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Tropical forests provide critical ecosystem services worldwide. Nonetheless, ongoing agricultural expansion,
timber extraction, and mining continue to jeopardize important forest resources. In addition, many tropical
forests reside in countries that have experienced violent conflict in recent decades, posing an additional, yet
poorly understood threat. Conflict may decrease or increase deforestation depending on the relationship be-
tween conflict and other causes of land use change, such as mining expansion or protected area establishment.
TheDemocratic Republic of Congo (DRC), homeof the second largest tropical forest in theworld, has experienced
20 years of violent conflict, resulting in the death of over 100,000 combatants and up to 5 million civilians.
Expanding mining concessions also threaten the DRC's forest, even though nearly 12% of it is under some form
of protection. In this study, we used spatially-explicit data on conflict, mining, and protected areas, along with
a host of control variables, to estimate the impacts of these factors on forest cover loss from 1990 to 2010.
Through a panel instrumental variables approachwe found that: i) conflict increased forest cover loss, ii) mining
concessions increased forest cover loss, but in times of conflict this impact was lessened, and iii) protected areas
reduced forest cover loss, even in high conflict regions. Our results thus suggest that policy interventions
designed to reduce violent conflict may have the co-benefit of reducing deforestation, especially in areas with
low mining potential. Likewise, protected areas can be effective even in times of war.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Tropical forests cover 6% of the Earth's surface, yet contain over two
thirds of all terrestrial plant and animal species, store massive amounts
of carbon, and provide livelihoods tomillions of people (Bradshaw et al.,
2009; Sunderlin et al., 2008). These forests are threatened by deforesta-
tion and forest degradation (Gibbs et al., 2010; Lambin and Meyfroidt,
2011), driven by a range of proximate drivers, including agricultural
expansion (Phalan et al., 2013), urban sprawl (Seto et al., 2012), mining
(Hirons, 2011), and timber harvest (Asner et al., 2010). As global
demand for food, timber, and minerals continues to soar, the pressure
on tropical forests increases. At the same time, the ecosystem services
provided by tropical forests are becoming more valuable (Hansen
et al., 2010; Shearman et al., 2012). Combined, these dynamics make
conserving tropical forests one of the greatest conservation challenges
of the 21st century (Laurance et al., 2012).

While tropical deforestation has decreased in some areas, forest loss
continues unabated in much of the world (Ernst et al., 2013; Hansen
et al., 2013). Payment for ecosystem services programs, such as
REDD+, has become increasingly common in many tropical forests
(Nepstad et al., 2011). Nonetheless, establishing protected areas is still
the most widespread policy to safeguard tropical forests. Globally,
approximately 27% of tropical forests have some form of protection
(Nelson and Chomitz, 2011). However, the effectiveness of this protec-
tion is questionable, especially in areas with poor economic conditions
and weak governance (Andam et al., 2008; Irland, 2008).

A less well understood driver of deforestation is violent conflict
(Machlis andHanson, 2008),which is unfortunately common in tropical
forests worldwide (Beyers et al., 2011; Hecht and Saatchi, 2007).
Empirical studies suggest a complex relationship between conflict and
forest conservation (Draulans and Van Krunkelsven, 2002; Gorsevski
et al., 2012; Rustad et al., 2008). Direct impacts of conflict include road
building, defoliation and unsustainable use of forest resources
(Machlis and Hanson, 2008). Indirect impacts may include decreased
economic activity during times of conflict, which could reduce forest
cover loss, and changing discount rates, which could increase the
propensity to harvest forest resources (Stevens et al., 2011). These
effects have been shown to remain well after conflict ends (Nackoney
et al., 2014). Nonetheless, empirical studies suggest that conflict may
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have both negative and positive outcomes in terms of conservation
(Rustad et al., 2008) even within small geographic areas (Gorsevski
et al., 2013). Likewise, the efficacy of protected areas in times of conflict
also varies over space and time (de Merode et al., 2007; Glew and
Hudson, 2007).

