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A B S T R A C T

Deforestation associated with agricultural expansion, particularly that of extensive cattle ranching, remains a
pressing challenge for sustainable development and climate mitigation efforts in South America. In response to
these challenges, national and local governments, as well as private and non-governmental actors, have de-
veloped new forest conservation governance mechanisms. In addition to reducing deforestation for agricultural
expansion, it is hoped that these policies may lead to the intensification of existing agricultural regions, thereby
contributing to global food availability and continued rural development. The objective of this study is to un-
derstand the timing and spatial patterns of crop and pasture intensification in agriculture-forest frontiers in the
context of changing conservation policies and rural development. We focus on Mato Grosso, the largest soy and
cattle producing state in Brazil, which spans the Cerrado and Amazon biomes and has experienced among the
highest levels of deforestation for agricultural expansion globally. Using econometric analysis of remotely sensed
and agricultural survey data, we find that cropland and pasture intensification are both linked to increasing
forest conservation restrictions and broader supply chain development. However, the effect of conservation
restrictions on intensification is lower in regions where there is more forest remaining. While crop and pasture
area dynamics are often coupled in agriculture-forest frontiers, crop intensification does not appear to have
contributed to pasture intensification through animal feed production. Intensification of crop and pasture areas
was associated with temporary, immediate reductions in local deforestation, but crop intensification was as-
sociated with increased deforestation over longer time periods. These results suggest that targeted investments in
supply chain infrastructure in the Amazon frontier could promote intensification and relieve pressure to clear
forests, but must be coupled with substantial, long-term negative incentives for deforestation, including more
effective public forest governance and private zero-deforestation commitments.

1. Introduction

Population growth, rising affluence, and changing dietary pre-
ferences are increasing global demand for livestock products and live-
stock feed, while globalization is shifting supply of these products away
from temperate producers toward tropical regions (Foley et al., 2005;
Kastner et al., 2012; Weinzettel et al., 2013). As a consequence of these
global economic changes, the Brazilian tropical savanna (Cerrado),
Brazilian and Bolivian moist tropical forest (Amazon), and seasonally
dry forests of Argentina, Paraguay, and Bolivia (Chaco and Chiquitano)

have become the new global hotspots for soybean and corn production,
while continuing to support a substantial proportion of the world’s beef
production (le Polain de Waroux, Garrett et al., 2017; Nolte et al.,
2017). The expansion of agricultural activities in South America has
resulted in the loss of native vegetation in these biomes, leading to high
carbon emissions, biodiversity loss, and the disruption of local and re-
gional hydrological cycles (Barlow et al., 2016; Baumann et al., 2017;
Coe et al., 2013; De Sy et al., 2015; Silvério et al., 2015).

In response to accelerated deforestation for agricultural expansion
in the early 2000s, new forest conservation governance mechanisms
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have emerged in South America. In Argentina, a temporary moratorium
on deforestation was declared by some provincial governments in the
Gran Chaco region, followed by the enactment of a national law re-
quiring provinces to develop new conservation and agricultural zoning
policies (le Polain de Waroux, Garrett, et al., 2017). In Paraguay, a zero-
deforestation law was enacted for the Atlantic forest (Nolte et al.,
2017). In Brazil, protected areas were increased and existing forest
conservation policies were strengthened, particularly for the Amazon
region, via the introduction of credit restrictions and real time mon-
itoring and enforcement of deforestation policies. Alongside these
public initiatives, private companies in the soy and beef cattle sectors
adopted voluntary commitments (the Soy Moratorium in 2006 and the
G4 Cattle Agreements in 2009) to not source commodities produced on
areas that were deforested after July of the year in which the agree-
ments were signed, though the Soy Moratorium cut-off was later pushed
back to 2008 (see le Polain de Waroux, Garrett et al., 2017; Gibbs et al.,
2016; Alix-Garcia and Gibbs, 2017). Other regions, including the Boli-
vian Chaco and Chiquitano and the Brazilian Cerrado, maintained
comparatively lax conservation restrictions and enforcement (le Polain
de Waroux et al., 2017; Garrett et al., 2016; Spera, 2017).

Two important questions for understanding the effectiveness of
these emerging deforestation policies and their broader impacts on
development and food security are: i) whether restricting land use on
large tracts of forest lands has resulted in intensification on existing
agricultural areas, and ii) whether such intensification has led to ad-
ditional forest conservation in later periods. Agricultural intensification
generally refers to an increase in the amount of output (food, fuel, or
fiber) produced per unit of land through improved management prac-
tices and technologies or increased inputs (Tilman et al., 2011). Here
we focus on two intensification processes that rely on increasing non-
land inputs to achieve greater food production: i) on croplands,
switching from single to double cropping; and ii) on pasture, raising
more cattle per unit of pasture.

Increasing food production on existing agricultural areas has the
potential to help spare land for carbon storage and biodiversity (i.e.
“land sparing”), particularly in light of increasing global food demand
(Phalan et al., 2011). Intensification could also help reduce the dis-
placement of agricultural expansion and deforestation to new forest
frontiers. When this displacement is the result of increases in con-
servation restrictions in existing production regions it is known as
“leakage” (le Polain de Waroux et al., 2017; Garrett et al., 2017;
Meyfroidt et al., 2013). More specifically, intensification in Brazil’s
Amazonian humid forest may help spare the relatively less protected
Cerrado savanna and Chaco dry forest biomes of South America (Spera,
2017). Intensification could also stimulate rural economic growth,
contributing to higher local wages and better access to health and
education services (VanWey et al., 2013). Planting a double crop of
corn after the soybean harvest has also been shown to mitigate dis-
ruptions to regional hydrologic cycles by increasing total evapo-
transpiration rates (Spera et al., 2016). Yet, if intensification leads to an
increase in local incomes or global consumption, it could increase de-
forestation in the region that experienced intensification (i.e. “a re-
bound effect”, which refers to a response of agents to new technologies
introduced to reduce resource use), thereby offsetting any land sparing
effect (Erb, 2012; Lambin and Meyfroidt, 2011). Intensification via
greater agrochemical use may also result in increased water and air
pollution and health risks compared to lower input practices (Tilman
et al., 2002). Despite a proliferation of studies on patterns of agri-
cultural expansion and intensification in South America (Arima et al.,
2011; Galford et al., 2008; Gasparri and Grau, 2009; Graesser et al.,
2015; Grau and Aide, 2008; Kastens et al., 2017; Macedo et al., 2012;
Spera et al., 2014), few studies have sought to understand the me-
chanisms underlying agricultural intensification (Richards et al., 2015;
VanWey et al., 2013). Moreover, there has been little empirical analysis
of the impacts of changes in conservation policy on agricultural in-
tensification, the relationship between crop and pasture intensification,

