
Colonia 127.2 7.8 − 17.8 50.1 142.4 43.1
Durazno − 2.5 2.3 − 0.3 − 8.9 − 35.6 − 24.2
Flores 5.6 1.3 − 0.3 − 4.5 − 16.1 − 16.9
Florida 67.0 3.1 − 8.2 6.5 18.7 − 35.0
Lavalleja 44.6 2.6 10.0 10.4 34.6 3.1
Maldonado 58.3 9.2 12.9 6.6 32.0 18.5
Montevideo 381.9 83.3 97.2 24.3 213.7 205.6
Paysandu 82.0 4.7 8.4 16.1 66.5 6.7
Rio Negro 23.9 3.8 11.5 2.8 − 8.1 − 16.8
Rivera 0.4 3.5 − 2.3 − 10.6 − 24.0 − 8.5
Rocha 54.0 3.0 7.5 11.2 45.5 5.8
Salto 67.8 4.5 13.7 9.7 56.5 10.7
San Jose 121.4 4.8 0.7 48.3 131.5 29.9
Soriano 37.7 3.9 14.2 2.5 5.7 − 14.9
Tacuarembo 4.7 3.1 − 5.5 − 11.3 − 44.2 − 35.9
Treinta-y-Tres 32.9 2.0 6.0 6.4 26.2 2.3
National 1,311.3 164.1 148.0 177.9 748.2 166.4

Source: IEEM + ESM results.

Fig. 7. Net Present Value contribution of each scenario with a 12% opportunity cost of capital in millions of (2023) US Dollars. .
Source: IEEM+ESM results
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strongly enhance GDP and wealth. At the national level, the contribution 
of this component of NEPSD was sufficient to compensate for the land 
withdrawn from agricultural production necessary for the establishment 
of riparian buffers. This is an indication to policy makers that if agri
cultural output is to be maintained or increased, enhancing silvopastoral 
systems would be an effective approach to offsetting the output effects of 
riparian buffers as these silvopastoral systems increase the efficiency of 
resource use on a finite land base.

With regard to the ES impacts of the NEPSD Program, climate 
regulation, crop pollination, water purification, water regulation and 
erosion mitigation ES would increase across almost all Departments. Of 
the regulating ES, and excluding the expost valuation of climate regu
lation ES, crop pollination would make the greatest economic contri
bution (US$71.8 million) by increasing habitat availability for crop 
pollinators, which increases the productivity of pollination-dependent 
crops. Notably, 33% of the crops grown in Uruguay exhibit some level 
of dependence on insects for their pollination, including soybean, or
anges and other citrus, tomatoes, apples and pears. While we consider 
only the agricultural productivity effects of changes in pollinator 
abundance, there is an emerging body of literature highlighting the 
nutritional importance of adequately pollinated crops for human diets 
and health (Chaplin-Kramer et al., 2014; Garibaldi et al., 2022; Katumo 
et al., 2022; Smith et al., 2022, 2015).

By implementing the NEPSD Program, water purification ES would 
generate an additional US$43.9 million in value followed by US$5.4 
million from erosion mitigation ES. The relatively small impact on 
erosion mitigation ES compared with some previous IEEM + ESM ap
plications (Banerjee et al., 2023; Banerjee et al., 2025b) is related to the 
size of the policy interventions as well as Uruguay’s mostly flat topog
raphy, especially in riparian areas where riparian buffers would be 
targeted. Changes in land cover and land management practices on more 
steeply sloped topographies have a more pronounced effect on erosion 
mitigation ES.

Reductions in eutrophic conditions and algal blooms would be an 
important contribution from establishing riparian buffers, especially in 
the Uruguayan context. While these ES values are non-trivial ($43.9 
million), the implementation of NEPSD would entail a relatively small 
amount of land cover change in buffer areas in the priority watersheds, 
equivalent to 0.71% of Uruguay’s total land area. Applications of our 
methods to larger policy and investment programs with more wide
spread impacts have yielded greater impacts on ES, for example, large- 
scale initiatives for afforestation and forest restoration, among others 
(Banerjee et al., 2025a; Banerjee and Cicowiez, 2022).

