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Abstract

Our study analyzes potential agro-industrial soybean expansion dynamics and is the first to project soybean expansion
Paraguayan Chaco. This biodiverse region, home to the greatest diversity of indigenous groups in Paraguay, has recently seen
some of the world’s highest deforestation rates, losing 3.4 Mha of forestland between 2001 and 2014. Soy, a globally traded
commodity crop and Paraguay’s largest export product, recently arrived in the area and may exacerbate the high deforestation
rates currently attributed to pastureland expansion. We combine extensive field, trade, and satellite data, to analyze the context,
and push-pull factors that are driving frontier expansion dynamics, and assess the potential impacts of soybean-based land use
change using geo-located accounts of current soybean production sites. Our analysis finds that roughly 742,000 ha in the
Paraguayan Chaco are suitable for soybean frontier expansion with an additional 940,000 ha moderately suitable for expansion.
We identify the main drivers of soybean expansion in the region as agricultural technology and land price appreciation. However,
infrastructure investments are set to further drive soybean expansion dynamics and connect the region via navigable rivers and
roads with access to ports on the Atlantic and Pacific oceans as part of the multi-national Corredor-Biocednico “bi-oceanic
corridor” road project. The continued rapid development of this fragile landscape could transform the Paraguayan Chaco into a
major South American logistics hub for soybean and other agricultural production. Without appropriate governance systems in
place, this development could lead to irreversible large-scale damage to the socio-environmental systems, similar to boom
dynamics seen in other South American frontiers.
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Introduction

The production of agricultural commodities destined for glob-
al markets is one of the most important drivers of land use/
land cover change (LULC) in tropical and subtropical regions
(Pendrill et al. 2019). As demand for agricultural commodities
increases, pressure to expand production to new regions has
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grown significantly (Lambin and Meyfroidt 2011).
Commodity crops rely on large-scale, input-intensive, and
highly mechanized production methods that affect the envi-
ronment, livelihoods, and social structures in production re-
gions (Meyfroidt et al. 2014). Commodity crop expansion can
promote economic growth and infrastructure development in
new regions and can also result in negative consequences such
as deforestation, habitat loss, land consolidation, and loss of
livelihoods due to competition with traditional agricultural
systems (Baumann et al. 2016; Le Polain de Waroux et al.
2017).

In South America, the expansion of agro-industrial com-
modities started decades ago in regions with fertile soil and
access to markets, beginning in the Atlantic forest and Pampas
biomes, gradually expanding further inland towards forested
areas with less expensive and more abundant land in the
Amazon, Cerrado, Chiquitania, and increasingly the Gran
Chaco region (Nolte et al. 2017; Turzi 2017). This trend is
particularly prevalent in the soybean sector, either through
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direct expansion into forest areas, or indirectly by displacing
other agricultural activities—most notably cattle
pastureland—to more marginal or forested areas (Gasparri
et al. 2016). These marginal expansion areas often exhibit
poor governance systems and/or weak enforcement of socio-
environmental regulations (Eufemia et al. 2020; Le Polain de
Waroux et al. 2016).

Significant research on recent South American agricultural
frontier expansion has focused on state-driven, smallholder-
based colonization or pastureland expansion, particularly in
the Amazon region, which reflect a set of drivers and condi-
tions that are less applicable to commercial cropland frontier
regions found elsewhere on the continent (Le Polain de
Waroux et al. 2018). Research on the dynamics behind the
spread and growth of agro-industrial production to new re-
gions often focuses on specific impacts of frontier expansion,
such as deforestation (Morton et al. 2006), habitat loss
(Ochoa-Quintero et al. 2015), and change in hydrological cy-
cles (Lima et al. 2014). Other studies focus on underlying
drivers and conditions that contribute to agricultural frontier
expansion (Angelsen 2010; Jepson 2006; Le Polain de
Waroux et al. 2017; Le Polain de Waroux et al. 2018), as well
as the role of specific actor types (Godar et al. 2014; Pacheco
2012) engaged in frontier expansion. These studies draw on a
wide spectrum of theories and empirical methods from various
disciplines that inform our conceptualization of modern agri-
cultural frontiers. Comparatively few studies address non-
Amazonian land conversions in subtropical regions of South
America focusing on specific biomes (Le Polain de Waroux
et al. 2018), while others have focused on the impacts of
specific land uses (Fehlenberg et al. 2017) in these regions.
Several studies consider the drivers and dynamics of agricul-
tural expansion in the Argentine Chaco (Gasparri et al. 2015;
Piquer-Rodriguez et al. 2018; Volante et al. 2016) and the
Gran Chaco region as a whole (Kuemmerle et al. 2017; Le
Polain de Waroux et al. 2018). Still, a research gap remains in
the understanding of how the drivers and conditions of agri-
cultural expansion affect commercial cropland frontiers in dif-
ferent non-Amazonian subtropical regions in South America
and the role different types of stakeholders play in this expan-
sion, thereby hampering effective decision-making for sus-
tainability in agricultural frontier regions.

Our study looks at the Paraguayan Chaco, a fragile and
biodiverse region in South America that has become a defor-
estation hotspot (Hansen et al. 2013), having lost over 27% of
original forest cover in the years 1987-2010 (Baumann et al.
2016). The potential impact of recently observed soybean ex-
pansion is largely absent from recent studies (Baumann et al.
2017b; Le Polain de Waroux et al. 2018), as well as land use
change projections originating from civil society (WWF
2016), all of which focus on the impacts of pastureland ex-
pansion as the dominant driver of deforestation in the region.
The combination of these factors, in addition to infrastructure
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and accessibility projects currently underway in the region,
creates conditions that could lead to soybean and other crop-
land expansion playing a major role in contributing to LULC
in the near future. This includes improvement of current roads
connecting the area with the rest of the country, as well as the
multi-national Corredor Biocednico “bi-oceanic corridor”
project that will connect the region to 52% of the world’s
soybean production, and navigable rivers and ports in the
Pacific Ocean by 2022 (Paraguayan Ministry of Public
Works and Communications 2020; Ultima Hora 2019). This
setting provides a unique opportunity to study the factors and
incipient drivers at play in a newly formed and capitalized
soybean frontier before an anticipated boom (ABC Color
2020).