or feedbacks on conservation at the local scale.
The literature suggests three potential pathways by which in-

tensification could occur: (i) a “land scarcity” pathway, whereby land
becomes more expensive relative to non-land inputs, which induces
intensification (Lambin et al., 2001; Turner and Ali, 1996; Villoria
et al., 2013); (ii) an “agglomeration economies” pathway, whereby
agricultural area expansion spurs the growth of agricultural supply
chain infrastructure, increasing profitability of agriculture and in-
centives to invest in both agricultural expansion and intensification in a
snowball process (Garrett et al., 2013a; Porter, 2000; Richards, 2017);
and (iii) a “livestock industrialization” pathway, whereby increasing
availability of grain from agriculture causes livestock to become de-
coupled from the land base due to the substitution of grain for pasture
(Herath et al., 2005; Hinrichs and Welsh, 2003; Naylor et al., 2005).
These three potential pathways, described in further detail below, are
not mutually exclusive. Indeed, where they co-occur, they may be re-
inforcing, leading to rapid development of agriculture while potentially
sparing land. They may also play out differently across crop and cattle
systems.

Here we use a newly assembled dataset that includes spatially and
temporally explicit information on land use change, including agri-
cultural production and area, supply chain infrastructure, and con-
servation policies to answer the following questions: (Q1) How have
changes in conservation policies and supply chain development influ-
enced patterns of agricultural intensification? (Q2) Is crop intensifica-
tion having positive spillovers on pasture intensification? (Q3) Is crop
and pasture intensification contributing to greater forest conservation?

We investigate the processes and outcomes of intensification using
the case study of Mato Grosso, Brazil, which spans the Amazon and
Cerrado ecological biomes. Due to its large share in global deforestation
and soy, corn, and beef production, land change processes in Mato
Grosso are of global relevance (Cohn et al., 2016b, 2014; Macedo et al.,
2012; Morton et al., 2006; Richards and VanWey, 2016). Between 2000
and 2011, the 65,394 km2 of deforestation that occurred in Mato Grosso
(INPE, 2016) accounted for 12% of South American deforestation and
3% globally (Hansen et al., 2013). During the same period Mato Grosso
accounted for 16% of South American soy production (7% globally) and
6% of South American beef production (1% globally), making it the
single largest soy and beef producing state in Brazil (IBGE, 2013).

2. Background and theory

2.1. Influence of forest conservation policies on land use

Forest conservation policies take many forms and differ sub-
stantially between public and private actors. In South America, most
public forest conservation policies are either based on public land al-
location for conservation or focus on providing disincentives for de-
forestation on private lands via the applications of fines, seizure of
property, and in some cases imprisonment (le Polain de Waroux,
Garrett, et al., 2017). Many new private forest conservation policies
(i.e. “zero deforestation agreements”) rely on market exclusion and
credit restrictions to discourage deforestation or on voluntary sustain-
able production standards (Börner et al., 2015b; Lambin et al., 2018;
Rueda et al., 2017). Few organizations provide positive incentives for
forest conservation (e.g., preferential market access or payments for
environmental services) in South America, though some tools do exist
(Börner et al., 2015b; Börner and Wunder, 2012; Garrett et al., 2016).
For example, in 2010 the Brazilian government launched the Low-
Carbon Agricultural Plan (“ABC Plan”) which provides loans with
subsidized interest rates to farms that adopt low-carbon agricultural
practices, including restoration of degraded pastures, integrated crop
and livestock systems, no-till farming, and commercial forest planta-
tions (MAPA, 2011).

Disincentive-oriented conservation policies theoretically impose
high costs for producers who deforest illegally. However, producers
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who comply with anti-deforestation regulations also incur costs. First,
the opportunity costs of foregone production may be substantial
(Börner and Wunder, 2012; Stickler et al., 2013). Secondly, there are
transaction costs associated with maintaining and verifying com-
pliance, such as land mapping and registration, and protection from
fires or squatters. Finally, by restricting forestland availability for
agricultural expansion, regulations may lead to higher agricultural land
prices (Hertel, 2012). Whether and when these deforestation disin-
centives result in reduced agricultural expansion compensated by
agricultural intensification, or result in other outcomes such as rebound
effects or outmigration and land use leakage, remains poorly under-
stood. Net land use outcomes depend on the available intensification
options, consumption patterns, and technological changes, the costs of
non-land inputs that enable intensification, the suitability of nearby
alternative areas for farming, and the ease at which producers can re-
locate, among other factors (Angelsen, 2010; Erb, 2012; le Polain de
Waroux, Garrett et al., 2017).

