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ABSTRACT

In recent decades, soy expansion in Brazil has generated significant environmental, social and economic impacts. However,
there is no consensus about benefits and drawbacks, calling for a more careful account of the economic and ecological diversity
of the territories where this phenomenon has been unfolding. By acknowledging this diversity, we investigate the economic and
ecological impacts of soy by applying a synthetic control method to longitudinal data (1990-2019) at state level. We focus on three
indicators (GDP, CO, emissions and deforestation) and explore how these indicators vary in five states (Goias, Parana, Piaui, Rio
Grande do Sul, Tocantins). These states differ in terms of underlying conditions and timing of soy expansion but have in common
a significant contribution of soy to their GDP. From an environmental perspective, the states where soy consolidated its presence
during the period considered (Goids and Parand) experienced a general improvement compared to their synthetic counterfactu-
als, especially in terms of deforestation, while a pioneer state in soy production such as Rio Grande do Sul saw a worsening in
environmental indicators, especially right after the 2008 global financial crisis. This is also reflected in the impact of soy on GDP,
which has been negative in this state, suggesting that it may have suffered from being a plantation economy, with soy subtracting
resources from potentially more beneficial sectors. This geographical and temporal heterogeneity indicates that the economic
and environmental impact of soy cannot be reduced to a single dominant trend. The outcome depends on the trade-offs with
other sectors, which is in turn linked to the level of economic development of the state when soy took off.

1 | Introduction

Brazil is one of the world's largest food producers and exporters.
Since the 1960s, the Brazilian government has invested heav-
ily in federal and state-level programmes to support export-
oriented agri-food producers and in developing financial and
physical infrastructures for boosting the country's agricultural
productivity (Stabile et al. 2020), especially the cultivation of soy
(Weinhold et al. 2013; Wesz Junior et al. 2023).

Scholars have extensively discussed the economic, societal and
environmental impacts of soy in the Brazilian context. From a
purely economic perspective, the mainstream narrative argues

that the transition towards a farming system based on soy and
its derived products has positively impacted the economic per-
formance of the country. Income levels have increased (Dreoni
et al. 2021), lines of credit and financial support have been es-
tablished for small and large farmers, and new jobs have been
created (Richards et al. 2015; VanWey et al. 2013). On the other
hand, inequality and poverty have increased too (see, among
others, Weinhold et al. 2013; Russo Lopes et al. 2021). For in-
stance, soy is mainly grown by large producers, with 60% of the
output coming from farms of over one thousand hectares, and its
trade is controlled by a small number of large agri-food corpora-
tions (Niederle and Wesz Junior 2020). Moreover, the implemen-
tation of a large-scale soy production system has often required
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the displacement of small farmers, which has a negative impact
on their income and creates tensions between them and the
agrarian elites (Maluf et al. 2022).

Additionally, researchers and policymakers have been rais-
ing concerns about the environmental issues connected to soy.
Scholars have highlighted the negative impact of soy on the
Amazon biome, especially in terms of deforestation, biodiver-
sity reduction and increased CO, emissions (Gibbs et al. 2015;
Noojipady et al. 2017). Soy has also started to be used as animal
feed, which has had a significant impact on the transformation
of the agricultural systems of Brazil and other South American
countries (Gudynas 2008). The resulting pasture expansion may
have been a larger driver of deforestation than soy expansion it-
self (Arima et al. 2011; Barona et al. 2010). However, while cattle
ranching may have contributed more significantly to forest loss,
soy expansion has played a central role in land-use change, often
replacing pastures and indirectly driving deforestation by push-
ing cattle ranching into new forested areas (Song et al. 2021).

We are thus in the presence of complex trade-offs between en-
vironmental and economic outcomes, with interdependencies
across agricultural and non-agricultural sectors, and non-trivial
spill-overs across territories. As a result, a broad consensus on
the benefits and drawbacks of soy expansion for Brazil's diverse
territory has yet to be reached. This lack of consensus is also
due to the different analytical lenses and geographical scales ad-
opted by previous studies. These studies have focused mainly on
municipalities (Bustos et al. 2016; Martinelli et al. 2017; Piras
et al. 2021) or bioregions and ecoregions (Rausch et al. 2019).
However, the 26 Brazilian states and the Federal District have
their own legal, institutional and policy frameworks. The
Brazilian Constitution (Chapter V, Article 23) establishes that
‘the promotion of agriculture and the organisation of the supply
of foodstuff” as well as ‘the preservation of nature, the defence
of soil and natural resources, the protection of the environment
and the control of pollution’ are shared by the union, the states
and the municipalities. Nevertheless, only the states have full
legislative competence on the latter in the absence of federal
laws (Constitution of the Federative Republic of Brazil 2010).

Some authors (Gollnow and Lakes 2014; Severo dos Santos and
Naval 2022) have focused on specific states or groups of states
primarily affected by the expansion of soy. This approach cen-
sors the range of variability in the explanatory and outcome
variables. Meanwhile, previous research has found that the
marginal benefits of soy production on different dimensions of
human development are decreasing and could possibly become
negative, pointing to the need to consider a more holistic picture
(Piras et al. 2021). Given the relevant policymaking role of the
states and the need to avoid censoring the range of underlying
socio-economic and environmental conditions and outcomes,
this paper focuses on state-level case studies in a longitudi-
nal perspective while accounting for the characteristics of all
Brazilian states.

Given the above premises, we apply an up-to-date impact evalu-
ation approach that is particularly well-suited for studies involv-
ing macro-level units and such non-randomised interventions
as the expansion of soy: the synthetic control method (SCM).
The SCM represents a significant advancement over traditional

regression-based approaches for causal inference in comparative
case studies (Abadie and Gardeazabal 2003; Abadie et al. 2010).
After identifying the treated units, it provides a transparent
and data-driven means of estimating counterfactual outcomes
by constructing a weighted combination of untreated units that
closely replicates the pre-intervention characteristics of the for-
mer. To mention an application in the agri-food sector, it has
been recently used to assess the impact of regional economic in-
tegration on agri-food imports and exports in small post-Soviet
economies (Bekbolotova et al. 2025).

