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ABSTRACT

In 2018, Costa Rica demonstrated its commitment to the Paris Agreement and published its Decarbonization Plan
for achieving zero net emissions by the year 2050. We evaluate the impacts of the country’s strategy for
decarbonizing its Agriculture, Forestry and Other Land Uses (AFOLU) sectors by coupling the Integrated
Economic-Environmental Modeling framework with high-resolution spatial land use-land cover change and
ecosystem services modeling (IEEM+ESM). Our results show that decarbonization of AFOLU would simulta-
neously enhance carbon storage, water purification, water regulation and erosion mitigation ecosystem services.
Moreover, the positive cumulative wealth impact of decarbonization would be approximately US$7.27 billion by
2050 while lifting an additional 3810 individuals out of poverty. From a public investment perspective, decar-
bonization would have a fiscally neutral impact with the economic benefits sufficient in magnitude to off-set
policy implementation costs and generate economic returns of over US$852 million when changes in natural
capital stocks and environmental quality are considered. This application to Costa Rica is the first integrated
economy-wide analysis of a growing number of decarbonization plans globally. The IEEM+ESM approach
provides an integrated framework for analyzing decarbonization plans and can be used to refine AFOLU miti-
gation strategies to capitalize on synergies and minimize negative trade-offs across the three dimensions of
wealth and sustainable economic development, namely economy, society and the environment.

1. Introduction

oxide emissions; (ii) sequestration of carbon dioxide (CO3) through
greater uptake of carbon in terrestrial carbon pools; and (iii) reducing

The Agriculture, Forestry and Other Land Use (AFOLU) sector is
responsible for 23% of net global greenhouse gas emissions (OECD,
2020) which is fourth in terms of greenhouse gas emitting sectors with
transport, industry and waste management as the top three. To reach the
Paris Agreement limit of global temperature increases to below 2 °C,
leveraging the emissions reduction potential of AFOLU is critical. The
Intergovernmental Panel on Climate Change identifies three main
supply-side strategies for mitigation of greenhouse gas emissions within
AFOLU: (i) reduction and prevention of emissions by conserving existing
carbon pools in vegetation and soils or by reducing methane and nitrous
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CO3 emission by substituting biofuels for fossil fuels (Smith et al., 2014).
The AFOLU sector is central to climate regulation and is one nature’s
most critical contributions to human well-being (Daily, 1997; Pascual
et al., 2017). In addition, emissions reductions through implementing
enhanced AFOLU management strategies can generate many ecosystem
service (ES) co-benefits, such as improved air and water quality, greater
erosion mitigation and enriching biodiversity (Diaz et al., 2015).

The role of AFOLU in country strategies for reducing emissions and
meeting Paris Agreement commitments varies between countries and in
many cases the targets are not aligned with AFOLU’s potential for
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reducing emissions. Henderson et al. (2020) reviewed AFOLU targets for
20 countries accounting for half of global AFOLU emissions and found
that only two countries had legally binding targets. One of these coun-
tries was Costa Rica, which has proven itself a leader in designing
strategies to meet decarbonization targets. Indeed, the country’s hy-
dropower generation system supplies 99.5% of all electricity used.
Demonstrating its commitment to the Paris Agreement, Costa Rica
developed one of the first Decarbonization Plans, which describes its
strategy for achieving zero net emissions by the year 2050 (Government
of Costa Rica, 2018). On the path to reach this goal, the 2030 target for
maximum net emissions is 9.11 million tons of carbon dioxide equiva-
lent (COge), with a maximum net emissions budget for 2021 to 2030 of
106.53 million tons of COse (Government of Costa Rica, 2018; Gov-
ernment of Costa Rica and MINAE, 2015; Groves et al., 2020).

Despite its small size, covering roughly 0.03% of the global terres-
trial surface, Costa Rica is a biodiversity hotspot hosting a dispropor-
tionate share of global biodiversity (Myers et al., 2000). To reduce
environmental degradation and biodiversity loss, Costa Rica has
expanded its protected areas network and its globally renowned Pay-
ment for Environmental Services (PES) program (Broadbent et al., 2012;
Locatelli et al., 2014). Both measures were not only effective in
enhancing forest cover but also contributed to climate regulation ES
(Tafoya et al., 2020). With the implementation of these and other pro-
gressive, well-enforced forest policies, Costa Rica has increased its forest
cover from 20% to over 50% from 1980 to 2010 (Porras et al., 2013).

Costa Rica’s expansion of forest cover has tapped into the emissions
reduction potential of AFOLU, which includes agroforestry and sus-
tainable silvopastoral systems, while additional opportunities exist for
expanding forest cover and increasing the agricultural sector’s contri-
bution to reducing emissions. Despite the increases in forest cover, the
AFOLU sector is responsible for 38% of Costa Rica’s net CO5 emissions
(Government of Costa Rica, 2018). The main sources of CO- as well as
nitrous oxide and methane emissions from the AFOLU sector are live-
stock grazing, rice cultivation and commodity production (coffee, sug-
arcane and banana). Consequently, AFOLU emissions reductions are
critical for the country to reach its overall target of net-zero emissions by
2050.

To inform government policy and decision making and the allocation
of scarce public resources, understanding the benefits, costs, synergies
and trade-offs of emissions reduction strategies is critical. Emissions
reduction strategies for AFOLU and other sectors will have impacts
across the economy (Koberle et al., 2021) as well as employment,
poverty and wealth effects. This study offers quantitative analytics that
can be used to refine the decarbonization of AFOLU strategies by
shedding light on their impacts on the economy, society and the envi-
ronment in an integrated way. We applied the Integrated Economic-
Environmental Modeling (IEEM) framework (Banerjee et al., 2016;
Banerjee et al., 2019) coupled with high-resolution spatial land use-land
cover (LULC) change and ES modeling to investigate the sectorally,
temporally and spatially variable impacts of AFOLU emissions re-
ductions strategies. Where policies have broad multi-sectoral impacts,
there are no real alternatives to an economy-wide Computable General
Equilibrium (CGE) approach (Arrow, 2005) such as IEEM.

2. Materials and methods
2.1. Overview of the IEEM model and database for Costa Rica

Almost all economic sectors consume energy, which includes sub-
stantial amounts of fossil fuels. The development of strategies to reduce
emissions requires an analytical approach that simultaneously considers
all economic sectors, economic actors, institutions and their in-
teractions. The input-output relationships between economic sectors
and final demand addresses such multi-sectoral linkages (Arrow, 2005).
For example, an expansion of the forestry sector requires a concomitant
increase in transportation services to deliver forest products to markets
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and ports. A CGE model is effective in capturing these multi-sectoral
linkages and identifying the synergies and trade-offs of different stra-
tegies for reducing emissions.

This study advances the IEEM framework constructed for Costa Rica
in collaboration with the Central Bank of Costa Rica and previous ap-
plications of the framework to, for example, decarbonization of the
transport sector (Banerjee and Cicowiez, 2021). While IEEM integrates
rich natural capital accounting data, we link IEEM with high resolution
LULC change and ES modeling (i.e., IEEM+ESM) to include ES that do
not currently have a market price. While there is a growing body of
literature that investigates LULC change impacts on ES (Bagstad et al.,
2020; Chaplin-Kramer et al., 2017; Fang et al., 2022; Gomes et al., 2020;
Vallet et al., 2016; Verburg et al., 2008; Yi et al., 2018; Zhao et al.,
2004), the IEEM+ESM approach is the first of its kind to link a detailed
CGE model with high resolution LULC and ES models (Banerjee et al.,
2020a, 2020b, 2022a, 2023). IEEM on its own may be applied to esti-
mate scenario impacts on economic indicators, emissions, natural cap-
ital and most provisioning ES such as food, fiber and fuel (European
Environment Agency, 2018; Haines-Young and Potschin-Young, 2018).
The linkage of IEEM with LULC change and ES modeling enables esti-
mation of impacts on non-market regulating ES including carbon stor-
age, water purification, water regulation and erosion mitigation
(Banerjee et al., 2023; Banerjee et al., 2022b; Banerjee et al., 2022a).

IEEM models have been developed for 30 countries around the world
and applied to hundreds of questions of public policy and investment.
IEEM is based on a recursive dynamic CGE model that integrates natural
capital accounting data organized under the System of Environmental-
Economic Accounting (European Commission, United Nations, Food
and Agriculture Organization, International Monetary Fund, Organisa-
tion for Economic Cooperation and Development, The World Bank,
2014). CGE modeling has a broad literature spanning decades (Bur-
fisher, 2021; Dervis et al., 1982; Dixon and Jorgenson, 2012; Kehoe,
2005; Shoven and Whalley, 1992). IEEM is well documented with its
natural resources modeling modules described in Banerjee et al. (2016),
its mathematical structure in Banerjee and Cicowiez (2020) and its
environmentally extended Social Accounting Matrix (SAM) in Banerjee
et al. (2021). Many IEEM models and training resources are open source
and currently available at the OPEN IEEM Platform https://openieem.
iadb.org/

IEEM’s core database, an environmentally extended SAM for Costa
Rica, is comprised of 136 economic activities and 183 products at its
highest level of disaggregation and is based on Supply and Use
Tables and other data from Costa Rica’s System of National Accounts.
For this application, economic sectors and products have both been
aggregated to 48 sectors/commodities. The environmentally extended
SAM includes base year emissions from all economic sectors. With
regards to LULC, the SAM shows that emissions from the crop and
livestock sectors were responsible for 75.1% and 24.9% of emissions
from AFOLU, respectively (which includes agroforestry and silvopas-
toral systems), with AFOLU responsible for 23% of Costa Rica’s net GHG
emissions (see Supplementary Information section 1, Table SI 1). As for
emissions from energy consumption, households, through their con-
sumption of fuel for automobiles, were responsible for 36% of emissions,
while the freight transport sector was responsible for 16% of emissions
from the consumption of fuel.

