
 
This article has been accepted for publication and undergone full peer review but has 
not been through the copyediting, typesetting, pagination and proofreading process, 
which may lead to differences between this version and the Version of Record. Please 
cite this article as doi: 10.1111/gcb.12092 
© 2012 Blackwell Publishing Ltd 

Received Date : 23-Apr-2012 

Revised Date   : 10-Sep-2012 

Accepted Date : 09-Oct-2012 

Article type      : Primary Research Articles 

 

 

1. Title page 

i. National Forest Cover Change in Congo Basin: Deforestation, 

Reforestation, Degradation and Regeneration for the years 1990, 2000 and 

2005. 

ii. Forest Cover Change in Congo Basin 

iii. Ernst Céline1, Mayaux Philippe2, Verhegghen Astrid1, Bodart Catherine2, 

Christophe Musampa3, and Defourny Pierre1 

iv. 1 Earth and Life Institute – Environnemental Sciences (ELI-e), Université 

Catholique de Louvain, Place Croix du Sud 2 bte L7.05.16, B-1348 

Louvain-la-Neuve, Belgium. 

2 Institute for Environment and Sustainability, Joint Research Centre of 

the European Commission, Ispra, Italy. 

 

  

A
cc

ep
te

d
 A

rt
ic

le



© 2012 Blackwell Publishing Ltd 

3 Ministère de l’Environnement, de Conservation de la Nature et du 

Tourisme, Direction Inventaire et Aménagement forestier, Kinshasa, 

Democratic Republic of the Congo. 

v. Corresponding author: Céline Ernst, Phone: +32 10 47 81 92, Fax: +32 10 

47 88 98, Email: celine.ernst@uclouvain.be 

vi. Keywords: Tropical Forest, Land cover change, REDD, Congo Basin, 

Deforestation, High spatial resolution, Object-based image processing, 

Habitat monitoring  

vii. Primary research article 

 

 

2. Abstract 

This research refers to an object-based automatic method combined with a national expert 

validation in order to produce regional and national forest cover change statistics over 

Congo Basin. 547 sampling sites systematically distributed over the whole humid forest 

domain are required to cover the 6 Central African countries containing tropical moist 

forest. High-resolution imagery is used to accurately estimate not only deforestation and 

reforestation but also degradation and regeneration. The overall method consists of four 

steps: (i) image automatic pre-processing and pre-interpretation, (ii) interpretation by 

national expert, (iii) statistic computation and (iv) accuracy assessment. The annual rate 

of net deforestation in Congo Basin is estimated to 0.09% between 1990 and 2000 and of 

net degradation to 0.05%. Between 2000 and 2005, this unique exercise estimates annual 

 

  

A
cc

ep
te

d
 A

rt
ic

le



© 2012 Blackwell Publishing Ltd 

net deforestation to 0.17% and annual net degradation to 0.09%. An accuracy assessment 

reveals that 92.7% of tree cover classes agree with independent expert interpretation. In 

the discussion, we underline the direct causes and the drivers of deforestation. Population 

density, small-scale agriculture, fuelwood collection, and forest’s accessibility are closely 

linked to deforestation, while timber extraction has no major impact on the reduction of 

the canopy cover. The analysis also shows the efficiency of protected areas to reduce 

deforestation. 

These results are expected to contribute to the discussion on the reduction of CO2 

emissions from deforestation and forest degradation (REDD+) and serve as reference for 

the period.. 

 

3. Introduction 

a. Congo Basin forests 

Tropical forests provide crucial ecosystem services to local people (food, medicines, 

livelihood) and to the global population (carbon storage, habitat biodiversity, regulation 

of the water cycle) and deserve our special attention because demographic, economic and 

social changes continue to exert considerable pressure on ecosystems (Bonan, 2011; 

Saatchi et al. 2011). 

Deforestation and forest degradation account for about 12% of the global greenhouse gas 

emissions (van der Werf et al. 2009) and constitute the bulk of emissions from 

developing countries (Gullison et al. 2007, Olander et al. 2008). Therefore, the United 

Nations Framework Convention for Climate Change (UNFCCC) is developing a new 
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international framework for reducing emissions from deforestation and forest degradation 

(REDD). One of the key element for REDD preparation consists of accurate and precise 

estimates of emissions avoided at national scale. Monitoring to support policies for 

reducing deforestation requires the capability to measure area changes throughout all 

forests within a country’s boundaries (DeFries et al. 2007) with transparency, 

consistency, comparability, completeness and accuracy (Grassi et al. 2008).  

