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Abstract

The Amazon biome is being pushed by unsustainable economic drivers towards an ecological
tipping point where restoration to its previous state may no longer be possible. This degradation is
the result of self-reinforcing interactions between deforestation, climate change and fire. We assess
the economic, natural capital and ecosystem services impacts and trade-offs of scenarios
representing movement towards an Amazon tipping point and strategies to avert one using the
Integrated Economic-Environmental Modeling (IEEM) Platform linked with spatial land use-land
cover change and ecosystem services modeling (IEEM + ESM). Our approach provides the first
approximation of the economic, natural capital and ecosystem services impacts of a tipping point,
and evidence to build the economic case for strategies to avert it. For the five Amazon focal
countries, namely, Brazil, Peru, Colombia, Bolivia and Ecuador, we find that a tipping point would
create economic losses of US$256.6 billion in cumulative gross domestic product by 2050. Policies
that would contribute to averting a tipping point, including strongly reducing deforestation,
investing in intensifying agriculture in cleared lands, climate-adapted agriculture and improving
fire management, would generate approximately US$339.3 billion in additional wealth and a
return on investment of US$29.5 billion. Quantifying the costs, benefits and trade-offs of policies
to avert a tipping point in a transparent and replicable manner can support the design of regional
development strategies for the Amazon biome, build the business case for action and catalyze
global cooperation and financing to enable policy implementation.

1. Introduction its center [1, 2]. Over this period, close to 20%

of the Amazon biome has been converted from
In the last seven decades, both human occupation forests to other land uses [3] and at least 17% of
and deforestation in Brazil have been advancing from  the remaining forest has been disturbed since 1995
the southern extent of the Amazon biome towards [4]. The hydrological cycle of the Amazon depends
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on the internal cycling of water where as much
as 75% of precipitation is recycled back to the air
through evapotranspiration. Deforestation and fire
disrupt this cycle by reducing net surface radiation
and evapotranspiration [5], increasing rainfall runoff
and land surface temperature, and ultimately redu-
cing rainfall [5-10].

Together, the feedbacks between climate and con-
tinued deforestation could lead to an irreversible situ-
ation that is the focus of this paper: a tipping point
beyond which large areas of the Amazon no longer
have sufficient rainfall to support broadleaf evergreen
forests [11-16]. As the disruption of the hydrological
cycle reduces moisture availability for both native and
cultivated plants, the region’s ecosystems could shift
towards lower biomass communities characteristic
of drier climates or more disturbed environments.
This tendency towards degradation of forest ecosys-
tems and favoring of derived svanna has already been
observed in some regions of the eastern and south-
western Amazon. [17, 18]

The shift to degraded, grass-dominated systems
[19, 20] is accelerated by existing trends—reduced
rainfall, increasing temperatures, increasing drought
frequency and intensity, and increasing forest fires
[5, 21-23]. With more frequent anthropogenic fires,
the likelihood of forest dieback increases considerably
[24]. Several studies have investigated the deforesta-
tion threshold that would cause a tipping point in the
Amazon biome and, while some authors view the tip-
ping point as imminent [22], others have estimated
that it would take deforestation of 40% or more of the
Amazon Basin to push the system over the threshold
[23, 25-27].

A tipping point for the Amazon would result in
losses of biodiversity and critical material and non-
material ecosystem services, which are the benefits
people derive from nature [28]. Material ecosystem
services include agricultural and forest product out-
put and water supply while non-material ecosystem
services include carbon storage, nutrient retention
in biomass and soils [29], water regulation and soil
retention. With a reduction in natural capital stocks
(the physical stock of forest and soil, for example) and
ecosystem service flows, inter-generational wealth
(the current and future stock of natural, human and
physical capital) and well-being would be affected
dramatically as we will show here.

Measures to avert a tipping point include strongly
reducing deforestation, the sustainable intensific-
ation of agricultural systems on already cleared
land [30], expanding silvopastoral and agroforestry
systems [31], extensive reforestation of low pro-
ductivity land [22], improved fire management [21]
and strengthening forest-based livelihoods [32, 33]. If
adopted at scale, these nature-based solutions are cap-
able of reconciling inclusive socioeconomic growth
with the stabilization of the regional hydrological sys-
tem and mitigating global climate change [34].
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In the literature, there is a gap in understand-
ing of the potential costs of approaching a tipping
point and the benefits of policies to avert one. We fill
this gap by quantifying the economic, natural cap-
ital and ecosystem service impacts of approaching
an Amazon tipping point through a set of concepts
and macroeconomic indicators commonly used by
Ministries of Finance and Planning as well as multi-
lateral lending institutions—institutions whose sup-
port would be critical in designing and financing
policies to avert a tipping point. We quantify the
macroeconomic costs and benefits derived from the
implementation of strategies to avert a tipping point
at a multi-national scale. Our assessment goes bey-
ond a conventional benefit-cost approach by apply-
ing the Integrated Economic-Environmental Model-
ing (IEEM) Platform to five countries in the region.
We translate demand for land as a factor of produc-
tion from IEEM’s environmental-economic modeling
into spatially explicit land cover changes through land
use-land cover (LULC) change modeling and, using
spatial Ecosystem Services Modeling (ESM), evalu-
ate changes to natural capital stocks and ecosystem
service flows that drive broader social and economic
impacts [35, 36].

We focus on the Amazon biome countries with
the largest economies for which reliable economic
and environmental data exist—namely Brazil, Peru,
Colombia, Bolivia and Ecuador—to estimate the
effect of different scenarios on standard economic
indicators such as gross domestic product (GDP),
trade, income and employment, as well as other
robust indicators of economic development includ-
ing well-being and wealth metrics [37-42]. Our meas-
ure of wealth is based on genuine savings [43, 44] and
accounts for scenario-driven changes in natural cap-
ital and damages from greenhouse gas emissions. In
addition, we estimate effects on natural capital stocks
and ecosystem service supply, specifically: carbon
storage, nutrient and sediment retention, and water
supply. Estimates of the effects of our policy scen-
arios on economic indicators, natural capital stocks
and ecosystem service supply are compared with the
tipping point scenario to determine the net effect of a
more sustainable vision for the Amazon.

2. Methods

2.1. IEEM for Brazil, Bolivia, Colombia, Ecuador,
and Peru

The IEEM Platform [45, 46] is an economy-wide
decision-making framework for evidence-based pub-
lic policy and investment design based on a recurs-
ive dynamic computable general equilibrium (CGE)
model [47-49]. In this study, we linked IEEM with
spatial LULC and ESM, IEEM + ESM [35, 36], to
understand the regional economic repercussions of
moving toward an environmental tipping point in
which the Amazon experiences irreversible changes
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to its ecosystems. IEEM models, databases and
instructional materials are openly available on the
OPEN IEEM Platform website'".

Among CGE models, the value-added of IEEM
is: (a) its integration of detailed environmental
information through the United Nations System of
Environmental-Economic Accounting [50] to repres-
ent the economy and the environment in a com-
prehensive and inter-connected way, all consistent
with the System of National Accounts [51]; (b)
the indicators IEEM generates are those deman-
ded by policy makers including GDP, employment
and poverty, but also metrics of wealth, sustainab-
ility, natural capital stocks and ecosystem services
supply; and (c) IEEM’s environmental modeling
modules capture the specific dynamics of natural
capital-based sectors while IEEM’s linkage with spa-
tial ESM enables estimation of impacts on the
future flow of market and non-market ecosystem
services.