Hence, our study will analyze the potential for the
Paraguayan Chaco to become a large-scale soybean produc-
tion region by (1) identifying the drivers and conditions that
have led to soybean uptake and incipient expansion and (2)
assessing where and to what extent soybean production could
expand in the region. Information from these analytical steps
informs our discussion of how the Paraguayan Chaco may
become both a production and logistics hub for the entire
South American soybean sector.

Background/study area—the Paraguayan
Chaco

The Paraguayan Chaco constitutes 24 Mha of the 110 Mha
Gran Chaco region, along with territory in Bolivia, Argentina,
and a small part of Brazil (Veit and Sarsfield 2017). Together,
the Gran Chaco is one of the largest forested regions in South
America, along with Amazonia and the Cerrado. In Paraguay,
the administrative Chaco region' constitutes roughly 60% of
Paraguay’s total land area yet is home to less than 2% of the
country’s 7 million inhabitants (Veit and Sarsfield 2017).
Until the late 1800s, the Paraguayan Chaco was inhabited
by roughly 12 semi-nomadic indigenous groups, isolated from
foreign influence and with marginal contact with national gov-
ernment structures (Kleinpenning 1983). After Paraguay’s de-
feat in the Triple Alliance war of 1870, large tracts of land
were sold to wealthy, mostly foreign, landowners as a way to
raise money or in exchange for repaying large war debts
(Véazquez 2013). The most consequential changes in land
ownership in the Paraguayan Chaco occurred in the 1920s—
1930s, when eastern European and Canadian Mennonites of
German descent, fleeing their countries because of religious
persecution and/or war, began to settle in the region. The
Mennonite communities cleared forestlands for crop and

"In Paraguay, all territory west of the Paraguay River is known as the Chaco
region. Territory east of the river, despite being a part of the wet Chaco biome,
is not considered part of the administrative Chaco region.
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pasture land, and imported pasture grass optimized for cattle
grazing (buffelgrass), transforming the central Chaco region
into a major cattle ranching region by the 1960s and establish-
ing the dominant land tenure regime seen to this day
(Fehlenberg et al. 2017). Despite the extreme climate, the
Mennonite colonies expanded and diversified their production
to include sorghum, cotton, peanuts, cassava, and industrial-
ized dairy production (1970s), as well as modern cattle farm-
ing using advanced genetics/breeding techniques and technol-
ogies (1980s) (Baumann et al. 2016; Neufeld 2018). The latest
wave of land use dynamics in the Paraguayan Chaco began in
the mid-2000s, sparked by the 2004 zero-deforestation law
(Zero Deforestation Law 2004), implemented by the
Paraguayan federal government in the Atlantic Forest region.
This law limits forestland conversion in the Eastern portion of
the country and does not apply in the Chaco region (Yanosky
2013). These new dynamics are characterized by rapid forest
to pastureland conversion in the Chaco via producers moving
westward from the consolidated and cleared eastern Atlantic
Forest region of Paraguay looking to expand their production,
foreign investors and producers, and the Chaco’s Mennonite
populations expanding their operations (Vazquez 2013;
Zoomers and Goldfarb 2013).

Soybean production in the Paraguayan Chaco

Large-scale cropland production was long considered unfea-
sible in the Paraguayan Chaco due to extreme heat, flooding,
droughts, salinized groundwater and soil, and lack of roads
and infrastructure (Veit and Sarsfield 2017). Despite this rep-
utation, soil types found in certain parts of the Chaco region
are comprised of quickly mineralizing, fertile substrates con-
taining high levels of organic phosphorus that are highly suit-
able for cropland production (Baumann et al. 2017b).
Nevertheless, the harsh environmental conditions in the region
created strong cultural norms that split the identity of agricul-
tural producers in the east and west of the country—the Chaco
is known as pastureland dominated by cattle producing
Mennonite producers, and the east is for cropland production
by Paraguayan and producers of Paraguayan/Brazilian de-
scent known as “Brasiguayos” (Turzi 2017; Veit and
Sarsfield 2017). Despite this cultural mindset, the Chaco re-
gion has seen a recent increase in cropland agriculture using
no-till agriculture techniques, advanced seed technologies,
and the application of glyphosate since the 2010s (Neufeld
2018). This type of expansion has been of particular interest
to the Paraguayan central government, producers, agricultural
industry groups, and conservation groups alike, as Eastern
Paraguay has nearly reached the legal and biophysical limits
of Paraguay’s most important crop, soybeans (USDA-FAS
2018). Today, the Chaco holds the only major agricultural
expansion potential in the country and is gaining attention as
a potential economic boom area (MOPC 2019).

Environmental and human rights groups are also monitoring
soybean expansion and economic development plans in the
region, and monitoring for potential negative socio-
environmental impacts to indigenous groups and the environ-
ment resulting from this growth (BASE 2017; Mighty Earth
2018; WWF 2016). However, these concerns have not yet
reached widespread international attention—a pattern seen in
the Argentine Chaco (Kuemmerle et al. 2017)—or other bi-
omes in South America (e.g., Brazilian Amazon and Cerrado)
where conservation efforts peaked once the biome had already
been strongly transformed (Strassburg et al. 2017), limiting
the scope of mitigating conservation initiatives. The inherent
conflict between potential economic growth and development
supported by the agricultural sector and civil society’s focus
on nature conservation and indigenous rights are at the heart
of ongoing territorial changes, all of which could escalate as
soybean production takes hold in the region. In January 2018,
there were over 20,000 hectares of soybean production in the
Chaco region (ABC Color 2019a)—estimates for 2020 sug-
gest that around 48,000 hectares have been planted (RCC
2020), indicating an increase of 140% in around 2 years.

