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ARTICLE INFO ABSTRACT

Keywords: Agricultural expansion and intensification drive the conversion of natural areas worldwide. Scenarios are
Net returns model powerful tools to explore possible future changes in agricultural land use, how these may affect the environment,
Profits and how policies may influence land-use patterns. Focusing on Argentina’s prime agricultural areas, the Pampas,

Economic policies Espinal and Chaco, we developed spatially-explicit future land-use scenarios from 2010 to 2030, considering

gﬁi‘iﬁfsramn both agricultural expansion (i.e., conversions from woodland to either grazing land or cropland) and agricultural
Espinal intensification (i.e., conversions from grazing land to cropland). Our simulations were based on an econometric
Pampa model of net returns, which assumes economically rational land-use actors. Using this model, we assessed the
Conservation planning rates and spatial patterns of future land-use change under current land zoning in our study region, and con-
Zoning trasted this with a forecast of future land use based on land-conversion rates from 2000-2010. We systematically
Tropical dry forests tested the impact of economic policies (e.g., taxes or subsidies), infrastructure improvement (e.g., road paving),
and technological innovation (i.e., yield increases) on the spatial patterns of land-use conversions. Our model
suggests future land-use change will mainly happen along intensification pathways, with deforestation slowing
down, if land-use actors would be profit-maximizing. This general pattern did not change even for policy in-
terventions that impacted profits from agriculture in major ways, cautioning against overestimating the leverage
that economic policies provide for halting deforestation. Improving the region’s road network would create a
strong incentive to expand cropland further into remaining woodlands and over grazing lands. However, low
agricultural profits and higher yields could curb deforestation in marginal areas to some extent. We also
highlight that priority areas for conservation are particularly likely to experience high land-use pressure in the
future. Given the lower-than-expected power of economic policies to alter deforestation patterns in our models,
zoning, if properly enforced, appears to be a more straightforward tool for avoiding unwanted environmental

impacts in the Chaco.
1. Introduction especially the case for the world’s tropical and subtropical dry forests,
where much of the remaining non-cultivated fertile land is found
Agricultural expansion and intensification drive the loss of natural (Lambin et al., 2013; Laurance et al., 2014; Ramankutty et al., 2002).
vegetation worldwide, leading to the degradation of biodiversity and With ongoing population growth and even greater increasing con-
ecosystem services (Leblois et al., 2017; Maxwell et al., 2016). This is sumption, the demand for agricultural products is expected to rise
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dramatically in the 21st century (Foley et al., 2011; Tilman et al.,
2011). This will translate into growing pressure to intensify existing
agriculture areas and to expand agriculture into natural ecosystems.
Identifying policies that effectively steer agricultural land-use change
and assessing their relative impact on agricultural expansion versus
intensification pathways, is therefore critical (Angelsen, 2010;
Meyfroidt et al., 2014).

This requires understanding the underlying causes behind agri-
cultural land-use changes (e.g., changes in population, diets, market
prices) and how they play out in given local conditions (e.g., soils,
climate, accessibility, policies) (Geist and Lambin, 2002; Meyfroidt,
2015). South America harbors some of the world’s key agricultural
regions, where agricultural land-use change is strongly influenced by
global agricultural markets (Byerlee et al., 2014; Gasparri and le Polain
de Waroux, 2015). This has resulted in widespread deforestation for
cattle ranching and soybean cultivation (Baumann et al., 2016a;
Gasparri et al., 2013; Leblois et al., 2017). Yet, deforestation rates vary
starkly from region to region, depending on the environmental char-
acteristics and the national and subnational policy framework
(Assuncao et al., 2013; Macedo et al., 2012; Nolte et al., 2017). For
example, whereas deforestation rates in the Amazon or the Paraguayan
Atlantic Forest have decreased recently (Nepstad et al., 2014; WWE,
2006), in part due to forest protection policies (Baumann et al., 2017;
Macedo et al., 2012), agricultural expansion in the neighboring Cerrado
and Chaco ecoregions continues unabated (Baumann et al., 2016a;
Spera et al., 2016). Likewise, agriculture in some regions, such as in the
Pampas or the Atlantic Forest, has intensified from cattle ranching to
soybean production (Bert et al., 2011; Viglizzo et al., 2011; WWEF,
2015). In order to efficiently manage agricultural land-use change, it is
therefore crucial to understand its underlying causes and how broad-
scale policies, that governments or land-use planning agencies can
implement, may impact future land-use patterns.

Scenario analysis is a powerful tool to explore how future land use
might change in response to alternative policies (Gavier-Pizarro et al.,
2014; Peterson et al., 2003; Piquer-Rodriguez et al., 2015; Polasky
et al., 2011). If landowners seek to maximize profits from land, which is
typically the case in agricultural frontiers, key factors influencing their
decisions are those directly affecting agricultural profitability (Barbier,
2012; Bockstael, 1996; Le Polain de Waroux et al., 2018). Spatial eco-
nomic models of net returns explicitly model the impact of changes in
land profitability (i.e., net returns) on land-use change patterns, while
accounting for regional variations in agricultural suitability (Butsic
et al., 2011; Piquer-Rodriguez et al., 2018; Radeloff et al., 2012). Once
parameterized, such models allow for insights into the impact of
changes in underlying drivers of land-use change, to explore alternative
future scenarios, and to test for the possible effects of specific policies
on land-use change (Butsic et al., 2010; Lewis and Plantinga, 2007;
Radeloff et al., 2012). This is a major advantage compared to models
that project future land-use change based on correlations between past
land-use change and its spatial determinants, while typically dis-
regarding the mechanisms driving land-use change (Plantinga and
Lewis, 2014). Yet, to our knowledge, only two models of net returns
have been parameterized for agricultural regions in South America
(Arima, 2016; Seo, 2009), and only one, from our own previous work,
has used spatial data on agricultural costs and returns to assess profits
directly (Piquer-Rodriguez et al., 2018).

