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Abstract
Recent studies identifying underlying and proximate drivers of tropical deforestation and 
forest degradation have applied a multitude of methodologies, with varying and some-
times conflicting results. Divergent results can have implications for evidence-informed 
programs, policy action, and land use planning since these differences can lead to contro-
versy as to which drivers should be addressed by deforestation and emissions-reduction 
or conservation programs, in addition to mismatch between the scale of study results and 
the scale of policy and program implementation. To identify and reconcile divergences 
between results among different scales and methodological approaches, we systematically 
reviewed 231 articles in the drivers of deforestation literature and found inconsistency 
in scale applied within studies (e.g., differences between the stated scale of analysis and 
scale of article recommendations), and variation in the number and type of drivers identi-
fied between studies by methodology. Additionally, global and regional studies tended to 
feature recommendations that would be difficult to implement, or that targeted large-scale 
problems lacking specificity. This study clarifies common themes in driver identification 
and what is needed for drawing contextualized, scale-appropriate conclusions relevant to 
forest conservation policy and sustainable land use planning. We suggest improvements 
to recommendations drawn from drivers of deforestation studies and avenues to reconcile 
divergences in approaches and results, which will support efforts to advance forest conser-
vation and sustainable forest management outcomes.
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Introduction

Anthropogenic disturbance such as land use change for agriculture and other natural 
resource extraction is responsible for significant recent losses in biodiversity and tropical 
forest cover and quality (Steffen et al. 2015; Winkler et al., 2021; Pereira et al. 2010). Since 
1990 alone, “approximately 420 million hectares of forest have been lost through land con-
version uses” (FAO 2020, p. xvi). A well-developed body of scholarly literature identifies 
the specific underlying and proximate drivers of tropical deforestation and forest degrada-
tion at various global, regional, national, and local scales. In the tropics, common drivers 
of deforestation and degradation include but are not limited to smallholder and industrial 
agriculture, mining, fires, road and other infrastructure development, and armed conflicts 
(Fritz et al. 2022; Giljum et al. 2022; Pendrill et al. 2019; Pacheco et al., 2021; Hosonuma 
et al. 2012; Meyfroidt and Lambin 2009; Geist and Lambin 2002, 2001). To better char-
acterize underlying and proximate drivers of deforestation and forest degradation, recent 
advancements in remote sensing and big data analytics have resulted in a proliferation of 
research incorporating cutting-edge algorithmic, statistical modeling, and remote sensing 
methods (Cardille et al. 2024; Branthomme et al. 2023; Oshan et al. 2022; Pendrill et al. 
2022; Laso Bayas et al. 2022; Vieilledent et al. 2022; Shapiro et al. 2023, 2021; Tyukavina 
et al. 2018; Meyfroidt 2016; Hansen et al., 2013; Hosonuma et al. 2012). Despite the many 
benefits of these methodological advancements, the abundance of methodologies, datasets, 
and tools to assess drivers of deforestation has led to divergent and sometimes conflicting 
results (Scrieciu 2007; Busch Ferretti-Gallon 2017; Mayer 2019).

The diversification of methodological approaches to deforestation research has also 
resulted in a greater range of treatment of the concept of scale (Oshan et  al. 2022). As 
Oshan et al. (2022) describe, scale can refer to the level at which data collection or physical 
processes take place, or even “the range over which spatial processes vary” (p. 294). These 
numerous concepts of scale are considered type 1 scale multiplicity, which involves differ-
ent notions of scale. Type II scale multiplicity involves the simultaneous use of multiple 
scales. Scale, by either of these definitions, as well as context dependencies, are important 
factors that directly influence the conclusions of any given analysis, including those that 
identify specific human activities as drivers of deforestation (Fig. 1) (Ferrer Velasco et al. 
2020). While there are several consistently identified pantropical drivers of deforestation 
(e.g., population pressure and agriculture), when studies are conducted at subnational or 
even finer scale levels, heterogeneity across the findings results from context dependen-
cies and spillover effects (DeFries et al., 2010; Kuschnig et al., 2021; Keenan et al., 2015). 
Alternatively, coarse global and regional scale studies that neatly identify underlying and 
proximate drivers can fail to capture the more complex stories at more local levels (Mayer 
2019).

The heterogeneity and overlap of potential drivers of deforestation and forest degra-
dation seen in scholarly literature inhibits both our consensus and understanding as well 
as effective conservation decision-making. The conflicting views in the literature result-
ing from diverse methodologies and treatments of scale have implications for evidence-
informed programs and policy action (Zu Ermgassen et  al. 2023; Mauser 2013; Brandt 
et al. 2013; Margules et al. 2020; Reyers et al. 2010; Bele et al. 2015; Oliveira Meyfroidt 
2021). When results are divergent, there may be lack of clarity and consistency regarding 
whether, for instance, deforestation and emissions-reduction programs should be designed 
to address drivers identified by regional remote sensing analysis or those identified in local 
socioeconomic surveys (Harris et al., 2021).
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Problem statement and research questions

This study addresses the need to identify and reconcile divergences between results at 
different scales and methods, to establish a more cohesive understanding of drivers of 
deforestation. Linking to transdisciplinary and practice-oriented research, the study fur-
ther highlights improvements that can be made to recommendations drawn from drivers 
of deforestation studies to advance implementation (Reyers et al. 2010). This study asks 
two overarching research questions. First, how does methodological approach and scale 
of analysis influence the quantity and type of drivers of tropical deforestation and forest 
degradation identified? Second, what are the implications for conservation policy and pro-
gram action in specific regional contexts?

This study elaborates these overarching questions with several specific research ques-
tions that are addressed with respect to those above:

•	 RQ1—Scale Integration: What can the literature on drivers of tropical deforestation 
and forest degradation tell us about actions to be taken across scale levels?

•	 RQ2—Driver Identification: What is the range and diversity of tropical deforestation 
and forest degradation drivers identified in the literature?

•	 RQ3—Methods: What is the range and diversity methodological approaches used to 
assess drivers of forest change, and how do results vary by approach?

•	 RQ4—Action and Implementation: What are the actionable tools that can be designed 
based on a synthetic understanding of the suite of methodological approaches and treat-
ment of scale for diagnosing and addressing deforestation and forest?

•	 RQ5—Future Research: What are the priority research gaps that can be identified from 
this systematic review?

To address these research questions, a global systematic literature review was under-
taken focusing on methods used to derive findings and recommendations for underlying 
and proximate drivers of deforestation and forest degradation at and between analytical 
and process scales. As described in the Methods and Limitations sections, this study was 

Fig. 1   Conceptual illustration of relationships between scale and evidence on underlying and proximate 
drivers of deforestation and forest degradation
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conceived within a broader project focused on Central African drivers of deforestation, 
which informed the sampling of articles for this review. Although a global analysis, the 
review included regionally specific databases for African contexts to overcome the dis-
proportionately low inclusion of Sub-Saharan African papers in many global systematic 
reviews, and overall disparities in understanding of drivers of deforestation between Sub-
Saharan Africa and other global regions (Pendrill et al. 2022, p. 8). Addressing the knowl-
edge disparity between global regions is important because drivers of deforestation vary 
between major tropical forest regions, as emphasized by our second overarching research 
question (RQ2). For example, small-scale agriculture remains the primary driver of defor-
estation in Sub-Saharan Africa, while the role of global commodity chain and industrial 
agricultural drivers have become increasingly central in other major regions such as Latin 
America and Southeast Asia (Pendrill et al. 2022; Branthomme et al. 2023).

Background

Common drivers of tropical deforestation and forest degradation

The literature has established that scholarly treatment of drivers of deforestation should 
begin by defining and differentiating underlying and proximate causes and drivers, as 
ambiguity of terms and concepts is a well-documented challenge in the study of drivers of 
deforestation and forest degradation (Meyfroidt 2016; Geist and Lambin 2002). To provide 
initial conceptual clarity around the terminology used in this article, we incorporate termi-
nology as defined by Meyfroidt (2016) in Table 1. Conceptual clarity regarding causality, 
and the use of a “precise vocabulary and harnessing our tools with the clear purpose of 
establishing both causal effects and causal mechanisms” is critical for strengthening causal 
explanations in study of drivers of deforestation and forest degradation, as well as driv-
ers of change in broader socio-ecological systems (Meyfroidt 2016, p. 501). Establishing 
conceptual clarity holds further importance as methodologies described throughout the lit-
erature can often be readily classified by their quantitative, qualitative, and mixed methods 
nature, but not necessarily by application of causal inference techniques (Atmadja Verchot 
2012).

Having clarified what is or is not an underlying or proximate driver of deforestation, we 
can proceed to review the drivers most frequently cited in the literature. In recent years, 
the drivers of deforestation and degradation literature has advanced not only in terms of 
better understanding underlying and proximate drivers of forest loss and degradation in 
Sub-Saharan Africa and other major regions, but also in terms of identifying temporal 
and spatial scales at which impacts of drivers are enacted, and the actors that are involved 
(Hänggli et al. 2023; Balboni et al. 2023; Garrett et al. 2021; Pendrill et al. 2022; Pendrill 
et al. 2019; Lambin et al. 2018; Hosonuma et al. 2012). Systematic reviews such as those 
by Pendrill et al. (2022), Hängli et al. (2023), and Garrett et al. (2021) have identified driv-
ers and explored policy effectiveness. Theoretical developments in the literature have also 
shifted from identifying the primary agent of deforestation as an individual actor (Indarto 
and Mutaqin, 2016; Angelsen and Kaimowitz 1999; Angelsen 2010; Angelsen et al. 2014; 
Rudel 2007; Barbier et al. 2010; Geist and Lambin 2002) to considering the wider lens of 
collective or institutional drivers that result in deforestation dynamics driven by influences 
across scales (Indarto and Mutaqin, 2016; Meyfroidt 2016; Ferrer Velasco et  al. 2020; 
Meyfroidt and Lambin 2009). The increased study of collective and institutional drivers 



5Biodiversity and Conservation (2024) 33:1–29	

1 3

has also been supported by increasing focus on scale and complexity within the landscape 
ecology literature (Sayer et al. 2013; Millington 2022; Newman et al. 2019).

Despite literature demonstrating that industrialized agriculture driven by global com-
modity chains and consumer demand is replacing small-scale agriculture as a key driver 
of deforestation in many regions, literature suggests that a distinct situation exists in Sub-
Saharan Africa (Pendrill et al. 2022; Fritz et al. 2022). Smallholder agriculture and other 
subsistence extraction activities (e.g., timber collection for charcoal and fuelwood) remain 
the most important drivers of deforestation and forest degradation in terms of area affected 
– even in areas where forests are protected (Curtis et  al. 2018; Tyukavina et  al. 2018; 
Green et  al 2013; Ferrer Velasco, 2020; Mayer 2019). Infrastructure development (e.g., 
roads and urban expansion), small scale and industrial mining, and fires are other com-
monly cited drivers of deforestation and forest degradation (Pendrill et  al. 2022; Giljum 
et al. 2022). Many of these drivers, however, are commonly found together; for example, 
roads often accompany agriculture, and fires are commonly associated with forest conver-
sion to agriculture or industrial mining (Tyukavina et al. 2018; Giljum et al. 2022; Moli-
nario et al. 2015, 2020). Drivers can thus be studied or understood individually, or within 
archetypal clusters or groupings of drivers that are commonly found together, such as the 

Table 1   Terminology definitions in identification of deforestation drivers adapted from Meyfroidt (2016, p. 
506)

Term Proposed definition (Meyfroidt 2016, p. 506)

Outcome Any event, fact or variable for which one wants to explain why and how 
it occurred

Factor Any event, fact or variable mobilized in an explanation
Cause A factor that produces a causal effect on an outcome through a chain of 

mechanisms
Causal effect The change in an outcome variable brought about by change in the value 

of an explanatory variable (the cause)
Causal mechanism The processes through which a factor produces its effect
Causal chain A series of causal mechanisms which links an underlying cause to the 

final outcome of interest
Causal explanation To identify the causes of an outcome
Driver/driving force Factors that are typical or hypothetical causes of land or environmental 

change and have some evidence of association with the outcome, but 
for which the evidence or knowledge is not sufficient to firmly establish 
the causal effects and explain the causal mechanisms

Proximate cause A factor which constitutes a direct cause of the phenomenon to be 
explained

Underlying cause (of land cover 
change or environmental 
change)

A factor which causes the proximate causes of land cover or environmen-
tal change

(Spatial) Determinant A factor contributing to statistical explanation of (the location of) an 
outcome (or other spatial characteristics such as spatial pattern or 
structure)

Contextual factor A factor which constitutes an element of an INUS cause (insufficient but 
necessary part of a combination of causes), typically being a stable 
or slowly changing factor or a factor that is largely present within a 
given place, and which explains the location, timing or prevalence of 
an event
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“rural complex,” which includes small-scale artisanal agriculture in addition to other land 
cover types including subsequent roads and settlements that accompany agricultural con-
version and expansion (Shapiro et al. 2023; Molinario et al. 2015, 2020). Linking the con-
cepts of scale multiplicity, archetypes, and multilevel complexity, the combinations and 
type and number of drivers included in archetypal groupings can vary depending on scale, 
specifically implying both type I and type II scale multiplicity as defined by Oshan et al. 
(2022). As we describe in this article, the drivers identified at various scales and common 
archetypal groupings may vary depending on the method used to identify and conceptual-
ize drivers, and can thus be sensitive to the formality and explicitness of treatment of scale 
within that method.