Methods/data

We used a combination of field interviews and data analysis,
and an extensive literature review to identify the drivers shap-
ing the soybean frontier in the Paraguayan Chaco and to assess
the soybean expansion potential in the region. We faced sev-
eral constraints to data acquisition, as there is little publicly
available data, and incomplete and dated information regard-
ing agricultural census data, land prices, and infrastructure,
making it difficult to assess current market values and condi-
tions. As a result, our soybean observation data is based on
information from several sources but is limited to a small
number of observations from the still-nascent soybean indus-
try in the region.

Analysis of drivers and conditions of soybean
expansion in the Paraguayan Chaco

Our analysis considers the combination of external factors
influenced by the underlying conditions of agricultural pro-
duction and how they interact with heterogeneous actor char-
acteristics to shape agricultural expansion dynamics in the
region. As a foundation, we rely on the Von Thiinen land-
rent framework underlying many agricultural frontier analyses
(Angelsen 2010; Kellerman 1978) enriched by studies that
consider power structures, incentives, and institutions.
Jepson (2006), Le Polain de Waroux et al. (2018), Angelsen
(2010), and Frey et al. (2018) helped inform our conceptual
framework, which disaggregates elements that shape the scale
and scope of agricultural frontier expansion into three
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interacting elements: (1) underlying and proximate causes; (2)
spatial determinants and required conditions; and (3) individ-
ual actor characteristics (supplementary online material
section 1).

We collected both qualitative and quantitative data on four
field visits to Paraguay and the Chaco region, during 2018 and
2019, where we interviewed 25 key stakeholders. Twelve
stakeholders were active soybean producers (5 large-scale
producers, 3 medium-sized producers, 4 small-scale pro-
ducers). Another 12 were technical experts working on the
soy sector in the region: (7), researchers and NGO staff (5),
and (1) active in a producer/trade group. Interview questions
were related to when they were first aware of soybean produc-
tion in the Chaco; their experiences with/around production in
the Paraguayan Chaco; their opinions as to why soybean pro-
duction began to expand to the Chaco region; challenges and
limitations to production; and their perception of the future of
soybean production in the region. Key actors were identified
by attending meetings and conferences in the Chaco region
related to commodity crop production, sustainability initia-
tives, and no-till agriculture methods. We further applied the
so-called snowball method to identify further relevant stake-
holders (Morgan 2008). Interviews were semi-structured, es-
tablishing pre-defined topics and questions for each actor type
and open elements responding to general reactions and enthu-
siasm to specific topics by the interviewee (Clifford et al.
2012). We gathered additional information in public social
media forums, group chats, and other informal and publicly
available information exchanges used by producers in the
Chaco region. Additionally, we relied on newspapers, publi-
cations, gray-literature, reports, and quantitative data found in
presentations and workshops collected on our field visits to
expand the scope of our analysis and gain further up-to-date
context.

Potential soybean area expansion

To determine the potential future extent of soybean expansion
in the Paraguayan Chaco, we systematically compared rele-
vant biophysical and economic indicators of the coordinate
points of all known soybean production in the region
(supplementary online material section 1) with candidate lo-
cations that exhibit comparable conditions. We identified 36
locations where soybean production was observed in the
Paraguayan Chaco based on field and farm visits, participation
in meetings and social media groups, and recent global soy
crop maps (University of Maryland/Hansen, M. C.
(Unpublished): see supplementary online material section 2).
With these data, we constructed a preliminary assessment of
soybean suitability in the Chaco based on the location of
known soy farms, referred to as presence data in the literature,
with biophysical and economic variables particular to their
specific coordinate points. We used soil, infrastructure, and
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historical land cover maps, historical bioclimatic data, and
economic variables such as land price and distance to markets
to create a projection of the spatial extent of soybean produc-
tion using a species distribution modeling (SDM) framework
(see Table 1 for a full list of variables and data sources and
supplementary online material section 7-8 for a detailed de-
scription of each of the sources). This approach is similar to
Frey et al. (2018), which implements the maximum entropy
approach (supplementary online material section 9) to project
soybean expansion in Brazil-based observed locations of soy-
bean production. SDM was originally developed to identify
niches and geographical distributions of species in Ecology
and has been shown to produce reliable results in rare or nar-
row ranged species with as little as 3 observations and with as
little as 25 observations in widely distributed species (van
Proosdij et al. 2015). Studies such as de Souza and de
Marco (2014), Amici et al. (2017), and Frey et al. (2018)
use MaxEnt SDM modeling to predict changes in LULC
based on presence data.

Results

Our analysis considers each of the previously identified ele-
ments that contribute to the formation of the modern agricul-
tural frontier: (1) underlying and proximate drivers; (2) spatial
determinants and required conditions; and (3) individual actor
characteristics.

Drivers of soybean expansion in the Paraguayan
Chaco

Underlying and proximate drivers of soybean expansion
in the Chaco

Initially, we considered all known underlying and proximate
drivers of soybean expansion (supplementary online material
section 1), and then systematically ruled out any that did not
apply to soybean expansion dynamics in the Paraguayan
Chaco. Over two-thirds of our interviewees stressed that lim-
itations in infrastructure and changes in demand for soybeans
did not play a major direct role in driving the current wave of
soybean frontier expansion. This perspective was supported
by the general downtrend in soybean prices between 2012 and
2017 (World Bank Group 2017), as well as low levels of
investment in infrastructure in the last decade (Veit and
Sarsfield 2017). Instead, respondents listed factors related to
technological changes, policy changes, and favorable land
price in driving soybean expansion, described in detail below.