Our methods enable the calculation of 2 robust measures of sus-
tainable economic development and returns on investment, namely
wealth and environmentally enhanced Net Present Value (NPV). We use
an adjusted form of genuine savings as an indicator of wealth as pre-
sented in Banerjee et al. (2023), which focuses on the economic and
environmental impacts on changes in wealth (eq. 1). Eq. 1 omits changes
in human capital since this is measured by changes in investments in
education or lifetime earnings (Lange et al., 2018; World Bank, 2021a);
investments in these areas do not change across our scenarios.
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GenuineSAV, = GNSAV, — DeprCapStock, — DeplForStock, — DepIMinStock,
— EmiVal,
@

where:

GNSAV, = Gross National Savings (GNDI; — PrvCon, — GovCon;). This
term includes the scenario-impact of changes in ecosystem service
supply; GNDI; = Gross National Disposable Income; PrvCon,= Private
consumption; GovCon,= Government consumption; DeprCapStock, =
depreciation of reproducible capital stock; DeplForStock, = depletion of
forest stock; DeplMinStock, = depletion of mineral stock, and; EmiVal, =
Cost of damage from CO5 emissions; US$30 per ton of CO,.

The value of depletion of natural capital is defined as in eq. 2.

"I gdepl,-unitrent,

— (1 + intrar)”™

@

i

where:

qdepl, = quantity of the resource extracted; unitrent, = unit rent in
year t, the value of which is endogenous in IEEM, and; intrat, = interest
rate (4% as in (Lange et al., 2018)).

We calculated NPV using a benefit-cost analytical framework which
is a standard approach to assessing the economic viability of projects
and is used by governments and multi-lateral institutions around the
world. NPV in this study is calculated with a 12% discount rate, which is
used by some multi-lateral investment banks (Banerjee et al., 2019;
Banerjee and Alavalapati, 2012; Banerjee and Moreda, 2015).

2050 -
EV + AEmiVal + ADeplForStock
NPV =3 i 3)

o (1 + intrat

where:

EV = equivalent variation; AEmiVal = change in value of emissions
between base and non-base scenarios; ADeplForStock = change in value
of forest stock between base and non-base scenarios, and; intrat, = dis-
count rate (12%).

The NPV calculation is presented in eq. 3 and is based on equivalent
variation, which is the amount of income an individual would need to
receive to be as well-off had an investment project not been imple-
mented. The environmental dimension of IEEM enables us to calculate
an adjusted form of NPV, which takes into account changes in the
standing stock of forests and COse emissions damage (World Bank,
2021a, 2021b) much in the same way as our calculation of wealth.

2.2. Linking IEEM with land use-land cover change and ecosystem
services modeling

The bridge between IEEM and changes in future ES supply is estab-
lished through LULC change modeling. IEEM projections of demand for
land are spatially allocated with a LULC change model and used to
generate business-as-usual and scenario-based LULC maps from the base
year until 2050. The LULC changes depicted in these maps are the
variable of change in the ES modeling, with all other model variables
held constant through time. We use the Dynamic Conversion of Land Use
and its Effects (Dyna-CLUE) modeling framework to spatially allocate
LULC change, using empirically quantified relationships between land
use and location factors, in combination with the dynamic modeling of
competition between land use types (Veldkamp and Verburg, 2004;
Verburg et al., 2021, Verburg et al., 2002; Verburg and Overmars, 2009;
see Supplementary Information section 2 for more details on Dyna-CLUE
and its implementation). Dyna-CLUE is among the most widely used

! We include in Supplementary Information 4 a sensitivity analysis to model
the effects on NPV of varying the discount rate for the six scenarios, applying
discount rates of 3, 6, 9, 12, and 15%.
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spatial LULC change models and has been applied on different scales
across the globe in more than 150 studies (Rakotoarinia et al., 2023).

The Integrated Valuation of Ecosystem Services and Tradeoffs
(InVEST) suite of models is used to calculate spatially explicit changes in
ES supply (Sharp et al., 2020). InVEST combines LULC maps and bio-
physical information to calculate spatial and temporal dynamics of ES.
InVEST is one of the most widely used open source ES modeling tools
available globally (Posner et al., 2016), is well documented and has a
large and active user community. We applied four InVEST models to
calculate changes in ES supply across the baseline projection and all
scenarios: (i) the sediment delivery ratio model to calculate the Revised
Universal Soil Loss Equation and sediment export (erosion mitigation
ES); (ii) the carbon storage model to calculate above and below ground
carbon storage and carbon sequestration potential (carbon storage ES);
(iii) the annual water yield model to calculate water supply (water
regulation ES) and; (iv) the nutrient delivery ratio model used as a proxy
for calculating the water purification potential of landscapes through
nitrogen and phosphorus absorption (water purification ES). In addition,
climate regulation ES were estimated with IEEM as net emissions from
energy consumption across economic sectors and changes in the carbon
stored in LULC types.

One of the main challenges of applying InVEST and other ES models
in ES assessments is the time and expertise required to assemble the best-
available spatial and biophysical data and parameters. This study used
the ES modeling datapackets developed by the authors of the present
study, which render four InVEST ES models “plug and play” (IDB, 2021).
These datapackets contain all the processed spatial data and lookup
tables required to run the InVEST sediment delivery ratio, carbon stor-
age, water yield and nutrient delivery ratio models for all countries in
Latin America and the Caribbean as well as a rapidly growing number of
countries outside of the region (see the OPEN IEEM Platform Model &
Data Repository to view and download the datapackets for Costa Rica:
https://openieem.iadb.org/#/model-data).

3. Scenario design
3.1. Costa Rica’s intended nationally determined contributions

Nationally Determined Contributions (NDCs) reflect a country’s
commitment to keeping average global temperature increases below
2 °C and potentially below 1.5 °C, based on each country’s emissions
reduction capacity. For Costa Rica, this commitment involves reducing
emissions by 25% with respect to 2012 emissions, effectively 170,500
tons of CO, per year until 2030 (Government of Costa Rica and MINAE,
2015).

The Network for Greening the Financial System, a group of Central
Banks partnering with climate change research institutions, developed
six scenarios to understand climate change physical risks and their
interaction with transition risk (Boushey et al., 2021) under different
emissions reduction futures globally. The scenarios are: Net Zero 2050;
Below 2 °C; Divergent Net Zero; Delayed Transition; NDC; and Current
Policies. In what follows, we focus on the NDC scenario, which assumes
the unconditional NDCs are fully implemented with moderate climate
ambition beginning in 2021 through 2100 (Bertram et al., 2021). In this
scenario, global emissions decline, though warming reaches 2.5 °C with
moderate to severe physical risks accompanied by relatively low tran-
sition risks.

Three primary Integrated Assessment Models (IAMs) were used in
generating emissions projections for these scenarios, each with different
levels of spatial aggregation. They are the Model for Energy Supply
Systems And their General Environmental impact-Global Biosphere
Management Model (MESSAGEix-GLOBIOM), which has 11 model re-
gions, the REgional Model of Investment and Development- Model of
Agricultural Production and its Impact on the Environment (REMIND-
MAgPIE) with 12 model regions and the Global Change Assessment
Model (GCAM) with 32 model regions (Bertram et al., 2021). The key
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economic, energy and emissions variables in these models were down-
scaled using a consistent methodology for about 132 countries,
including Costa Rica. In country-level downscaling, each country was
assumed to begin in its current state, gradually converging to the
regionally projected emissions pathway determined by the IAM. The
speed of convergence was based on country-specific factors related to
emissions and emissions reduction potential. The downscaling of these
key variables was undertaken by applying a standardized methodology
across countries and therefore does not account for the implementation
of country-specific policies (Bertram et al., 2021).

The policy assumption beyond current NDC target periods (2025 and
2030) is that the climate policy ambition remains comparable to the
levels implied by the NDC. Beyond 2030, the extrapolation of policy
ambition is subject to large uncertainties, which are implemented
differently across the three IAMs and therefore there are relatively large
differences between the results of the three models. Our study fills an
important gap in knowledge by bridging the emissions transition path-
ways modeled at the global level with IAMs and downscaled to the
country level with country-specific policies that can be implemented to
achieve the NDCs or other emissions targets. With a standardized
methodology applied across all countries in the downscaling of key
variables, this is a critical step in harmonizing global estimates with
country-specific feasibility and opportunities. The results from our
analysis will show the emissions reduction potential that Costa Rica’s
strategies for decarbonization of AFOLU sectors have and how closely
our modeled emissions reduction pathway follows that of the down-
scaled emissions pathways modeled with the IAMs through the Network
for Greening the Financial System. With MESSAGE and REMIND IAMs
more aligned with the expectations of AFOLU emissions for Costa Rica,
we compare the emissions pathways of these two models with the results
of our analysis of AFOLU strategies in section 4.

3.2. Business-as-usual scenario

We develop a business-as-usual (BASE) scenario and three policy
scenarios, which we implement individually and in combination. The
BASE scenario projects the Costa Rican economy from 2016 to 2021
based on observed economic data and from 2022 to 2050 based on
economic growth projections from the International Monetary Fund’s
Economic Outlook (IMF, 2019). Population was projected based on the
World Population Prospects report (UN, 2019). Public and private cap-
ital stocks grow according to public and private investment,
respectively.

For the business-as-usual LULC projection, we use Costa Rica’s
Ministry of the Environment and Energy (MINAE, 2019a; MINAE,
2019b) projection, which is based on the forest reference emissions
levels submitted by the government to the Secretariat of the United
Nations Framework Convention on Climate Change. The methodology
applied to develop the projection is described in Pedroni (2015) and
Sierra (2016). To estimate the emissions associated with this LULC
projection, we apply the approach outlined in Supplementary Informa-
tion section 3, which is essentially the sum of changes in carbon stocks
for each LULC class converted to units of COqe following [PCC (2006)
guidelines.