Analyzing the effect of conflict on deforestation is particularly
challenging due to the endogenous nature of forest loss in this setting.
Conflict may be the result or the cause of deforestation, implying an
endogenous empirical relationship. Neglecting this endogeneity bias
in models of deforestation can lead to biased coefficients and standard
errors, thereby inhibiting our ability to understand the causal mecha-
nisms between conflict and deforestation in a statistical framework
(Blackman, 2013). In the social sciences, an instrumental variables
(IV) approach is commonly used to model such endogenous relation-
ships, and is a standard practice in the recent conflict literature
(Miguel et al., 2004) and in the deforestation literature (Chomitz and
Gray, 1996; Sims, 2010). Limited use of this technique, however, has
restricted our understanding of how violent conflict impacts tropical
deforestation. One of the primary contributions of this study, therefore,
is to understand potential causal relationships between conflicts,
mining, protected areas and deforestation by implementing the IV
technique.

Starting in 1996 and continuing in various forms until today, one of
the deadliest conflicts since World War II has raged in the Democratic
Republic of Congo (DRC), with over 100,000 combatant fatalities and
up to 5 million more deaths of civilians from malnourishment and
preventable diseases (Coghlan et al., 2006; Tollefsen et al., 2012).
Much of this conflict occurred in the Congo Basin forests — one of the
world's most biodiverse regions (Mittermeier et al., 1999), which
provides habitat to the critically endangered mountain gorilla (Gorilla
beringei beringei), okapi (Okapia johnstoni), bonobo (Pan paniscus) and
forest elephant (Loxodonta cyclotis), among other species (IUCN,
2012). In addition, these forests store vast amounts of carbon (Saatchi
et al., 2011), of which large volumes are released every year through de-
forestation (Tyukavina et al., 2013), and also contain some of the most
valuable mineral deposits in the world (TheWorld Bank, 2008). Mining
contributes nearly 25% to DRC's GDP (The World Bank, 2008), but
threatens forests in the Congo Basin — approximately 12% of which
are currently protected (UNEP, 2009). Together, biodiversity, minerals,
and conflict make the tropical rainforest of the DRC one of the most
valuable and vulnerable in the world.
Fig. 1. Percentage of forest cover loss, number of fatalities, and
We contribute to the growing literature on conflict and conservation
by compiling and analyzing a long-term (1990–2010) large-scale (the
majority of the DRC) database on deforestation, conflict, mining conces-
sions and protected areas in the DRC. Using this dataset, along with
the instrumental variables approach combined with policy simulations,
we address four questions about deforestation in the DRC: (1) does
conflict increase deforestation, (2) do mining concessions increase de-
forestation, (3) do protected areas reduce deforestation, and (4) does
conflict interact with mining and protected areas to jointly impact
deforestation?

2. Methods

2.1. Study area

The DRC extends from the Atlantic Ocean in the west to the Great
Lakes region in the east, covering an area of over 2,345,409 km2

(Central Inteligence Agency, 2013). Our study area contained all of the
DRC that is part of the Congo Basin – the second largest tropical
rainforest in the world – and is based on the extent of previously pub-
lished forest change maps (Hansen et al., 2008; Potapov et al., 2012)
(Fig. 1), which includes 559 out of 685 secteurs (similar to a U.S.
county).

The conflict in the DRChas been termed “Africa'sWorldWar” and its
complexity compared to that of Europe's thirty years of war (Prunier,
2008). As the Congo Basin contains some of the world's most valuable
mineral deposits, the conflict is usually viewed through the lens of the
“resource curse” (Matti, 2010) and has been described as “economics
by othermeans” (Jackson, 2002; Keen, 1998; Reno, 1998). Furthermore,
the DRC is surrounded by politically unstable countries: Angola, Sudan,
the Central African Republic and Rwanda. With cross-cutting ethnic
solidarities and lack of resources to patrol them, national borders are
porous, facilitating cross-border raids, ethnic insurgencies and occasion-
ally “proxy wars” (Prunier, 2004, 2008). Altogether, this has led to
frequent bouts of violence, particularly in the eastern portion of the
DRC.

Since the official end of the war, the country has been plagued by
fighting between local rival militias (Marriage, 2013). Where the state
does not provide public services or security, people often turn to war-
lords and rebels for protection, generally mobilizing along ethnic lines,
often leading to organized ethnic conflict. Power struggles over territory
mining concessions 1990–2010; percent protected area.
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are most frequent in the mineral rich Eastern DRC, but occur wherever
the DRCs vast natural resources present opportunities for personal
enrichment (Karbo and Mutisi, 2012).
2.2. Data sources