The core IEEM database is an environment-
ally extended Social Accounting Matrix construc-
ted for each of our five Amazon focal countries
[52] based on each country’s System of National
Accounts, supply and use tables and integrated
economic accounts. Crops, livestock, forestry and
employment data for each country are disaggregated
by first level administrative divisions using a com-
bination of agricultural census data, LULC maps,
and national household and continuous employ-
ment surveys. This is an important step for enabling
LULC and ESM that accurately reflects subnational
(state and department-level in this case) demand
for land and the application of spatially targeted
policies. IEEM outputs and subsequent LULC and
ESM include 21 states and departments in the five
countries found within the Amazon biome, plus the
aggregated non-Amazonian parts of each country, for
a total of 26 regions (see supplementary informa-
tion (SI) section 1 for detailed data sources for each
country).

We develop a baseline projection for each of
the focal countries for the period 2020-2050. The
economies are projected for this period based on
the International Monetary Fund’s World Economic
Outlook GDP growth rates [53] and the United
Nations Department of Economic and Social Affairs
population projections [54]. Deforestation is projec-
ted to 2050 based on historical trends [55]. Deforest-
ation increases the availability of cleared land for crop
and livestock activities with endogenous allocation of
land between these two uses. The extraction of nat-
ural assets such as petroleum and minerals occurs at
the same rate as GDP growth for each country. Equi-
librating mechanisms or model closures for govern-
ment, savings-investment, and balance of payments
are detailed in SI section 1.
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2.2. Scenario overview

We first develop a reference business-as-usual (BASE)
scenario for the region from 2020 to 2050 from a pro-
jection of economic development and land use that
follows current trends. We then introduce the tip-
ping point scenario (COMBI ) which simulates the
impacts of approaching an Amazon tipping point and
is comprised of three main dimensions: (a) climate
change impacts from increased water and temperat-
ure stress; (b) increasing frequency and intensity of
drought, and; (c) increasing frequency and intens-
ity of fire. The difference between the COMBI and
BASE scenario reveals the economic, natural capital
and ecosystem service impacts of approaching a tip-
ping point.

Upon this future trajectory for the region
(COMBI), we implement policy actions aimed at
averting a tipping point. This policy intervention
scenario (POLICY) begins with concerted regional
efforts to strongly reduce deforestation over the next
10 years. There are various strategies for achieving
this, including command and control mechanisms
such as improved monitoring and enforcement of
existing laws, market-based incentives such as the
G4 Cattle Agreement (suppliers that have defores-
ted since 2010 are excluded from selling to signat-
ory slaughterhouses) [56] and the Soy Moratorium
(soybean trader signatories agreed to not purchase
soybean on lands deforested after 2006), as well as
policies and incentives for introducing more sus-
tainable productive practices (e.g. intensive cattle
production systems based on mixed grass-legume
pastures [57], integrated crop-livestock systems [58],
establishing silvopastoral and agroforestry systems
in already degraded areas [30, 31] and sustainable
forest management systems) and payment for eco-
system services [1]. Experience in Brazil over the
last 15 years has generated numerous lessons that
can be applied in the region to reduce deforestation
[59-61]. In addition to reducing deforestation, the
policy intervention scenario includes investment in
agricultural intensification, climate-adapted agricul-
tural systems and improved fire management.

To facilitate presentation and discussion of res-
ults, we treat the tipping point scenario and the policy
intervention scenario as two single scenarios. In real-
ity, they are comprised of a number of sub-scenario
components, each introducing different dimensions
that drive towards an environmental fallout in the
tipping point case, and different positive policy out-
comes in the policy intervention case. Specifically,
the tipping point scenario (COMBI) is comprised of
continued high rates of deforestation, the ongoing
average climate change effect on agricultural yields
(YIELD component) and increasing frequency and
intensity of drought (DRGHT component) and fire
(FIR component).
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Underpinning the YIELD component of COMBI,
evidence shows that tropical South America has
become warmer and drier, and these trends are expec-
ted to continue. To model the relationship between
climate change and crop productivity, we use his-
torical crop yield data combined with observed cli-
mate data on monthly temperature and precipita-
tion from the 30 year period from 1981 to 2010,
and future climate projections from 2020 to 2050.
The DRGHT component simulates the expectation
that extreme drought events will become more fre-
quent and intense with climate change. To quantify
the increasing likelihood of extreme droughts and
their potential effect on agricultural output in a
drought year, we use the Standardized Precipitation-
Evapotranspiration Index from 1981 to 2050 for each
state/department of our focal countries. The FIR
component captures how climate change is expec-
ted to result in increased frequency and intensity of
fire. Combined with climate change, fire will be a
key factor determining what kind of forests exist in
the future and whether those forests can sustain crit-
ical ecosystem services over the long term [23]. We
describe the literature and assumptions underpinning
each of these sub-scenario components in the accom-
panying SI section 2.

We then introduce a set of sub-scenario com-
ponents that jointly describe a policy intervention
scenario (POLICY) designed to avert an Amazon
tipping point, comprised of net zero deforesta-
tion (NDEFOR), intensified agricultural systems
on cleared lands and climate-adapted agriculture
(YIELD50), and improved fire management (NFIR).
We simulate net zero deforestation as being achieved
through intense efforts to improve monitoring and
enforcement of deforestation across the region and
provide alternative opportunities to support forest-
based livelihoods. The annual cost of reaching net
zero deforestation is estimated at US$5.5 billion
[62, 63]. We distribute this cost across countries based
on their individual share of the Amazon biome (67%
in Brazil, 15% in Peru, 9% in Bolivia, 8% in Colombia
and 1% in Ecuador).

To mitigate the climate change impact on agri-
cultural yields and reduced land supply arising from
net zero deforestation, the policy intervention scen-
ario includes investment in agricultural intensifica-
tion, targeted irrigation and expansion of climate-
adapted crop varieties. These measures could mitigate
up to 50% of projected productivity losses relative
to the yield component of the tipping point scen-
ario in average years, though crops remain vulner-
able to the extreme droughts simulated in the drought
component of that same scenario. The fire manage-
ment component of the policy intervention scenario
represents comprehensive efforts to control and pre-
vent fires in the face of drier, more fire-prone cli-
matic and biophysical conditions. We assume that
effective implementation of fire management could
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prevent 50%-75% of the projected burned area from
burning[21].

2.3. Scientific underpinnings of scenario design

To calibrate scenarios in IEEM, beginning with the
yield shock, we develop statistical models to relate his-
toric variability in crop productivity to existing spatial
gradients in climate and periodic shocks arising from
droughts. To quantify regional changes in temperat-
ure and dryness, we apply the climate space concept,
which uses rainfall and the Maximum Cumulative
Water Deficit, an index of dryness, to delineate the
climate envelope, which in this case is the range of
precipitation and temperature that is most suitable
for agricultural production [12, 64]. We use a gen-
eralized linear model to relate historic yields to the
Maximum Cumulative Water Deficit. Based on these
results, we make hypothetical yield projections under
mean future climate conditions. This allows us to
quantify the upper and lower bounds of expected crop
losses as a percentage of baseline yield for each admin-
istrative unit, without explicitly modeling the sensit-
ivity of specific crops.