3.3. Crop and livestock AFOLU emissions reduction strategies

Following Costa Rica’s Decarbonization Plan and Strategies for the
AFOLU sectors in particular, the policy scenarios were designed to target
emissions reductions, enhance agricultural productivity and reduce
emissions from deforestation and forest degradation. In IEEM, as well as
in reality, all investments require the source of financing to be identified.
While various alternatives are possible, all scenario investments were
modeled to be funded by an increase in the direct tax rate and foreign
debt. Future analysis could consider market-based mechanisms and
other funding sources including domestic debt or grant financing,
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repurposing of existing subsidies a more efficient allocation of Govern-
ment resources, among others.” The following three scenarios simulate
emissions reduction strategies for the crop and livestock sectors.

3.3.1. EMI

The emissions reduction scenario (EMI) simulates changes in the
amount of COge produced per unit of agricultural crop and livestock
output. First, we focus on the four extensively grown crops for which
emissions reductions targets are identified in Costa Rica’s Decarbon-
ization Plan, namely, sugarcane, coffee, banana and rice. Collectively,
these crops represented 36.0% of agricultural value-added, 39.7% of
agricultural employment, 43.5% of agricultural exports and 245,000 ha
of land use in 2016.

The emissions reduction potential for these crops was estimated by
first comparing their carbon intensity to the known crop carbon in-
tensity frontier internationally (Clune et al., 2017; SI Section 3, Table SI
5). Based on these data, we assumed a convex downward convergence
towards 80% of the frontier (Fig. 1, Panel A) representing the Govern-
ment’s emissions reduction targets in the Decarbonization Plan. To
achieve these targets, the Plan describes that the most advanced tech-
nologies will be applied (MINAE, 2019b) in improving soil management
practices (Vignola et al., 2010). The specific improved practices include
substituting mineral fertilizer with organic fertilizer, new crop rotations,
cover cropping and integrated cropping systems. The cost of these
strategies follows Gillingham and Stock (2018) estimations of the unit
cost of reducing emissions by improved soil management and is equiv-
alent to US$57 per ton of COze at 2017 prices.

Next, we focus on emissions reduction from improved livestock
management practices for beef, pork and chicken (SI Section 3, Table SI
5). The largest share of livestock COze emissions are produced by
ruminant livestock enteric fermentation and waste management.
Possible mitigation options include: (i) increasing the energy content
and digestibility of feed; (ii) the use of enhanced animal growth and
lactation supplements; (iii) feed supplementation to combat nutrient
deficiencies; (iv) implementation of more intensive grazing systems and;
(v) the use of anaerobic digesters for methane emissions capture (Beach
et al., 2008; Gillingham and Stock, 2018). The emissions reduction po-
tential was estimated by first comparing the baseline carbon intensity of
each livestock type against the known carbon intensity frontier inter-
nationally (Clune et al., 2017). In our estimation, convex downward
convergence towards the frontier was assumed (Fig. 1, Panel C). The
total cost of this strategy for each of the emissions trajectories was
calculated based on the unit cost estimate for each strategy, equivalent
to US$71 per ton of COze reduced at 2017 prices (Gillingham and Stock,
2018).

3.3.2. YIELD

The YIELD scenario simulates the Decarbonization Plan’s strategy for
enhancing yields of key crops (Government of Costa Rica, 2018). The
agricultural practices to be implemented include precision agriculture
and the expansion of more productive and climate resilient crop vari-
eties. While the implementation of more efficient practices could also
contribute to reducing emissions, we do not explicitly consider these
spillover effects and instead treat emissions reductions separately in the
EMI scenario. This approach sheds light on the individual contribution
of each strategy and is consistent with the framing of the Decarbon-
ization Plan.

The yield enhancement trajectories were estimated by comparing
baseline productivity of sugarcane, coffee, banana and rice in Costa Rica
with countries producing at the productivity frontier (SI Section 3,
Table SI 5, Fig. 1, Panel B). This frontier was estimated based on UN
Food and Agriculture Organization (FAO) productivity data and

2 We include in Supplementary Information 4 a sensitivity analysis to model
the effects on NPV of using domestic debt financing on the COMBI scenario.
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for the yield improvement scenario. Panel C: Emissions factor baseline and target for livestock in kg of COse per kg of meat output.

included only countries with: (i) significant levels of output of the target
crops compared to total crop output and (ii) similar climatic and eco-
nomic conditions to Costa Rica (Sayre et al., 2020). To be conservative,
we assumed that the simulated strategies for increasing yields improved
productivity up to half of the known frontier (Fig. 1, Panel B). The costs
for achieving these productivity gains were based on net capital stocks
for the crop sector in Costa Rica compared with those at the frontier (SI
Section 3, Table SI 6).

3.3.3. YIELD + EMI
This scenario is the simultaneous implementation of the EMI and
YIELD strategies.

3.4. Forestry AFOLU emissions reductions strategies

Costa Rica is expanding its Reduced Emissions from Deforestation
and Forest Degradation (REDD+) strategy for forests to play a key role in
climate change mitigation. The Government is in the process of
strengthening its REDD+ program in such a way that is consistent with
the National Plan for Forest Development (FONAFIFO, 2019) and the
National Strategy for Biodiversity (MINAE, CONAGEBIO, SINAC, 2016)

to catalyze new investment in forests and maximize ES benefits. Between
2011 and 2015, Costa Rica expanded its original REDD strategy and
created the more comprehensive REDD+ strategy, which includes sus-
tainable forest management and increasing forest carbon stocks
(MINAE, MAG, 2015).

Costa Rica’s revised REDD- strategy is comprised of six main pol-
icies: (i) promotion of low carbon emissions agricultural systems
including agroforestry and silvopastoral activities; (ii) improved control
of LULC change and fire; (iii) incentives for conservation and sustainable
forest management; (iv) landscape and forest restoration; (v) enhanced
participatory processes, especially with Indigenous Peoples and (vi)
implementing the required conditions for successful implementation.
We developed the following 2 scenarios to simulate the REDD+ strategy,
drawing directly from the targets and implementation costs established
in the strategy documents (MINAE, 2017; MINAE, MAG, 2015).

3.4.1. REDD1

The first REDD+ scenario simulates an expansion of the current
REDD+ strategy as outlined by MINAE (2017), which will convert
122,241 ha of livestock areas into silvopastoral systems and 121,093 ha
of agricultural areas into agroforestry systems between 2021 and 2027.
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Based on MINAE (2017), the total cost is US$39,463,967 above existing
investment levels, which equates to US$6,577,328/year from 2021 to
2027. The Government aims to create disincentives for deforestation
through improved land management and complementary policies.
Specifically, the Government will support a Guarantee Program as part
of the Low Carbon Livestock Strategy (Estrategia para la Ganaderia Baja
en Carbono, (MINAE, MAG, 2015)) in the context of Nationally
Appropriate Mitigation Action for the livestock sector. The Forest
Plantations Program (Programa de Plantaciones de Aprovechamiento
Forestal, PPAF) will provide farmers with funding to establish trees in
agroforestry and silvopastoral systems (MINAE, 2017).

3.4.2. REDD2

The second REDD+ scenario simulates the establishment of a total of
19,900 ha of new mixed species forest plantations on unproductive and
degraded shrubland between 2021 and 2027.° While the Costa Rican
Government aims to establish 400,000 ha of forest plantations by 2050
as part of its Decarbonization Plan, we simulate only a fraction of this,
for which more reliable data (LULC projections and cost data) exist. The
annual cost of this strategy is US$666,331 from 2021 to 2027. Following
MINAE (2017), 3200 ha will be established in both 2021 and 2022 and
2700 ha annually for the rest of the period.

3.4.3. COMBI

This final scenario is the simultaneous implementation of the YIELD,
EMI, REDD1 and REDD2 strategies and represents the implementation
of Costa Rica’s full AFOLU decarbonation strategy. Table 1 summarizes
all scenarios previously described.

4. Results

Results are presented first for LULC change, then ES impacts, fol-
lowed by economic impacts. In terms of LULC change, the agricultural
productivity enhancement (YIELD) and YIELD plus reduced emissions
(YIELD+EMI) scenarios show that some crop area would be converted to
livestock production (Table 2). In REDD1, areas with tree cover would
increase by 48,667 ha while livestock and crop area would decrease by
30,352 ha and 18,314 ha, respectively. Livestock areas would decline
more, since crop returns per unit of area are higher than livestock
returns. The REDD2 scenario would increase forest plantations by
19,900 ha. Full decarbonization of AFOLU sectors (COMBI) would in-
crease forest plantations by 68,567 ha and livestock and crop areas
would decline by 7873 ha and 40,794 ha, respectively.

LULC in the business-as-usual scenario in the base year of 2013 is
shown in Fig. 2. Spatial changes in LULC are presented in Fig. 3. This
figure shows areas of change in terms of crop, livestock, forest plantation
and forest as a comparison of the BASE between the first year and in
2050, and a comparison between the BASE and COMBI in 2050. Areas
that do not change in the modeling exercise are identified as persistent

Table 1
Scenario overview.
Scenario Description
BASE Business as usual
EMI Emissions reduction with climate smart agriculture
YIELD Enhanced agricultural productivity
YIELD+EMI Joint implementation of EMI and YIELD
REDD1 Establishing agroforestry and silvopastoral systems
REDD2 Establishing forest plantations
COMBI Joint implementation of YIELD+EMI + REDD1 + REDD2

3 Throughout the paper, our usage of the term ‘forest plantations’ refers to
mixed species forest plantations.
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areas.

With regard to ES impacts (Table 2 and Figs. 4, 5 and 6), full
implementation of the decarbonization strategy for AFOLU would result
in a 0.43% increase in carbon storage, with more than half coming from
the REDD1 (0.30%) component of the strategy. Erosion mitigation ES
would improve across scenarios with the exception of EMI where it
would be unaffected. With the full implementation of the AFOLU
strategy, erosion mitigation ES would be enhanced by 2.28% with about
half of this improvement driven by the REDD1 scenario. Water purifi-
cation ES, proxied for by nitrogen exports to streams, would improve by
5.25% with full implementation of the AFOLU strategy. The YIELD and
REDD1 scenarios would drive this improvement by 2.70% and 2.54%,
respectively. Water regulation ES would be most positively affected by
the REDD1 and REDD2 scenarios with the full implementation of the
AFOLU strategy improving water regulation ES by 0.10%.