After the Amazon, Central Africa contains the second largest area of contiguous moist 

tropical forests in the world, covering about 1.7 million km2 (Mayaux et al. 1999, 

Verhegghen et al. 2010). As a natural resource pool, millions of people depend intricately 

from Congo Basin forests for their livelihood (Somorin et al. 2012). Species diversity is 

very high, both for animals and plants. The vast wild areas that remain offer refuge to 

some of the last intact natural communities of large vertebrates on earth (Kamdem-

Toham et al. 2006). 

In the current paper, we include under the term “Congo Basin Forests” all the tropical 

moist forests falling in Central Africa, and corresponding to six countries: Cameroon, 

Central African Republic - CAR, Congo, Equatorial Guinea, Gabon and Democratic 

Republic of Congo - DRC. The woodland savannahs and the tropical dry forests are not 

included in this study.  

b. Quantifying change rates of forest clearing 

Space-based observation has been identified as perhaps the only cost-effective means to 

monitor deforestation in developing countries (Herold & Johns, 2007). Among tropical 

countries, only Brazil and India have operational remote sensing-based forest monitoring 
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systems in place (Broich et al. 2011). In Africa, data on forest cover are usually available 

through FAO but even if they are a valuable source of information they suffer from lack 

of consistency and completeness both in time and in coverage (Mayaux et al.1998). Only 

few countries have reliable data from comparable assessments over time (FAO, 2010b) 

and this lack is a strong limitation for efficient forest management policies. The situation 

will likely change since the REDD+ initiative imposes to tropical countries to precisely 

monitor deforestation (Steininger et al. 2009). Efforts to improve regional and national 

capabilities to address the problem of forest and land use monitoring have thus received 

particular attention in recent years.  

i. Regional scale 

In the late 90ies, two studies based on remote sensing measured deforestation in the 

humid forests at pan-tropical level, with figures available by continent: the FAO Remote 

Sensing Survey of the Global Forest Resource Assessment (FAO-FRA), and the TREES-

2 project of the JRC (Achard et al. 2002). Both projects were based on a limited sample 

of Landsat images (full scenes or quarter scenes). The deforestation rate for Africa was 

respectively estimated to 0.34% year-1 (FAO, period 1990-2000) and 0.36% year-1 

(TREES, period 1992-1997, (Mayaux et al. 2005). These figures include the tropical 

humid forests of West Africa and Madagascar, which account for less than 10% of the 

total African humid forests. 

Hansen et al. (2008a) combined MODIS and Landsat images for deriving deforestation at 

pan-tropical level. For Africa (including West Africa and Madagascar), they estimated 

the forest cover loss to 0.76% between 2000 and 2005, i.e. an annual rate of 0.15% 
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More specifically on Central Africa, Duveiller et al. (2008) analysed a systematic sample 

of 390 Landsat boxes of 10 x 10 km centred at the intersections of 0.5 degree lines of 

latitude and longitude at 2 epochs (1990 and 2000). A combination of automated image 

processing and interactive labelling was applied to the entire Congo Basin to accurately 

estimate deforestation, degradation, regeneration and reforestation at regional level 

between 1990 and 2000. They estimate the gross deforestation rate over the Congo River 

Basin at 0.21%±0.05% year-1, while the forest gross degradation rate is close to 

0.15%±0.03% year-1. 

ii. National scale 

Hansen et al. (2008b) developed a new approach based on Landsat mosaics normalised 

by MODIS time series in order to monitor deforestation within three priority landscapes 

of intact forests in the Congo Basin and at national level for DRC. The DRC analysis 

(OSFAC, 2010) made use of an automated wall-to-wall interpretation method, developed 

jointly by South Dakota State University (SDSU) and the University of Maryland 

(UMD), and incorporated over 8,000 Landsat ETM+ images. According to this study 

targeting only the deforestation process, primary forest covered 1,044,550 km² of the 

country in 2000 and 3,670 km² were lost between 2000 and 2005 and 7,010 km² between 

2005 and 2010, which represents respectively 0.07% and 0.13% yr-1. 

More recently, an estimation of forest cover and forest cover change for the whole 

Cameroon between 1990, 2000 and 2005 was initiated under the auspices of European 

Space Agency (GAF-AG et al. 2011). In spite of the use of multi-satellite data for 

minimising the issue of  cloud coverage, the coastal part was only partially mapped. The 
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annual net deforestation rate is estimated at 0.05% between 1990 and 2000 and was nil 

for 2000-2005.  