The NEPSD Program reduced sediment loads substantively, by 
almost 120 million tons. Depending on the location of these reductions, 
hydropower generation and the costs of generating electricity could be 
affected. Sedimentation can affect hydropower generation and costs by 
reducing reservoir storage capacity and physically damaging hydro
power turbines (Annandale et al., 2016; Kumar and Saini, 2022; Mussi 
et al., 2023; Perera et al., 2023; Schellenberg et al., 2017). Interactions 
between sediment loads and hydropower generation present additional 
benefits of the NEPSD Program beyond the economic contribution of ES 
that were quantified in this study.

Finally, with regard to trade-offs, in the absence of complementary 
policies, the withdrawal of land for the creation of riparian buffers 
would have a negative impact on food provisioning ES while enhancing 
the supply of other ES. In many countries where food insecurity prevails, 
this trade-off may not be politically acceptable. The case of Uruguay 
may be different, however, since it is a large exporter of food and is 
currently capable of feeding up 28 million people, or over three times its 
current population. The quality of these calories in terms of the 
composition of a healthy diet would require deeper examination, how
ever (Juri et al., 2022; Perazzoli, 2019).

5.2. Regulating ecosystem services and water purification in integrated 
frameworks

A frontier area for integrated economic-environmental modeling is 
the inclusion of regulating ES, which are critical for underpinning the 
supply of other ES, human health and safety, and environmental quality 
(Bennett et al., 2009; Power, 2010). The challenge of integrating regu
lating ES in IEEM + ESM and other integrated frameworks lies in: (i) 
establishing a quantitative linkage or transmission pathway between a 
modeled change in the biophysical supply of the service and a change in 
human well-being which is captured by a change in one or more vari
ables in the economic model (IEEM + ESM), and; (ii) developing heu
ristics that enable the calculation and implementation of an economic 
shock to account for the modeled changes in ES supply for applicability 
across countries and contexts in a rapidly deployable manner.

If the integration of the ES is not generalizable across countries with 
small adjustments, case-by-case integration is possible but requires more 
time and expense. The focus of IEEM since its conceptualization 
(Banerjee et al., 2016) has been on developing tools that can be rapidly 
deployed to inform the policy cycle and meet the demands from poli
cymakers and multilaterals in real-time. In this paper, we have advanced 
integrated analytical frameworks by demonstrating proof of concept of 
the integration of water purification services in a macroeconomic model 
and developed the heuristics for rapid IEEM deployment in other 
countries. Future work on integration of water purification ES with 
macroeconomic models could seek to incorporate the sustainability of 
this ES relative to eutrophication thresholds (for example, La Notte et al. 
(2017) and La Notte and Dalmazzone (2018)). However, doing so re
quires the use of more sophisticated and calibrated models capable of 
quantifying in-stream nutrient concentrations, which are less likely to 
have the needed data available and to be rapidly deployable in decision 
contexts for which IEEM + ESM was developed.

Clean water interacts with human well-being in numerous ways. Our 
approach for integrating water purification services in IEEM focused on 
two such aspects: demand for water-based recreational activities and 
water quality effects on water treatment costs. The global significance of 
water-based tourism contributes to the generalizability of the approach 
to integrate water quality within other integrated economic- 
environmental analytical frameworks. Most countries across the world 
offer water-based tourism opportunities. Notably, coastal tourism is 
responsible for approximately 50% of global tourism demand and ac
counts for US$4.6 trillion (5.2%) of global GDP (Northrop, 2022). Lake 
and riverine-based tourism also deliver important benefits to local 
economies. For example, in the United States, these activities generated 
US$12.7 billion in spending and directly supported 210,000 jobs 
(United States Army Corps of Engineers, 2023).

Improvements to the econometrically estimated relationship be
tween water quality and tourism demand stand to be made. As noted 
earlier, we were able to identify only one study which estimated this 
relationship and used variables commonly available in different country 
contexts while compatible with the relevant variables in IEEM and the 
outputs of the InVEST Nutrient Delivery Ratio model. The Breen et al. 
(2018) study was based on survey data from waterways for just one 
country, Ireland, which is an obvious limitation. The implementation of 
new studies in countries with varying biophysical and socioeconomic 
contexts would enable meta-analysis and could improve the current 
formulation. In this study, we have demonstrated proof of concept and 
left the door open for further refinement as the science advances.