We focus on the period between 1990 and 2019, examining five
states that we consider ‘treated’ with soy production starting
from the year when the value added coming from soy overcame
a given share of the state GDP. The other ‘non-treated’ states
are used to create a counterfactual (i.e., ‘synthetic’) version of
each treated state.! For each treated state, the comparison of the
trends in the GDP, CO, emissions and deforestation between
them and their synthetic version allow us to assess the impact
of soy production on these variables at state-level. The results
are discussed comparatively for the five states to gain in-depth
insights on how the pattern of soy expansion interacts with pre-
existing socio-economic and environmental conditions, to shape
local outcomes.

Our work combines innovations in the level of analysis, tempo-
ral and geographical scope and methodological approach to pro-
vide a unique picture across Brazil. The impact of soy on GDP
differs for different treated states: it is positive in consolidated
soy producing states such as Goids and Parand, and negative in
Rio Grande do Sul, a pioneer state in soy production (Martinelli
et al. 2017). Moreover, the impact is stronger in the post-2008
financial crisis period. This can be explained by differences in
industrialisation levels and structures of the state-level economy
when soy took off, and therefore the trade-offs with other non-
agricultural sectors. In contrast, in agricultural frontier states
such as Piaui and Tocantins, where soy cultivation continues to
expand, the contribution to economic growth remains compar-
atively limited. At the same time, environmental damages con-
nected with soy production are particularly significant in Rio
Grande do Sul, while Goids and Parand have experienced a re-
duction in deforestation and CO, emissions with respect to their
counterfactuals. Since we controlled for other environmentally
impactful land-based activities, namely livestock production,
our results suggest that the net impact of soy depends on the
carbon- and deforestation-intensiveness of non-agricultural sec-
tors, and soy's environmental impact depends on what kinds of
activities expand or contract because of soy growth.

The rest of the paper is structured as follows. The next section
reviews the relevant literature. Section 3 illustrates the analyti-
cal method and the data used. Section 4 presents and discusses
the results, while the last section concludes and presents poten-
tial policy implications.

2 | Soy Expansion in Brazil
Latin American countries have seen an exponential increase

in soy-related agricultural activities in recent decades. In par-
ticular, Southern Cone countries (Argentina, Brazil, Paraguay
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and Uruguay) have experienced sizeable growth in both land
area and production, which has led to the development of al-
most entirely commodity-dependent economies (Choumert and
Phélinas 2015; Wesz Junior 2016). Moving towards what can
be considered a ‘soy monoculture system’ has had direct im-
plications for food supply chains and the overall agribusiness
sector. The Southern Cone nowadays accounts for over half of
the global soy production, while in the 1970s, only 4% of the soy
produced in the world came from this area (Correia 2019; Wesz
Junior 2022). This expansion has been achieved through land
expropriation and deforestation, policies supporting the use
of agrochemicals, private control over water resources, use of
novel technologies and incentives for exporting to foreign mar-
kets (Correia 2019; Eloy et al. 2023). The decision of Argentina,
Brazil, Paraguay and Uruguay to use soy monoculture as a
driver of economic growth has also determined the typology of
soy producers. Large transnational companies have started op-
erating in the above countries since the 1990s, and after a series
of acquisitions of local companies, they were able to create a sort
of ‘chain oligopoly’ in the industry (Oliveira and Schneider 2016;
Wesz Junior 2016).

Among these countries, Brazil has been the first to implement
policies aimed at expanding this monoculture. Commercial soy
cultivation began in the 1960s in the state of Rio Grande do Sul,
which constitutes one of our five state case studies. After a few
decades, it reached the northern part of the country, with soy
being cultivated also in the Amazon biome and in the Brazilian
Cerrado (Piras et al. 2021; Rausch et al. 2019; Sauer 2018).
From 2000 to 2021, the cultivated area almost tripled, jumping
from 13.6 to 39.1 million hectares (IBGE 2025). Although soy
has been expanding in all Brazilian regions in recent years, in
the Amazon, its growth has not been as fast as in other areas
because of pro-environmental initiatives, such as the Amazon
Soy Moratorium. However, soy expansion has continued at high
speed in the Cerrado, and especially in the Matopiba macro-
region, which includes the states of Maranhao, Tocantins, Piaui
and Bahia (Lima et al. 2019). Two of these states (Tocantins
and Piauf) are included among the case studies analysed in this
paper, alongside Goids, which is also located in the Cerrado
ecoregion. This expansion towards the north consolidated
Brazil's role as the largest producer and exporter of soy in the
world (USDA 2022).

Research on the impact of soy expansion in Brazil has focused
on different geographical levels, namely municipalities, ecolog-
ical biomes and states. The studies focusing on municipalities
have used different approaches, both in terms of analytical per-
spective and context of analysis. Weinhold et al. (2013) focused
on the municipalities in the Legal Amazon—a socio-geographic
division used in Brazil for indicating the states of Acre, Amapa,
Amazonas, Mato Grosso, Para, Rondbénia, Roraima (none of
which are considered as case studies in this paper), and part
of Maranhdo. These scholars have used mixed-methods ap-
proaches combining spatial regression models and interviews
with key stakeholders of the soy industry, concluding that soy
expansion has increased household income but also inequality.
Bustos et al. (2016) used municipality-level data from the 1996
and 2006 agricultural censuses to show that soy expansion re-
sulted in the growth of other sectors and the improvement of
such economic indicators as productivity and employment.

More recent studies have focused on all municipalities jointly
(Piras et al. 2021; Russo Lopes et al. 2021; Lima-de-Oliveira and
Alonso 2017; Martinelli et al. 2017), reporting rather conflicting
results. Martinelli et al. (2017) and Piras et al. (2021) identified
a positive impact on the Municipal Human Development Index
(MHDI), even if this impact has been decreasing over time and
is mainly driven by the index's GDP dimension. Lima-de-Oliveira
and Alonso (2017) highlighted that the commodity boom experi-
enced by Brazil did not contribute to increasing inequality. This
stands in contrast to Russo Lopes et al. (2021), who conducted a
qualitative study of 18 municipalities in Maranhao, Tocantins,
Piaui and Bahia, and found that soy expansion has led to concen-
tration of power and income, and thus more income inequality. Le
Polain de Waroux et al. (2019) went even further in their analysis,
examining the dynamics of both soy and cattle expansion in mu-
nicipalities and provinces of Argentina, Bolivia, Brazil, Paraguay
and Uruguay. Their models suggest that more restrictive deforesta-
tion regulation at local levels is associated with more deforestation,
but this might be due to regulations being tightened where expan-
sion rates are higher. In turn, regulations have modified trade pat-
terns in a non-trivial way across countries and sub-national states
in Latin America, and they may have created deforestation loop-
holes outside the region. Hence, most of the studies that adopted
municipalities as the unit of analysis have focused on the socio-
economic and political aspects of soy expansion (on which there is
less consensus) and less on the environmental aspects, with envi-
ronmental damage receiving more robust confirmation.

