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A B S T R A C T   

Deforestation is a main threat to the biosphere due to its contribution to biodiversity loss, carbon emissions, and 
land degradation. Most deforestation is illegal and continues unabated, representing around half of the total 
deforestation in the tropics and subtropics. Quantifying illegal deforestation is challenging, let alone assessing 
the social and institutional processes underlying its occurrence. We tackle this challenge by quantifying the 
relative influence of individual (i.e., landholders’ power, landholding size) and contextual (i.e., subnational 
institutions, agricultural suitability) factors on the type and size of illegal deforestation in the Argentine Dry 
Chaco, a major commodity production frontier and global deforestation hotspot. We build a Bayesian network 
fed with data of 244 illegal deforestation events, obtained from journalistic articles, grey literature, key infor
mant interviews, and geospatial analyses. The results reveal that more powerful landholders were associated 
with larger illegal deforestation events. Policy simulations suggest that higher concentration of land in the hands 
of powerful landholders and more flexible subnational forest regulations would escalate illegal deforestation. 
This points to the need for a smart policy mix that integrates across economic, agricultural, and environmental 
sectors to halt illegal deforestation at commodity production frontiers. A land tenure reform can facilitate forest 
protection, while incentives to land-use diversification and the criminal prosecution of illegal deforestation are 
critical to shift landholder behavior towards more balanced production and conservation outcomes.   

1. Introduction 

Deforestation is a major threat to the biosphere and continues un
abated, despite substantial efforts to curb the high deforestation rates 
(Curtis et al., 2018). The need to halt deforestation is urgent in light of its 

contribution to climate change (Fargione et al., 2008; IPCC, 2014; Rajão 
et al., 2020), biodiversity loss (Fahrig, 2003; Mastrangelo and Gavin, 
2012; Tilman et al., 2017) and land degradation (Haddad et al., 2015). 
Deforestation also has manifold health and social consequences, like 
rising incidence of infectious diseases (Burkett-Cadena and Vittor, 2018; 
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Patz et al., 2004; K. F. Smith et al., 2014), rural exodus, often accom
panied by violence (Aldrich et al., 2012; Cáceres, 2015; London and 
Kelly, 2007), and land ownership concentration (Aguiar et al., 2016; 
Cotula et al., 2009; Galaz et al., 2018). Policies and governance actions 
aimed at reducing deforestation have only been partially effective, as 
around half the deforestation in commodity production frontiers of the 
Global South is illegal (Dummet and Blundell, 2021; Margono et al., 
2014; Rajão et al., 2020). 

Previous studies have mostly focused on explaining the magnitude, 
location, and timing of deforestation (i.e., the “how much”, “where” and 
“when” questions), while descriptions of the agents and the social and 
institutional processes that enable illegal clearings (i.e., the “who” and 
“how” questions) have lagged behind. There is a vast literature on the 
spatial determinants that associate the location of deforestation with 
biophysical characteristics and road accessibility (Gasparri et al., 2015; 
Müller et al., 2012; Volante et al., 2016). Also, the impact of de
mographic change and land use policies on the spatial and temporal 
variability of deforestation are increasingly well understood (Carr et al., 
2009; Schlesinger et al., 2017; Tesfaw et al., 2018). These studies rely on 
time-series of remotely sensed deforestation that are coupled with 
exogenous explanatory variables, such as population and economic 
data, to identify broad patterns of association. As such, these studies 
implicitly assume that deforestation agents (e.g., private landholders) 
respond passively to the contextual factors that shape their profit 
maximization goals (e.g., agricultural yields, returns to production). 
While this conceptual model has considerable explanatory power in 
some contexts, there is a need to better understand the influence of 
human agency and strategic action of agents on the occurrence of 
deforestation (Berbés-Blázquez et al., 2016; Verburg et al., 2019). The 
pathways that connect the individual and contextual factors underlying 
deforestation events have rarely been contrasted with quantitative hy
pothesis testing. This is particularly needed at the landholding level in 
highly dynamic commodity production frontiers, where the relationship 
between agents, institutions, and deforestation is more driven by de facto 
governance (i.e, what happens on the ground) than by de jure gover
nance (i.e., what is stated in the legal framework) (Nansikombi et al., 
2020). 

Quantifying the share of illegal deforestation in total deforestation is 
challenging, let alone assessing the social and institutional processes 
underlying its occurrence (Gore et al., 2019; Tellman et al., 2020). Es
timates of illegal deforestation in major commodity production frontiers 
suggest that between 40% (Lawson, 2014) and 69% (Dummet and 
Blundell, 2021) of deforestation is linked to illicit activity. In Indonesia, 
40% of deforestation between 2000 and 2012 was reported to be illegal 
(Margono et al., 2014). In Central Africa, illegal logging represented 
nearly 90% of total deforestation (Lawson, 2014; Siebert and Elwert, 
2004). Nearly half of the properties in the Amazon and Cerrado of Brazil 
are non-compliant with the Forest Code, and hence deemed illegal 
(Rajão et al., 2020), while others estimate illegality to reach 60 to 80% 
in the Amazon (Boekhout van Solinge, 2014.). In the Argentine Dry 
Chaco, estimates of the proportion of illegal deforestation range be
tween 28% (Vallejos et al., 2021) and 44% (our own estimations based 
on UMSEF-MAyDS, 2019), depending on the period considered. 

Over the last four decades, the Argentine Dry Chaco has displayed a 
dynamic that is illustrative of other South American regions that are 
oriented to export commodity production, such as the Brazilian Cerrado, 
the Bolivian Chiquitania, and the Paraguayan Chaco (Baumann et al., 
2016; Hansen et al., 2013; Nolte et al., 2017a). In the last two decades, a 
combination of macroeconomic, technological, and climatic changes 
stimulated the arrival of soybean farmers, cattle ranchers, and land in
vestors from richer neighboring regions, especially the humid Pampas 
(Gasparri et al., 2013; Paolasso et al., 2012). As a result, the Argentine 
Dry Chaco became a global deforestation hotspot with provincial annual 
deforestation rates above 3% until 2008 (Camba Sans et al., 2018), 15 
times higher than global averages (0.2%). 

In response to the huge rates of deforestation, the Argentine 

government passed a Forest Law in 2007 which dictates minimum 
standards of forest protection and delegates to the provinces the design 
and enforcement of land-use zoning plans of their native forest lands. 
Between 2008 and 2011, land-use zoning plans in the Argentine Dry 
Chaco provinces came into force allocating 21% of the native forest 
lands to protection (red zone), 57% to sustainable use (yellow zone), and 
22% to potential agricultural expansion (green zone) (MAyDS, 2017). 
Despite minimum standards dictated by the national law, successful 
lobbying from the agricultural sector resulted in heterogeneous designs 
and enforcement of the land-use zoning across provinces (García Collazo 
et al., 2013; Milmanda and Garay, 2019). The effectiveness of decen
tralized forest governance in the Argentine Dry Chaco is a subject of an 
intense debate (Camba Sans et al., 2018; Nolte et al., 2017b; Volante and 
Seghezzo, 2018). Existing evidence suggests that subnational govern
ments play a fundamental role in shaping deforestation outcomes; 
however, how these institutional contexts influence the occurrence of 
illegal deforestation at the landholding level remains an open question. 