Technology All 25 interview respondents cited advancements
in agricultural technology, specifically genetically modified
seed varieties, the control of pathogens, insects, and weeds
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Table 1 Variables used in Maxent model
Category Variable Code Source
Agricultural suitability Annual mean temperature bioclim 1 worldclim data set [Fick et al. 2016
Agricultural suitability Mean diurnal range (mean of monthly maxtemp-mintemp) bioclim 2 worldclim data set [Fick et al. 2016
Agricultural suitability Isothermality bioclim 3 worldclim data set [Fick et al. 2016
Agricultural suitability Temperature seasonality bioclim 4 worldclim data set [Fick et al. 2016
Agricultural suitability Max temperature of warmest month bioclim 5 worldclim data set [Fick et al. 2016
Agricultural suitability Min temperature of coldest month bioclim 6 worldclim data set [Fick et al. 2016
Agricultural suitability Temperature annual range bioclim 7 worldclim data set [Fick et al. 2016
Agricultural suitability Mean temperature of wettest quarter bioclim 8 worldclim data set [Fick et al. 201
Agricultural suitability Mean temperature of driest quarter bioclim 9 worldclim data set [Fick et al. 2016
Agricultural suitability Mean temperature of warmest quarter bioclim 10 worldclim data set [Fick et al. 201
Agricultural suitability Mean temperature of coldest quarter bioclim 11 worldclim data set [Fick et al. 2016
Agricultural suitability Annual precipitation bioclim 12 worldclim data set [Fick et al. 2016
Agricultural suitability Precipitation of wettest month bioclim 13 worldclim data set [Fick et al. 2016
Agricultural suitability Precipitation of driest month bioclim 14 worldclim data set [Fick et al. 2016
Agricultural suitability Precipitation seasonality (coefficient of variation) bioclim 15 worldclim data set [Fick et al. 2016
Agricultural suitability Precipitation of wettest quarter bioclim 16 worldclim data set [Fick et al. 2016
Agricultural suitability Precipitation of driest quarter bioclim 17 worldclim data set [Fick et al. 2016
Agricultural suitability Precipitation of warmest quarter bioclim 18 worldclim data set [Fick et al. 2016
Agricultural suitability Precipitation of coldest quarter bioclim 19 worldclim data set [Fick et al. 2016
Agricultural suitability Soil type soil Guyra 2012
Accessibility Distance to city dist_cites Authors’ own calculation based

on (Schielein et al. 2021)
Accessibility Distance to port dist_ports Authors’ own calculation based

on (Schielein et al. 2021)
Land price Land price land_price UGP/MF 2017, MAG 2016
Land use Land cover (separated into 9 types highlighted in land_use WWF/Guyra/DLR 2016

supplementary online material section 7)

Land use Protected area protected_area ~ WWF 2016

through chemical inputs in combination with no-till planting
techniques as the major proximate driver contributing to soy-
bean expansion in the Paraguayan Chaco. We found that of
these technologies, the ubiquitous use of no-till planting on
top of flattened cover crops as a moisture retention technique
is considered by all interviewed respondents as having played
the largest role in facilitating soybean expansion, by mitigat-
ing the impacts of drought and high heat (RCC 2020). No-till
methods were first implemented on a large scale in the
Paraguayan Chaco via replication of experiences with soy-
bean production in the Salta and Chaco provinces in
Argentina (Fehlenberg et al. 2017; Zoomers and Goldfarb
2013) (interviews 1, 3, 4—see supplementary online materi-
al). Complimentary to this change in technology in the region,
but often cited as the technological factor that will unlock the
region for further soybean expansion, is the development and
use of drought-resistant genetically modified (GM) seed tech-
nologies and glyphosate application (USDA-FAS 2018). As

of 2019, over 340 soybean varieties had been tested in the
Paraguayan Chaco with the most success seen in seed matu-
rity groups with longer maturation periods (Dueck 2018).
These dynamics will continue to play a role as production
methods and seed genetics improve and are further specialized
to conditions present in the region.

Policies and governance The 2004 zero-deforestation law
(Zero Deforestation Law 2004) in the eastern region of the
country spurred a new wave of investment in the Chaco, as
it the only region in Paraguay where forest to pasture/cropland
conversion remains legal. Seven of the interview respondents
cited the implementation of this law as an underlying dynamic
driving soybean expansion in the Paraguayan Chaco, in addi-
tion to the relatively few restrictions placed on agricultural
producers operating in the region. In order to be compliant
with federal environmental laws, rural properties in the
Chaco need to maintain a legal reserve of natural forests
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totaling at least 25% (Forest Reserve Law 422/73, Decree
regulation 18831/86 1973) of their property size, in addition
to maintaining the “preservation and management of water-
sheds and wetlands” (National System of Wild Protected
Areas of Paraguay Act (SINASIP) 1994), as well as the obli-
gation to perform environmental impact studies. Additionally,
few ownership restrictions for foreign land owners (except for
a 50 km buffer from national borders), low tax rates, and poor
enforcement of regulations by the federal government are fur-
ther conditions that are favorable to agricultural expansion by
both domestic and international actors operating in the region,
including soybean producers (IUCN 2019; Redo et al. 2011,
Veit and Sarsfield 2017).

Land price In 2008, an average hectare of forestland in the
Chaco was valued at roughly USD$40-50, rising to
USD$250-300 in 2012 (Galeano 2012). Today, forested land
can sell for USD$150-600 per hectare, and cleared pasture-
land can sell for USD$500-2000 per hectare (Veit and
Sarsfield 2017). Despite these increases, Paraguayan land
ranks among the lowest land valuations in Latin America,
second only to Bolivia, attracting producers looking to expand
their pasture/croplands as well as international actors looking
to invest in land deals with an expected high return on invest-
ment (Veit and Sarsfield 2017). Seventeen of our respondents
cited “consistently appreciating land prices” as being a major
underlying driver of soybean frontier expansion. As more ac-
tors began to purchase land in the Chaco region, land prices
increased, attracting domestic and increasingly foreign inves-
tors operating in cattle production, land speculation, and even-
tually soybean production from Argentina, Brazil, Uruguay,
and further abroad (Veit and Sarsfield 2017).

