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Integrated  crop-livestock  systems  (iCL)  are  advocated  as  a promising  strategy  to increase  agricultural
production  and  rehabilitate  degraded  pastures  while  mitigating  GHG  emissions.  Although  iCL  in  Brazil
has  increased  over  the past  few years,  it still occupies  a small  share  of  the  country’s  total  agricultural  area.
We investigate  the  determinants  of  iCL  occurrence  in  Mato  Grosso  state,  a  globally  important  producer
of  beef  cattle  and  grains  that  has  experienced  rapid  land  cover  change  and  environmental  degradation
in  recent  decades.  Our  analysis  encompasses  two  typical  cases  of  iCL  in Mato  Grosso  (the  rotation  of  soy
followed  by  pasture,  and  soy followed  by maize  and pasture)  as well  as  biophysical,  socioeconomic,  and
institutional  factors  observable  at the  household  and/or  municipality  levels  that  may  influence the  wide-
scale  occurrence  of  iCL.  Evidence  at both  scales  suggests  that  knowledge  and  supply chain  infrastructure
play  an  important  role  in  early  occurrence  of iCL,  as  they  are  more  common  in  regions  closer  to iCL research
stations  and  processing  facilities  of grains  and  cattle.  On  average  iCL  adopters  are  more  educated  and  have
better  access  to technical  assistance  and  sector  information  than specialized  farmers  or ranchers.  Most

iCLs are  concentrated  near  established  soy  areas  and  greater  similarity  exists  between  municipalities
with  iCL  and  soy-dominant  municipalities  vs. pasture-dominant  municipalities.  Our  findings  reveal  the
importance  of specific  conditions  for  iCL  occurrence  and iCL  promotion  in  livestock-dominant  regions.
Incentives  targeted  at  ranchers  are  crucial  for the achievement  of  the  Brazilian  Government’s  goal  to
restore  degraded  pastures  through  agricultural  intensification.

©  2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Deforestation for export-oriented agricultural expansion has
ecome a leading driver of environmental change in tropical
egions (Lambin and Meyfroidt, 2011; DeFries et al., 2013). This
rend has been particularly concerning in the Brazilian Amazon
nd Cerrado biomes, which contain globally significant reposito-
ies of carbon and biodiversity and play a critical role in regional
ydrological cycles (Klink and Machado, 2005; Peres et al., 2010;
avidson et al., 2012; Spera et al., 2016). Since 2004, when defor-
station reached its peak, agricultural production in Brazil has
ppeared increasingly decoupled from forest clearance as a result

f improved public and private anti-deforestation policies (Nepstad
t al., 2014; Soares-Filho et al., 2010; Assunç ão et al., 2012; Macedo
t al., 2012; Gibbs et al., 2015). However, low levels of deforestation

∗ Corresponding author.
E-mail address: juliana.diasbernardesgil@wur.nl (J.D.B. Gil).

ttp://dx.doi.org/10.1016/j.landusepol.2016.09.022
264-8377/© 2016 Elsevier Ltd. All rights reserved.
for agriculture persist in many Amazonian regions (Godar et al.,
2014; INPE, 2015) and the rapid clearing of the Cerrado for the
expansion of commodity agriculture remains a pressing conserva-
tion challenge (Spera et al., 2016).

In an effort to prevent further deforestation and associated
greenhouse gases (GHG) emissions, the Brazilian Federal Govern-
ment has been investing in technologies able to increase crop and
livestock productivity while restoring degraded lands (Government
of Brazil, 2014). Particular attention has been directed at the cat-
tle sector, where the largest opportunities to improve productivity
exist, since roughly 20% of Brazil’s total land area is devoted
to pastures that support on average less than one animal per
hectare (IBGE, 2006; Cohn et al., 2014; Strassburg et al., 2014).
Although improved productivity cannot always guarantee land
sparing (Angelsen and Kaimowitz, 2008), it is considered a nec-
essary complement to more direct conservation policies for the

maintenance of agricultural production growth (Godfray et al.,
2010; Tilman et al., 2011).

dx.doi.org/10.1016/j.landusepol.2016.09.022
http://www.sciencedirect.com/science/journal/02648377
http://www.elsevier.com/locate/landusepol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.landusepol.2016.09.022&domain=pdf
mailto:juliana.diasbernardesgil@wur.nl
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One promising strategy to improve livestock productivity in
razil is the use of integrated crop-livestock systems (iCL), here
efined as the periodic rotation of crops, pasture, and livestock on
he same land area. The combination of farming and grazing within
he same area leads to synergies between system components that
an generate higher outputs, cost savings and enhanced ecosystem
ervices. In particular, iCL have been shown to improve crop and
asture yields and subsequent animal growth through enhanced
oil fertility (Salton et al., 2014; Carvalho et al., 2014; Lemaire
t al., 2014). iCL can also reduce net GHG emissions and nutrient
unoff per unit of agricultural production by better recycling animal
anure and crop residues and decreasing the time needed for cat-

le to reach slaughter weight (Alvim et al., 2015). As a consequence,
CL may  offer increased resilience against economic and biophysi-
al stresses versus specialized (e.g. continuous) cropping or pasture
perations (FAO, 2007; Thornton and Herrero, 2015). Nevertheless,
ome forms of iCL such as integrated beef-maize production may
nvolve high levels of synthetic inputs and low species and habitat
iversity as compared to other mixed systems (Bungenstab, 2012).

Due to their theoretical economic and ecological advantages, iCL
ave been proposed as a strategy to stem agricultural expansion,
asture degradation and deforestation reduction. This is particu-

arly true in the Brazilian state of Mato Grosso, which spans the
mazon and Cerrado biomes and has the largest soybean area (8.6
illion hectares), pasture area (26 million hectares) and cattle herd

28 million animals) in the country (CONAB, 2014; IMEA, 2010).
t least 2 million hectares of this pasture area are categorized as
egraded (IMEA, 2010) and most support cattle stocking rates as

ow as 0.5 animal per hectare in some regions, resulting in high GHG
missions (IMEA, 2010; Galford et al., 2010). It has been proposed
hat the use of iCL in place of extensive, specialized pasture man-
gement could more than double the stocking rates of degraded
astures and improve soil quality where organic matter has been

ost after years of monoculture (Observatorio ABC, 2014a,b; Peron
nd Evangelista, 2004; Oliveira et al., 2003).