Since the enactment of land-use zoning plans, the agricultural sector 
lobbied provincial governments for violating the National Forest Law, 
and found different mechanisms to achieve this goal (Aguiar et al., 2018; 
Cabrol and Cáceres, 2017; Seghezzo et al., 2011). For example, the 
governments of the provinces of Salta and Chaco allowed landowners to 
request downgrading of the conservation category of their landholdings, 
from protection (red) or sustainable use (yellow) zones to deforestation 
permitted (green) zone, under the argument of the presence of native 
forests with high agricultural suitability within their landholdings 
(Nolte et al., 2017b). Also, provincial governments allowed roller- 
chopping (i.e., mechanical clearing of forest understory to develop 
pastures with scattered trees) in lands with high agricultural suitability, 
even in areas that had been allocated to the sustainable use zone. The 
agricultural sector promoted this land-use system under the label of 
“sustainable silvopastoral use” but in effect it resulted in open pastures 
due to the high mortality of the remnant, isolated trees after roller- 
chopping and fire (Fernández et al., 2020; Nolte et al., 2017b). We hy
pothesize that both the subnational institutional context and the agri
cultural suitability of the landholding are crucial determinants of the 
type of illegal deforestation. 

As most environmental legislation in the Global South, Argentinés 
Forest Law and provincial land-use zoning plans are implemented in a 
highly heterogeneous socio-economic and cultural context. Large vari
ability in landholding size and gross profit per hectare characterize the 
Dry Chaco region (Mastrangelo et al., 2019), indicating strong power 
asymmetries among landholders (Richards et al., 2003; Sundström, 
2016). Powerful landholders can have large influence on provincial 
governments and modify existing norms (e.g., downgrading of conser
vation category) and/or avoid sanctions from noncompliance. For 
example, a large landholder from Salta province deforested 11,000 ha in 
the sustainable use zone in 2013. This landholding contained forestlands 
traditionally used by indigenous people (a common situation in Salta, 
Vallejos et al., 2020), who were excluded from these lands after they 
were converted into soybean monocultures. The government of Salta 
sanctioned the landholder with fines, conditional imprisonment, and the 
obligation to restore deforested lands, but this sanction has been only 
partially fulfilled and has not deterred further illegalities (Aguiar et al., 
2018). Thus, the size of illegal deforestation might be influenced by the 
power of the deforestation agent, in close interaction with subnational 
institutions. 

The question that motivates this research is how individual (i.e., 
social and economic) and contextual (i.e., institutional and biophysical) 
factors influence the size and type of illegal deforestation events in the 
Argentine Dry Chaco. To answer this question, we collected data of 244 
illegal deforestation events that capture any kind of loss of native forest 
that was in violation of Argentinás Forest Law. All events are linked to 
landholdings located in the Chaco region of the provinces of Chaco, 
Salta, or Santiago del Estero between 2008 and 2020. We rely on four 
complementary sources of information: investigative journalism and 
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media reports, grey literature, interviews with key informants, and 
geospatial data. We used non-parametric Bayesian networks to test the 
relative influence of nine individual and contextual factors on the size of 
deforestation and the type of illegality as the two outcome variables. We 
also assess how both outcomes would change under hypothetical yet 
plausible policy simulations. 

2. Methods 

2.1. Study area 

The South American Gran Chaco contains the largest continuous 
Neotropical dry forests (Portillo-Quintero and Sánchez-Azofeifa, 2010), 
most of which (60%) is in the north of Argentina. The Argentine Dry 
Chaco is a large sedimentary plain covered by xerophytic vegetation, 

originally with forests, grasslands and shrublands interspersed across 
the landscapes (Cabido and Zak, 1999). The climate is subtropical with a 
dry season, the rains are concentrated in the summer, and the driest 
months are July and August (Peel et al., 2007). Annual rainfall varies 
between 400 and 600 mm in the core of the region and 800–1000 mm 
towards the ecotones with Yungas rainforest in the west and the Humid 
Chaco in the east, and the annual average temperatures range between 
19 and 22 ◦C (Murphy, 2008). The Argentine Dry Chaco harbors a high 
biodiversity (Bucher and Huszar, 1999; Giménez et al., 2011), as well as 
large carbon reservoirs (Baumann et al., 2016). 

In the Argentine Dry Chaco, the primary sector represents a high 
share of the GDP (MEFP, 2012), more than double the national average, 
triple that of Brazil, and similar to Bolivia and Paraguay (Nolte et al., 
2017a). The Argentine Dry Chaco has been traditionally inhabited by 
peasant mestizo and indigenous people that carry out small-scale 

Fig. 1. Spatial distribution of surveyed illegal deforestation events (red dots) in the Argentine Dry Chaco. Inset: location of the study area in South America. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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agriculture and livestock raising, wood extraction, charcoal production, 
hunting and gathering (Aguiar et al., 2016). Mestizo and indigenous 
people typically have insecure land tenure in the form of pre-titles or 
possession titles (Reboratti, 2008; Slutzky, 2005). The region also has 
the highest indices of unsatisfied basic needs in Argentina (Bolsi et al., 
2009; Torrella and Adámoli, 2005). In the last three decades, the 
Argentine Dry Chaco has been the scenario for the rapid expansion of 
agricultural commodity production (mainly soybean and beef) coupled 
with land privatization and large-scale deforestation (Faingerch et al., 
2021; Gasparri and Grau, 2009). The three study provinces of the 
Argentine Dry Chaco (i.e., Chaco, Salta, and Santiago del Estero, Fig. 1) 
contained almost 70% of Argentina’s deforestation during 2016 and 
2017 (AGN, 2017; Gómez Lende, 2018; Vallejos et al., 2015). 

2.2. Definition of illegal deforestation 

Deforestation events were considered illegal when clearings were 
non-compliant with the higher-order political regulation, which in this 
case is the National Forest Law of Argentina. This classification of 
“illegality” is identical to other salient assessments of deforestation in 
the Argentine Chaco region (Camba Sans et al., 2018; Ceddia and 
Zepharovich, 2017; Nolte et al., 2017b; Vallejos et al., 2021; Volante and 
Seghezzo, 2018). More specifically, a clearing was considered illegal 
when it occurred in areas that provincial authorities categorized as of 
being of medium or high conservation value (the so-called yellow and 
red zones, respectively). In these protected zones, clearings are not 
allowed according to the National Forest Law. Also, a clearing was 
considered illegal when it occurred in an area of low conservation value 
(green zone), but without permission from the legal authority, or over an 
area larger than that permitted by the authority. 

Under this definition, deforestation in landholdings for which pro
vincial authorities downgraded their conservation category (from high 
or medium to low conservation value, i.e., from red or yellow to green) 
was considered illegal. Higher-order authorities (i.e., the Ministry of 
Environment and the Federal Environment Council) established that 
downgrading by provincial authorities violate the principle of non- 
regression, and thus clearings on land that was downgraded to a lower 
conservation status are non-compliant with the National Forest Law (Di 
Pangracio et al., 2014). Indeed, governor decrees allowing down
gradings had to be revoked in Salta and Chaco provinces after public 
campaigns led to interventions by the national government (Di Pan
gracio and Cáceres, 2020). Both political and social regulations on 
deforestation in downgraded areas were high; thus, deforestation events 
occurring under this mechanism should be considered illegal (Magliocca 
et al., 2021; Van Schendel and Abraham, 2005). 