There is evidence that existing conservation restrictions are re-
arranging agricultural expansion patterns, for example by reducing
deforestation directly for cropland expansion as occurred in the
Brazilian Amazon (Gibbs et al., 2015; Kastens et al., 2017; Macedo
et al., 2012), or by leading larger ranching operations to seek out less
regulated regions for new investments as occurred in the Chaco (le
Polain de Waroux et al., 2016). On the other hand, outside of the
Brazilian Amazon, pasture and crop expansion does not appear to have
slowed in response to changing forest conservation policies (le Polain
de Waroux, Garrett et al., 2017). Amidst these diverging land use re-
sponses in different regions, it remains unclear whether farmers who
intensified did so in response to forest conservation policies or to other
economic incentives. For example, it is well known that double crop-
ping increased in the Legal Amazon region of Brazil throughout the
2000s, but no one has examined whether these processes are statisti-
cally related to changes in protected areas, deforestation policy en-
forcement, and new zero-deforestation commitments, or if they oc-
curred independently of these changes. Field interviews suggest that
perceived land scarcity from increased enforcement of forest con-
servation policies is increasing incentives for cattle ranchers to intensify
production (Garrett et al., 2017b). However, opportunities to evade
deforestation regulations still exist for both crop and cattle producers
(Gibbs et al., 2016; Rausch and Gibbs, 2016; Richards et al., 2017).

2.2. Influence of supply chain development on land use

The presence of a supportive agribusiness environment can be cri-
tically important for land use activities due to its effects on prices,
technology, and information flows among farmers (Garrett et al.,
2013a, 2013b). In agriculture-forest frontiers, the emergence of clusters
of agribusinesses is essential to promote a competitive environment and
economies of scale. Together with land availability, the agglomeration
economies (i.e., positive spillovers) produced by agribusiness clusters
can outweigh the disadvantages of being located very far from con-
sumption markets, leading to rapid agricultural expansion (Garrett
et al., 2013a; Porter, 1998; Richards, 2017). There is some evidence
that agglomeration economies also influence land use intensity, not just
land area (Neumann et al., 2010). In the state of Mato Grosso, previous
research found that double cropping increased in areas where me-
chanized agriculture had already been widely adopted, federal high-
ways were present, and GDP per capita was high (VanWey et al., 2013).
These findings suggest that regional economic development is an im-
portant predictor of intensification, but they do not lend insight to the
precise influence of agribusiness infrastructure on land use intensity.
Notably, VanWey et al. (2013) did not examine how economic devel-
opment affected pasture intensification or control for simultaneous
changes in conservation policies.

2.3. Influence of crop intensification on livestock

Links between grain production and livestock industrialization have
been well documented in the United States and China (Herath et al.,
2005; Hinrichs and Welsh, 2003; Naylor et al., 2005). Yet the re-
lationship between grain availability and pasture intensification in
South America remains poorly understood despite a proliferation of
research on the potential ecological benefits of integrating crops into
livestock systems (see Garrett et al., 2017b, c; and references therein).
Soy and corn can be used to supplement the nutrition that cattle obtain
from pasture, particularly during the dry season, or to completely re-
place pasture in confinement systems. Though increasing in Brazil,
these practices are likely still rare as a proportion of pasture area (Gil
et al., 2016; Vincente, 2016). Additionally, the expansion of soy and
corn agribusinesses can reduce the costs of improving pastures by im-
proving access to soil amendments, such as lime and fertilizer. How-
ever, if most of the soy and corn produced in a region is exported or
used for pig and poultry feed, which have a higher efficiency of weight
gain with respect to grain consumption (Shepon et al., 2016), it is less
likely to be used as a cattle feed and reduce the need for pasture ex-
pansion.

2.4. Effects of intensification on deforestation

Agricultural intensification is more likely to lead to local land
sparing when it is driven by increases in the price of land relative to
non-land inputs, when it does not decrease production costs (thereby
increasing income), and where restrictions on converting forests are
more stringent (Angelsen and Kaimowitz, 2010; Ceddia et al., 2014).
Both cattle and crop intensification can increase production costs.
However, there is substantial evidence that certain forms of pasture
intensification in Brazil, including rotational grazing and the use of crop
rotations in an integrated crop and cattle system, would greatly in-
crease profitability, which could spur further expansion (de Oliveira
et al., 2015; Gil et al., 2018; Martha et al., 2011). At a global level,
feedbacks of intensification on forest conservation depend on how in-
tegrated that region is with global markets and whether or not demand
for that product is elastic (Byerlee et al., 2014). When demand is elastic
(i.e., it changes significantly in response to price, as is thought to be the
case with meat and bioenergy crops), then regional increases in pro-
duction that lead to global price decreases may be offset by additional
demand.

3. Methods

To investigate processes and outcomes of intensification in Mato
Grosso, we develop a statistical model that regresses indicators of en-
vironmental regulations and supply chain conditions, along with a
series of control variables, against measures of agricultural in-
tensification. We then examine the correlation between deforestation
and our agricultural intensification measures in prior years. We first
describe these variables and then detail the models used in our analysis.

3.1. Characterizing changes in land use, supply chains, and forest
availability

Our units of analysis are the 141 municipalities of Mato Grosso,
from 2001 to 2013. The municipal scale was chosen because it is the
minimum scale at which all data were available. All data are described
in Table S1 and some data are illustrated in Fig. 1.

3.1.1. Land use and land cover
The land use/land cover (LULC) data employed in this study are

described in Kastens et al. (2017). They used a spatially extensive, nine-
year ground reference dataset and remotely sensed, normalized differ-
ence vegetation index (NDVI) time-series data from the Moderate
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Resolution Imaging Spectroradiometer (MODIS) to develop annual
Mato Grosso land cover maps for the 2001–2014 crop years (a crop year
consists of an annual crop production cycle that ends with July of the
nominal year; for our purposes we associate the LULC data directly with
calendar year data). The raster LULC maps have a resolution of 240m
(5.76 ha/pixel) and are included in the supporting information pro-
vided online with Kastens et al. (2017). The class structure consists of
forest, pasture/Cerrado, three soybean classes, cotton, sugarcane, and
static urban and water classes. The latter four classes, which collec-
tively account for just 1% of total Mato Grosso area on average during
2001–2013, were not used in this study. Soybean classes include soy
single crop; soy-commercial double crop, where the commercial crop is
predominantly corn and excludes cotton; and soy-cotton double crop.
Reported accuracy for the LULC maps was 79–85% (Kappa 0.71-0.78)
using cross validation (lower values) and an independent roadside da-
taset consisting of more than 3000 observations spread across three
years (higher values). Statewide mapped soy area during our
2001–2013 study period accounted for 94% of estimated soy crop area
reported in federal crop statistics (www.sidra.ibge.gov.br). As docu-
mented by Kastens et al. (2017), double-cropped soy area increased ten-
fold throughout the study period from 340,000 ha in 2001 to more than
4.3 million hectares in 2013. Single crop soy area fluctuated around 3
million hectares throughout the study period.