The integration of water quality’s effects on water treatment cost is 
also generalizable across countries that abstract surface water for 
consumptive purposes. Water supply systems are affected by LULC 
management practices in raw water source watersheds (Cazcarro et al., 
2016; McDonald et al., 2016; Price and Heberling, 2018). Where in
formation on source watersheds and treatment costs is readily available 
as in the Uruguayan case, this integration can be based entirely on local 
data on the source watersheds and domestic water treatment costs. In 
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the absence of country-specific data, global estimates are emerging 
which relate population density and agricultural land use in source 
watersheds with sediment and nutrient loads. McDonald et al. (2016), 
for example, found that for a 10% increase in cropland utilization, there 
would be a 1.6%, 1.3% and 0.1% increase in sediment, nitrogen and 
phosphorous loading, respectively. In the absence of local data, such 
global estimates could be readily integrated into frameworks such as 
IEEM + ESM.

In terms of water quality impacts on water treatment costs, one key 
consideration is the lag time between the on-the-ground intervention, 
the establishment of riparian buffers in this case, and water quality 
improvements in Uruguayan waterways. We based our estimates of lag 
times on the available evidence (Meals et al., 2010), though additional 
research in this area would be valuable to improve the knowledge base 
on the effectiveness of green infrastructure, including riparian buffers, in 
contributing to regulating ES.

In addition to water quality interactions with tourism demand and 
water treatment costs, other interactions between clean water and 
human well-being could be considered. For example, cleaner water 
abstracted from surface water bodies in rural areas can have important 
health implications with economic value, from improved labor pro
ductivity to reduced sickness and related health care costs (Carr and 
Neary, 2008; Lin et al., 2022; Russ et al., 2022). These relationships can 
be captured in integrated frameworks such as IEEM + ESM where the 
marginal effect of a water quality improvement can be linked to labor 
productivity and expenditures on healthcare. In the case of Uruguay, 
however, since the country has achieved near universal access to safe 
drinking water, this linkage would be less relevant though certainly 
important for low-income, developing countries with limited access to 
safe drinking water.

Notably, our approach to integrating ES into IEEM generates as a 
byproduct an estimate of the economic value of that ES. In the case of 
erosion mitigation and crop pollination ES, we use a production function 
approach to valuation. In the case of water purification ES, observed 
prices are used in the valuation. Both approaches are considered to 
provide the highest level of accuracy and spatial resolution of all the 
methods compatible with the principles of the System of National Ac
counts and the System of Environmental-Economic Accounting, 
Ecosystem Accounting (i.e., Tier 3 valuation methods; NCAVES and 
MAIA, 2022; UN et al., 2024). This compatibility with national ac
counting frameworks carries enhanced credibility with government 
decision makers including Ministries of Finance responsible for national 
budget allocations, since results generated with IEEM + ESM are 
consistent with the government’s own national accounting framework.

What is the scope for integrating additional ES into integrated 
economic-environmental frameworks such as IEEM + ESM? First, it is 
useful to review the ES that are currently captured in IEEM + ESM and to 
what degree they are represented. IEEM on its own generates results on 
most provisioning ES including food, timber, fisheries, fuel and mining 
assets. Cultural and recreational ES are represented through changes in 
tourism and recreational demand related to scenario-driven impacts on 
natural capital assets. Thus far, IEEM has been linked to erosion miti
gation, climate regulation (carbon storage), water regulation (both 
seasonal and annual), water purification, crop pollination and coastal 
protection spatial ES modeling with results generated in biophysical 
units. The dynamic IEEM + ESM workflow has integrated erosion 
mitigation, crop pollination and water purification ES where periodic 
changes in ES flows resulting from policy or investment interventions 
affect the decisions of economic agents in the model. In this workflow, 
marginal economic values for those ES considered are generated. The 
integration of these ES and feedbacks between economic variables in 
IEEM and ES are sensible because impacts on the flows of these ES are 
generally achievable by the actions of a single country.