Similarly, roller-chopping in protected zones (yellow and red) is 
illegal because after this transformation the forest progressively loses its 
character, giving place to pastures with scattered trees (locally known as 
silvopastoral systems). As said, the higher-order political regulation 
established that forests must not be lost in protected zones, but in this 
case the provincial authority allowed the development of so-called sil
vopastoral systems in areas of medium conservation value (yellow 
zone), making use of its political power to complement the National 
Forest Law. Thus, provincial governments tolerated this type of illegal 
deforestation, which shifted the power balance towards agricultural 
stakeholders and production objectives. This illustrates that what is 
considered illegal is fluid rather than fixed (Magliocca et al., 2021; Van 
Schendel and Abraham, 2005), depending heavily on the changing 
contexts and power relations among stakeholders. 

2.3. Data collection 

We used multiple complementary sources of information to identify 
and characterize illegal deforestation events in the Argentine Dry Chaco 
in the twelve years from September 2008 (i.e., the sanctioning of the 
National Forest Law) to August 2020. Firstly, we collected journalistic 

articles published in this period through Google Search and Google 
Alerts using the keywords “desmonte” and “deforestación”, which mean 
clearing and deforestation, respectively, in Spanish. This search yielded 
>2200 news, some of them from local newspapers and radio stations. 
We read all these journalistic articles and selected those that met two 
conditions: (i) described an event of illegal deforestation, and ii) the 
illegal deforestation event described occurred in the Argentine Dry 
Chaco between 2008 and 2020. Secondly, we reviewed grey literature 
(e.g., official documents, NGO reports) to validate and complement in
formation from illegal deforestation events gathered in journalistic ar
ticles. Thirdly, we conducted semi-structured interviews with eight key 
informants, with the aim of (i) filling in missing information from illegal 
deforestation events, (ii) increasing the coverage of events in Santiago 
del Estero, where information was less available, and (iii) understanding 
the processes underlying the occurrence of illegal deforestation to select 
the variables and relationships to be included in the Bayesian network. 
We interviewed two former government officials from Chaco, two NGO 
researchers (one from Salta and one from Santiago del Estero), two rural 
extension agents (one from Chaco and one from Santiago del Estero), 
one NGO director from Chaco, and one scientific researcher from San
tiago del Estero. In Salta, our key informant manages an exhaustive 
historical and georeferenced database, which allowed us to reduce the 
number of interviewees, while in Santiago del Estero we interviewed 
three key informants to fill in the data gaps. Interviews occurred be
tween February and April 2019. Finally, we integrated the information 
from journalistic articles, grey literature, interviews with the key in
formants and geospatial analysis, and obtained a sample of 244 illegal 
deforestation events. 

2.4. Bayesian networks 

Bayesian networks (BN) are probabilistic models that explicitly 
capture conditional dependence among random variables with directed 
acyclic graphs (Jensen, 2001). The BN is a non-parametric statistical tool 
that can be used to conduct inference analysis and analyze the relative 
importance of a set of explanatory variables in terms of their ability to 
explain the variance of one or more target variables. A BN consists of two 
parts. First, a directed acyclic graph (DAG), also known as the structure 
of a Bayesian network, which describes the potential dependent re
lationships (which can be causal or an association) between the vari
ables using arrows connecting nodes (which correspond to the 
variables). The second component are conditional probability tables 
(CPTs), also known as the parameters of a BN, which define the condi
tional probability distributions of the nodes given by the values of their 
parent nodes (nodes with direct arrows pointing to them). The CPT of a 
child node (where an arrow ends) contains the conditional probability of 
being in a certain state given the states of its parent node. Nodes are 
characterized for being discrete, mutually exclusive, and collectively 
exhaustive, and denote an attribute or hypothesis about an event with a 
set of state values in a context of uncertainty. Continuous variables must 
be discretized in a similar number of categories based on finding 
thresholds, the opinion of experts and statistical methods (Cobb et al., 
2007). 

The ability of BN to combine causal knowledge of experts with 
empirical data based on observations explains their increasing impor
tance in environmental studies (Pollino et al., 2007; Ticehurst et al., 
2011). BNs have several advantages (Sun and Müller, 2012; Uusitalo, 
2007). First, BN allows us to deal satisfactorily with information gaps, 
which are frequent in socio-environmental problems. Second, by having 
a schematic component, the DAG facilitates the understanding of ideas 
by non-specialist public and improves the communication of the results. 
Third, BN allows the incorporation of qualitative information supplied 
by experts during the construction of the model, as well as quantitative 
and spatially explicit data. Fourth, based on Bayesian principle, BN can 
readily incorporate new evidence to continue revising the beliefs and 
improving the model. This can potentially make the network an evolving 
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model with capability to incorporate new events in the future. Finally, 
BN allows simulating different scenarios by purposely modifying one or 
more variables while keeping the rest unmodified (Mastrangelo et al., 
2019). 

2.5. Construction of Bayesian networks 

To build the DAG, i.e., to define the relationships between the vari
ables, we rely on existing information and literature, and on our own 
knowledge and that of interviewed informants regarding the social- 
ecological processes underlying the occurrence of illegal deforestation 
in the Argentine Dry Chaco (Darwiche, 2008; Mastrangelo et al., 2019). 
We asked our interviewees to propose, through a scheme of boxes and 
arrows, which factors are involved in illegal deforestation and how they 
interact. The structure of the model contains the links raised in the hy
potheses, and its parameterization based on the data collected allows 
these hypotheses to be tested. 

Finally, to build the DAG we followed the principle of parsimony, by 
which we tend to have a functional model with the fewest possible en
tities (nodes or variables), in order to simplify the modeling (Chen and 
Pollino, 2012; Marcot et al., 2006). One of the methods in avoiding too 
many direct parent nodes in BN is the so-called divorcing technique, i.e., 
to create latent variables by combining parent nodes. For example, in 
our BN the variable Landholders ́ power is multidimensional and difficult 
to represent with a single variable, therefore it is measured through the 
aggregation of three variables, each one capturing a different dimension 
of the concept: Links with political power, Economic capital and Origin of 
the agent. Once the structure was defined, the model parameters (i.e., the 
CPTs) were calculated using the collected data. We built the model with 
Netica (https://www.norsys.com), a Bayesian network platform with 
user-friendly interface, intuitive visualization, and powerful functions. 

2.6. Description of target variables 

We focused on understanding what factors influence the size and 
type of illegal deforestation events (Table 1, Fig. 2). The size of the 
events is indicated with the variable Landholding area deforested illegally, 
which is a continuous variable and represents the number of hectares of 
native forests illegally cleared in a landholding. The Type of illegality is a 
categorical variable, and represents the mechanism used by landholders 
to clear forest illegally, violating the National Forest Law. It has four 
categories defined following our knowledge, that of interviewed in
formants, and Vallejos et al. (2021). Clearing in protected zone occurs 
when landholders deforest in areas of medium or high conservation 
value (yellow or red zones), or in green zones without permission from 
the provincial authority. Clearing in downgraded areas occurs when 
landholders deforest in landholdings for which the provincial authority 
downgraded its level of protection, in violation of the National Forest 
Law. Undercover deforestation occurs when landholders use provincial 
permissions to develop so-called sustainable silvopastoral systems for 
implementing clearings that leave less tree density than that required by 
law, which end up in total clearings after a few years. Exceeded cleared 
area occurs when landholders deforest an area of forest larger than that 
permitted by the provincial authority. 