Since Kastens et al. (2017) do not distinguish between pasture and
Cerrado we obtained refined estimates of pasture area from Project
MapBiomas - Collection 3 of Brazilian Land Cover & Use Map Series,
which distinguishes between native forest, savanna and grassland and
agricultural pastures using a biome specific classification tree based on
various spectral indices. The methods used by Project MapBiomas for
each biome are described at www.mapbiomas.org/pages/methodology.
We refer to these data as “MapBiomas” pasture area and the other data
source as the “Kastens” pasture area. Results for the latter provide a
systematic overestimate of pasture area and are included in the Table
S6 for reference.

Intensification is measured in two ways. The first metric, Double
Crop Rate, represents crop intensification and includes both the soy-

corn and soy-cotton double crop areas identified in the LULC dataset as
a proportion of total soy area. During the study period, the soy-corn
class comprises 93% of the total soy-double crop area (Kastens et al.,
2017). During the study period, double cropped area increased from
10% to 60% of the total soy area in the state (Fig. 1c).

The second metric, cattle Stocking Rate, represents pasture in-
tensification and is the number of cattle present in a municipality di-
vided by the MapBiomas pasture area (in the SM we present stocking
rate results for the number of cattle divided by the Kastens pasture
area). As shown in Fig. 1d, pasture areas intensified significantly in
Mato Grosso during the study period in terms of the number of live
cattle per unit of pasture (from 1.2 to 1.5 live cattle per hectare). The
number of cattle slaughtered per unit of pasture area increased even
more substantially (from 0.12 to 0.29 cattle slaughtered per hectare).
Ideally we would also examine fertilizer usage and labor inputs as
measures of intensification. However, such data are lacking over space
and time.

3.1.2. Supply chains
We collected spatially explicit time-series data on the locations of

soy processing facilities, biodiesel plants, fertilizer plants, commercial
grain storage facilities, chicken and pork production facilities, and
cattle slaughterhouses (Fig. 1b) and snapshots of the distribution of
trader offices. After analyzing the correlations between different supply
chain infrastructure variables (Table S2), we concluded that the loca-
tion of soy processing and biodiesel facilities were the best indicators of
the presence of a well-developed soy cluster because they were sig-
nificantly correlated with other soy supply chain variables. The location
of cattle slaughterhouses was the only indicator available to represent
the presence of cattle supply chain infrastructure. It was weakly posi-
tively correlated with many of the soy supply chain variables (Table
S2), likely due to a positive time trend for all infrastructure variables.

To assess how proximity to the soy and cattle supply chain infra-
structure influenced land use outcomes, we developed travel cost and
distance estimates for the centroid of each municipality to the nearest
(in terms of cost distance) soy processing or biodiesel facility (Soy Chain

Fig. 1. Annual trends in land cover change, supply chain development, and agricultural intensification in Mato Grosso (2001–2013). Lines represent the sum of the
values for all counties for all of the variables except for land intensity where lines present the mean value for all counties. For Fig. 1d, “slaughter rate” refers to the
number of cattle slaughtered in the state per unit of pasture. Both stocking rate and slaughter rate use the MapBiomas pasture area. Data sources explained in Table
S1.
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Distance), cattle slaughterhouse (Cattle Chain Distance), and export
terminal (Port Distance) in each year based on road infrastructure in
20161, with differentiation between primary and secondary paved
surfaces and unpaved tertiary or access roads.

We also derived state-level demand for soy and corn based on
chicken and pork slaughter rates in Mato Grosso (Feed Demand). We
estimated that each unit of pork produced in Mato Grosso required 2.5
units of soy meal and 2 units of corn meal and each unit of chicken
required 1.25 units of soy meal and 1 unit of corn meal, given the as-
sumptions that: i) in a confined system each unit of pork production
requires at least 4 units of feed; ii) each unit of chicken production
requires at least 2 units of feed (Brown, 2006); iii) only 80% of each
soybean can be used as soy meal, while 100% of the corn harvest can be
used as meal; and iv) each animal gets an equal portion of soy and corn
in their feed. This results in a demand of 4.5 or 2.25 units of a mixed soy
and corn feed per unit pork or chicken produced, respectively. While
chicken and pork production rely almost exclusively on soy and corn for
nutrition in Mato Grosso, the use of crops to supplement cattle remains
rare. According to the 2006 Agricultural Census, only 16% of ranchers
supplemented their cattle with grains or rations (IBGE, 2006).

3.1.3. Forest conservation policy
Forest Regulations are measured as the percentage of the forestland

within each municipality that is theoretically protected according to
existing public regulations. This includes the proportion of each prop-
erty that must be kept as a “Legal Reserve” according to the Forest Code
(Law 2012/12,651) and the presence of Protected Areas. It does not
include the amount of area that would theoretically be protected by
“Areas of Permanent Preservation”. Since public forest conservation
requirements remained largely unchanged in the study region during
the 2001–2013 study period, the Regulations variable picks up varia-
tions in conservation requirements between the Amazon and Cerrado
and changes in protected areas, including indigenous reserves, across
all regions over time. To assess the influence of changes in monitoring
and enforcement of private conservation policies – the Soy Moratorium
and G4 Cattle Agreement – we created a governance index variable
ranging from 0 to 1. This index is a function of categorical estimates of
deforestation Penalties (i.e. the level of fines), Monitoring capacity (i.e.
ability to track forest loss in near real time), and Enforcement me-
chanisms (e.g. credit restrictions and market exclusion) that are specific
to each commodity (i.e. Soy Governance and Cattle Governance) (le
Polain de Waroux, Garrett, et al., 2017). By taking the average of
Regulations and its product with this index variable we obtain a new
forest governance variable for soy (Regulations’ Soy) and cattle (Reg-
ulations’ Cattle):

Regulations’i,t = Regulationsi,t × (0.5 + Governancei,t × 0.5) (1)

where:

Governancei,t = Penaltiesi,t × Monitoringi,t × Enforcementi,t (2)

where i is the municipality and t is the year. Additional details on these
variables are provided in the SM.