Spatial determinants and required conditions for agricultural
production

Our study identified three contributing determinants and con-
ditions for soybean production: soil highly suitable for agri-
cultural production, perceived increases in precipitation, and
adequate levels of infrastructure (supplementary online
material section 1).

Suitability for agricultural production If producers can miti-
gate challenges attributed to water scarcity and can access
zones with suitable soil types, the Paraguayan Chaco is
biophysically apt to modern soybean production technology.
This is supported by all interview respondents who indicated
the high soil fertility in the region favors suitability for agri-
cultural production. High soil fertility can reduce input costs
for soybean production by reducing the need for fertilizer at a
savings of roughly 30% compared to other regions in
Paraguay, potentially offsetting significant transportation
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costs of bringing soybeans to market (interview 1, 5, 7—see
supplementary online material).

Throughout our interviews, the majority of respondents
cited increased levels of precipitation to be a potential factor
driving soybean frontier expansion in the Chaco, as water
scarcity is the greatest limiting factor in agricultural produc-
tion in the region. Recent studies have suggested a potential
increase in precipitation and extreme weather events in
Northern Argentina, and several other surrounding regions
(Barros et al. 2008; Ferrero and Villalba 2019). However,
according to historical climate data based on the 2017 CRU
Dataset (Harris et al. 2020), we did not find a significant var-
iation in precipitation or temperature between the years 1980
and 2016 in various locations throughout the Paraguayan
Chaco in the months surrounding soybean production and
harvest which occur between November and April (supple-
mentary online material section 3 a—b). To understand the
discrepancy between our climate assessment and the reported
increase in precipitation by many interviewees, we undertook
an exhaustive literature review of studies focused on the Gran
Chaco region and the entire La Plata Basin. Our review con-
sidered studies that claim overall increasing precipitation
across the La Plata basin such as Grimm et al. (2016) that
looks at overall precipitation trends in the region between
1970 and 2005, as well as studies from neighboring regions
(Mato Grosso do Sul, Brazil) reporting stable precipitation
patterns between 1954 and 2013 (Teodoro et al. 2016).
Additionally, we examined studies focused on the relationship
between land use, atmospheric moisture recycling, and pre-
cipitation patterns in the region (Keys et al. 2016), the impacts
of climate change on El Nifio and La Nifia weather events in
South America (Cai et al. 2015; Pezzoli and Ponte 2016), as
well as studies pertaining to water resources specific to
Paraguay (Coronel et al. 2015). Despite this line of inquiry,
we did not find any empirical evidence specific to changing
precipitation levels or temperatures and soybean expansion in
the Paraguayan Chaco. This assessment is in line with dynam-
ics observed in the Northern Argentine Dry Chaco region,
whereby rainfall was ruled out to be a major determinant of
cultivated land expansion (Gasparri et al. 2015).

These findings do not eliminate the possibility of local-
ized increases in precipitation in recent years that are not
covered by the available data. Nor does it eliminate the
possibility that perceived increases in precipitation by pro-
ducers may have occurred as a result of prevailing opinions
in the region and/or the success of recently implemented
moisture conserving production methods. Either of these
outcomes could influence the decision-making and risk as-
sessments of producers as to whether they engage in soy-
bean production. However, similar to Gasparri et al. (2015)
in the Argentine Chaco, we have ruled out recent increases
to precipitation as a major determinant in soybean expan-
sion in the Paraguayan Chaco.
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Infrastructure The lack of reliable infrastructure in the Chaco
region is a challenge for all actors engaged in economic activ-
ities in the region. To date, the trans-Chaco highway is the
only non-urban paved road facilitating agricultural production
and transportation in the region (Fig. 1). At present, harvested
soybeans bound for export originating in the Paraguayan
Chaco travel considerable distances to reach grain ports in
Concepcion (roughly 350km) and, more frequently, the
Asuncion/Villeta area (roughly 450km), and can only be
transported in dry conditions, as unpaved roads become im-
passible if wet. Despite these difficulties, current levels of

Country boundary
Department boundary
Cities

Soy Farms

Ports

Rivers

| | =ao ]

Paved roads

—— Unpaved roads

==a Corredor Biocednico
(planned road linking Pacific
and Atlantic Oceans

Soil Types
[T Arenosols [ ] Gleysols [l Luvisols [ ]Regosols

[ ] cambisols [ ] Gypsisols [ Nitisols [l Solonchaks
B Fluvisols [ ] Leptosols [ Planosols [l Solonetz

Argentina

accessibility and infrastructure have been sufficient to meet
the minimum requirements of satisfying the required condi-
tions for agricultural supply chains if goods are transported
during dry periods, despite reported difficulties and lost or
damaged harvests due to wet conditions (interview 1—see
supplementary online material). Despite its current marginal
role in driving soybean expansion dynamics, improvements in
accessibility could become one of the most important drivers
of frontier expansion in the region, as it is one of the most
frequently cited drivers of both pastureland and cropland ex-
pansion in the greater Gran Chaco (Le Polain de Waroux et al.

Brazil

Fig. 1 Observed soybean presence according to soil types in the Paraguayan Chaco
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2016; Piquer-Rodriguez et al. 2018; Volante et al. 2016).
Increased accessibility could make soybean production viable
in regions that are currently inaccessible, sparking a change in
the underlying profitability of cropland production in the re-
gion through scaling and agglomeration effects (Le Polain de
Waroux et al. 2018).

Actor characteristics

The decision parameters and behaviors of different actor types
play a role in soybean expansion dynamics in the Paraguayan
Chaco. This understudied element of agricultural frontier ex-
pansion dynamics is explained in detail below.