2.7. Description of influencing variables 

In the BN, the size and type of illegal deforestation events are 
influenced by nine variables (Table 1, Fig. 2). Institutional context is a 
categorical variable that captures the institutions (i.e., legislations and 
their enforcement bodies) at the subnational level, and is indicated by 
the province where the illegal deforestation event occurs. Landholders ́ 
power captures the capacity of landholders to implement illegal clear
ings. Given the multidimensional character of power, it is a latent var
iable made up of landholders ́ economic capital, landholders ́ origin and 
landholders ́ links with political power. Landholders ́ economic capital 

describes the material assets owned and produced by the landholder that 
implements the illegal clearing. The categories for this variable were 
v́ery high́, h́igh́, ḿediuḿ, and ́loẃ. We investigated whether each agent 
met the following conditions: (i) being in the highest income category, 
according to the Argentine Federal Tax system, (ii) owning landholdings 
in addition to the one where the illegal deforestation event occurred, 
(iii) having a high position in a medium-sized or large enterprise, and 
(iv) having investments in an agroindustrial sector other than primary 
production, such as processing or transport. Landholder‘s economic cap
ital was categorized as very high when three of these conditions were 
met, as high when two conditions were met, as medium when one 
condition was met, and as low when none of these conditions was met. 
Landholders ́ origin indicates the place where the landholder that imple
ments the illegal clearing comes from. Landholders ́ links with political 
power describes the strength of the ties between landholders and public 
officials and/or agencies in charge of implementing land-use or land- 
tenure regulations. The categories for this variable were ́stronǵ, ẃeaḱ, 
or ńó links with political power. Landholder‘s links with political power 
were categorized as strong if the agent has or has had long-lasting 
government positions or family/personal ties with public officials. 
This was the case when, for example, a journalistic article stated that 

Table 1 
Description of variables included in the Bayesian network.  

Variables and units Description Categories and 
distribution or 
Range 

Median 

Landholding area 
deforested 
illegally 
(hectares) 

Landholding area of native 
forest that has been 
deforested violating the 
Forest Law 

1–11,000 409 

Type of illegality Mechanism used by 
landholders to clear forest 
illegally, violating the 
Forest Law 

Clearing in 
protected zone =
54% 
Clearing in 
downgraded 
area = 35% 
Undercover 
clearing = 8% 
Exceeded cleared 
area = 3%  

Institutional 
context 

Province where the illegal 
deforestation event 
occurred 

Chaco = 56% 
Salta = 28% 
Santiago del 
Estero = 16%  

Soil quality (%) Index of soil productive 
capacity that integrates 
drainage, texture, organic 
matter content, depth, 
alkalinity, salinity and 
slope. 

11–95 37 

Annual rainfall 
(mm) 

Mean rainfall between 1970 
and 2000. 

609–1210 821 

Landholding size 
(hectares) 

Area of the landholding 
where the illegal 
deforestation event 
occurred. 

10–240,000 1940 

Landholder’s origin Place where the landholder 
originates from. 

Same province =
49% 
Non-neighboring 
province = 35% 
Neighboring 
province = 13% 
Other country =
3%  

Landholder’s 
economic capital 

Landholder’s material 
assets and level of income 

Very high = 29% 
High = 47% 
Medium = 14% 
Low = 10%  

Landholder’s links 
with political 
power 

Landholder’s ties with 
public officials and agencies 
in charge of land-use 
regulations 

Strong = 49% 
Weak = 13% 
No = 38%   
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“the farmer is a close relative of the head of the municipal government”. This 
variable was categorized as weak if the agent has had a one-off or spo
radic relationship with government agencies. This was the case when, 
for example, an NGO document reported that “the landowner did contract 
work in the provincial Forest Office in the previous administration”. When 
none of these conditions were met, the agent was categorized as having 
no links with political power. Landholding size is a continuous variable 
indicated by the number of hectares of the landholding where the illegal 
deforestation event occurred. Agricultural suitability is a latent variable 
made up of the annual rainfall and soil quality of the landholding where 
the illegal deforestation event occurred. Annual rainfall is the mean 
annual rainfall for the period 1970–2000 (Fick and Hijmans, 2017), 
while soil quality is the value of the soil quality index (INTA, 1990) 
which integrates drainage, texture, organic matter content, depth, 
alkalinity, salinity, and slope. 

2.8. Validation, accuracy assessment and robustness check 

The validation of a BN involves validating the model structure and its 
predictive power. The construction of the directed acyclic graph (DAG) 
and the discretization of continuous variables entails a substantial de
gree of subjectivity. We analyzed different configurations of the DAG, 
with different variables, which in some cases failed to explain in a robust 
way the occurrence of illegal deforestation. We conducted group dis
cussions to better understand the opinions of the experts about the 
various processes underlying illegal deforestation The final model is 
parsimonious and contains the key variables and relationships, given 
that our goal is to identify the most influential factors behind different 
types and magnitudes of illegal deforestation, and not to maximize 
predictive accuracy. 

The proposed BN contains the landholding area deforested illegally 
and the type of illegality as the target variables, which are influenced by 
nine variables through three main paths (Fig. 2). From the top-down, the 
subnational institutional context (i.e., provinces) influences the size and 
type of illegal deforestation events through its considerable leeway to 
interpret and implement the National Forest Law, and its ability and 
willingness to enforce land-use zoning plans. From the bottom-up, the 
power of individual landholders influences the target variables both 
directly (e.g., through lobby) and indirectly via the size of the 

landholding (i.e., a proxy for the volume of agricultural commodities 
exported). Landholders ́ power is a multidimensional variable made up of 
landholders ́ economic capital, links with political power, and origin. Finally, 
the size and type of illegal deforestation events are also influenced by the 
agricultural suitability of landholdings, which is made up of variables 
describing soil quality and annual rainfall. 

We then performed quantitative analysis using the “k-fold cross 
validation” method to assess the accuracy of the model (i.e., how the 
model performs on the unknown events). Specifically, 80% of the data 
was used for training the model, and the other 20% was used for the 
model testing. The 244 events were randomly partitioned into five 
groups, i.e., k = 5. Four groups of the data were used to train the model, 
i.e., learning CPTs with the training data. The trained model was then 
used to predict the target variables (type of illegality and area deforested 
illegally). The predicted values were then compared to the observation 
values with a confusion matrix (Tables S1 and S2). The process was 
repeated to ensure every group has a chance to be acted as test data. To 
ensure the robustness of the validation, we conducted 5 rounds of cross 
validations with different random splits. 

We used the trained and calibrated model to carry out four policy 
simulations, seeking to analyze what would happen in the target vari
ables in hypothetical yet plausible scenarios. We conducted simulations 
by artificially changing the value distribution of influencing variables 
according to the policy narratives. We then compared the original values 
of the target variables with their simulated values. We tested the 
response of the landholding area deforested illegally to the following 
policy simulations: (i) Large downgradings, in which all illegal defores
tation events occurred through clearing in downgraded areas, (ii) Low 
enforcement, in which all illegal deforestation events occurred through 
clearing in protected zones, (iii) Land concentration, with a shift in the 
distribution of landholding sizes towards a higher proportion of larger 
landholdings (i.e., 10–700 ha = 10%, 700–5000 ha = 30%, 
5000–240000 ha = 60%), and (iv) Large downgradings and land concen
tration, with a combination of policy scenarios (i) and (iii). 