 

This review clearly highlights the lack of national estimates of forest cover change for the 

6 countries of the Congo basin. It is also of paramount importance to consider the 

legitimacy, the saliency, and the credibility of these estimates which are prerequisites for 

governmental use in defining and reporting policy in the context of international 

conventions (Herold et al. 2012).  

The present paper aims to produce national estimates of deforestation, degradation, 

regeneration and reforestation between 1990-, 2000 and 2005 for the entire Congo Basin 

by taking benefit of the free available satellite imagery and of advanced image processing 

techniques. This work is conducted in the frame of the Observatory for the Central 

African Forests (OFAC for the French acronym Observatoire des Forêts d’Afrique 

Centrale), the scientific platform developed by several stakeholders of the Congo Basin 

Forests Partnership, an initiative launched at the World Summit Sustainable Development 

in Johannesburg in 2002. OFAC is aiming to pool the knowledge and available data 

necessary to monitor the ecological, environmental, and social aspects of Central Africa's 

forests. The current study, which was conducted by two OFAC partners (Université 

catholique de Louvain – UCLouvain and the Joint Research Centre of the European 

Commission – JRC), is consistent with the global work realised within the TREES-3 

project of the JRC in support to the UN Food and Agriculture Organisation (FAO) Forest 

Resources Assessment 2010 (FRA-2010). 
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4. Materials and methods 

a. Forest cover change statistics 

We apply an automated object-based pre-interpretation and an expert interpretation 

procedure to map four forest cover change processes from 1990 to 2005 in Central 

Africa: deforestation, degradation, reforestation and regeneration. The methods were 

developed by Desclée et al. (2006), demonstrated by Duveiller et al. (2008) and 

improved by Verhegghen et al. (2010), The overall method consiss of six steps: (i) 

sampling design and selection of the satellite imagery, (ii) image pre-processing, (iii) 

automatic image pre-interpretation and pre-labelling of seven land-cover classes, (iv) 

quality control and interpretation by national experts using a specific visual interpretation 

tool, (v) statistics computation, (vi) independent accuracy assessment. 

i. Sampling design and selection of satellite imagery 

The statistical approach proceeded with a systematic grid sampling of 0.5° over the dense 

rain forests of the Congo basin, as designed by Mayaux et al. (2005). Each sample unit of 

observation corresponds to a 20 by 20 km sub-scene extracted from Landsat TM and 

ETM+ imagery at 30 or 28.5 m of spatial resolution or from Aster imagery at 15 m 

spatial resolution. The procedure of image selection and the resulting dataset of satellite 

images are described by Beuchle et al. (2011). For every sample site, a triplet of co-

registered images is composed of an image extract acquired circa 1990, 2000 and 2005 (± 

2 years), as illustrated in Figure 1. For some sample sites, only two co-registered images 

are available due to cloud cover. The Figure 2a shows the difficulty to obtain good 

images in large parts of the Congo Basin, in particular in the coastal regions of 
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Cameroon, Gabon and Equatorial Guinea. As the number of usable samples was not 

sufficient to deliver reliable statistics at the national scale, Equatorial Guinea and Gabon 

were over-sampled every 0.25°. For the whole region, this resulted in 547 sample sites 

available at least for 2 dates and 336 sample sites available for the three dates. 

ii. Image pre-processing and segmentation  

The first steps of the processing chain consist of: (i) mosaicking several images to cover 

the sample site if needed, (ii) co-registering the multi-temporal images, (iii) calibrating 

the radiometric data, (iv) masking the clouds and shadow and (v) correcting the haze 

(Bodart et al. 2011; Raši et al. 2011). An automated multi-date and hierarchical 

segmentation is used for object delineation (Desclée et al. 2006). This method, based on 

multi-resolution segmentation (Baatz & Schäpe, 2000), partitions multi-year images into 

homogeneous regions. These objects include pixels that are spectrally homogeneous and 

have a similar trajectory of land-cover change. This multi-date segmentation using four 

bands (Red, near-infrared (NIR), short-wave infrared (SWIR) 1.55 – 1.75 μm and SWIR 

2.08-2.35 μm) is applied to each pair or triplet of satellite images at two different spatial 

levels. In a first step, small objects (L1) mostly corresponding to a minimum size of 1 ha, 

are used as an Elementary Processing Unit (Radoux et al. 2008). L1 objects are then 

aggregated in bigger objects (L2) in order to hold only 5% of the objects with a size 

smaller than 5 ha, which allows for reducing the number of polygons to validate by local 

experts. 
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iii. Automatic pre-interpretation and change detection 