Access to information Access and availability to information
for decision-making is strongly linked to actor type in the
Paraguayan Chaco. For instance, all interviewed large-scale
soybean producers (supplementary online material section 4)
have adopted technologies and production schemes from oth-
er soybean-producing regions due to personal experience or
first-hand gathered information about best practices in those
regions. The majority of interviewed medium to smaller sized
producers expressed that they lack the resources to be able to
gain access to this type of information due to the prohibitive
cost of attending meetings or a lack of awareness that this type
of information is being shared without outside assistance or
the selective transfer of information by larger producers.
Large-scale soybean producers are highly engaged in dissem-
inating information and actively contribute to workshops and
events organized by civil society and the government®, in
addition to personal networks, agricultural expos, and public
and private social media groups. Large-scale actors can lever-
age their influence to control the flow of information between
in-groups that share information, and out-groups that are not
privy to information, through invitations to meetings and/or
social media groups similar to observations described in (Le
Polain de Waroux et al. 2018).

Preferences Komarek et al. (2020) outlines a large body of
literature about how producers position themselves and make
decisions based on intrinsic levels of risk tolerance and how
this defines individual preferences. We analyzed actor prefer-
ences in the Paraguayan soybean frontier in the Chaco and
concluded that producers’ level of risk tolerance varies greatly
depending on their size, incentives, and identity, and affects
the type of frontier expansion they engage in. The largest
producers active in soybean production in the Paraguayan
Chaco focus on producing soybeans for export, as a short to

2 Including the Green Commodities/Green Chaco project (United Nations
Development Programme UNDP) and the Paraguayan Department of
Environment and Sustainable Development (MADES) and Promesa Chaco
(Guyra/MADES)
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mid-term return on investment, and are active in direct forest
clearing to soybean production (interview 1—see supplemen-
tary online material). The long-term focus of these producers
is to develop forestland properties into cropland and pastures,
increase their property values, and sell them as land prices
appreciate® *. Their risk preferences are, therefore, inherently
less conservative than among small/medium scale producers
looking to diversify their economic activities or supplement
their cattle operations through soybean production, which is
more likely to occur on previously cleared land due to the high
costs of land transformation (Neufeld 2018). Therefore, how
soybean expansion occurs in the Chaco is different between
actor types based on risk tolerance and subsequent prefer-
ences. Preferences can also lead actors to respond to non-
rent based incentives, acquiring land to demonstrate prestige
or status, the building of in and out-groups, or maintaining a
“pioneer identity”” observed in the Turner frontier thesis (Foa
et al. 2012; Turner 1920) all of which do not lend themselves
to quantification (Turner 1920). If the utility from engaging in
frontier expansion offsets the conventional von Thiinen logic
of rents decreasing with distance to markets, a small number
of risk-taking producers may act as the early innovators need-
ed to catalyze large-scale landscape transformation. Our inter-
views suggest that soybean frontier expansion in the
Paraguayan Chaco is co-determined by the particular risk at-
titudes that dominate among pioneering large-scale producers
in the region. As one large-scale producer stated “soybeans are
coming to the Chaco . . . people used to think that I was crazy
for thinking it could become a soybean production region, but
now it’s me producing the soybeans” (interview 1—see sup-
plementary online material).

Agency Individual actors’ ability to influence their rent condi-
tions in the future reflects their level of agency and is largely
dependent on their ability to organize and lobby (Jepson 2006;
Le Polain de Waroux et al. 2018). In the Paraguayan Chaco,
examples of differential levels of agency between actors can
range from lobbying the central government for investments
in infrastructure, to building roads, and providing input to
planned changes in regulations (ABC Color 2019c¢), to orga-
nizing aid during extreme weather events or natural disasters
(ABC Color 2019b). Mennonite producers have achieved
high levels of agency through the governance structures of
their respective colonies and the resources they control and
administer. They have built private roads, facilitated land
deals, purchased state-of-the-art machinery, and installed pri-
vate agricultural extension and research programs for their
members based on high levels of the organization. Several
colonies are currently participating in research and develop-
ment programs to improve soybean genetics for improved

3 http://www.cresud.com.ar/campania-nuestro-negocio.php?language=en,
4 http://www.carloscasadosa.com/tierras.php
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drought tolerance in collaboration with the Paraguayan Grains
and Oilseeds Traders Association (CAPECO), the US
Department of Agriculture (USDA), and the University of
Missouri (La Nacion 2017). The large-scale soybean pro-
ducers in the Chaco (supplementary online material section
4) also exhibit high levels of agency in shaping the Chaco
soybean frontier by influencing policy, lobbying for increased
infrastructure spending, private non-state sponsored road
building (Veit and Sarsfield 2017), and shaping the flows of
information and discourse related to development in the re-
gion by forming alliances with projects sponsored by interna-
tional organizations®. These actors speak at events and inde-
pendently organize soybean producers active in the Chaco at
all scales through meetings, events, and social media groups.

Access to land and capital The differences in resources be-
tween actors and their comparative advantages dictate their
relative access to an agricultural frontier zone. In a non-state
driven frontier region, differential access to capital, credit,
land, technical expertise, and trade networks impact whether
an actor can expand to a region that may be “inaccessible” to
other producers due to a lack of available resources (Le Polain
de Waroux et al. 2018). In the Paraguayan Chaco soybean
frontier, different actor categories bring different levels of ac-
cess due to their respective level of capitalization, cultural
affiliation, level of education, or if they represent a larger
company or producer. Two of the three largest companies
(Moroti & Palmeiras S.A, Carlos Casado) represent interna-
tional agricultural interests, and can expand to regions that
would be inaccessible to smaller producers due to constraints
in credit and capital required for forest to cropland conversion
(interview 1—see supplementary online material). Actors af-
filiated with the Mennonite colonies are able to access land for
soybean expansion that is not available to non-members due
to private ownership based on membership to the colonies
(interview 13—see supplementary online material). Access
thus plays a key role in determining the extent to which soy-
bean expansion can or cannot take place in the Paraguayan
Chaco.