Our identification strategy was based on spatial variation and
temporal variation in forest cover loss, conflict events (reported number
of fatalities in each secteur), andmining concessions (percent of secteur
undermining concession), as well as spatial variation in protected areas
(percent of each secteur protected) from 1990 to 2010. A detailed de-
scription of each of our predictor variables is provided in the Supporting
information. Key data sources included: the Armed Conflict Location
and Event Database (ACLED, Raleigh et al., 2010) for data on conflict
fatalities; the DRC Department of Mining (supplied to us by the
International Peace Information Service; http://ipisresearch.be), which
provided detailed maps of mining concessions (as polygons) and valid
dates of each concession; the World Database on Protected Areas,
whichwas used to identify protected areas; the Peace Research Institute
Oslo (PRIO) dataset (Themner andWallensteen, 2012), which provided
control variables on climate and population; and the Central African Re-
gional Program for the Environment (CARPE), for spatial data on road
density, percent of secteur in water, and administrative boundaries.
We also incorporated ruggedness as a measure of accessibility (Nunn
and Puga, 2012), which was calculated at the mean for each secteur.
Information on extreme weather (Rainfall shocks) was obtained from
PRIO-GRID (Guttman, 1999).

Our dependent variable – the natural log of secteur level percent of
forest cover loss in each time period – was calculated by combining
two maps of forest cover change using Landsat Thematic Mapper
(TM) and Enhanced Thematic Mapper Plus (ETM+) imagery from
1990 to 2000 (Hansen et al., 2008) and 2000–2005–2010 (Potapov
et al., 2012). The datasets were originally created using different
analysis schemes and therefore feature small differences in
the resulting maps for the year 2000 and therefore are not directly
comparable. To account for these discrepancies, we used the 2000–
2005–2010 map, which is considered more reliable (P. Potapov,
pers. comm.), as our base map. We used the 1990–2000 dataset
only to identify prior deforestation in places that were labeled as
non-forest in the 2000–2005–2010 dataset. This mitigated some of
the problems common to post-classification change detection
approaches (Coppin et al., 2004).

While accuracy information exists for one of our input datasets
(i.e., the 2000–2010 map, Tyukavina et al., 2013), no such assessment
was available for the second dataset. Thus, we performed an
independent accuracy assessment for our new forest cover change
map to ascertain its quality. In order to do so, we adopted a cluster sam-
pling strategy (Stehman and Wickham, 2011) in which we randomly
selected 10 Landsat footprints across our study area and randomly sam-
pled 200 points per class (i.e., stable forest 1990–2010, stable non-forest
1990–2010, deforestation 1990–2000, deforestation 2000–2005,
and deforestation 2005–2010) inside the 10 footprints. Using a com-
bination of Landsat time series and Google Earth high-resolution
imagery, we then performed our own independent classification of
the 200 sampled points (Cohen et al., 2010; Griffiths et al., 2014).
We removed points from the analysis that fell inside clouds or
cloud shadows. We then compared the dataset to the classification
map, generated an error matrix, and calculated standard accuracy
metrics including overall classification accuracy as well as class-wise
classification accuracies (Foody, 2002; Olofsson et al., 2014). Our
accuracy assessment revealed an overall accuracy of 88%, indicating
that the data were of sufficient quality for our analysis. A more detailed
description of how this dataset was generated and validated, including
the errormatrix and class-wise accuracies is provided in the Supporting
information (Table S2.1).
2.3. Instrumental variables model

In order to identify the impacts of conflict, mining and protected
areas on forest cover loss at the secteur level, we specified the basic
empirical model:

yit ¼ θCit þ γPi þþρMit þ BXit þ uit ð1Þ

where y is the log of percent of forest loss in secteur i and year t, C is the
log of the number of conflict fatalities in secteur i and year t, P is the log
percent of protected area in secteur i (and does not vary over time),M is
the log percent of secteur covered by mining concessions in secteur i
and year t, X is a vector of control variables that influence y in a given
secteur and year, such as km of roads or average ruggedness, and u is
the random error component. This equation matches the results from
model 2 presented later.

If conflictwas endogenous to forest cover loss, E[Ciui] ≠ 0, resulting in
biased coefficient estimates. This bias is eliminated through the use of
an instrumental variable (or multiple instruments in our empirical
models), Z, which is correlated with conflict, but uncorrelated with the
dependent variable (i.e., forest cover loss) and the random error compo-
nent u, such that Z only affects forest cover loss through conflict. Using
this method, we therefore exogenously predicted conflict as:

Cit ¼ δZit þ γPi þ ρMit þ BXit þ nit ð2Þ

where nit represents a random error component. Cit in Eq. (1) was then
replaced by the predicted value of Cit from Eq. (2).