L1 objects delineated by the segmentation step are classified in 20 clusters by an 

unsupervised k-means classification. Classification is performed independently on each 

image of the pair or the triplet. The GlobCover product (Defourny et al. 2009) is used as 

a reference land cover map. All the L1 objects containing more than 95 % of forests in 

GlobCover are considered as the “tree cover” training sets. In order to select pure training 

areas, objects that didn’t prove a typical spectral signature of “tree cover” are removed by 

iterative trimming on band 3, 4, 5 and standard deviation of band 4. Trimming is defined 

as the removal of extreme values that behave like outliers (Desclée et al. 2006). The 

labelling of all the objects is based on a Mahalanobis distance computed on Red, NIR and 

SWIR spectral bands between “tree cover” training sets and each object. Objects with a 

signature within the confidence interval (0.95) are classified as “tree cover”.  

Water and cloud/shadow classes are computed based on supervised classification in E-

Cognition commercial software. The full methodology has been described by 

Verhegghen et al. (2010). 

Decision rules for determining the final label of L2 polygons are based on the proportion 

of the L1 labels within a L2 object resulting in respectively ‘pure’ or mosaic forest labels. 

The resulting land cover legend is the following: (1) tree cover (TC): the tree height 

should be at least 5 m and the tree cover proportion is over 70%, (2) tree cover mosaic 

high (MH): the tree cover proportion is between 40 and 70%, (3) tree cover mosaic low 

(ML): the tree cover proportion is between 10 and 40%, (4) non tree cover (NTC): land 

cover other than tree, (5) water, (6) cloud and shadow, and finally (7) no data.  
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In addition to the production of two or three land-cover maps, an independent automated 

forest change detection algorithm is conducted, producing a set of objects flagged as 

changed for the periods 1990-2000 and 2000-2005. The trimming procedure highlights 

objects considered as outliers with a confidence level 1-α equal to 0.99. 

iv. Interpretation by national experts 

The automatic classification can be subject to inaccuracies due to observational 

conditions (haze, clouds ...), heterogeneity of the forests or limits of the discrimination 

algorithm. Therefore, a visual interpretation by the national forestry experts, with a strong 

background in remote sensing, is a necessary step for producing reliable maps and 

statistics. This validation plays a crucial role in increasing the national ownership of these 

results and in building capacities at national level. Indeed, Central Africa suffers from a 

lack of well-trained experts in remote sensing and advanced image processing. Thirteen 

national experts with profound ecological knowledge actively participated in October 

2009 to a two-week intensive workshop, jointly organised by OFAC, FAO, JRC and 

UCLouvain in Kinshasa (DRC) for a visual interpretation of polygons. In average, the 

experts have validated 4.8 samples per day. For the sake of consistency, a final visual 

check was completed by the UCLouvain research team. 

v. Statistics computation 

All the possible transition between the seven classes can be regrouped in four forest cover 

dynamics: (1) deforestation, (2) reforestation, (3) degradation and (4) regeneration (Table 

1). Although the attention paid to deforestation in the tropics is well justified, it is 

worrisome that the more extensive and often more insidious process of forest degradation 
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is often overlooked (Putz & Redford, 2010). Deforestation is here defined as the sum of 

three distinct processes, i.e. the respective transition from TC, MH or ML classes to NTC 

or water classes. Reforestation is defined as the transition from NTC to TC, MH or ML. 

Degradation is the transition from dense forest to degraded forest through canopy 

openings. In our legend, it corresponds to the sum of three processes: the transition from 

TC to MH, from TC to ML and from MH to ML. Regeneration is the counterpart of 

degradation. This quantitative measurement of degradation and regeneration is based 

solely on detected change in forest area and not in qualitative terms (e.g. change in 

species composition). It means that subtle changes due to selective logging are not 

depicted by our study, due to the spatial resolution of the sensor and the time interval (de 

Wasseige & Defourny, 2004). 