Using a similar approach to that described above,
we calculate the Standardized Precipitation Evapo-
transpiration Index, a standard metric used to mon-
itor droughts [65]. We estimate the historic and future
frequency of extreme events based on a threshold of
one standard deviation of the Index. We use results
as the basis of our YIELD scenario shocks implemen-
ted in IEEM. To simulate drought impacts on agricul-
ture in the DRGHT scenario, and in addition to yield
losses due to changes in the average climatic condi-
tions and the Maximum Cumulative Water Deficit,
we assume a 15% loss in yield during extreme drought
events, which are expected to become more frequent
in the future [66].

Underpinning the FIR scenario, we use model
outputs to quantify the interactions between defor-
estation, climate change and fire in the driest region
of the southern Amazon, which is comprised of about
192 million hectares and is where most fires occur
[21]. To account for the effect of climate change on
dry season length, we use data from the Amazon
Climate Source, a data platform that synthesizes
information on observed historical climate [67] and
model future climate [68] in the Amazon [69]. We
use dry-season length as a spatial mask in a Geo-
graphic Information System to distinguish between
flammable and non-flammable forests, making the
assumption that Amazon forest areas with a dry sea-
son length of greater than or equal to 3 months are
eligible to burn.

For all scenarios, we assume that future climate
will follow the high-emissions scenario outlined by
the Intergovernmental Panel on Climate Change [70]
which most closely matches current emissions path-
ways and thus the status quo which is consistent
with the tipping point scenario. The high-emissions
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scenario, referred to as a Representative Concentra-
tion Pathway, assumes that atmospheric greenhouse
gases will accumulate at the current rate of emis-
sions, causing a climate forcing of 8.5 Watts per square
meter.

2.4. LULC change modeling

Annual demands for forest, forest plantation, crop-
land and grazing areas are generated by IEEM. IEEM
demand for land is spatially allocated across a 1 km
grid with the LULC change model, which is used to
generate baseline and scenario-based projected LULC
maps. These maps and future precipitation, temper-
ature, and potential evapotranspiration projections
are the main inputs used to model changes in ecosys-
tem services, with most other inputs to those mod-
els held constant. We use the Dyna-CLUE [71-74]
LULC change modeling framework to spatially alloc-
ate LULC change using empirically quantified rela-
tionships between land use and location factors, in
combination with the dynamic modeling of competi-
tion between land use types. Dyna-CLUE calculates
suitability maps for each land use type that reflect
the probability of each land use class occurring for
each grid cell and assigns demands accordingly (see
SI section 3 for additional details).

2.5.ESM

We use four of the Integrated Valuation of Ecosys-
tem Services and Tradeoffs (InVEST) models [75]
to calculate scenario-based, spatially explicit changes
in ecosystem services supply, namely: the sediment
delivery ratio model to calculate soil erosion mitig-
ation services; the carbon storage model to calcu-
late carbon storage and carbon sequestration poten-
tial; the annual water yield model to calculate water
regulating services, and; the nutrient delivery ratio
model, which is used as a proxy for the water puri-
fication potential of landscapes in absorbing nitro-
gen and phosphorus (see SI section 4 for additional
details). We parametrize these four InVEST models
with the IEEM + ESM datapackets[76] which render
them virtually “plug and play”.

3. Results

3.1. LULC and ecosystem service impacts
Land use and land cover classes subject to change in
our modeling are forests, forest plantations, shrubs
and other vegetation, cropland, and grazing and pas-
ture areas. LULC change was modeled individually
for the Amazon region’s 26 different states or depart-
ments, depending on the administrative division of
each of the countries included (figure 1). Throughout
the entire Amazon region, we identified areas subject
to change using a 1 km grid.

With a detailed understanding of LULC change
in the landscape, we assess changes in ecosystem ser-
vices first as the tipping point impact with respect
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to a hypothetical future without a tipping point
(COMBI vs. hypothetical BASE) and then the policy
impact with respect to the tipping point (POLICY
vs. COMBI; figure 2). Moving toward a tipping point
would result in large losses (>25%) of carbon stor-
age (COMBY, figure 3) in some of Brazil’s northeast-
ern states including Alagoas, Pernambuco, Paraiba,
Rio Grande do Norte, and Cear4, while Piaui would
experience a reduction of 5%-25% in carbon storage.
Rio Grande do Sul, Santa Catarina and Parana would
experience a loss of more than 25%. The Colombian
and Ecuadorian Amazon would experience a loss of
up to 5% along with the Bolivian Amazon, and the
Brazilian states of Amazonas, Acre and Roraima. In
contrast, policy interventions to avert a tipping point
would increase carbon storage (POLICY, figure 3) by
more than 25% across most of the region.

With regard to water regulating services, the tip-
ping point impact (COMBI, figure 3) on these ser-
vices would be largely muted across the region. In the
case of policy intervention (POLICY, figure 3), water
regulating services would improve with more water
used for ecological functions such as evapotranspir-
ation. This improvement would result in less runoff,
thus reducing the impacts of floods, while maintain-
ing better water quality and more water for dry season
flows and other important biological and ecosystem
functions. Compared to the tipping point, improve-
ments to water regulation through policy interven-
tion would be between 1% and 5% across much of
the region.

A tipping point would result in reductions in
water quality (COMBI, figure 3), proxied for by nitro-
gen exports to streams, and would be most acute in
Bolivia’s south and in Brazil’s southeastern states of
Minas Gerais, Sao Paulo and Parana with a reduc-
tion of more than 25% driven by an increase in nitro-
gen exported to water bodies. A 5%—-25% reduc-
tion in water quality would be found in the case of
Peru’s Andes and coast and the Brazilian states of
Roraima, Amap4, Pard, Maranhao, Pard, Mato Grosso
and Mato Grosso do Sul. Policy intervention would
have a strong impact on improving water quality
(POLICY, figure 3), equal to or greater than 50% for
much of the region. In the case of Minas Gerais, there
would be an increase of over 25% and in Paran4, there
would be a reduction in water quality of 5%—25% due
to increases in nitrogen exported to water bodies.

A tipping point scenario would have spatially
diverse impacts on erosion mitigation services
(COMBY, figure 3) across the region, with a particu-
larly acute loss across Bolivia (more than 25% loss),
along the western slope of the Andes in Peru, and
in the Colombian Amazon (5%-25% loss). Parand
in Brazil would experience a more than 25% loss
of erosion mitigation services, followed by Minas
Gerais (5%-25%), Pard, Roraima, Rondonia, and
Acre (up to 5% loss of services). Colombia’s non-
Amazon region would experience a loss of up to
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(POLICY) scenarios.
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Figure 3. Policy impacts on ecosystem services as a percentage difference between the policy intervention (POLICY) in 2050 and
the Amazon tipping point (COMBI) scenarios. In the keys, green indicates a positive outcome, red indicates a negative outcome.
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5%. Policies to avert a tipping point would have a
dramatic impact on improving erosion mitigation
services (POLICY, figure 3) by more than 50% across
much of the region. Bolivia’s Amazon region is an
exception where a 25% loss would be experienced.