3.1.4. Prices
Since cropping and livestock rearing are primarily land use sub-

stitutes (even integrated systems rely on land rotations), decisions to
invest in either land use should be influenced by the relative price of
crops vis-à-vis beef. However, no panel data were available for local
crop and beef prices in the study region for all counties and years. Since
local soy price data were available for 12 counties and 5 years

(2008–2013) (see Table S1), we used these data to assess whether or
not our supply chain travel distance and cost calculations were a good
proxy for price variations. We found that distance to ports was mod-
erately negatively correlated with soy prices for the counties for which
there were data (Pearson’s R = -0.45, p=<0.001), indicating that this
variable is a reasonable substitute for local soy prices in the double
cropping regressions. Distance to soy facilities was not correlated with
prices. There were no spatially explicit data available for beef to test for
correlation with distance to ports or slaughterhouses.

3.2. Assessing the relationship between supply chains, forest policies and
intensification

We use an ordinary least squares model with time fixed effects to
assess the influence of supply chain conditions and forest policies on
Double Crop Rate and Stocking Rate. We limited the sample for the
Double Crop Rate model to the 106 (out of 141) counties where there
was at least some double cropping by the end of the study period
(2013). This yielded 1264 observations. The Stocking Rate model was
run for the entire sample except two counties that did not have cattle
throughout the study period. This resulted in 1668 observations. Both
models used an ordinary least squares estimation via the plm package in
R. All explanatory variables included in the model except for
Governance, which included all zeros in some years, are mean scaled.

= + +
+ + +
+ +
+ × + +

e a d
n e e

e d
s y

DoubleCropRat SingleCropAre CornYiel
PastureProportio SoyChainDistanc CattleChainDistanc
PortDistanc FeedDeman
Regulation ForestAvailabilit

i t i t i t

i t i t i t

i t i t

i t i t t i t

, 1 , 1 2 , 1

3 , 1 4 , 1 5 , 1

6 , 1 7 , 1

8 , 1 9 , 1 ,
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and

= + +
+ +
+ +
+ +
+ × + +

StockingRate SingleCropArea DoubleCropProportion
DoubleCropProportionNeighbor PastureProportion
SoyChainDistance CattleChainDistance
PortDistance FeedDemand
Regulations ForestAvailability

i t i t i t

i t i t

i t i t

i t i t

i t i t t i t

, 1 , 1 2 , 1

3 , 1 4 , 1

5 , 1 6 , 1

7 , 1 8 , 1

9 , 1 10 , 1 ,

(4)

where t represents the time fixed effect and i t, is the error term.
The two models largely contain the same variables. Double Crop Rate

includes Corn Yield as an additional predictor. Corn yields increased
rapidly over the study period (Kastens et al., 2017), which may lead to
higher profitability from double cropping, encouraging adoption. The
variable Single Crop Area is included because the Double Crop Rate may
increase more quickly in counties that have a very large single cropped
area, due to economies of scale (Richards, 2017). Pasture Proportion is
included because expansion of single cropped soy into pasture may be
an alternative to intensification in the context of increased native ve-
getation scarcity (due to increased conversion restrictions). Stocking
Rate contains Double Crop Proportion (double crop area as a proportion
of total area) in the same county and Double Crop Proportion Neighbor for
the average double crop area in adjacent counties, since having more
soy and corn available as a feed source could influence farmers’ ability
to increase their herd per unit of pasture.

We include results for three different models with each variant of
the conservation policy variable (Model I-Regulations, Model II-
Governance, and Model III-Regulations'). The impact of conservation
policies on intensification may be influenced by forest scarcity, so we
use an interaction term between the conservation policy variable and
Forest Availability (forest area a % of total area in each municipality).
There was no evidence of multicollinearity in the model. Variance
Inflation Factor of each variable was less than 2.4.

1 A continuous dataset of road areas was not available for every year.
However, annual changes in supply chain infrastructure indirectly capture
changes in road infrastructure. All variables vary over time because supply
chain infrastructure and ports continued to expand during the study period.
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3.3. Assessing the relationship between intensification and deforestation

Having examined the underlying determinants of crop and pasture
intensification, we then used Pearson product-moment correlation
coefficient tests to assess whether municipalities with higher rates of
crop or pasture intensification in previous years experienced sig-
nificantly lower forest loss later years. We examine these relationships
at the municipal level using current data and one to four year lags in the
intensification variable (e.g., cor(Deforestationt, ΔStockingRatet) for
current intensification and cor(Deforestationt, ΔStockingRatet-4) for a
four year lag in the intensification variable). The number of lags we
included was limited by the size of the sample. We also examined the
impacts of crop and pasture intensification on forest loss in neighboring
counties, where forest area of the neighboring county was defined as
the weighted average of forest loss among the counties that border the
county experiencing intensification. Since likelihood of deforestation
should change with legal forest availability, we assess this relationship
using three samples: a) all counties, regardless of forest area; b) coun-
ties with more than 30% forest cover remaining in 2006 (as used in
previous studies; e.g., Gollnow and Lakes, 2014); and c) counties with
forest stocks exceeding the conservation requirement defined by the
Regulations variable.

4. Results

(Q1) How have changes in conservation policies and supply chain de-
velopment influenced patterns of agricultural intensification?