Change areas are then normalized according the exact date of image acquisition and area 

unusable (cloud, shadow and no data). For each sample site, the change transition matrix 

is calculated for the two time intervals 1990-2000 and 2000-2005. In order to reflect 

actual loss of forest area, weights are given to each process according to the actual forest 

cover proportion corresponding to each class. For example, the total area converted from 

MH (with a tree cover proportion between 40 and 70%) to NTC or water is multiplied by 

0.55 as the mean tree cover proportion of MH polygons is 55%. Statistics obtained for 

each sample of the survey were summarized at national and regional scale. Their 

confidence intervals are also computed to inform about the uncertainty due to sampling. 
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vi. Accuracy assessment 

A strict accuracy assessment would require independent data of better quality than our 

data, interpreted with 100% accuracy. In the current case, very high resolution data or 

field observations would have been the right level of spatial resolution (Strahler et al. 

2006). However, such reference data do not exist for the Congo Basin, especially for the 

1990 and 2000 periods. Therefore, a consistency analysis was conducted through an 

independent analysis of a subsample of 38 randomly selected Landsat extracts. In each 

sample, 5 systematically selected polygons were interpreted by an independent expert 

with a long experience at two dates (1990-2000) for assessing the accuracy of the labels 

of the land-cover classes. On the 380 polygons at the two dates, ten were removed from 

the analysis as they were classified as “No Data”. 

On the other hand, all the polygons showing changes were interpreted by the same 

independent expert. The independent interpreter has interpreted 512 polygons according 

to the legend at the two epochs, 190 for the accuracy of the land-cover labels and 322 

focused on the forest-cover changes. The accuracy of the interpretations is estimated by a 

classical confusion matrix (Congalton & Green, 1999), while the accuracy of the change 

polygons is calculated after weighting by the thematic distance between the classes 

measured in terms of tree cover (Mayaux et al. 2006). 

b. Deforestation drivers 

Thanks to the production of regional and national forest cover change statistics over 

Congo Basin, we underline the direct causes and the drivers of deforestation. Following 

the theoretical frame developed by Geist & Lambin (2001), we discriminated 4 direct 
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drivers (agricultural expansion, infrastructure development, timber extraction and 

fuelwood extraction) that influence the forest-cover changes. On the other hand, the 

network of protected areas can moderate these processes. The relationship between these 

five factors processes and deforestation patterns is supported by a simple statistical 

analysis, since it is not the main objective of the paper. However, the lack of reliable 

spatial data prevents any rigorous conclusion for two variables: fuelwood and agriculture. 

In this case, we will adopt a narrative approach supported by literature. These processes 

are driven by a global context and the following underlying causes: demographic 

pressure, economic context, political instability, governance practices. But the statistical 

analysis was possible only with population data, while the explanation of the other factors 

is based on a narrative approach. 

The relationship between deforested area and population density and between deforested 

area and infrastructure development has been conducted by dividing the entire dataset in 

10 groups. For demographic pressure, we extracted for the population density from the 

AFRIPOP dataset (Linard et al. 2012) for each samples, we ranked the samples by 

increasing population and we divided the entire dataset into 10 homogeneous groups of 

52 samples. An analysis of variance (ANOVA) was conducted over the deforestation area 

observed in the 10 groups. The samples with less than 20% of forest cover were ignored 

in the analysis in order to remove the effect of the pre-existing deforestation. For 

infrastructure development, we used the travel time map developed by Nelson (2008) 

which clearly illustrates the patterns observed in the Congo Basin (Figure 2b). This map 

measures the travel time from every single pixel to the closest city of 50,000 people. As a 

proxy for measuring the infrastructure development, we extracted the average 
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accessibility for each sample (expressed in hours to reach the closest city), we ranked the 

samples by increasing travel time, and we divided the entire dataset into 10 homogeneous 

groups of 52 samples (with more than 20% forest cover).  

For evaluating the role of timber exploitation on deforestation, we measured for each 

sample the proportion covered by industrial logging concessions and we divided the 

samples into homogeneous groups with the following thresholds; <10%, 10 to 50%, 50 to 

95% and >95%. We have verified the efficiency of the conservation efforts on the 

deforestation at two different scales: by protected area and by ecological landscape. For 

each sample, we measured the proportion covered by protected areas and we divided the 

samples into homogeneous groups with the same thresholds than timber exploitation. 

5. Results 

a. National statistics 

Table 2 presents the annual rate of gross deforestation, gross reforestation and the 

subsequent net deforestation for the different countries and the whole Congo Basin. 

Similar results concerning forest degradation and forest regeneration are reported in 

Table 3. The lack of cloud free data in Equatorial Guinea for 2000-2005 prevents the 

production of reliable statistics.  