Within South America, Argentina is a hotspot of agricultural land-
use change, both in terms of agricultural intensification and expansion
(Viglizzo et al., 2011). Widespread conversion of grazing land to
cropland has occurred in the Pampas and Chaco ecoregions, mainly for
the production of soybean, corn, and wheat. At the same time, agri-
cultural expansion into the dry forests of the Chaco ecoregion, both for
expanding cropland (i.e., soybean, wheat, maize, and cotton) and cattle
ranching, is widespread (Baumann et al., 2016a; Gasparri et al., 2015;
Grau et al., 2015; Volante et al., 2016). These trends are likely to
continue in the future (Laurance et al., 2014; Ramankutty et al., 2002;
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Schmitz et al., 2014), which is concerning given the stark environ-
mental trade-offs these land-use changes had in the past (Baldi et al.,
2006; Baumann et al., 2016a; Macchi et al., 2013; Mastrangelo and
Gavin, 2014; Torres et al., 2014).

Continued development of its agricultural sector has turned
Argentina into a major global producer and exporter of soy and beef
since the 1990s (Leguizamoén, 2016; Urcola et al., 2015). For example,
soybean production increased from hundreds of tons in the early 1970s
to approximately 50 million tons in 2010 (Leguizamoén, 2014). Among
the total agricultural produce exported, soy and derivatives account for
the highest export shares in Argentina, and the country is an important
oil and biodiesel producer globally (CIARA, 2017). Export mainly
comes from large and medium-sized agribusinesses (Gasparri and le
Polain de Waroux, 2015; Le Polain de Waroux et al., 2018; le Polain de
Waroux et al., 2016) and agricultural trade is an income source and a
stabilizing factor for the Argentine economy (Meller, 1994). Due to the
crucial role of the agricultural sector for Argentina’s economy, gov-
ernmental policy interventions at the national level (e.g., the creation
or lifting of export taxes (Gasparri and Grau, 2009)) and provincial
level (e.g., infrastructure improvement (e.g., Plan Belgrano, Decree 12/
2015)) are frequent.

Understanding how national or provincial-level land-use policies
influence spatial patterns of agricultural land-use change in Argentina is
therefore important. Land-use policies could target agricultural profits
directly, for example via export taxes or through subsidies, as is cur-
rently the case (e.g., retenciones). This affects medium to large-scale
commodity producers because they are integrated in international
markets and profit mainly from the production of export oriented goods
and has a direct impact on deforestation rates (Gasparri et al., 2013; le
Polain de Waroux et al., 2016). More indirect policy interventions in-
clude agricultural production targets or caps, such as the Strategic Food
and Agricultural Plan (MAGyP, 2011) or the ‘Hilton Quota’ on beef
exports to the European Union (Decree 906/2009 and 1231/2015).
Moreover, policies can affect the agricultural sector via infrastructure
development (e.g., Infrastructure Investment Plan to 2025 (Bortolin,
2015), Executive Network Framework to 2024 -E.Di.Vi.Ar or Plan
Belgrano) via lowering transportation costs, thereby raising land rents
(Choumert and Phélinas, 2015). This impacts agricultural producers
strongly, as transportation costs are a limitation especially for small-to-
medium scale producers (Le Polain de Waroux et al., 2018). As a result,
land-use conversions often expands from already converted areas,
where infrastructure, logistics, knowledge, labor, and technology are in
place, creating typical agricultural frontiers where natural resources are
not as important as agglomeration economies (Garrett et al., 2013;
Gasparri et al., 2015; Piquer-Rodriguez et al., 2018; Richards, 2018;
Volante et al.,, 2016). In contrast, however, leap-frogging land-use
conversions into marginal regions does occur, often by risk-taking ac-
tors in expectation of extraordinary profits (Le Polain de Waroux et al.,
2018). How policies targeting profits directly (e.g., via taxes) or in-
directly (e.g., via improving infrastructure and thus lowering trans-
portation costs) may influence rates and spatial patterns of future
agricultural land-use change in Argentina, however, remains unclear.

Existing work on future agricultural land-use change in Argentina
typically explores alternative narratives of potential future agricultural
trends (Adamoli et al., 2011; Patrouilleau et al., 2007; Patrouilleau
et al., 2012). These studies generally suggest that land ownership is
increasingly concentrated in the hands of a few producers (Baumann
et al., 2016b; Bert et al., 2011; Corral et al., 2008), and highlight the
potential of intensification for increasing agricultural productivity
(Canosa et al., 2013). Because these studies are not spatial, assessing
the environmental impact of future land-use, and how particular po-
licies would affect these impacts, is challenging. Conversely, studies
that considered the spatial patterns of future land use were all based on
correlative models that disregard underlying causes of agricultural
conversions, such as land profits (Gasparri et al., 2015; Volante et al.,
2016).
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Our goal here was to explore potential future pathways of agri-
culture in Argentina’s Pampas, Espinal and Chaco regions. We built on
an existing spatial economic model of net returns, that included actual
agricultural profit and land-use/cover conversion data, parameterized
for the period 2000-2010 (Piquer-Rodriguez et al., 2018). We used this
model to explore potential agricultural expansion and intensification
until the year 2030, and to test how different economic policies, in-
frastructure development, and technological innovations, would impact
these land-use changes. Importantly, our model assumes profit-max-
imizing land-use actors. Given that past land-use changes may also be
driven by non-economic factors (e.g., land zonation or cultural ties to
the land (Piquer-Rodriguez et al., 2018, 2015)), we also explored the
impact of the same policies on scenarios where we forecast land use
based on historical conversion rates. This allowed us, for the first time
to our knowledge, to assess the potential future effects of a wide range
of policies on land-use change patterns in Argentina, while isolating the
individual effect of each specific policy. Finally, we compare our future
agricultural scenarios with regions of conservation priority to detect
possible conflicts. Specifically, we asked three research questions:

1 What are the likely rates and locations of agricultural expansion and
intensification in Argentina until 2030, assuming profit-maximizing
land users?

