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Abstract
Small landholders’ contribution to Amazon deforestation in Brazil has been persistent even
after government actions have allowed a steep reduction in the overall annual deforestation
area since 2004.We investigate land clearing and the incentives to comply versus not to com-
ply with environmental legislation, allowing for selection into compliance or noncompliance
due to unobserved perceptions of Forest Code enforcement. Our dynamic land clearing
model is empirically tested through an endogenous switching regression method applied to
data collected from households in the Transamazon-BR163 region between 2003 and 2014,
when Forest Code enforcement supposedly increased. We show that smallholder compli-
ance and noncompliance preferences lead to a selection problem that must be addressed in
any land clearing behavior examination. We find that greater marginalization, longer land
tenure and transitions to cattle grazing, but not agricultural rents, are major contributors to
forest clearance and incentives not to comply with the Forest Code.

Keywords: Brazilian Forest Code; environmental legislation enforcement perceptions; smallholders in the
Amazon

1. Introduction
Small landholders are known to be one of the main drivers of deforestation in the Brazil-
ian Amazon and other tropical areas (Margulis, 2003; Aldrich et al., 2006; Mullan et al.,
2018).1 The government often settles these families on public or expropriated lands for
purposes of frontier development, or the smallholders squat on land without secure

1According to the Ministry of the Environment of Brazil (MMA), with data from the National Space
Research Agency (INPE), smallholders were responsible for 18 to 30 per cent of total Amazon defor-
estation from 2000 to 2016 (see their website http://www.mma.gov.br/florestas/controle-e-prevenção-
do-desmatamento/plano-de-ação-para-amazônia-ppcdam). Margulis (2003) estimated that their contribu-
tion to deforestation throughout the 1990s was about 30 per cent.
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property rights (Lima et al., 2006; Ludewigs et al., 2009). Construction of highways and
subsidized credit for cattle grazing have increased incentives for smallholder movement
into the Amazon (Andersen et al., 2002;Merry et al., 2008; Pacheco, 2009; Brandão et al.,
2013).

According to the National Institute for Colonization and Agrarian Reform (INCRA),
between 1994 and 2015, the Brazilian government settled over 17,000 families in the
eight states that comprise the ‘Legal Amazon’.2 Each smallholder family settles approxi-
mately 100 hectares of land on average (Merry et al., 2008), and once settled, Aldrich et al.
(2006) have demonstrated a progression in their behavior from clearing forest for sub-
sistence agriculture, to eventually engaging in cattle ranching as they accumulate wealth
(Ludewigs et al., 2009); in many cases it has been argued that smallholders are primarily
interested in eventual cattle production (Pereira et al., 2016). These landholders often
sell timber when they clear land, but they also sell timber from uncleared forest on their
lot, eventually transitioning from agriculture to cattle as incomes and resources accu-
mulate. Harvesting of native forests that begins such transitions commonly happens
either in partnership with or under pressure from both legal and illegal logging com-
panies, and this forestland is often viewed as having a high opportunity cost vis-à-vis
other agricultural opportunities, especially when long-term wealth accumulation effects
are considered (Mullan et al., 2018). It has also been argued that cutting of trees is the first
step of wealth transformation that begins the eventual adoption of cattle for smallholders
(Lima et al., 2006; Merry et al., 2006, 2008).

It is therefore not surprising that key government laws and policies have targeted
restriction of the percentage of settled plots that can be cleared of forest. The most
important of these is the Brazilian Forest Code. Enacted in 19653 and revised in 2012,
the Forest Code in general restricts deforestation of private lots in Amazonia to 20 per
cent (Nepstad et al., 2014; Soares-Filho et al., 2014). Since its inception, Brazil has not
enforced the Code consistently. However, that changed with the environmental admin-
istration elected to power in 2003, which immediately implemented a new program
of frontier policies within the Action Plan for Prevention and Control of the Legal
Amazon Deforestation (PPCDAM). Through this program, resources were supposedly
committed to better enforcement of the Forest Code inAmazonia, among other actions.4
Whether actual increased enforcement has occurred or whether the government has
largely used rhetoric is unclear, and its effect on smallholder land clearing remains
unknown regardless.

In this paper, we seek to investigate incentives to comply with the Forest Code
through better understanding of land clearing under the supposed shift in enforcement.
We do this by first developing a dynamic model of land clearing decision for a small-
holder who can clear land and sell the harvested timber to make way for agriculture
or grazing, and who can also sell wood from uncleared land. The goal of developing
this model is to derive a land-clearing path over time that is sensitive to smallholder

2These figures are available on INCRA’s website: http://www.incra.gov.br/reforma-agraria/questao-
agraria/reforma-agraria.

3The very first Forest Code in Brazil was enacted in 1934, but here we refer to later versions of the
legislation that were valid during the time frame of this research.

4Other actions under PPCDAM include the creation of 250,000 km2 of new conservation units and
recognition of 100,000 km2 of indigenous lands, the restructuring of the Brazilian Environmental Protec-
tion Agency (IBAMA), and the introduction of the use of Real-Time System for Detection of Deforestation
(DETER) to identify deforestation hotspots (Soares-Filho et al., 2010; Arima et al., 2014).
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assessment of Forest Code enforcement. We do this by assuming that the representa-
tive smallholder’s assessment of the probability of being caught not complying is an
unobserved endogenous factor that selects smallholders into compliance or noncom-
pliance. We then use a unique data set of more than 1,000 smallholders sampled in
2003, before implementation of greater Forest Code enforcement under PPCDAM (or,
at least, increased rhetoric concerning such enforcement), and then again in 2014 using
an endogenous selection model that allows examination of land clearing regimes and a
study of the incentives for noncompliance.

Ourwork contributes to the literature by proposing and then testing a dynamicmodel
to show how land clearing incentives are influenced by unobserved environmental legis-
lation enforcement. As such we are able to identify not only the most important drivers
of forest clearance among smallholders selected into complying and not complying, but
also to identify the most important characteristics that determine selection of a given
smallholder into each of these groups. Because our selection approach is endogenous,
it improves upon methods in which land clearing is considered only for observed com-
pliers or noncompliers, or for cases where land clearing is examined for all smallholders
together without selection. Our approach allows for the fact that a current complier with
the Forest Code may have more in common with current noncompliers, and thus this
smallholder is transitioning towardnot complyingwith their land clearing decisions over
time.5 Our resampling of the same smallholder families more than a decade apart, using
an identical survey instrument, allows this novel comparison.

The literature on land clearing has studied incentives for smallholders to clear
forest for agricultural uses, with empirical applications based on cross sectional or
regional/country data. Barbier and Burgess (2001) classify land clearing studies into two
groups: those that seek to empirically identify drivers of deforestation in tropical coun-
tries, and those that propose models of economic behavior to explain the incentives
behind the land clearing decision itself. Our model contributes to the latter as we build
upon the ‘classical’ land clearing model that assumes smallholders maximize household
utility based on net benefits they can extract from the land (e.g., see Pfaff et al., 2013).
These types of decisions have been investigated in myriad specific market and institu-
tional settings (Caviglia-Harris and Sills, 2005; Takasaki, 2007; Bowman et al., 2008; Pfaff
et al., 2013; Mullan et al., 2018). However, there is no previous work we are aware of
which accounts for smallholder responses to laws restricting use of their land.6

Previous land clearingmodels therefore ignore the possibility of unobserved selection
when investigating drivers of land clearing. Our approach also allows for a more com-
plete analysis of deforestation that incorporates underlying incentives and government
enforcement. Additionally, from an economic theory perspective, ours is the first study
in which the Forest Code, or a policy of this sort, is considered in a dynamic smallholder
land clearing decision model.