Two necessary conditions must be met in order to provide a consis-
tent estimate of yit: i) δ ≠ 0, and ii) E[Ziui] = 0. The first condition
requires that the instrument, Z, is statistically significantly correlated
with conflict after conditioning on P, M, and X. The second requires
that Z not be correlated with forest cover loss except through conflict.
Given a valid instrument we could estimate the unbiased impact of
conflict and its interactions on forest cover loss. This procedure is most
often accomplished using a generalized method of moments estimator
(Cameron and Trivedi, 2005).

We used three variables as an instrument for conflict. First, we used
the number of ethnicities historically present in each secteur (Esteban
et al., 2012). Ethnic violence was a leading cause of conflict in the DRC,
and while some ethnic groups may be more likely to clear forests than
others, there is little reason to believe that the number of ethnicities in
a given secteur would influence forest cover loss, except through
increased conflict. Second, we used a dummy variable that indicated
whether a secteur shared a border with another country, as armed
militias, migrants and refugees from neighboring countries were more
likely to settle in these secteurs. Finally, we used the variance of rainfall
in each of the three time periods to proxy for extremeweather seasons.
Extreme weather events have been correlated with conflicts in other
African nations (Burke et al., 2009; O'Loughlin et al., 2012). While rain-
fall shocksmay also influence forest harvest directly if it leads people to
utilize forests resources, we did not observe this in our data.

In each specification, the dependent variable was the natural log of
the percent of forest cover lost (forest loss). Overall, we parameterized
five regression models: model one was a baseline random effects
model where we did not instrument for conflict. Models two, three
and four were random effects specifications where conflict was instru-
mented as: i) conflict alone (i.e., no interactions between conflict and
other drivers of forest cover loss), ii) conflict interacted with mining,
and iii) conflict interacted individually with mining and protected areas.
Model five was a fixed effects model where conflict and its interactions
were also instrumented. While the fixed effects model was arguably
stronger in its ability to account for unobserved time invariant variation
in the data, it was not necessarily the preferred model in our study due
to the fact that only one of our instruments was time varying (rainfall
shocks). Thus, there was a trade-off between the random effects and
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fixed effects model in terms of instrument quality and controlling for
unobserved time invariant variation in the data.

Due to the spatial nature of our data we were concerned about
potential spatial autocorrelation. While options to account for spatial
autocorrelation in panel instrumental variable models are limited, we
identified two models as robustness checks, which are available in the
supplemental material: 1) an IV estimator wherewe clustered the stan-
dard errors at the Territoire level (i.e., one administrative unit higher
than the secteur level) and 2) a panel instrumental variable spatial
error model (spgm package in R), which allowed for spatial correlation
between secteurs that share a border. Accounting for spatial autocorre-
lation led to slight changes in the significance of individual coefficients,
but did not change the results qualitatively (Table S3.9). Lastly, as an ad-
ditional robustness check, we also ran regressions on the 2000–2010
data alone, because of concerns that the 1990–2000 data was not as
robust as the 2000–2010 data.. These results, once again, were quite
similar to results using the full dataset and are included in the SI
(Table S3.10).

2.4. Policy simulations

Interpreting the coefficients on interaction terms between key
variables is difficult. Therefore, we used spatial policy simulations to
describe the total effect of conflict, mining, and protected areas on
deforestation, accounting for their interactions. Our policy simulations
calculated the change in deforestation for a given change in the policy
variable of interest, holding every other variable constant. We chose to
use 2005 as our baseline data, as it represented the end of the second
war. We spatially simulated three alternative scenarios in each secteur,
using the coefficients from model 4 as the input: A) a 10 percentage
point increase in mining, B) a 10 percentage point increase in protected
areas concessions, and C) a 10% decrease in conflict.

We chose these values because we believe they represent realistic
potential changes in policy variables. The simulations should not be
interpreted as policy suggestions (i.e., the government should increase
mining by 10 percentage points), but rather as values that might be
realisticmarginal changes in the present climate. Moreover, the simula-
tions are intended to demonstrate the dynamics of our models, which
include a number of interaction terms that are not easily understood
by simply evaluating coefficients. We caution about the interpretation
of the mining simulation, as it is only valid if future mining concessions
are made in places where mineral resources are similar to the mineral
resources in which current concessions exist. Given that mineral
resources are likely not evenly distributed across space, the results of
this simulation are reasonably most accurate for areas that already
have some mining activity.