Climate regulation ES is reported as the net change in emissions in
thousands of metric tons of CO2e accounting for changes in emissions
from the consumption of fossil fuels in economic activities including
public, private and freight transport services and any additional carbon
stored or lost from changes in LULC. The EMI scenario would reduce
emissions by 4180 thousand tons of CO2e. The YIELD scenario would
increase net emissions by 950 thousand tons while the YIELD+EMI
scenario would reduce net emissions by 4919 thousand tons COqe. The
REDD1 scenario would reduce net emissions by 103 thousand tons. The
REDD2 scenario would increase net emissions by 36 thousand tons. The
full implementation of the AFOLU strategy would result in a 4263-thou-
sand-ton reduction in CO-e.

Considering impacts on economic indicators, the YIELD scenario
would generate strong positive impacts with a US$439 million and US
$135 million impact on GDP and wealth, respectively (Table 2). The EMI
scenario impact would be comparatively small except for a US$151
million increase in wealth due to reduced emissions. The joint effect of
the productivity enhancement and the emissions reduction scenarios
(YIELD+EMI) would result in GDP and wealth impacts of US$432
million and US$292 million, respectively. With increased areas allo-
cated to agroforestry and silvopastoral systems, REDD1 would generate
an additional US$170 million in GDP and US$42 million in wealth in
2050. Full decarbonization of AFOLU would have a large positive impact
across indicators with a US$609 million boost to GDP and a US$335
million increase in wealth. The sensitivity analysis presented in Sup-
plementary Information section 4 shows that when an alternative
financing is considered, specifically, domestic debt financing, GDP im-
pacts would be less than one-third (US$178 million) of that reported for
the full decarbonization of AFOLU.

GDP and wealth trajectories would trend up across scenarios with the
exception of the EMI and REDD2 scenarios (Fig. 7). In YIELD and
YIELD+EMI scenarios, there would be an abrupt increase in wealth,
which is also prominent in the COMBI scenario with the full imple-
mentation of the decarbonization of AFOLU. EMI would have a small
impact on GDP due to the investments required by the new agricultural
practices while the relatively small impact of the REDD2 scenario is a
result of the small area of new forest plantations. Across scenarios,
government savings would increase due to greater economic activity
and increased tax revenues. The increase in Gross National Savings
would be the main determinant of the growth in wealth. Crop yields and
investment would grow at a decreasing rate, which helps explain GDP
and wealth trajectories.

With regards to poverty impacts, the YIELD scenario would increase
poverty in the first few years with 2744 more poor than in the BASE in
2021 (Fig. 7, Panel C). Poverty then would trend downward, falling to
3430 less poor individuals compared with business-as-usual. The full
decarbonization of AFOLU would reduce poverty by 3810 individuals by
2050 or 1.3% lower in 2050 than in the business-as-usual case.

The trajectory of emissions reduction in the case of EMI would follow
the implementation of measures to reduce emissions from the crop and
livestock subsectors throughout the analytical period (Fig. 7, Panel D).
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Table 2

All impacts as difference from business-as-usual (BASE) in 2050. Economic and land use impacts are reported
in millions of US Dollars (2019 USD) and hectares, respectively. Carbon storage, erosion mitigation, water
purification and water regulation ecosystem services (ES) are reported in percentage points. Climate regu-
lation ES are reported in thousands of tons of CO,e. Net Present Value (NPV) is reported with the inclusion of
the value of changes in natural capital and environmental quality (*) and without, both in millions of 2019
USD using a 12% discount rate. GDP: gross domestic product; YIELD: enhanced agricultural productivity;
EMI: emissions reductions from climate-smart agriculture; REDD1: agroforestry and silvopastoral systems;

REDD2: forest plantations; COMBI: joint implementation of YIELD, EMI, REDD1, REDD2.

YIELD EMI YIELD+EMI REDDI REDD2 COMBI
Economic impacts (millions of 2019 US Dollars)
GDP 439 -7 432 170 3 609
Wealth 135 151 292 42 -1 335
Private consumption 421 -8 413 124 2 542
Private investment 135 -1 133 33 1 167
Exports 209 -5 204 69 1 256
Imports 197 -2 195 66 0 247
Land use impacts (hectares)
Forest plantations 0 0 0 48,667 19,900 68,567
Livestock 26,468 -6 26,459 -30,352 0 -4,717
Crops -26,468 6 -26,459 -18,314 0 -43,949
Ecosystem service impacts (% change; thousands of metric tons of CO,e for climate regulation ES)
Carbon storage ES 0.02 0.00 0.02 0.30 0.12 0.43
Erosion mitigation ES 0.55 0.00 0.54 1.14 0.21 2.28
Water purification ES 2.70 0.01 2.69 2.54 0.16 5.25
Water regulation ES -0.01 0.00 -0.01 0.08 0.03 0.10
Climate regulation ES 950 -4,180 -4,919 -103 36 -4,263
NPV with(*) and without change in natural capital and environmental quality (millions of 2019 USD)
NPV 27 -44 -17 178 3 172
NPV* 86 187 276 366 208 852

REDD1 and REDD2 emissions trajectories would be influenced by the
establishment schedule for agroforestry, silvopastoral and forest plan-
tations as well as by accompanying increases in economic activity. The
YIELD scenario would result in an upward trajectory for emissions due
to enhanced economic activity. The full implementation of AFOLU
measures would combine all these elements and after some variability in
the early years caused by the implementation of REDD1 and REDD2, the
trend would extend downward more gradually reaching a maximum
reduction in the year 2050.

Cumulative impacts on wealth would be largely driven by im-
provements in environmental quality and increased household savings
generated by increased agricultural productivity (Fig. 7, Panel E).
Emissions reductions alone would boost wealth by US$2.345 billion.
The increase in planted trees through agroforestry and silvopastoral
systems would generate an additional US$1.163 billion when compared
with business-as-usual in 2050. Establishing forest plantations would
increase wealth by US$462 million. The full strategy for decarbonization
of AFOLU would enhance wealth in Costa Rica by over US$7.267 billion.

Table 2 reports the NPV calculation with and without the inclusion of
the change in natural capital stocks and environmental quality. When
considering household welfare alone, the YIELD scenario would
generate an NPV of US$27 million (Table 2 and Fig. 7, Panel F).
Considering changes in environmental quality and natural capital
stocks, the returns would be higher reaching approximately US$86
million. The EMI scenario would generate a negative economic return
(US$44 million), however when natural capital and environmental
quality are integrated in the analysis, this scenario would generate a
strong positive return of US$187 million. The productivity enhancement
scenario coupled with reduced emissions (YIELD+EMI) would yield a
negative return of US$17 million without natural capital and environ-
mental quality considerations and a positive return of US$276 million
when these variables are considered. The expansion of agroforestry and
silvopastoral activities would generate strong returns of US$178 million
from the conventional perspective and even greater returns of US$366
million when environmental variables are considered. Forest plantations

would generate positive returns, amounting to US$208 million consid-
ering environmental variables. The full implementation of the decar-
bonization of AFOLU would generate US$852 million in returns on
investment when environmental variables are considered and US$172
million when they are not. The sensitivity analysis presented in Sup-
plementary Information section 4 shows that returns would be higher
when lower discount rates are used, for example, returns of over US$4.2
billion when a 3% discount rate is used.

Fig. 8 presents the annual deviation in emissions as projected in the
COMBI scenario and compared with the MESSAGE and REMIND IAM
results, which were plotted based on data from Gidden and Huppmann
(2019) and Huppmann et al. (2021). The figure shows that by 2050,
total emissions were estimated at 13.6 megatons (Mt) of COy while
emissions from AFOLU were — 2.3 Mt. according to MESSAGE. Based on
REMIND results, total emissions and AFOLU emissions were estimated
for 2050 as 10.3 Mt. and — 1.6 Mt. of COs, respectively.

In terms of the pronounced trough and peak evident in the COMBI
emissions annual change, the former is explained by the fact that the
AFOLU strategies were implemented beginning in the year 2021
resulting in a sharp decline in emissions. The peak that is evident in 2028
is explained by the conclusion of the investment in the REDD1 and
REDD2 programs. Following 2028, there are no additional scenario-
driven changes in forest cover and with the investment concluded in
that same year, resource reallocation would result in an increase in
private consumption, which also would drive emissions upward
temporarily. Overall, the emissions pathway in the COMBI scenario
compared with the MESSAGE and REMIND NDC emissions pathways are
similar with respect to the annual deviation. This is indicative of con-
sistency between the national-level implementation of AFOLU strategies
embodied in the COMBI scenario and the downscaled IAM results.

5. Discussion

We present an innovative economy-wide approach to linking eco-
nomic, LULC and ES models to quantify how human activities can lead
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Fig. 2. Base Land Use-Land Cover of Costa Rica in 2013.
Source: Developed based on data from Fernandez-Landa et al. (2016).

to environmental change and how these impacts can be mitigated. This
is the first forward looking study for Costa Rica that considers how the
economy may evolve with the implementation of climate change miti-
gation strategies for AFOLU as well as its interaction with LULC change
and changes in future flows of ES.

This study revealed several important trade-offs. For example, while
the EMI scenario would reduce net emissions substantially, both the
YIELD and REDD2 scenarios would increase emissions. This increase is
due to the scenario-driven acceleration of overall economic growth.
With faster economic growth, in the absence of complementary miti-
gating measures for non-AFOLU sectors, emissions would grow more

quickly. In the COMBI scenario, emissions initially drop as EMI emis-
sions reduction measures are implemented and trees are planted in the
REDD?2 scenarios and in the new agroforestry and silvopastoral systems.
Once the trees are planted and approach maturity, new carbon capture
slows and eventually new carbon capture becomes similar to baseline
levels (i.e., a steady state).