5Land clearing in Amazonia works only in one direction for each smallholder, as reforestation of cleared
areas is not engaged in after the land has been converted.

6Santiago et al. (2018) consider the decision of smallholders in a heavily deforested region of the Amazon
(Rondônia state) to participate in restoration plans, and thus restoration is in a sense thought of as compli-
ance with the Forest Code. Here, we refer to compliance as whether the household is effectively operating
within the deforested area it is permitted by the legislation. In our study area of the Trasnamazon-BR163
region, forested area is much more extensive, and thus we are concerned about the land clearing that may
still happen before landholders reach that moment at which they have to make a decision to restore land
because they have gone beyond the allowed threshold.
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2. Household model of land clearing with uncertain enforcement assessment
Let the representative smallholder have an initial forested land endowment at time zero
of L0 = L̄, so that land available to clear at time t is Lt ≤ L̄. The smallholder decides how
much land to clear in each period, denoted by a control variable ct , to increase agricul-
tural and grazing production possibilities.7 The reduction in the area of land available
for clearing at each time period t corresponds to forested area cleared in that period. This
time rate of change in land available is given by L̇t = −ct . At any time t, the land that
has been cleared in the past is equal to

∫ t
0 ct dt and future land available to clear equals

Lt = L̄ − ∫ t
0 ct dt.

Cleared land at time t produces rents from agriculture and grazing given by At =
a
(∫ t

0 ct dt, pa
)
, which depend on the total area in production from time t = 0 until the

current time period and on a vector of agricultural prices, pa. Tomake our focus on land
clearing simple, the rent function is separable and concave in new land cleared and land
previously cleared (infra-marginal land). That is,

At ≡ a
(∫ t−1

0
ct dt + ct , pa

)
≡ a

(∫ t−1

0
ct dt, pa

)
+ a(ct , pa),

where ((∂a)/(∂ct)) ≥ 0 and ((∂2a)/(∂2ct)) ≤ 0. Thus, cleared land is a perfect substi-
tute for existing agricultural land in an agricultural production sense.8 Other non-land
inputs for agricultural and grazing production, such as capital and labor, are assumed
to be employed at their optimal levels, such that the choice we are focusing on is how
much land to clear in every period t.9 Additionally, whenever land is cleared, the small
landholder has the option to extract and sell the timber available, in which case the
net revenues from timber sales are net of clearing costs and denoted Rt = R(ct , pR).
Thus, net revenues from timber sales are a function of area of land cleared at time t and
of a timber price vector, pR. Because smallholders take prices as given and there are
central markets that determine these prices, we write At = a

(∫ t
0 ct dt

)
without loss of

generality.
Standing forested land also produces rents from forest uses, such as non-timber forest

products (NTFPs) extraction (e.g., seeds, fruits, resins, oils, among others) and game
meat. We denote such rents by the function Ft = f

(
L̄ − ∫ t

0 ct dt, pf
)

≡ f
(
Lt , pf

)
. That

is, standing forest rents are a function of the area of forest land available for clearing at
the beginning of period t and of a NTFP price vector, pf . All forest-related prices are also
assumed constant through time for simplicity in the theoretical derivations.

When deciding howmuch forestland to clear in time period t, the smallholder house-
hold weighs expected gains in rents from timber extraction and from agriculture and

7We do not distinguish between cattle and crop production in the theory for motivation of our empirical
model, but incentives to cattle grazing versus growing crops will be evaluated later.

8The difference in these two land types from a total rent definition comes through clearing costs, defined
below, that impact the rents from clearing a forested land unit. These are paid to clear new land but are not
paid for existing cleared land in each period that land is cleared. It would not be difficult to allow previously
cleared land to have a different agricultural rent than newly cleared land, perhaps because of declines in
productivity as the land is farmed over time, but this would add only notation and no interpretations to our
analysis.

9Hartwick et al. (2001) also make this assumption in a different type of land clearing problem.
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grazing against the lost revenues from foregoing NTFPs and game meat that are no
longer producible on cleared land units. An additional factor in this decision is the Forest
Code, defined as a proportion β in rewriting the land clearing equation as10

∫ t

0
ctdt ≤ βL̄, (1)

where β defines the fraction of the initial forest land endowment that the landholder is
allowed to clear in total according to the Forest Code, under the assumption that land
is entirely forested upon settlement (t = 0). At any time t, the landholder may or may
not be observationally compliant with the law depending on the amount of land they
have cleared since t = 0, and once they become noncompliant and in violation of (1),
we assume they cannot become compliant at a later point in time, which fits our empiri-
cal analysis. Thus, according to (1), a noncompliant household can be thought of as one
for which the constraint is binding for all s > t,

∫ t
0 ctdt = βL̄, while a compliant house-

hold is one for which the constraint is not binding. The ‘bindingness’ of this constraint to
describe noncompliance is a mathematical construct and would be the same if we were
to think about compliance as clearing less than allowed (as a strict inequality) and non-
compliance as clearing more than allowed. In other words, the constraint is used only to
define notationally what we mean by compliant and noncompliant levels of land clear-
ing under the exogenously given Forest Code requirement, and this is useful belowwhen
defining a co-state variable in (6).

In deciding how much land to clear in period t, the household will also consider
potential costs from not being compliant with the Forest Code should they cheat and
be caught. These potential costs include fines to be paid to the government and costs
associatedwith additional penalties the government could levy related to the extent of the
crime.Wewrite the costs of being detected not complying asMt = m

(∫ t
0 ctdt, t

)
, where

((dMt)/(dct)) > 0, with a conventional convexity assumption, ((d2Mt)/(dc2t )) > 0.
These costs are defined by the government administrative process and are assumed
knownby the smallholder.While the smallholder does not know the government’s actual
enforcement effort in each time period, he does have an assessment of this probability
of being caught and uses it in his land clearing decisions. The expected costs are defined
by this assessment. Herein we call this assessment of the probability the ‘perceived prob-
ability’ of being caught and define it by γ ∈ [0, 1]. For the model of a representative
smallholder, we adopt a notation γ (�) to reflect household characteristics � that can
influence the assessment.