In order to boost adoption of iCL and promote cattle inten-
ification, Brazilian authorities approved the National Policy of
ntegrated Crop-Livestock-Forestry Systems (Government of Brazil,
013) and created a new EMBRAPA1 unit exclusively dedicated to
he research and development of integrated systems. In addition,
he Ministry of Agriculture launched the Low-Carbon Agricultural
lan (or simply “ABC Plan”) in 2010 to facilitate capacity build-
ng, improve technical assistance and provide special credit lines to
armers adopting low-carbon agricultural practices – including iCL,
o-till farming, biological nitrogen fixation, restoration of degraded
astures, commercial forest plantations and treatment of animal
esidues (Government of Brazil, 2011). The Plan is part of the coun-
ry’s National Policy for Climate Change, which defines a voluntary
arget for GHG emissions reduction of 36.1%–38.9% by 2020 relative
o emissions projections for that year (Government of Brazil, 2009).
mong other goals, the ABC Plan aims to increase the use of inte-
rated systems by 4 million hectares, which is expected to avoid
he emission of 18–22 million tons of carbon dioxide equivalent
CNA, 2012).
According to official estimates based on PROBIO2 data, the
otential area for integrated system expansion in the entire coun-
ry is greater than 67 million hectares, but until 2010 these systems

1 EMBRAPA (in Portuguese, “Empresa Brasileira de Pesquisa Agropecuária”) is the
razilian National Agricultural Research Institute.
2 PROBIO (in Portuguese, “Projeto de Conservaç ão e Utilizaç ão Sustentável da
iversidade Biológica Brasileira”) is a project for the conservation and sustainable
se of the Brazilian biological diversity for which land cover maps of all Brazilian
iomes were generated. PROBIO is conducted by the Brazilian Ministry of Environ-
ent and co-funded by the Brazilian Federal Government, the Global Environmental

acility (GEF), and the World Bank.
cy 59 (2016) 557–568

occupied only 1.5 million hectares (Balbino et al., 2011). The adop-
tion of integrated systems across Mato Grosso has been particularly
slow, reaching only 90,000 ha (or 0.4% of the state’s agricultural
area in 2010) (Balbino et al., 2011). Additionally, less than 5% of all
ABC loans issued by 2014 had been allocated to integrated systems
(Observatorio ABC, 2013).

Understanding the drivers and constraints of iCL occurrence
within Brazil is essential for the successful implementation of
climate-related policies put forward by the Brazilian Government.
It may  also offer insights into their potential viability as a climate
smart, sustainable intensification strategy in regions where exten-
sive cattle ranching persists. Yet, to the best of our knowledge, no
study has ever tried to capture the aggregate effect of biophysical,
socioeconomic and institutional requirements for iCL occurrence or
its spatial variation in the region. Existing case studies of individ-
ual farms and localized experiments offer important insights into
the economic and environmental benefits of agricultural integra-
tion under specific conditions, but do not elucidate the barriers to
scaling up integrated production.

In this paper we  examine the main factors associated with the
occurrence of iCL in Mato Grosso. We  argue that iCL systems have
unique characteristics that distinguish them from specialized agri-
cultural systems, and propose an analytical framework based on
specific adoption determinants that arise from these character-
istics. We  test the extent to which variables observable at the
household and municipality scales are associated with iCL occur-
rence and then compare the findings from both scales. We  conclude
by discussing these findings in light of past research on agricul-
tural land use decisions, and identify potential leverage points for
promoting iCL from a public policy perspective.

2. Background and analytical framework

The literature on the numerous factors influencing land use
decisions is abundant. Such factors include prices of agricultural
products and inputs (Richards et al., 2012; Garrett et al., 2013a);
agricultural, environmental, and fiscal policies (Schnepf et al., 2001;
Garrett et al., 2013b); soils, topography, and climate (Vera-Diaz
et al., 2008; Mann et al., 2014; Spera et al., 2014); transportation
costs (Walker et al., 2009); and household socioeconomic condi-
tions, such as land tenure, indebtedness, age, education, experience
and farm size (Lee, 2005; Knowler and Bradshaw, 2007). However,
few studies have attempted to assess the determinants of more
specific land management practices (e.g. crop-livestock rotations,
fertilizer usage, no-till planting, or irrigation) in Brazil.

The decision of whether to manage the land via iCL versus
specialized systems (specifically continuous cropland or pasture)
involves many utility tradeoffs. These may  include, among oth-
ers, trading increased resilience to climate and market shocks and
higher payouts in the long run for simplicity, lower labor needs,
as well as certain payouts in the short run (Garrett et al., 2015).
Because iCL involve more than one type of agricultural production,
they may  require greater labor intensity and higher investment
costs than specialized systems. As such, labor availability, tenure
security and farmers’ preferences concerning risk and leisure are all
factors that may  influence the adoption of iCL (Sulc and Tracy, 2007;
Garrett et al., 2015; Bonaudo et al., 2014; Lemaire et al., 2014; Alves
et al., 2015; Thornton and Herrero, 2015). The level of local supply
chain infrastructure (e.g. transportation networks, storage facilities
and input retailers) is a crucial limitation of agricultural develop-
ment in Brazil (Bowman et al., 2012; Garrett et al., 2013a; VanWey

et al., 2013) and may  co-determine the economic feasibility of
crop-livestock integration. Access to information and technical
assistance via formal channels (e.g. state research agencies), social
networks (e.g. neighbors and cooperatives) or local agribusinesses
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who migrated to Mato Grosso in the 1970s and 80 s often opt for
maintaining their tradition of specialized grain production (Jepson,
2006). “Maize area” is a proxy for the double cropping of soy with

3 While the original study by Gil et al. (2015) sampled farms with any type of
integrated system, we utilize only the data from farms with iCL systems, which
J.D.B. Gil et al. / Land U

s also relevant for iCL adoption where it is still a novel technology.
he costs of transitioning from a segregated to an integrated pro-
uction system may  be high (Balbino et al., 2011), which makes the
vailability of financial capital a potentially important iCL adoption
equirement. Finally, in some regions, cultural norms concerning
he prestige of cattle ownership and ranching as a lifestyle may
nfluence farming decisions (Hoelle, 2011). In Mato Grosso, spe-
ialized farmers and ranchers have shown different perceptions
nd attitudes towards integrated systems, reflecting how the two
roups differ in terms of demographic characteristics, risk aversion
nd attachment to the land (Gil et al., 2015).