Potential for soybean expansion in the Paraguayan
Chaco

As of 2019, we identified 36 different instances of soybean
production occurring in the Paraguayan Chaco (Fig. 1). Due to
data limitations, the novelty of soybean production in the re-
gion, and time constraints, we cannot determine if these

> Including projects sponsored by the United Nations such as Project Green
Chaco: https://www.py.undp.org/content/paraguay/es/home/projects/
greenchaco.html; and FOLUR: https://www.thegef.org/sites/default/files/
web-documents/10397_add PFD _child_projects.pdf

observed production areas are an exhaustive list, nor could
we field verify each location. However, the points included
in the analysis were cross-referenced with other data sources/
interviews when possible and represent the most comprehen-
sive list of soybean production locations in the Paraguayan
Chaco to date.

The agricultural suitability requirements for soybean pro-
duction are highly dependent on the previous land use/land
cover and biophysical characteristics of production areas such
as soil type, precipitation, and temperature. The most static of
these variables is soil type, as it is more consistent on a year-
to-year basis and whose characteristics play the most signifi-
cant role in determining the spatial extent of soybean produc-
tion. The Paraguayan Chaco consists of 12 soil types, of
which three make up the vast majority of the territory:
Solonetz (34 at.8%), Regosols (27.6%), and Luvisols
(20.4%). The majority present-day soybean production in
the Paraguayan Chaco occurs in Regosols and Luvisols
(86.1%), followed by Solonetz (11.1%) and Cambisols
(2.7%) (supplementary online material section 5).

According to our field observations, soybean production in
the Chaco has occurred, by in large, on previously cleared pas-
tureland, except in the cases where forestland was transformed to
soybean production as a part of large-scale land development
(Passerieu 2018). A map of soybean presence according to his-
torical land use can be found in supplementary online material
section 6. A preliminary assessment of how much land is apt for
soybean expansion based solely on soils and land use/cover con-
sists of previously cleared pastureland subsisting of Luvisol and
Regosol soil, which adds up to a total of 2.9 Mha across the
Paraguayan Chaco (roughly the size of Belgium). This assess-
ment does not take continued pasture use and cropland/pasture
competition into account, nor does it include additional socio-
environmental variables such as precipitation, temperature, dis-
tance to port, land price, and infrastructure. To establish a more
detailed exploratory projection of soybean apt production regions
in the Chaco that considers additional available data, we imple-
mented the Maxent SDM model (supplementary online material
section 9).

We estimate that roughly 742,000 hectares in the Chaco,
roughly 3% of the territory, are high or very highly apt for
soybean production (Fig. 2). If we project an average yield of
2.9 Tn/ha (similar to the Argentinean Chaco), this expansion
has the potential to contribute an additional 2.15 Mtn more to
Paraguay’s current soy production (9.8 Mtn), an increased
output of roughly 22%. The department with the largest
projected soybean expansion potential is Boquerdn, where
the majority of “high and very high soybean occurrence prob-
ability,” occur. We identified an additional 940,000 hectares,
roughly 4% of the territory, as moderately apt for soybean
expansion, concentrated in Central and South Western
Boqueroén, with additional presence in the Agua Dulce region
of Alto Paraguay.
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Fig. 2 MaxEnt Projection of total potential soybean expansion in the Paraguayan Chaco

According to our model, the variable with the highest explan-
atory power when used in isolation is land cover (labeled “land
use” in supplementary online material section 11). The land
cover variable also changes the model outcome the most
when it is omitted, suggesting that it contains the highest
level of non-redundant information in the available set of
covariates. The relative importance of the land cover vari-
able is supported by information gathered by our field
visits, as the vast majority of observed soybean production
recorded in our study occurs on previously cleared pasture.
The next two significant variables are soil type and the

@ Springer

maximum temperature in the warmest month (Table 1).
These findings were also supported by our field visits
and the preliminary suitability assessment based on soil types
as they play an important role in where soybean production
has been observed and reflects the consensus of all
interviewed stakeholders about the difficulty of agricultur-
al production in extreme heat and drought conditions. We
note that this projection uses limited data on a highly dy-
namic and nascent agricultural frontier and is intended to
serve as an exploratory assessment of the potential for
large-scale soybean production in the Paraguayan Chaco.
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Discussion

This study provides a unique early snapshot of the drivers of
soybean expansion in the Paraguayan Chaco and is the first to
project potential frontier expansion dynamics in the region.
We find that the most important proximate driver behind re-
cent soybean frontier expansion in the Paraguayan Chaco was
an advance in agricultural technology, particularly no-till ag-
riculture production methods, consistent with findings found
in (Turzi 2017; Zoomers and Goldfarb 2013) that suggest that
the potential area for global soybean production is based on
increased agronomic and economic viability across the conti-
nent gained by advances in technology. The most important
underlying causes of soybean expansion in the Paraguayan
Chaco were a combination of the region’s fertile soils, consis-
tent appreciation of land prices, favorable regulations, and a
sufficient level of precipitation and infrastructure. These find-
ings are similar to dynamics seen in the Argentine Chaco in
previous decades (Piquer-Rodriguez et al. 2018; Zoomers and
Goldfarb 2013), but some localized peculiarities apply. The
Paraguayan Chaco, despite its proximity and climatic similar-
ities to the Argentine Chaco, has only recently emerged as a
soybean expansion region due to the changing preferences of
actors spurred by foreign land development companies
looking to develop properties for speculation, Mennonite af-
filiated producers looking to diversify their production, and a
deforestation ban in the eastern region of the country limiting
forest to soybean expansion to the Western (Chaco) half of the
country. The time lag between soybean frontier expansion in
the Argentine Chaco and the Paraguayan Chaco demonstrates
the important role that actor types play in driving frontier
dynamics in each respective region. The comparative advan-
tages of individual actors engaged in soybean expansion in the
Paraguayan Chaco differ from their Argentine or Amazonian
counterparts (Le Polain de Waroux et al. 2018).