The present study indicates that for the Congo Basin, the gross deforestation annual rate 

is 0.13%±0.02 for the period 1990-2000 and it doubles (0.26%±0.04) for the period 

2000-2005. A similar trend is observed for gross reforestation, indicating a more dynamic 

forest landscape after 2000. The increase of gross deforestation after 2000 is very 

significant for DRC, Cameroon and Congo while the level is stable in Gabon and CAR. 
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The net deforestation rate slows down in Cameroon and Gabon, remains stable in CAR 

(0.06% year-1) and increases in Congo (0.03% to 0.07% between 2000-2005) and DRC 

(0.11% to 0.22% between 2000 and 2005).  

National annual degradation and regeneration rates (Table 3) follow a similar trend than 

deforestation. At the Congo Basin scale, the annual net degradation rate is 0.05% 

between 1990 and 2000 and 0.09% between 2000 and 2005. In Cameroon, Congo and 

CAR, the net degradation rate remains stable, unlike in DRC where there is a strong 

increase after 2000.  

Based on the overall sampling rate, only Gabon in 2000-2005 shows a large confidence 

interval. But the cloud-coverage of coastal parts of Cameroon and Gabon has influenced 

the spatial distribution of the effectively processed samples and prevent providing 

unbiased national figures for the period 2000-2005. 

b. Deforestation hot spots 

For each epoch, the spatial distribution of deforestation, reforestation, degradation and 

regeneration processes over Congo Basin is mapped (Figure 3). The region around 

Gemena (around 3°N-20°E), and Lisala (around 2°S-22°E) at the forest fringe, in 

Northern DRC, experiments a high forest cover change process between 1990 and 2005. 

We observe forest fragmentation along the road network. The region is under big 

pressure due to population (Figure 2b), food crop production and industrial plantation. 

The transportation system is well developed around Lisala with river and road networks, 

which allow for the provision of agricultural products to Brazzaville and Kinshasa 

(Achard et al. 1997; Rudel, 2005).  
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Forests of the southern of DRC, around Kananga (around 5°S-23°E) and to the East of 

Kindu (around 5°S-27°E), also exhibit high rates of deforestation and forest degradation 

between 1990 and 2005. As these regions are important mining centres (Mazalto, 2009), 

there is a direct pressure on forest cover by ore exploitation and by agriculture expansion 

around the mining centres.  

The Eastern DRC, among the most populated areas of the country, is characterized by 

high deforestation and degradation rates in 1990-2000 and 2000-2005 with hot spots on 

Beni (around 0°N-30°E) and Bukavu (around 2.5°S-28.5°E). This civil unrest area is very 

degraded because of armed conflict, ongoing deforestation, agricultural encroachment, 

illegal hunting and fishing, and mining (De Merode et al. 2007). The presence of 

refugees camps has also accelerated the deforestation process nearby Virunga Park.  

In Cameroon, we only identified hot spots in east and the southwest regions for 1990-

2000 epoch as there is a clear lack of data between 2000 and 2005. After the 1986 

economic stagnation, the deforestation increased due to rural population growth and shift 

from tree to food crops (Sunderlin et al. 2000). In 1994, the devaluation of the CFA 

franc, stimulates timber exports and led to greater forest degradation (Ndoye & 

Kaimowitz, 2000).  

There is a continuation of deforestation process between both periods. Regions with high 

deforestation rates in 1990-2000 epochs also experiment high deforestation rates in the 

second epoch. This is, for example, the case for Gemena and Lisala regions (DRC) and 

south of Owando (Congo around 0.5°S-16°E). We also observe a spatial extension of 

deforestation process in 2000-2005 to new regions such as Buta (around 3°N-25°E), 
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Kisangani (around 0.5°N-25°E) and Mbandaka-Basankusu axis, in the central part of the 

Cuvette (DRC).  

In many samples, deforestation and degradation appear to be interrelated (r=0.66). A 

phenomenon is rarely observed without the other. Inside each individual sample, we 

calculated the relative area affected by degradation and deforestation. It appears that, 

deforestation process is more important than degradation in most regions except in 

western Cameroon and in some spots in South Congo and DRC. In 1990-2000, 

Cameroon, Congo and DRC are the countries where degradation phenomenon is the most 

important and covers about one third of the total disturbed area. On the other hand, this 

pattern is less pronounced in Congo.  