Research focusing on ecological biomes and states has mostly
investigated the environmental aspects related to soy. Overall,
a majority of these studies agree on the negative impact of soy
expansion in Brazil. Lima et al. (2019) suggested that soy pro-
duction continues to be a driver of deforestation despite the ini-
tiatives for supporting responsible and sustainable production.
Macedo et al. (2012) and Gollnow and Lakes (2014) employed
quantitative methods to assess the impact of soy expansion on
deforestation in Mato Grosso and Pard, finding that there is
indeed a relationship. However, the deforestation trend is de-
celerating due to the implementation of federal policies to pro-
tect Brazilian forests. Mato Grosso—one of the states with the
largest soy cultivated area in 2018 but excluded from our anal-
ysis due to data constraints—was studied in depth by Richards
et al. (2015) and VanWey et al. (2013). These authors identified
a positive impact of soy expansion on non-agricultural employ-
ment and economic growth besides environmental impact, in-
tended as carbon equivalent emissions.

Other recent studies have examined ecological biomes in order
to control for the geographical and environmental character-
istics of the territory, which are key for crop productivity. Two
main biomes have been explored in the literature: Amazon
and Cerrado. The former is characterised by a variety of natu-
ral ecoregions and is the largest biome in Brazil, while the lat-
ter is considered particularly well-suited for agriculture and
livestock production. Baletti (2014) argued that federal anti-
deforestation programmes in the Amazon biome have reduced
soy expansion there, but problems of land property and social
conflicts persist. More recently, Sauer (2018) and Rausch
et al. (2019) observed a similar trend of reduced deforestation
rates, but also an increase in land conflicts and environmental
damage. This could potentially lead to increasing inequality
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TABLE1 | Economic and environmental impacts of soy production in Brazil.

Author(s) (year)

Level of analysis

Finding(s)

Baletti (2014)

Bustos et al. (2016)

Gollnow and Lakes (2014)

Heilmayr et al. (2020)

Lima et al. (2019)
Lima-de-Oliveira and Alonso (2017)

Macedo et al. (2012)
Martinelli et al. (2017)

Piras et al. (2021)

Rausch et al. (2019)

Richards et al. (2015)

Russo Lopes et al. (2021)

Sauer (2018)

Single state (Para)

Brazilian municipalities

Brazilian Amazon

Amazon and Cerrado biomes

Amazon biome

Brazilian municipalities

Single state (Mato Grosso)

Brazilian municipalities

Brazilian municipalities

Single state (Cerrado)

Single state (Mato Grosso)

Municipalities in Maranhao,
Tocantins, Piaui and Bahia

Single state (Para)

Land property issues.
Social conflicts.
Legislation for deforestation
stopped soy expansion.

Increase in productivity.
Increase in employment.

Economic growth of non-agricultural sectors.

Increase in deforestation.

Legislation for deforestation
stopped soy expansion.

Increase in deforestation.

Regional inequalities not a direct
consequence of the commodity boom.

Increase in deforestation.

Positive impact on the Human Development
Index but mainly linked to increase in GDP.

Positive impact on the Human Development
Index but mainly linked to increase in GDP.

Increase in deforestation.
Land property issues.
Environmental damage.

Economic growth.

Increase in inequality.

Increase in deforestation.

VanWey et al. (2013)
Weinhold et al. (2013)

Single state (Mato Grosso)

Municipalities in the
Legal Amazon

Land property issues.
Environmental damage.

Increase in employment.

Increase in income.
Increase in inequality.

in the Amazon and Cerrado macro-regions. Equally, despite
the recent implementation of initiatives such as the Amazon
Soy Moratorium, which reduced the deforestation directly due
to soy (Heilmayr et al. 2020), Brazil continues to rely on soy
exports to support its economic growth. This is why, in recent
years, social movements and other stakeholders have accused
the Brazilian government of encouraging ‘greenwashing’
practices (Grabs et al. 2021).

To summarise the main insights emerging from the literature,
scholars have generally observed a positive impact of soy pro-
duction on the size of the economy, but a negative impact on the
environment. There is a broad consensus that income and GDP
have increased at municipal levels, but a majority of researchers
also agree on the increase in inequality. From an environmen-
tal perspective, scholars have acknowledged the negative impact
of soy production on deforestation and greenhouse gas emis-
sions. Moreover, some have noted a reduction in soy production

specifically linked to the implementation of dedicated legislation
on forest protection. Table 1 below provides an overview of these
findings.

Still, a longitudinal analysis at the state level that makes use
of the same methodological protocol for comparison is nota-
bly absent. Such an analysis would allow us to account for the
initial economic and ecological conditions in each territory,
and for trade-offs between soy and other agricultural and non-
agricultural sectors that may be complementary or substitutive.
For instance, soy's overall impact on the environment would
depend on whether this commodity has offset other, more im-
pactful land-based activities. Equally, soy could either represent
an intermediate input for more profitable industrial productions
or generate vested interests that subtract resources from more
innovative off-farm industries. These nuances can only be ap-
preciated by considering different states comparatively, and for
a sufficiently long period.
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Given the above premises, this paper models the relationship
between soy production and economic and environmental out-
comes by comparing the evolution of three indicators of eco-
nomic and environmental performance across five Brazilian
states: GDP, CO, emissions and deforestation. The selection of
these few critical economic and environmental indicators that
we may expect to be impacted by agricultural systems allows
us to streamline the analysis and facilitates the interpretation
of the results.

3 | Data and Methods

This paper uses the SCM to estimate the impact of soy on the
evolution of three indicators: GDP; CO, emissions from agricul-
ture, livestock and land-use change?; and deforestation.? In par-
ticular, our analysis concentrates on the states of Goids, Paran4,
Piaui, Rio Grande do Sul and Tocantins.

Originally developed by Abadie and Gardeazabal (2003), the
SCM represents one of the most influential recent method-
ological contributions for investigating the effects of a given
treatment (Athey and Imbens 2017). It is a data-driven econo-
metric technique that builds a counterfactual (‘synthetic’)
unit to show how the treated unit would have performed if
the treatment had not occurred. The synthetic unit is built
using appropriately weighted ‘donor’ units, with donors not
having been exposed to the treatment. The difference between
the synthetic and observed values provides a measure of the
treatment effect. The possibility of combining multiple donors
represents a methodological innovation compared to employ-
ing a single comparison unit. The weighted combination that
creates the synthetic unit provides a statistically superior fit for
the unit of observation.