2 Where would land-use changes occur when forecasting historical
(2000-2010) agricultural land-use change rates until 2030?

3 How would different economic policy interventions (e.g., taxes,
subsidies, investment into infrastructure) affect land-use change
rates and patterns until 2030?

2. Materials and methods
2.1. Study area

Our study area covered the main agricultural ecoregions of
Argentina: the Pampas, the Espinal and the Chaco regions (~1.3 mil-
lion km?, Fig. S1), which are generally flat, except for some hilly areas
in the west. The climate transitions from temperate (Pampas) to sub-
tropical (Chaco), with lower rainfall in the West (800 mm) than in the
East (1100 mm), and the driest parts in the central and southern Chaco
(300-400 mm) (Herrera et al., 2014; Morello et al., 2012). Soils in the
Chaco vary from well-suited for agriculture in the north (i.e. rich in
minerals and fine texture) to marginal in the southwest (i.e., sandy
soils, low organic matter content (Burkart et al., 1999). The soils in the
Pampas are generally very rich (Herrera et al., 2014).

Natural vegetation in the Pampas is characterized by grasslands,
mainly composed of Stipa sp., Briza sp., Bromus sp., and Poa sp. (Cabrera,
1971). In the Chaco, trees of the genera Schinopsis and Aspidosperma
(“quebrachos”) are characteristic, along with Ziziphus (“mistol”), Pro-
sopis (“algarrobo”), Acacia shrubs and Cactaceae in the dry Chaco and
Prosopis (“algarrobo”), grasslands with Stipa sp. and Trithrinax sp. (palm
savannas) in the wet Chaco (Prado, 1993). The Espinal constitutes a
transition zone between the Pampas and the Chaco and is characterized
by shrublands (mainly Prosopis caldenia (“calden”), Caprris atamisquea
(“atamisque”) and Psila spartoides (“pichana”)) and grasslands, as well
as Prosopis sp., Acacia sp., and Aspidosperma sp. trees (Burkart et al.,
1999). Biodiversity in all three regions is high, though protected area
networks are generally sparse, covering only 1,9% of the total area with
many areas of conservation priority outside these reserves (Bilenca and
Minarro, 2002; TNC, 2005). For our study, we split the Espinal ecor-
egion and merged it to the Pampas or to the Chaco ecoregions based on
ecological similarity (Fig. S1).

The Pampas has a longer land-use history than the Chaco, as cattle
ranching in these productive grasslands has been practiced for cen-
turies. With the introduction of soybeans in the 1970’s, many pastures
in the Pampas were converted into soybean fields and ranching was
displaced first into the Espinal and then into the more marginal Chaco
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(Gonzalez-Roglich et al., 2015; Pengue, 2014). By the end of the 1990s,
increasing soybean prices and new genetically modified soybean vari-
eties spurred soybean expansion into the Espinal and Chaco at the cost
of native woodlands (Leguizamoén, 2016). Between 2000 and 2010,
cropland in our study region expanded steadily by 152,000km?
(133,200 km? from grazing land and 18,300 km? from woodland), with
an additional 27,000 km? of grazing land expansion into woodlands.
This translated into about 14% of the Argentine Chaco woodlands being
converted to agriculture during the 2000s (Baumann et al., 2016a).

2.2. Data used for model building

To build our spatial model of net returns (hereafter: Net Returns
Model — NRM), we developed a homogenized map of past land-use
conversions in 2000 and 2010, pertaining to three types of conversions:
(1) grazing land to cropland (here defined as agricultural intensifica-
tion), (2) woodland to cropland, and (3) woodland to grazing land (i.e.,
both the latter land-use changes refer to deforestation by agricultural
expansion). These land conversions formed our dependent variables
(Table S1).

As predictor variables for the years 2000 and 2010, we compiled an
extensive dataset of crop and cattle yields, farm-gate producer prices,
and direct costs in order to generate our cropping- and grazing-related
profit variables. While originally surveyed at the farm level, these data
are available only in aggregate form and are captured at different scales
(Piquer-Rodriguez et al., 2018). Yield data was available at the district
level (i.e., departamentos), farm-gate prices were available at the
country scale and costs were available at the eco-region scale. We
downscaled these data to the pixel level (i.e., 1 X 1km). See Supple-
mentary Material B for further detail. We also included a wide range of
control variables at 1-km resolution (i.e., pixel size), including climate
(e.g., aridity index), accessibility (e.g., travel cost to provincial capi-
tals), topographic (e.g., slope), edaphic (e.g., soil productivity), and
neighborhood variables that accounted for the spatial clustering of
agriculture in the region (Volante et al., 2016) (Table S1). We expected
spatial clustering of agricultural expansion to be based on a number of
economic foundations. First, transportation cost and the cost of clearing
land are likely lowest adjacent to already cleared forest (as machines
and labour will not have to move far). Second, network effects may
cause nearby landowners to share knowledge about profits (Le Polain
de Waroux et al., 2018)or how to successfully farm, triggering other
landowners to act in similar ways (and thus to clear more land for
agriculture) (Richards, 2018). Third, as farms expand, we expect ag-
glomeration effects and increasing returns to scale (Krugman, 1991),
resulting in expanding operations as per-unit cost decreases (Garrett
et al., 2013). For all of these reasons we expected land near already
converted land to be deforested at high rates and thus we included a set
of neighborhood variables (Table S1).