Underlying conditions at various scales, or ranges over which spatial processes occur 
– local, landscape, national, regional, global – are also critical for understanding deforesta-
tion and forest degradation dynamics in the tropics (Oshan et al. 2022; Sayer et al. 2013; 
Millington 2022; Newman et al. 2019; Ferrer Velasco, 2020). For instance, at pantropical 
scales Morpurgo et al. (2021) found that elections can have spillover effects which influ-
ence environmental governance and thus impact forest cover through inconsistent applica-
tion of environmental policy. In the Amazon and Latin American contexts, global commod-
ity markets including demand for soybean and beef in the Global North are an underlying 
driver of forest conversion to commercial agriculture (Fehlenberg et al. 2017; Fritz et al. 
2022). In Central Africa and its Congo Basin forests, other scholars have determined that 
conflict can be an underlying driver of deforestation and forest degradation depending on 
conflict dynamics (Burgess et al. 2015). Internal displacement and migration can result in 
forest regrowth, while conflict occurring in or near forests can result in forest cover loss 
and degradation (de Merode et al. 2007; Butsic et al. 2015; Shapiro et al. 2021). Similar 
multi-directional dynamics resulting from conflict have been identified in Latin Ameri-
can contexts such as Colombia (Landholm et al. 2019; Clerici et al. 2020). Collectively, 
these results reinforce the need for contextualized understanding of socio-political dynam-
ics that influence underlying and proximate drivers and causes of forest cover change and 
degradation.

Integrating scale and landscape considerations

As described by Ferrar Velasco et al. (2020), scale dependency is defined as the asso-
ciation between scale and heterogeneity of drivers (p. 21), an association also noted by 
Scrieciu (2007), Newman et al. (2019), Busch and Ferretti-Gallon (2017), and Liu et al. 
(2007). As the scale of analysis becomes increasingly local, the complexity and number 
of potential drivers of deforestation and forest degradation increases (Busch Ferretti-
Gallon 2017; Newman et al. 2019; Ferrar Velasco et al. 2020). At local scales there may 
be additional or compounding diverse drivers influencing rates of deforestation and deg-
radation such as local land tenure regimes (Mayer 2019; Müller & Munroe, 2015; Blum 
et  al. 2022), presence or absence of protected areas (Green et  al. 2013; Linkie et  al. 
2010; Songer et al. 2009), intensity of agriculture (Goulart et al. 2023), and even locals’ 
inclusion in forest policy and decision-making (Twongyirwe et al. 2018; Newman et al. 
2019; Millington 2022; Ferrer Velasco, 2020; Cuaresma and Heger, 2019; Dalla-Nora 
et al. 2014). Global and regional level studies (e.g., those with continental scale levels) 
are often able to capture generalized conditions driving deforestation and forest deg-
radation such as land use change and conversion to agriculture (Pendrill et  al. 2022), 
or even macroeconomic conditions like international commodity markets (Fehlenberg 
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et al. 2017). However, there are often interlinked and overlapping forces at lower scales 
that fuel deforestation and degradation (Hoang & Kanemoto, 2021; Scrieciu 2007). Fer-
rer Velasco et  al. (2020), for example, found a “higher and more diverse number of 
significant determinants of forest cover” at smaller scales (p. 24). Additionally, “certain 
deforestation forces occur independently of the existing de jure governance boundaries 
(Ferrer Velasco, 2020, p. 1). As one example, Mayer (2019) described how smallholder 
management and tenure security can play a key role at local levels, as forested land-
scapes are increasingly “split into smaller managed segments with more owners” in 
many countries (p. 4). As Mayer (2019) indicates, this tenure and management frag-
mentation can interact with global-scale processes such as migration and international 
commodity market forces. For small-scale management, such interactions of multiscale 
processes can influence land use planning and decision making to result in forest con-
version to cash crops and agricultural products of commercial interest.

With recent advances in spatial econometrics and other techniques of causal infer-
ence that account for spatial considerations, context and scale are being treated with 
increasing nuance in on-the-ground land use planning (Cuaresma Heger, 2019; Busch 
Ferretti-Gallon 2017; Ferraro Pressey 2015; Ferrer Velasco et al. 2020; Scrieciu 2007; 
Oliveira Meyfroidt 2021). This heightened sensitivity to scale and context is particu-
larly notable in the literature on protected area effectiveness, which has increasingly 
identified the need to consider the broader landscape in conservation of critical ecosys-
tems (Ferraro Pressey 2015; Sayer et al. 2013; Matthews Selman 2006; Du et al. 2015; 
Gu Subramanian 2014; Millington 2022; Newman et al. 2019). The landscape approach 
(Sayer et  al. 2013) considers protected or unprotected forests not as “pristine” or as 
“islands” distinct from their surroundings, but as socio-ecological systems connected 
bio-geophysically and through social and human geographical landscapes (Cumming 
Allen 2017). However, despite increasing attention to scale across drivers of deforesta-
tion and protected areas effectiveness literatures, there remains need for conceptual clar-
ity and use of “methods capable of making explicitly multiscale inferences about the 
scale of processes,” rather than methods that informally examine process scale (Oshan 
et al. 2022, p. 311).

This study contributes to these literatures by highlighting: 1) the potential mismatch 
of analytical scale and methodology with the conclusions drawn from the associated 
research identifying drivers of deforestation, and 2) the implications of this mismatch 
for evidence-based conservation implementation and sustainable resource management. 
Other systematic literature reviews and meta-analyses have synthesized the substantial 
number of research findings globally regarding underlying and proximate drivers of 
deforestation (Hängli et al. 2023; Garrett et al. 2021; Busch Ferretti-Gallon 2017; Atm-
adja Verchot 2012), yet our study provides a unique contribution to this growing body 
of literature by providing concrete implementation strategies and next steps. Following 
the prescriptions of Oliveira and Meyfroidt (2021), this research focuses on the “(i) land 
tenure–planning nexus, (ii) streamlining plan-implementation, and (iii) transdisciplinary 
planning processes, intended to expand further the importance of the strategic approach 
in land-use planning in terms of governing tropical landscapes” (p. 1). The study carries 
Oliveira and Meyfroidt’s (2021) recommendation forward with synthesis and recom-
mendations for implementation. Further, the study links and contributes to the trans-
disciplinary research literature by highlighting challenges and possible solutions to 
advance evidence-based implementation in forest conservation contexts (Mauser 2013; 
Brandt et al. 2013; Margules et al. 2020; Reyers et al. 2010).
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Methods

This systematic literature review assesses differences in deforestation drivers as identified 
by studies conducted at different scales and using different methodologies. To develop a 
protocol for the systematic literature review, we adapted elements of the Collaboration for 
Environmental Evidence (CEE) guidelines for systematic literature reviews and systematic 
mapping (CEE, 2020; Haddaway et  al. 2018). Terminology definitions (e.g., underlying 
vs. proximate, see Table 1) were followed by determining the categorization methodology. 
Adapting the procedures outlined by Atmadja Verchot (2012), we developed the workflow 
presented in the Supplementary Materials (Appendix I Figure I).

Keyword search was used to identify articles from several databases: Google Scholar, 
Scopus, Science Direct, Web of Knowledge, FAO, and UNREDD for the 2010–2022 
period. Keyword searches in these databases were undertaken in English, though some 
articles in French and Spanish also appeared in search results (generally because they fea-
tured English translations). Examples of specific keywords searches used are presented 
in Appendix I (B) of the Supplementary Materials. It is important to note that, because 
this study was conceived in the context of a broader project focused on Central Africa 
(described by Shapiro et al. 2023), sampling of databases initially focused on Sub-Saharan 
Africa literature, but was then expanded to be inclusive of other global regions. As such, 
two FAO literature databases specific to West Africa (43 regionally specific articles) and 
Central Africa (40 regionally specific articles) were included in the analysis, following 
screening of article titles and abstracts for relevance. In expanding the review to include 
articles from other global regions, maintaining articles from these Africa-specific FAO 
databases essentially constituted purposive “oversampling” of articles from Sub-Saharan 
Africa, which enabled our literature review to achieve a greater degree of regional balance 
to address systematic disparities in understanding of drivers of deforestation between Latin 
America and Africa (Pendrill et al. 2022, p. 8).

In total, 270 articles were collected and screened for analysis. Data aggregation was 
undertaken in Zotero, where articles were screened for relevance by manual, visual screen-
ing, to remove any articles included in error. From Zotero, aggregated data was exported 
to Excel and followed by an additional eligibility screening of each article (e.g., CEE, 
2020). This involved screening of each article manually and inputting data for 16 variables 
of interest based on values provided in the codebook developed a priori following Ferrer 
Velasco (2020) and as illustrated in the workflow figure in the Supplementary Materials 
(Appendix I Figure I), along with a complete list of articles reviewed (Appendix II). Fol-
lowing the removal of duplicates, 231 articles were included in the final review.

Following the export of the Zotero library to Excel, data coding and analysis was 
undertaken (see sample in Table 2). Articles were coded for their primary scale of analy-
sis, including global, regional (e.g., Africa or Latin America), subregional (e.g., Congo 
Basin or Amazon), national, local. They were also coded for their reflection scale, an indi-
cation of whether results in the article conclusions, such as the scale at which drivers are 
enacted, are generalized to a wider scale (e.g., a national scale article with conclusions 
reflecting on the regional context), or a narrower scale (e.g., national scale that reflects on 
local issues within-country, as in Table 2). The codes applied were “upward” and “down-
ward” reflections, respectively. To capture all possible reflection “directions,” an additional 
variable was coded that included consistent reflections, where an article at national scale, 
for instance, also featured reflections at this same scale. However, even articles that fea-
tured some consistent reflections (n = 61) also included upward or downward reflections. 
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We therefore focus on the “upward” and “downward” reflections variable. Next, follow-
ing Breiman’s (2001) approach delineating statistical and algorithmic modeling cultures, 
methods in the articles reviewed were coded as either “quantitative,” with separate catego-
ries for “statistical” (e.g., implying a statistical approach like econometric modeling) and 
“algorithmic” (e.g., remote sensing applying an algorithmic model such as random forest 
for image classification) analyses, “qualitative” (e.g., thematic coding), or mixed meth-
ods (e.g., any combination of quantitative and qualitative, including data collected versus 
analysis technique) (Ardoin et al. 2015). These were then specifically coded to include the 
actual methods used to arrive at the results (Atmadja Verchot 2012). Examples of analysis 
techniques include the following:

•	 Quantitative—algorithmic (e.g., Remote sensing—random forest algorithm)
•	 Quantitative—statistical (e.g., Regression—economic model; Regression—spatial 

model; Econometric; Material flow analysis; Review—literature review; Review—
meta-analysis)

•	 Qualitative (e.g., Thematic coding; Text analysis)

From the above examples, an article was coded as mixed methods if, for example, the 
data collected were qualitative (e.g., from focus group discussion or interview) but quanti-
tatively analyzed, such as Makunga Misana 2017). Articles were also coded for the types 
of drivers identified within the article (e.g., underlying, proximate, or both), with articles 
that lacked explicit labeling of proximate versus underlying or other conceptual clarity 
reviewed on a case-by-case basis (following Table 1). The “both” category referred to arti-
cles that explicitly featured both proximate and underlying drivers, in addition to articles 
that were not explicit but included reference to drivers that were at times proximate and at 
other times underlying within the context of the article. Then, to ensure that this category 
could be further disaggregated as needed, the articles were also coded according to the 
actual drivers within and total number of drivers identified. Examples include:

•	 Underlying (e.g., Nonspecific agriculture (ag); Nonspecific land conversion; Global 
supply chain; Global North commodity demand; Governance—general; Elections; 
Conflict)

•	 Proximate (e.g., Specific commodity land conversion—maize, timber, rubber, cocoa, 
palm oil; Logging; Illegal logging; Fire; Mining; Infrastructure – roads)

•	 Both – not specified (e.g., Land tenure; Institutions—general; Infrastructure—general; 
Anthropogenic—not specific)

Next, articles were coded for “good practices” in research for identifying drivers. These 
included replicability difficulty on a 1–5 Likert scale following Vaske (2019) (e.g., 1—
Very difficult; 2—Difficult; 3—Neutral; 4—Easy; 5—Very easy) based on the methods 
description in the article. To counter potential subjectivity of replicability as a measure, 
the Likert scale was based on clarity of steps outlined in methods section, rather than the 
coder’s experience with the analysis technique described. Online availability of data was 
coded binary yes/no (0 or 1), and whether the data and methods enabled regular updating 
was coded binary yes/no (0 or 1). This component considered recent efforts to improve the 
openness and availability of forest data (de Lima et al. 2022). Importantly, these replicabil-
ity measures are not necessarily a reflection of methodological “weakness,” though papers 
included in this review may vary in terms of execution strength. Some methods are, by 
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nature, less replicable than others (e.g., ethnographic methods versus remote sensing-based 
methods), and each method carries with it its own weaknesses and limitations, even when 
well-executed.

The ease of implementation of the recommendations was coded by difficulty on a 1–5 
Likert scale (e.g., 1—Very difficult; 2—Difficult; 3—Neutral; 4—Easy; 5—Very easy). 
Good practices for implementation and specificity of recommendations were based on lit-
erature emphasizing the importance of implementation and evaluation in conservation pro-
grams, and recommendations from transdisciplinary conservation research literature (Rey-
ers et al. 2010; Börner et al. 2020; Knight et al. 2019). Based on the implementation and 
evaluation literature, the Likert scale determinations of “difficult” to “easy” included the 
identification of recommendations in the first place (e.g., does the article make policy or 
program recommendations?) and whether they could be implemented as described. Again, 
to counter the potential subjectivity of “ease of implementation” as a measure, the Likert 
scale was based on clarity of steps for implementation of the recommendations outlined in 
the article, rather than the coder’s experience with implementing such recommendations. 
For example, as discussed in the findings section, articles discussing underlying drivers 
such as international trade flows and conflict tended to propose fewer specific steps or 
actions to implement their recommendations.