3.2. Economic impacts

The cumulative regional GDP impact of approaching
an Amazon tipping point would be an economic loss
of over US$256.6 billion (2019 base year; table 1). In
Brazil, the loss would be on the order of US$184.1
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Table 1. Regional economic effects of reaching an ecological tipping point in the Amazon. YIELD: crop yield reductions from climate
change; DRGHT: increased severe drought; FIR: increased fire frequency and intensity, and; COMBI: combined effects of tipping point
scenario, all as cumulative impacts on gross domestic product (GDP) and Wealth as difference from the BASE scenario in millions of US
Dollars (2019 base year). NDEFOR: net zero deforestation; YIELD50: climate-adapted agriculture; NFIR: fire management, and;
POLICY: combined effects of policy intervention, all as cumulative impacts on GDP and Wealth as difference from COMBI.

Indicator ~ Country YIELD DRGHT FIR COMBI NDEFOR  YIELD50 NFIR  POLICY
GDP
Brazil —146 800 —33515 30 —184121 —191209 —73928 —129 —81245
Peru —-7,107 —1064 4 —8200 —9168 —4104 —35 —5117
Colombia  —26656 —8430 13 —35266 —47 158 —19096 —142 —31177
Bolivia —16271 —1678 —49 —17610 —20238 —10421 —254  —14555
Ecuador —11408 —30 18 —11420 —19746 —8410 —17 —16775
Regional —208 242 —44717 16 —256618 —287519 —115958 —577 —148 869
Wealth
Brazil —42922 —9880 —743 —55207 123561 —15886 113 162 804
Peru —1218 —184 —318 —1729 19233 252 1 20952
Colombia  —12040 —3773 —809 —16 868 87 660 —5893 —166 98165
Bolivia —4685 —441 —36 —5413 6769 —2042 6 10062
Ecuador —2044 -5 —291 —2337 45515 —463 —52 47 311
Regional —62908 —14282 —2197 —81554 282738 —24032 —98 339294

billion, followed by US$35.3 billion, US$17.6 bil-
lion, US$11.4 billion, and US$8.2 billion in Colom-
bia, Bolivia, Ecuador, and Peru, respectively. In terms
of wealth, the cumulative regional impact would
be a loss of US$81.55 billion; on a national basis,
wealth forgone in Brazil would be US$55.2 billion,
followed by US$16.9 billion, US$5.4 billion, US$3.98
billion, US$2.3 billion and US$1.7 billion in Colom-
bia, Bolivia, Ecuador, and Peru, respectively.

Through the lens of GDP, policies to avert a tip-
ping point, including net zero deforestation, would
mitigate some but not all of these economic impacts.
For the entire region, the net effect would be a
US$148.9 billion reduction in GDP. Economic losses
would be reduced by more than half in the case of
Brazil with a US$81.2 billion loss to GDP, a US$31.2
billion loss in Colombia, a US$16.8 billion loss in
Ecuador, US$14.6 billion in Bolivia, and US$5.1 bil-
lion in Peru.

Strategies to avert a tipping point, including net
zero deforestation, would not only mitigate negat-
ive economic impacts, but would generate positive
gains for inter-generational wealth; the impact of a
net zero deforestation policy would be particularly
strong. For the region, policy intervention would gen-
erate an additional US$339.3 billion in cumulative
wealth. For Brazil, this would add US$162.8 billion
in wealth, followed by Colombia, Ecuador, Peru, and
Bolivia, with additional wealth of US$98.2 billion,
US$47.3 billion, US$20.95 billion, and US$10.1 bil-
lion, respectively.

The GDP trajectory by country, as a difference
from business-as-usual (BASE), is strongly influ-
enced by the climate change projections and derived
indicators used to estimate agricultural productiv-
ity and drought and fire-related shocks throughout
the analytical period (figure 4). The variability of

these factors resulted in irregular impacts through
time where some years would register markedly worse
impacts than others due to year-to-year variation
in the severity of drought and fire. For example, in
the case of Bolivia, policies to avert a tipping point,
when considered from the perspective of GDP, would
appear to generate economic benefits as measured by
GDP in the long-term near the final years of the ana-
lytical period.

In terms of the tipping point scenario’s effects on
GDP, Brazil, Colombia and Peru’s economic traject-
ory would follow a relatively steep decline through-
out the analytical period (figure 4). With regard to
the tipping point impact on wealth, Peru would suf-
fer a rather precipitous drop in wealth at the end of
the period due to a fire that destroys a large tract
of forest; this occurs due to the probabilistic nature of
how we model fire (see SI 2). This important loss of
natural capital stocks would go undetected from the
perspective of GDP.

In contrast, in the policy intervention scen-
ario, wealth would trend upward for most coun-
tries (figure 4). Bolivia, however, would experience
a boost to wealth in the initial years with a tend-
ency toward the baseline scenario levels of wealth in
later years. The smoother trend in the wealth impacts
of the policy scenario compared with the tipping
point scenario is explained by the gradual imple-
mentation of investments to improve agricultural
yields.

A tipping point would push at least 171 000 more
people into poverty across the region. While the
policy intervention scenario would mitigate some of
the increase in poverty, it would still result in 159 600
more poor people; this number of poor represents
approximately 0.05% of the current combined pop-
ulation of the five focal countries.
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Figure 4. Gross domestic product (GDP) trajectory as difference from baseline (BASE) for an ecological tipping point in the
Amazon (COMBI) and policy intervention (POLICY) scenarios (top left and right); Note Brazil is shown on secondary y-axis.
Wealth trajectory as difference from BASE for tipping point and policy intervention scenarios (bottom left and right); Note Brazil
and Colombia are shown on secondary y-axis. In millions of US dollars (2019 base year).

4, Discussion and conclusions

This is the first high resolution study, both in
economic and land use terms, that considers the
interrelationship and feedbacks between the three
dimensions of sustainable development- economy,
environment, and society- in a comprehensive way.
Previous studies have tended to focus on one of
these dimensions and specific components of a tip-
ping point, for example deforestation [8, 77, 78],
fire [24, 79] or savannization [12, 20]. Literature that
assesses the economic impacts of a tipping point and
policy interventions to avert one is scarce [10, 80, 81]
and indeed non-existent from a whole-of-economy,
CGE perspective.

The Amazon is approaching a tipping point due
to the self-reinforcing interactions between climate
change, deforestation and fire [5-9]. We operation-
alize the drivers of the tipping point concept as
being comprised of continued high levels of deforest-
ation, mean climate change effects, and increasing fre-
quency and intensity of both drought and fire. These
components of a tipping point interact with regional
economies primarily through direct impacts on agri-
cultural productivity and land markets, both of which
have implications for economic activity and welfare.

No economic sectors are spared the effect of a
tipping point; the cumulative regional GDP impact
would be an economic loss of over US$256.6 bil-
lion and a deterioration of regional wealth on the
order of US$81.55 billion. The regional GDP impact

in 2050 would be 3% and the wealth impact would be
1%. Impacts by country would vary according to the
importance of agriculture to each country’s economy
and its share of the Amazon biome.

Coordinated action and investment by Amazon
countries to achieve net zero deforestation, improve
fire management, intensify agriculture on already
cleared land and implement climate-adapted
agriculture [23, 31-34] are critical to averting a
tipping point. With environmental damage having
occurred unchecked for decades [55, 60, 62, 78],
implementing the necessary measures would involve
some short-run adjustment costs as regional econom-
ies allocate resources and adjust to new land supply
dynamics, though increasing land scarcity accompan-
ied by measures to enhance productivity on already
cleared lands would mitigate some of these costs.