10This constraint and its bindingness is simply a mathematical convenience in that equation (1) is simply
set up consistent with our interpretation of the co-state variable that appears in the dynamic model later,
in (6). As we will discuss below, this constraint is essentially used to define for notational purposes what
we mean by compliant and noncompliant levels of land clearing under the exogenously given Forest Code
requirement. Compliant households are those for which (1) is non-binding, whereas noncompliant house-
holds have cleared up to the limit allowed by law. We could of course rewrite (1) alternatively as a greater
than or equal to inequality, so that noncompliance would be consistent with the constraint not being bind-
ing. However, this changes nothing in our model and analysis of the land clearing path, because the co-state
variable would simply have a different sign. As we show below in solving our model, this co-state variable is
eliminated in deriving a land clearing path. However, for the purposes of solving for the position of this path,
if we were to do it, then the co-state variable defines two different paths for compliant and noncompliant
smallholders.
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Using the definitions above, the representative smallholder household maximizes
expected net returns to forest and agricultural land uses,

max
ct

∫ T

0
E

[
πt

(
Lt , ct , p, γ ;�

)]
e−rtdt, (2)

where p is a price vector with components pa, pR, and pf . Expected profits at time t
are a function of forest land available for clearing Lt and the amount of land cleared
at each time ct , assuming all non-land productive inputs are employed at their optimal
levels on each land use. Expected profits are also a function of �, which determines the
landholder’s perceived probability of being caught if not compliant with the Forest Code.
Decomposing (2) further, under the assumption that the household does not comply
with the Forest Code we have:

E [πt] ≡ γ (�) ∗
{
R (ct) + a

(∫ t

0
ctdt

)
+ f (Lt) − m

(∫ t

0
ctdt

)}

+ (1 − γ (�)) ∗
{
R (ct) + a

(∫ t

0
ctdt

)
+ f (Lt)

}
.

(3)

The first terms in braces represent expected profits if the smallholder cheats and clears
more than allowed and is caught by the government, while the second braced terms
represent rents captured when the government does not detect the smallholder’s land
clearing behavior.11 If the smallholder does comply with the Forest Code, then this com-
pliant household would have a different land clearing path through time than one who
does not.

In addition to (1), there are three other constraints to the problem in (2). First,
the control variable is non-negative, ct ≥ 0. Second, the initial condition for the state
variable, land available to clear, is given by the forested land endowment at time zero,
Lt(t = 0) = L̄. Finally, land available for clearing changes through time according to the
following equation of motion:

L̇t = −ct . (4)
Using these constraints and definitions to rewrite the smallholder’s land clearing prob-
lem, the expected present value profits become:

max
ct

∫ T

0

[
R(ct) + a

(∫ t

0
ctdt

)
+ f (Lt) − γ (�) × m

(∫ t

0
ctdt

)]
× e−rtdt. (5)

We form the Hamiltonian function as:

H =
{
R(ct) + a

(∫ t

0
ctdt

)
+ f (Lt) − γ (Ω)m

(∫ t

0
ctdt

)}
e−rt − λtct

+ ξt

(
βL̄ −

∫ t

0
ctdt

)
+ ηtct , (6)

11An implicit assumption here is that, once a noncompliant small landholder household is caught, it is
not able to bribe the government official (that is, no corruption occurs). The incorporation of bribery into
the model would require additional notation without providing additional results for the purposes of this
paper. Moreover, we can argue that it is included in the function relative to the cost of being caught cheating
the Forest Code, and most importantly a smallholder would likely not have sufficient resources to ensure
bargaining power or even ability to bribe in such a setting.
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where the co-state variable λt in (6) is the shadow value of a unit of forested land in
(5). The symbols ξt and ηt are the multipliers corresponding to the legal land clear-
ing restriction (1) and non-negativity condition for the control variable ct , respectively.
Additionally, we have the initial condition for the state variable, L0 = L̄. The Maximum
Principle requires (4) and the following other necessary conditions to hold:{

R′ (.) + a′ (.) − γ (	)m′ (.) − f ′ (.)
}
e−rt + ξ t + ηt = λt (7)

∂f (Lt)
∂Lt

e−rt = −λ̇t (8)

ξt

(
βL̄ −

∫ t

0
ctdt

)
= 0 (9)

ηtct = 0 (10a)

λT = 0. (10b)

Condition (7) implies land clearing is chosen at each point in time to equate themarginal
net timber sale and agricultural rents from an additional land unit cleared net of expected
penalty costs if caught cheating and lost non-timber forest rents from cleared land to the
shadow value of cleared land captured by λt . Condition (8) implies that the change in
this shadow value depends on the marginal forest rent change from land kept uncleared
through time. Condition (9) corresponds to the constraint on compliance (with multi-
plier ξt ≥ 0), whereas (10a) and (10b) are the non-negativity constraint (with multiplier
ηt ≥ 0) and the transversality condition, respectively. The latter reflects a free-endpoint
optimal control problem, in which by the end of our fixed time horizon, T, the amount
of land cleared cT may take on any value such that the value extracted from the landmay
be maximized during the time horizon in consideration and, as a result, such that the
shadow value of the last hectare of land cleared is equal to zero.12

To derive a condition for perfect compliance of smallholder land clearing with
the Forest Code, we assume for the moment that βL̄ − ∫ t

0 ctdt = 0, which together with
ξt > 0 and ct > 0 imply13

(R′(.) + a′(.)) < (γ�)m′(.) + f ′(.)). (11)

Thus, a compliant smallholder at a time t views the expected cost of cheating plus lost
NTFP rents (RHS terms) as being greater than the marginal benefits from clearing an
additional unit of land for agriculture rents and forest timber sales (LHS terms). Obvi-
ously, a noncompliant smallholder would find that at the point in time s where cheating
just occurs, and βL̄ <

∫ s
0 ctdt, the LHS of this condition was equal to or greater than

expected penalties and lost NTFP rents. Therefore, not only a small landholder’s prefer-
ences but also their perception of the probability of being caught cheating γ (�) plays an

12For the purposes of this paper, we are concerned with the land clearing path followed by house-
holds under consideration, given the conditions presented. That is, we are concerned about the elements
determining land clearing behavior (not with what the solution of ct over time is).

13Even in the case of voluntary compliance, this model and (11) would represent the decision to clear, but
the expected fine effect on the RHS of (11) would be set to zero. Nonetheless, this does nothing to change
our econometric analysis in the next section.

https://doi.org/10.1017/S1355770X18000505 Published online by Cambridge University Press

https://doi.org/10.1017/S1355770X18000505


164 Stella Z. Schons et al.

important role in the path of clearing land over time; the latter, through the decision to
be compliant with the Forest Code or not.

The necessary conditions can be used to derive a path for land clearing through time.
Assuming that ct > 0 so that ηt = 0, and that the smallholder is compliant with the For-
est Code so that ξt = 0, we take the time derivative of (7) and substitute this result into
equation (8). Restating the condition in terms of the instantaneous rate of change in land
clearing, we obtain:

ċt
ct

= r
ct

[
R′ (.) + a′(.) − f ′ (.) 1+r

r − γ (	)m′(.)
R"(.)+a" (.) + f "(.)−γ (	)m"(.)

]

−
[

a"(.)+f " (.) − γ (	)m"(.)
R"(.)+a" (.) + f "(.) − γ (	)m"(.)

]
, (12a)

which gives an equation for the path of land clearing under perceptions of enforcement
of the Forest Code by the government. This is a time autonomous path but has second-
order effects for rent functions and for the government penalty function for the extent
of cheating; these second-order effects are due to changes in land availability for the
smallholder. If we highlight the penalty function by removing second-order rent effects,
the land clearing path simplifies to14:

ċt
ct

=
{
r
ct

[
R′ (.) + a′ (.) + f ′ (.)

( 1−r
r

) − γ (	)m′ (.)
−γ (	)m′′ (.)

]
− 1

}
. (12b)

Equation (12b) tells us that the instantaneous rate of change in land clearing depends on
the marginal benefits from land clearing net of the sum of the forgone benefits from a
unit of forested land and the perceived cost of being caught cheating.