An economy-wide approach is essential for understanding policy
impacts across sectors and economic indicators. For example, the YIELD
scenario would have a strong positive impact on Costa Rica’s economy
and across various environmental indicators (erosion mitigation, water
quality and carbon storage); the agricultural productivity gains would
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Fig. 4. Scenario impacts on Ecosystem Service (ES) supply as percent difference from business-as-usual in 2050. YIELD: enhanced agricultural productivity; EMI:
emissions reductions from climate-smart agriculture; REDD1: agroforestry and silvopastoral systems; REDD2: forest plantations; COMBI: joint implementation of

YIELD, EMI, REDD1, REDD2.

boost agricultural output, reduce agricultural prices and release factors
of production (labor and capital) for use in other sectors. Together, these
impacts would result in an overall positive effect on wages, employment
and household welfare. In addition, faster agricultural growth and factor
availability would stimulate more rapid growth in non-agricultural
sectors by increasing final demand for non-agricultural products,
lowering input prices and fostering upstream processing. For instance, in
the YIELD scenario, output for the food-processing sector would grow
0.7 percentage points more quickly than in the business-as-usual case.
The way in which investments in reducing emissions are financed
can have important implications for societal well-being. With regard to
poverty, for example, we found that there would be 2744 more poor
with the implementation of the full AFOLU strategy than in the business-

as-usual case in the first few years of investment. This initial increase in
poverty is the consequence of the increase in taxes that would be
required to finance the decarbonization strategy. Once the investment
concluded and tax rates can return to their original levels, poverty would
fall steadily thereafter and the net effect at the end of the period would
be a reduction in poverty on the order of 3810 individuals. In the
IEEM+ESM framework, it is possible to explore alternative financing
arrangements, considering the repurposing of subsidies, domestic or
foreign debt financing as well as non-reimbursable grants. Each of these
financing mechanisms would have a different impact across the in-
dicators reported here.

The full implementation of the decarbonization strategy for AFOLU
would have a positive impact on wealth. There is an initial abrupt
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Fig. 5. Full implementation of the AFOLU decarbonization strategy (COMBI scenario) in 2050. Panel A: Level of carbon storage. Panel B. Changes in carbon storage.

Panel C. Level of erosion mitigation. Panel D. Changes in erosion mitigation.

increase in wealth arising from the new investments, as Fig. 7 (Panel B)
shows, which begins to taper off after 2028 once policy implementation
has concluded. The main drivers of the changes in wealth are as follows.
In the EMI scenario, emissions reductions and consequent reduction in
emissions damages would drive increases in wealth. In the YIELD sce-
nario, increases in Gross National Savings would drive positive wealth
impacts. In the case of expanding forest plantations, both Gross National
Savings and emissions reductions would push wealth upward. The
combined cumulative impact would be an increase of US$7.267 billion
in wealth.

When comparing the emissions pathway in the COMBI scenario with
the MESSAGE and REMIND NDC emissions pathways, Fig. 8 shows that
they are similar with respect to the annual deviation. This indicates a
degree of consistency between the AFOLU decarbonization strategies
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considered here and the downscaled IAM results. Analysis of the data
underpinning the IAM plot revealed two noteworthy points that explain
differences in the absolute values of the IAMs compared with IEEM
projections. The first is that the economy-wide and AFOLU emissions in
IEEM and the IAMs differed in magnitude in the starting year due to
different data sources, which makes comparison of absolute values not
very meaningful. Second, the treatment of removals of carbon from
forests differed between IEEM and the IAMs. In IEEM, carbon is recov-
ered through the establishment of new forests while there is no addi-
tional recovery of carbon from already established forests. This assumes
that carbon in existing forests has achieved a steady state. Carbon re-
movals from forests in the IAMs on the other hand are continuous and do
not reach a steady state. Both the base year emissions and treatment of
carbon removals from established forests in IEEM could be adjusted for
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consistency with the IAMs, however, additional research would be
required to motivate these adjustments, particularly with regard to base
year emissions from AFOLU.

Our environmentally adjusted calculation of NPV demonstrates the
importance of considering changes in natural capital and environmental
damage in benefit-cost investment analysis. For example, the emissions
reduction (EMI) scenario would generate a negative economic return of
US$44 million, however when natural capital and environmental qual-
ity are integrated in the analysis, this scenario would generate a strong
positive return of US$187 million. Similarly, the productivity
enhancement scenario coupled with reduced emissions (YIELD-+EMI)
would yield a negative return of US$17 million without natural capital
and environmental quality considerations and a return of positive US
$276 million when these variables are considered. Thus, without natural
capital and environmental considerations, both of these benefits would
have been considered unfinanceable from a conventional economic lens.

Finally, it is worth noting that Costa Rica’s top emitting sectors are
transport, industry and waste management with AFOLU as the fourth.
While we account for emissions from the combustion of fossil fuels from
these and all other economic sectors, we do not consider the
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Decarbonization Plan emissions reduction strategies for those sectors.
An important next step in this analysis would be to consider Decar-
bonization Plan emissions reduction strategies for all economic sectors
simultaneously, including transport as investigated in Banerjee and
Cicowiez (2021), industry and waste. It is highly probable that in-
terventions in one sector will imply trade-offs for other non-target sec-
tors, which the IEEM+ESM approach is designed to capture (Banerjee
et al., 2019; Banerjee and Cicowiez, 2021; Turner et al., 2000).

6. Conclusions

With 38% of Costa Rica’s CO2 emissions arising from AFOLU, its
decarbonization is critical for achieving the country’s Paris Agreement
commitment and the targets set in the Decarbonization Plan. This study
has generated four key insights that can help the Government of Costa
Rica refine its strategies for decarbonizing AFOLU sectors. First, strate-
gies to reduce emissions alone would have a small negative impact on
GDP growth and income in the short run. When coupled with in-
vestments in enhanced agricultural productivity, which also serve to
reduce incentives for deforestation and land use change, the impact on
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GDP growth would be positive (US$432 million). More importantly
from a sustainable economic development perspective, these in-
vestments would be wealth enhancing, on the order of US$7.267 billion.
Additional benefits would arise from the increase in future ES flows
(carbon storage, erosion mitigation, water regulation and water purifi-
cation ES), which, while not valued in this study, provide tangible
benefits and make our overall economic analysis of benefits a conser-
vative one.

Second, trade-offs became apparent across the AFOLU strategies
considered. Emissions would grow faster in the YIELD scenario due to
the increased rates of economic growth across most sectors. On the other
hand, the joint impact of investments in enhanced productivity and
emissions reductions would tend to reduce emissions overall by
approximately 4.919 million tons COye by 2050. Increasing agroforestry

12

and silvopastoral systems, and increasing forest plantations, would have
modest impacts on emissions, while the overall impact of the full
decarbonization of AFOLU sectors would reduce emissions by 4.263
million tons COze, when compared with business-as-usual in 2050.

How does this relate to Costa Rica’s emissions targets for AFOLU?
While we recognize that IEEM and the IAMs use a different base level of
emissions and treatment of carbon recovery, our analysis shows that it is
probable that Costa Rica’s strategy for the decarbonization of AFOLU
would have to be more ambitious in order to meet the NDC target. Our
results for the full implementation of Costa Rica’s AFOLU strategy would
still result in positive emissions by 2050, on the order of 15 million tons
of COqe. This contrasts with the negative emissions for AFOLU projected
by the IAMs, which is a result of the different data sources used and
absence of country specific policies modeled by the IAMs.
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Third, in terms of poverty impacts, the decarbonization strategy for
AFOLU sectors taken as a whole would be poverty reducing, with 3810
less poor people in 2050. This may not be the case with some other lines
of action in Costa Rica’s Decarbonization Plan (e.g., electrification of
transportation fleets), where there may be important trade-offs to
consider, as well as how adjustment costs to a low-emissions future are
distributed across society.

Fourth, analysis with IEEM requires that the source of investment
financing be made explicit in scenario design and implementation. The
AFOLU investments considered here were funded half through an
adjustment in the direct tax rate and the other half through an increase
in domestic debt. Understanding the fiscal impacts of investing in
decarbonization strategies is critical to enable effective government
planning. As a share of GDP, we found that while initially, investments
would amount to almost 0.3% of GDP, the investments would begin to
generate positive returns for the government by around the year 2040.
Thus, while initially the government would need to allocate a small
share of its budget towards investment in decarbonization of AFOLU,
these investments would be more than compensated by future returns on
the strategies implemented. Overall, the full implementation of the
decarbonization of AFOLU would generate US$852 million in returns on
government investment.

The methods presented in this paper link economy-wide modeling to
LULC change and ES modeling to understand the economic, environ-
mental and social impacts of decarbonization plans and synergies and
trade-offs that may exist across strategies. Results from this study can be
used to refine Costa Rica’s strategies for decarbonization of AFOLU
sectors. These methods can be applied to other countries that are in the
process of developing or refining their NDCs. All of the tools used in this
analysis have been made available through the OPEN IEEM Platform.
The data underpinning these tools are derived from a country’s own
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economic reporting system, the System of National Accounts and thus
are consistent with other national development planning and policy
frameworks.

CRediT authorship contribution statement

Onil Banerjee: Conceptualization, Data curation, Formal analysis,
Funding acquisition, Investigation, Methodology, Project administra-
tion, Supervision, Writing — original draft, Writing — review & editing.
Martin Cicowiez: Conceptualization, Formal analysis, Methodology,
Writing — original draft, Writing — review & editing. Renato Vargas:
Data curation, Methodology, Writing — original draft, Writing — review &
editing. Edmundo Molina-Pérez: Data curation, Formal analysis,
Investigation, Methodology. Kenneth J. Bagstad: Conceptualization,
Data curation, Formal analysis, Methodology, Writing — original draft,
Writing — review & editing. Ziga Malek: Formal analysis, Methodology,
Writing — original draft, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

Data will be made available on request.