Double cropping and stocking rates were both significantly higher
in regions where forest conservation policies were more stringent, but
the effect of conservation policies on double cropping was reduced
where forest availability was high (Tables 1 and 2). Governance im-
provements (penalties, monitoring, and enforcement), such as those
associated with corporate zero-deforestation commitments, had a large
positive effect on crop intensification and mixed effects on stocking
rates. Improved governance for beef supply chains was weakly nega-
tively associated with had no significant effect on stocking rates where
forest availability was low, but positively associated with stocking rates
where forest availability was high.

Crop intensification occurred more rapidly in regions with smaller
distances to soy processing facilities (Fig. 2). These regions were largely
located in the Cerrado portion of the state, but some occurred in the
Amazon biome. Stocking rates were higher in regions with smaller
distances to slaughterhouses. Double cropping and stocking rates were

both higher in regions with higher demand for pig and poultry feed. The
amount of pasture remaining had a negative effect on crop in-
tensification.

(Q2) Is crop intensification having positive spillovers for the in-
tensification of cattle systems?

We did not find evidence that crop intensification is promoting
pasture intensification in the same or neighboring counties. Stocking
rates were unrelated to rates of double cropping in the same or
neighboring counties.

(Q3) Is crop and pasture intensification contributing to greater forest
conservation in subsequent years?

Change in forest area was weakly positively correlated with change
in the double crop area one to two years prior, and weakly negatively
correlated with change in the double crop area three to four years prior
(Table 3). There is no clear relationship between change in forest area
and change in stocking rate in prior years in the same county, but
current pasture intensification had a positive relationship with forest
area in neighboring counties. The latter outcome was particularly
strong in counties where forest was more abundant.

5. Discussion

5.1. Effects of conservation policies and supply chain development on
agricultural intensification

Our results support the agglomeration economy pathway to agri-
cultural intensification, and to a lesser extent the land scarcity pathway,
which here is centered on the scarcity of forest area rather than on the
scarcity of total non-cultivated arable land. Crop intensification oc-
curred most rapidly in the non-forest Cerrado regions of Mato Grosso,
near existing cropping supply chain infrastructure and international
ports, and where large areas of single crop soy production were already
present by 2001 (Fig. 2). The rapid development of cropping supply
chains in the region likely resulted in improved access to inputs and
technology, which decreased the cost associated with double cropping,
and increased capital availability to make these investments (Garrett
et al., 2013a; Richards, 2017; VanWey et al., 2013). Rates of crop in-
tensification were positively associated with the growth of pig and
poultry production in the region, which increased the internal demand
for soy and corn for livestock feed by more than 2000%, likely con-
tributing to higher soy and corn prices. This internal demand for feed
was also moderately correlated with total cropland expansion (Pearson

Table 1
Double crop regression results.

I II III

Soy Areat-1 0.05 0.04 0.05
Pasture Proportiont-1 -0.23*** -0.25*** -0.24***
Corn Yieldt-1 0.18*** 0.15*** 0.19***
Soy Chain Distancet-1 -0.16*** -0.15*** -0.17***
Cattle Chain Distancet-1 0.001 0.02 0.003
Port Distancet-1 -0.06* -0.06* -0.07*
Feed Demandt-1 0.11*** 0.11*** 0.11***
Regulationst-1 0.10* 0.90** 0.15***
Forest availabilityt-1 -0.04 -0.02 -0.06
Regulationst-1 × Forest availabilityt-1 -0.06† -0.38** -0.08*
Conservation policy variable Regulations Governance Regulations'
Adjusted R2 0.18 0.18 0.18

Notes: † indicates significance at the 90% confidence level, * = 95%, ** =
99%, and *** = 99.9%. n=1264. Model I uses Regulations as the conservation
policy variable, which includes only variations in the proportion of forest land
protected by public regulations, including the Forest Code and designation as
Protected Areas. Model II uses Governance, which includes only changes in
monitoring and enforcement. Model III uses Regulations’, which includes the
combined effects of changes in proportion of forest area protected and changes
in governance..

Table 2
Log(Stocking rate) regression results.

I II III

Double Crop Proportiont-1 0.01 0.01 0.01
Double Crop Proportion Neighbort-1 0.004 0.003 0.004
Pasture Proportiont-1 0.03*** 0.04*** 0.03***
Soy Chain Distancet-1 -0.004 -0.005 -0.003
Cattle Chain Distancet-1 -0.11*** -0.12*** -0.12***
Port Distancet-1 0.08*** 0.09*** 0.09***
Feed Demandt-1 0.02* 0.02 0.02
Regulationst-1 0.03* 0.08 0.02*
Forest availabilityt-1 -0.01 0.02 -0.01
Regulationst-1 × Forest availabilityt-1 -0.02† 0.08 -0.02†
Pasture variable MapBiomas MapBiomas MapBiomas
Conservation policy variable Regulations Governance Regulations'
Adjusted R2 0.19 0.19 0.19

Notes: † indicates significance at the 90% confidence level, * = 95%, ** =
99%, and *** = 99.9%. n=1668. Model I uses Regulations as the conservation
policy variable, which includes only variations in the proportion of forest land
protected by public regulations, including the Forest Code and designation as
Protected Areas. Model II uses Governance, which includes only changes in
monitoring and enforcement. Model III uses Regulations’, which includes the
combined effects of changes in proportion of forest area protected and changes
in governance.
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correlation coefficient= 0.39, p < 0.0001).
Pasture intensification was similarly supported by proximity to

federally inspected slaughterhouses, which tend to offer better terms of
payment and higher carcass weights than municipal or state slaugh-
terhouses, and may offer price premiums for higher quality meat
(Conexão JBS, 2017). This result supports previous work indicating that
the uptake of integrated crop and livestock practices is higher near
federally inspected slaughterhouses (Gil et al., 2016). Pasture in-
tensification was likely further stimulated during the study period
through the provision of low interest government loans to promote
pasture restoration and productivity. Farmers located closer to existing
pasture areas and federally inspected slaughterhouses may have had
increased access to these loans. Pasture intensification was likely lower

in areas that were closer to international ports because cattle ranching
is more influenced by domestic markets, and all else equal, regions with
better access to international markets favor soy production.