Considering that GDP does not reflect changes in
natural capital stocks nor its capacity for generating
ecosystem service flows, the portfolio of policies that
we consider to avert a tipping point would result in
a US$148.9 billion reduction in GDP equivalent to
2% of regional GDP in 2050. This, however, would
be a marked improvement when compared to the
tipping point scenario. On the other hand, through
the lens of wealth and sustainable economic devel-
opment, coordinated policy action would generate
an additional US$339.3 billion in cumulative wealth,
equivalent to a 4% increase in regional GDP in 2050.

Achieving net zero deforestation across the
Amazon would have a profound effect on natural
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capital and future ecosystem service flows, sustaining
both local livelihoods and regional climatic, hydro-
logical and nutrient cycles. Maintaining standing
forests affects the supply of many ecosystem services;
this study considers only a subset of these services and
thus provides a conservative estimate of the impacts.
With coordinated policy action, soil erosion mitig-
ation services would improve by more than 50% in
most regions. Carbon storage would increase across
almost all countries by more than 25%. Water qual-
ity also generally would improve across the region
with 50% less nutrient exports and water regulation
services would be enhanced by between 1% and 5%.

While in this study we focused on how a tipping
point would interact with the economy through agri-
cultural productivity, land markets and returns to
forestland, there are additional interactions that could
be considered, such as health impacts related to forest
cover and disease transmission [82], health impacts
of reduced emissions from forest fires and localized
forest cover and climate interactions. Furthermore,
these estimates are conservative in that impacts of an
Amazon tipping point would be felt beyond our focal
countries in at least four ways: (a) global economic
impacts through changes in international commerce
affecting, for example global food security and migra-
tion patterns; (b) economic impacts felt by nearby
nations not included in the modeling exercise due
to data limitations (specifically, Venezuela, Guyana,
Suriname and French Guiana); (c) climate impacts
felt elsewhere that result from additional atmospheric
carbon released through deforestation and fire, and;
(d) tipping point-caused changes to precipitation pat-
terns affecting nations beyond the Amazon region
[83, 84].

Our results present a positive outlook should
coordinated policy action be taken now. While there
may be some short run costs, policy action would
build intergenerational wealth and enhance natural
capital stocks and their ability to increase the future
flow of ecosystem services. Complementary policies
and incentives would be required to diversify sources
of income for those households dependent on land-
based systems where net zero deforestation would
affect the supply of land and alter land use dynamics
throughout the region.

From a policy design perspective, this study
revealed an important gap in information on the costs
of policy implementation. While there is a growing
body of evidence that supports the effectiveness of
the policies considered here, information on costs is
sorely lacking. This information is critical for gov-
ernments to raise funds and allocate budgets for
these policies. Without information on costs, well-
intentioned efforts are destined to be under-funded
and ultimately fall short of averting an Amazon tip-
ping point. As we have shown here, the costs of fail-
ure would impose devastating consequences from an
economic and environmental perspective.

10

O Banerjee et al

Data availability statement

The data that support the findings of this study are
available upon reasonable request from the authors.

Acknowledgments

This study was commissioned by the UK’s HM Treas-
ury to inform the Dasgupta Review on the Econom-
ics of Biodiversity. The study was funded by the UK’s
Department for Environment, Food & Rural Affairs
and the Inter-American Development Bank. Sup-
port for Onil Banerjee’s time was provided by the
Inter-American Development Bank until March 2022
and by RMGEO Consultants Inc. thereafter. Support
for Bagstad’s time was provided by the USGS Land
Change Science Program. Modeling of deforestation-
climate feedbacks and analysis of regional climate
risks for agricultural productivity, drought, and fire
were supported by grants from the NSF (INFEWS
#1739724), CNPq (Nexus-Cerrado #441463/2017-7;
PELD-Tang #441703/2016-0PELD), and the Gordon
and Betty Moore Foundation (#5482, #9957). The
authors thank Robert Marks, Emily McKenzie, Felix
Nugee and the Dasgupta Review Team for their con-
structive review of an early version of this study.
The authors thank the Inter-American Development
Bank’s Allen Blackman, Gregory Watson, Annette
Kilmer, Eirivelthon Lima, Carlos Salazar, Santiago
Bucaram, Marisol Inurritegui, Pedro Martel, Fabiano
Bastos, Jose Luiz Rossi and Aloisio de Melo for their
valuable comments. Thanks also to Judson Ferreira
Valentim, Mariane Crespolini dos Santos and Ser-
gio De Zen for sharing their insights. The authors
thank GLASSNET for providing a platform for enga-
ging with GLASSNET scholars to enrich the study
and identify linkages with related work from global
to local scales.

ORCID iDs

Onil Banerjee
020X
Kenneth J Bagstad ® https://orcid.org/0000-0001-
8857-5615
Paulo M Brando
8952-7025

https://orcid.org/0000-0003-4455-

https://orcid.org/0000-0001-

References

[1] Valentim J F 2015 Environmental governance and
technological innovations for sustainable development in the
Amazon Emergent Brazil (Gainesville: University Press of
Florida) pp 219-40

[2] Valentim J F and Vosti S A 2005 The Western Brazilian
Amazon Slash-and-burn Agriculture: The Search for
Alternatives (New York: Columbia University Press)

PP 265-90

[3] Smith C C, Espirito-Santo F D B, Healey J R, Young P J,

Lennox G D, Ferreira ] and Barlow J 2020 Secondary forests


https://orcid.org/0000-0003-4455-020X
https://orcid.org/0000-0003-4455-020X
https://orcid.org/0000-0003-4455-020X
https://orcid.org/0000-0001-8857-5615
https://orcid.org/0000-0001-8857-5615
https://orcid.org/0000-0001-8857-5615
https://orcid.org/0000-0001-8952-7025
https://orcid.org/0000-0001-8952-7025
https://orcid.org/0000-0001-8952-7025