To ensure robustness, intercoder reliability was assessed for the Likert scale variables 
using SPSS software. Parallel coding of 49 randomly selected articles was undertaken 
by two additional coders (originally 50, one Spanish language article removed for one 
of the three coders). For the replication and implementation indicators on a 1–5 Likert 
scale, Fleiss’ kappa was used to determine intercoder reliability, which was selected over 
Cohen’s kappa due to the presence of three coders rather than two (Hallgren 2012). Inter-
coder reliability results are included in the Supplementary Materials (Appendix I Table I). 
With values interpreted as “substantial agreement,” the indicators were found to be suit-
ably reliable for the purposes of this study and were significantly more reliable than by 
chance (p < 0.001) (Appendix I Table I). For both Likert-scale variables, there was almost 
perfect agreement for the “very difficult” individual categories. There was the least agree-
ment between easy, neutral, and difficult categories, but all ranged between moderate and 
substantial agreement.

The  complete database constructed was used for analysis of driver types identified, 
with attention to scale integration and methodological approach. Simple cross-tabulations 
and correlative analysis, including chi-squared tests, Pearson’s correlation coefficient, and 
t-tests were used to determine if there were significant differences between drivers identi-
fied at different scales and using different categories of methods. Additionally, implemen-
tation of recommendations by scale and methods was also assessed, addressing the need 
for studies that focus on implementation of recommendations as suggested by Oliveira and 
Meyfroidt (2021) and Bele (2015).

Limitations

Notably, this study has several important methodological limitations concerning both the 
broader research design and specific procedures. First, this article contributes to conver-
sations regarding the replicability, scale, implementation of recommendations, and action 
orientation of articles identifying drivers of deforestation and forest degradation. Driver 
identification itself, while an important component, is not the sole contribution of the 
article, and we refer readers to Pendrill (2022) and Hänggli et  al. (2023) for thorough 
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identification of drivers. Considering the different objectives and research questions in this 
article, this keyword search may not have captured all possible terms referring to drivers 
of deforestation. However, we believe that this review captures a segment of the drivers 
of deforestation literature that is nonetheless sufficient to draw useful insights regarding 
replicability, scale, implementation of recommendations, and action orientation within the 
literature. Second, considering the primacy of intercoder reliability analysis to the robust-
ness of measures included in this study, we focused on English language studies or Span-
ish and French articles that had been translated to English to reflect the common language 
of team members contributing to intercoder reliability. However, Rudel et al. (2000) and 
Amano et al. (2023) have found persistent bias toward English language literature in biodi-
versity literatures, and non-English literature is particularly relevant and critical at national 
and local levels (Amano et al. 2023, p. 846). Future global, pantropical, or regional reviews 
regarding drivers of deforestation and degradation should include non-English databases 
with studies written in Spanish and/or French. This may also enable the final sample of 
articles to include more local authors within the regions of interest. Next, we note that 
several studies have critiqued the use of Google Scholar to identify articles for system-
atic reviews (Haddaway et al. 2017, 2018). We followed Haddaway et al. (2015) in using 
Google Scholar alongside other databases, not as the only search tool or database for our 
systematic review.

Finally, as previously described, this study was undertaken within a broader research 
project focused on Central Africa, which informed the research design and sampling of 
articles to ensure more regional balance in the sample and a more proportionate degree 
of representation of Sub-Saharan African articles relative to Latin America (Pendrill 
et al. 2022). That said, to address potential regional imbalances in future reviews, future 
research could focus on issues of replicability, scale, implementation of recommendations, 
and action orientation of drivers of deforestation articles specifically within Sub-Saharan 
Africa or sub-regions such as Central Africa.

Findings

This section presents quantitative and qualitative findings associated with our analysis of 
the database prepared as described above. We employed descriptive statistics and other 
quantitative analyses to determine how methodological approach and scale of analysis 
influence the quantity and type of drivers of deforestation and forest degradation identified. 
We also sought evidence of influence on conservation policy and program action – includ-
ing implementation of recommendations, data availability, and reproducibility.

Sample overview and descriptive statistics

Of the 231 articles reviewed and coded in the final database after cleaning, 33% were 
primarily global, 26% were regionally focused in Africa, 23% were regionally based in 
Latin America (including South America and the Caribbean), and 11% in Southeast Asia 
(Table 3; Fig. 2).

Subregional articles were commonly focused on the Amazon, Congo Basin, and 
Mekong subregions given the importance of forests in those regions to biodiversity conser-
vation. However, due to the inclusion of articles from two Africa-focused FAO databases, 
there is greater representation in the sample of articles in Sub-Saharan Africa, primarily 
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focused on Central and West Africa (Table 3; Fig. 2). Studies in the Amazon context tend 
to focus on Brazil and Colombia, with fewer studies identifying drivers in, for example, 
the Peruvian and Ecuadorian Amazon (Table 3). Studies primarily scaled at the national 
level were most commonly Brazil (15 articles), Ghana (14), Colombia (9), and Democratic 
Republic of Congo (7) (Fig. 2).

Of the articles analyzed, 37% identified or explicitly discussed proximate drivers 
(Table  3). Only approximately 19% explicitly discussed underlying drivers, though 43% 

Table 3   Frequency of articles with global and regional coverage, and driver types identified. 

“Both” indicates articles that explicitly featured both proximate and underlying drivers, and articles that 
included reference to drivers that were at times proximate and at other times underlying within the context 
of the article

Global and regional coverage

Frequency Percent

Global 77 33.3
Africa 61 26.4
Latin America 54 23.4
Southeast Asia 26 11.3
North America 8 3.5
Asia 4 1.7
Oceania 1 0.4
Total 231 100.0

Driver types identified

Frequency Percent

Underlying 44 19.0
Proximate 86 37.2
Both 100 43.3
Total 231 100.0

Fig. 2   Global coverage of countries represented in national or locally scaled articles that were coded as 
national level for primary scale
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of articles described both. Importantly, many of the articles which described both were 
implicit. Although in a few cases articles explicitly identified certain underlying and proxi-
mate drivers of deforestation or forest degradation, there was often terminological ambigu-
ity as documented by Meyfroidt (2016). Authors would explicitly discuss proximate driv-
ers and refer to underlying conditions without naming them as such.

As is well-documented in the literature and across scales, the most common drivers 
identified were agricultural land conversion (for both small scale and commercial, and for 
cash crops driven by international commodity markets), logging (legal and illegal), fires, 
and, particularly for the African region, fuelwood, charcoal, and other basic needs.

While there was alignment in many cases in the underlying and proximate drivers that 
were identified via the different methodologies and analytical scales represented in the 
articles, there were inconsistencies and variations specific to certain regions. For example, 
there were common themes in agricultural land conversion as a proximate driver, based on 
relevant crops and underlying-cause commodity markets (e.g., soybean and cattle ranching 
in Amazon, rubber in Congo Basin, and rice and palm oil in Greater Mekong) that pressure 
various regions for increasing agricultural production and land conversion (Fehlenberg 
et al. 2017; Gasparri et al. 2013; Grau et al. 2005; Grogan et al. 2019; Lohani et al. 2020). 
For inter-scalar studies, consumption demand from Europe and the US was a commonly 
cited underlying cause or underlying driver of deforestation and forest degradation (Paim, 
2021; Mammadova et al. 2020). That said, there were some underlying and proximate driv-
ers identified for specific regions or subregions that were not discussed in coarser-scaled 
analysis yet were revealed with finer-scale study (Mayer 2019). For example, elections and 
government turnover was highlighted as an important underlying driver of deforestation 
and forest degradation by studies that focused sub-regionally on Congo Basin (Morpurgo 
et al. 2021). Additionally, from an agricultural production perspective, it was noted across 
several studies at various scales that while increasing pressure to convert land to monocul-
ture and commercial agriculture is a threat to forests in the Amazon and Greater Mekong 
subregions, in Sub-Saharan African and Congo Basin, the agricultural threat to forests con-
tinues to be smallholder-based and livelihoods-oriented (Pendrill et al. 2019; Grogan et al. 
2019; Sandker et al. 2017; Twongyirwe, 2018; Waha et al. 2016).

Methodological approach and scale integration

Methodologies varied and were partially correlated with year of publication and scale. 
Studies that were coded as “quantitative” and implying statistical modeling leaned primar-
ily on econometric and spatial econometric natural experimental and quasi-experimental 
designs, such as regression or border discontinuity, including those explicitly undertak-
ing causal inference. These quantitative-statistical studies were increasingly common over 
time, particularly in the 2015–2021 period. However, when combined with the quantitative 
studies using algorithmic modeling approaches for image classification such as random for-
est, 76% of the sample featured studies could be considered quantitative from this broader 
perspective (Breiman 2001). While there was a predominance of statistical modeling in 
the quantitative category, remote sensing was a similarly common category and used algo-
rithmic or classification methods such as random forest, or focused on change detection 
(e.g., via image subtraction). 71% of the articles reviewed in the sample used algorithmic 
modeling for remote sensing classification, and combined this algorithmic classification 
approach with some statistical analysis later in an article.
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Quantitative studies were largely coarser-scaled, with fewer purely (as in, both data 
collection and analysis technique) quantitative studies taking place at the finer-grain local 
scale. These articles were more likely to identify nonspecific agriculture (χ2 = 31.88; 
p < 0.05), nonspecific land conversion (χ2 = 28.23; p < 0.1), and specific common com-
modities such as maize, oil palm, and cocoa (χ2 = 27.45; p < 0.15) as proximate drivers 
than qualitative studies. However, they also tended to describe fewer drivers (t = 32.55; 
p < 0.001). In alignment with Ferrar Velasco et al. (2020) and Mayer (2019), this indicates 
that qualitative studies, which were associated with finer scales of analysis (e.g., local), 
may be more adept at capturing heterogeneity of drivers of deforestation and degradation at 
particular locations.

Table 4 presents the total figures for primary scale of analysis and reflection scale of 
recommendations and conclusions within articles. Figure 3 presents the primary scale of 
quantitative articles, and the flow into their reflection scales visualized by a Sankey dia-
gram. As described in Table 2, “Primary scale” refers to the explicit scale of the study (e.g., 
authors indicate that the study is conducted at national scale). However, reflection scale is 
a more interpretable concept in that this refers to the scale at which the article suggests 
recommendations, even if its explicit primary scale was different. While Table  4 shows 
the overall distributions of primary scale and reflection scale of the total, Fig. 3a breaks 
this down further to illustrate the scale of reflections within each primary scale category 
by percentage (e.g., of the 30.7% of all articles that were primarily globally-scaled as indi-
cated in Table 4, Fig. 3a shows that 26.8% of those featured regionally-scaled reflections).

There was evidence of incongruencies in scale integration within studies. “Downward 
linkages” indicates that the primary scale was more coarse, yet these studies inferred 
results or made recommendations for a finer scale. “Upward linkages” indicates that stud-
ies were conducted at an explicitly finer scale, yet drew recommendations relevant to more 
coarse scales (Fig. 3b). These interlinkages and incongruencies within studies were further 
broken down by methodology type. Downward linkages within studies were more common 

Table 4   Primary scale and reflection scale for articles analyzed

Primary scale

Frequency Percent

Local 18 7.8
National 96 41.6
Subregional 26 11.3
Regional 20 8.7
Global 71 30.7
Total 231 100.0

Reflection scale

Frequency Percent

Local 47 20.3
National 38 16.5
Subregional 31 13.4
Regional 58 25.1
Global 57 24.7
Total 231 100.0
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across all methodologies used (e.g., national-scale studies reflecting on local-scale driv-
ers of deforestation within a country) (Fig. 3b). Many broad-scale studies remain broad in 
their discussion and implications, such as global-scale studies which maintain globally ori-
ented economic and policy recommendations. Very few studies across all methodologies 
reflected upwards more than two scale levels (e.g., local-scale studies reflecting on global 
drivers of deforestation). When conducted at the national and local levels, there was less 
inter-scale reflection (upward or downward) with algorithmic studies than, for example, 
statistically based studies, for which national scale studies tended to reflect on subregional 
issues.

Only 20% of the articles reviewed were coded as qualitative in their analysis techniques, 
and several of these also featured spatial or quantitative components. While most articles 
relying on interview data and qualitative analysis techniques were local and nationally 

Fig. 3   a Sankey diagram illustrating primary scale to reflection scale integration for studies reviewed. For 
example, many quantitative studies undertaken at a national primary scale featured recommendations or 
reflections at local levels. Note: Some Reflection Scale percentages may add to 100.1 or 99.9 due to round-
ing error. b Sankey diagram illustrating upward (e.g., national level article reflecting globally) and down-
ward (e.g., national level article reflecting locally) scale reflections for studies reviewed, by method type
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scaled, this category also included secondary literature reviews and meta-analysis apply-
ing qualitative techniques such as text, content, and thematic analysis. Qualitative articles 
that were considered primarily global or regional used such methods for literature review 
or meta-analysis. Very few of these qualitative analyses conducted at the local scale, for 
example, reflect upwards to subregional or regional levels. This is illustrated further in 
the Supplementary Materials, in Appendix I Figure II. In contrast, the qualitative-based 
review studies conducted at the global level tended to provide more insights at national and 
regional scales. Overall, 44% of all studies featured upward scale reflections (e.g., local to 
national, national to regional, etc.) and 72% of studies analyzed featured downward reflec-
tions (e.g., regional to subregional) (total > 100% because some articles featured both, as 
illustrated in Fig. 3).

Implementation

In terms of good practices for applied research, 57% of studies reviewed were considered 
to have recommendations that would be difficult or very difficult to implement based on 
1–5 Likert scale with substantial intercoder reliability (Supplementary Materials Appen-
dix I Table I). Challenges identified included vague recommendations or recommenda-
tions that were addressing deeper global systems such as commodity markets and global or 
regional demand for certain products. Only 8% of studies had recommendations that were 
considered relatively “easy” to implement; examples of such studies included those that 
had specific policy or program recommendations, or those that were associated with practi-
cal guides for implementation.