The land scarcity pathway is supported by the positive relationship
between increasing deforestation regulation stringency and rates of
intensification. Since all of the explanatory variables (except the gov-
ernance variable) are mean scaled, we can see that the magnitude of the
effect of regulations on double cropping is slightly smaller than that of
other drivers of intensification. In contrast, the magnitude of the effect
of regulations on stocking rates is the same or larger than other drivers
of intensification, particularly when changes in governance (penalties,
monitoring, and enforcement) are also accounted for. The effects of
regulations and governance on intensification appear to be dependent

Fig. 2. Locations of agricultural intensification, deforestation, and supply chain development in Mato Grosso. (a) and (b) show a massive expansion in the double
cropped soy-corn area. (c), (d), and (e) show, respectively, changes in average double cropped soy-corn area as a proportion of soy area, average stocking rates in
terms of cattle head per unit of pasture, and total deforestation by municipality normalized by the municipality area between 2001 to 2013. Many regions with high
levels of intensification also experienced high levels of forest loss, despite high levels of forest protection. “Access routes” indicate the least-cost path used to get to the
closest soybean processing facility or slaughterhouse location as of 2013, based on 2016 road maps.
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on the amount of forest available. Regulations had larger positive effect
on crop and pasture intensification in areas where forest availability
was low. This outcome suggests that even if deforestation regulations
increase the cost of land relative to other inputs, this increased cost is
not enough to offset very low land prices in places where forest is still
highly abundant. Thus regulations have an important impact in regions
where the agricultural area is more consolidated and land prices are
higher (and where supply chain infrastructure is more developed). By
contrast, regulations have a lower impact in frontier regions where
there may still be land that can be cleared legally and where monitoring
and enforcement of illegally clearing may be more challenging (Börner
et al., 2015a).

Similarly, changes in soy governance due to enhanced deforestation

monitoring capacity and the Soy Moratorium had a larger positive
impact on crop intensification where forest availability was low. In
contrast, improved cattle governance, such as increases in deforestation
monitoring and enforcement via public credit restrictions and G4 Cattle
Agreement, had no significant impact on pasture intensification. This is
likely due to the greater number of loopholes in deforestation mon-
itoring in cattle supply chains (Alix-Garcia and Gibbs, 2017).

5.2. Spillovers between crop and cattle systems

Even though pasture intensification could theoretically benefit from
the increased availability of soy and corn as a nutritional supplement or
replacement for pasture, we found no evidence for a local “livestock
industrialization” pathway. This may be because double cropping in-
creases the opportunity costs of doing any form of cattle management
relative to cropping, such that ranchers located near intensive cropping
systems often sell or rent their land to crop farmers rather than in-
tensifying production (Cohn et al., 2016a). Additionally, even as the use
of supplemental feeding has become more common among a handful of
capitalized farms in these regions, many ranchers remain resistant to
incorporating supplementary feeding into their management practices,
no matter how cheap it is, due to concerns over adding risk, complexity,
and managerial intensity (Gil et al., 2016; Latawiec et al., 2017).

5.3. Impacts of intensification on land sparing

Crop and pasture intensification are both linked to lower defor-
estation in the short run, if not in the same county, then in neighboring
counties (for pasture intensification). However, crop intensification in
past years (3+ years) is linked to greater deforestation in the current
period. These results suggest that agricultural intensification is helping
to draw capital away from deforestation in the short run, but con-
tributing to a rebound effect in the long-run through higher income.
The reason for the difference in land sparing outcomes between crop
and pasture intensification over the long run is unclear. One possibility
is that pasture intensification has higher upfront costs and a longer
payback period than switching from single to double cropping. If this is
true, then in the short run ranchers that invest in intensification do not
have funds available to invest in new land purchases and deforestation,
while farmers that switch from single to double cropping have funding
available more immediately. Another possibility is that demand for
beef, which is primarily based on the domestic market, is less elastic
than that of soy, which has a strong growing international market. Or,
rebound effects may be lower for pasture intensification because cattle
ranching decisions are less influenced by income motivations than long
term speculative and non-monetary concerns (Garrett et al., 2017a;
Piquer-Rodríguez et al., 2018) or because cattle and soy operators have
different access to financing for new land investments. More research is
needed to confirm the correlational relationships identified here and to
explore the mechanisms underlying potential rebound effects.

5.4. Implications for policy

A combined effort to direct agribusiness development away from
forest regions via targeted incentives could help promote intensification
and short-term land sparing. Yet, intensification could result in addi-
tional local deforestation if it is applied in forest regions without
stringent conservation requirements. The importance of crop and live-
stock delivery points such as trading, handling and processing facilities
for crop and pasture land use activities underscores their centrality
toward the development of effective conservation planning.
Conservation restrictions can encourage farmers to intensify their ex-
isting land area by making new land inputs more expensive relative to
other factors of production. However, intensification cannot occur if
farmers lack access to sufficient inputs and technologies to achieve
increased production through higher crop yields, implementation of

Table 3
Relationship between annual change in double crop area and annual change in
forest area.

Annual Δ in forest area in same municipality
(2005–2013)

Lag in Δ double crop area Group 1 Group 2 Group 3

None (2005–2013) – – –
1 year (2004–2012) 0.09** – –
2 years (2003–2011) 0.07† 0.10† 0.60***
3 years (2002–2010) −0.06† −0.11* –
4 years (2001–2009) −0.07* −0.09† −0.43†

Annual Δ forest area in neighboring municipalities
(2005–2013)

Lag in Δ double crop area Group 1 Group 2 Group 3

None (2005–2013) – – –
1 year (2004–2012) 0.15*** 0.18*** –
2 years (2003–2011) – – 0.56***
3 years (2002–2010) −0.08* −0.11* –
4 years (2001–2009) −0.06† – –

Annual Δ in forest area in same municipality (2005–2013)

Lag in Δ stocking rate Group 1 Group 2 Group 3

None (2005–2013) – – –
1 year (2004–2012) – – –
2 years (2003–2011) – 0.10† –
3 years (2002–2010) – – –
4 years (2001–2009) −0.05† – –