The set of factors that influence iCL adoption can thus be summa-
ized as: capital availability, costs of adoption versus non-adoption,
upply chain infrastructure, biophysical suitability, availability of
killed labor, access to information and know-how, as well as
he willingness to diversify production (Fig. 1). Capital availabil-
ty determines a household’s ability to undertake high upfront
osts and is a function of income, savings (or debt) and access to
redit. From an aggregate perspective, capital availability depends
n the aggregate economic activity in each municipality and over-
ll credit allocations to that region from the government. Related
o capital availability are the costs associated with iCL adoption
ersus non-adoption;  the first refers to conversion costs, which
re a function of farm size and current management practices,
hile the second refers to opportunity costs faced by each house-
old. The existence of supply chain infrastructure is represented by
he presence of input retailers, processing facilities and market-
ng and transportation services for all products of the iCL system

 and is considered a function of past land use trajectories. Bio-
hysical suitability refers to favorable agro-climatic conditions for
arming and/or ranching, which at the property level include the
oil type and slope and at the regional level include average pre-
ipitation and temperature conditions. Availability of skilled labor
epends on household demographics, but also municipality-level

abor markets. Access to information and know-how are a function
f a farmer’s education level but also whether he or she obtains
echnical support through social networks, private consultants or
rainings and whether demonstration units of new technologies
re present at the municipality level. The only variable uniquely
elevant at the household level is willingness to diversify production,
hich is related to individual preferences regarding complexity,

eisure, risk and time − and which may  be correlated with cultural
nd geographic backgrounds (Daugstad et al., 2006; Nielsen and
eenberg, 2010).

. Material and methods

We  examine the determinants of iCL occurrence at both the
ousehold and municipality scales. Data, variables and models used

or each of these scales are outlined below.

.1. Data

In order to analyze iCL occurrence at the household and munic-
pality levels in Mato Grosso we used primary data collected by the
rst author in 2012/13 during field work. Farms with integrated
ystems were identified over a period of six months through key
nformants and local institutions − particularly producers’ unions,
ssociations, agribusinesses and private consultants. The original
atabase was updated with information obtained through Mato
rosso’s Institute of Agricultural Economics (IMEA) and Observa-
orio ABC, a Brazilian think tank that monitors the ABC Plan.
At the household level, non-adopters of integrated systems were

ampled in the same or adjacent municipality whenever possi-
le, as described in Gil et al. (2015). In total, the survey included
cy 59 (2016) 557–568 559

145 respondents of which 54 were iCL adopters, 59 were special-
ized soy farmers and 32 were specialized cattle ranchers..3 Survey
respondents were asked about their personal preferences, resource
endowments, tenure rights, farm characteristics, membership to
cooperatives and professional associations, as well as access to
credit, information and technical assistance.

Data used in our municipality level analysis were gathered from
a variety of publicly accessible databases and websites (Table 2),
except for data on cropland and pasture area which were acquired
from Cohn et al. (2016). The municipality-level analysis was con-
ducted in all of the 141 municipalities of Mato Grosso state.

Although the iCL systems found in Mato Grosso may show
slightly different characteristics in terms of the species used, rota-
tion frequency, and management practices, the typical iCL consists
of the rotation of soy followed by pasture for beef cattle, or soy
followed by maize followed by pasture. On average, the rotation
between cropland and pasture is done every two years with about
a third of the total farm area in cropland at any given point. Soy
and maize are usually grown within the same year. In a differ-
ent type of iCL, grass may  be intercropped with maize after soy
is harvested, in which case rotation happens on an annual basis. As
integration is often combined with minimum-tillage, grass species
of high biomass production tend to be preferred.

Due to the recent nature of the iCL diffusion process, we  con-
sider all iCL systems irrespective of how long each of them has
been in place. In 2012/13, mapped farms had on average three
years of experience with iCL and more than 90% of the respondents
expressed their intention to maintain or increase the amount of
land they allocated to rotation between cropland and pasture in
the future. Likewise, no sampling restrictions were put on the area
of integration since the incorporation of even a small amount of
cropland or pasture into a formerly specialized farm would involve
investment costs and substantial changes in managerial intensity
and risk.

3.2. Variables

The specific variables used to represent each of the terms of
the above equation are listed in Tables 1 and 2 along with their
descriptive statistics and, in the case of secondary data, respective
sources. The inclusion of these variables in the model follows the
rationale outlined in Fig. 1, but some variables warrant additional
explanation. “Topography” and “sandy soils”, which are included in
the household analysis as proxies for biophysical suitability, were
repeatedly cited by farmers as influential to their decision to adopt
iCL. Excessively steep slopes inhibit crop production by restricting
the use of mechanized equipment, while excessively sandy soils
may  inhibit crop production – especially in regions with low rain-
fall, through impacts on soil moisture4 Both variables – described
in Table 1—reflect farmers’ own  perception of their properties, as
they rarely operate based on spatially-explicit soil maps. “Region
of origin” refers to the region where the farmer was  born and con-
trols for unobserved cultural factors at the household level that
are likely to influence his or her willingness to diversity produc-
tion. According to previous studies, farmers from Southern Brazil
comprised 89% of the original sample. Those with forestry were excluded from this
analysis because their adoption requirements are quite different.