Reforestation process is spatially well distributed on the Congo Basin for 1990-2000 and 

2000-2005 epochs. The reforestation process is not clearly related to other forest cover 

changes in Congo Basin. Unlike reforestation, regeneration process seems to be linked to 

deforestation and degradation especially between 1990 and 2000. 

c. Consistency assessment 

When analysing the 190 systematic polygons used for land-cover accuracy at the two 

dates (Table 4), there is an overall agreement of 85.7% for the six land cover classes and 

92.7% for the Tree Cover classes. If we would use the 370 points to estimate areas, the 

relative difference between forest areas from our interpretation and from the independent 

assessment would be 2.2%. 

We compared our change results of period 1990-2000 to the independent assessment of 

190 points complemented by a second set of 322 ‘change’ points distributed 
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systematically in a sub sample. The agreements for the changes between the Tree Cover 

classes and other classes are 89.8% for the two set of points together (512 in total).  

d. Variance analysis 

Results of the 4 statistical analyses are illustrated in Figure 4. The ANOVA analysis 

conducted on the 10 groups shows a very high influence of population density (Figure 4a) 

on deforestation area (p=1.10-34). The deforestation starts to drastically increase only 

when population exceeds 8 people per km2. Note that this threshold represents an average 

in the box and can hide contrasted situations within each box.  

Travel time to major cities have also a strong influence on deforested area (p = 5.3.10-20). 

Figure 4b shows the regular decrease of the deforestation when the travel time augments, 

up to 7 hours, then a stabilisation at a moderate level from 7 to 13 hours of travel time, 

and a very low but decreasing deforestation in samples at more than 13 hours of travel 

time.  

In contrast, the analysis of the variance shows any clear impact of the presence of 

concessions (Figure 4c) on the deforestation intensity (p>0.05). However, national 

differences can hide this regional pattern. When analysing the samples with more than 

80% covered by concessions, DRC and CAR exhibit a higher rate than the other 

countries. Further analysis should be done to understand if these dissimilarities are due to 

differences in population density or in governance failure.  

There is clearly an effect of the presence of protected areas in the reduction of 

deforestation as verified by an ANOVA analysis (p<0.01) and shown in Figure 4d. The 

12 ecological landscapes promoted by the Congo Basin Forest Partnership (CBFP) cover 
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36% of the Congo Basin forests. These landscapes capture the bulk of terrestrial and 

aquatic biodiversity and the main ecosystem functions. It also provides a framework for 

management planning and implementation. We have measured the deforestation statistics 

on the samples falling within the landscapes. Over the two observation periods, the 

annual net deforestation and degradation rates are about 50% lower in the landscapes 

than in the normal areas (Table 2 and 3). Between 1990-2000 and 2000-2005, there is a 

strong increase of gross deforestation in the landscapes from 33,000 to 94,000 ha yr-1, but 

net deforestation rates remain lower than in Congo Basin. 

 

 

6. Discussion 

The direct drivers on forest cover change and their underlying causes highlighted in 

section results will be discussed below.  

a. Underlying causes 

i. Demographic pressure 

Central Africa is characterized in the same time by a very low population density and a 

high but decreasing rate of population growth, between 2.5 and 3% year-1 (Figure 5a). 

Therefore, the population density has drastically increased in the last 30 years, in 

particular in DRC, Equatorial Guinea and Cameroon, where the population density 

respectively reaches 30, 25 and 42 people/km2. The urban population percentage is also 

increasing in Central Africa (Figure 5b), with large differences between Gabon (85%) 
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and DRC (34%) (Ruiz Pérez et al. 2005). Spatially, we find the results of Figure 4a. The 

hot spots of deforestation and degradation above-described correspond to areas with very 

high population density in the heart of the Congo Basin (Gemena, Kisangani, Lisala-

Bumba, Kivu). Increasing of forest cover change can be expected in the following year 

with population growth, urbanization and increase of population density. 

ii. Governance, political stability and economic conditions 

Congo Basin countries are considered as fragile states (Karsenty & Ongolo, 2012) 

characterized by low income, weak state capacity and legitimacy. Between 1990 and 

2000, the weakness of states wracked by political turmoil have prevented widespread 

exploitation (Rudel et al. 2009). Poor governance, the fall of cash crop international 

prices, diminishing oil reserves, armed conflicts, and a sustained high demographic 

growth have put most of the countries of the region – with the exception of Gabon – in a 

prolonged economic crisis from the mid-1980s (Ezzine de Blas &  Ruiz Pérez, 2008).  

Very dramatic armed conflicts occurred in the Congo Basin in the last 2 decades, mainly 

in Congo (1992-1997) and DRC (1996-2003), causing between 3 and 5 million victims. 