Although other socio-economic variables such as cultural ties to the
land, economies of scale, land tenure, speculation, or land markets may
influence land-use conversions in the region (Piquer-Rodriguez et al.,
2018), we were not able to include those for lack of data. Note that we
accounted for such potentially missing variables by comparing land-use
simulations with and without constraining land-use change to historic
(2000-2010) land-use change rates.

We used a multinomial logit model for jointly modelling conver-
sions from woodland to either grazing land or cropland, and a logit
model for modelling conversions from grazing land to cropland at the 1-
km pixel scale. We validated our models by predicting 2010 land-use
patterns based on year-2000 land use. Both models had a prediction
accuracy above 80%, suggesting very robust model performance (see
Supplementary Material B and Piquer-Rodriguez et al. (2018) for fur-
ther detail).
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2.3. Baseline scenarios of future agricultural land use

To simulate future agricultural land use, we used the NRM outputs
of the likelihood of future land-use conversions for each pixel (Lawler
et al., 2014; Radeloff et al., 2012). Generally, for all our simulations
(described below), we updated neighborhood variables once in 2020,
assuming that environmental conditions, road construction, and profits
were static over the time period modelled (OCDE/FAO, 2014). We al-
lowed agricultural land-use changes in accordance with the current
national zoning policy (i.e., the Argentine National Forest Law #26331)
that restricts conversions from grazing land or woodland to cropland
(Supplementary Material, Fig. S1). Woodland to cropland conversions
were only allowed in ‘green’ zones, woodland to grazing land conver-
sions were allowed in ‘green’ and ‘yellow’ zones, assuming that con-
versions in ‘yellow’ areas follow the law and are done under a sus-
tainable silvopastoral management plan (e.g., National Plan of Forest
Management with integrated cattle ranching, -PNMBGI in Spanish,
Exp.: 0008734/2015. Conv. N° 32/2015). We did not allow for land
conversions in currently protected areas (‘red’ zones). Provincial forest
laws can specify additional and more detailed land-use conversion rules
at the cadastre plot level that, however, we did not take into account in
our broad-scale ecoregion-wide analyses.

Exploratory scenario analyses is interesting to evaluate how much a
system trajectory can be changed through policies (Gavier-Pizarro
et al., 2014; Milburn, 2005; Peterson et al., 2003). We simulated four
baseline scenarios (Table 1). First, we simulated future agricultural
land-use changes assuming that land users seek to maximize profits
from land use, as assumed in our NRM (baseline scenario 1 — BSI;
Table 1). For our second baseline scenario, we altered BS1 by assuming
increasing crop yields (baseline scenario 2 — BS2) through continued
technological innovation and/or improved management, as foreseen by
the Strategic Food and Agricultural Plan (MAGyP, 2011). In our third
baseline scenario, we assumed historical rates of land-use conversions
(i.e., 2000-2010) and constant yields (baseline scenario 3 — BS3), thus
partly accounting for factors not included in our NRM, such as tradi-
tional uses of the land, land speculation, land access or capital avail-
ability. Our fourth baseline scenario combined BS3 with the yield in-
creases of baseline scenario BS2 (baseline scenario 4 — BS4). See
Supplementary Material C1 for more detail on the four baseline sce-
narios.

To model our baseline scenarios BS1 and BS2, we projected the
NRM to the years 2020 and 2030 in order to derive land-use transition
probabilities. A pixel was assumed to convert from one land-use/cover
to another if the simulated probability of conversion was higher than a
randomly drawn probability (Radeloff et al., 2012). To ensure model
stability and to account for stochastic variability, we ran a Monte Carlo
simulation repeating this process 1000 times, resulting in 1000 in-
dividual land-use simulations for each time step (2020 and 2030). The
final land-use class was assigned using a majority rule. To assess the
robustness of our simulations, we calculated the deviation of model fit
measures (pseudo R?, AIC) for each simulation (Akaike, 1973; Hu and
Palta, 2006), as well as the prediction power by calculating the ratio of
observed vs. predicted values from the confusion matrix (Pearce and
Ferrier, 2000), see Supplementary Material B for more details.

Given that past land-use changes may also be driven by non-

Table 1
The four baseline scenarios.

Baseline Scenario Scenario description

BS1 Land-use change rates from the NRM (profit maximization)
with stable crop yields.

BS2 BS1 with crop yield increases.

BS3 Land-use change rates as in the period 2000-2010 with stable
yields.

BS4 BS3 with crop yield increases from BS2.
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economic factors due to (1) land users in the region that may not focus
on maximizing land profitability (e.g., indigenous communities or tra-
ditional uses of the land) (Le Polain de Waroux et al., 2018; Marinaro
et al., 2017), (2) land zonation that may restrict uses (Piquer-Rodriguez
et al., 2018, 2015) or (3) other socio-economic factors not captured in
our model such as corruption, land-tenure regimes, or land markets
(Garrett et al., 2013; Gasparri et al., 2015; le Polain de Waroux et al.,
2016), we also explored the resulting land-use patterns from scenarios
where we forecast land use based on historical conversion rates. For
scenarios BS3 and BS4, we simulated land-use patterns for 2020 and
2030 based on the conversion rates observed in 2000-2010 (i.e., as-
suming constant land-use change). Thus, we assumed 18,300 km? of
woodland to cropland conversions in 2010-2020, and again in
2020-2030. Similarly, we assumed 27,400 km? of woodland to grazing
land conversions and 133,200 km? of grazing land to cropland con-
version for both 2010-2020 and 2020-2030 (Fig. 1). To implement
these conversions, we chose the pixels with the highest transition
probabilities based on the NRM simulations until the targeted area for a
specific land-use conversion was reached.