A key component of (12a) and (12b) is the perception that the smallholder has regard-
ing the probability of being enforced under the Forest Code. Clearly, as the representative
smallholder’s perception of γ (�) changes, so does the path and rate of change in land
clearing; if the smallholder expects a higher probability of getting caught or a steeper fine
function over time, then the time rate of land clearing slows. This may be because they
believe the government rhetoric concerning more serious punishments and stepped-up
efforts to catch noncompliers. We can therefore test this parameter indirectly for its
effects on land clearing by testing for a different regime in land clearing over time in
our sample for those smallholders who select into a high perceived probability and those
with a low probability; we can do this by also including and thus correcting for known
drivers in a land clearing regression, so that regime differences are due to the unobserved
probability perception. Moreover, given condition (12), we also expect a separation in
terms of compliers and noncompliers with respect to their land clearing decision. This
too will be tested in the empirical model.

14If all second-order effects were assumed zero, the problem becomes a ‘bang-bang solution’ for land
clearing and is less interesting as the smallholder simply clears when prices and costs make it worth clearing.
Even in such a problem, though, the fine andpenalty functionwould play an important role given by a corner
solution for compliance in (1).
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2.1 Non-constant prices and rents
Over a longer period of time, there is the possibility that there could be changes and
shifts in prices that define the rent functions in (2)–(6). This changes the level of the
optimal path for land clearing derived in (12a)–(12b), but it does not change the basic
premise that we find of two regimes defining land clearing in the Forest Code problem.
To see this, assume now that expected net rents from land clearing are specifically time
dependent, due to both agricultural and forest harvest price shifts through time. In this
case we write the Hamiltonian function for clearing land in each time point as:

H =
{
R(ct , t) + a

(∫ t

0
ctdt, t

)
+ f (Lt , t) − γ (�)m

(∫ t

0
ctdt, t

)}
e−rt

− λt ct + ξt

(
βL̄ −

∫ t

0
ctdt

)
+ ηtct .

Although the time dependency in the penalty function m
(∫ t

0 ctdt, t
)
may seem redun-

dant given that shifts in perceptions about the expected cost through the parameter
γ (�), before and after Forest Code implementation, have already been included in (12a)
and (12b), a specific time dependence is still possible. Using time shifting rent paths, we
follow the procedure earlier in deriving (12a) and arrive at a new land clearing path given
by:

ċt
ct

=
r
ct

{
R′ (.)

[
1 − R(.)

r

]
+a′ (.)

[
1 − a(.)

r

]
− f ′(.)

[
1 − f (.)+1

r

]
− γ (	)m′(.)

[
1 − m(.)

r

]}
{R′′ (.) + a′′ (.) + f "(.) − γ (	)m′′ (.)

}
−

{
a′′ (.) + f (.)−γ (	)m"(.)

}
{R′′ (.) + a′′ (.) + f "(.) − γ (	)m′′ (.)

} . (12c)

This is a straightforward and relatively minor modification of (12a). In fact, accord-
ing to this new path, the interpretations concerning the importance of the perception
of the probability of the smallholder being detected not complying with the Forest
Code are identical. However, now these perceptions change land clearing through
three channels operating on expected penalty costs. First, there are changes in prices,
which changeR(ct , t) and f (Lt , t) through time. Second, there is the effect through the
term γ (�)m′(.), which is due to the extent of cheating. Finally, there is a new effect
that depends simply on time, through the term γ (�)m′(.) [((ṁ(.))/r)], that may come
through shifts in government resource availability, that are not observed by the small-
holder but that impact penalty likelihood of enforcement (for example: changes in the
local judicial system or in management of Forest Code implementing agencies).

3. Empirical data
We examine our expectations of land clearing regimes using a household survey carried
out in 2003 along the Transamazon Highway and implemented again in 2014 using the
same sampling procedure detailed in Merry et al. (2008) for six municipalities: Brasil
Novo, Uruará, Medicilândia and Placas, and government settlements along the BR163
Highway called PA Moju I & II, about 40 Km south of Santarém and also to the west of
Altamira (see figure 1). There were 542 households that remained on their lots in 2014
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Figure 1. Location of surveys along the Transamazon and BR163 highways.

out of the 1,108 sampled in 2003, for a total of 1,084 observations. A household continued
to represent the domicile interviewed in 2003 if the smallholder had not moved during
the first and second sampling periods. While unable to study out-migration due to the
impossibility of sampling relocated households, the proportion of families who have left
their smallholdings is similar to that found by Aldrich et al. (2006).

There are two notes we shouldmake before proceeding. First, so thatmonetary values
are comparable across periods, all currency dependent (nominal) variables are restated
in 2014 Brazilian reais (R$) using published price index data available from Fundação
Getúlio Vargas.15 Second, although we are essentially asking about cleared land, the
questions were asked in multiple ways (e.g., size of the lot, size of agricultural plots,
forested area, original size of forest and agricultural plots, area cleared in the previous
year) for both time periods. Thus, in comparing the data, we minimized errors in false
responses to these questions. More importantly, given the similarity of smallholders in
this region in terms of resources and opportunities, we assume such errors to be small
or, at least, expected to be consistent across smallholders.

Descriptive statistics and two sample t-tests for relevant variables appear in tables 1
and 2, by year sampled (rounds) and observed compliance status, respectively. Signif-
icant differences between rounds are observed for variables related to land clearing
such as deforested area, harvested area and herd size, suggesting clearing expansion
despite Forest Code enforcementmeasures enacted in our sampling time span. In fact, as
expected, total land cleared is significantly larger for 2014 compared to 2003:meandefor-
ested area increased by 45 per cent. Additionally, there is significantly less hunting on
the lots in 2014 than in 2003, reflecting less forested area consistent with the greater land
clearing observations in the second survey period. The value of agricultural production
across sampling times is not significantly different across sampling periods. This result is
consistent with the natural progression of smallholders transitioning from agricultural
to grazing mentioned earlier.

15Índice Geral de Preços – Disponibilidade Interna (IGP-DI).
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Table 1. Descriptive statistics by sample period