Acknowledgements

This study was commissioned by the UK’s HM Treasury to inform the



O. Banerjee et al.

Dasgupta Review on the Economics of Biodiversity. The study was
funded by the UK’s Department for Environment, Food & Rural Affairs
and the Inter-American Development Bank (IDB). Support for Onil
Banerjee’s time was provided by the IDB until March 2022 and by
RMGEO Consultants Inc. thereafter. Support for Bagstad’s time was
provided by the U.S. Geological Survey Land Change Science Program.

The authors thank the Central Bank of Costa Rica for their collabo-
ration in the development of the IEEM database for Costa Rica. Thanks
to Robert Marks, Emily McKenzie, Felix Nugee, Irene Alvarado-Quesada
and the Dasgupta Review Team for their constructive review of this
paper, and Michael Obersteiner for his insightful comments. The authors
thank the IDB’s Annette Kilmer, Juan Manuel Murguia, Gregory Watson,
Josué Avila and Pedro Martel for their review and comments on the
paper. Special thanks go to Allen Blackman (IDB) for his leadership and
support for research at the IDB.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ecolecon.2024.108115.

References

Arrow, K.J., 2005. Personal reflections on applied general equilibrium models. In:
Kehoe, T.J., Srinivasan, T.N., Whalley, J. (Eds.), Frontiers in Applied General
Equilibrium Modeling: In Honor of Herbert Scarf. Cambridge University Press,
Cambridge.

Bagstad, K.J., Ingram, J.C., Lange, G.-M., Masozera, M., Ancona, Z.H., Bana, M.,
Kagabo, D., Musana, B., Nabahungu, N.L., Rukundo, E., Rutebuka, E., Polasky, S.,
Rugege, D., Uwera, C., 2020. Towards ecosystem accounts for Rwanda: tracking 25
years of change in flows and potential supply of ecosystem services. People and
Nature 2, 163-188. https://doi.org/10.1002/pan3.10062.

Banerjee, O., Alavalapati, J.R.R., 2012. The Acre Sustainable Development Program
(PDSA-II). RMGEO Consultants Inc., Adelaide.

Banerjee, O., Cicowiez, M., 2020. The integrated economic-environmental modeling
(IEEM). In: Platform, IEEM Platform Technical Guides: IEEM Mathematical
Statement, IDB Technical Note vol. No. 01842. Inter-American Development Bank,
Washington DC.

Banerjee, O., Cicowiez, M., 2021. Efectos Economicos y Ambientales del Plan de
Descarbonizacion de Costa Rica: Una Aplicacion de la Plataforma IEEM al Sector de
Energia y Transporte. Inter-American Development Bank Working Paper IDB-WP-
01194.

Banerjee, O., Moreda, A., 2015. Regional Tourism Development Program- Espirito Santo,
Brazil, BR-L1219. Inter-American Development Bank, Washington DC.

Banerjee, O., Cicowiez, M., Horridge, M., Vargas, R., 2016. A conceptual framework for
integrated economic-environmental modeling. J. Environ. Dev. 25, 276-305.
https://doi.org/10.1177/1070496516658753.

Banerjee, Onil, Cicowiez, M., Vargas, R., Horridge, M., 2019. The SEEA-based integrated
economic-environmental modelling framework: an illustration with Guatemala’s
Forest and fuelwood sector. Environ. Resource Econ. 1-20 https://doi.org/10.1007/
510640-017-0205-9.

Banerjee, O., Cicowiez, M., Moreda, A., 2019. Export Diversification through Public
Investment in Cultural Tourism: Insights from a Multi-Regional Model of Bolivia.
Inter-American Development Bank, Washington DC.

Banerjee, O., Bagstad, K.J., Cicowiez, M., Dudek, S., Horridge, M., Alavalapati, J.R.R.,
Masozera, M., Rukundo, E., Rutebuka, E., 2020a. Economic, Land Use, and
Ecosystem Services Impacts of Rwanda’s Green Growth Strategy: An Application of
the IEEM+ESM Platform.

Banerjee, O., Crossman, N., Vargas, R., Brander, L., Verburg, P., Cicowiez, M., Hauck, J.,
McKenzie, E., 2020b. Global Socio-Economic Impacts of Changes in Natural Capital
and Ecosystem Services: State of Play and New Modeling Approaches.

Banerjee, O., Cicowiez, M., Munoz Vargas, R., 2021. Construccién de una Matriz de
Contabilidad Social para Costa Rica para el Ano 2016 (Techinical Note No. IDB
Technical Note: IDB-TN-02091). IEEM Technical Guides. Inter-American
Development Bank, Washington D.C.

Banerjee, O., Cicowiez, M., Macedo, M.N., Malek, Z., Verburg, P.H., Goodwin, S.,
Vargas, R., Rattis, L., Bagstad, K.J., Brando, P., Coe, M.T., Neill, C., Marti, O.D.,
Murillo, J.A., 2022a. Can we avert an Amazon tipping point? The economic and
environmental costs. Environ. Res. Lett. 17.

Banerjee, O., Cicowiez, M., Malek, Z., Oostdijk, S., 2022b. Synergies and Trade-Offs
between Policies for Reducing Deforestation in Brazil: A Contribution to the World
Bank’s Country Climate and Development Report for Brazil. RMGEO Consultants
Inc., Jakarta.

Banerjee, O., Cicowiez, M., Malek, Z., Verburg, P.H., Vargas, R., Goodwin, S., Bagstad, K.
J., Murillo, J.A., 2023. Banking on strong rural livelihoods and the sustainable use of
natural capital in post-conflict Colombia. Environ. Dev. Sustain. https://doi.org/
10.1007/510668-023-03740-w.

14

Ecological Economics 218 (2024) 108115

Beach, R.H., DeAngelo, B.J., Rose, S., Li, C., Salas, W., DelGrosso, S.J., 2008. Mitigation
potential and costs for global agricultural greenhouse gas emissions 1. Agric. Econ.
38, 109-115.

Bertram, C., Hilaire, J., Kriegler, E., Beck, T., Bresch, D., Clarke, L., Cui, R., Edmonds, J.,
Charles, M., Zhao, A., Kropf, C., Sauer, 1., Lejeune, Q., Pfleiderer, P., Min, J.,
Piontek, F., Rogelj, J., Schleussner, C.F., Sferra, F., van Ruijven, B, Yu, S.,
Holland, D., Liadze, 1., Hurst, 1., 2021. NGFS climate scenario database: technical
documentation V2.2 [WWW document]. URL. http://iiasa.dev.local/.

Boushey, H., Kaufman, N., Zhang, J., 2021. New Tools Needed to Assess Climate-Related
Financial Risk, Issue Briefs. The White House, Washington D.C.

Broadbent, E.N., Zambrano, A.M.A., Dirzo, R., Durham, W.H., Driscoll, L., Gallagher, P.,
Salters, R., Schultz, J., Colmenares, A., Randolph, S.G., 2012. The effect of land use
change and ecotourism on biodiversity: a case study of Manuel Antonio, Costa Rica,
from 1985 to 2008. Landsc. Ecol. 27, 731-744. https://doi.org/10.1007/s10980-
012-9722-7.

Burfisher, M.E., 2021. Introduction to Computable General Equilibrium Models, 3rd ed.
Cambridge University Press, Cambridge. https://doi.org/10.1017/9781108780063.

Chaplin-Kramer, R., Sim, S., Hamel, P., Bryant, B., Noe, R., Mueller, C., Rigarlsford, G.,
Kulak, M., Kowal, V., Sharp, R., Clavreul, J., Price, E., Polasky, S., Ruckelshaus, M.,
Daily, G., 2017. Life cycle assessment needs predictive spatial modelling for
biodiversity and ecosystem services. Nat. Commun. 8, 15065. https://doi.org/
10.1038/ncomms15065.

Clune, S., Crossin, E., Verghese, K., 2017. Systematic review of greenhouse gas emissions
for different fresh food categories. J. Clean. Prod. 140, 766-783. https://doi.org/
10.1016/j.jclepro.2016.04.082.

Daily, G.C. (Ed.), 1997. Nature’s Services: Societal Dependence on Natural Ecosystems.
Island Press, Washington, D.C.

Dervis, K., de Melo, J., Robinson, S., 1982. General Equilibrium Models for Development
Policy. Cambridge University Press, Cambridge.

Diaz, S., Demissew, S., Carabias, J., Joly, C., Lonsdale, M., Ash, N., Larigauderie, A.,
Adhikari, J.R., Arico, S., Baldi, A., Bartuska, A., Baste, L.A., Bilgin, A., Brondizio, E.,
Chan, K.M.A,, Figueroa, V.E., Duraiappah, A., Fischer, M., Hill, R., Koetz, T.,
Leadley, P., Lyver, P., Mace, G.M., Martin-Lopez, B., Okumura, M., Pacheco, D.,
Pascual, U., Pérez, E.S., Reyers, B., Roth, E., Saito, O., Scholes, R.J., Sharma, N.,
Tallis, H., Thaman, R., Watson, R., Yahara, T., Hamid, Z.A., Akosim, C., Al-
Hafedh, Y., Allahverdiyev, R., Amankwah, E., Asah, S.T., Asfaw, Z., Bartus, G.,
Brooks, L.A., Caillaux, J., Dalle, G., Darnaedi, D., Driver, A., Erpul, G., Escobar-
Eyzaguirre, P., Failler, P., Fouda, A.M.M., Fu, B., Gundimeda, H., Hashimoto, S.,
Homer, F., Lavorel, S., Lichtenstein, G., Mala, W.A., Mandivenyi, W., Matczak, P.,
Mbizvo, C., Mehrdadi, M., Metzger, J.P., Mikissa, J.B., Moller, H., Mooney, H.A.,
Mumby, P., Nagendra, H., Nesshover, C., Oteng-Yeboah, A.A., Pataki, G., Roué, M.,
Rubis, J., Schultz, M., Smith, P., Sumaila, R., Takeuchi, K., Thomas, S., Verma, M.,
Yeo-Chang, Y., Zlatanova, D., 2015. The IPBES conceptual framework — connecting
nature and people. Curr. Opin. Environ. Sustain. 14, 1-16. https://doi.org/10.1016/
j-cosust.2014.11.002.