4 While excessive clay content is a barrier to mechanized crop production in many
parts of the Amazon due to soil compaction and low permeability, excessive sand
content is a more common problem in Mato Grosso (Bolliger et al., 2006).
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Fig. 1. —Unique characteristics of iCL and the occur

aize, one of the most profitable land uses in Mato Grosso over
ecent years (VanWey et al., 2013). If iCL is perceived as a com-
eting rather than complementary intensification strategy, then
he presence of double cropping could serve as a barrier to iCL. On
he other hand, double cropping could increase the chances of iCL
ccurrence given that maize is commonly used as cattle feed and
he farmers who engage in these systems are already managing

ore diversified agricultural production.
We  control for the presence of federally inspected slaughter-

ouses and soybean processing facilities, as well as lagged soy area
nd cattle herd size in each municipality. They are used as proxies
or whether sufficient supply chain infrastructure exists to under-
ake both soy and cattle production – possibly a condition for the
ccurrence of iCL systems. We  also examine the presence of Amaggi
roup farms as an additional indicator of supply chain infrastruc-

ure and opportunity costs. Founded by Blairo Maggi, one of the
orld’s largest individual soybean producers whose biography is

losely related to the expansion of the soy industry and past defor-
station in Mato Grosso, the Amaggi Group is a unique trader in
he region (Stickler and Almeida, 2008). Besides possessing verti-
ally integrated supply chains (from farm to port), its production
ecisions are oriented by strong trade linkages with Europe, grow-

ng brand identity as an environmentally responsible (and often
on-GM) soy producer, as well as enhanced capacity for traceability
Garrett et al., 2013c). Being located within close proximity to this
iche trader could reduce the incentives of specialized soy farmers
o adopt iCL by increasing the opportunity costs of diverting land
nd other inputs from soy production to pasture production. Con-
ersely, improved access to high value soy markets could increase
he incentives of specialized cattle ranchers to adopt iCL.

.3. Statistical model

The first part of our study was aimed at examining the determi-
ants of iCL occurrence. To do so, we used the following model:

i =  ̨ + ˇ1Ki + ˇ2Ci + ˇ3Si + ˇ4Bi + ˇ5Li + ˇ6Ii + ˇ7Di + εi (1)

here Yi indicates iCL occurrence, K represents capital availability,
 represents direct and opportunity costs, S represents supply chain

nfrastructure, B represents biophysical suitability, L represents
abor availability, I represents information access,  D represents

illingness to diversify production,  ̨ is the intercept, ˇ1−7 are the
egression coefficients, and ε is the residual. When the model is
sed in the municipality-level analysis, the index “i” represents
ach municipality; when the model is applied at the household-
evel analysis, “i” represents each household. The variables included
t each scale as proxies for the seven major determinants outlined
bove are detailed in Tables 1 and 2.
For the household analysis we applied a logistic regression with
 binary dependent variable (“Y” took the value of 1 if the household
ad adopted iCL and 0 otherwise). For the municipality analysis we
pplied an OLS regression with a continuous dependent variable
 determinants that arise from these characteristics.

(“Y” represented the total number of properties with iCL in each
municipality).

In order to check for the presence of spatial autocorrelation in
our residuals, we used a row-standardized inverse distance weights
matrix based on the geographic coordinates of each municipalities’
centroids (Table S5). We  did not identify spatial autocorrelation in
the municipality-level regression through the Moran’s I test (see
Table S4 in the Appendix A). Spatial autocorrelation could not be
tested for at the household level due to lack of data on each farmers’
precise location. However, it is likely that such a test would not yield
further insights given that the municipalities where iCL adopters
are situated are a subset of the municipalities with iCL systems
(analyzed at the municipality level).

The second part of the study was  aimed at contrasting crop, live-
stock and iCL occurrence at the both levels of analysis with regards
to the variables identified as significant in each of the regressions
above. To do so, we grouped households according to their farming
activities, and municipalities according to their predominant land
use (Table 3). We  then performed one-way analyses of variance
with the household groups and a multivariate analysis of variance
followed by Tukey’s post-hoc tests with the municipality groups.
Such tests allowed us to check whether the means of different
groups with respect to one or more variables are significantly dif-
ferent. By checking for statistically significant differences, we could
better understand the profile of different household groups and
municipality groups, as well as make inferences about the likeli-
hood of future iCL diffusion across them.

Households were sorted according to their primary activity (i.e.
soy farming or cattle ranching) and whether they had adopted iCL.
In our sample, the number of rural producers with both soy and
cattle but no integration was  too small (N = 5) for generating sta-
tistically robust results. Thus, we  excluded these farmers from our
analysis and only compared iCL adopters with specialized soy and
specialized cattle producers. The low occurrence of non-integrated
but mixed soy and cattle farms in our sample does not affect our
results, as it is representative of broader land use patterns in the
region and reflects previous findings that farmers tend to switch
directly from specialized cattle or soy production to iCL (practically
bypassing any mixed but non-integrated stage) (Gil et al., 2015).

Analogously, municipalities were categorized according to their
predominance of soy farming or pasture and whether they had
iCL. An additional category included municipalities where both soy
farming and pasture were predominant land uses but no iCL farms
were identified. Soy and pasture predominance at the municipal-
ity level was calculated through a percentile-based method (see
Appendix A). In order to prevent municipalities with very small
soy or pasture areas from biasing our results, we  only considered
those above a pre-defined cut-off point, i.e. the 30th percentile in
terms of share of arable land dedicated to soy and pasture within

each municipality. This corresponds to less than 1% of their arable
land allocated to soy and approximately 21% of their arable land
allocated to pasture (Table S7). The resulting categories were then
arranged into four mutually exclusive categories: “iCL” (munici-
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Table  1
—Description of the variables used in the household-level analysis, collected during field research by the first author in 2012/13.

Household-level variables Description Mean Std. Dev. Min Max

Dependent variable
iCL adoption by farmer Binary: Whether the farmer has iCL no (63%), yes (37%)

Capital availability
Farm ownership status Binary: Whether the farmer owns the land he

works on
no (19%), yes (81%)

External financing sources Binary: Whether the household relies on any
external financing source

no (34%), yes (66%)

Level of indebtedness Continuous: Score − 1 (min.) to 5 (max.) 0 (27%), 1 (18%), 2 (28%), 3 (20%), 4 (5%)

Costs (adoption/non-adoption)
Total farm size Continuous (in hectares) 4039 2287 300 27800
Distance to the nearest road Continuous (in kilometers) 10.6 17.5 0 75

Biophysical suitability
Farm topography Continuous: Ranked by interviewee along a

scale of 1 to 4 with 1 indicating very flat slopes
and 4 indicating very steep slopes

0.32 0.47 1 4

Presence of sandy soils Binary: Yes or no answer by interviewee as to
whether soils with high amounts of sand
(relative to clay and silt) are the predominant
soil texture on the farm

no (74%), yes (26%)

Labor availability
Number of farm workers Continuous (in number of employees) 3.3 1.2 3 80