2.4. Economic policy interventions

For each of our four baselines scenarios, we evaluated the effect of
four contrasting economic policy interventions (PI) on land-use con-
versions in our study region until 2030. These policy interventions
were: PI-1 that decreased profits from cropping and ranching by 50%.
This could happen by raising existing taxes or establishing new taxes.
PI-2 increased profits from cropping and ranching by 50%. This could
happen by lowering taxes, installing subsidies, or lowering export caps.
PI-3 improved roads to the provincial capitals, with the goal of con-
necting these capitals with agricultural frontiers. PI-4 improved roads
between main towns and major export hubs (including the capitals),
with the goal of connecting these towns to export hubs (e.g., Buenos
Aires and Santa Fe’s harbors). See Supplementary Material C for more
detail on these policy interventions.

Together, this resulted in a total of 20 scenarios (i.e., four baseline
scenarios without policy interventions, plus four policy interventions
per baseline scenario; Table 2 and Supplementary Material C). These
scenarios are firmly grounded on developments foreseen for the agri-
cultural sector (e.g., Strategic Food and Agricultural Plan (MAGyP,
2011) or regarding infrastructure development (e.g., Road Develop-
ment Plan of the Federal Council Network of Argentina). Similarly,
while some of the profit changes we simulated are strong, such changes
have occurred in the past, for example stark changes in export taxes on
commodities or production caps on meat (Res. MAGP N° 4/2017,
published 03.02.2017, Disp. MAGP N° 6/2015, Fernandez (2014),
Passaniti (2011)). For more information see Supplementary Material
C2.

Once we simulated future land-use maps for all of our 20 scenarios,
we summarized the number of times each pixel experienced agri-
cultural land-use conversion. To highlight where agricultural land-use
change may conflict in the future with biodiversity conservation, we
compared the map of conversion frequency to the priority areas high-
lighted in the “Conservation Portfolio of Priority Areas for Biodiversity”
of the Chaco, developed by The Nature Conservancy (TNC, 2005).
Likewise, we compared our conversion frequency map with the Valu-
able Pasture Areas (VPAs) of Argentina, which are areas of natural
grasslands of high conservation value (Bilenca and Minarro, 2002).
Those TNC or VPA areas that were located within areas of high like-
lihood of experiencing agricultural conversions were classified as areas
of conservation concern.
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Fig. 1. Area (km?) of land-use/cover simulated for each baseline scenario in 2030. Land use in 2010 is shown for references purposes.

Table 2
Description of our four economic policy interventions. Each of these was si-
mulated for the four baseline scenarios in Table 1.

Policy interventions (PI) Description

PI-1 Profit decrease 50% Implementation of policies, such as export taxes
or production caps, which decrease profits for
cropping and ranching by 50%.
PI-2  Profit increase 50% Implementation of policies, such as export taxes
or production caps, which increase profits for
cropping and ranching by 50%.
PI-3  Road improvement Road improvement in the vicinity of provincial
between capitals capitals.
PI-4 Road improvement Road improvement in the vicinity of major towns.
around towns
3. Results

3.1. Future land use in the four baseline scenarios

Simulating future land use assuming stable yields and profit-max-
imizing actors (BS1) showed marked agricultural land-use change be-
tween 2010 and 2030. For the first period (2010-2020), we observed a
tendency towards agricultural intensification (i.e., grazing land to
cropland conversions) whereas the second period (2020-2030) was
characterized by both agricultural expansion (woodland to grazing land
or cropland conversion) and intensification. Agricultural expansion was
not widespread though (2200km? in 2010-2020, and 5800 km? in
2020-2030, respectively), resulting in only a moderate (~3%) wood-
land loss compared to 2010, mainly located in Tucuman, Santiago del
Estero and Salta; Fig. 1 and 2. Agricultural intensification (i.e., grazing
land to cropland conversions) covered a staggering 67,500 km? in
2010-2020 and 79,600 km? in 2020-2030 (Fig. 1). Agricultural in-
tensification occurred more clustered in the provinces of Chaco, San-
tiago del Estero and Entre Rios and more widespread in Cordoba, Santa
Fe, La Pampa and Buenos Aires (Fig. 2). Overall, 96% of the new
cropland in 2020-2030 came from agricultural intensification, and only
4% from agricultural expansion. Likewise, 54% of the total deforesta-
tion was due to cropland expansion and 46% was due to grazing land
expansion.

Our second baseline scenario (BS2) was similar to the first (BS1) but
assumed increasing yields. Agricultural expansion and intensification
showed similar rates and spatial patterns as in baseline scenario 1
(BS1). Agricultural expansion in 2010-2030 was not very widespread,
resulting in a similar overall woodland decrease than BS1 (8000 km?).
A difference between the two scenarios was that agricultural in-
tensification occurred more spatially concentrated in BS2 when com-
pared to the BS1.

Baseline scenarios 3 (BS3) and 4 (BS4) assumed future agricultural
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conversions at rates of 2000-2010 which resulted in higher area of land
converted than in baseline scenarios BS1 and BS2 (Fig. 1). Under both
baseline scenarios BS3 and BS4, 33.5% of woodlands in 2010 were lost
until 2030 (90,000 km?), and croplands almost doubled during that
period (Fig. 1). BS3 showed strong cropland expansion in deforestation
frontiers, especially in the south of Salta, Tucuman and Chaco provinces
(Fig. 2), as well as a drastic grazing land expansion in Santiago del
Estero. Similarly, agricultural intensification occurred clustered in
Buenos Aires, La Pampa, Cordoba, Santa Fe and Entre Rios. Assuming
yield increase as in BS2 (BS4) translated into more concentrated pat-
terns of cropland expansion compared to BS3, which translated into
woodlands in marginal regions (such as in Chaco or Entre Rios) being
spared. Grazing land expansion in Santiago del Estero was even more
drastic than in BS3.