Environ. Res. Lett. 17 (2022) 125005

offset less than 10% of deforestation-mediated carbon
emissions in the Brazilian Amazon Glob. Change Biol.
26 7006-20
Bullock E L, Woodcock C E, Souza Jr C and Olofsson P 2020
Satellite-based estimates reveal widespread forest
degradation in the Amazon Glob. Change Biol. 26 2956—69
Silvério D V, Brando P M, Macedo M N, Beck P S A,
Bustamante M and Coe M T 2015 Agricultural expansion
dominates climate changes in southeastern Amazonia: the
overlooked non-GHG forcing Environ. Res. Lett. 10 104015
Butt E W, Conibear L, Reddington C L, Darbyshire E,
Morgan W T, Coe H, Artaxo P, Brito J, Knote C and
Spracklen D V 2020 Large air quality and human health
impacts due to Amazon forest and vegetation fires Environ.
Res. Commun. 2 095001
D’Almeida C, Vorosmarty C J, Hurtt G C, Marengo ] A,
Dingman S L and Keim B D 2007 The effects of deforestation
on the hydrological cycle in Amazonia: a review on scale and
resolution Int. J. Climatol. 27 63347
Leite-Filho A T, Costa M H and Fu R 2020 The southern
Amazon rainy season: the role of deforestation and its
interactions with large-scale mechanisms Int. J. Climatol.
40 2328-41
Wright J S, Fu R, Worden J R, Chakraborty S, Clinton N E,
Risi C, Sun Y and Yin L 2017 Rainforest-initiated wet season
onset over the southern Amazon PNAS 114 8481-6
[10] Leite-Filho A T, Soares-Filho B S, Davis J L, Abrahao G M
and Borner J 2021 Deforestation reduces rainfall and
agricultural revenues in the Brazilian Amazon Nat.
Commun. 12 2591
[11] Aragao L E O C, Malhi Y, Barbier N, Lima A,
Shimabukuro Y, Anderson L and Saatchi S 2008 Interactions
between rainfall, deforestation and fires during recent years
in the Brazilian Amazonia Phil. Trans. R. Soc. B 363 1779-85
[12] Malhi Y, Aragao L E O C, Galbraith D, Huntingford C,
Fisher R, Zelazowski P, Sitch S, McSweeney C and Meir P
2009 Exploring the likelihood and mechanism of a
climate-change-induced dieback of the Amazon rainforest
PNAS 106 20610-5
[13] Nepstad D C, Tohver I M, Ray D, Moutinho P and
Cardinot G 2007 Mortality of large trees and lianas following
experimental drought in an Amazon forest Ecology
88 2259-69
[14] Nobre C A, Sellers P J and Shukla ] 1991 Amazonian
deforestation and regional climate change J. Clim.
4 957-88
[15] Esquivel-Muelbert A et al 2019 Compositional response of
Amazon forests to climate change Glob. Change Biol.
25 39-56
[16] Boulton C A, Lenton T M and Boers N 2022 Pronounced
loss of Amazon rainforest resilience since the early 2000s
Nat. Clim. Change 12 271-8
[17] Veldman J W and Putz F E 2011 Grass-dominated
vegetation, not species-diverse natural savanna, replaces
degraded tropical forests on the southern edge of the
Amazon Basin Biol. Conserv. 144 1419-29
[18] Brando P M et al 2019 Prolonged tropical forest degradation
due to compounding disturbances: Implications for CO,
and H,O fluxes Glob. Change Biol. 25 285568
[19] Brando P M, Paolucci L, Ummenhofer C C, Ordway E M,
Hartmann H, Cattau M E, Rattis L, Medjibe V, Coe M T and
Balch J 2019 Droughts, wildfires, and forest carbon cycling: a
pantropical synthesis Annu. Rev. Earth Planet. Sci. 47 55581
[20] Trumbore S, Brando P and Hartmann H 2015 Forest health
and global change Science 349 814-8
[21] Brando P M, Soares-Filho B, Rodrigues L, Assungao A,
Morton D, Tuchschneider D, Fernandes E C M,
Macedo M N, Oliveira U and Coe M T 2020 The gathering
firestorm in southern Amazonia Sci. Adv. 6 eaay1632
[22] Lovejoy T E and Nobre C 2019 Amazon tipping point: last
chance for action Sci. Adv. 5 eaba2949
[23] Nobre C A, Sampaio G, Borma L S, Castilla-Rubio J C,
Silva J S and Cardoso M 2016 Land-use and climate change

(4

(5

=

(7

o

9

11

O Banerjee et al

risks in the Amazon and the need of a novel sustainable
development paradigm Proc. Natl Acad. Sci. 113 10759-68

[24] Brando P M et al 2014 Abrupt increases in Amazonian tree
mortality due to drought—fire interactions Proc. Natl Acad.
Sci. 111 6347-52

[25] Nepstad D C, Stickler C M, Filho B S and Merry F 2008
Interactions among Amazon land use, forests and climate:
prospects for a near-term forest tipping point Phil. Trans. R.
Soc. B 363 173746

[26] Sampaio G, Nobre C, Costa M H, Satyamurty P,
Soares-Filho B S and Cardoso M 2007 Regional climate
change over eastern Amazonia caused by pasture and
soybean cropland expansion Geophys. Res. Lett. 34 1-7

[27] Walker R, Moore N J, Arima E, Perz S, Simmons C,

Caldas M, Vergara D and Bohrer C 2009 Protecting the
Amazon with protected areas Proc. Natl Acad. Sci.
106 105826

[28] Gretchen C Daily (ed) 1997 Nature’s Services: Societal
Dependence on Natural Ecosystems (Washington, DC: Island
Press)

[29] Salati E and Vose P B 1984 Amazon basin: a system in
equilibrium Science 225 129-38

[30] Strassburg B B N, Latawiec A E, Barioni L G, Nobre C A, da
Silva V P, Valentim J F, Vianna M and Assad E D 2014 When
enough should be enough: improving the use of current
agricultural lands could meet production demands
and spare natural habitats in Brazil Glob. Environ. Change
28 84-97

[31] Porro R et al 2012 Agroforestry in the Amazon region: a
pathway for balancing conservation and development |
springerLink Agroforestry- the Future of Global Land Use
(Dordrecht: Springer)

[32] Schmink M 2011 Forest citizens: changing life conditions
and social identities in the land of the rubber tappers Lat.
Am. Res. Rev. 46 141-58

[33] Nobre I and Nobre C A 2018 The Amazonia third way
initiative: the role of technology to unveil the potential of a
novel tropical biodiversity-based economy Land
Use—Assessing the Past, Envisioning the Future (London:
IntechOpen Limited) (https://doi.org/10.5772/intechopen.
80413)

[34] Griscom B W et al 2017 Natural climate solutions Proc. Natl
Acad. Sci. 114 11645-50

[35] Banerjee O, Bagstad K J, Cicowiez M, Dudek S, Horridge M,
Alavalapati ] R R, Masozera M, Rukundo E and Rutebuka E
2020 Economic, land use, and ecosystem services impacts of
Rwanda’s green growth strategy: an application of the
IEEM+ESM platform Sci. Total Environ. 729 138779

[36] Banerjee O, Cicowiez M, Malek Z, Verburg P H, Vargas R
and Goodwin S 2020 The value of biodiversity in economic
decision making: applying the IEEM+ESM approach to
conservation strategies in Colombia IDB Working Paper
IDB-WP-01193 (Inter-American Development Bank)

[37] Arrow K], Dasgupta P, Goulder L H, Mumford K J and
Oleson K 2012 Sustainability and the measurement of wealth
Environ. Dev. Econ. 17 317-53

[38] Dasgupta P 2021 The economics of biodiversity: the
dasgupta review

[39] Dasgupta P S and Ehrlich P R 2013 Pervasive externalities at
the population, consumption, and environment nexus
Science 340 324-8

[40] Polasky S, Bryant B, Hawthorne P, Johnson J, Keeler B and
Pennington D 2015 Inclusive wealth as a metric of
sustainable development Annu. Rev. Environ. Resour.