2.5. Other potential endogenous variables

Casual interpretation of the impacts of mining and protected areas
on deforestation requires that these variables are not endogenous to
the model of land use change. While we would ideally instrument for
these variables as well, we could not find suitable instruments. Since
mining concessions vary over time, we were able to exploit this
variation in our estimates to produce arguably causal impacts of mining
concessions. Protected areas, however, were more problematic due to
the lack of temporal variation (i.e., the amount of protected area did
not changed during our study). Endogeneity would be a problem if
protected area effectiveness was correlated with unobservable factors
that also influence deforestation or if the underlying covariates that af-
fect deforestation were correlated with protected and non-protected
areas differentially (Andam et al., 2008; Joppa and Pfaff, 2010). We
were able to control formany of the covariates whichmay be correlated
with protected areas and deforestation (population density, road densi-
ty and ruggedness). All of these variables were statistically significant in
our models. In addition we ran a number of tests in the SI, which
support our interpretation of protected areas as arguably causal (see
SI Section 3).

3. Results

3.1. Summary statistics

Forest cover loss increased in each panel, with an annual disturbance
rate of 0.08% from 1990 to 2000, 0.31% from 2000 to 2005, and 0.34%
from2005 to 2010 (Fig. 1). Violent conflict increased in each timeperiod
from an average of 27 fatalities per secteur in the first panel, to 29
fatalities in the second panel, and 35 fatalities in the third panel. These
data were highly skewed due to the large number of conflict events in
Eastern DRC in the second and third timeperiod (Fig. 1).Mining conces-
sions increased as well, with an average of 0.52% of each secteur under
mining concession between 1990 and 2000, 2.71% between 2000 and
2005, and 17.56% between 2005 and 2010 (Fig. 1).

3.2. Statistical model results

Conflict had a positive and statistically significant impact on defores-
tation in the instrumental variables random effects models, but was
insignificant in the fixed effects and panel regression model. In the
instrumental variables regressions random effects, the direct impact of
conflict increased as more interactions were added (Table 1). The effect
of protected areas, however, was more ambiguous. In the models with-
out interaction terms, the direct impacts of protectedwere negative and
significantly different from zero. When protected was interacted with
conflict the point estimate was negative but statistically insignificant,
while the interaction term was negative and statistically significant.
The direct impact of mining was positive and statistically different
from zero in the instrumental variable models. The interaction term
between mining and conflict was negative and statistically significant
in the instrumental variable random effects models, indicating that as
conflict increased in regions with relatively more mining concessions,
forest cover loss decreased.

Our results suggest that the magnitude of the total impact of mining
and protected areas on forest cover loss was dependent on the number
of fatalities in the area. Therefore, we calculated the percent forest
change that would result from increasing mining and protected areas
1% over a gradient of conflict values using the coefficients of Model 4
(Fig. 2). At low levels of conflict, the total effect of increasedmining con-
cessions on forest cover losswas positive,while at high levels of conflict,
forest cover loss decelerated in areaswith highmining density. The total
effect of protected area establishment on deforestation was always
negative, indicating that they did reduce deforestation.

In order to understand the sensitivity of our results, we implemented
a number of robustness checks. First, we included a host of control
variables that are known to impact deforestation and found that intuitive
relationships hold (Table S1.1). We also tested for over-identification
(using the Sargan–Hansen (SH) statistic) and weak identification (by
investigating the joint significance of the instruments in the first stage
regressions) in our instrumental variables regressions. We found that
the models were never overidentified (SH p-value = .15 (model 2), .15
(model 3) and .15 (model 4)). Likewise the joint significance of our
excluded instruments was large and statistically significant. Finally,
changing our conflict variable from fatalities to the number of conflict
events, and including or excluding the capital Kinshasa, did not affect
our results (Tables S6 and S7).

3.3. Policy simulation results

Interaction effects between conflict, mining, and protected areas can
be seen in our policy simulations (Fig. 3). Increasingmining concessions
by 10 percentage points increased forest cover loss by 468 km2. Most of
this forest loss was in the central and eastern part of the country where



Table 1
Regression results. Model 1 shows results for a non-instrumented baseline random effects model. Models 2, 3 and 4 are random effects instrumental variable models with different
interactions. Model 5 is a fixed effects instrumental variablesmodel. For instrumentedmodels, second stage regression results with adjusted standard errors are shown. Conflict is measured
by the log of the number of fatalities. The natural logarithm of all independent variables, except distance to capital, is taken to improve model fit. Standard errors are in parenthesis.