3.2. Impact of economic policy interventions on future land use

Although our policy interventions overall resulted in similar general
land-use conversions trajectories, important differences in the spatial
patterns of land-use change occurred depending on the magnitude of
the simulated land-use change and the type of policy intervention.
Comparing future land-use change of our baseline scenarios 1 (BS1) and
2 (BS2) to those considering policy interventions showed that the im-
pact of these policies on altering future land use was lower than ex-
pected under the scenarios assuming only profit-maximizing actors.
Policies leading to decreasing (PI-1) or increasing (PI-2) agricultural
profits resulted in similar overall trends of agricultural expansion and
intensification compared to the baseline scenarios. PI-1 and PI-2 dif-
fered in the spatial patterns of land-use change though, as cropland
expansion occurred less clustered under policies that would decrease
profits (PI-1) compared to the baseline scenarios (BS1 and BS2),
whereas under policies that would increase profits (PI-2) cropland ex-
pansion patterns were more clustered. Paving roads in the future, for
enhancing the connection of provincial capitals or towns (PI-3 and PI-
4), translated into a small increase in woodland conversion in marginal
regions, such as the case of northern Salta.

Assuming land-use conversions continued at the rates of 2000-2010
(BS3 and BS4; i.e., higher rates than in BS1 and BS2) increased the
impact of our policy interventions. Decreasing cropland and grazing
profits by 50% (PI-1) resulted into less woodland to cropland conver-
sions in marginal regions of Santiago del Estero and Chaco. Yet, crop-
land expanded on grazing land in western Santa Fe and grazing land
expanded on woodland in northern Santiago del Estero compared to the
baseline BS3 (Fig. 3). Increasing agricultural profits by 50% (PI-2) re-
sulted in more agricultural intensification in western Santa Fe, while
sparing some woodland in marginal regions such as south-eastern Salta
or the north of Santiago. There was also less intensification in southern
Buenos Aires compared to the baseline BS3 (Fig. 3).
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Fig. 2. Future land-use patterns in baseline scenarios 1 (BS1) and 3 (BS3) and start of simulation land use/cover (2010).

Road improvements (PI-3 and PI-4) affected land-use change pat-
terns substantially. When focusing on connecting provincial capitals
with agricultural frontiers (PI 3), grazing land expanded into woodlands
in northern Santiago del Estero, cropland expanded into woodlands in
south-eastern Salta, and grazing land intensified to cropland in eastern
Chaco and in western Santa Fe when compared to BS3 (Fig. 3). As-
suming infrastructure investments to better connect larger towns to
export hubs (PI-4), we observed less woodland conversion in the east of
Salta and the north of Santiago compared to the baseline scenario
(BS3). Yet, agriculture intensified in western Santa Fe compared to BS3
(Fig. 3). Testing these policies when assuming yield increases (BS4)
showed that there was a general trend towards cropland expansion into
woodlands (such as in Entre Rios, Chaco or Salta), except in more
marginal regions (such as east of Salta or western Chaco).

3.3. Identifying areas with high agricultural conversion pressure

Comparing all our 20 scenarios highlighted some particularly dy-
namic regions that experienced conversions under most of the scenarios

2010

(Fig. 4). These regions are primarily located in the south of Salta pro-
vince (around the town Joaquin V. Gonzalez), the south of Chaco
province (around the towns of Pampa del Infierno and Charata), the
center and north of Santiago del Estero province (around the town
Quimili), the west of Santa Fe province (around the town Tostado), the
south of Entre Rios (around the town of Villaguay) and the center and
south of Buenos Aires province (around the towns of Chascomus,
Rauch, and Olavarria; Fig. 4).

Comparing these areas of high conversion probability to the con-
servation priority areas highlighted nineteen areas of conservation
concern with particularly high land-use pressure (Fig. S3,
Supplementary Material D). Fifteen of these areas belonged to the
Chaco according to the priority areas of The Nature Conservancy (TNC,
2005): Transicion Chaco-Yungas, Bafiados del Quirquincho, Zona del im-
penetrable, Derrames de los rios Hornones y Urefia, Bafiados del rio Salado
y Bafiados de Figueroa, Bosques del limite Santiago del Estero-Chaco, Bos-
ques del Este de Suncho Corral, Planicie aluvial del rio Bermejo, Esteros
salobres del norte de Santiago del Estero, Area del limite entre Tucumdn y
Santiago del Estero, Delta del Rio Dulce, Los Bajos submeridionales, Regién

BS3 PI-1 BS3 I-

BS3 PI-2 BS3 Pl-4

)

Y

~F AnF

Fig. 3. Detail of spatial economic scenarios in 2030 in the Chaco under the forecast of historical land-use conversions as in 2000-2010. BS: baseline scenario, PI:

policy intervention.
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Fig. 4. Frequency of agricultural land-use conversions across all baseline scenarios (BS1, BS2, BS3, BS4) and policies incentives simulated (PI-1, PI-2, PI-3, PI-4).

del Iberd y Neembucti, Salinas Grandes, and de Ambargasta y otras. Four
priority areas belonged to the Pampas according to the Valuable Pas-
ture Areas (Bilenca and Minarro, 2002): Cuenca de Laguna la Picasa,
Pajonales de paja colorada de la pampa deprimida, Cerrilladas- Llanura
periserrana del Sistema de Tandilla, and Pastizales del Chasico-Villa Iris.