Fig. 2. Final Bayesian network with hypothesized relationships among influencing variables, and between these and the target variables Landholding area deforested 
illegally and Type of illegality. Target variables (red boxes) are influenced by biophysical variables (green boxes), institutional context variables (cyan box), and 
individual, agent-level variables (pink boxes). Horizontal bars in each node show the initial probability distribution of the variable. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version of this article.) 

D. Blum et al.                                                                                                                                                                                                                                    



Global Environmental Change 74 (2022) 102511

7

3. Results 

3.1. Illegal deforestation events 

We obtained high data coverage for 244 events of illegal deforesta
tion, which altogether involved the clearing of 275,592 ha of Chaco 
forests. This sample covers approximately 34% of the area deforested 
illegally in the provinces and the period under study. The average area 
deforested illegally per event was 1139 ha, with substantial differences 
among provinces, i.e., in Salta (2197 ha) was 1.2 times larger than in 
Santiago del Estero (1853 ha) and 5.5 larger than in Chaco (402 ha). The 
main type of illegal deforestation in the three provinces was clearing in 
protected zones, while more than a third of illegal deforestation in Salta 
(36%) and Chaco (37%) occurred through clearing in downgraded 
areas. 

The average landholding area deforested illegally was 18 times larger 
in landholdings managed by landholders with high and very high eco
nomic capital and strong links with political power (2516 ha) compared 
to those managed by landholders with low capital and weak links with 
political power (141 ha), equivalent to 15% and 1% of the average 
landholding size, respectively. At the same time, the landholding area 
deforested illegally was 2.5 times larger in landholdings managed by 

extra-local landholders (1689 ha) compared to those managed by local 
landholders (685 ha). Deforestation events executed by powerful land
holders occurred mainly through clearing in protected zones (50%) and 
clearing in downgraded areas (46%). All deforestation events in down
graded areas were executed by powerful landholders. 

3.2. The Bayesian network 

As for the model performance, the average error rate based on the 
confusion matrix in the cross validation was consistently around 30% 
(standard deviation 13%, 95% CI) for the target variable type of illegality 
and 38% (standard deviation 11%, 95% CI) for the target variable 
landholding area deforested illegally. These error rates are acceptable 
considering the parsimoniousness of the model, which has only nine 
influencing variables to represent the complex network of relationships 
underlying the occurrence of illegal deforestation, which is a highly 
heterogeneous and uncertain social phenomenon. Besides, very low 
error rates are not always preferable, as these may point to overfitting of 
the model. Lastly, both target variables have four categories each, and it 
is challenging to accurately predict the exact categories with our 
parsimonious Bayesian network. In the case of the landholding area 
deforested illegally, many of the incorrectly predicted areas were 

Fig. 3. Influencing variables in the type of illegality (a) and the landholding area deforested illegally (b). Red bars show target variables, green bars show biophysical 
variables, cyan bars show institutional context variables, and pink bars show individual, agent-level variables. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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assigned to adjacent categories. 

3.3. Sensitivity analysis 

The influencing variables analyzed in the model explained 46% of 
the variation in the type of illegality and 39% of the variation in the 
landholding area deforested illegally (Fig. 3). The type of illegality was 
mainly influenced by the subnational institutional context (11%), fol
lowed by the agricultural suitability of the landholding (10%) in which 
the deforestation event occurred (Fig. 3a). The landholding area defor
ested illegally was also mainly influenced by the subnational institutional 
context (12%), but the next influencing variables were related to indi
vidual characteristics of the landholder, that is, its power (11%) and the 
size of its landholding (10%) (Fig. 3b). 

3.4. Policy simulations 

The simulations suggest that a policy promoting large downgradings 
would increase the proportion of medium-size deforestation events 
(500–1000 ha) by 12% and of large deforestation events (1000–2000 
ha) by 6%, while it would reduce the proportion of small deforestation 
events (0–500 ha) by 17%, compared to the situation without simulation 
(BAU scenario, Table S3). In turn, weakening the enforcement of land- 
use zoning plans (i.e., subnational governments being permissive with 
clearings in protected zones) would increase the proportion of small 
deforestation events (0–500 ha) by 11%, while having a small impact 
(5–6%) on medium to large deforestation events (Table S4). A land 
policy allowing further increases in landholding size (i.e., land con
centration) would have a small impact on the type of illegal deforesta
tion events but a considerable impact on its size, as the proportion of 
large deforestation events (1000–2000 ha) would increase by 7% and of 
very large deforestation events (2000–11,000 ha) by 14% (Table S5). 
Finally, a policy combining large downgradings and the concentration of 
land in fewer hands would increase the proportion of large and very 
large deforestation events by 14% and 18%, respectively (Table S6). 

4. Discussion 

Tropical and subtropical deforestation for the expansion of com
modity production frontiers is a major driver of biodiversity loss, climate 
change, and land degradation (Curtis et al., 2018). Anti-deforestation 
policies have demonstrated limited effectiveness and illegal clearings 
continue unabated (Börner et al., 2020; Dummet and Blundell, 2021; 
Rajão et al., 2020). Institutional context and power dynamics underlying 
illegal deforestation have remained understudied, despite their key role 
in shaping conservation policy outcomes (Berbés-Blázquez et al., 2016; 
Milmanda and Garay, 2019). Here we contribute to filling this knowl
edge gap by quantitatively assessing the influence of individual (power) 
and contextual (institutions and environment) factors on the type and 
size of illegal deforestation events in the Argentine Dry Chaco, a major 
commodity production frontier and global deforestation hotspot (Han
sen et al., 2013). We modelled these relationships with a Bayesian 
network fed with empirical data from 244 illegal deforestation events 
occurred during the implementation of the National Forest Law and 
provincial land-use zoning plans (2008–2020) in three core Chaco 
provinces: Chaco, Santiago del Estero, and Salta. 

Four key findings emerge from this analysis. First, both contextual 
and individual factors shape illegal deforestation outcomes and explain 
almost half of the variation in the type and size of illegal deforestation 
events. Second, the subnational (provincial) institutional context largely 
determines the way in which illegal deforestation events are produced, 
and the size of those events. Third, subnational institutions drive illegal 
deforestation events differently, depending on the agricultural suit
ability and size of the landholding as, for instance, clearings in down
graded areas in Salta and Chaco provinces occurred in larger 
landholdings with more suitable land. Fourth, the power of landholders 

is highly influential for the size of illegal deforestation events, as more 
powerful landholders deforest larger areas. These findings have impli
cations for reforming the design, implementation, and monitoring of 
anti-deforestation policies in the Argentine Chaco, but are also relevant 
for other commodity production frontiers. 

Modelling complex social and institutional phenomena, such as 
illegal deforestation, commands some level of simplification in model 
design, which tends to increase the model error. In our model, we chose 
to categorize the type of illegal deforestation following the National 
Forest Law, as done in other studies (Camba Sans et al., 2018; Ceddia 
and Zepharovich, 2017; Nolte et al., 2017b; Vallejos et al., 2021; Volante 
and Seghezzo, 2018). Given the leeway of subnational governments for 
implementing the law, some nuances in the provincial definition of 
illegality may not be captured in the model design. Thus, the attribution 
of influential factors to the different types of illegal deforestation adds to 
the model error. More certainty can be gained by comparing the impact 
of influential factors on illegal vs. legal deforestation. Unfortunately, the 
effects of individual, agent-level factors on deforestation have not been 
examined in the Argentine Chaco before this study. Nevertheless, this 
kind of factors are expected to have a weaker influence on overall and 
legal deforestation, as the issue of legal permits is subject to more 
accountable and less arbitrary processes, compared to illegal 
deforestation. 