Online availability of data for these studies trended positively with more recent publica-
tion years, yet even still, fewer than half (41%) of the studies reviewed used data publicly 
available online, or published the dataset associated with the article. This was associated 
with studies that applied quantitative and remote sensing methods. Additionally, only 44% 
of studies reviewed were considered easily or very easily replicable, with clearly outlined 
methodologies or code available online with the published article. Again, these were asso-
ciated with studies that applied quantitative statistical or algorithmic methods. Qualitative 
studies that used interview, observation, or focus group methods of data collection were 
unlikely to publish data, and these were often coded as difficult to replicate, but this was 
not necessarily the case for all qualitative studies, such as those using qualitative data anal-
ysis methods like thematic coding in literature reviews. Lastly, only 1% of studies reviewed 
were part of an updating series or discussed future replication of the same study.

Finer scale was also associated with the clarity of or ability to implement the recom-
mendations (χ2 = 32.78; p < 0.05). Global and regional studies – which were also often 
based on quantitative and remote-sensing based methods – often featured loose recommen-
dations that would be difficult to implement or were targeted to large-scale problems and 
lacking specificity. The most implementable recommendations were focused on ways to 
improve a specific program or policy (e.g., conservation intervention or REDD +), specific 
improvements that could be made to increase the accuracy of models or studies identify-
ing drivers, or featured contextual specifics of a particular location which could be used in 
implementation.

Over time, studies across methodologies and scales increasingly utilized methods which 
could account for scale and context dependency, in addition to regional variations in identi-
fied drivers. While several 2015–2017 articles identified scale dependency as a problem, as 
illustrated in the following examples, more recent 2020–2022 articles built on this segment 
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of the literature to fill these gaps. Some even highlighted additional dimensions of the scale 
problem, incorporating unit of analysis. For example, Moonen et  al. (2016), a primarily 
national-scale article with local-level reflections, identified problems associated with indi-
vidual versus household-level units of analysis resulting from scale dependency. In particu-
lar, the authors found that policy design, when based on studies undertaken primarily at a 
household or even more coarse scale, did not account for high levels of variation in indi-
vidual household contributions to deforestation (Moonen et al. 2016, p. 132).

Similarly, Armenteras et  al. (2017) identified problems associated with scale depend-
ency and spatial variation in drivers identified at the broader national, subregional, and 
regional scales. A key issue was that deforestation measurements taken at some scales were 
mismatched with the scale or forest types at the scale of policy or program intervention. 
The authors suggest that perhaps the actual measurements of deforestation intended for 
application at these different scales and for specific contexts could address these challenges 
(Armenteras et al. 2017, p. 139). An additional example specific to methodology was high-
lighted by Dalla-Nora et al. (2014). The study highlighted the lack of modeling approaches 
in the deforestation and forest degradation literature which account for scale and local vari-
ation. The authors subsequently suggest, however, that global or regional economic models 
may offer one solution from the quantitative and coarse-scale perspective, but struggle with 
the detail provided by alternative methodological approaches such as place-based qualita-
tive study. In summary, themes revealed by analysis of this body of reviewed literature 
overall highlight the importance of alignment of method and scale with respect to recom-
mendations and subsequent policy or program implementation.

Discussion and recommendations

First, the findings of this study indicate that there is often divergence between scale of anal-
ysis within studies – between the “primary scale” explicitly emphasized – and the “reflec-
tion scale” at which results were often attributed. Additionally, in alignment with exist-
ing literature such as Busch and Ferretti-Gallon (2017), Ferrer Velasco et al. (2020), and 
Scrieciu (2007), finer-scale analysis was associated with more drivers identified for spe-
cific locations (e.g., agricultural land conversion, infrastructure, fires, mining, in addition 
to regionally specific elections and government turnover); qualitative studies also tend to 
identify greater heterogeneity of drivers than quantitative or remote sensing-based studies. 
An important point to note, however, is that some of these results relate to underlying fea-
tures or characteristics of quantitative-statistical methods themselves. For example, basic 
statistical “rules of thumb” such as parsimony and the “one-in-ten” rule constrain coarser-
scale regression analyses that may have fewer observations or events, depending on the 
scale of data collection and analysis (Harrell et al. 1984; Coelho et al. 2019). Following the 
“one-in-ten” rule, for instance, finer-scaled quantitative studies may feature more drivers 
because the increased number of observations or events enables more prediction param-
eters (Peduzzi et al. 1996;). The relationship we find between heterogeneity of drivers and 
scale, then, may not be a function of the characteristics of the drivers themselves, but rather 
a function of the constraints of the methods used to identify them (Ferrer Velasco et  al. 
(2020). This only further supports our suggestion that recommendations and interven-
tions based on studies identifying drivers of deforestation should be cautious not only of 
the scale at which studies are undertaken, but the methods used to derive those findings 
(Turner Gardner 2015; Cattarino et al. 2014).



19Biodiversity and Conservation (2024) 33:1–29	

1 3

Next, this systematic review indicates that integration of results from studies of drivers 
of deforestation at different scales and with different methodologies could be supported by 
a logical and cohesive standard protocol for method selection and reconciliation for devel-
opment of coherent policy and program recommendations. Such a protocol would facili-
tate useful policy recommendations for land use planning and other on-the-ground forest 
management activities (Bele et  al. 2015; Börner et  al. 2020; Knight et  al. 2019; Reyers 
et al. 2010). With the goal of developing such guidance in mind, we present in Table 5 the 
advantages, limitations, and standardized avenues for reconciliation of findings in defor-
estation research across scales and methodologies. 

While upward and downward reflection within studies is often desirable, such as when 
a carefully designed study is generalizable to a larger population or when global dynamics 
are relevant for local scales, it is also important that studies continue to explicitly acknowl-
edge scale integration and dynamics that match the scale relevant for implementation of 
recommendations (Millington 2022; Newman et  al. 2019; Landholm et  al. 2019; Ferrer 
Velasco, 2020). Further, recommendations and reflections should be appropriate scaled 
considering the methodological approach used. Careful interpretation is required, for 
example, when a qualitative, locally scaled study reflects on global dynamics in its recom-
mendations; similarly, a global quantitative-statistical article may not be able to appropri-
ately reflect on local-level dynamics in a specific context. While a local scale study that 
features qualitative data collection and analysis, or qualitative data collection coupled with 
quantitative or spatial analysis, can be of great use in policymaking and program develop-
ment, the unique contextual characteristics or features that may be influencing deforesta-
tion and forest degradation in that location warrants attention (Reyers et al. 2010).

Returning to the concept of archetypal clusters or groupings of drivers which are com-
monly found together, locations may have a mix of overlapping and scale-dependent driv-
ers that uniquely interact with underlying conditions. This links with Oshan et al. (2022)’s 
differentiation of type I and II scale multiplicity, suggesting that notion of scale (e.g., scale 
of data collection and scale or range of spatial process) needs to be defined, and in cases 
where multiple complex scales are simultaneously used, the dynamics could be teased 
apart or explicitly addressed as multiscale factors with methods designed to illuminate 
multiscale factors. This carries over to implementation as well. Even when identified by 
regional or national scale remote sensing analysis, “rural complex” drivers (which includes 
small-scale artisanal agriculture alongside accompanying roads and settlements that often 
precede or follow agricultural conversion and expansion) may be influenced by local land 
tenure regimes, recent elections or conflict, proximity to national borders, or other con-
text-specific factors (Morpurgo et al. 2021; Cuaresma Heger, 2019; Landholm et al. 2019; 
Mayer 2019; Molinario et al. 2020). For example, in reconciling divergent findings by scale 
and method, for Central African national or local-level practitioners may consider weight-
ing more heavily governance, elections cycles, and conflict (e.g., proxied by conflict fatali-
ties), and emphasizing smallholder farming activities, in conservation and land use plan-
ning due to the regional and subregional importance of these underlying and proximate 
drivers as identified by this systematic literature review (Butsic et al. 2015; Andrieu et al. 
2018; Shapiro et  al. 2023). In this sense, linking driver archetypes and multilevel com-
plexity, it is apparent that scale-explicit methods and explicit attention to matching scale 
of results with scale of proposed intervention are critical. This aligns with Oshan et  al. 
(2022)’s identified need for more intentional choice of methodology when varying notions 
of scale are relevant.

Previous literature reviews have synthesized global drivers of deforestation and forest 
degradation, and have described underlying and proximate drivers and causal mechanisms 



20	 Biodiversity and Conservation (2024) 33:1–29

1 3

Ta
bl

e 
5  

A
dv

an
ta

ge
s, 

lim
ita

tio
ns

, a
nd

 w
ay

s t
o 

re
co

nc
ile

 fi
nd

in
gs

 w
ith

 o
th

er
 ty

pe
s a

nd
 sc

al
es

 o
f s

tu
dy

, f
or

 q
ua

nt
ita

tiv
e-

st
at

ist
ic

al
 a

pp
ro

ac
he

s

M
et

ho
ds

Sc
al

e
A

dv
an

ta
ge

s
Li

m
ita

tio
ns

Re
co

nc
ili

at
io

n

Q
ua

nt
ita

tiv
e:

 S
ta

tis
tic

al
G

lo
ba

l
Re

gi
on

al
B

ro
ad

 sc
al

e 
fin

di
ng

s c
ap

tu
re

 g
lo

ba
l e

co
-

no
m

ic
 c

on
di

tio
ns

, c
on

su
m

pt
io

n 
pa

tte
rn

s, 
an

d 
th

e 
in

te
rn

at
io

na
l d

em
an

ds
 th

at
 p

la
ce

 
pr

es
su

re
 o

n 
tro

pi
ca

l f
or

es
ts

. Q
ua

nt
ita

tiv
e 

m
et

ho
ds

 su
ch

 a
s s

pa
tia

l e
co

no
m

et
ric

 
te

ch
ni

qu
es

 a
ls

o 
al

lo
w

 st
ud

y 
of

 sp
ill

ov
er

 
eff

ec
ts

 a
nd

 le
ak

ag
e,

 w
hi

ch
 is

 in
cr

ea
s-

in
gl

y 
im

po
rta

nt
 in

 th
e 

lit
er

at
ur

e

Sc
al

e 
de

pe
nd

en
cy

 a
nd

 re
gi

on
al

 v
ar

ia
-

tio
ns

 a
re

 in
cr

ea
si

ng
ly

 im
po

rta
nt

 in
 th

e 
lit

er
at

ur
e,

 a
nd

 g
lo

ba
l s

tu
di

es
 th

at
 u

se
 

co
un

tri
es

 o
r r

eg
io

ns
 a

s u
ni

ts
 o

f a
na

ly
si

s 
ar

e 
no

t a
bl

e 
to

 a
de

qu
at

el
y 

ca
pt

ur
e 

th
es

e 
dy

na
m

ic
s (

es
pe

ci
al

ly
 c

on
si

de
rin

g 
st

at
is

-
tic

al
 ru

le
s o

f t
hu

m
b 

su
ch

 a
s p

ar
si

m
on

y 
an

d 
“o

ne
-in

-te
n”

). 
Fu

rth
er

, v
er

y 
br

oa
d 

sc
al

e 
stu

di
es

 m
ay

 n
ot

 y
ie

ld
 a

ct
io

na
bl

e 
re

co
m

m
en

da
tio

ns
 fo

r p
ra

ct
iti

on
er

s w
or

k-
in

g 
in

 sp
ec

ifi
c 

co
nt

ex
ts

 a
nd

 lo
ca

tio
ns

C
on

si
de

rin
g 

re
gi

on
al

 v
ar

ia
tio

n 
an

d 
sc

al
e 

an
d 

co
nt

ex
t d

ep
en

de
nc

ie
s, 

gl
ob

al
 a

nd
 

re
gi

on
al

 q
ua

nt
ita

tiv
e 

stu
di

es
 c

an
 il

lu
-

m
in

at
e 

br
oa

d-
sc

al
e 

is
su

es
 a

nd
 h

ig
hl

ig
ht

 
po

te
nt

ia
l s

pi
llo

ve
rs

 a
nd

 le
ak

ag
e 

eff
ec

ts
, 

fo
r f

ur
th

er
 e

xa
m

in
at

io
n 

at
 su

br
eg

io
na

l, 
na

tio
na

l, 
an

d 
lo

ca
l l

ev
el

s

Su
br

eg
io

na
l

N
at

io
na

l
Lo

ca
l

M
or

e 
co

nt
ex

t-o
rie

nt
ed

 q
ua

nt
ita

tiv
e 

stu
di

es
 

m
ay

 y
ie

ld
 re

su
lts

 th
at

 is
ol

at
e 

un
de

rly
in

g 
an

d 
pr

ox
im

at
e 

dr
iv

er
s w

hi
le

 c
ap

tu
rin

g 
va

ria
tio

n 
in

 sp
ac

e 
an

d 
tim

e.
 C

er
ta

in
 

de
si

gn
s e

na
bl

e 
ca

us
al

 in
fe

re
nc

e

W
hi

le
 c

ap
tu

rin
g 

m
or

e 
lo

ca
lly

 re
le

va
nt

 
dr

iv
er

s, 
it 

is
 im

po
rta

nt
 to

 a
ls

o 
ta

ke
 th

e 
gl

ob
al

 le
ve

l i
nfl

ue
nc

es
 in

to
 a

cc
ou

nt

To
 e

ns
ur

e 
th

at
 th

e 
lo

ca
l v

ar
ia

tio
n 

in
 p

ot
en

-
tia

l d
riv

er
s i

s c
ap

tu
re

d,
 it

 w
ill

 a
ls

o 
be

 
cr

iti
ca

l t
o 

in
co

rp
or

at
e 

th
e 

re
su

lts
 o

f g
lo

ba
l 

an
d 

re
gi

on
al

 fi
nd

in
gs

 to
 si

tu
at

e 
stu

di
es

 in
 

gl
ob

al
 d

ef
or

es
ta

tio
n 

co
nt

ex
t. 