Model (1) (2) (3) (4) (5)

Error structure Random effects Random effects Random effects Random effects Fixed effects

Instruments None # of ethnicities, rainfall
shocks, on border

# of ethnicities, rainfall
shocks, on border

# of ethnicities, rainfall
shocks, on border

Rainfall shocks

Conflict −0.0127 (0.0111) 0.117⁎⁎⁎ (0.0384) 0.215⁎⁎⁎ (0.0642) 0.340⁎⁎⁎ (0.0913) 0.340 (0.213)
Conflict ∗ mines −0.00622 (0.00489) −0.0768⁎⁎⁎ (0.0206) −0.0935⁎⁎⁎ (0.0225) −0.0475 (0.0455)
Conflict ∗ protected area 0.0117⁎⁎ (0.00487) −0.0458⁎⁎ (0.0210) −0.183⁎⁎ (0.0878)
% protected area −0.0409⁎⁎⁎ (0.0129) −0.0577⁎⁎⁎ (0.0152) −0.0548⁎⁎⁎ (0.0171) −0.0188 (0.0204)
% mine 0.0381⁎⁎⁎ (0.0109) 0.0262⁎⁎ (0.0114) 0.0801⁎⁎⁎ (0.0172) 0.0871⁎⁎⁎ (0.0192) 0.0891⁎⁎⁎ (0.0336)
Mineral index 0.312⁎⁎⁎ (0.0218) 0.317⁎⁎⁎ (0.0237) 0.326⁎⁎⁎ (0.0248) 0.327⁎⁎⁎ (0.0294) 0.755⁎⁎⁎ (0.279)
Agriculture index 0.104⁎⁎ (0.0417) 0.0864⁎ (0.0452) 0.118⁎⁎ (0.0474) 0.132⁎⁎ (0.0555) 0.737⁎ (0.391)
Road density 1.471⁎⁎⁎ (0.251) 1.425⁎⁎⁎ (0.263) 1.451⁎⁎⁎ (0.0299) 1.427⁎⁎⁎ (0.282)
Population 0.0685⁎⁎⁎ (0.0114) 0.0690⁎⁎⁎ (0.0119) 0.0643⁎⁎⁎ (0.0137) 0.0751⁎⁎⁎ (0.0132) −1.831 (1.159)
% water 0.173⁎⁎⁎ (0.0409) 0.187⁎⁎⁎ (0.0433) 0.200⁎⁎⁎ (0.0498) 0.178⁎⁎⁎ (0.0468)
Distance to capital −7.69e−05⁎⁎ (3.42e−05) −0.0001⁎⁎⁎ (4.19e−05) 0.000129⁎⁎⁎ (4.60e−05) −0.0001⁎⁎⁎ (4.75e−05)
Ruggedness −0.00193 (0.0116) −0.0113 (0.0126) −0.0185 (0.0147) −0.0193 (0.0138)
% forested 0.0885⁎⁎⁎ (0.0143) −0.0113 (0.0126) 0.0950⁎⁎⁎ (0.0171) −0.0193 (0.0138) 0.0181 (0.0477)
Constant −3.283⁎⁎⁎ (0.450) −3.148⁎⁎⁎ (0.484) −3.472⁎⁎⁎ (0.517) −3.687⁎⁎⁎ (0.586) −1.210 (7.788)
Observations 1677 1677 1677 1677 1677
R2 0.25 0.18 0.165 0.120 − .1483

⁎ p-Value ≤ .1.
⁎⁎ p-Value ≤ .05.
⁎⁎⁎ p-Value ≤ .01.
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there are currently fewer conflicts and fewer mining concessions.
Increasing protected areas by 10 percentage points resulted in an esti-
mated decrease in forest cover loss of 2308 km2 over our entire study
area. Spatially, the impacts of this intervention where spread more
evenly throughout the country, although some areas which already
had high levels of protection saw smaller impacts. Decreasing fatalities
by 10% reduced forest cover loss by 95 km2. The largest increase in forest
loss under this intervention was in the far-east of the DRC, where there
are many mining concessions. Decreasing conflict in these areas may
lead to increased mining activity, and therefore forest clearing.