2013/2014 2003
Variable Unit n Mean sd n Mean sd Change t-stat

Family size N. of
people

542 3.79 2.11 532 4.87 2.54 −1.08 −7.56∗∗∗

Age of head of
household

years 518 53.60 0.62 525 45.88 0.56 7.72 9.28∗∗∗

N. members
contributing to
family income

N. of
people

437 0.44 0.76 542 0.44 0.97 0.01 0.15

Lot size ha 523 99.04 66.64 541 97.88 48.21 1.17 0.33

Deforested area ha 530 49.11 57.28 534 33.89 27.77 15.22 5.52∗∗∗

Harvested area in
the previous year

ha 491 6.18 8.64 429 2.84 3.85 3.34 7.40∗∗∗

Years on lot years 503 23.35 9.45 526 12.48 9.04 10.87 18.86∗∗∗

Value of lot R$1000 388 197.41 309.79 542 136.88 168.78 60.53 3.83∗∗∗

Distance to main
highway

Km 418 24.28 175.71 528 15.99 13.96 8.29 1.08

Value of capital
items

R$1000 471 14.64 25.52 491 9.52 16.43 5.13 3.72∗∗∗

Value of agricultural
products
consumed

R$1000 488 1.08 6.50 526 2.93 9.57 −1.85 −3.56∗∗∗

Value of agriculture
products sold

R$1000 488 10.13 22.09 542 10.82 39.84−697.40 −0.34

Total value of
agricultural
production

R$1000 488 11.49 24.07 542 13.89 40.68 −2.40 −1.14

Herd size Head of
cattle

271 68.62 82.61 542 36.73 55.04 31.89 6.54∗∗∗

Price per head of
cattle

R$1000 542 1.20 19.00 542 739.07 9.27 465.07 22.00∗∗∗

Family owns the lot 1= Yes
0=No

540 0.98 0.13 542 0.98 0.13 −0.00 −0.01

Family has sold
wood

536 0.26 0.44 516 0.30 0.46 −0.04 −1.28

Family hunts 539 0.32 0.47 531 0.41 0.49 −0.09 −3.12∗∗

Household took
credit in the
previous 5 years

421 0.21 0.41 534 0.26 0.44 −0.04 −1.61

Household
compliant with
Forest Code

542 0.18 0.39 542 0.35 0.48 −0.17 −6.30∗∗∗

Notes: ∗∗p < 0.05, ∗∗∗p < 0.01.
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Table 2. Descriptive statistics by Forest Code compliance

Noncompliant Households Compliant Households
Variable Unit n Mean sd n Mean sd Change t-stat

Family size N. of
people

790 4.36 2.39 284 4.22 2.40 0.14 0.86

Age of head of
household

years 786 50.58 14.07 257 47.07 13.38 3.50 3.51∗∗∗

Members
contributing to
family income

N. of
people

753 0.44 0.91 226 0.42 0.78 0.02 0.28

Lot size ha 776 97.40 62.88 288 101.29 41.98 −3.90 −0.97
Deforested area ha 776 52.49 48.64 288 11.77 9.60 40.72 14.10∗∗∗

Harvested area in
the previous year

ha 685 5.28 7.82 235 2.71 3.26 2.57 4.89∗∗∗

Years on lot years 750 20.59 10.17 279 10.28 8.28 10.32 15.18∗∗∗

Value of lot R$1000 661 200.75 268.86 269 67.25 91.91 133.50 7.95∗∗∗

Distance to main
highway

Km 796 18.01 127.73 288 21.28 14.65 −3.26 −0.43

Value of capital
items

R$1000 747 13.58 23.58 215 6.58 10.04 7.01 4.25∗∗∗

Value of agricultural
products
consumed

R$1000 773 2.37 9.36 241 1.10 2.282 1.25 2.04∗∗∗

Value of agricultural
products sold

R$1000 773 12.73 36.84 257 3.77 11.36 8.95 3.83∗∗∗

Total value of
agricultural
production

R$1000 773 15.27 38.13 257 5.19 12.00 10.08 4.17∗∗∗

Herd size Head of
cattle

593 60.37 72.28 220 12.29 30.30 48.08 9.56∗∗∗

Price per head of
cattle

R$1000 796 1.98 14.28 288 674.06 17.73 405.20 15.57∗∗∗

Family owns the lot 1= Yes
0=No

794 0.98 0.14 288 0.99 0.12 −0.01 −0.68

Family bought lot 787 0.64 0.48 286 0.40 0.49 0.24 7.21∗∗∗

Family has sold
wood

769 0.21 0.41 283 0.47 0.50 −0.26 −8.75∗∗∗

Family practices
hunting

785 0.32 0.47 285 0.48 0.50 −0.16 −4.89∗∗∗

Household has
taken credit in
the previous 5
years

739 0.27 0.44 216 0.14 0.35 0.12 3.76∗∗∗

Notes: ∗∗∗p < 0.01.
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Themeans of variables important to checking consistency across sampling periods for
the econometric analysis are not found to be significantly different. Mean lot sizes are
not significantly different, which suggests the absence of significant activity as far as pur-
chasing adjacent lands between sample periods is concerned and allows for land clearing
behavior comparisons for each household across time. Moreover, distance to the main
highway in dirt and gravel roads (either the Transamazon or the BR163, for the case of
PA Moju) is also not significantly different, validating that we are sampling the same
households (that is, that lot locations have not changed). Ownership status of the lot
also appears unchanged over time for each smallholder household, suggesting stability
in a landholder’s property rights regime. The proportion of households that sold wood
also appears fairly stable over time, although our estimates of propensity to sell wood
between periods is statistically different, with a higher propensity to sell in the second
round of interviews.

Table 2 shows descriptive statistics between observed compliers and noncompliers
of the Forest Code. The proportion of smallholders in our sample who were compliant
decreased significantly from 35 to 18 per cent in the ten years between data collections
based on total area cleared of forest on their lot. On average, Forest Code compliant
households cleared 11.55 per cent of forests on their lot, while those not complying
cleared on average 53.89 per cent of their lot. We observe significant differences at the 1
per cent level between compliers and noncompliers in the propensity to sell wood and
to engage in hunting in the forested part of their lot. Additionally, significant differences
appear to exist with compliers having lower values for variables relevant to our analysis,
such as harvested area in previous year, value of capital items, total value of agricultural
production, and herd size.

The descriptive statistics show that there are indeed observable differences between
compliers and noncompliers and also suggest that cattle is important to compliance as
well as the use of the forest by the small landholder. One may argue that these differ-
ences are to be expected, in that they point to a progression smallholders go through
over time and that noncompliance, thus, is inevitable.However, this is not necessarily the
case given that the (unobserved) perceived probability of enforcement is from ourmodel
another factor influencing the decisions of smallholders to comply with the Forest Code.

4. Econometric estimation
The land clearing paths in (12a)–(12c) reveal that smallholders will clear according to
variables important to rents, household characteristics such as wealth, and the percep-
tion of how government enforcement of the Forest Code is executed, reflected by the
probability variable γ (�). Given γ (�), there is a type of selection between smallholders
who have the same rent possibilities but perceive different probabilities of Forest Code
enforcement. Differences in the perceived probability of being caught critically influ-
ence the likelihood that a household in our sample will comply, as described in (11) and
realized through the path derivation for a compliant household in (12a)–(12c).

4.1 Econometric model
An endogenous switching regression model allows investigation of this problem, as we
have a situation in which, we assert, an unobserved factor is contributing to the decision
to clear land, that is, the perception of being caught violating the Forest Code. This factor
is a driver of land clearing in addition to those that have been investigated throughout
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the literature. Moreover, such a factor also contributes to the probability of whether
a household will eventually decide to be compliant or not with the Forest Code; that
is, we have a nonrandom self-selection into compliance or noncompliance, which we
need to account for in order to avoid selection bias in investigating the existence of this
unobserved land clearing driver. The endogenous switching regressionmethod has been
shown to be appropriate to correct for selection of this type.16 For this reason, several
studies have applied this approach, mostly within the labor economics realm, but also in
housing demand estimation and program evaluation (Lokshin and Sajaia, 2004; Dutoit,
2007). Recently, thismethod has been used in technology adoptionwithin the economics
of development and agricultural economics fields.17 Ours is the first paper we are aware
of using such a method in the analysis of land clearing behavior by small landholders.18

The endogenous switching regression model accounts for the fact that we cannot
distinguish between compliant households according to our data that may not comply
in the future versus households that have definitely not complied (that is, it allows for
unobserved selection bias in this decision). Such an interpretation follows because the
only unobserved variable in the land clearing paths in our theoretical model, not cor-
rected for with observational data in the empirical model, is enforcement perception; all
other variables that determine land clearing paths are observed and faced exogenously
by each price taker smallholder household. Moreover, as discussed earlier, because com-
pliers and noncompliers to the Forest Code likely have different perceptions of the risk
of being caught, γ (�), from (12a)–(12c), this parameter generates two different types of
observed land clearing path behaviors.