Th
is

 c
an

 b
e 

do
ne

 a
ls

o 
us

in
g 

re
m

ot
e 

se
ns

in
g 

an
d 

m
ix

ed
 

m
et

ho
ds

 a
pp

ro
ac

he
s h

ig
hl

ig
ht

ed
 in

 th
e 

M
ix

ed
 M

et
ho

ds
 ro

w
s



21Biodiversity and Conservation (2024) 33:1–29	

1 3

Ta
bl

e 
5  

(c
on

tin
ue

d)

M
et

ho
ds

Sc
al

e
A

dv
an

ta
ge

s
Li

m
ita

tio
ns

Re
co

nc
ili

at
io

n

Q
ua

nt
ita

tiv
e:

 A
lg

o-
rit

hm
ic

, a
nd

 m
ix

ed
 

m
et

ho
ds

*

G
lo

ba
l

Re
gi

on
al

In
cr

ea
si

ng
ly

, r
em

ot
e 

se
ns

in
g 

stu
di

es
 a

t 
hi

gh
er

 sc
al

es
 a

re
 in

co
rp

or
at

in
g 

qu
an

tit
a-

tiv
e 

an
d/

or
 c

au
sa

l i
nf

er
en

ce
-o

rie
nt

ed
 

te
ch

ni
qu

es
 su

ch
 a

s s
pa

tia
l e

co
no

m
et

ric
s 

(e
.g

., 
us

in
g 

zo
na

l s
ta

tis
tic

s f
ro

m
 re

m
ot

e 
se

ns
in

g)
 b

ey
on

d 
st

an
da

rd
 c

ha
ng

e 
de

te
c-

tio
n 

an
d 

cl
as

si
fic

at
io

n 
to

 id
en

tif
y 

po
s-

si
bl

e 
dr

iv
er

s. 
M

ac
hi

ne
 le

ar
ni

ng
 a

nd
 A

I 
te

ch
ni

qu
es

 c
an

 a
ls

o 
en

ab
le

 p
ro

ce
ss

in
g 

an
d 

an
al

ys
is

 o
f l

ar
ge

-s
ca

le
 tr

en
ds

Th
es

e 
lim

ita
tio

ns
 a

re
 sh

ar
ed

 w
ith

 g
lo

ba
l 

an
d 

re
gi

on
al

 q
ua

nt
ita

tiv
e 

stu
di

es
: g

lo
ba

l 
stu

di
es

 th
at

 u
se

 c
ou

nt
rie

s o
r r

eg
io

ns
 a

s 
un

its
 o

f a
na

ly
si

s s
tru

gg
le

 to
 a

de
qu

at
el

y 
ca

pt
ur

e 
lo

ca
l v

ar
ia

tio
n,

 c
on

te
xt

, a
nd

 
re

gi
on

al
 v

ar
ia

tio
n 

an
d 

dy
na

m
ic

s. 
Fu

rth
er

, t
he

se
 c

oa
rs

e 
sc

al
e 

stu
di

es
 

so
m

et
im

es
 st

ru
gg

le
 to

 y
ie

ld
 a

ct
io

na
bl

e 
re

co
m

m
en

da
tio

ns

M
ix

ed
 m

et
ho

ds
 st

ud
ie

s c
om

bi
ne

 m
an

y 
of

 
th

e 
be

ne
fit

s o
f p

ur
el

y 
re

m
ot

e 
se

ns
in

g,
 

pu
re

ly
 q

ua
nt

ita
tiv

e,
 o

r p
ur

el
y 

qu
al

ita
tiv

e 
stu

di
es

. B
ut

 b
y 

us
in

g 
ca

se
 st

ud
ie

s, 
ad

di
ng

 
na

tio
na

l o
r l

oc
al

 d
yn

am
ic

s, 
or

 o
th

er
w

is
e 

in
co

rp
or

at
in

g 
fin

er
-g

ra
in

ed
 sc

al
es

, s
om

e 
re

gi
on

al
 v

ar
ia

tio
n 

an
d 

co
nt

ex
t i

ss
ue

s c
an

 
be

 a
dd

re
ss

ed
. R

ef
er

en
ce

 to
 sp

ec
ifi

c 
gl

ob
al

 
or

 re
gi

on
al

 e
co

no
m

ic
 p

ol
ic

y,
 tr

ad
e,

 o
r 

ot
he

r s
ys

te
m

s w
ill

 a
ls

o 
be

 im
po

rta
nt

 in
 

de
ve

lo
pi

ng
 re

co
m

m
en

da
tio

ns
 w

hi
ch

 c
an

 
be

 a
ct

io
ni

ze
d

Su
br

eg
io

na
l

N
at

io
na

l
Lo

ca
l

M
ix

ed
 m

et
ho

ds
 st

ud
ie

s a
t s

ca
le

s l
ow

er
 

th
an

 g
lo

ba
l a

nd
 re

gi
on

al
 y

ie
ld

ed
 

dy
na

m
ic

 a
nd

 re
le

va
nt

 d
riv

er
s o

f d
ef

or
-

es
ta

tio
n 

an
d 

fo
re

st 
de

gr
ad

at
io

n 
w

hi
ch

 
in

co
rp

or
at

ed
 c

on
te

xt

Ea
ch

 sp
ec

ifi
c 

m
et

ho
do

lo
gy

 is
 su

bj
ec

t t
o 

its
 

ow
n 

lim
ita

tio
ns

, b
ut

 g
en

er
al

ly
 fi

ne
r-s

ca
le

 
m

ix
ed

 m
et

ho
ds

 st
ud

ie
s t

en
de

d 
to

 c
ap

tu
re

 
fe

w
er

 te
m

po
ra

l t
re

nd
s i

n 
dr

iv
er

s o
f 

de
fo

re
st

at
io

n 
an

d 
de

gr
ad

at
io

n

M
ix

ed
 m

et
ho

ds
 st

ud
ie

s c
an

 a
dd

re
ss

 th
e 

qu
al

ita
tiv

e 
ch

al
le

ng
e 

of
 h

ig
h 

in
te

rn
al

 
va

lid
ity

, b
ut

 lo
w

er
 e

xt
er

na
l v

al
id

ity
 (s

ee
 

Q
ua

lit
at

iv
e 

ro
w

s)
 b

y 
in

cl
ud

in
g 

m
ul

tip
le

 
ty

pe
s o

f k
no

w
le

dg
e 

an
d 

tri
an

gu
la

tin
g 

w
ith

 
qu

an
tit

at
iv

e 
an

d 
sp

at
ia

l s
tu

di
es

. T
he

se
 

ne
ed

 to
 b

e 
lin

ke
d 

to
 a

ct
io

na
bl

e 
re

co
m

m
en

-
da

tio
ns

 fo
r p

ra
ct

iti
on

er
s



22	 Biodiversity and Conservation (2024) 33:1–29

1 3

Ta
bl

e 
5  

(c
on

tin
ue

d)

M
et

ho
ds

Sc
al

e
A

dv
an

ta
ge

s
Li

m
ita

tio
ns

Re
co

nc
ili

at
io

n

Q
ua

lit
at

iv
e

G
lo

ba
l

Re
gi

on
al

G
lo

ba
l a

nd
 re

gi
on

al
 q

ua
lit

at
iv

e-
ba

se
d 

stu
di

es
 a

re
 o

fte
n 

lit
er

at
ur

e 
re

vi
ew

s o
r 

m
et

a-
an

al
ys

es
. T

he
se

 o
ffe

r i
m

po
rta

nt
 

in
si

gh
ts

 fo
r s

ha
pi

ng
 th

e 
di

re
ct

io
n 

of
 

re
se

ar
ch

 a
nd

 p
ra

ct
ic

e

Li
te

ra
tu

re
 re

vi
ew

s a
nd

 m
et

a-
an

al
ys

es
 n

ee
d 

to
 e

m
ph

as
iz

e 
dr

aw
in

g 
ac

tio
na

bl
e 

an
d 

im
pl

em
en

ta
bl

e 
re

co
m

m
en

da
tio

ns
 a

nd
 

fo
r r

ed
uc

in
g 

de
fo

re
st

at
io

n 
an

d 
fo

re
st 

de
gr

ad
at

io
n 

in
 sp

ec
ifi

c 
lo

ca
tio

ns

Th
es

e 
stu

di
es

 c
an

 sh
ap

e 
th

e 
di

re
ct

io
n 

of
 

fu
tu

re
 re

se
ar

ch
 b

y 
id

en
tif

yi
ng

 g
ap

s a
nd

 
ar

ea
s f

or
 p

ot
en

tia
l i

nt
er

ve
nt

io
n.

 H
ow

ev
er

, 
th

es
e 

dr
iv

er
s d

ist
ill

ed
 in

 b
y 

re
vi

ew
 o

f 
th

es
e 

stu
di

es
 sh

ou
ld

 b
e 

co
nfi

rm
ed

 w
ith

 
na

rr
ow

er
-s

ca
le

 a
pp

ro
ac

he
s a

s w
el

l

Su
br

eg
io

na
l

N
at

io
na

l
Lo

ca
l

Q
ua

lit
at

iv
e 

stu
di

es
 a

t fi
ne

r s
ca

le
s a

re
 o

fte
n 

in
te

rv
ie

w
 a

nd
 fo

cu
s g

ro
up

 d
is

cu
ss

io
n 

ba
se

d 
in

 th
e 

da
ta

se
t r

ev
ie

w
ed

. T
he

se
 

pr
ov

id
e 

cr
iti

ca
l c

on
te

xt
 a

nd
 e

ns
ur

e 
th

at
 

lo
ca

l v
oi

ce
s a

re
 h

ea
rd

 a
nd

 th
at

 th
ei

r 
un

de
rs

ta
nd

in
g 

of
 lo

ca
l d

riv
er

s i
n 

a 
pa

rti
cu

la
r c

on
te

xt
 a

re
 in

co
rp

or
at

ed
 in

to
 

re
co

m
m

en
da

tio
ns

W
hi

le
 c

on
te

xt
-o

rie
nt

ed
, q

ua
lit

at
iv

e 
stu

di
es

 
at

 fi
ne

r s
ca

le
s a

re
 so

m
et

im
es

 li
m

ite
d 

in
 c

ap
tu

rin
g 

te
m

po
ra

l t
re

nd
s o

r i
n 

ne
ig

hb
or

in
g 

lo
ca

tio
ns

. T
he

se
 m

ay
 h

av
e 

hi
gh

 in
te

rn
al

 v
al

id
ity

, b
ut

 lo
w

er
 e

xt
er

na
l 

va
lid

ity

Q
ua

nt
ita

tiv
e 

an
d 

qu
al

ita
tiv

e 
stu

di
es

 c
an

 
co

m
pl

em
en

t e
ac

h 
ot

he
r b

y 
fil

lin
g 

ga
ps

. 
Q

ua
nt

ita
tiv

e 
stu

di
es

 th
at

 m
ay

 b
e 

ab
le

 to
 

co
m

pa
re

 b
et

w
ee

n 
re

gi
on

s, 
co

un
tri

es
, a

nd
 

lo
ca

tio
ns

 in
 id

en
tif

yi
ng

 d
riv

er
s s

ho
ul

d 
be

 
co

m
pl

em
en

te
d 

by
 q

ua
lit

at
iv

e 
stu

di
es

 to
 

bo
lst

er
 in

te
rn

al
 v

al
id

ity
. W

ith
 th

es
e 

pa
ra

l-
le

l d
at

a 
ty

pe
s, 

ac
cu

ra
te

 a
nd

 a
ct

io
na

bl
e 

re
co

m
m

en
da

tio
ns

 c
an

 b
e 

m
ad

e 
fo

r c
on

te
x-

tu
al

ly
 re

le
va

nt
 la

nd
 u

se
 p

la
nn

in
g 

op
tio

ns

*  In
 th

is
 ta

bl
e,

 q
ua

nt
ita

tiv
e-

al
go

rit
hm

ic
 a

nd
 m

ix
ed

 m
et

ho
ds

 a
re

 c
om

bi
ne

d 
be

ca
us

e 
m

an
y 

of
 m

ix
ed

-m
et

ho
ds

 s
tu

di
es

 in
cl

ud
ed

 in
 th

e 
sa

m
pl

e 
al

so
 u

til
iz

ed
 G

IS
-b

as
ed

 a
lg

or
ith

m
ic

 
m

et
ho

ds
 (s

uc
h 

as
 la

nd
-u

se
 c

la
ss

ifi
ca

tio
n 

al
go

rit
hm

s)
 a

lo
ng

si
de

 th
e 

qu
al

ita
tiv

e 
ap

pr
oa

ch
 (e

.g
., 

M
ak

un
ga

 M
is

an
i, 

20
17

)



23Biodiversity and Conservation (2024) 33:1–29	

1 3

(Hänggli et al. 2023; Balboni et al., 2023; Garrett et al. 2021; Pendrill et al. 2022; Busch 
Ferretti-Gallon 2017; Meyfroidt 2016; Atmadja Verchot 2012). However, this study has 
provided an additional contribution to this body of literature by disaggregating by method 
and scale, to illustrate what types of data collection and analysis reveal certain drivers 
across the globe and in particular regions of the tropics (Scrieciu 2007). Acknowledging 
the linkages between scale, method, and the drivers identified – including the archetypal 
groupings of drivers commonly found together – is important for achieving both effective 
national biodiversity and forest monitoring, as described by Armenteras et al. (2017), and 
global biodiversity conservation and deforestation and emissions-reduction aims. Further, 
the study provides a step towards synthesizing divergent findings resulting from studies 
undertaken at various scales and with different methods, and in highlighting the need for 
clarity in recommendations. Clear, implementable recommendations can be derived from 
results identified at coarse or fine scales, or using a variety of methodological tools, yet the 
recommendations should be clear and appropriate to the type of analysis (Garrett et  al., 
2019; Börner et  al. 2020; Knight et  al. 2019). Future research could explore the role of 
transdisciplinary research practices in developing clear and implementable recommenda-
tions for reducing deforestation and forest degradation (Brandt et al. 2013; Margules et al. 
2020). Transdisciplinary research, which involves non-academic stakeholders such as 
policymakers and conservation or land use organizations throughout the research process, 
could encourage more clear and actionable recommendations from research on drivers of 
deforestation and forest degradation from the outset (Mauser et  al. 2013). Furthermore, 
additional research can continue to develop guidance for development of actionable and 
implementable recommendations geared toward specific policy- and decision-makers.