4. Discussion

Armed conflict plagues many tropical countries (Tollefsen et al.,
2012). Nonetheless, our understanding of how conflict affects tropical
deforestation or impairs the effectiveness of conservation measures
remains unclear. This lack of understanding is partially due to the
competing effects of conflict, which can either increase or decrease in
deforestation. Moreover, the interactions between conflict, other proxi-
mate drivers of deforestation such as mining, and protected areas are
complex and challenging to disentangle, in spite of their occurrence
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Fig. 2.Marginal effects on forest cover loss from a 1% increase inmining concessions (black
line) and protected areas (gray line) at various levels of fatalities, with 95% confidence
intervals (dashed lines).
throughout the world (Akiwumi and Butler, 2008; Shearman et al.,
2009). Conflict is endogenous to deforestation in its true empirical
relationship, and therefore requires sophisticated techniques when
identifying causal relationships. In this analysis, we used an instrumen-
tal variables approach to understand the combined effects of conflict,
mining and protected areas on forest cover loss in the world's second
largest tropical forest.

Our results indicate that conflict led to increased levels of deforesta-
tion in the DRC. While the scale of our model (i.e., the secteur level)
precludes us from identifying causal mechanisms at the scale of the
individual actor, which some argue is ultimately important in linking
conflict to deforestation (Lambin et al., 2003; Ostrom and Nagendra,
2006), local research suggests that high levels of violence are related
to militia rule, where charcoal production for export or use in refugee
camps, as well as illegal logging and mining – all activities that acceler-
ate deforestation – are commonplace (Nellemann et al., 2010). Hence
the key proximate cause of deforestationmay be the short-term extrac-
tive activities of rival militias rather than the fighting itself (Stevens
et al., 2011).

Our analysis also suggests that the interaction between conflict and
other causes of deforestation (i.e., mining) is significant and may even
counteract the effects of conflict alone. That is, our results indicate that
while conflict increased deforestation, these effects may have been
offset by lower forest disturbance in areas where conflict has reduced
mining activity. This dual effect led to relatively small overall changes
in forest cover when conflict was reduced. The end of conflicts may
therefore represent a critical “hot moment” for conservation — a time
of political and economic transformation where conservation activities
may be particularly effective (Radeloff et al., 2013). Conservation
organizations and governments should be ready to act when violent
conflicts are settled (Gorsevski et al., 2013).

Independent from conflict, mining concessions were positively
correlated with increased forest loss. Our current datasets can identify
mining concession areas, but are not able to locate the exact sites of
actualmines. Therefore, it is unclearwhether deforestationwas from in-
creased destruction of forests bymining or from increased road building
and economic activity around mining areas, which itself leads to forest
cover loss via conversion of land to non-forest uses. Our simulations
suggest that increasing mining concessions led to higher forest cover
loss in most secteurs at 2005 conflict levels, although we do not know



Fig. 3. Spatial distribution in percent changes in forest cover loss caused by A) a 10 percentage point increase in mining concessions (mean decrease in deforestation −0.838 km2,
minimum decrease in deforestation−51.76 km2, maximumdecrease in deforestation 346.84 km2); B) a 10 percentage point increase in protected areas (mean decrease in deforestation
4.93 km2, minimum decrease in deforestation .001 km2, maximum decrease in deforestation 253.56 km2) and C) a 10% decrease in fatalities (mean decrease in deforestation .17 km2,
minimum decrease in deforestation −2.093 km2, maximum decrease in deforestation 21.3 km2). Note that the scales differ between maps.
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if the mineral resources in areas which currently have low levels of
concessions are similar to those that do not. Therefore, we caution
that while our model captures the dynamics between conflict, mining
and forest disturbance, the assumptions that support this particular
simulationmay not hold for areas of theDRCwhich do not havemineral
resources. Becausewe cannot identify the exactmechanism that relates
mining concessions to deforestation, it remains unclear if the best
conservation policy would be to actually reduce mining concessions,
regulate the size ofmines, or attempts to lessen the impacts of economic
growth – such as road building – that may cause deforestation.