Information & know-how
Education level Categorical: Basic (a), High School (b),

Graduate (c), Post-graduate (d)
a (9%), b (41%), c (42%), d (7%)

Access to sector information Categorical: Index for access to information on
agriculture, climate and/or market (1,2,3)

1 (7%), 2 (11%), 3 (82%)

Access to technical assistance Categorical: Index for participation in
trainings, visits of extension services and/or
private consultants (1,2,3)

1 (44%), 2 (52%), 3 (4%)

Participation in networks Categorical: No membership (a), member of
professional associations or unions (b), both (c)

0.77 0.43 0 1

Willingness to diversify production
Region of origin − South Binary: Whether the household comes from

Southern Brazil
no (46%), yes (54%)

p
(
a
t
a
f

4

4

e
T
i
o
h
t
g
t
l
a
c
e
h
f
R
t

Multiple factors
Double cropping Continuous (in hectares of maize) 

alities with iCL); “Pa” (municipalities with pasture only); “So”
municipalities with soy only); and “SoPa” (municipalities with soy
nd pasture but no integration). Altogether, these four categories
otaled 132 of the 141 municipalities of Mato Grosso (Table 1). Soy
ppeared as a major land use in all municipalities with iCL, except
or 5 municipalities which had iCL and pasture only.

. Results

.1. Household level

The results of the household logistic regression model are
xpressed in Table 4 as odds ratio coefficients and marginal effects.
he first represents the effect of each predictor on the probability of
CL occurrence, while the second expresses the absolute response
f iCL occurrence to a change in each predictor. Producers with
igher capital availability and access to information were found
o be more likely to adopt iCL since the odds ratio coefficients are
reater than 1 and marginal effects are positive. The opposite is
rue for producers from the South and/or producers with higher
evel of indebtedness (odds ratio coefficients are smaller than 1
nd marginal effects are negative). Variables related to biophysical
onditions and access to skilled labor were not significant. Average
ducation level and access to technical assistance were significantly

igher among iCL adopters than among cattle ranchers and soy

armers (Table 5, Fig. 2). Since goodness-of-fit was high (pseudo
2 = 0.754, adj. R2 = 0.576), we also performed model overfitting
ests (Table S6) as described in Bilger and Manning (2015).
861 875 0 1

Following the logistic regression, we also checked for potential
model specification errors able to indicate whether (i) all the rele-
vant variables were included; (ii) any variables that should not be
in the model were included; and (iii) the logit function was  speci-
fied as a linear combination of the predictors. To do so, the original
model was  rebuilt using two predictors: the linear predicted value
(“ hat”) and the linear predicted value squared (“ hatsq”). The idea
behind this test is that, in properly specified models, we should
not be able to find any additional predictors that are statistically
significant except by chance. Thus, “ hat” should be a statistically
significant predictor since it is the predicted value from the model,
while “ hatsq” should not exhibit predictive power. Our results sug-
gested no model specification error (Table S3 in the SI).

4.2. Municipality level

Access to information, attributes of the supply chain, historical
land use and the level of economic development (an indicator of
capital availability) were all found to be significant determinants
of iCL occurrence (Table 6). Existing iCL systems were highly clus-
tered and most common in regions with dense cropland (Fig. 3a).
Municipalities with Embrapa experiments, state inspected slaugh-
terhouses and higher per capita GDP have more iCL farms, while
municipalities where Amaggi Group has a strong presence have

fewer iCL farms (Fig. 3b; Table 6).

Post-hoc Tukey’s tests further showed that municipalities with
iCL were not significantly different than soy dominant municipali-
ties (Table 7). At the same time, important differences were found
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Table 2
—Description of the variables used in the municipality -level analysis and their respective sources.

Variable Description Source Mean Std. Dev. Min  Max

Dependent variable
Number of
properties
with iCL

Continuous variable indicating
the number of properties with
iCL in each of the 132
municipalities of Mato Grosso
included in our analysis.

Primary data
collection

0.97 2.31 0 16

Capital availability
Per Capita
GDP

Per capita GDP (in BRL/year) in
2014

IBGE (2016) 19044 13181 6608 80407

Presence of
credit
union
offices

Presence of credit unions
(SICREDI) in 2013 (binary)

SICREDI (2015) no (25%), yes (75%)

Access to
ABC loans

Total amount of ABC loans
issued in a given municipality
since the beginning of the ABC
credit program in 2011/12
divided by the number of
properties of that municipality
(in BRL/farm)

Observatorio ABC
(2014a)

236 1003 0 7805

Costs  (adoption/non-adoption)
Average
farm size

Weighted average size farms
for 5 size categories: <500 ha,
500–1000 ha, 1000–2500 ha,
2500–5000 ha, >5000 ha

INCRA (2012) 639 423 266 2451

Average
land  price

Average price of cropland in
2013 (in BRL)

FNP (2013) 10965 4655 6000 20000

Average
soy  pro-
ductivity

Average productivity of soy
(kg/ha) in 2013

IBGE (2016) 2324 1278 0 4500

Supply chain infrastructure
Presence of
Amaggi
Group

Presence of farms owned by
the Amaggi Group in 2013
(binary)

Amaggi Group
(2015)

no (97%), yes (3%)

Presence of
soy
processing
unit

Binary variable for whether or
not a soy processing facility
exists in the municipality

IBGE (2016) no (87%), yes (13%)

Number of
slaughter-
houses

Number of slaughterhouses in
2012

Government of
Brazil (2011)

0.3 0.6 0 4

Herd  size
in 2006

Number of cattle heads in 2006 IBGE (2016) 184657 174653 0 932083

Soy  area in
2006

Area dedicated to soy farming
in  2006 (in hectares)

IBGE (2016) 41297 85601 0 597858

Biophysical suitability
Precipitation Average monthly rainfall −

March-May
Fan and Van den
Dool (2004)

14 5 973 1674

Temperature Average daily temperature −
March −May

New et al. (2002) 24 1 23 28

Information & know-how
Presence of
Embrapa
experi-
ments

Presence of farms where
Embrapa conducts IS
experiments in 2014 (binary)

Embrapa (2015) 0.07 0.28 0 2

Technical
assistance

Percentage of farmers who
received technical assistance
from the government, NGOs,
cooperatives and/or
associations

IBGE (2016) 197 144 15 675

Table 3
—Code, description, number of observations, corresponding percentage and cumulative percentage of three new municipality groups.