Conclusion

In summary, this study systematically reviewed 231 articles in the drivers of tropical defor-
estation and forest degradation literature to assess how methodological approach and scale 
of analysis influence the quantity and type of drivers of tropical deforestation and forest 
degradation identified, and to understand possible implications for conservation policy 
and program action. The focus on subregional, national, and local dynamics is critical in 
determining clear and effective paths forward for land use planners and other practitioners 
working to reduce deforestation and forest degradation on the ground. Recommendations 
tended to be coded as more action-oriented and implementable when locally relevant or 
specific (Börner et al. 2020; Knight et al. 2019). In addition to divergence of scale used 
between studies, the findings indicated divergence between scale of analysis within stud-
ies – between the “primary scale” explicitly emphasized and the “reflection scale” at which 
results were attributed. In alignment with existing literature such as Busch and Ferretti-
Gallon (2017), Ferrer Velasco et al. (2020), and Scrieciu (2007), finer-scale analysis was 
associated with more drivers identified for specific locations (e.g., agricultural land con-
version, infrastructure, fires, mining, in addition to regionally specific elections and gov-
ernment turnover); qualitative studies also tend to identify greater heterogeneity of driv-
ers than quantitative or remote sensing-based studies. The coarser scale of analysis was 
negatively associated with the ability to implement recommendations suggested in articles. 
Global and regional studies tended to feature recommendations that would be difficult to 
implement, or which are targeted to large-scale problems lacking specificity. The most 
implementable recommendations focus on improvements that can be made to a specific 
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program or policy (e.g., conservation intervention or REDD +), specific adjustments to 
increase the accuracy of models used in studies, or recommendations that feature specific 
location context. The scale of analysis should be appropriately aligned to the scale of inter-
ventions and decision-making; for example, at the national level, most countries can only 
enact regulations or interventions at national or sub-national scales. International agree-
ments and collective climate actions, which might result in pressures to reduce demand 
enacted at global scales, can be more complicated to agree upon and implement.

This study illustrates the importance of method and scale selection that is attuned to 
the type and scale of deforestation and forest degradation challenges, and to the types of 
interventions that may be recommended. Future research can use this work to identify 
scale-appropriate recommendations for effective implementation, and to ensure alignment 
of methods, data, and scale when addressing deforestation and forest degradation in the 
tropics.

Supplementary Information  The online version contains supplementary material available at https://​doi.​
org/​10.​1007/​s10531-​023-​02747-z.

Acknowledgements  This research was made possible by the team at Forestry Division (NFO) of the Food 
and Agriculture Organization of the United Nations (FAO) and the Central African Forest Initiative (CAFI). 
The primary FAO Officers who supported this work were Dr. Rémi D’Annunzio and Dr. Aurélie Shapiro, 
with conceptual and research design input, in addition to overall project guidance provided by Caroline 
Merle. Consultation with Dr. Adia Bey further supported the methodological design and approach. At Penn-
sylvania State University, doctoral students Melanie Jones and Emma Chiaroni contributed to coding of lit-
erature for intercoder reliability. Co-PI Dr. Edwin Sabuhoro provided oversight. The authors are also grate-
ful for the recommendations of anonymous reviewers whose suggestions improved this work.

Author contributions  KPB and ACS: contributed to the study conception and design. CAH: reviewed the 
study conception materials. Material preparation, data collection and analysis were performed by KPB. The 
first draft of the manuscript was written by KPB and all authors commented on previous versions of the 
manuscript. All authors read and approved the final manuscript.

Funding  This research was funded by Food and Agriculture Organization of the United Nations (FAO) 
(Grant FAO-Penn State 2022 “Drivers of Deforestation” OSP no. 228015) and the Central African Forest 
Initiative (CAFI). This material was also supported by the National Science Foundation Research Trainee 
Program LandscapeU and NRT Traineeship Fellowship (Grant #DGE 1828822) in addition to the NASA 
PA Space Grant Consortium Graduate Research Fellowship (Award Number 80NSSC20M0097).

Data availability  A complete list of articles reviewed is included in Supplementary Materials. The cleaned 
database of articles included in the analysis with codes assigned to each article is available upon request in 
Microsoft Excel format. The pre-cleaning Zotero folder can also be shared upon request.

Declarations 

Competing interests  The authors have no relevant financial or non-financial interests to disclose, nor com-
peting interests to declare. The authors certify that they have no affiliations with or involvement in any organi-
zation or entity with any financial interest in the subject matter of this manuscript.

References

Amano T, Berdejo-Espinola V, Akasaka M, De Andrade Junior MAU, Blaise N, Checco J, Çilingir FG, 
Citegetse G, Corella Tor M, Drobniak SM, Giakoumi S, Golivets M, Ion MC, Jara-Díaz JP, Katayose 
R, Lasmana FPS, Lin H-Y, Lopez E, Mikula P, Zamora-Gutierrez V (2023) The role of non-English-
language science in informing national biodiversity assessments. Nat Sustain 6(7):845–854. https://​
doi.​org/​10.​1038/​s41893-​023-​01087-8

https://doi.org/10.1007/s10531-023-02747-z
https://doi.org/10.1007/s10531-023-02747-z
https://doi.org/10.1038/s41893-023-01087-8
https://doi.org/10.1038/s41893-023-01087-8


25Biodiversity and Conservation (2024) 33:1–29	

1 3

Andrieu J, Barima YSS, Moreno D, Vignal M, Zerbo R (2018) Retrospective modelling and remote 
sensing analysis of deforestation in the protected Haut-Sassandra Forest (Cote d’Ivoire) in a con-
text of armed conflict (2001–2013). L’Espace Géographique 47:219–234

Angelsen A (2010) Policies for reduced deforestation and their impact on agricultural production. Proc 
Natl Acad Sci 107(46):19639–19644. https://​doi.​org/​10.​1073/​pnas.​09120​14107

Angelsen A, Kaimowitz D (1999) Rethinking the causes of deforestation: lessons from economic mod-
els. World Bank Res Observ 14(1):73–98. https://​doi.​org/​10.​1016/j.​gloen​vcha.​2017.​09.​002

Angelsen A, Jagger P, Babigumira R, Belcher B, Hogarth NJ, Bauch S, Börner J, Smith-Hall C, Wunder 
S (2014) Environmental income and rural livelihoods: a global-comparative analysis. World Dev 
64:S12–S28. https://​doi.​org/​10.​1016/j.​world​dev.​2014.​03.​006

Ardoin NM, Wheaton M, Bowers AW, Hunt CA, Durham WH (2015) Nature-based tourism’s impact 
on environmental knowledge, attitudes, and behavior: a review and analysis of the literature and 
potential future research. J Sustain Tour 23(6):838–858. https://​doi.​org/​10.​1080/​09669​582.​2015.​
10242​58

Armenteras D, Espelta JM, Rodríguez N, Retana J (2017) Deforestation dynamics and drivers in dif-
ferent forest types in Latin America: three decades of studies (1980–2010). Glob Environ Chang 
46:139–147

Atmadja S, Verchot L (2012) A review of the state of research, policies and strategies in addressing leak-
age from reducing emissions from deforestation and forest degradation (REDD+). Mitig Adapt 
Strat Glob Change 17(3):311–336. https://​doi.​org/​10.​1007/​s11027-​011-​9328-4

Balboni C, Berman A, Burgess R, Olken BA (2023) The economics of tropical deforestation. Ann Rev 
Econ 15:723–754. https://​doi.​org/​10.​1146/​annur​ev-​econo​mics0​90622-​024705

Barbier EB, Burgess JC, Grainger A (2010) The forest transition: Towards a more comprehensive theo-
retical framework. Land Use Policy 27(2):98–107. https://​doi.​org/​10.​1016/j.​landu​sepol.​2009.​02.​
001

Bele MY, Sonwa DJ, Tiani A-M (2015) Adapting the Congo Basin forests management to climate 
change: linkages among biodiversity, forest loss, and human well-being. Forest Policy Econ 50:1–
10. https://​doi.​org/​10.​1016/j.​forpol.​2014.​05.​010

Blum D, Aguiar S, Sun Z, Müller D, Alvarez A, Aguirre I, Domingo S, Mastrangelo M (2022) Subnational 
institutions and power of landholders drive illegal deforestation in a major commodity production 
frontier. Glob Environ Chang 74:102511. https://​doi.​org/​10.​1016/j.​gloen​vcha.​2022.​102511

Börner J, Schulz D, Wunder S, Pfaff A (2020) The effectiveness of forest conservation policies and 
programs. Annual Rev Res Economics 12(1):45–64. https://​doi.​org/​10.​1146/​annur​ev-​resou​
rce-​110119-​025703

Brandt P, Ernst A, Gralla F, Luederitz C, Lang DJ, Newig J, Reinert F, Abson DJ, von Wehrden H 
(2013) A review of transdisciplinary research in sustainability science. Ecol Econ 92:1–15. https://​
doi.​org/​10.​1016/j.​ecole​con.​2013.​04.​008

Branthomme A, Merle C, Kindgard A, Lourenço A, Ng W, D’Annunzio R, Shapiro A (2023) How much 
do large-scale and small-scale farming contribute to global deforestation? FAO. https://​doi.​org/​10.​
4060/​cc572​3en

Breiman L (2001) Statistical modeling: the two cultures (with comments and a rejoinder by the author). 
Stat Sci 16(3):199–231

Busch J, Ferretti-Gallon K (2017) What drives deforestation and what stops it? A meta-analysis. Rev 
Environ Economics Policy 11(1):3–23

Butsic V, Baumann M, Shortland A, Walker S, Kuemmerle T (2015) Conservation and conflict in the 
Democratic Republic of Congo: the impacts of warfare, mining, and protected areas on deforesta-
tion. Biol Cons 191:266–273. https://​doi.​org/​10.​1016/j.​biocon.​2015.​06.​037

Burgess R, Miguel E, Stanton C (2015) War and deforestation in Sierra Leone. Environ Res Lett 
10(9):095014

Cardille JA, Crowley MA, Saah D, Clinton NE (eds) (2024) Cloud-based remote sensing with google 
earth engine: fundamentals and applications. Springer international publishing, Cham. https://​doi.​
org/​10.​1007/​978-3-​031-​26588-4

Cattarino L, McAlpine CA, Rhodes JR (2014) Land-use drivers of forest fragmentation vary with spatial 
scale. Glob Ecol Biogeogr 23(11):1215–1224. https://​doi.​org/​10.​1111/​geb.​12187

Clerici N, Armenteras D, Kareiva P, Botero R, Ramírez-Delgado JP, Forero-Medina G, Ochoa J, Pedraza 
C, Schneider L, Lora C, Gómez C, Linares M, Hirashiki C, Biggs D (2020) Deforestation in 
Colombian protected areas increased during post-conflict periods. Sci Rep 10(1):4971. https://​doi.​
org/​10.​1038/​s41598-​020-​61861-y

Coelho MTP, Diniz-Filho JA, Rangel TF (2019) A parsimonious view of the parsimony principle in 
ecology and evolution. Ecography 42(5):968–976. https://​doi.​org/​10.​1111/​ecog.​04228

https://doi.org/10.1073/pnas.0912014107
https://doi.org/10.1016/j.gloenvcha.2017.09.002
https://doi.org/10.1016/j.worlddev.2014.03.006
https://doi.org/10.1080/09669582.2015.1024258
https://doi.org/10.1080/09669582.2015.1024258
https://doi.org/10.1007/s11027-011-9328-4
https://doi.org/10.1146/annurev-economics090622-024705
https://doi.org/10.1016/j.landusepol.2009.02.001
https://doi.org/10.1016/j.landusepol.2009.02.001
https://doi.org/10.1016/j.forpol.2014.05.010
https://doi.org/10.1016/j.gloenvcha.2022.102511
https://doi.org/10.1146/annurev-resource-110119-025703
https://doi.org/10.1146/annurev-resource-110119-025703
https://doi.org/10.1016/j.ecolecon.2013.04.008
https://doi.org/10.1016/j.ecolecon.2013.04.008
https://doi.org/10.4060/cc5723en
https://doi.org/10.4060/cc5723en
https://doi.org/10.1016/j.biocon.2015.06.037
https://doi.org/10.1007/978-3-031-26588-4
https://doi.org/10.1007/978-3-031-26588-4
https://doi.org/10.1111/geb.12187
https://doi.org/10.1038/s41598-020-61861-y
https://doi.org/10.1038/s41598-020-61861-y
https://doi.org/10.1111/ecog.04228


26	 Biodiversity and Conservation (2024) 33:1–29

1 3

Collaboration for Environmental Evidence (CEE) (2020). Guidelines and Standards for Evidence Syn-
thesis in Environmental Management. Eds. Andrew S Pullin, Geoff K Frampton, Barbara Livoreil 
Gillian Petrokofsky. https://​envir​onmen​talev​idence.​org/​infor​mation-​for-​autho​rs/