Dixon, P., Jorgenson, D.W. (Eds.), 2012. Handbook of Computable General Equilibrium
Modeling, 1st ed. Elsevier, Oxford.

European Commission, United Nations, Food and Agriculture Organization, International
Monetary Fund, Organisation for Economic Cooperation and Development, The
World Bank, 2014. System of Environmental Economic Accounting 2012- Central
Framework. UN, New York.

European Environment Agency, 2018. The Common International Classification of
Ecosystem Services (CICES: Towards A Common Classification of Ecosystem
Services) [WWW Document]. https://cices.eu/ (accessed 1.1.18).

Fang, Z., Ding, T., Chen, J., Xue, S., Zhou, Q., Wang, Yingdi, Wang, Yixin, Huang, Z.,
Yang, S., 2022. Impacts of land use/land cover changes on ecosystem services in
ecologically fragile regions. Sci. Total Environ. 831, 154967 https://doi.org/
10.1016/j.scitotenv.2022.154967.

Fernandez-Landa, A., Algeet-Abarquero, N., Fernandez-Moya, J., Guillén-Climent, M.L.,
Pedroni, L., Garcia, F., Espejo, A., Villegas, J.F., Marchamalo, M., Bonatti, J.,
Escamochero, I., Rodriguez-Noriega, P., Papageorgiou, S., Fernandes, E., 2016. An
Operational Framework for Land Cover Classification in the Context of REDD+
Mechanisms. A Case Study from Costa Rica. Remote Sensing 8. https://doi.org/
10.3390/rs8070593.

FONAFIFO, 2019. Visién de futuro 2040 y Plan Estratégico Institucional 2020-2025.
Fondo Nacional de Financiamiento Forestal, San José.

Gidden, M.J., Huppmann, D., 2019. Pyam: a Python package for the analysis and
visualization of models of the interaction of climate, human, and environmental
systems. Journal of Open Source Software 4, 1095. https://doi.org/10.21105/
j0ss.01095.

Gillingham, K., Stock, J.H., 2018. The cost of reducing greenhouse gas emissions.

J. Econ. Perspect. 32, 53-72.

Gomes, L.C., Bianchi, F.J.J.A., Cardoso, .M., Fernandes Filho, E.IL., Schulte, R.P.O., 2020.
Land use change drives the spatio-temporal variation of ecosystem services and their
interactions along an altitudinal gradient in Brazil. Landsc. Ecol. 35, 1571-1586.
https://doi.org/10.1007/510980-020-01037-1.

Government of Costa Rica, 2018. National Decarbonization Plan 2018-2050.
Government of Costa Rica, San Jose.

Government of Costa Rica and MINAE, 2015. Costa Rica’s Intended Nationally
Determined Contribution. Government of Costa Rica and Ministry of Environment
and Energy, San José, Costa Rica.

Groves, D.G., Syme, J., Molina-Perez, E., Calvo Hernandez, C., Victor-Gallardo, L.F.,
Godinez-Zamora, G., Quirds-Tortds, J., De Ledn, F., Murillo, A.M., Gémez, V.S.,
Vogt-Schilb, A., 2020. The Benefits and Costs of Decarbonizing Costa Rica’s


https://doi.org/10.1016/j.ecolecon.2024.108115
https://doi.org/10.1016/j.ecolecon.2024.108115
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0005
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0005
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0005
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0005
https://doi.org/10.1002/pan3.10062
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0015
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0015
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0020
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0020
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0020
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0020
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0025
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0025
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0025
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0025
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0030
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0030
https://doi.org/10.1177/1070496516658753
https://doi.org/10.1007/s10640-017-0205-9
https://doi.org/10.1007/s10640-017-0205-9
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0050
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0050
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0050
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0055
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0055
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0055
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0055
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0060
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0060
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0060
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0065
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0065
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0065
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0065
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0070
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0070
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0070
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0070
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0075
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0075
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0075
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0075
https://doi.org/10.1007/s10668-023-03740-w
https://doi.org/10.1007/s10668-023-03740-w
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0085
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0085
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0085
http://iiasa.dev.local/
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0095
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0095
https://doi.org/10.1007/s10980-012-9722-7
https://doi.org/10.1007/s10980-012-9722-7
https://doi.org/10.1017/9781108780063
https://doi.org/10.1038/ncomms15065
https://doi.org/10.1038/ncomms15065
https://doi.org/10.1016/j.jclepro.2016.04.082
https://doi.org/10.1016/j.jclepro.2016.04.082
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0120
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0120
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0125
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0125
https://doi.org/10.1016/j.cosust.2014.11.002
https://doi.org/10.1016/j.cosust.2014.11.002
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0135
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0135
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0140
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0140
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0140
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0140
https://cices.eu/
https://doi.org/10.1016/j.scitotenv.2022.154967
https://doi.org/10.1016/j.scitotenv.2022.154967
https://doi.org/10.3390/rs8070593
https://doi.org/10.3390/rs8070593
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0160
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0160
https://doi.org/10.21105/joss.01095
https://doi.org/10.21105/joss.01095
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0170
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0170
https://doi.org/10.1007/s10980-020-01037-1
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0180
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0180
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0185
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0185
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0185
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0190
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0190
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0190

O. Banerjee et al.

Economy: Informing the Implementation of Costa Rica’s National Decarbonization
Plan Under Uncertainty.

Haines-Young, R., Potschin-Young, M.B., 2018. Revision of the Common International
Classification for Ecosystem Services (CICES V5.1): A Policy Brief, Policy Brief.
Henderson, B., Frezal, C., Flynn, E., 2020. A survey of GHG mitigation policies for the

agriculture, forestry and other land use sector (no. OECD food, agriculture
andFisheries papers, no. 145). In: Organisation for Economic Co-operation and
Development, Paris.

Huppmann, D., Gidden, M., Nicholls, Z., Horsch, J., Lamboll, R., Kishimoto, P.,
Burandt, T., Fricko, O., Byers, E., Kikstra, J., Brinkerink, M., Budzinski, M.,
Maczek, F., Zwickl-Bernhard, S., Welder, L., Alvarez Quispe, E., Smith, C., 2021.
Pyam: analysis and visualisation of integrated assessment and macro-energy
scenarios [version 2; peer review: 3 approved]. Open Research Europe 1. https://doi.
org/10.12688/openreseurope.13633.2.

IDB, 2021. The integrated economic-environmental modeling platform: IEEM platform
technical guides. In: The Ecosystem Services Modeling Datapacket: Overview and
Guidelines for Use (No. IDB Technical Note IDB-TN-02109). Inter-American
Development Bank, Washington D.C.

IMF, 2019. Global Manufacturing Downturn, Rising Trade Barriers. International
Monetary Funds, Washington, D.C.

IPCC, 2006. 2006 IPCC Guidelines for National Greenhouse Gas Inventories.
Intergovernmental Panel on Climate Change, Geneva.

Kehoe, T.J., 2005. An evaluation of the performance of applied general equilibrium
models of the impact of NAFTA. In: Kehoe, T.J., T.N.S. and J.W. (Eds.), Frontiers in
Applied General Equilibrium Modeling: Essays in Honor of Herbert Scarf. Cambridge
University Press, Cambridge, pp. 341-377.

Koberle, A.C., Vandyck, T., Guivarch, C., Macaluso, N., Bosetti, V., Gambhir, A.,
Tavoni, M., Rogelj, J., 2021. The cost of mitigation revisited. Nat. Clim. Chang. 11,
1035-1045. https://doi.org/10.1038/541558-021-01203-6.

Lange, G.-M., Wodon, Q., Carey, K., 2018. The Changing Wealth of Nations 2018:
Building a Sustainable Future. World Bank, Washington, D.C.

Locatelli, B., Imbach, P., Wunder, S., 2014. Synergies and trade-offs between ecosystem
services in Costa Rica. Environ. Conserv. 41, 27-36. https://doi.org/10.1017/
S0376892913000234.

MINAE, 2017. Estrategia Nacional REDD+ Costa Rica. Ministerio de Ambiente y Energia
(MINAE), San Jose.

MINAE, 2019a. Sistema de Informacion de Recursos Forestales de Costa Rica REDD
Projection. Ministerio de Ambiente y Energia (MINAE), San Jose.

MINAE, 2019b. Avances 2019 del Plan Nacional de Descarbonizacion 2018-2050.
Ministerio de Ambiente y Energia, San José.

MINAE, CONAGEBIO, SINAC, 2016. Estrategia Nacional de Biodiversidad 2016-2025.
Ministerio de Ambiente y Energia, Comision Nacional para la Gestion de la
Biodiversidad and, San José.

MINAE, MAG, 2015. La Estrategia de Ganaderia Baja en Carbono en Costa Rica.
Ministerio de Ambiente y Energia (MINAE) and Ministerio de Agricultura y
Ganaderia (MAG), San José.

Myers, N., Mittermeier, R.A., Mittermeier, C.G., da Fonseca, G.A.B., Kent, J., 2000.
Biodiversity hotspots for conservation priorities. Nature 403, 853-858. https://doi.
org/10.1038/35002501.

OECD, 2020. Policy strategies and challenges for climate change mitigation in the
agriculture, forestry and other land use (AFOLU). In: Sector (Joint Working Party on
Agriculture and the Environment vol. No. JT03469917). Organisation for Economic
Co-operation and Development, Trade and Agriculture Directorate, Paris.