Group code Group description Frequency Percentage (%) Cumulative percentage (%)

“iCL” All municipalities with iCL 41 31.06 31.06
“Pa”  Municipalities with pasture and no iCL 29 21.97 53.03
“So”  Municipalities with soy only 13 9.85 62.88
“SoPa”  Municipalities with soy and pasture but no integration 49 37.12 100

Total  132 100
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Table  4
Results of the logistic regression on iCL occurrence at the household level.

Household-level variables Odds ratio coefficients Std. Err. Delta-method

dy/dx Std.Err.

Farm ownership status 14.94 22.56 0.131 0.065
External financing sources 1.56 1.53 0.022 0.049
Level  of indebtedness 0.22** 0.13 −0.073* 0.025
Total  farm size 1.00 0.00 0.000 0.000
Double cropping 3.85 4.15 0.065 0.050
Distance to the nearest road 0.97 0.02 −0.002 0.001
Farm  topography − flat 6.30 11.71 0.089 0.088
Presence of sandy soils 5.37 6.86 0.085 0.064
Number of farm workers 1.10 0.07 0.005 0.003
Education level 5.22** 3.31 0.080** 0.026
Access to sector information 4.43* 3.03 0.072* 0.030
Access to technical assistance 34.04** 33.43 0.170** 0.035
Participation in networks 10.26 13.83 0.112 0.062
Region of origin − South 0.01** 0.01 −0.250** 0.077
pseudo R2 = 0.754; adj. R2: 0.576

Significance level: ** P < 0.01, *P < 0.05. Degrees of freedom: 14. Number of observations: 145.

Table 5
One-way analysis of variance of the five variables identified as significant in the household model. Household groups “iCL”, “Famers” and “Ranchers” refer, respectively, to
iCL  adopters, specialized farmers and specialized ranchers. **P < 0.01, *P < 0.05.

Household variable Groups Contrast Std.Err.

Region of origin Farmers. vs. iCL. 0.38 0.14
Ranchers vs. iCL 1.37** 0.16
Ranchers vs. Farmers 0.99** 0.16

Education level Farmers vs. iCL −0.69** 0.13
Ranchers vs. iCL −0.67** 0.15
Ranchers vs. Farmers 0.01 0.15

Access to technical
assistance

Farmers vs. iCL −0.67** 0.09
Ranchers vs. iCL −0.76** 0.10
Ranchers vs. Farmers −0.09 0.10

Access to sector
information

Farmers vs. iCL −0.12 0.12
Ranchers vs. iCL −0.37* 0.14
Ranchers vs. Farmers −0.25 0.14

Level  of indebtedness Farmers vs. iCL 1.21** 0.16
Ranchers vs. iCL −1.05** 0.19
Ranchers vs. Farmers −2.26** 0.19
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ig. 2. —Contrast between iCL adopters, specialized farmers and specialized ranche
ndicate  means and whiskers indicate variance.

etween iCL municipalities and pasture dominant municipalities
ith respect to per capita GDP, presence of Embrapa experiments

nd historical soy area − which are all significantly higher in

CL municipalities. These same differences are observed between

unicipalities with iCL versus municipalities with soy and pasture
ut no integration, indicating that the presence of both land uses is
n insufficient condition for the presence of iCL.
h respect to the five variables identified as significant in the household model. Bars

5. Discussion

5.1. Information access
Our results highlight the importance of access to information
and knowledge for iCL occurrence, including education levels,
access to technical assistance and proximity to Embrapa iCL exper-
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Fig. 3. —(a) Map  of cropland, pasture and iCL in Mato Grosso’s municipalities in 2014/15. (b) Map of iCL, Embrapa experiments, slaughterhouses, soy processing units and
the  Amaggi Group in Mato Grosso in 2013. Cropland and pasture were acquired from Cohn et al. (2016). Other variables were gathered from public datasets (Table 2).

Table 6
Results: of the OLS regression on the occurrence of iCL at the municipality level.

Municipality-level variables Coef. Std.Err.

Per Capita GDP −0.205* 0.104
Presence of credit union offices 0.002 0.166
Access to ABC loans −0.065 0.071
Average farm size 0.131 0.084
Average land price 0.057 0.085
Average soy productivity 0.019 0.078
Presence of Amaggi Group −1.012* 0.460
Presence of soy processing unit 0.079 0.208
Number of slaughterhouses 0.308* 0.123
Herd size in 2006 −0.024 0.080
Soy  area in 2006 0.657** 0.095
Precipitation 0.024 0.077
Temperature 0.012 0.078
Presence of Embrapa experiments 0.901** 0.296
Technical assistance −0.007 0.073
R2 = 0.419, adj. R2 = 0.349
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Table 7
—Tukey’s pairwise comparison of means with equal variance. Municipality groups
are: “iCL” (municipalities with iCL), “Pa” (municipalities with pasture), “So” (munic-
ipalities with soy) and “SoPa” (municipalities with pasture and soy but no
integration).

Municipality−level variables Groups Contrast Std.Err.

Per capita GDP Pa vs. iCL −0.84** 0.23
SoPa vs. iCL −0.62* 0.20
So  vs. iCL 0.27 0.31
SoPa vs. Pa 0.22 0.22
So  vs. Pa 1.11** 0.32
So  vs. SoPa 0.88* 0.30

Number of
slaughterhouses

Pa vs. iCL −0.22 0.15
SoPa vs. iCL −0.12 0.13
So  vs. iCL −0.39 0.20
SoPa vs. Pa 0.09 0.15
So  vs. Pa −0.17 0.21
So  vs. SoPa −0.27 0.19

Presence of Amaggi
Group

Pa vs. iCL −0.05 0.04
SoPa vs. iCL −0.03 0.04
So  vs. iCL 0.03 0.05
SoPa vs. Pa 0.02 0.04
So  vs. Pa 0.08 0.06
So  vs. SoPa 0.06 0.05

Presence of Embrapa
experiments

Pa vs. iCL −0.17* 0.06
SoPa vs. iCL −0.15* 0.05
So  vs. iCL −0.09 0.08
SoPa vs. Pa 0.02 0.06
So  vs. Pa 0.08 0.08
So  vs. SoPa 0.06 0.08