Crespo Cuaresma J, Heger M (2019) Deforestation and economic development: evidence from national 
borders. Land Use Policy 84:e347–e353. https://​doi.​org/​10.​1016/j.​landu​sepol.​2018.​12.​039

Cumming GS, Allen CR (2017) Protected areas as social-ecological systems: perspectives from resil-
ience and social-ecological systems theory. Ecol Appl 27(6):1709–1717. https://​doi.​org/​10.​1002/​
eap.​1584

Curtis PG, Slay CM, Harris NL, Tyukavina A, Hansen MC (2018) Classifying drivers of global forest 
loss. Science 361(6407):1108–1111

Dalla-Nora EL, Aguiar APD, Montenegro Lapola D, Woltjer G (2014) Modelling the interplay between 
global and regional drivers on Amazon deforestation. In AGU Fall Meet Abstracts 2014:GC51C-0427

DeFries RS, Rudel T, Uriarte M, Hansen M (2010) Deforestation driven by urban population growth and 
agricultural trade in the twenty-first century. Nat Geosci 3(3):178–181

de Lima RAF, Phillips OL, Duque A et  al (2022) Making forest data fair and open. Nat Ecol Evol. 
https://​doi.​org/​10.​1038/​s41559-​022-​01738-7

de Merode E, Smith KH, Homewood K, Pettifor R, Rowcliffe M, Cowlishaw G (2007) The impact of 
armed conflict on protected-area efficacy in Central Africa. Biol Let 3(3):299–301. https://​doi.​org/​
10.​1098/​rsbl.​2007.​0010

Du W, Penabaz-Wiley S, Njeru A, Kinoshita I (2015) Models and approaches for integrating protected 
areas with their surroundings: a review of the literature. Sustainability 7(7):8151–8177. https://​
doi.​org/​10.​3390/​su707​8151

Fao UN (2020) State of the world’s forests report. Food and Agriculture Organization of the United 
Nations, Rome

Ferraro PJ, Pressey RL (2015) Measuring the difference made by conservation initiatives: pro-
tected areas and their environmental and social impacts. Philos Trans Royal Soc b: Biol Sci 
370(1681):20140270. https://​doi.​org/​10.​1098/​rstb.​2014.​0270

Ferrer Velasco R, Köthke M, Lippe M, Günter S (2020) Scale and context dependency of deforestation 
drivers: insights from spatial econometrics in the tropics. PLoS ONE 15(1):e0226830. https://​doi.​
org/​10.​1371/​journ​al.​pone.​02268​30

Fehlenberg V, Baumann M, Gasparri NI, Piquer-Rodriguez M, Gavier-Pizarro G, Kuemmerle T (2017) 
The role of soybean production as an underlying driver of deforestation in the South American 
Chaco. Glob Environ Chang 45:24–34

Fritz S, Laso Bayas JC, See L, Schepaschenko D, Hofhansl F, Jung M, McCallum I (2022) A continental 
assessment of the drivers of tropical deforestation with a focus on protected areas. Front Conserv 
Sci. https://​doi.​org/​10.​3389/​fcosc.​2022.​830248

Garrett RD, Cammelli F, Ferreira J, Levy SA, Valentim J, Vieira I (2021) Forests and sustainable devel-
opment in the Brazilian Amazon: history, trends, and future prospects. Annu Rev Environ Resour 
46(1):625–652. https://​doi.​org/​10.​1146/​annur​ev-​envir​on-​012220-​010228

Garrett RD, Levy S, Carlson KM, Gardner TA, Godar J, Clapp J, Dauvergne P, Heilmayr R, Waroux 
YLPD, Ayre B, Barr R, Døvre B, Gibbs HK, Hall S, Lake S, Milder JC, Rausch LL, Rivero R, 
Rueda X, Villoria N (2019) Criteria for effective zero-deforestation commitments. Global Environ 
Change 54:135–147. https://​doi.​org/​10.​1016/j.​gloen​vcha.​2018.​11.​003

Gasparri NI, Grau HR, Angonese JG (2013) Linkages between soybean and neotropical deforestation: 
coupling and transient decoupling dynamics in a multi-decadal analysis. Glob Environ Chang 
23(6):1605–1614

Geist HJ, Lambin EF (2001) What drives tropical deforestation? A meta-analysis of proximate and underly-
ing causes of deforestation based on subnational case study evidence. LUCC Rep Series 4:116

Geist HJ, Lambin EF (2002) Proximate causes and underlying driving forces of tropical Deforestation-
Tropical forests are disappearing as the result of many pressures, both local and regional, acting in 
various combinations in different geographical locations. Bioscience 52(2):143–150. https://​doi.​
org/​10.​1641/​0006-​3568(2002)​052[0143:​PCAUDF]​2.0.​CO;2

Giljum S, Maus V, Kuschnig N, Luckeneder S, Tost M, Sonter LJ, Bebbington AJ (2022) A pan-
tropical assessment of deforestation caused by industrial mining. Proc Natl Acad Sci 
119(38):e2118273119. https://​doi.​org/​10.​1073/​pnas.​21182​73119

Goulart FF, Chappell MJ, Mertens F, Soares-Filho B (2023) Sparing or expanding? The effects of agri-
cultural yields on farm expansion and deforestation in the tropics. Biodiver Conserv. https://​doi.​
org/​10.​1007/​s10531-​022-​02540-4

Grau HR, Aide TM, Gasparri NI (2005) Globalization and soybean expansion into semiarid ecosystems 
of Argentina. AMBIO: J Human Environ 34(3):265–266

https://environmentalevidence.org/information-for-authors/
https://doi.org/10.1016/j.landusepol.2018.12.039
https://doi.org/10.1002/eap.1584
https://doi.org/10.1002/eap.1584
https://doi.org/10.1038/s41559-022-01738-7
https://doi.org/10.1098/rsbl.2007.0010
https://doi.org/10.1098/rsbl.2007.0010
https://doi.org/10.3390/su7078151
https://doi.org/10.3390/su7078151
https://doi.org/10.1098/rstb.2014.0270
https://doi.org/10.1371/journal.pone.0226830
https://doi.org/10.1371/journal.pone.0226830
https://doi.org/10.3389/fcosc.2022.830248
https://doi.org/10.1146/annurev-environ-012220-010228
https://doi.org/10.1016/j.gloenvcha.2018.11.003
https://doi.org/10.1641/0006-3568(2002)052[0143:PCAUDF]2.0.CO;2
https://doi.org/10.1641/0006-3568(2002)052[0143:PCAUDF]2.0.CO;2
https://doi.org/10.1073/pnas.2118273119
https://doi.org/10.1007/s10531-022-02540-4
https://doi.org/10.1007/s10531-022-02540-4


27Biodiversity and Conservation (2024) 33:1–29	

1 3

Green JMH, Larrosa C, Burgess ND, Balmford A, Johnston A, Mbilinyi BP, Platts PJ, Coad L (2013) Defor-
estation in an African biodiversity hotspot: extent, variation and the effectiveness of protected areas. 
Biol Cons 164:62–72. https://​doi.​org/​10.​1016/j.​biocon.​2013.​04.​016

Grogan K, Pflugmacher D, Hostert P, Mertz O, Fensholt R (2019) Unravelling the link between global rub-
ber price and tropical deforestation in Cambodia. Nat Plants 5(1):47–53

Gu H, Subramanian SM (2014) Drivers of change in socio-ecological production landscapes: implications 
for better management. Ecol Soc 19(1):41. https://​doi.​org/​10.​5751/​ES-​06283-​190141

Haddaway NR, Collins AM, Coughlin D, Kirk S (2015) The role of google scholar in evidence reviews 
and its applicability to grey literature searching. PLoS ONE 10(9):e0138237. https://​doi.​org/​10.​1371/​
journ​al.​pone.​01382​37

Haddaway NR, Land M, Macura B (2017) A little learning is a dangerous thing”: a call for better under-
standing of the term ‘systematic review. Environ Int 99:356–360. https://​doi.​org/​10.​1016/j.​envint.​
2016.​12.​020

Haddaway NR, Macura B, Whaley P, Pullin AS (2018) ROSES reporting standards for systematic evidence 
syntheses: pro forma, flow-diagram and descriptive summary of the plan and conduct of environ-
mental systematic reviews and systematic maps. Environ Evidence 7(1):7. https://​doi.​org/​10.​1186/​
s13750-​018-​0121-7

Hallgren KA (2012) Computing inter-rater reliability for observational data: an overview and tutorial. Tutor 
Quant Meth Psychol 8(1):23

Hänggli A, Levy SA, Armenteras D, Bovolo CI, Brandão J, Rueda X, Garrett RD (2023) A systematic com-
parison of deforestation drivers and policy effectiveness across the Amazon biome. Environ Res Lett 
18(7):073001. https://​doi.​org/​10.​1088/​1748-​9326/​acd408

Hansen MC, Potapov PV, Moore R, Hancher M, Turubanova SA, Tyukavina A et al (2013) High-resolution 
global maps of 21st-century forest cover change. Science. 342:850–853

Harrell FE Jr, Lee KL, Califf RM, Pryor DB, Rosati RA (1984) Regression modelling strategies for 
improved prognostic prediction. Stat Med 3(2):143–152. https://​doi.​org/​10.​1002/​sim.​47800​30207

Harris NL, Gibbs DA, Baccini A, Birdsey RA, de Bruin S, Farina M, Fatoyinbo L, Hansen MC, Herold 
M, Houghton RA, Potapov PV, Suarez DR, Roman-Cuesta RM, Saatchi SS, Slay CM, Turubanova 
SA, Tyukavina A (2021) Global maps of twenty-first century forest carbon fluxes. Nat Clim Chang 
11(3):234–240. https://​doi.​org/​10.​1038/​s41558-​020-​00976-6

Hoang NT, Kanemoto K (2021) Mapping the deforestation footprint of nations reveals growing threat to 
tropical forests. Nat Ecol Evol. https://​doi.​org/​10.​1038/​s41559-​021-​01417-z

Hosonuma N, Herold M, De Sy V, De Fries RS, Brockhaus M, Verchot L et al (2012) An assessment of 
deforestation and forest degradation drivers in developing countries. Environ Res Lett 7(4):044009

Indarto, J., Mutaqin, D. J. (n.d.). An Overview of Theoretical and Empirical Studies on Deforestation. 14.
Kuschnig N, Cuaresma JC, Krisztin T, Giljum S (2021) Spatial spillover effects from agriculture drive 

deforestation in Mato Grosso, Brazil. Sci Rep 11(1). https://​doi.​org/​10.​1038/​s41598-​021-​00861-y
Keenan RJ, Reams GA, Achard F, de Freitas JV, Grainger A, Lindquist E (2015) Dynamics of global forest 

area: results from the FAO global forest resources assessment 2015. For Ecol Manage 352:9–20
Knight AT, Cook CN, Redford KH, Biggs D, Romero C, Ortega-Argueta A, Norman CD, Parsons B, 

Reynolds M, Eoyang G, Keene M (2019) Improving conservation practice with principles and 
tools from systems thinking and evaluation. Sustain Sci 14(6):1531–1548. https://​doi.​org/​10.​1007/​
s11625-​019-​00676-x

Lambin EF, Gibbs HK, Heilmayr R, Carlson KM, Fleck LC, Garrett RD, Waroux YLPD, McDermott CL, 
McLaughlin D, Newton P, Nolte C, Pacheco P, Rausch LL, Streck C, Thorlakson T, Walker NF 
(2018) The role of supply-chain initiatives in reducing deforestation. Nat Climate Change 8(2):109–
116. https://​doi.​org/​10.​1038/​s41558-​017-​0061-1

Landholm DM, Pradhan P, Kropp JP (2019) Diverging forest land use dynamics induced by armed conflict 
across the tropics. Glob Environ Chang 56:86–94

Laso Bayas JC, See L, Georgieva I, Schepaschenko D, Danylo O, Dürauer M, Fritz S (2022) Driv-
ers of tropical forest loss between 2008 and 2019. Nat Sci Data 9(1):146. https://​doi.​org/​10.​1038/​
s41597-​022-​01227-3

Liu J, Dietz T, Carpenter SR, Alberti M, Folke C, Moran E et al (2007) Complexity of coupled human and 
natural systems. Science 317(5844):1513–1516. https://​doi.​org/​10.​1126/​scien​ce.​11440​04. (PMID: 
17872436)

Linkie M, Rood E, Smith RJ (2010) Modelling the effectiveness of enforcement strategies for avoiding trop-
ical deforestation in Kerinci Seblat National Park, Sumatra. Biodivers Conserv 19:973–984. https://​
doi.​org/​10.​1007/​s10531-​009-​9754-8

Lohani S, Dilts TE, Weisberg PJ, Null SE, Hogan ZS (2020) Rapidly accelerating deforestation in Cambo-
dia’s Mekong River Basin: a comparative analysis of spatial patterns and drivers. Water 12(8):2191

https://doi.org/10.1016/j.biocon.2013.04.016
https://doi.org/10.5751/ES-06283-190141
https://doi.org/10.1371/journal.pone.0138237
https://doi.org/10.1371/journal.pone.0138237
https://doi.org/10.1016/j.envint.2016.12.020
https://doi.org/10.1016/j.envint.2016.12.020
https://doi.org/10.1186/s13750-018-0121-7
https://doi.org/10.1186/s13750-018-0121-7
https://doi.org/10.1088/1748-9326/acd408
https://doi.org/10.1002/sim.4780030207
https://doi.org/10.1038/s41558-020-00976-6
https://doi.org/10.1038/s41559-021-01417-z
https://doi.org/10.1038/s41598-021-00861-y
https://doi.org/10.1007/s11625-019-00676-x
https://doi.org/10.1007/s11625-019-00676-x
https://doi.org/10.1038/s41558-017-0061-1
https://doi.org/10.1038/s41597-022-01227-3
https://doi.org/10.1038/s41597-022-01227-3
https://doi.org/10.1126/science.1144004
https://doi.org/10.1007/s10531-009-9754-8
https://doi.org/10.1007/s10531-009-9754-8