The SCM has several advantages compared to standard
regression-based methods. First, it precludes extrapolation and
uses interpolation instead (King and Zeng 2006), as the es-
timated causal effect is always based on comparison between
some outcome in a given year and a counterfactual in the same
year. Second, the non-negative weights assigned to the donor
units are made explicit, thereby allowing one to determine how
each unit contributes to the counterfactual. Regression analy-
sis de facto weights the data without making said weights ex-
plicit. Third, in terms of reliability, Abadie et al. (2010) noted
that if there is a sufficiently large number of observations in
the pre-intervention period, then matching on pre-intervention
outcomes allows us to control for heterogeneity of responses
to multiple unobserved factors. The intuition here is that only
observations that behave in the same way with respect to both
unobserved and observed variables would follow a similar pre-
treatment trend.

Despite the smaller number of data points, we ran the analysis at
the state rather than municipality or microregion* level because
of the previously mentioned role of the states in policy design,
as well as because it provides a more comprehensive picture
while simplifying the interpretation of the results. Additionally,
the state level is the only one for which a wide range of data is
available.

Our five state case studies are considered ‘treated’ starting from
the year in which soy and related economic activities first ex-
ceeded 5% of the state's GDP (Figure 1). Therefore, the treatment
is represented by ‘soy and related economic activities exceeding
5% of GDP. As a robustness check, we implemented the SCM
analysis also using 3% and 7% thresholds, and thus the years
when they were first exceeded in the selected states. The results,
reported in the Figures A1-A6 and Tables A2-A5, do not vary
significantly, although the number of treated states was reduced
to three with the 7% threshold and increased to six with the 3%
threshold. The SCM is then used to assess whether these states
would have performed differently in terms of GDP, CO, emis-
sions and size of land affected by deforestation if soy produc-
tion had remained below 5% of GDP.> The 20 donor units used to
build the synthetic units for each state and indicator were the re-
maining 19 Brazilian states and the Federal District, where the
production of soy never exceeded the 5% threshold during the
observation period. Despite being particularly relevant in terms
of soy production (Carnielli et al. 1996), Mato Grosso and Mato
Grosso do Sul had to be excluded from both the lists of ‘treated’
and ‘donor’ units because their shares of GDP derived from soy
was already above the threshold at the beginning of the time
series (1990), meaning that a pre-intervention period could not
be established.®

From the computational point of view, the synthetic units were
constructed with an optimal combination of non-negative
weights that minimised the distance (the root mean squared of
the prediction error) in terms of outcome variables between the
prospective ‘treated’ unit and its corresponding synthetic unit
in the years preceding the intervention. In terms of notation, ¢ is
the year, where 1 corresponds to 1990, and T to the state-specific
year in which the treatment starts; m are 21 federal units,

I:l Treated
- Non-treated

MT - Mato Grosso
MS - Mato Grosso do Sul
RS - Rio Grande do Sul
PR - Parana

GO - Goias

TO - Tocantins

PI - Piaui

FIGURE1 | States with soy and related economic activities exceed-
ing 5% of the state's GDP. [Colour figure can be viewed at wileyonlineli-
brary.com|
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TABLE 2 | Summary statistics for the outcome and predictor variables in the SCM (1990-2019).

Standard
Variable's function Variable Number of obs. Mean deviation Min. Max.
Outcome variable GDP (in million R$) 810 89,788.51  204,811.60 0.01 1,975,310.00
CO, emissions per square km 810 279.33 165.94 10.56 1304.40
Deforestation per 810 4.37 3.33 0.25 22.30
1000 square km
Predictor (covariate) Exports (in million R$) 810 10,926.15 25,174.47 0.00 238,958.60
Imports (in million R$) 621 11,581.05 26,937.62 1.02 234,232.30
Population (inhabitants) 810 6,682,037 7,964,676 216,424 45,900,000
Unemployment rate (%) 756 8.09 2.68 2.50 20.54
GDP from soy (in million R$) 810 1390.15 3806.17 0.00 32,764.47
Number of cows 808 28.24 18.49 0.38 69.95

per square km

Note: The sample consists of 27 units of observation (26 Brazilian states and the Federal District) observed over a 30-year period (from 1990 to 2019). The sample size
should have consisted of 810 observations, but is smaller for some variables due to the presence of missing values. No outcome variables contain missing values in
either the pre-treatment or post-treatment periods. The values of the predictors for the donor units in the post-treatment period are not used; therefore, any missing
values do not affect the applicability of the method. Similarly, missing values for some predictors and donor units in the pre-treatment period do not compromise the
results, as the SCM relies on averages across all available years in that period while ignoring missing values; no predictor is imputed.

Source: Authors' calculation from the datasets.

including the treated and the 20 control units; and W=(w,; ...;
w,,) is an (mx 1) vector of non-negative weights which sum up to
1. Using our notation, the vector of weights w, attributed to the
m control states was chosen to minimise the distance indicated
in (1):

T- 2 2
Zml [XM _ ZW;Z (meth)] subject tow,, >0, (1)

where X, represents the value of the outcome variable for
the treated state, and the sum in parentheses is the synthet-
ically generated value of the variable in each year of the pre-
treatment period. This value is built as the sum of the products
between the value of the outcome variable in each of the m
donor states, X,,, and their corresponding weights W, . The
SCM routine finds an ideal synthetic Brazilian state when the
difference in (1) is minimised over the pre-intervention pe-
riod, so that the synthetic and observed states are statistically
similar along that period.

The data used in our analysis cover the period 1990-2019.
We excluded the years from the COVID-19 pandemic since
they would have caused strong breaks in the time series. The
pre-treatment period varies from state to state, depending on
when the soy-related share of GDP exceeded 5% for the first
time: 2002 in Goids and Parand, 2003 in Rio Grande do Sul,
2004 in Tocantins, and 2017 in Piaui. The years after the in-
tervention and until 2019 constitute the treatment period. Our
data were sourced from the Brazilian Institute of Geography
and Statistics (Instituto Brasileiro de Geografia e Estatistica,
IBGE7), the Greenhouse Gas Emission and Removal
Estimating System (Sistema de Estimativas de Emissdes e
Remogdes de Gases de Efeito Estufa, SEEG®), and the Annual
Mapping Project for Land Use and Land Cover in Brazil
(Projeto de Mapeamento Anual do Uso e Cobertura da Terra no
Brasil, MapBiomas®). The post-treatment period allowed us to

capture both the short- and medium-term effects generated by
soy production.