Annual Δ forest area in neighboring municipalities
(2005–2013)

Lag in Δ stocking rate Group 1 Group 2 Group 3

None (2005–2013) 0.05† 0.12* 0.45***
1 year (2004–2012) – – –
2 years (2003–2011) – 0.09† –
3 years (2002–2010) – – –
4 years (2001–2009) – – –

Notes: For the double cropping correlation tests, Group 1 (n=848) includes all
municipalities that had double cropping by 2013 (the same as the double crop
regressions), Group 2 (n= 376) includes municipalities that had double crop-
ping by 2013 and more than 30% of their forest remaining, and Group 3
(n=16) includes municipalities that had double cropping by 2013 and forest
area as a % of total area that exceeded what is required by federal regulations
and protected areas. For the stocking rate correlation tests, Group 1 (n=1228)
includes all municipalities that had any cattle by 2013 (the same as the stocking
rate regressions), Group 2 (n= 408) includes municipalities that had more than
30% of their forest remaining, and Group 3 (n= 40) includes municipalities
that had double cropping by 2013 and forest area as a % of total area that
exceeded what is required by federal regulations and protected areas. Values
are Pearson product-moment correlation coefficients. † indicates significance at
the 90% confidence level, *= 95%, **= 99%, and ***= 99.9%. “–" indicates
result was not significant.
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double cropping systems, or improved livestock weight gain. This ac-
cess could be improved by offering tax credits to fertilizer and input
providers to locate in particular regions, in addition to offering sub-
sidized credit for intensification as already occurs through the Low
Carbon Agriculture Program (MAPA, 2011). However, intensification
via double cropping will not be possible in all regions due to soil and
climate limitations. Critically, these incentives for agribusiness devel-
opment should take effect at the same time or immediately following
the strengthening of conservation restrictions, rather than prior to such
activities to avoid further deforestation (Kaimowitz and Angelsen,
2008; Merry and Soares-Filho, 2017). If intensification increases the
profitability of agricultural activities in or close to forested areas and
strong conservation restrictions are not in place, then farmers may have
greater incentives to clear land for cropland or pasture expansion.

Loopholes for deforestation under existing private conservation
policies must be fixed to avoid rebound effects from intensification.
Loopholes in the current design of the Soy Moratorium and G4 Cattle
Agreement allow some farmers to continue to deforest while their
products still find their way to domestic and international supply chains
(Alix-Garcia and Gibbs, 2017; Gollnow et al., 2018; Klingler et al.,
2018; Rausch and Gibbs, 2016). As previous authors have noted, to
improve the effectiveness of zero-deforestation agreements, it will be
necessary include the entire supply chain in the commitment (e.g.,
cow/calf producers that sell to stocking and finishing operations) by
tracking all cattle through their entire lifecycle (e.g., via registration of
individual cows) (Alix-Garcia and Gibbs, 2017; Lambin et al., 2018).
Getting smaller, non-federally inspected slaughterhouses to adopt these
commitments is also critical so that leakage does not occur to domestic
markets (le Polain de Waroux, Garrett et al., 2017).

Agribusinesses should consider intensification as a critical me-
chanism to reduce deforestation risk within supply chains, since it can
help reduce undesirable deforestation leakage. Agribusiness companies
are critical partners in the development of zero-deforestation policies in
South America, yet currently most efforts aimed at engaging these
companies in conservation are focused on helping them develop
guidelines for avoiding products associated with deforestation. Since
intensification on the existing land area is a key step in helping to
minimize unanticipated leakage effects to other regions, actors, and
commodities (le Polain de Waroux, Garrett et al., 2017), these agribu-
sinesses should also be engaged in providing support for intensification,
particularly within cattle production systems. Given the low intensity
and high level of environmental degradation associated with existing
cattle production practices in the region (Strassburg et al., 2014), there
are numerous opportunities for “sustainable” or “ecological” in-
tensification, whereby food production increases are achieved along-
side better nutrient use efficiency and soil health improvements
(Garnett et al., 2013; Tittonell et al., 2016). Mechanisms for promoting
the sustainable intensification of cattle production include technical
and financial support for integrated crop, livestock, and forestry sys-
tems and cattle nutrition and welfare, as well as price premiums for the
outcomes associated with more environmentally responsible manage-
ment (e.g., higher quality beef) (Garrett et al., 2017b, 2017c). As our
results suggest, however, access to these programs is likely to be limited
in areas located further from federally inspected slaughterhouses.
Government programs should aim to fill this gap with additional re-
search, demonstration units, and improved extension.

6. Conclusion

In the agriculture-forest frontiers of South America, conservation
policies are rapidly changing in response to high conversion of natural
ecosystems to crop and pastureland. The way these changes in policy
and concurrent developments in infrastructure are influencing farmers’
incentives to expand and/or intensify their agricultural area remains
poorly understood. In this paper we analyzed interactions between land
use intensity, supply chain development, and conservation policy

through the globally relevant case study of Mato Grosso to better un-
derstand the factors leading to intensification and their outcomes on
land sparing. Such an analysis is critical for understanding how to
minimize tradeoffs between food production, development, and con-
servation and reduce potential for leakage from zero-deforestation po-
licies.

We find that both crop and pasture intensification are partially
driven by increased conservation restrictions where forest is already
relatively scarce, and this intensification appears to have helped spare
forests locally in the short run. Yet in the longer run crop intensification
may be linked to greater deforestation. Both intensification processes
rely on broader crop supply chain development. Crop and pasture in-
tensification processes do not appear to be mutually reinforcing; pas-
ture intensification was not higher in regions where corn and soy pro-
duction was more abundant. These results imply that forest
conservation restrictions are critical for promoting intensification, but
not sufficient for ensuring that a greater amount of forest is conserved
in the long run. To promote intensification and local land sparing while
reducing leakage to other regions, financing and technical support to-
ward this end needs to be coupled with improved zero-deforestation
policies.
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