40 445-66

[41] Stiglitz J E, Sen A and Fitoussi J-P 2010 Mismeasuring Our
Lives: Why GDP Doesn’t Add Up (New York: The New Press)

[42] Stiglitz ] E, Sen A and Fitoussi J-P 2009 Report by the
Commission on the Measurement of Economic Performance
and Social Progress (CMEPSP)

[43] Hamilton K 2000 Genuine saving as a sustainability
indicator (available at: https://openknowledge.worldbank.
org/handle/10986/18301)


https://doi.org/10.1111/gcb.15352
https://doi.org/10.1111/gcb.15352
https://doi.org/10.1111/gcb.15029
https://doi.org/10.1111/gcb.15029
https://doi.org/10.1088/1748-9326/10/10/104015
https://doi.org/10.1088/1748-9326/10/10/104015
https://doi.org/10.1088/2515-7620/abb0db
https://doi.org/10.1088/2515-7620/abb0db
https://doi.org/10.1002/joc.1475
https://doi.org/10.1002/joc.1475
https://doi.org/10.1002/joc.6335
https://doi.org/10.1002/joc.6335
https://doi.org/10.1073/pnas.1621516114
https://doi.org/10.1073/pnas.1621516114
https://doi.org/10.1038/s41467-021-22840-7
https://doi.org/10.1038/s41467-021-22840-7
https://doi.org/10.1098/rstb.2007.0026
https://doi.org/10.1098/rstb.2007.0026
https://doi.org/10.1073/pnas.0804619106
https://doi.org/10.1073/pnas.0804619106
https://doi.org/10.1890/06-1046.1
https://doi.org/10.1890/06-1046.1
https://doi.org/10.1175/1520-0442(1991)004<0957:ADARCC>2.0.CO;2
https://doi.org/10.1175/1520-0442(1991)004<0957:ADARCC>2.0.CO;2
https://doi.org/10.1111/gcb.14413
https://doi.org/10.1111/gcb.14413
https://doi.org/10.1038/s41558-022-01287-8
https://doi.org/10.1038/s41558-022-01287-8
https://doi.org/10.1016/j.biocon.2011.01.011
https://doi.org/10.1016/j.biocon.2011.01.011
https://doi.org/10.1111/gcb.14659
https://doi.org/10.1111/gcb.14659
https://doi.org/10.1146/annurev-earth-082517-010235
https://doi.org/10.1146/annurev-earth-082517-010235
https://doi.org/10.1126/science.aac6759
https://doi.org/10.1126/science.aac6759
https://doi.org/10.1126/sciadv.aay1632
https://doi.org/10.1126/sciadv.aay1632
https://doi.org/10.1126/sciadv.aba2949
https://doi.org/10.1126/sciadv.aba2949
https://doi.org/10.1073/pnas.1605516113
https://doi.org/10.1073/pnas.1605516113
https://doi.org/10.1073/pnas.1305499111
https://doi.org/10.1073/pnas.1305499111
https://doi.org/10.1098/rstb.2007.0036
https://doi.org/10.1098/rstb.2007.0036
https://doi.org/10.1029/2007GL030612
https://doi.org/10.1029/2007GL030612
https://doi.org/10.1073/pnas.0806059106
https://doi.org/10.1073/pnas.0806059106
https://doi.org/10.1126/science.225.4658.129
https://doi.org/10.1126/science.225.4658.129
https://doi.org/10.1016/j.gloenvcha.2014.06.001
https://doi.org/10.1016/j.gloenvcha.2014.06.001
https://doi.org/10.1353/lar.2011.0035
https://doi.org/10.1353/lar.2011.0035
https://doi.org/10.5772/intechopen.80413
https://doi.org/10.5772/intechopen.80413
https://doi.org/10.1073/pnas.1710465114
https://doi.org/10.1073/pnas.1710465114
https://doi.org/10.1016/j.scitotenv.2020.138779
https://doi.org/10.1016/j.scitotenv.2020.138779
https://doi.org/10.1017/S1355770X12000137
https://doi.org/10.1017/S1355770X12000137
https://doi.org/10.1126/science.1224664
https://doi.org/10.1126/science.1224664
https://doi.org/10.1146/annurev-environ-101813-013253
https://doi.org/10.1146/annurev-environ-101813-013253
https://openknowledge.worldbank.org/handle/10986/18301
https://openknowledge.worldbank.org/handle/10986/18301

10P Publishing

Environ. Res. Lett. 17 (2022) 125005

[44] Hanley N, Dupuy L and McLaughlin E 2014 Genuine savings
and sustainability. Discussion papers in environment and
development economics (available at: https://ideas.repec.
org/p/sss/wpaper/2014-09.html)

[45] Banerjee O, Cicowiez M, Horridge M, Vargas R and
Conceptual A 2016 Framework for integrated economic—
environmental modeling J. Environ. Dev. 25 276-305

[46] Banerjee O, Cicowiez M, Vargas R and Horridge M 2019 The
SEEA-based integrated economic-environmental modelling
framework: an illustration with guatemala’s forest and
fuelwood sector Environ. Resour. Econ. 72 539-58

[47] Dixon P B and Rimmer M T 2002 Dynamic General
Equilibrium Modelling for Forecasting and Policy: A Practical
Guide and Documentation of MONASH (Amsterdam:
North-Holland)

[48] Burfisher M E 2011 Introduction to Computable General
Equilibrium Models (Cambridge: Cambridge University
Press) (https://doi.org/10.1017/CB0O9780511975004)

[49] Dervis K, de Melo J and Robinson S 1982 General
Equilibrium Models for Development Policy (Cambridge:
Cambridge University Press)

[50] United Nations et al 2014 System of Environmental Economic
Accounting 2012- Central Framework (New York)

[51] European Commission, International Monetary Fund,
Organisation for Economic Cooperation and Development,
United Nations & Bank, W 2009 System of national
accounts 2008 (New York)

[52] Banerjee O, Cicowiez M, Vargas R and Horridge M 2019
Construction of an extended environmental and economic
social accounting matrix from a practitioner’s perspective
IDB Technical Note No. IDB-TN-01793 (Washington, DC:
Inter-American Development Bank)

[53] IMF 2020 World economic outlook, October 2020: a long
and difficult ascent (Washington, DC: International
Monetary Fund)

[54] United Nations 2019 Department of economic and social
affairs, & population division World population prospects
Highlights, 2019 Revision Highlights, 2019 Revision (New
York)

[55] MapBiomas 2020 Project MapBiomas—collection 5 of
Brazillian land cover & use map series (available at: https://
mapbiomas.org/)

[56] Moffette F, Skidmore M and Gibbs H K 2021 Environmental
policies that shape productivity: evidence from cattle
ranching in the Amazon J. Environ. Econ. Manage.

109 102490

[57] Zu Ermgassen E K H J et al 2018 Results from
on-the-ground efforts to promote sustainable cattle ranching
in the Brazilian Amazon Sustainability 10 1301

[58] Gil] D B, Garrett R D, Rotz A, Daioglou V, Valentim J,

Pires G F, Costa M H, Lopes L and Reis ] C 2018 Tradeoffs in
the quest for climate smart agricultural intensification in
Mato Grosso, Brazil Environ. Res. Lett. 13 064025

[59] Ardila]J et al 2021 Latin American and Caribbean forests in
the 2020s: trends, challenges, and opportunities (available at:
https://publications.iadb.org/en/node/29714)

[60] Banerjee O, Macpherson A J and Alavalapati ] 2009 Toward a
policy of sustainable forest management in Brazil: a
historical analysis J. Environ. Dev. 18 130-53

[61] Banerjee O and Alavalapati J R R 2010 Illicit exploitation of
natural resources: the forest concessions in Brazil J. Policy
Model. 32 488-504

[62] Stabile M C C, Guimaraes A L, Silva D S, Ribeiro V,

Macedo M N, Coe M T, Pinto E, Moutinho P and Alencar A
2020 Solving Brazil’s land use puzzle: increasing production
and slowing Amazon deforestation Land Use Policy

91 104362

[63] de Souza Cunha F A F, Bérner J, Wunder S, Cosenza C AN
and Lucena A F P 2016 The implementation costs of forest
conservation policies in Brazil Ecol. Econ. 130 209-20

[64] Castanho A D A, Coe M T, Brando P, Macedo M, Baccini A,
Walker W and Andrade E M 2020 Potential shifts in the
aboveground biomass and physiognomy of a seasonally dry

12

O Banerjee et al

tropical forest in a changing climate Environ. Res. Lett.
15 034053

[65] Begueria S, Vicente-Serrano S M, Reig F and Latorre B 2014
Standardized precipitation evapotranspiration index (SPEI)
revisited: parameter fitting, evapotranspiration models,
tools, datasets and drought monitoring Int. J. Climatol.