To construct the synthetic states, we compiled a list of predictors
for the indicators (Table 2). The SCM is data-driven, meaning
that the predicting covariates were chosen on the basis of avail-
ability and their ability to statistically explain the outcomes of
interest. Some covariates, such as the population, have been used
in previous papers studying the impact of soy on a set of socio-
economic indicators (e.g., Piras et al. 2021). The number of cows
per square kilometre (livestock intensity) was included to control
for what may be a significant driver of change in our outcome
indicators besides soy. In addition to the covariates, following
Abadie et al. (2015), we included the lagged values of the state's
GDP, CO, emissions and deforestation as predictors in the pre-
treatment period. The inclusion of these predictors helps reduce
the sensitivity of the weighting procedure to unobservable factors
and produces a better-fitting pre-intervention model (Villar and
Papyrakis 2017; Pellegrini et al. 2021; Papyrakis et al. 2022).

Using the SCM, we produced a synthetic state for each treated
state and outcome variable. The specific weights used for creat-
ing these synthetic states are reported in Table Al. Although we
observe some similarity in the weights for the same state, these
change for each indicator, even for the same state. This suggests
that the states that most closely resemble the treated one in the
pre-treatment period vary depending on the indicator consid-
ered, and do not necessarily belong to the same ecological region.
In most cases, only a few states are sufficient to obtain a good
fit and are therefore assigned non-zero weights. Any deviations
between the observed and synthetic observations after the inter-
vention can be attributed to the treatment (i.e., soy production).

The statistical significance of the differences was derived
through ex-post placebo tests (Galiani and Quistorff 2017).
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These placebo tests replicate the SCM analysis for all the ‘donor’
units and assess the probability that they experienced an effect
of similar or larger magnitude.

3.1 | Overview of the Case Studies

The five state case studies were identified endogenously after de-
fining the treatment, rather than being selected a priori to max-
imise heterogeneity for comparative reasons. Nevertheless, they
differ significantly in terms of both environmental conditions
and agricultural systems.

In 1990, the area covered by native vegetation ranged from 92%
in Piaui and 82% in Tocantins to 58% in Rio Grande do Sul,
43% in Goids, and as little as 27% in Parand. Native vegetation
includes both forest and non-forest formations such as grass-
land, whose suppression jointly contributes to deforestation. By
2019, this area had declined in nearly all states, reaching 84%
in Piaui, 63% in Tocantins, 47% in Rio Grande do Sul, and 33%
in Goids, while remaining almost unchanged at 26% in Parana
(MapBiomas 2025).

In contrast, the area devoted to agriculture had remained close
to 70% in Parand while increasing in the other states: from
52% to 62% in Goids, from 34% to 45% in Rio Grande do Sul,
from 17% to 33% in Tocantins, and from 8% to 15% in Piaui
(MapBiomas 2025). In Rio Grande do Sul, soy has been the dom-
inant crop since 1990, with a considerable margin over other
crops, whereas in Goids and Parana it has shared this position
with maize and wheat (IBGE 2025). By contrast, Piaui and
Tocantins have focused on other relevant crops. Cotton, rice,
cassava, beans, manioc and maize in Piaui (with maize account-
ing for around 30% of the agricultural area and rotated with
soy); rice (until the early 2000s), soy and maize in Tocantins
(IBGE 2025).

Although soy production drives the demand for related agri-
cultural equipment, only Rio Grande do Sul hosts an important
agro-industrial and export hub alongside Sdo Paulo. Parand has
some production, but at a relatively minor scale (Anfavea 2025).
Regarding other resource-intensive sectors, mining is not sig-
nificant in any of the five states. Land-use change was the
primary source of CO, emissions in all five states in 1990 and
has remained above 90% throughout the period in Piaui and
Tocantins, which are frontier areas of agricultural expansion
(SEEG 2025). By 2019, agriculture was the main source of emis-
sions in Rio Grande do Sul, Parand and Goids. Because Parana
and Rio Grande do Sul are more industrialised, emissions from
the energy sector are also significant (SEEG 2025).

The historical expansion of the soy frontier is also intercon-
nected with the structural characteristics of the above states. In
the academic debate regarding the creation of new soy-growing
areas, whether they originate from former pasture areas or from
deforestation, Barona et al. (2010) found that pasture area de-
creased in Tocantins and in parts of its neighbour Mato Grosso
at the beginning of the century. Deforestation was likely driven
by soy expansion in those areas. Focusing instead on the Legal
Amazon (which includes Tocantins), Barreto et al. (2025) re-
cently discovered that ‘while cattle ranching emerges as the

primary direct driver, agricultural expansion may still contrib-
ute to deforestation indirectly through land displacement dy-
namics’ (p. 1050). This may not have been the case for states
such as Goids, where livestock activity and pasture crops have
likely been the responsible for deforestation in recent years
(Barbosa et al. 2023). Furthermore, when considering the five
states’ economies, differences emerge between Parana and Rio
Grande do Sul on the one hand, where soy production ‘was an
important factor in changing land-use practices and land-cover
change’ (Garrett and Rausch 2016), and Piaui and Tocantins on
the other hand, which are relatively recent frontiers of cropland
expansion, resulting from the conversion of native vegetation
(Filho and Costa 2016).

The above overview suggests that we may observe different im-
pacts of soy in the five states due to the different potential for the
suppression of native vegetation and the replacement of other
industrial crops. Table 3 below synthesises the above informa-
tion by reporting the average value of each indicator for Brazil,
for the ‘treated’ states, and their synthetic versions during the
pre-treatment periods. These statistics show that, besides dif-
fering from each other, the treated states differ from the rest of
Brazil on average. The existence of these differences before the
treatment confirms that a simple comparison of economic and
environmental indicators between the treated and donor states
would deliver biased results. On the other hand, the treated
states show strong similarity with their synthetic counterparts.