Our study adds critical evidence to the regional and global debate 
over the effectiveness of decentralized policies to combat deforestation. 
Whether subnational governments are willing and able to reduce 
deforestation has remained controversial but understudied (Torrella 
et al., 2018). In the Argentine Chaco, Nolte et al. (2017b) assessed the 
impact of decentralized policies on deforestation and concluded that the 
delegation of design and enforcement to subnational (provincial) gov
ernments has been effective at protecting forests, while Camba Sans 
et al. (2018) showed that it could not reduce illegal deforestation. Using 
the same dataset as Nolte et al. (2017b), Volante and Seghezzo (2018) 
reported that illegal deforestation in the protected (yellow and red) 
zones was even higher than legal deforestation in the non-protected 
(green) zone during the early implementation of the Forest Law 
(2008–2014). Focusing on the same three Chaco provinces assessed by 
Nolte et al. (2017b), we showed here that the type and size of illegal 
deforestation events from 2008 to 2020 differed between provinces and 
that such variation was mainly explained by the subnational institu
tional context. Thus, the two latter studies identify the low enforcement 
capacity of subnational governments and high levels of non-compliance 
of landholders with forest conservation policy as key causes for the high 
deforestation rates. 

The lack of interest and/or capacity of subnational governments to 
protect forests has been associated with several factors, among them the 
economic dependence of provincial States on taxes from export sales, 
which confers considerable power to landholders that produce agricul
tural commodities for export (Alcañiz and Gutierrez, 2020; Seghezzo 
et al., 2011). Milmanda and Garay (2019) argue that executive (gover
nors) choices for the design of the land-use zoning plans and their 
enforcement depend on the relative power of large landholders and 
conservation coalitions. They propose that (i) where provincial conser
vationist groups are strong, governors design and enforce strict regula
tions (i.e., in Chaco province), (ii) where both groups are powerful, 
governors design strict regulations but their enforcement is low to satisfy 
the demands of large landholders (i.e., in Santiago del Estero province), 
and (iii) where conservationists are not organized and landholders are 
influential, regulations are permissive and weakly enforced (i.e., in Salta 
province). In contrast, we found that enforcement of forest zoning plans 
has been homogeneously low as clearing in protected zones represented 
more than half of the area affected by illegal deforestation in all three 
provinces. In addition, we found that in two out of three provinces 
(Chaco and Salta) governors changed regulations to make them more 
permissive. They allowed clearings of downgraded areas in medium to 
large landholdings with more agriculturally suitable lands. Therefore, de 
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facto forest governance has been mobilized “following the market” 
(Nansikombi et al., 2020; Nolte et al., 2017a; Seghezzo et al., 2011) and 
has amplified power asymmetries, as subnational governments made 
regulations more flexible where expected profits were higher and 
landholders were already powerful. 

Power dynamics are increasingly considered as key determinants of 
conservation outcomes (Berbés-Blázquez et al., 2016); however, 
empirical and quantitative evidence of such influence is scarce. Here we 
show that individual characteristics of landholders (i.e., their power and 
landholding size), in combination with the subnational context, explain 
a third of the variation in the size of illegal deforestation events. The 
mechanisms behind non-compliance of powerful landholders are related 
to their economic capital and links with the political power. Existing 
economic sanctions for violations of the law are insufficient to prevent 
illegal clearings, but instead are incorporated as an additional produc
tion cost by landholders with high economic capital (Di Pangracio and 
Cáceres, 2020). In parallel, lobbying and campaign funding by land
holder groups as well as partisan and family ties between landholders 
and government officials foster corruption, which results in illegal 
clearings in exchange of political support (Milmanda and Garay, 2019; 
Smith et al., 2012). Tight interactions and alliances between powerful 
landholders and subnational governments have also been associated 
with low enforcement of land-use regulations and deforestation in pro
tected areas in Africa (Albertazzi et al., 2018; Samndong et al., 2018; 
Sulaiman et al., 2017), in agricultural frontiers in Southeast Asia (Bet
tinger, 2015; Currey et al., 2001), and in the Brazilian Amazon 
(Boekhout van Solinge, 2014.; Lawson, 2010; London and Kelly, 2007). 

Our modelling results lend support to a positive feedback loop be
tween landholderś power and the area deforested illegally, mediated by 
landholding size and the type of illegal deforestation. In this loop, 
already powerful landholders (usually extra-local agents from other 
regions who invest surplus capital) expand their landholdings by dis
possessing and displacing smallholders (Cáceres, 2015; Goldfarb and 
van der Haar, 2015; Román et al., 2007; Schoneveld et al., 2011). Larger 
landholdings are associated with higher economic power through high 
profits and have a larger influence on provincial governments through 
taxes from export sales (Seghezzo et al., 2011). Large powerful land
holders are able to simultaneously privatize and concentrate land tenure 
(Faingerch et al., 2021) and lobby the government to relax land-use 
regulations in their landholdings (Seghezzo et al., 2011). Two addi
tional findings provide evidence on this feedback loop. First, the average 
landholding area deforested illegally was 18 times larger in landhold
ings managed by powerful landholders, who were the only ones that 
cleared in downgraded areas. Second, the policy simulation that com
bined land concentration and large downgradings was associated to 
increases in the size of illegal deforestation events larger than those 
caused by either policy alone. This is a plausible scenario considering 
the increasing trend in international commodity prices and extraordi
nary rents from commodity production (Alcañiz and Gutierrez, 2020; 
Godar et al., 2012). 

Disassembling the pervasive institutional and power dynamics that 
are underlying illegal deforestation requires a smart policy mix. Given 
the strong influence of international commodity trade on land-use 
change, the effectiveness of forest conservation policies depends on 
the integration of instruments across economic, agriculture, and envi
ronment sectors, as well as the alignment of their conflicting goals 
(Börner et al., 2020; Gutierrez, 2017; Harahap et al., 2017; Huaranca 
et al., 2019). A key policy with the potential for enabling forest con
servation entails reforming land tenure to prevent further land con
centration and power accumulation by already large landholders 
(Börner et al., 2020), for example, by increasing the security of tenure of 
land managed by mestizo and indigenous people (Faingerch et al., 
2021). This should be accompanied with policy incentives for the pro
motion of land-use systems that add value to forests locally (e.g., non- 
timber forest products) and supply chains that increase the opportu
nity cost of deforestation (Alcañiz and Gutierrez, 2020; Lambin et al., 

2018; Nepstad et al., 2014). Disincentives to further illegal deforestation 
will also be critical. Considering the ineffectiveness of economic sanc
tions, illegal deforestation must be typified as an environmental crime in 
Argentinian legislation. In sum, a smart policy mix is needed to disrupt 
the vicious cycle of landholders ́ power accumulation and subnational 
institutional weakness that underlies illegal deforestation. 