34 3001-23

[66] Woetzel J et al 2020 Climate risk and response: physical
hazards and socioeconomic impacts MGI Report, January

[67] Harris I, Jones P D, Osborn T J and Lister D H 2014 Updated
high-resolution grids of monthly climatic observations—the
CRU TS3.10 dataset Int. J. Climatol. 34 623-42

[68] Taylor J E, Dyer G A and Ydnez-Naude A 2012
Disaggregated rural economywide models for policy analysis
World Dev. 33 1671-88

[69] WHRC 2020 Amazon dry season length from 1961-2100
(available at: www.amazonclimatesource.org)

[70] IPCC 2014 Climate change 2014: synthesis report.
Contribution of Working Groups I, II, and III to the fifth
assessment report of the Intergovernmental Panel on
Climate Change (Geneva)

[71] Verburg P H and 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

[72] Verburg P H, Eickhout B and van Meijl H 2008 A
multi-scale, multi-model approach for analyzing the future
dynamics of European land use Ann. Reg. Sci. 42 57-77

[73] Verburg P H, de Koning G H J, Kok K, Veldkamp A and

Bouma ] 1999 A spatial explicit allocation procedure for

modelling the pattern of land use change based upon actual

land use Ecol. Modelling 116 45—61

Verburg P H, Malek Z, Goodwin S P and Zagaria C 2021 The

integrated economic-environmental modeling (IEEM)

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

(Washington, DC: Inter-American Development Bank)

Sharp R et al 2018 InVEST User’s Guide (Stanford: Stanford

University)

[76] IDB 2021 The integrated economic-environmental modeling
platform: IEEM platform technical guides The Ecosystem
Services Modeling Datapacket: Overview and Guidelines for
Use IDB Technical Note IDB-TN-02109 (Washington, DC:
Inter-American Development Bank)

[77] Franklin S L and Pindyck R S 2018 Tropical forests, tipping
points, and the social cost of deforestation Ecol. Econ.

153 161-71

[78] Azevedo A A, Rajao R, Costa M A, Stabile M C C,

Macedo M N, Dos Reis T N P, Alencar A, Soares-Filho B S

and Pacheco R 2017 Limits of Brazil’s Forest Code as a

means to end illegal deforestation Proc. Natl Acad. Sci.

114 7653-8

Brando P, Macedo M, Silvério D, Rattis L, Paolucci L,

Alencar A, Coe M and Amorim C 2020 Amazon

wildfires: scenes from a foreseeable disaster Flora

268 151609

[80] Strand J et al 2018 Spatially explicit valuation of the
Brazilian Amazon forest’s ecosystem services Nat. Sustain.
1657-64

[81] Brouwer R, Pinto R, Dugstad A and Navrud S 2022 The
economic value of the Brazilian Amazon rainforest

(74

(75

[79

ecosystem services: a meta-analysis of the Brazilian literature
PLoS One 17 €0268425

[82] MacDonald A J and Mordecai E A 2019 Amazon
deforestation drives malaria transmission, and malaria
burden reduces forest clearing PNAS 116 222128

[83] Medvigy D, Walko R L, Otte M J and Avissar R 2013
Simulated changes in Northwest U.S. Climate in response to
amazon deforestation® J. Clim. 26 9115-36

[84] Lawrence D and Vandecar K 2014 Effects of tropical
deforestation on climate and agriculture Nat. Clim. Change
5 27 (available at: https://openieem.iadb.org//)


https://ideas.repec.org/p/sss/wpaper/2014-09.html
https://ideas.repec.org/p/sss/wpaper/2014-09.html
https://doi.org/10.1177/1070496516658753
https://doi.org/10.1177/1070496516658753
https://doi.org/10.1007/s10640-017-0205-9
https://doi.org/10.1007/s10640-017-0205-9
https://doi.org/10.1017/CBO9780511975004
https://mapbiomas.org/
https://mapbiomas.org/
https://doi.org/10.1016/j.jeem.2021.102490
https://doi.org/10.1016/j.jeem.2021.102490
https://doi.org/10.3390/su10041301
https://doi.org/10.3390/su10041301
https://doi.org/10.1088/1748-9326/aac4d1
https://doi.org/10.1088/1748-9326/aac4d1
https://publications.iadb.org/en/node/29714
https://doi.org/10.1177/1070496509333567
https://doi.org/10.1177/1070496509333567
https://doi.org/10.1016/j.jpolmod.2010.06.001
https://doi.org/10.1016/j.jpolmod.2010.06.001
https://doi.org/10.1016/j.landusepol.2019.104362
https://doi.org/10.1016/j.landusepol.2019.104362
https://doi.org/10.1016/j.ecolecon.2016.07.007
https://doi.org/10.1016/j.ecolecon.2016.07.007
https://doi.org/10.1088/1748-9326/ab7394
https://doi.org/10.1088/1748-9326/ab7394
https://doi.org/10.1002/joc.3887
https://doi.org/10.1002/joc.3887
https://doi.org/10.1002/joc.3711
https://doi.org/10.1002/joc.3711
https://doi.org/10.1016/j.worlddev.2005.05.003
https://doi.org/10.1016/j.worlddev.2005.05.003
https://www.amazonclimatesource.org
https://doi.org/10.1007/s10980-009-9355-7
https://doi.org/10.1007/s10980-009-9355-7
https://doi.org/10.1007/s00168-007-0136-4
https://doi.org/10.1007/s00168-007-0136-4
https://doi.org/10.1016/S0304-3800(98)00156-2
https://doi.org/10.1016/S0304-3800(98)00156-2
https://doi.org/10.1016/j.ecolecon.2018.06.003
https://doi.org/10.1016/j.ecolecon.2018.06.003
https://doi.org/10.1073/pnas.1604768114
https://doi.org/10.1073/pnas.1604768114
https://doi.org/10.1016/j.flora.2020.151609
https://doi.org/10.1016/j.flora.2020.151609
https://doi.org/10.1038/s41893-018-0175-0
https://doi.org/10.1038/s41893-018-0175-0
https://doi.org/10.1371/journal.pone.0268425
https://doi.org/10.1371/journal.pone.0268425
https://doi.org/10.1073/pnas.1905315116
https://doi.org/10.1073/pnas.1905315116
https://doi.org/10.1175/JCLI-D-12-00775.1
https://doi.org/10.1175/JCLI-D-12-00775.1
https://openieem.iadb.org/

	Can we avert an Amazon tipping point? The economic and environmental costs  
	1. Introduction
	2. Methods
	2.1. IEEM for Brazil, Bolivia, Colombia, Ecuador, and Peru
	2.2. Scenario overview
	2.3. Scientific underpinnings of scenario design
	2.4. LULC change modeling
	2.5. ESM

	3. Results
	3.1. LULC and ecosystem service impacts
	3.2. Economic impacts

	4. Discussion and conclusions
	References