4 | Results and Discussion

This section presents and discusses the results. We limit our dis-
cussion to the differences between the real and synthetic states
that are statistically significant based on the placebo tests. These
significant differences are reported in Table 4. Table 5 then re-
ports the magnitude of the treatment effect as a percentage of
the synthetic value, that is, with respect to the value we would
have observed in the absence of the treatment. Although other
differences may seem visually relevant, they are likely to be ran-
dom: a deviation of similar size could be observed in the non-
treated states with significant probability.

The evolution of the GDP in the single states compared to their
synthetic versions is plotted in Figure 2, while the difference be-
tween the actual and synthetic values, and the economic signifi-
cance of this difference in each year are reported in the top rows
of Tables 4 and 5. We observe a positive impact of soy production
on GDP in Goids and Parand, and, limited to 2016, in Tocantins.
This impact amounted to between 11% and 33% of GDP depend-
ing on the state and year, while the single, marginally signifi-
cant difference for Tocantins reached 44%. In turn, this effect
was negative!® in Rio Grande do Sul: between 14% and 22% of
this state's GDP. These impacts can be interpreted as represent-
ing the whole spill-over effects of soy as an engine of economic
growth.

The states where soy appears to have had a positive impact
on GDP (Goias, Parana and Tocantins) are those where this
commodity strongly contributes to the local rural economy
(Oderich 2020). In Parana and Tocantins, the impact of soy was
positive and significant mainly in later years. This is because
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TABLE 3 | Comparison between observed and synthetic treated states in the pre-intervention periods (year of the intervention in brackets).

Deforestation per
Indicator GDP (in million RS) CO2 emissions per square km 1000 square km
Brazil 25,018 (a) 292 (a) 5.15(a)
Goias (2002) 14,823 388 6.44
Synthetic Goids 14,547 385 6.49
Brazil 24,091 (a) 291 (a) 5.31 (a)
Parana (2002) 38,921 429 2.28
Synthetic Parand 38,572 427 2.29
Brazil 82,409 287 4.52
Piaui (2017) 13,096 90 3.39
Synthetic Piaui 13,205 92 3.34
Brazil 25,853 293 5.17
Rio Grande do Sul (2003) 50,635 458 6.75
Synthetic Rio Grande do Sul 50,677 448 6.54
Brazil 30,110 301 5.24
Tocantins (2004) 2577 287 5.11
Synthetic Tocantins 2625 291 4.9

Note: The values reported are averages for the pre-intervention period, whose duration varies between states. The values for Brazil refer to all the states apart from
those considered as ‘treated.’ This is why the values of the indicators marked with (a) differ slightly even if the starting year of the treatment for Goias and Parana is the

same, 2002.
Source: Authors' calculation from the dataset.

in these states, the economic size of the soy-related economy
overcame the 5% GDP share early, but remained limited until
the mid-2010s, when it started increasing significantly. Goias is
the state where the positive impact of soy on GDP is more pro-
nounced (up to 33% if considering the treatment effect). In Goiés,
soy's contribution to GDP expanded rapidly from 1995 to 2004,
only to then stabilise (IBGE 2025): this may explain why the im-
pact was positive and significant, with continuity, since 2009.

In Rio Grande do Sul, GDP was lower than its synthetic value
in all years since 2005, indicating a negative impact of soy on
GDP, although the difference was only significant until 2014.
This might suggest that soy production has been subtracting
resources and investments from other activities that could
have been more economically beneficial. Rio Grande do Sul
is one of the most industrialised states in Brazil (IBGE 2025).
Nevertheless, in the early 2000s and 2010s, this state may have
suffered from the curse of being a plantation economy, whereby
a monoculture is implemented on very large farm areas to serve
export markets, preventing resources from being invested in
other sectors (Best and Levitt 2009).

Figure 3 reports the graphs for CO, emissions in the treated states
and their synthetic versions, while the significant differences and
their relative magnitudes are reported in the central rows of the
tables. In most states, we observe no significant increase in CO,
emissions due to soy cultivation, with the notable exception of
Rio Grande do Sul. This state seems to have experienced a large
increase in its yearly CO, emissions per square km compared
to its synthetic counterpart (between 18% and 23%), statistically

significant from 2011 to 2013. Our results for Rio Grande do
Sul confirm previous findings (e.g., Cerri et al. 2017; Noojipady
et al. 2017) that soy production has been causing an increase in
CO, emissions because of land-use change and other agricultural
production stages. This is especially true in those areas where
there has been a shift from extensive to highly intensive agricul-
tural systems. In Goids, Piaui and Tocantins, soy cultivation ap-
pears to have had no impact on CO, emissions when compared to
their synthetic counterparts.

In Parand, we observe a significant decrease in CO, due to soy
cultivation, but only at the very beginning of the post-treatment
period (2004-2006), and smaller in absolute terms than the im-
pact detected in Rio Grande do Sul (between 9% and 13%). This
unexpected result may be due to the presence of economic activ-
ities that may generate more CO, emissions than soy. This is the
case of livestock farming: in 2020, ‘the raising of oxen and cows
account[ed] for no less than 75% of the 577 million tons [of CO]
emitted by the [farming] sector’ (SEEG 2023, 14). Nevertheless,
it should not be neglected that a considerable share of the soy
produced in Brazil is used as animal feed. Therefore, soy expan-
sion is indirectly linked to livestock emissions. Additionally, the
fact that we identified no significant increase in CO, emissions
in the states of the Cerrado biome (Goias, Piaui and Tocantins)
may be due to the more recent expansion of soy in this region.

Finally, the deforestation patterns in the treated states and their
synthetic representations are plotted in Figure 4 and reported in
the bottom rows of the tables. Deforestation seems to have in-
creased significantly because of soy production in Tocantins and
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FIGURE2 | GDP in Goids, Parand, Piaui, Rio Grande do Sul and Tocantins. Source: Authors' calculation from the dataset.

Rio Grande do Sul. In Rio Grande do Sul, this trend was found to
be significant over almost the entire period under study, with the
impact in terms of yearly loss of native vegetation ranging from
32% up to 192% of the synthetic counterfactual. In contrast, for
Tocantins, this increase is found mainly in the final years of the
time series, and with a generally smaller effect, although still note-
worthy (between 52% and 81% of the synthetic version). As men-
tioned in Section 3.1, Tocantins is part of the Brazilian agricultural
frontier, which is characterised by a strong deforestation rate for
agricultural purposes. In this state, the area dedicated to soy has
grown more than 15 times in the last 20years (IBGE 2025), and
deforestation has progressed in parallel, causing the loss of native

vegetation in an area greater than Switzerland (MapBiomas 2025).
These results align with Lima et al. (2019) and Polizel et al. (2021),
who found a positive relationship between deforestation and soy
cultivation, especially in the Matopiba macro-region.