5. Conclusions 

Our case study in the Argentine Chaco illustrates how interactions 
between powerful landholders and weak institutions, in a context of 
extraordinary land rents, enable illegal deforestation. We add critical 
quantitative evidence and valuable qualitative insights on the role of 
subnational institutions and landholders ́ power in shaping illegal 
deforestation outcomes in this important commodity production fron
tier, which harbors globally relevant biodiversity and carbon stocks. To 
do so, we used Bayesian networks, which allowed us to combine data on 
illegal deforestation events extracted from news and reports with 
quantitative locational data as well as agent-level socioeconomic in
formation. Policy simulations revealed the interacting effect of land- 
tenure settings and land-use regulations on illegal deforestation. Un
derstanding the simultaneous and interrelated influence of multiple 
factors (i.e., social, institutional, and biophysical) corroborates the need 
for instigating smart policy mixes to effectively tackle conservation 
problems that cut across scales and sectors. 
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havens and global environmental degradation. Nature Ecology and Evolution 2 (9), 
1352–1357. https://doi.org/10.1038/s41559-018-0497-3. 

García Collazo, M.A.G., Panizza, A., Paruelo, J.M., 2013. Ordenamiento territorial de 
bosques nativos: Resultados de la zonifcación realizada por provincias del norte 
Argentino. Ecologia Austral 23 (2), 97–107. https://doi.org/10.25260/ea.13.23 
.2.0.1165. 

Gasparri, N.I., Grau, H.R., 2009. Deforestation and fragmentation of Chaco dry forest in 
NW Argentina (1972–2007). Forest Ecology and Management 258 (6), 913–921. 
https://doi.org/10.1016/j.foreco.2009.02.024. 

Gasparri, N.I., Grau, H.R., Gutiérrez Angonese, J., 2013. Linkages between soybean and 
neotropical deforestation: Coupling and transient decoupling dynamics in a multi- 
decadal analysis. Global Environmental Change 23 (6), 1605–1614. https://doi.org/ 
10.1016/j.gloenvcha.2013.09.007. 

Gasparri, N.I., Grau, H.R., Sacchi, L.V., 2015. Determinants of the spatial distribution of 
cultivated land in the North Argentine Dry Chaco in a multi-decadal study. Journal 
of Arid Environments 123, 31–39. https://doi.org/10.1016/j.jaridenv.2015.05.005. 
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Omrow, D., Stoett, P., Wyatt, T., White, R., 2019. Transnational environmental crime 
threatens sustainable development. Nature Sustainability 2 (9), 784–786. https:// 
doi.org/10.1038/s41893-019-0363-6. 

Gutierrez, R.A., 2017. La confrontación de coaliciones sociedad-Estado: la política de 
protección de bosques nativos en Argentina (2004–2015). Revista SAAP 11 (2), 
283–312. 

Haddad, N., Brudvig, L., Clobert, J., Davies, K., Gonzalez, A., Holt, R., Lovejoy, T., 
Sexton, J., Austin, M., Collins, C., Cook, W., Damschen, E., Ewers, R., Foster, B., 
Jenkins, C., King, A., Laurance, W., Levey, D., Margules, C., Towshend, J., 2015. 
Habitat fragmentation and its lasting impact on Earth’s ecosystems. Applied 
Mechanics and Materials 315 (March), 108–112. https://doi.org/10.4028/www. 
scientific.net/AMM.315.108. 

Hansen, M.C., Potapov, P.V., Moore, R., Hancher, M., Turubanova, S., Tuyukavina, A., 
Thau, D., Stehman, V., Goetz, S., Loveland, T., Kommareddy, A., Egorov, A., 
Chini, L., Justice, C., Towshend, J., 2013. High-Resolution Global Maps of. Science 
850 (November), 850–854. https://doi.org/10.1126/science.1244693. 

Harahap, F., Silveira, S., Khatiwada, D., 2017. Land allocation to meet sectoral goals in 
Indonesia—An analysis of policy coherence. Land Use Policy 61, 451–465. https:// 
doi.org/10.1016/j.landusepol.2016.11.033. 

Huaranca, L.L., Iribarnegaray, M.A., Albesa, F., Volante, J.N., Brannstrom, C., 
Seghezzo, L., 2019. Social Perspectives on Deforestation, Land Use Change, and 
Economic Development in an Expanding Agricultural Frontier in Northern 
Argentina. Ecological Economics 165 (April), 106424. https://doi.org/10.1016/j. 
ecolecon.2019.106424. 

INTA. (1990). Suelos de la República Argentina, Versión 1.0. Versión digital corregida y 
ajustada mediante técnicas actuales de ingeniería SIG en base a la información original 
vectorizada a partir de los mapas de suelos provinciales que integran el Atlas de Suelos. 

IPCC. (2014). Agriculture, Forestry and Other Land Use (AFOLU). In: Climate Change 
2014: Mitigation of Climate Change. Contribution of Working Group III to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change [Edenhofer, 
O., R. Pichs-Madruga, Y. In Climate Change 2014: Mitigation of Climate Change. 
Contribution of Working Group III to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change [Edenhofer, O., R. Pichs-Madruga, Y. Sokona, E. Farahani, S. 
Kadner, K. Seyboth, A. Adler, (Vol. 1, pp. 811–922). https://doi.org/10.1017/ 
cbo9781107415416.017. 

Jensen, F. (2001). Springer Science & Business Media. In Bayesian Networks and Decision 
Graphs (Vol. 13). https://books.google.ie/books? 
id=jzbY4NisxckC&printsec=frontcover&source=gbs_ge_summary_ 
r&cad=0#v=onepage&q&f=false. 

Lambin, E. F., Gibbs, H. K., Heilmayr, R., Carlson, K. M., Fleck, L. C., Garrett, R. D., Le 
Polain De Waroux, Y., McDermott, C. L., McLaughlin, D., Newton, P., Nolte, C., 
Pacheco, P., Rausch, L. L., Streck, C., Thorlakson, T., & Walker, N. F. (2018). The 
role of supply-chain initiatives in reducing deforestation. In Nature Climate Change 
(Vol. 8, Issue 2, pp. 109–116). Nature Publishing Group. https://doi.org/10.1038/ 
s41558-017-0061-1. 

Lawson, S. (2010). Illegal Logging and Related Trade. Indicators of the Global Response. 
Review of European Community and International Environmental Law, 14(July), 1–8. 
http://www.chathamhouse.org/sites/files/chathamhouse/public/Research/Energy, 
Environment and Development/0710bp_illegallogging.pdf. 