28	 Biodiversity and Conservation (2024) 33:1–29

1 3

Makunga JE, Misana SB (2017) The extent and drivers of deforestation and forest degradation in Masito-
Ugalla ecosystem, Kigoma region Tanzania. Open J Forest 7(2):285–305

Mammadova A, Masiero M, Pettenella D (2020) Embedded deforestation: the case study of the Brazilian-
Italian bovine leather trade. Forests 11(4):472

Margules C, Boedhihartono AK, Langston JD, Riggs RA, Sari DA, Sarkar S, Sayer JA, Supriatna J, 
Winarni NL (2020) Transdisciplinary science for improved conservation outcomes. Environ Conserv 
47(4):224–233. https://​doi.​org/​10.​1017/​S0376​89292​00003​38

Matthews R, Selman P (2006) Landscape as a focus for integrating human and environmental processes. J 
Agric Econ 57(2):199–212. https://​doi.​org/​10.​1111/j.​1477-​9552.​2006.​00047.x

Mauser W (2013) Transdisciplinary global change research: the co-creation of knowledge for sustainability. 
Curr Opinion Environ Sustain. https://​doi.​org/​10.​1016/j.​cosust.​2013.​07.​001

Mayer AL (2019) Family forest owners and landscape-scale interactions: a review. Landsc Urban Plan 
188:4–18. https://​doi.​org/​10.​1016/j.​landu​rbplan.​2018.​10.​017

Meyfroidt P (2016) Approaches and terminology for causal analysis in land systems science. J Land Use Sci 
11(5):501–522. https://​doi.​org/​10.​1080/​17474​23X.​2015.​11175​30

Meyfroidt P, Lambin EF (2009) Forest transition in Vietnam and displacement of deforestation abroad. Proc 
Natl Acad Sci 106(38):16139

Millington, J.D.A. (2022). “Scale and hierarchy in Landscape Ecology” in Francis, R.A., Millington, J.D.A., 
Perry, G.L.W., and Minor, E.S., eds. The Routledge Handbook of Landscape Ecology. Routledge. 
49-67

Molinario G, Hansen MC, Potapov PV (2015) Forest cover dynamics of shifting cultivation in the Dem-
ocratic Republic of Congo: a remote sensing-based assessment for 2000–2010. Environ Res Lett 
10(9):094009. https://​doi.​org/​10.​1088/​1748-​9326/​10/9/​094009

Molinario G, Hansen M, Potapov P, Tyukavina A, Stehman S (2020) Contextualizing landscape-scale for-
est cover loss in the Democratic Republic of Congo (DRC) between 2000 and 2015. Land 9(1):23. 
https://​doi.​org/​10.​3390/​land9​010023

Moonen PC, Verbist B, Schaepherders J, Meyi MB, Van Rompaey A, Muys B (2016) Actor-based identi-
fication of deforestation drivers paves the road to effective REDD+ in DR Congo. Land Use Policy 
58:123–132. https://​doi.​org/​10.​1016/j.​landu​sepol.​2016.​07.​019

Morpurgo J, Kissling WD, Tyrrell P, Negret PJ, Allan JR (2021) The role of elections as drivers of tropical 
deforestation [Preprint]. Ecology. https://​doi.​org/​10.​1101/​2021.​05.​04.​442551

Müller D, Munroe DK (2015) Tradeoffs between rural development policies and forest protection: spatially 
explicit modeling in the central highlands of Vietnam. Land Econ 81(3):412–425

Newman EA, Kennedy MC, Falk DA, McKenzie D (2019) Scaling and complexity in landscape ecology. 
Front Ecol Evol 7:293. https://​doi.​org/​10.​3389/​fevo.​2019.​00293

Oliveira E, Meyfroidt P (2021) Strategic land-use planning instruments in tropical regions: state of the art 
and future research. J Land Use Sci. https://​doi.​org/​10.​1080/​17474​23X.​2021.​20154​71

Oshan TM, Wolf LJ, Sachdeva M, Bardin S, Fotheringham AS (2022) A scoping review on the multiplicity 
of scale in spatial analysis. J Geogr Syst 24(3):293–324. https://​doi.​org/​10.​1007/​s10109-​022-​00384-8

Pacheco, P., Mo, K., Dudley, N., Shapiro, A., Aguilar-Amuchastegui, N., Ling, P.Y., Anderson, C. and 
Marx, A. (2021) Deforestation fronts: Drivers and responses in a changing world. WWF, Gland, 
Switzerland.

Paim M-A (2021) Zero deforestation in the Amazon: the Soy Moratorium and global forest governance. Rev 
European, Compar Int Environ Law 30(2):220–232. https://​doi.​org/​10.​1111/​reel.​12408

Peduzzi P, Concato J, Kemper E, Holford TR, Feinstein AR (1996) A simulation study of the number of 
events per variable in logistic regression analysis. J Clin Epidemiol 49(12):1373–1379. https://​doi.​
org/​10.​1016/​S0895-​4356(96)​00236-3

Pendrill F, Gardner TA, Meyfroidt P, Persson UM, Adams J, Azevedo T, Bastos Lima MG, Baumann M, 
Curtis PG, De Sy V, Garrett R, Godar J, Goldman ED, Hansen MC, Heilmayr R, Herold M, Kuem-
merle T, Lathuillière MJ, Ribeiro V, West C (2022) Disentangling the numbers behind agriculture-
driven tropical deforestation. Science 377(6611):eabm9267. https://​doi.​org/​10.​1126/​scien​ce.​abm92​67

Pendrill F, Persson UM, Godar J, Kastner T, Moran D, Schmidt S, Wood R (2019) Agricultural and forestry 
trade drives large share of tropical deforestation emissions. Glob Environ Chang 56:1–10

Pereira HM, Leadley PW, Proença V, Alkemade R, Scharlemann JPW, Fernandez-Manjarrés JF, Araújo 
MB, Balvanera P, Biggs R, Cheung WWL, Chini L, Cooper HD, Gilman EL, Guénette S, Hurtt GC, 
Huntington HP, Mace GM, Oberdorff T, Revenga C, Walpole M (2010) Scenarios for Global Biodi-
versity in the 21st Century. Science 330(6010):1496–1501. https://​doi.​org/​10.​1126/​scien​ce.​11966​24

Reyers B, Roux DJ, Cowling RM, Ginsburg AE, Nel JL, Farrell PO (2010) Conservation planning as a 
transdisciplinary process: putting conservation plans to work. Conserv Biol 24(4):957–965. https://​
doi.​org/​10.​1111/j.​1523-​1739.​2010.​01497.x

https://doi.org/10.1017/S0376892920000338
https://doi.org/10.1111/j.1477-9552.2006.00047.x
https://doi.org/10.1016/j.cosust.2013.07.001
https://doi.org/10.1016/j.landurbplan.2018.10.017
https://doi.org/10.1080/1747423X.2015.1117530
https://doi.org/10.1088/1748-9326/10/9/094009
https://doi.org/10.3390/land9010023
https://doi.org/10.1016/j.landusepol.2016.07.019
https://doi.org/10.1101/2021.05.04.442551
https://doi.org/10.3389/fevo.2019.00293
https://doi.org/10.1080/1747423X.2021.2015471
https://doi.org/10.1007/s10109-022-00384-8
https://doi.org/10.1111/reel.12408
https://doi.org/10.1016/S0895-4356(96)00236-3
https://doi.org/10.1016/S0895-4356(96)00236-3
https://doi.org/10.1126/science.abm9267
https://doi.org/10.1126/science.1196624
https://doi.org/10.1111/j.1523-1739.2010.01497.x
https://doi.org/10.1111/j.1523-1739.2010.01497.x


29Biodiversity and Conservation (2024) 33:1–29	

1 3

Rudel TK, Flesher K, Bates D, Baptista S, Holmgren P (2000) Tropical deforestation literature: geographi-
cal and historical patterns. Unasylva 203:51

Rudel TK (2007) Changing agents of deforestation: from state-initiated to enterprise driven processes, 
1970–2000. Land Use Policy 24(1):35–41. https://​doi.​org/​10.​1016/j.​landu​sepol.​2005.​11.​004

Sandker M, Finegold Y, D’annunzio R, Lindquist E (2017) Global deforestation patterns: comparing recent 
and past forest loss processes through a spatially explicit analysis. Int Forest Rev 19(3):350–368. 
https://​doi.​org/​10.​1505/​14655​48178​21865​081

Sayer J, Sunderland T, Ghazoul J, Pfund J-L, Sheil D, Meijaard E, Venter M, Boedhihartono AK, Day M, 
Garcia C, van Oosten C, Buck LE (2013) Ten principles for a landscape approach to reconciling agri-
culture, conservation, and other competing land uses. Proc Natl Acad Sci 110(21):8349–8356. https://​
doi.​org/​10.​1073/​pnas.​12105​95110

Scrieciu SS (2007) Can economic causes of tropical deforestation be identified at a global level? Ecol Econ 
62(3–4):603–612

Shapiro AC, d’Annunzio R, Desclée B, Jungers Q, Kondjo H, Mbulito Iyanga J, Inicko Gangyo F, Nana T, 
Vassily Obame C, Milanoud C, Rambaud P, Sonwa D, Mertens B, Tchana E, Khasa D, Bourgoin C, 
Brice Ouissika C, Kipute D (2023) Small-scale agriculture continues to drive deforestation and deg-
radation in fragmented forests in the Congo Basin. Land Use Policy. https://​doi.​org/​10.​1016/j.​landu​
sepol.​2023.​106922

Shapiro AC, Bernhard KP, Zenobi S, Aguilar-Amuchastegui N, d’Annunzio R (2021) Proximate causes of 
forest degradation in the Democratic Republic of the Congo vary in space and time. Front Conserv 
Sci, Global Biodiver Threats. https://​doi.​org/​10.​3389/​fcosc.​2021.​690562

Songer M, Aung M, Senior B, DeFries R, Leimgruber P (2009) Spatial and temporal deforestation dynam-
ics in protected and unprotected dry forests: a case study from Myanmar (Burma). Biodivers Conserv 
18:1001–1018. https://​doi.​org/​10.​1007/​s10531-​008-​9490-5

Steffen W, Richardson K, Rockström J, Cornell SE, Fetzer I, Bennett EM, Biggs R, Carpenter SR, De Vries 
W, De Wit CA, Folke C (2015) Planetary boundaries: guiding human development on a changing 
planet. Science 347(6223):1259855

Turner MG, Gardner RH (2015) Landscape ecology in theory and practice: pattern and process. Springer, 
New York. https://​doi.​org/​10.​1007/​978-1-​4939-​2794-4

Twongyirwe R, Bithell M, Richards KS (2018) Revisiting the drivers of deforestation in the tropics: Insights 
from local and key informant perceptions in western Uganda. J Rural Stud 63:105–119

Tyukavina A, Hansen MC, Potapov P, Parker D, Okpa C, Stehman SV, Kommareddy I, Turubanova S (2018) 
Congo basin forest loss dominated by increasing smallholder clearing. Sci Adv 4(11):eaat2993. 
https://​doi.​org/​10.​1126/​sciadv.​aat29​93

Vaske, J. J. (2019). Survey research and analysis: Applications in parks, recreation and human dimensions. 
2nd Edition. Sagamore Publishing LLC.

Vieilledent G, Vancutsem C, Bourgoin C, Ploton P, Verley P, Achard F (2022) Spatial scenario of tropical 
deforestation and carbon emissions for the 21st century. bioRxiv. https://​doi.​org/​10.​1101/​2022.​03.​22.​
485306

Waha K, Zipf B, Kurukulasuriya P, Hassan RM (2016) An agricultural survey for more than 9,500 African 
households. Sci Data 3(1):160020. https://​doi.​org/​10.​1038/​sdata.​2016.​20

Winkler K, Fuchs R, Rounsevell M et al (2021) Global land use changes are four times greater than previ-
ously estimated. Nat Commun 12:2501

Zu Ermgassen E, Renier C, Carvalho T, Garcia A, Meyfroidt P (2023) Sustainable commodity sourcing 
requires measuring and governing land use change at multiple scales. [Preprint]. In Review. https://​
doi.​org/​10.​21203/​rs.3.​rs-​33037​85/​v2

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under 
a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of such publishing agreement and applicable 
law.

https://doi.org/10.1016/j.landusepol.2005.11.004
https://doi.org/10.1505/146554817821865081
https://doi.org/10.1073/pnas.1210595110
https://doi.org/10.1073/pnas.1210595110
https://doi.org/10.1016/j.landusepol.2023.106922
https://doi.org/10.1016/j.landusepol.2023.106922
https://doi.org/10.3389/fcosc.2021.690562
https://doi.org/10.1007/s10531-008-9490-5
https://doi.org/10.1007/978-1-4939-2794-4
https://doi.org/10.1126/sciadv.aat2993
https://doi.org/10.1101/2022.03.22.485306
https://doi.org/10.1101/2022.03.22.485306
https://doi.org/10.1038/sdata.2016.20
https://doi.org/10.21203/rs.3.rs-3303785/v2
https://doi.org/10.21203/rs.3.rs-3303785/v2

	Drivers of tropical deforestation: a global review of methodological approaches and analytical scales
	Abstract
	Introduction
	Problem statement and research questions

	Background
	Common drivers of tropical deforestation and forest degradation
	Integrating scale and landscape considerations

	Methods
	Limitations

	Findings
	Sample overview and descriptive statistics
	Methodological approach and scale integration
	Implementation

	Discussion and recommendations
	Conclusion
	Acknowledgements 
	References