In Rio Grande do Sul, the area cultivated with soy has dou-
bled over the last two decades (IBGE 2025), and soy produc-
tion has since moved towards the Pampa biome, at the border
with Uruguay (MapBiomas 2025). In light of these dynamics,
our results confirm previous findings (see, for instance, Macedo
et al. 2012; Gollnow and Lakes 2014) that soy is linked to the
suppression of native vegetation where related activities strongly
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FIGURE3 | CO,emissions in Goiés, Parand, Piaui, Rio Grande do Sul and Tocantins. Source: Authors' calculation from the dataset.

affect the broader local economy and intensive practices modify
the agricultural system (Mengue et al. 2020).

On the other hand, we observe a statistically significant decrease
in deforestation in Goids and Parand, even if it was less pro-
nounced in the latter (29%-61% vs. 14%-41% of the synthetic coun-
terfactual, depending on the year). This result again suggests that
soy production may be an economic activity with a lower potential
for deforestation in consolidated agricultural regions, where natu-
ral vegetation has already been cleared (unlike Rio Grande do Sul,
where soy production is moving towards the Pampa biome).

Although in Brazil there are cases where native vegetation is
cleared and immediately replaced by soybean fields, the more
common pattern is a sequential process in which newly de-
forested areas are first converted into pasture (Crepin 2024).
Over time, as infrastructure improves, land values rise, and
the productive frontier consolidates, these pastures are grad-
ually replaced by mechanised agriculture, especially soy.
This pattern has been unfolding in Goids and Parand. In this
vein, we can say that where the soy frontier is still expanding
(Rio Grande do Sul and Tocantins, even if for different rea-
sons), deforestation increases, while in areas characterised by

12
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FIGURE 4 | Deforestation in Goids, Parand, Piaui, Rio Grande do Sul and Tocantins. Source: Authors' calculation from the dataset.

the intensification of existing farmland (Goids and Parana),
outcomes are different, likely because of pasture-to-crop
conversion.

5 | Conclusions

Soy production has had, and still has, a relevant impact on the
Brazilian economy, having modified its agri-food system and

agricultural and natural landscapes. This research contributed
to advancing our understanding of this phenomenon by consid-
ering the overall country system comparatively. Accounting for
the diverging trajectories of Brazilian states, we have yielded
counterfactual outcomes for the states most affected by the ex-
pansion of soy production since the beginning of the century.
We used the SCM to analyse a longitudinal dataset covering al-
most 30years, and tested the impact of soy on GDP, CO, emis-
sions and deforestation.
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Our results unveiled a heterogeneous picture across Brazilian
states, which, however, can be seen as part of a common pat-
tern depending on the states’ characteristics and their historical
positioning in the soy expansion process. In recent decades, the
Brazilian economy has experienced increasing deindustriali-
sation, and a renewed importance of the primary (agricultural
and mining) sectors based on intense exploitation of natural re-
sources (Lamoso 2020; Cooney 2021; Andrade 2022; Vieira and
Santos 2022). We found that, while soy did play a role in support-
ing the country's economic growth, Brazilian states experienced
different impacts on their economy, which can be explained by
their varying industrialisation levels and the different economic
structures characterising rural areas. In regions where soy has
been consolidating its presence (Goiads and Parand), the econ-
omy is driven by soy expansion. By contrast, in the agricultural
frontier (Piaui and Tocantins), economic (GDP-related) gains are
not as large as in the previous states because soy-related infra-
structures and supply chains are still developing (Peine 2021).
Besides, the negative impact observed on the GDP in Rio Grande
do Sul may have been induced by economic saturation: this is a
pioneer state in soy production, and the expansion that occurred
at the beginning of the century has probably crowded out more
productive industrial activities.

Equally, we found evidence of negative environmental im-
pacts, especially in terms of increased deforestation, in Rio
Grande do Sul and Tocantins. This result suggests that in
these states, native vegetation was replaced directly by soy
plantations. However, the lack of significant impact in other
states suggests that soy expanded primarily on areas devoted
to other agricultural activities, such as livestock farming, and
might be potentially less harmful than these (IPCC 2019;
Vogel et al. 2021).

We acknowledge two main limitations of this study. One derives
from our exclusive focus on soy production, despite the relevant
role played by other agricultural activities in the Brazilian rural
economy. Corn, cotton and sugarcane represent additional stra-
tegic productions in some areas, and they rely on practices and
technologies similar to those used for soy, namely high mech-
anisation, intense input use, cultivation on large areas, and in-
clination towards a monocultural system. Further studies may
concentrate on these agricultural products and replicate our
work to investigate their impact. Some other activities such as
livestock farming are closely intertwined with soy. On the one
hand, intensive livestock farming of (mainly) pork and poultry
generates a growing demand for soybeans and stimulates an in-
crease in their production. On the other hand, soy production
moves to regions with extensive pasturelands, pushing livestock
to the frontier of deforestation (Arima et al. 2011; Oliveira and
Hecht 2016). Moreover, Richards et al. (2015) highlighted that
soy production can lead to indirect land-use change via the oc-
cupation of pasture and, therefore, the reduction of local beef
supplies, thereby incentivising small farmers to move towards
frontier regions. Equally, in the absence of soy, livestock farming
would be most likely to expand towards the areas currently or
potentially occupied by this crop: this is a trade-off that should
not be ignored.

The second limitation of this study, already highlighted in
Section 3, is that Mato Grosso and Mato Grosso do Sul, despite

being important soy producers among Brazilian states, had to
be excluded from both the list of ‘treated” and ‘donor’ units due
to the limited length of the time series employed in our anal-
ysis. Future studies can concentrate on collecting longitudinal
data from longer time series and include these two states in their
analyses.