4. Discussion

Understanding how future agricultural land-use patterns might
change and how policies may affect these changes is important in light
of the environmental trade-offs of agriculture and the increasing future
demand for agricultural products (Angelsen, 2010; Schmitz et al.,
2014). Here we explored potential future agricultural land-use
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scenarios in northern Argentina under diverging economic policies and
identified areas where land-use pressure on conservation priority areas
may be high. Our study provides five major insights. First, assuming
that land users maximize profits, agricultural land-use change in the
Chaco, Espinal and Pampas would shift onto an intensification
pathway, with deforestation slowing down considerably. Second, these
trends were not very sensitive to profit-related policy interventions,
suggesting that the power of such policies (e.g., taxes, subsidies) in
influencing future agricultural land-use patterns in Argentina’s agri-
cultural frontiers may be lower than assumed. Third, road improve-
ment, especially to provincial capitals, would create strong incentives
for agricultural expansion into forest. Fourth, our results suggest that
the impact of policy interventions varies regionally, and was strongest
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in regions with a long agricultural history. Fifth, many priority areas for
conservation may need protection in the future because they are very
likely to experience high land-use pressure.

Our baseline scenarios assuming profit maximizing land users (BS1
and BS2) showed little agricultural expansion, but a trend towards
agricultural intensification. From a profit-maximizing perspective this
makes sense, as it is much more profitable to converting grazing lands
into croplands compared to converting woodlands into croplands, as
the latter is much more capital intensive and dependent on environ-
mental characteristics (Dalla-Nora et al., 2014; Henderson et al., 2013;
Piquer-Rodriguez et al., 2018). Still, these overall lower-than-expected
conversion rates were somewhat surprising, given high woodland
conversion rates in the past. This provides further evidence that factors
besides those affecting marginal profits appear to drive land-use deci-
sions in the Chaco (e.g., cultural values ascribed to forests by in-
digenous communities, land acquisitions to ensure land access, or ag-
glomeration economies) (Garrett et al., 2013; Gasparri et al., 2015;
Henderson et al., 2013). Furthermore, we found that agricultural in-
tensification occurred in a clustered way, suggesting a progressing
frontier outwards from areas of already high agricultural intensity
(Fig. 2). This was expected, as neighborhood relationships are an im-
portant factor explaining land conversions in the region (Piquer-
Rodriguez et al., 2018; Volante et al., 2016), and established centers of
agriculture are characterized by an accumulation of capital, better in-
frastructure, and technology (Krugman, 1991; Porter, 1998). In such
regions (e.g., the Pampas region and the Anta and Charata regions in the
Chaco), land users can react rapidly to new economic opportunities and
our simulations show that intensification from cattle ranching to
cropping would occur there quickly. Conversely, marginal regions far
away from facilities and markets do respond slower to economic in-
centives to convert to cropping.

Future land conversion trends and patterns were overall fairly un-
affected by policy interventions — even under strong policy assump-
tions. The low sensitivity of land-use change to these policies can be
explained by two factors. First, the economic incentive to convert the
land compared to maintaining woodland is very high for both agri-
cultural activities (cropland or grazing) and thus small changes in
profits may have little influence in land conversions since it is already
very profitable to invest. Second, our results suggest a range of other
factors not included in our NRM influencing land conversions (see
above) which may impact future conversions in more diverging land-
use trajectories (Garrett et al., 2013; Gasparri et al., 2015; Gasparri and
le Polain de Waroux, 2015; Henderson et al., 2013). Our study provides
further evidence for the often lower-than-expected power that eco-
nomic policy interventions, such as taxes or subsidies, may have in
influencing strategic land use changes, similar to what was found for
the United States (Lawler et al., 2014; Radeloff et al., 2012) or Europe
(Stiirck et al., 2015).

The impact of our policy interventions was larger when extra-
polating historical land-use change rates (BS3 and BS4), which had
higher magnitude of change than scenarios BS1 and BS2. Exploring the
effect of policies that would decrease agricultural profits (PI-1) resulted
in less cropland expansion into marginal areas, a pattern that can be
expected as land rents would be lowered particularly in such areas, or
in areas with longer agricultural history where investments into in-
tensification are less likely under lower profits (Fig. 3). At the same
time, however, other areas nearby existing agriculture experienced
higher woodland to grazing land conversions. One rationale explaining
this is the fact that agricultural actors may use their profits to secure
land rights and establish grazing lands, which is less costly and less
affected by climate variability than croplands (Houspanossian et al.,
2016; Murray et al., 2016), during times when profits are lower
(Gasparri and le Polain de Waroux, 2015). To the contrary, increasing
profits from agriculture (PI-2), for example through lowering taxes,
suggests agricultural intensification would increase forming denser
clusters of cropland, since agricultural intensification in our study
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region is very responsive to marginal profit changes (Piquer-Rodriguez
et al., 2018). Lastly, our road development scenarios (PI-3 and PI-4)
highlight the importance of provincial capitals as regional hubs for
agriculture, similar to other regions in the world (Ferretti-Gallon and
Busch, 2014; Leblois et al., 2017). This suggests that future infra-
structure developments plans of Argentina (e.g. Plan Belgrano) should
be implemented carefully, as they may promote agricultural expansion
(Camara Argentina de la Construccion et al., 2000), especially nearby
existing agricultural areas.

Overall, important and coherent regional variations emerged from
all scenarios analyzed. For example, policies increasing profits may
have the potential to spare forests in marginal regions, if accompanied
by adequate protection of forests, as intensification in core agricultural
areas already under intensive production would be favored (assuming
full flexibility of land users). Conversely, policies lowering profits,
could result in an expansion of grazing land into more marginal areas,
consistent with the theory that land users would seek to secure land for
future agricultural development in such periods (Gasparri and le Polain
de Waroux, 2015). Accounting for technological innovation (i.e., yield
increases) also had marked regional effects, potentially lowering the
loss of woodland in marginal regions. Yet, interestingly, yield increases
could also act as an incentive to further expand cropland (e.g., south of
Salta or north of Santiago) as suggested for other regions (Garrett et al.,
2013; Rudel et al., 2009). Such a spatial reorganization is common
where agriculture industrializes (Byerlee et al., 2014; Kuemmerle et al.,
2016).