The switching regression model relies on a binary criterion function Ii and it used in
several articles19:

Y1ti = X′
1tiβ1 + u1i iff Ii = 1, (13)

Y2ti = X′
2tiβ2 + u2i iff Ii = 0, (14)

such that

Ii =
{
1 iff:W′

iα − ϑi > 0
0 iff:W′

iα − ϑi ≤ 0,
(15)

where α and βi are coefficients to estimate, and Y1i and Y2i correspond to the land area
cleared at the moment of the interview for two regimes: Forest Code noncompliance:

16Maddala and Nelson (1975) discuss switching regression models with endogenous versus exogenous
switching, whereas Maddala (1986) presents a discussion on self-selectivity and switching regression
models.

17Ngoma (2018) and Abdulai and Huffman (2014) represent interesting examples of the recent literature
applying endogenous switching regression,whereasOgundari andBolarinwa (2018) present ameta-analysis
of technology adoption based on former analyses that applied the endogenous switching regression model.

18Wolfersberger et al. (2015) provide an analysis applying a multiple regime regression methodology to
the deforestation question, but their approach differs in various aspects from the analysis carried out in this
paper, two of which are: (1) in our model, the individual is a household as opposed to a country (micro-
level versus macro-level analysis); and (2) Wolfersberger et al. (2015) consider a different process, in which
the ‘switch’ occurs when a country transitions from decreasing to increasing forested areas from one time
period to the next. In general terms, this is not the type of problem one would experience in our research
area between 2003 and 2014.

19SeeMaddala (1983, 1986) for the basic theory concerning these models. Dutoit (2007) presents a survey
of early formative works that have applied the switching regression models in many versions.
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Ii = 1 (clearance of more than 20 per cent of lot size) and Forest Code compliance
Ii = 0 (clearance within 20 per cent of lot size). Equation (15) is the latent selection
equation, representing the net benefits from clearing land. The regression variables on
the RHS are weekly exogenous. This model corrects for selection in our data into com-
pliance and noncompliance due to unobserved perceptions about γ (�) driving behavior
(Lokshin and Sajaia, 2004). We will follow Lokshin and Sajaia (2004) in estimating the
model and all parameters simultaneously using a full information maximum likelihood
(FIML) method. The FIML approach by definition assumes a trivariate normal dis-
tribution and possible correlation for the error variables u1i, u2i, and ϑi. Thus, FIML
estimates are efficient, producing robust and asymptotically consistent coefficient esti-
mates and standard errors, and are more appropriate than estimating the two stage
processes described in Maddala (1986).

Using our representative perception assumption concerning the probability of being
caught through government enforcement of the Forest Code, γ (�), condition (15)
follows from (11), while (13) and (14) follow from the derived optimal land clearing
path ((ċt)/(ct)). Noncompliance holds for household i only when the expected benefits
from noncompliance are greater than its expected costs (Ii = 1). Forest Code compli-
ance, on the other hand, is given by the second equation in (15) and it governs land
clearing according to (14), when the smallholder’s expected net benefits from noncom-
pliance are negative (Ii = 0). Equation (15) therefore represents a latent net benefit of
forest clearing.

The latent selection variable Ii is endogenous and determines our switching regres-
sion rule as it embeds the expected probability of being caught for each smallholder into
the observed data on land cleared. The variables X1i and X2i are variables on the RHS of
the theoretical land clearing paths, ((ċt)/(ct)) in (12a)–(12b), and include prices, produc-
tion inputs, forest production preferences, and household characteristics. The variables
determining the unobserved latent variable, Wi, include in addition those that could
determine compliance. The endogenous switching regression model allows for some of
the variables within Wi to be, by definition, the same as those in X1i and X2i. Such a
model is necessary as it is here when the variance of these variables in determining the
latent variable is nonzero, or σ1v �= 0 and σ2v �= 0.20 The advantage of this model is that
it fits our theory closely: we showed that similar variables determine whether a small-
holder household will comply or not with the Forest Code and also determine the rate
of land clearing for each regime. From our theory and our sampling, we have no a priori
expectation that the variable sets will differ in these equations and thus can assume a
similar specification for explanatory variables of (13)–(15).

4.2 Econometric model results
We must address several econometric issues in estimating (13)–(15). Exogenous (non-
production) income is important, yet we have missing observations for this variable in
our data for the first round and for the PA Moju area. Thus, we predict those missing
observations in advance of estimating the switching regression using a first stage regres-
sion of households that report exogenous income. Second, in our sample, and generally
in the Transamazon, smallholders may choose to sell wood from forested parts of their
lots to logging enterprises that approach them. We expect this decision to represent an
endogenous variable in (13)–(15). Ideally, wewould use prices for wood sold faced by the

20Other assumptions of the switching regression model are largely normality-based (Dutoit, 2007).
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smallholder price taker as an exogenous instrument for wood sales. Since that data was
not available to us, we estimated the probability that each smallholder would sell wood
using a first stage probit regression, a common procedure for endogenous qualitative
response variables.21

Finally, despite the representative small landholder assumption underlying γ (�) in
the theoretical model, we ran a robust version of our switching regression model cor-
recting for heteroskedasticity. If all smallholders are representative ‘enforcement takers’,
then they present the same empirical realization of γ (�) and therefore we can write
γ ≡ γ (�). This is plausible, as smallholders in each region visit and work in the same
markets and are price takers in thesemarkets. The information they have is likely similar
and individual specific rent differences would be small due to differences in perceptions
of γ . Additionally, smallholders face the same local governmental agents, and any shifts
in Forest Code enforcement intensitymay affect or not smallholder decisions in the same
direction. The alternative possibility is that smallholders who comply perceive a differ-
ent probability than those who do not, or the probability perceived differs in unknown
ways across individual smallholders. This is simply a case in the econometric model of
heterogeneity across smallholders in the sample, reflected in heteroskedastic variances
of land clearing behavior, for which we correct with robust standard error computation.
Table 3 presents the results, tests, and selection statistics for three different specifications
of equations (13)–(15).

Our estimates are robust in that they are consistent across all specifications. In the
first two sections of table 3, the dependent variable is land cleared as of the date of the
interview for noncompliers and then for compliers sorted through the endogenous selec-
tion estimation and corresponding to the land clearing paths in (12a)–(12c). The third
section of the table presents results for the latent criterion function or switching rule, cor-
responding to the corner solution presented in equation (11) of our theoretical model.
It measures the probability a household would be noncompliant based on the net bene-
fits of noncompliance corrected for unobserved selection, and, thus, indicates important
explanatory variables driving a smallholder’s incentive to comply or not with the Forest
Code. All regressions have highly significant χ2 statistics and reject the null hypoth-
esis that there is no switching regime or selection present in the data at a 1 per cent
significance level.