There are some ES, however, where the actions of a single country 
are generally insufficient to affect the flow of that ES and associated 
environmental and economic outcomes. Various aspects of climate 

regulation ES fall under this category. For example, for a country the size 
of Uruguay, while investments to reduce emissions will contribute to 
reducing global emissions, its own actions are likely to have a limited 
impact on sea level rise, extreme events and global precipitation and 
temperature patterns. While potentially small on a global scale, these 
impacts are still important. To account for these climate impacts, we 
integrate climate damage functions (Banerjee et al., 2025a, 2024a; 
Roson and Sartori, 2016) in IEEM + ESM. Policy scenario analysis in this 
context then considers global cooperation to reduce emissions which is 
indeed expected to have an impact mitigating climate change. This has 
been our approach to capturing climate regulation impacts in various 
IEEM+ESM contributions to the World Bank’s Country Climate and 
Development Reports and other climate relevant analyses (Banerjee 
et al., 2025a, 2024a; Banerjee and Cicowiez, 2025).

While climate-driven hazards like landslides and flooding can be 
modeled spatially, their high degree of local specificity limits the 
generalizability of such integration across different countries. This 
trade-off between local precision and global applicability is the primary 
reason these services have not yet been standardized within IEEM +
ESM. Nevertheless, we are currently advancing the framework's frontier 
by linking flood mitigation and air quality regulation via the INCA 
models (Vallecillo et al., 2019, 2020) in a forthcoming IEEM + ESM 
application for Malaysia.

It is our view that we are approaching a practical limit to the inte
gration of ES into macroeconomic frameworks like IEEM while main
taining generalizability and rapid deployment capabilities. With the 
inclusion of (i) most provisioning, cultural, and recreational services, 
alongside erosion mitigation, water purification and pollination; (ii) the 
biophysical treatment of water regulation and coastal protection; and 
(iii) damage functions for climate regulation, IEEM + ESM now captures 
the most critical economic feedbacks. Integrating services beyond this 
core set becomes increasingly context-specific. For example, modeling 
impacts on local microclimates requires highly localized data and 
unique transmission pathways that are difficult to generalize across 
countries.

Generalizability and standardized heuristics are critical for enabling 
the rapid deployment of IEEM + ESM, allowing for policy feedback 
within a timeframe of days to a few weeks. While bespoke, more com
plex integrations are possible, they invariably extend development 
timelines beyond the practical needs demanded for agile decision 
making. Future advancements in model interoperability and reusability 
(Bagstad et al., 2025), i.e., to more effectively represent context-specific 
transmission pathways, may eventually mitigate this trade-off. For now, 
however, the tension between the additional integration of more 
context-specific ES and rapid deployment capabilities remains a defining 
constraint for integrated modeling.

5.3. The multiregional approach

In addition to advancing the integration of water purification ES in a 
macroeconomic model, this work develops the first multi-regional, dy
namic IEEM + ESM framework. This spatial disaggregation shifts the 
analysis from national averages to Department-level specificity, 
enabling the precise targeting of investments and the reporting of 
localized results. Furthermore, a multiregional approach illuminates 
critical inter-regional tradeoffs by quantifying asymmetric impacts 
across jurisdictions. Providing such detailed distributional analysis is 
vital for informing equity considerations and crafting policy mecha
nisms that mitigate potential disparities between regions.

In this study, this regional dimension revealed interesting conse
quences of NEPSD Program implementation. When we consider the land 
that is withdrawn from production for riparian buffers (Table 2), we find 
that seven Departments − Cerro Largo, Durazno, Florida, Río Negro, 
Rivera, Soriano and Tacuarembó − would face some of the largest 
withdrawals. This is especially true in the case of grassland, where 
withdrawals range from around 8,000 ha to over 23,000 ha. Based on 
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this finding, we may expect that these same Departments would face the 
largest negative impacts on GDP on a relative basis.