Previous research suggests that in regard to the effects of protected
areas, the strength of local institutions and governance is key in deter-
mining protected area effectiveness (Ostrom and Nagendra, 2006).
Local institutional strength may deteriorate in times of conflict, which
could lead to decreased protected area effectiveness, as well (Adano
et al., 2012). Surprisingly, our results indicated that protected areas
remained effective at reducing forest cover loss even in times of conflict.
The mechanism for this finding is likely a combination of international
interventions and local involvement. The DRC canceled and the World
Bank contributed to over 25 million ha of illegal logging concessions
throughout the DRC in 2002 (World Bank, 2013) and contributed over
$7 million to rehabilitate parks in 2009 (World Bank, 2009). Likewise,
international efforts to guard endangered “flagship species” such as
gorillas, okapi or forest elephants in the DRC were heightened immedi-
ately after the conclusion of the war. In addition, the dedication of park
rangers is well documented — over 200 have died protecting the parks
(Nellemann et al., 2010) and many patrols continued during the war
(de Merode et al., 2007). Thus, our research suggests that funding and
staffing protected areas in times of conflict is important and may be
an effective conservation strategy, although potentially at high costs to
those enforcing protection.

Protected area effectiveness in our study was measured in terms of
forest cover loss, which is consistent with previous studies on the
topic (DeFries et al., 2010). It is important to note that effective protec-
tion against forest cover loss does not necessarily mean that protected
areas are able to safeguard biodiversity inside them. Bushmeat hunting
and poaching are also strong drivers of species loss in the Congo basin
(Beyers et al., 2011; Blake et al., 2007), but were not included in our
analysis of deforestation due to a lack of systematic data. Therefore,
effective maintenance of forest cover, while a positive sign for DRC
protected areas, must be viewed only as a partial indicator of their
success. At the same time, maintenance of habitat is a key component
in species recovery, and policies that limit deforestation may at the
very least help provide habitats for species recoveries. Likewise, any
expansion of protected areas should include mechanisms to assure
benefits to local people in addition to conservation goals.

From a modeling perspective our results illustrated the importance
of correctly specifying endogeneity in policy relevant variables and
suggested that the IV approach, combined with panel data, may be a
powerful tool for studying causal mechanisms of land-use change.
This highlights the value of the IV approach for conservation research,
which can be a useful tool for conservation scientists studying a host
of applications in which covariates of interest may be endogenous. In
addition, our results demonstrated that the use of interaction terms be-
tween conflict and other drivers of forest cover loss, such as protected
areas and mining, is important in identifying the nuanced mechanisms
through which conflict affects deforestation.

A few uncertainties in our analysis remain, especially with regard to
our dependent variable: forest-cover loss at the secteur level. We argue,
however, that these uncertainties are small for three reasons. First, by
merging the two input datasets, rather than applying a simple map
comparison, we account for the fact that the two input maps were
produced using different processing techniques. The results of our inde-
pendent accuracy assessment confirmed this. Second, by aggregating
the forest-cover loss maps at the administrative level (i.e., the secteur-
level) we increased the robustness of the dependent variable, since
errors in remote sensing maps are usually randomly distributed and
aggregation reduces the influence of the error. Third,we ran ourmodels
for the entire time period (i.e., 1990–2000–2005–2010) as well as
for the second time period (i.e., 2000–2005–2010) only. While some
coefficients changed in magnitude and significance, the overall empiri-
cal relationships remained the same, which suggested that our models
are not biased by an erroneous dependent variable. Finally, we did not
consider the environmental impact of displaced people away from the
conflict, which can be substantial (Baumann et al., 2014) due to a lack
of spatial data on refugee movements.

5. Conclusions

Overall, our results indicate that conflict and mining are important
drivers of deforestation in the world's second-largest intact tropical
forest, and that interactions between conflict, mining, and protected
areas affect conservation in important ways. As conflict remains unfor-
tunately widespread in many countries, interactions between conflict
and other drivers of land-use change are important to consider when
assessing the causal mechanisms of land system dynamics. It is not
readily clear if the interactions found in the DRC will be present in
other locations, although we suggest that ignoring these interactions
may limit our understanding of how conflict impacts deforestation.
Conservation organizations typically do not focus on reducing conflict
as a core mission, but our results show that peace-building can poten-
tially be a win for nature as well, and that conservation organizations
and governments should be ready to seize conservation opportunities
that may arise once peace is reestablished. This suggests that conserva-
tion organizationsmay bewise to partnerwith peace building organiza-
tions in order to protect wildlands. Likewise, our analysis showed the
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importance of continued enforcement of protected areas during times
of conflict. Indeed our research hints that continuing to fund protected
areas even in places with low institutional strength may still be a wise
investment for nature.
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