Soy  area in 2006 Pa vs. iCL −1.11** 0.22
SoPa vs. iCL −0.92** 0.19
So  vs. iCL −0.10 0.29
SoPa vs. Pa 0.18 0.21
So  vs. Pa 1.01** 0.31
ignificance level: ** P < 0.01, *P < 0.05. Degrees of freedom: 15. Number of observa-
ions: 141.

ments. The higher level of education among iCL adopters versus
pecialized ranchers supports previous work indicating that bet-
er educated households are more open to innovations (Feder
nd Umali, 1993; Sunding and Zilberman, 2001). This finding is
oteworthy in our case given how little variation exists in edu-
ation amongst rural producers in Mato Grosso (IBGE, 2006). It also
nderscores the importance of farm succession for the adoption
f agricultural innovations (Ingram et al., 2013), as the transition
rom specialized to integrated systems is frequently initiated by
ounger generations who go to urban areas to get formal training in
gronomy or animal sciences. Without these younger generations,
armers may  be unaware of specific farming practices or unmo-
ivated to change their current practices to increase productivity
Inwood and Sharp, 2012). Higher levels of iCL in municipalities
ith Embrapa iCL experiments indicate that these initiatives are

ritical in providing access to information about iCL through the
irect exposure of farmers to these systems. Farmers’ geographic

nd cultural backgrounds are also important; many of the farmers
ho migrated to Mato Grosso from Southern Brazil have a long his-

ory of crop farming, while farmers born in the Center-west have
 higher exposure to beef cattle rearing (Jepson, 2006). These cul-
So  vs. SoPa 0.82* 0.29

Significance level: ** P < 0.01, *P < 0.05. Number of observations: 132.

tural aspects create differences in informal knowledge among the
producers in Mato Grosso and may  also explain divergent prefer-
ences related to risk and complexity, which directly influence the
adoption of complex agricultural systems (Hardaker et al., 2004).

Reinforcing feedback loops between culture, land use and risk per-
ceptions often create inertia with respect to innovations (Pannell
et al., 2006). Farmers may  only overcome this by directly seeing the
benefits of these systems in action, e.g. via Embrapa experiments
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nd demonstration plots. The high marginal effect of technical
ssistance on iCL occurrence (Table 4) and the high regression
oefficient obtained for Embrapa experiments (Table 6) clearly indi-
ate that investments in extension services could yield substantial
esults in terms of iCL expansion.

.2. Supply chain infrastructure

Higher levels of iCL occurrence around existing soy produc-
ion regions and slaughterhouses underscores the importance of
istorical land use trajectories and supply chain infrastructure.
his corroborates previous studies showing that a wide range of
etailers, credit providers, processers and traders are necessary
o provide inputs, equipment and capital for on-farm production.
esides, they also prepare products for long distance transport
nd export, and provide the logistics and transportation services
eeded to access distant export markets for these global food
ommodities (Porter, 2000; Brady and Irwin, 2011; Garrett et al.,
013b).

The difference between “SoPa” and “iCL” may  suggest that cen-
rality relative to well established agricultural production centers
n Mato Grosso is more of a determinant to iCL occurrence then the
roximity to soy itself. However, it is important to highlight that
he production of soy in SoPa municipalities is a lot smaller than
n Soy municipalities (Table S9). Together with (i) the regression
esults on the significance of the historic soy area, (ii) the relative
imilarity between “iCL” and “So”, as well as (iii) the discrepancy
etween “iCL” and “Pa”, this indicates the importance of crop farm-

ng supply chain infrastructure for iCL. Indeed, infrastructure is
articularly critical for soybean production since the beans must
e dried, weighed and checked for quality within a close proximity
o where they are grown (Loewer et al., 1994). The fact that the
egression coefficient obtained for soy is greater than that for cat-
le (Table 6) might be a reflection of that. Regions within Brazil that
ave a longer history and density of soy production tend to have

 much higher diversity and number of related agribusinesses and
nfrastructure (Garrett et al., 2013a). On the other hand, historical
pecialization in soy production can also generate land use lock-in.

A somewhat similar effect can be observed with regards to the
resence of the Amaggi Group. The occurrence of iCL is signifi-
antly lower around the company’s supply chain hubs. Amaggi’s
nique market niche in higher value, environmentally responsi-
le soy markets (Garrett et al., 2013c) might cause the opportunity
osts of iCL to be too high in regions of particularly profitable spe-
ialized soybean production. In these regions, farmers tend to have
ittle incentive to adopt alternative forms of production (e.g. iCL)
ince they would be forgoing certain high incomes to invest in a
ew, potentially lower income land use alternative.

.3. Capital availability

The importance of capital availability is demonstrated by our
ndings that iCL occurrence is more common among farmers’
ith lower level of indebtedness and in regions with higher GDP
er capita. Although the coefficients obtained for these two vari-
bles were relatively small compared to those of other predictors
f iCL occurrence, their effect is not negligible. Large sums of
oney are often necessary to acquire the machinery, seeds and

ertilizer needed to undertake crop production or to purchase
nimals and establish fencing and watering infrastructure. Such
apital outlays would hardly be possible for a rural producer who
as already incurred high levels of debt and has a low income.

esides, the apparent irrelevance of credit for iCL adoption may  be
artly explained by its poor geographic allocation, bureaucracy and
npreparedness of bank agents responsible for issuing the credit,
s identified by other preliminary assessments of the ABC Plan
cy 59 (2016) 557–568 565

(SENAR, 2013; IPAM, 2015). However, where credit is available,
the absence of infrastructure and information poses barriers to iCL,
indicating that interventions exclusively based on credit provision
are not sufficient to ensure the wide-scale occurrence of complex
agricultural innovations.