Our multi-regional IEEM + ESM approach, however, presented a 
more nuanced picture (Table 5). Instead, we found that Cerro Largo, for 
example, would experience a positive impact on GDP with the full 
implementation of NEPSD, as would Florida and Soriano − three of the 
same Departments experiencing large withdrawals of land for buffers. 
The reason for the positive impacts on these Departments, despite 
experiencing larger land withdrawals, is explained by the fact that they 
receive a relatively larger increase in investment in sustainable silvo
pastoral systems. Indeed, they are Departments that have relatively 
larger pasture areas.

Departmental-level changes in ES are also notable (Table 3). While at 
the national level, ES gains would nearly offset losses in food provi
sioning ES, some departments would experience large gains in food 
provisioning services (e.g., Colonia, San Jose) and others would face 
large declines (Durazno, Rivera, Tacuarembó). Montevideo would 
experience notable gains primarily from pollination and tourism ES, 
while several departments (e.g., Lavalleja, Maldonado, Soriano) would 
experience declines in food provisioning services while being offset by 
increases in other ES. By identifying the beneficiaries of these ES gains 
and losses, policies to address inequities could be better designed to 
account for this spatial heterogeneity in ES impacts.

Thus, the multiregional approach is powerful in its ability to identify 
Departments that would experience disproportionately larger impacts 
with policy implementation. As we see from the example above, simply 
identifying the Departments that would suffer larger land withdrawals 
would not provide an accurate view of which Departments would be 
most affected from an economic perspective. The correct identification 
of the most affected Departments enables the formulation of comple
mentary policies that can offset negative impacts, for example, 
increasing their share of sustainable silvopastoral systems. In general, 
the results generated could inform the refinement of the NEPSD in
vestment strategy to reallocate more investment to those Departments 
that stand to lose from NEPSD implementation, thereby distributing 
benefits more equitably from a regional perspective.

It is worth noting that development of a multi-regional framework 
involves a significant increase in effort above that required for a single 
region or single country IEEM application. Analysts will need to weigh 
the advantages of the multiregional approach versus the costs. Re
quirements to build a basic multiregional database include: (i) an indi
cator such as sectoral output by region or sectoral employment by region 
that enables allocation of sectoral production across regions; (ii) an in
dicator that enables allocating household consumption across regions 
such as regional population and household consumption per capita per 
region; (iii) factor endowments by region, and; (iv) estimates of inter- 
regional trade and the regional exports and imports to and from the 
rest of the world.

Where policy and investment interventions do not involve a spatial 
component, the advantages of applying a multi-regional framework 
likely do not outweigh the costs. Where a national-level policy is the 
subject of analysis, for example, a change in household income tax, the 
multi-regional approach may provide limited additional insights. In the 
case of a change in indirect taxes on firms, however, the multi-regional 
approach could shed light on which sectors in each region would be 
more affected by the change, providing actionable data to target com
plementary policies. Certainly, as shown in this study, where policies 
and investments are oriented toward natural capital and ES, there is 
often a strong spatial component, which the multi-regional framework 
can shed light on.

5.4. Concluding Remarks

The analysis of NEPSD underscores its multifaceted benefits for 
Uruguay’s economy, environment and society. Despite some short-term 
trade-offs, the overall results point to substantial long-term gains 

including significant increases in GDP, wealth and the value of future ES 
flows. The multiregional approach captures spatial heterogeneity in 
both environmental outcomes and economic dynamics, providing the 
granularity needed for targeted equitable and efficient policy design. 
Moreover, the integration of water purification ES into a macroeco
nomic model such as IEEM marks an important advancement in the 
quantification of non-market ecological benefits alongside traditional 
economic metrics. Spatially explicit economic and ES analytics gener
ated with IEEM + ESM enable a more nuanced understanding of trade- 
offs and synergies across sectors and regions, offering a replicable model 
for other nations with varying biophysical and socio-economic contexts.
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Piccini, C., Brena, B., Fabiano, G., Pírez, M., Gabito, L., Alcántara, I., Yannicelli, B., 
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Donato, J.C., Jiménez-Pardo, P., Molinero, J., Ríos-Touma, B., Goyenola, G., 
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