An important regional finding from our simulations was that many
areas within the Argentinian Pampas and Chaco regions are likely to
experience future agricultural land-use change, regardless of the sce-
narios and policy interventions investigated (Fig. 4), including many
areas of conservation concern (Fig. S3). This was the case, for example,
for Buenos Aires, the north of Santiago del Estero, southern Salta,
southern Cordoba, Entre Rios and south-western Chaco. The fairly small
effect that the diverse policies we investigated had on steering land
conversions away from sensitive areas suggests that zoning, or new
protected areas, are potentially more powerful tool for that purpose, if
properly implemented and enforced. Given the many areas of con-
servation concern that would be affected by future land-use changes
(Fig. S3), careful, proactive conservation planning is needed
(Kuemmerle et al., 2017). Conversely, other areas will experience low
land-use change pressure under all policy interventions, such as San
Luis, Catamarca or Formosa, potentially highlighting areas that were
not responsive to factors influencing conversions included in our model.

Our simulation approach is not without limitations. First, our NRM
assumes that actors maximize profits, although there may be other
factors influencing land-use conversions regionally, such as social and
cultural aspects (e.g., attachment to land or traditional land uses), land
zonation that restrict uses or other socio-economic factors such as ac-
cess to capital, land speculation, securing land rights or knowledge
diffusion (Garrett et al., 2013; Gasparri et al., 2015; Gasparri and le
Polain de Waroux, 2015; Piquer-Rodriguez et al., 2018; Richards,
2018). However, given the strong presence of agri-business actors in
Argentina, who have a strong focus on profit maximization (Le Polain
de Waroux et al., 2018), we believe our models are a good approx-
imation of decision making in this area. Second, our NRM is a partial
equilibrium model. That is, changes in profit to land owners only in-
fluence decisions at the margin, but do not feedback on the entire
economy. For example, in the scenarios where profit increases, the
conversion likelihood changes only through changes in land rent. In
reality, if wealth accumulates, this alone may influence land user’s
decisions by changing landowner access to capital and their capacity to
invest into other economic sectors. Such dynamics are not included in
our model. Also, our model covers a period with considerable economic
perturbations in Argentina, suggesting that land owners had less ca-
pacity to react to economic incentives then they would during more
stable times. Third, we do not directly account for transaction cost in
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our model, and these cost may vary over our study area. Generally,
Argentina has well-functioning land markets where transaction costs
are relatively low. However, in frontier regions, where land tenure may
not be well documented, transaction cost can be high (Le Polain de
Waroux et al., 2018), and we were unable to account for this directly in
our model due to the lack of data on transaction cost in our study area.
However, if the variation in transaction costs occurs primarily across
provinces rather than within provinces, transaction cost will be con-
trolled for in the province level dummy variable of the NRM (province,
see Supp. Material B- Eq. (1)). Fourth, the model used here was para-
metrized for the entire region and, as such, did not include the influence
of provincial policies. This might explain, for example, why we did not
project any further grazing land expansion in eastern Salta, which is
environmentally suitable for ranching and provincial zoning permits
sustainable grazing activities, since grazing land expansion was located
in regions of better suitability outside Salta. Fifth, we considered pro-
vincial and national protected areas to be effective in restricting land-
use expansion, in line with recent evidence (Greenpeace, 2016;
Marinaro et al., 2012). However, this may change as the competition
for land increases, as in other tropical regions (Laurance et al., 2012).
Sixth, some regions had lower-than-expected conversions rates and this
might be explained by the strong presence of indigenous communities,
such as in Salta or Formosa. Another factor explaining the relative
stability of Formosa province is that this agricultural frontier has only
recently been activated, following the paving of road 81 in 2008, the
last two years in our model parametrization period. Finally, having
farm-level profit information would likely capture more of the spatial
variation in our study area and thus improve our models. Such data,
however, are not available for the Chaco. Similarly, modelling land-use
change at the level of cadastral plots would likely result in even more
realistic fine-scale land-use change patterns.

5. Conclusion

Understanding future land-use patterns and how policies may alter
them is important for avoiding the unwanted outcomes of agricultural
expansion and intensification. Using a spatial net returns model, we
analyzed how land-use change in northern Argentina is driven by fac-
tors affecting profit, and provided evidence for the impact of some
economic policy interventions (including infrastructure development)
on future land-use change patterns. Overall, when assuming profit-
maximizing land-use actors, we find land-use change mainly to occur
via agricultural intensification, while agricultural expansion into forest
should slow down. Policies increasing profits might lower deforestation
in marginal regions to some extent, but the overall impact of these
policies was lower-than-expected. Our simulations also highlighted that
factors other than profit-maximization are drivers of agricultural ex-
pansion in the Chaco, further cautioning against overestimating the
impact of economic policies on rates and spatial patterns of deforesta-
tion. Our study also highlights that many areas of conservation priority
will continue to receive high conversion pressure in the future, enfor-
cing the need for ramping up conservation actions. Area-based policies,
such as zoning, as already in place, and the expansion of Argentina’s
protected area network, are likely more powerful and less risky tools for
avoiding further loss and degradation of these areas of conservation
concern - provided that zoning and protected area regulations are
properly enforced. At a more general level, our study shows how
evaluating potential future impacts of economic policies on land-use
change may inform land-use planning in current and future agricultural
frontiers in the global South.
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