We project that roughly 742,000 hectares in the Chaco are
highly or very highly suitable for soybean frontier expansion
based on current production observations and 2018 levels of
infrastructure, with an additional 940,000 hectares projected
to be moderately suitable for soybean expansion, totaling 1.68
Mha, potentially producing up to 2.15 Mtn of soybeans.
However, these estimates could shift and increase significant-
ly with improvements to infrastructure, given that the low
levels of infrastructure have not hampered the incipient but
rapid soy expansion, unlike in other soy expansion regions
such as the Brazilian Amazon and Cerrado (Garrett et al.
2013) or the Argentine Chaco (Zoomers and Goldfarb
2013). Our interviews and projections support the narrative
that attributes the high deforestation rates in the Paraguayan
Chaco the last decade mostly to cattle production (Baumann
et al. 2017b; Caldas et al. 2015). However, beyond this fairly
well understood dynamic, we indicate, based on our projec-
tions, that further deforestation is bound to occur in the

Paraguayan Chaco both as a direct consequence of soybean
expansion and through intra-regional indirect land use
change (e.g., forest to pasture) as opposed to only indirect
leakage effects from neighboring regions (Meyfroidt et al.
2020).

The Paraguayan Chaco is currently the only area with a
high proportion of natural vegetation separating the soybean
production areas of four major South American soybean pro-
duction countries (supplementary online material section 2)
and has acted as a de-facto barrier between the regions. This
region is also the home to many indigenous communities, is
the habitat to many endemic flora and fauna, and provides
important ecosystem services such as carbon storage and
flood regulation (Baumann et al. 2017a; Veit and Sarsfield
2017). Efforts to curb deforestation and agricultural expan-
sion, such as the establishment of the Chaco Biosphere
Reserve® with additional requirements for maintaining forest-
land have been made, but exist as a government resolution and
are not part of national law, and are only partially enforced by
MADES as part of the environmental impact statements need-
ed to gain environmental licenses for clearing forestland (in-
terview 25—see supplementary online material). Our study
shows that soybean production has been observed and is
projected to expand in the biosphere region and beyond
(Fig. 2).

If the Chaco develops into a major soybean expansion re-
gion because of changing production dynamics, technologies,
and increased accessibility, its strategic location bears the po-
tential to regionally integrate neighboring regions and become
a continental agro-industrial staging area for international ex-
ports, leading to increased capacity and intermodality of soy
transportation across central South America. This develop-
ment scenario would intensify the processes that have contrib-
uted to current high levels of deforestation in the Argentine
Chaco (Piquer-Rodriguez et al. 2018) and the greater Chaco
region (Baumann et al. 2017b), in addition to losses to eco-
system services and habitats resulting from agricultural expan-
sion (Barral et al. 2020) and new infrastructure development
(Reymondin et al. 2013).

In August 2019, the Paraguayan central government an-
nounced massive infrastructure investments in the region (La
Nacion 2019; MOPC 2019; Paraguayan Ministry of Public
Works and Communications 2020). These improvements in-
clude re-paving aging portions of the trans-Chaco highway, a
new port connecting the region to the Paraguay River, im-
provements to the Paraguay river’s navigability further
connecting the region to the La Plata and Parana rivers, and
a bridge connecting Paraguay to Brazil in Carmelo Peralta—
the third in the country (MOPC 2019). This bridge is part of a
larger 2.5 billion USD bi-oceanic corridor project “Corredor

® http://odd.senado.gov.py/archivos/file/Reserva%20Bioferas%20del%
20Chaco%20Con%20Antec.pdf
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Biocednico” funded in part by the Paraguayan and Brazilian
government that, upon completion, connects South America’s
largest soybean-producing regions in Brazil, Paraguay,
Argentina, and Bolivia’ with the Pacific Ocean, via a highway
that crosses the heart of the Paraguayan Chaco (Fig. 1). The
expected high levels of accessibility resulting in these infra-
structure investments would reinforce the effect of develop-
ment on agricultural productivity in the region by altering its
underlying profitability by lowering production costs, spur-
ring agglomeration effects and leading to economies of scale
as seen elsewhere in South America (Pfaff et al. 2007,
Reymondin et al. 2013). This could promote cropland produc-
tion on more marginal regions in the Chaco, contributing to
potentially higher levels of LULC than projected in our as-
sessment. Understanding these dynamics before this integra-
tion occurs could potentially mitigate unintended socio-
environmental consequences of soybean expansion and re-
gional integration.

Conclusions

This paper calls attention to the fact that current agricul-
tural expansion dynamics in the Paraguayan Chaco resem-
ble the early stages of large-scale soybean expansion in
ecologically sensitive regions, such as the Brazilian
Amazon, the Brazilian Cerrado, and Argentinean Chaco.
Proactive regional land use planning is necessary to avoid
the negative socio-environmental consequences of large-
scale land cover change in these former agricultural fron-
tiers. The added pressure from an estimated 1.68 Mha of
potential soybean expansion on the natural resources in
the region could exacerbate already high levels of defor-
estation through both direct and indirect land use change,
causing irreversible socio-environmental consequences to
one of the largest remaining eco-regions in South
America. Current land use regulations were enacted under
the now obsolete assumption of limited development po-
tential in the region and require revision to account for
the large-scale potential for soy expansion in the biome. A
forward-thinking land governance approach for the region
must anticipate the completion of the planned large-scale
infrastructure projects currently underway and will be crit-
ical in tempering the negative consequences of the next
agricultural frontier boom in Paraguay.
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material available at https://doi.org/10.1007/s10113-021-01804-z.
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