Turning first to estimates relative to the land clearing path for those selected into the
Forest Code noncomplier group, significant variables at the 1 per cent level are lot size,
herd size22 and, for the last specification, value of capital goods owned by the household.
Estimated probability of selling wood is significant at the 1 per cent level for the first
two specifications and not significant for the other two. Time of residence in the lot is
significant at the 5 per cent level. This way, the results clearly establish lot size, herd size,
and wealth in the form of value of capital goods to be strong positive predictors of land
cleared for noncompliers. Additionally, probability to sell wood has a protective forest
effect as per the first two specifications.

21See chapter 8 of Greene (2003) for justification of our prediction method.
22Herd size is an exogenous capital variable in our model. Cattle constitute an expensive investment for

these families which is made sporadically. Moreover, while some households may have purchased cattle in
a given year they clear land, for the most part the land clearing behavior over time simply reflects (sunk)
cattle ownership and does not occur simultaneously with cattle ownership choices. That is, a smallholder
does not clear land so that they can buy more cattle. Rather, having cattle with grazing needs necessitates
clearing land.
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Table 3. Endogenous switching regressions results, model specifications and selection

(1) (2) (3)

Section 1: Land clearing path for
noncompliant landholders

Dependent variable: deforested area (ha)

Round of interviews (1= 2003;
0= 2013/14)

−5.201∗ (−2.33) −5.049∗ (−2.27) −4.135 (−1.86)

Family size −0.132 (−0.37) −0.181 (−0.49) −0.257 (−0.79)
Lot size (ha) 0.361*** (10.27) 0.361∗∗∗ (10.31) 0.330∗∗∗ (10.89)

Years on the lot 0.357* (2.27) 0.325* (2.01) 0.457* (2.16)

Total value of agriculture
production (R$)

0.000039 (1.54) 0.00004 (1.58) 0.0000088 (0.31)

Herd size (head of cattle) 0.128*** (4.64) 0.128*** (4.63) 0.0944*** (4.64)

Probability of selling wood −25.75∗∗ (−2.73) −25.45∗∗ (−2.67) 2.854 (0.22)

Exogenous income (R$) −0.000251 (−1.01) −0.00032 (−1.25) 0.00002−0.09
Distance to highway in
dirt/gravel road (km)

−0.0317 (−0.49) −0.0269 (−0.41) −0.0532 (−0.80)

Age of the head of the household 0.0846 (1.20) 0.065 (0.95)

Household head worked outside
of the lot

1.064 (0.56)

N. members contributing to family
income

0.0878 (0.09)

The lot was bought 5.074 (1.41)

Values of capital goods (R$) 0.0003*** (3.60)

Constant 14.34** (2.62) 11.05 (1.65) −0.935 (−0.09)
Section 2: Land clearing path for
compliant landholders

Dependent variable: deforested area (ha)

Round of interviews (1= 2003;
0= 2013/14)

−0.942 (−0.62) −2.211(-1.45) −0.287 (−0.13)

Family size 0.034 (0.17) 0.0805 (0.39) 0.0448 (0.22)

Lot size (ha) 0.121*** (5.95) 0.117*** (5.82) 0.116*** (5.70)

Years on the lot 0.344 (1.39) 0.311 (1.39) 0.393 (1.51)

Total value of agriculture
production (R$)

0.0000725 (1.18) 0.000104 (1.72) 0.0000505 (0.93)

Herd size (head of cattle) −0.0116 (−0.55) −0.0117 (−0.53) −0.0248 (−0.88)
Probability of selling wood −8.743∗ (−2.35) −8.418∗ (−2.26) 0.732 (0.11)

Exogenous income (R$) −0.000924 (−1.30) −0.00076 (−1.22) −0.000811 (−1.22)
Distance to highway in dirt/gravel
road (km)

−0.0169 (−0.46) −0.0153 (−0.43) 0.00583 (0.15)

Age of the household head −0.0115 (−0.24) −0.0246 (−0.50)
(continued)
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Table 3. Continued

(1) (2) (3)

Household head worked outside of
the lot

2.044∗ (1.97)

N. members contributing to family
income

1.747∗∗ (2.81)

The lot was bought 2.934 (1.47)

Values of capital goods (R$) 0.0000185 (0.28)

Constant 2.736 (0.78) 3.491 (0.85) −4.24 (−0.72)
Section 3: Switching rule
(1=Noncompliance;
0=Compliance)

Dependent variable: Deforested area (ha)

Lot size (ha) −0.0048∗∗ (−3.16) −0.0048∗∗ (−3.07) −0.0051∗∗ (−3.05)
Years on the lot 0.0427*** (3.62) 0.0462*** (3.57) 0.0427* (2.51)

Total value of agriculture
production (R$)

0.000006 (1.00) 0.000007 (1.04) 0.000006 (1.04)

Herd size (head of cattle) 0.00724* (1.98) 0.00756* (2.09) 0.00786* (2.05)

Exogenous income (R$) 0.0000341 (1.45) 0.0000486 (1.85) 0.0000582* (2.07)

Distance to highway in
dirt/gravel road (km)

−0.0172∗∗ (−2.77) −0.0174∗∗ (−2.97) −0.0164∗∗ (−2.80)

Round of interviews (1= 2003;
0= 2013/14)

−0.428 (−1.86) −0.487∗ (−1.99) −0.539∗ (−1.98)

Family size 0.0477 (1.47) 0.048 (1.45) 0.0452 (1.35)

Probability of selling wood 0.131 (0.21) 0.147 (0.23) 0.372 (0.24)

Household located in Brasil Novo 0.42 (1.45) 0.471 (1.63) 0.393 (1.26)

Household Located in Medicilândia 0.429 (1.51) 0.58 (1.95) 0.463 (1.59)

Household located in Uruará 0.0421 (0.20) 0.0532 (0.25) −0.024 (−0.11)
Household Located in PA Moju −1.47∗∗∗ (−5.54) −1.34∗∗∗ (−4.94) −1.41∗∗∗ (−5.21)
Household head participates in
community association

−0.186 (−1.06) −0.206 (−1.17) −0.325 (−1.47)

Household head worked outside of
the lot

0.153 (0.91)

Age of the head of the household −0.0106 (−1.46) −0.0124 (−1.78)
N. members contributing to family
income

0.0628 (0.82)

The lot was bought 0.0518 (0.13)

Values of capital goods (R$) 0.00000050 (0.08)

Constant 0.763* (1.97) 1.079* (2.41) 1.286 (1.38)

(continued)
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Table 3. Continued

(1) (2) (3)

Model Ancillary Parameters and Selection Criteria

lns1 2.984*** (190.80) 2.989*** (150.38) 2.945*** (216.78)

lns2 1.718*** (31.85) 1.694*** (28.33) 1.743*** (13.37)

r1 −0.366 (−1.43) −0.438 (−1.60) −0.356 (−1.52)
r2 −0.576 (−1.95) −0.557 (−1.65) −0.844 (−1.45)
N 606 598 590

AIC 5380.3 5325.9 5228.4

p 1.36E-46 1.19E-46 1.05E-66

p_c 0.0114 0.0174 0.0329

chi2_c 6.404 5.66 4.553

df_m 9 11 13

Notes: t-statistics in parentheses. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

For smallholders selected into the compliers group, the variable that seems to deter-
mine positive land clearing in all specifications is lot size, significant at 1 per cent levels.
The effect of a unit of lot size over the size of area deforested is much lower than for
noncompliers. The estimated probability of selling wood is significant at the 5 per cent
level for the first two specifications for this group, but its negative or protective effect is
much lower than for noncompliers as well. Number of family members contributing to
household income is significant at the 1 per cent level for the last specification, and it is
not significant for noncompliers in any specification. Here, we observe that herd size is
not significant at any level. The same is true for exogenous income, contrasting with the
group of noncompliers. Despite these differences, though, we can say that the signs and,
to a smaller extent, the significance of estimated coefficients for both groups are simi-
lar, as expected in our theoretical model where we showed that expected net benefits and
expected costs of not complying are interconnected with Forest Code compliance. How-
ever, the land clearing paths for Forest Code compliers and noncompliers are different
and justify our endogenous switching regression empirical approach.