5.4. Labor

The literature offers contrasting evidence concerning labor
demands of mixed versus specialized production systems. Integra-
tion results in more continuous labor requirements throughout the
year, in contrast to the seasonal nature of labor demands for spe-
cialized crop production (Thornton and Herrero, 2015). Yet, this
occurrence may  result in increased labor efficiency if labor is better
allocated to productive uses (Hoekstra, 1987; Lee, 2005). Within
Brazil, prior studies have showed that mixed crop and livestock
systems do result in higher labor demands and costs, which can
profoundly influence management decisions (De Souza Filho et al.,
1999; Caviglia and Kahn, 2001). However, our analysis showed
no significant association between iCL occurrence and the num-
ber of farm workers at the household level. This is perhaps because
many farmers in Mato Grosso do not fully utilize their current labor
resources and may  be able to take on additional labor tasks without
hiring extra permanent or seasonal workers (Gil et al., 2015). Addi-
tionally, the labor requirements of iCL systems in Mato Grosso may
be fairly low compared to other forms of integrated crop-livestock
production since they are applied at a very large-scale using mech-
anized planting and harvesting and relatively infrequent pasture
rotations.

5.5. Policy implications

Our study offers several straightforward insights for land use
policy. First, it highlights the need to invest in improved educa-
tion and technical assistance related to iCL. Besides training and
capacity building among technicians, the establishment of social
networks and the multiplication of field experiments such as the
ones currently conducted by Embrapa could increase exposure to
the new technology. Each of these actions should not only address
the complexity of iCL systems, but also be tailored to farmers and
ranchers according to specific aspects of iCL with which each group
is less familiar. Investments in education and training are also cru-
cial for a change in paradigm very much needed among producers
who traditionally practiced specialized farming.

Second, the clustering of iCL occurrence near soy areas reveals
that new strategies are sorely needed to promote iCL in regions
dominated by pasture. This is crucial for the achievement of
the Brazilian Government’s goals to restore degraded lands and
increase food production in the country. These strategies include
the offer of incentives such as tax exemptions to supply chain
actors that establish themselves in key locations, as well as the fur-
ther promotion of iCL among ranchers through e.g. targeted credit.
Partnerships between ranchers and farmers are another promis-
ing alternative to scale up iCL occurrence while also ensuring the
engagement of both groups in the transition from specialized to
integrated agriculture. Instead of having a rotation of crops and
grasses across different plots within the same farm, rotation could
be established among two properties so that both of them are
farmed and grazed. This would ensure mutual benefits for farmers
and ranchers, particularly knowledge exchange and cost sharing
with respect to the acquisition of machinery and animals. The

current increase in the number of land rental contracts in Mato
Grosso involving the temporary conversion of pastures into crop-
land (Cohn et al., 2016) could help bring ranchers and farmers
together and constitutes a topic worth investigating.
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Third, the currently limited relevance of ABC credit for iCL adop-
ion reveals the need to reassess the underlying strategy of the
BC Credit Program for integration. If targeted at less capitalized
anchers, according to differentiated conditions and in places far-
her away from existing agricultural hubs (where production costs
end to be higher), credit could possibly make a difference in pro-

oting iCL. As credit provision has been shown to not suffice, it
ust also be combined with technical support and access to supply

hain infrastructure. Furthermore, differentiated credit conditions
or iCL adopters could also help ensure that improvements in supply
hain infrastructure and greater access to information would favor
CL adoption instead of further promoting specialized farming only.

.6. Strengths, limitations and future research

The use of data aggregated at the municipality level allows for
he incorporation of a larger geographical surface as well as certain
nfrastructural variables that cannot be as easily captured at the
ousehold level. However, it also entails “simplifying assumptions
bout the homogeneity of the decision makers and the dynamics
omprising that aggregate” (Lesschen et al., 2005, p. 22). The use of
ousehold data in our analysis thus complements the municipality

evel analysis by revealing the importance of individual prefer-
nces and knowledge for changing agricultural behavior and by
ighlighting the diversity among rural producers. Although iCL dif-

usion depends on specific individual and regional conditions, our
nalysis suggests that early adoption of iCL might be explained pri-
arily by household characteristics, while its broader occurrence
ill ultimately depend on regional constraints.

Analyzing the farm and municipality scales simultaneously
llows us to examine the interplay between constraints and incen-
ives at different scales. It also highlights interesting areas of
onvergence and enhances understanding of the generalizability of
esults between scales. This approach allows for policy recommen-
ations that can be better targeted and/or tailored to individual
bjectives by revealing which farmers or regions are most likely
o adopt iCL with only a small adjustment in policy as opposed
o those that require a more transformative change. Likewise, the
revalence of iCL occurrence in soy dominant areas reveals the need
o increase incentives for integration in other areas of the state as
ell.

Nevertheless, these results should be interpreted carefully. First,
he small number of current iCL adopters poses an obstacle to
he detailed examination of occurrence determinants between dif-
erent types of iCL. For example, one might expect distance to
oads or access to credit to influence the adoption of more com-
lex iCL systems differently given their unique implementation
nd maintenance requirements, yields and management opera-
ions. Second, our data clearly captures early adopters who  do not
lways follow a pattern representative of broader adoption (Rogers,
003). Monitoring of the iCL diffusion process over a longer time
eriod would allow us to check whether the factors associated with

CL occurrence change among later adopters and what influence
unicipality development has on adoption decisions.

. Conclusion

By investigating the socioeconomic profile of iCL adopters and
everal characteristics of places where iCL systems occur, we have
ained insights into individual and regional factors associated with
CL occurrence and their influence on the diffusion of these systems.
hile limited to one state in Brazil, our results may  lend insights to
hallenges and opportunities for climate smart sustainable intensi-
cation of cattle production systems in other regions – particularly
here large-scale commercial agriculture predominates. Our study
cy 59 (2016) 557–568

centered on Mato Grosso, the largest agricultural producing state in
Brazil, where pasture degradation, land abandonment and exten-
sive ranching practices account for most of the GHG emissions
and contribute to high levels of deforestation. Though the iCL dif-
fusion process in the state is recent and dynamic, we  found that
access to information, education, culture, supply chain infrastruc-
ture and historical land use patterns are the most important factors
influencing the early stages of iCL diffusion. Future policies must
take into account both individual and regional variations in these
factors when designing programs for iCL adoption. For instance,
policies that address individual capital availability and education
needs will not be successful if the regional infrastructure required
for both soy and cattle is limited, and vice-versa. Unless training in
iCL is targeted at ranchers in marginal lands and supported through
broader investment in supply chain infrastructure, adoption of iCL
in regions with degraded pasture will likely remain low. Ensuring
iCL adoption in these regions over the coming years will be crucial
for the achievement of Brazil’s dual goal of intensifying agriculture
sustainably while reducing GHG emissions.
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