D. Blum et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.cosust.2016.02.003
https://doi.org/10.1111/apv.2015.56.issue-210.1111/apv.12069
https://doi.org/10.1111/apv.2015.56.issue-210.1111/apv.12069
http://refhub.elsevier.com/S0959-3780(22)00049-8/h0055
http://refhub.elsevier.com/S0959-3780(22)00049-8/h0055
http://refhub.elsevier.com/S0959-3780(22)00049-8/h0055
https://doi.org/10.1146/resource:2020.12.issue-110.1146/annurev-resource-110119-025703
https://doi.org/10.1146/resource:2020.12.issue-110.1146/annurev-resource-110119-025703
https://doi.org/10.1006/jema.1999.0290
https://doi.org/10.25260/ea.17.27.1.1.273
https://doi.org/10.25260/ea.17.27.1.1.273
https://doi.org/10.1111/joac.12057
https://doi.org/10.1007/s11111-009-0090-4
https://doi.org/10.1007/s11111-009-0090-4
https://doi.org/10.1016/j.landusepol.2017.09.044
https://doi.org/10.1016/j.landusepol.2017.09.044
https://doi.org/10.1016/j.envsoft.2012.03.012
https://doi.org/10.1016/j.envsoft.2012.03.012
https://doi.org/10.1007/978-3-540-68996-6_4
http://refhub.elsevier.com/S0959-3780(22)00049-8/h0115
http://refhub.elsevier.com/S0959-3780(22)00049-8/h0115
http://refhub.elsevier.com/S0959-3780(22)00049-8/h0115
https://doi.org/10.1126/science.aau3445
https://doi.org/10.1126/science.aau3445
http://refhub.elsevier.com/S0959-3780(22)00049-8/h0140
http://refhub.elsevier.com/S0959-3780(22)00049-8/h0140
https://doi.org/10.1146/ecolsys.2003.34.issue-110.1146/annurev.ecolsys.34.011802.132419
https://doi.org/10.1146/ecolsys.2003.34.issue-110.1146/annurev.ecolsys.34.011802.132419
https://doi.org/10.7551/mitpress/3629.003.0022
https://doi.org/10.7551/mitpress/3629.003.0022
https://doi.org/10.1016/j.agee.2020.107117
https://doi.org/10.1002/joc.2017.37.issue-1210.1002/joc.5086
https://doi.org/10.1038/s41559-018-0497-3
https://doi.org/10.25260/ea.13.23.2.0.1165
https://doi.org/10.25260/ea.13.23.2.0.1165
https://doi.org/10.1016/j.foreco.2009.02.024
https://doi.org/10.1016/j.gloenvcha.2013.09.007
https://doi.org/10.1016/j.gloenvcha.2013.09.007
https://doi.org/10.1016/j.jaridenv.2015.05.005
http://refhub.elsevier.com/S0959-3780(22)00049-8/h0200
http://refhub.elsevier.com/S0959-3780(22)00049-8/h0200
http://refhub.elsevier.com/S0959-3780(22)00049-8/h0200
https://doi.org/10.1016/j.foreco.2011.11.046
https://doi.org/10.1016/j.foreco.2011.11.046
https://doi.org/10.1080/03066150.2015.1041107
https://doi.org/10.1038/s41893-019-0363-6
https://doi.org/10.1038/s41893-019-0363-6
http://refhub.elsevier.com/S0959-3780(22)00049-8/h0225
http://refhub.elsevier.com/S0959-3780(22)00049-8/h0225
http://refhub.elsevier.com/S0959-3780(22)00049-8/h0225
https://doi.org/10.4028/www.scientific.net/AMM.315.108
https://doi.org/10.4028/www.scientific.net/AMM.315.108
https://doi.org/10.1126/science.1244693
https://doi.org/10.1016/j.landusepol.2016.11.033
https://doi.org/10.1016/j.landusepol.2016.11.033
https://doi.org/10.1016/j.ecolecon.2019.106424
https://doi.org/10.1016/j.ecolecon.2019.106424


Global Environmental Change 74 (2022) 102511

11

Lawson, S., 2014. Illegal Logging in the Democratic Republic of the Congo. Chatham 
House 29. 

London, M., Kelly, B., 2007. The Last Forest. The Amazon in the Age of Globalisation. 
New York, In Random House.  

Magliocca, N., Torres, A., Margulies, J., McSweeney, K., Arroyo-Quiroz, I., Carter, N., 
Curtin, K., Easter, T., Gore, M., Hübschle, A., Massé, F., Rege, A., Tellman, E., 2021. 
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NOA. La situación de los pequeños productores y los pueblos originarios. Revista 
Interdisciplinaria de Estudios Agrarios 23 (1), 2–4. 

Smith, J., Obidzinski, K., Subarudi, S., & Suramenggala, I. (2012). Illegal Logging, 
Collusive Corruption and Fragmented Governments in Kalimantan, Indonesia. In 
Illegal Logging (p. 19). 

Smith, K.F., Goldberg, M., Rosenthal, S., Carlson, L., Chen, J., Chen, C., 
Ramachandran, S., 2014. Global rise in human infectious disease outbreaks. Journal 
of the Royal Society Interface 11 (101), 1–7. https://doi.org/10.1098/ 
rsif.2014.0950. 

Sulaiman, C., Abdul-Rahim, A.S., Mohd-Shahwahid, H.O., Chin, L., 2017. Wood fuel 
consumption, institutional quality, and forest degradation in sub-Saharan Africa: 
Evidence from a dynamic panel framework. Ecological Indicators 74, 414–419. 
https://doi.org/10.1016/j.ecolind.2016.11.045. 

Sun, Z., Müller, D., 2012. A framework for modeling payments for ecosystem services 
with agent-based models, Bayesian belief networks and opinion dynamics models. 
Environmental Modelling and Software 45, 15–28. https://doi.org/10.1016/j. 
envsoft.2012.06.007. 

Sundström, A., 2016. Understanding illegality and corruption in forest governance. 
Journal of Environmental Management 181, 779–790. https://doi.org/10.1016/j. 
jenvman.2016.07.020. 

Tellman, B., Sesnie, S.E., Magliocca, N.R., Nielsen, E.A., Devine, J.A., McSweeney, K., 
Jain, M., Wrathall, D.J., Dávila, A., Benessaiah, K., Aguilar-Gonzalez, B., 2020. Illicit 
Drivers of Land Use Change: Narcotrafficking and Forest Loss in Central America. 
Global Environmental Change 63 (February), 102092. https://doi.org/10.1016/j. 
gloenvcha.2020.102092. 

Tesfaw, A.T., Pfaff, A., Golden Kroner, R.E., Qin, S., Medeiros, R., Mascia, M.B., 2018. 
Land-use and land-cover change shape the sustainability and impacts of protected 
areas. Proceedings of the National Academy of Sciences of the United States of 
America 115 (9), 2084–2089. https://doi.org/10.1073/pnas.1716462115. 

Ticehurst, J.L., Curtis, A., Merritt, W.S., 2011. Using Bayesian Networks to complement 
conventional analyses to explore landholder management of native vegetation. 
Environmental Modelling and Software 26 (1), 52–65. https://doi.org/10.1016/j. 
envsoft.2010.03.032. 

Tilman, D., Clark, M., Williams, D.R., Kimmel, K., Polasky, S., Packer, C., 2017. Future 
threats to biodiversity and pathways to their prevention. Nature 546 (7656), 73–81. 
https://doi.org/10.1038/nature22900. 

Torrella, S., Adámoli, J., 2005. 2005. Ecorregión Chaco Seco, In Situación ambiental 
argentina.  

Torrella, S., Piquer-Rodríguez, M., Levers, C., Ginzburg, R., Gavier-Pizarro, G., 
Kuemmerle, T., 2018. Multiscale spatial planning to maintain forest connectivity in 
the Argentine Chaco in the face of deforestation. Ecology and Society 23 (4), 1–19. 
https://doi.org/10.5751/ES-10546-230437. 

UMSEF-MAyDS. (2019). Unidad de Manejo del Sistema de Evaluación Forestal - 
Monitoreo de la Superficie de Bosque Nativode la República Argentina - MAYDS. 
https://www.argentina.gob.ar/ambiente/bosques/umsef. 

Uusitalo, L., 2007. Advantages and challenges of Bayesian networks in environmental 
modelling. Ecological Modelling 203 (3–4), 312–318. https://doi.org/10.1016/j. 
ecolmodel.2006.11.033. 

Vallejos, M., Camba Sans, G. H., Aguiar, S., Mastrángelo, M. E., & Paruelo, J. M. (2021). 
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