As in other Latin American countries, the agricultural sector
in Brazil has been an important driver of the overall econ-
omy, with soy acting as one of the main protagonists in re-
cent decades. The alternatives that could potentially replace
soy (sugarcane, cotton, corn, coffee, or livestock), which al-
ready dominate the agricultural landscape in some Brazilian
states, tend to reproduce or even amplify the impacts and eco-
nomic trade-offs of soy. In this sense, the underlying issue is
not the specific product, but the practices, technologies, and
institutions behind it, which need to be problematised and
addressed in order to promote a pathway towards more sus-
tainable agri-food systems in Brazil and beyond (Niederle
and Wesz Junior 2020). Fostering initiatives that encourage
less environmentally impactful productions is essential, as
well as stimulating productive activities that are more resil-
ient to climate-related issues. Given that almost 80% of the
soy produced in Brazil is exported, and that internal political
challenges limit the Brazilian government's ability to imple-
ment stricter regulations, international pressure to purchase
products from non-deforested areas becomes a key factor for
Brazilian producers. On this aspect, several initiatives are
already in place or are currently being implemented, such as
the EU Deforestation Regulation (EUDR), the Amazon Soy
Moratorium, and the environmental provisions of the EU-
Mercosur Partnership Agreement.

Finally, we suggest that federal economic programmes and pol-
icies promoting more sustainable practices should be strongly
interlinked with state-level initiatives, taking into account the
specific socio-economic and pedoclimatic characteristics of
each state. In this regard, federal, state and non-state actors
play a significant role. However, multilevel governance may be
problematic when it comes to grand challenges.!! Accordingly,
it is crucial to promote development strategies that consider
Brazilian states' unique circumstances and needs.
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Endnotes

! Unfortunately, the states where the importance of soy was above the
threshold from the start of the time series (Mato Grosso and Mato
Grosso do Sul) cannot be included among the ‘treated,” and have thus
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been excluded from the analysis. See Section 3 for an in-depth discus-
sion on this aspect.

2 Our indicator of CO, emissions covers two sectors: (i) agriculture and
livestock, which accounts for perennial and non-perennial agricul-
tural production activities (e.g., the chemical and organic fertilisation
of soil), as well as animal husbandry and production, including cattle,
chicken, goats, buffaloes, and mules; and (ii) change in the use of land
and forests, which accounts for the emissions from deforestation, and
in 2022 represented 49% of Brazil's total emissions (SEEG 2023). Our
indicator is measured in terms of tons of CO, emissions per square
kilometre of area of a state.

3 Mapbiomas (2025) defines deforestation as the complete or almost
complete suppression of existing native vegetation in a given area.
For more information, see https://storage.googleapis.com/alerta-
public/dashboard/rad/2022/RAD_2022.pdf. Our deforestation indi-
cator is measured in terms of square kilometres of native vegetation
(including trees, shrubs, etc.) lost per 1000km? of area of a state.

4 Microregions refer to groups of contiguous municipalities with sim-
ilar characteristics, being a regional geographic division of Brazil
elaborated by the Brazilian Institute of Geography and Statistics
(IBGE). They are used for statistical purposes, and while their use
in economic analyses could help overcome the challenge represented
by spatial spillovers between small municipalities (see, for instance,
Bustos et al. 2016), they do not have legislative or regulatory power
that could result in different policy frameworks influencing the evo-
lution of their agricultural and food systems.

5The GDP is reported in real, fixed prices for the year 2010. The
value added of soy at state level is derived from the Municipal
Agricultural Production (PAM) dataset, while GDP was sourced
from the Brazilian National Accounts, both calculated by the IBGE
(2022).

% Even when using the threshold of 7% of GDP in the robustness anal-
ysis, we were unable to identify a pre-treatment period for these
two states. Higher thresholds would have reduced the length of the
treated period for the treated states, resulting in the inclusion in the
pre-treatment period of states where soy already represented a sig-
nificant share of the GDP. As our case studies are single states, the
exclusion of Mato Grosso and Mato Grosso do Sul is less impactful
for the analysis than what is suggested by their relative incidence on
Brazilian soy production.

7 https://www.ibge.gov.br/estatisticas/economicas/contas-nacionais/
9088-produto-interno-bruto-dos-municipios.html [last accessed 27
November 2025].

8 http://seeg.eco.br/download [last accessed 27 November 2025].

° https://mapbiomas.org/estatisticas [last accessed 27 November
2025].

10 This does not indicate that soy caused a decrease in GDP across years,
but that the GDP is lower than what it would have been if soy were
below the 5% threshold.

1 For an overview of climate policies in Brazil, see Maia et al. (2024).
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Appendix A

TABLE A1 | Listof SCM ‘donors’ by state and indicator, and weights associated to each ‘donor’.

GDP (1000 R$) CO, emissions per square km Deforestation per 1000 square km
Goids
Rondoénia (11) Rondénia (7) Rondonia (18)
Sergipe (53) Maranhio (14) Bahia (56)
Rio de Janeiro (6) Sergipe (49) Minas Gerais (26)
Santa Catarina (30) Rio de Janeiro (7)
Santa Catarina (23)
Parana
Bahia (94) Rondoénia (8) Sergipe (6)
Sao Paulo (6) Espirito Santo (10) Minas Gerais (15)
Sao Paulo (12) Espirito Santo (29)
Santa Catarina (70) Rio de Janeiro (36)
Sao Paulo (7)
Santa Catarina (7)
Piaui
Amazonas (66) Roraima (30) Roraima (64)
Maranhio (24) Amapa (35) Maranhio (4)
Ceara (9) Ceara (17) Rio Grande do Norte (8)
Paraiba (1) Pernambuco (15) Bahia (24)
Alagoas (3)
Rio Grande
Minas Gerais (76) Rondénia (12) Rondénia (21)
Espirito Santo (24) Sao Paulo (31) Paraiba (15)
Santa Catarina (57) Sergipe (21)
Sao Paulo (14)
Santa Catarina (29)
Tocantins
Acre (51) Rondbénia (5) Rondoénia (13)
Roraima (15) Roraima (10) Roraima (30)
Sergipe (34) Maranhio (23) Maranhio (4)
Paraiba (41) Paraiba (21)
Sergipe (16) Sergipe (6)

Santa Catarina (5)

Espirito Santo (21)

Santa Catarina (5)

Note: The numbers in parentheses indicate the percentage contribution of a given state in the SCM analysis, that is, the non-negative weights used to construct the
‘synthetic’ value of each indicator for the state specified in bold. The list of donors include the following states: Acre, Alagoas, Amapd, Amazonas, Bahia, Ceara,
Espirito Santo, Maranhdo, Minas Gerais, Paraiba, Pernambuco, Rio de Janeiro, Rio Grande do Norte, Rondo6nia, Roraima, Santa Catarina, Sdo Paolo and Sergipe.
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