The third section of table 3 shows the estimation of our latent equation or endogenous
switching rule. These results demonstratewhat variables are important to a smallholder’s
perceived net benefits of not complying with the Forest Code, correcting for selection
due to unobserved variation (that is, perceptions of Forest Code enforcement in our
model). These results are, in effect, an endogenous selection-corrected assessment of the
main driving variables in predicting incentives to cheat – they are drivers of the per-
ceived net benefits from noncompliance with the Forest Code. Significant determinants
here are: lot size (−), land tenure measured as years on the lot (+), cattle herd size (+),
distance to a main highway (−), whether the household is located in PA Moju (−). The
regional effect of PA Moju makes sense because it is closer to Santarém, a region ‘hub’
where offices of governmental agencies, such as INCRA and IBAMA (central to enforce-
ment of the Forest Code), are located. Moreover, PA Moju has been on the radar of the
government for the last 15 years due to a specific relationship between households and
local logging companies (see Lima et al., 2006). Thus, we would expect these households
to view the net benefits from cheating with any government forest law to be lower, both
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from the benefits they may get from the government but also from a Code enforcement
standpoint.

However, lot size, land tenure time, distance to amain highway and herd size yield the
most useful results in our switching rule. The conventional wisdom has been that roads
are a major driver of deforestation, as we expect households located closer to highways
to face greater market rents. Indeed, we find distance to a main highway to have a nega-
tive effect on the decision to transition into noncompliance with the Forest Code. That
is, being closer to a main highway means the net benefits from not complying are per-
ceived by the smallholder to be higher, despite higher risk for the household to get caught
cheating.

Longer land tenure means an increase in perceived net benefits from not comply-
ing according to our results. Perhaps, as times passes by, the smallholder learns that the
Forest Code is not enforced as expected. Or, perhaps land clearing in a slash-and-burn
fashion, in face of limited knowledge or resources to return to the same agriculture plot
in a sequence of years, requires that the smallholder clear new parcels of land every year
or perhaps they transition to cattle production as they become wealthier. The latter is
most plausible, however, as larger lots (and, thus, more marginal land) mean that the
household perceives less net benefit from noncompliance. Indeed, the number of cattle
the smallholder has emerges as a significant factor to the perceived net benefits of not
complying. This is supportive of the observation that smallholders often transition to
cattle production relative to crop production and, as we find, there is increased pressure
on land clearing when this happens.

Certain variables that we do not find to be statistically significant in the switching
rule also deserve mention. For instance, the value of agricultural production does not
appear important given that the regressions are corrected for cattle grazing. This sug-
gests that studies of forest clearing must consider both types of production systems, as
they are quite different from the perspective of our results. This may be because we sam-
pled smallholders who have stayed in a location long enough to transition to the more
expensive cattle production system.

Collectively, the results allow assessment of whether smallholders are better off from
not complying with the Forest Code under the current enforcement regime. In our the-
ory, we showed that the compliance decision comes down to a comparison between
expected net rents from complying and not complying with the Forest Code, captured by
the corner solution in (11). The fact that the switching regression is significant for non-
compliers in the first section of table 3 and that the incentives or net benefits from not
complying (the switching rule in the third part of the table) is a highly significant regres-
sion makes it clear that a large subset of households choose to not comply and satisfy
our corner solution. These households are better off by clearing more than is allowed.
We can go further in our interpretation of this welfare effect, as the estimated switching
regression rule indicates what types of households will find it better not to comply: those
with longer tenure, smaller lot size, larger herd size and greater distance from the main
highway. Being in PA Mojú, however, tends to reduce the perceived welfare from not
complying with the Forest Code.

5. Conclusions
We proposed a dynamic smallholder land clearing model where smallholders hold an
assessment of government enforcement of forest clearing rules that is unobserved but
is present given the Brazilian Forest Code, the main law governing land clearing on
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private lots. By controlling for observed factors that affect land clearing, we find that
this unobserved assessment of the risk of being caught does induce selection into those
smallholders who comply and those who do not comply, or, rather, those who have dif-
ferent land clearing regimes consistent with the complier and noncomplier groups. This
selection is critical not only in determining the path of land clearing over time, but also
is a more general means for identifying drivers of land clearing.

We apply an endogenous switching regression model approach consistent with our
theoretical model to a unique data set collected from smallholders in the Transamazon
and BR163 highways in the state of Pará, Brazil, who were interviewed twice in the time
span of a decade. The period immediately after the first sampling involved installment of
a new administration with documented rhetoric concerning stricter enforcement of the
Forest Code in our sampling region. Our econometric results show that frontiers where
land tenures are longer and there are opportunities for smallholders to transition to cattle
grazing from agriculture should be a major focus of enforcement of land clearing laws
and restrictions.We also find that longer land tenure does notmean protection of forests,
but rather induces greater clearing and greater incentives not to comply with the Forest
Code. Use of the forest by a smallholder is a protective signal thatmust be considered and
somehow encouraged, that is, those who have a higher estimated probability of selling
wood are more likely to comply and clear less forest. Finally, while market access in
terms of distance to a main highwaymatters in the compliance decision, the significance
of cattle herd in our model was much higher in all specifications.

Our results seem to suggest that alleged government efforts to enforce the Forest Code
in the Transamazon-BR163 highway regions have been ineffective even if they have been
real. In addition, our results are a cause for concern in light of other findings, for example,
Schons et al. (2013), who show that 71 per cent of the credit provided to small landholders
in the region between 1999 and 2012 were to those engaged primarily in cattle grazing. It
therefore appears that current government development programs have provided incen-
tives for cattle production in the region combined with ineffective enforcement of land
clearance laws, rather than actually targeting the incentives to clear forests and most
importantly incentives to switch from the compliant into the noncompliant group with
respect to the Forest Code. Our results also point to an interesting area of future work,
namely, understanding the cattle grazing decision in and of itself. Particularly the drivers
of smallholder transitions to cattle grazing as a frontier matures should be a major focus
of future work if we are to completely understand the land clearing process.

Our results inform future Forest Code enforcement and land clearing policies. One
potential option is intensification of the smallholder production systems in order to
increase cattle production efficiency and provide incentives to use less land. Our results
show that the perceived costs of cheating are not high enough to surpass the cost of
transitioning into more efficient production systems, thus intensification measures will
likely not be effective. The samemay also be true for the payments for ecosystem services
schemes aiming at increasing incentives to keep forestland intact.23
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