Pascual, U., Balvanera, P., Diaz, S., Pataki, G., Roth, E., Stenseke, M., Watson, R.T., Basak
Dessane, E., Islar, M., Kelemen, E., Maris, V., Quaas, M., Subramanian, S.M.,
Wittmer, H., Adlan, A., Ahn, S., Al-Hafedh, Y.S., Amankwabh, E., Asah, S.T., Berry, P.,
Bilgin, A., Breslow, S.J., Bullock, C., Caceres, D., Daly-Hassen, H., Figueroa, E.,
Golden, C.D., Gomez-Baggethun, E., Gonzalez-Jiménez, D., Houdet, J., Keune, H.,
Kumar, R., Ma, K., May, P.H., Mead, A., O’Farrell, P., Pandit, R., Pengue, W., Pichis-
Madruga, R., Popa, F., Preston, S., Pacheco-Balanza, D., Saarikoski, H., Strassburg, B.
B., van den Belt, M., Verma, M., Wickson, F., Yagi, N., 2017. Valuing nature’s
contributions to people: the IPBES approach. Curr. Opin. Environ. Sustain. 26-27,
7-16. https://doi.org/10.1016/j.cosust.2016.12.006.

Pedroni, L., 2015. Nivel de referencia de emisiones y absorciones forestales de Costa Rica
ante el Fondo de Carbono de FCPF: metodologia y resultados. Carbon Decisions
International.

Porras, 1., Barton, D., Miranda, M., Chacon Cascante, A., 2013. International Institute for
Environment and Development, London.

15

Ecological Economics 218 (2024) 108115

Posner, S., Verutes, G., Koh, 1., Denu, D., Ricketts, T., 2016. Global use of ecosystem
service models. Ecosyst. Serv. 17, 131-141. https://doi.org/10.1016/j.
ecoser.2015.12.003.

Rakotoarinia, M.R., Seidou, O., Lapen, D.R., Leighton, P.A., Ogden, N.H., Ludwig, A.,
2023. Future land-use change predictions using dyna-Clue to support mosquito-
borne disease risk assessment. Environ. Monit. Assess. 195, 815. https://doi.org/
10.1007/s10661-023-11394-4.

Sayre, R., Karagulle, D., Frye, C., Boucher, T., Wolff, N.H., Breyer, S., Wright, D.,
Martin, M., Butler, K., Van Graafeiland, K., Touval, J., Sotomayor, L., McGowan, J.,
Game, E.T., Possingham, H., 2020. An assessment of the representation of
ecosystems in global protected areas using new maps of world climate regions and
world ecosystems. Global Ecology and Conservation 21, e00860. https://doi.org/
10.1016/j.gecco.2019.e00860.

Sharp, R., Tallis, H., Ricketts, T., Guerry, A., Wood, S., Chaplin-Kramer, R., Nelson, E.,
Ennaanay, D., Wolny, S., Olwero, N., Vigerstol, K., et al., 2020. InVEST 3.8.1 User’s
guide.

Shoven, J., Whalley, J., 1992. Applying General Equilibrium. Cambridge University
Press, Cambridge.

Sierra, R., 2016. Patrones y factores de cambio de la corbertura forestal natural de Costa
Rica, 1987-2013.

Smith, P., Clark, H., Dong, H., Elsiddig, E.A., Haberl, H., Harper, R., House, J., Jafari, M.,
et al., 2014. Chapter 11 - agriculture, forestry and other land use (AFOLU). In:
Climate Change 2014: Mitigation of Climate Change. IPCC Working Group III
Contribution to AR5. Cambridge University Press, Cambridge.

Tafoya, K.A., Brondizio, E.S., Johnson, C.E., Beck, P., Wallace, M., Quirds, R.,
Wasserman, M.D., 2020. Effectiveness of Costa Rica’s conservation portfolio to lower
deforestation, protect Primates, and increase community participation. Front.
Environ. Sci. 8 https://doi.org/10.3389/fenvs.2020.580724.

Turner, R.K., van den Bergh, J.C.J.M., Soderqvist, T., Barendregt, A., van der Straaten, J.,
Maltby, E., van Ierland, E.C., 2000. Ecological-Economic Analysis of Wetlands:
Scientific Integration for Management and Policy.

UN, 2019. World Population Prospects Highlights, 2019 Revision Highlights, 2019
Revision. United Nations, New York.

Vallet, A., Locatelli, B., Levrel, H., Brenes Pérez, C., Imbach, P., Estrada Carmona, N.,
Manlay, R., Oszwald, J., 2016. Dynamics of Ecosystem Services during Forest
Transitions in Reventazon, Costa Rica.

Veldkamp, A., Verburg, P.H., 2004. Modelling land use change and environmental
impact. Journal of Environmental Management, Modelling land use change and
environmental impact 72, 1-3. https://doi.org/10.1016/j.jenvman.2004.04.004.

Verburg, P.H., Overmars, K.P., 2009. Combining top-down and bottom-up dynamics in
land use modeling: exploring the future of abandoned farmlands in Europe with the
dyna-CLUE model. Landsc. Ecol. 24, 1167-1181. https://doi.org/10.1007/5s10980-
009-9355-7.

Verburg, P.H., Soepboer, W., Veldkamp, A., Limpiada, R., Espaldon, V., Mastura, S.S.A.,
2002. Modeling the spatial dynamics of Regional land use: the CLUE-S model.
Environ. Manag. 30, 391-405. https://doi.org/10.1007/500267-002-2630-x.

Verburg, P.H., Eickhout, B., van Meijl, H., 2008. A Multi-Scale, Multi-Model Approach
for Analyzing the Future Dynamics of European Land Use.

Verburg, P.H., Malek, Z., Goodwin, S.P., Zagaria, C., 2021. The integrated economic-
environmental modeling (IEEM). In: Platform: IEEM Platform Technical Guides. User
Guide for the IEEM-Enhanced Land Use Land Cover Change Model Dyna-CLUE, IDB
Technical Note IDB-TN-02284. Inter-American Development Bank, Washington D.C.

Vignola, R., Koellner, T., Scholz, R.W., McDaniels, T.L., 2010. Decision-making by
farmers regarding ecosystem services: factors affecting soil conservation efforts in
Costa Rica. Land Use Policy 27, 1132-1142. https://doi.org/10.1016/j.
landusepol.2010.03.003.

World Bank, 2021a. The Changing Wealth of Nations 2021: Managing Assets for the
Future. World Bank, Washington D.C.

World Bank, 2021b. The Changing Wealthof Nations 2021: Managing Assets for the
Future. World Bank, Washington D.C.

Yi, H., Giineralp, B., Kreuter, U.P., Giineralp, ., Filippi, A.M., 2018. Spatial and temporal
changes in biodiversity and ecosystem services in the San Antonio River basin,
Texas, from 1984 to 2010. Sci. Total Environ. 619-620, 1259-1271. https://doi.org/
10.1016/j.scitotenv.2017.10.302.

Zhao, B., Kreuter, U., Li, B., Ma, Z., Chen, J., Nakagoshi, N., 2004. An ecosystem service
value assessment of land-use change on Chongming Island, China. Land Use Policy
21, 139-148. https://doi.org/10.1016/j.landusepol.2003.10.003.


http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0190
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0190
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0195
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0195
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0200
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0200
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0200
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0200
https://doi.org/10.12688/openreseurope.13633.2
https://doi.org/10.12688/openreseurope.13633.2
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0210
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0210
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0210
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0210
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0215
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0215
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0220
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0220
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0225
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0225
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0225
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0225
https://doi.org/10.1038/s41558-021-01203-6
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0235
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0235
https://doi.org/10.1017/S0376892913000234
https://doi.org/10.1017/S0376892913000234
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0250
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0250
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0255
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0255
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0260
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0260
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0265
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0265
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0265
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0270
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0270
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0270
https://doi.org/10.1038/35002501
https://doi.org/10.1038/35002501
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0280
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0280
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0280
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0280
https://doi.org/10.1016/j.cosust.2016.12.006
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0290
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0290
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0290
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0295
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0295
https://doi.org/10.1016/j.ecoser.2015.12.003
https://doi.org/10.1016/j.ecoser.2015.12.003
https://doi.org/10.1007/s10661-023-11394-4
https://doi.org/10.1007/s10661-023-11394-4
https://doi.org/10.1016/j.gecco.2019.e00860
https://doi.org/10.1016/j.gecco.2019.e00860
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0315
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0315
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0315
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0320
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0320
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0325
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0325
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0330
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0330
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0330
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0330
https://doi.org/10.3389/fenvs.2020.580724
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0340
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0340
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0340
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0345
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0345
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0350
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0350
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0350
https://doi.org/10.1016/j.jenvman.2004.04.004
https://doi.org/10.1007/s10980-009-9355-7
https://doi.org/10.1007/s10980-009-9355-7
https://doi.org/10.1007/s00267-002-2630-x
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0370
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0370
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0375
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0375
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0375
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0375
https://doi.org/10.1016/j.landusepol.2010.03.003
https://doi.org/10.1016/j.landusepol.2010.03.003
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0385
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0385
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0390
http://refhub.elsevier.com/S0921-8009(24)00012-0/rf0390
https://doi.org/10.1016/j.scitotenv.2017.10.302
https://doi.org/10.1016/j.scitotenv.2017.10.302
https://doi.org/10.1016/j.landusepol.2003.10.003

	The economics of decarbonizing Costa Rica’s agriculture, forestry and other land uses sectors
	1 Introduction
	2 Materials and methods
	2.1 Overview of the IEEM model and database for Costa Rica
	2.2 Linking IEEM with land use-land cover change and ecosystem services modeling

	3 Scenario design
	3.1 Costa Rica’s intended nationally determined contributions
	3.2 Business-as-usual scenario
	3.3 Crop and livestock AFOLU emissions reduction strategies
	3.3.1 EMI
	3.3.2 YIELD
	3.3.3 YIELD ​+ ​EMI

	3.4 Forestry AFOLU emissions reductions strategies
	3.4.1 REDD1
	3.4.2 REDD2
	3.4.3 COMBI


	4 Results
	5 Discussion
	6 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