Lower intensity conflicts also occurred in CAR. Conflicts have impacted the forest 

resources in several contrasted manners: (i) by restricting the development of local 

expertise and institutions dealing with sustainable forest management (ii) by provoking 

large migrations in forests of population looking for safety, and (iii) by reducing the 

investment in legal exploitation.  

From the deforestation national statistics and from the spatial distribution, it is not 

possible to claim that the conflicts have a direct effect on the forest-cover change; in 
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particular, the migrations due to the two Congo wars did not provoke large-scale 

deforestation patterns in Eastern DRC. But, even if the effect on the canopy is limited, the 

armed conflicts can cause severe damages to the wildlife populations (de Merode et al. 

2007, Beyers et al. 2011, Van Vliet et al. 2012). 

b. Direct drivers 

i. Agricultural expansion 

Agricultural land is likely to expand in order to satisfy the needs of the growing 

population (Alcamo et al. 2011). With a population growth rate ranging between 1.82 in 

CAR and 2.84 in DRC, the demand for agricultural land may more than double in the 

next 20 years under current technology level (Zhang et al. 2006). From 10-15 

persons/km², 10-15 years fallow are no longer possible. This reduction of the fallow 

period reduces new clearings of primary forests but curtails regrowth on forests and 

fallow land, and reduces the soil fertility that can lead to food security crisis. Literature 

shows that the critical threshold of complete breakdown of the shifting cultivation system 

is reached from 20-30 persons/km2, i.e. 3 to 5 ha per person (Tollens, 2010). This is 

already reached in areas such as Cameroon or Lisala-Bumba in DRC. Without support for 

modernizing food production in these communities, the threat of deforestation and 

degradation will increase in the future. (Fisher 2010). In the near future, increasing global 

demand for cash crops (such as coffee, rubber or palm-trees) can cause a deforestation 

explosion. 
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ii. Fuelwood extraction 

In the Congo Basin, fuelwood is the main energy source and covers over 80% of total 

domestic energy needs (Tutu & Akol, 2009) across all countries; in DRC fuelwood 

constitute more than 95% of total wood production (Wright, 2010), with an annual 

consumption estimated to 1 cubic meter per person (Schure et al. 2011) and a total 

production higher than 70 million cubic meters (Figure 5g). Forests, most notably peri-

urban forests, play a key role in providing firewood and charcoal. The production of 

fuelwood for the city of Kinshasa is estimated to 4.8 million cubic meter and affects huge 

forest areas up to a distance of 300 km from the city (Schure et al. 2011). However, in 

some countries, like Equatorial Guinea, there is a rapid decrease of fuelwood per capita, 

due to the diffusion of alternative energies in urban areas (FAO, 2012). 

iii. Timber extraction 

The Congo Basin forests contain many very valuable species and are subject to an 

industrial exploitation since 50 years. About 14.7% of Congo Basin landscape is 

designated for logging (Figure 2d). The production and transformation of logs is 

important in Gabon, Cameroon and Congo, while DRC is the lowest producer of logs in 

the region. It can be noted that the industrial production of logs is higher in volume than 

fuelwood production in Gabon and in Congo, while it is 200 times smaller in DRC (FAO, 

2012). 

This relatively low impact of logging operations on deforestation can be due to the recent 

efforts of the Congo Basin countries for sustainably managing their forests (Cerutti et al. 

2011). In Central Africa, the first forest management plan has been implemented in 2000, 
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with a current area of over 14 million of ha of forest concessions managed in accordance 

with state-approved plans (www.observatoire-comifac.net). Forest management plans are 

spread over 4 countries: Gabon, Cameroon, CAR and Congo. Certification has also 

demonstrated significant progress in the region, from no certified forests in 1995 to 4.8 

million hectares in 2010 (Nasi et al. 2012).  

International initiatives promoting the legality of the exploitation also have a positive 

effect on the forest management. In the framework of the EU initiative “Forest Law 

Enforcement Governance and Trade” (FLEGT), three Voluntary Partnership Agreements 

(VPA) have been signed (Congo, Cameroon, CAR) and negotiations are on-going with 

Gabon and DRC. The VPAs are bilateral agreements between the European Union and 

timber exporting countries, which aim to guarantee that the wood exported to the EU is 

from legal sources and to support partner countries in improving their own regulation and 

governance of the sector  

iv. Infrastructure development 

Between 1990 and 2000, deforestation, reforestation and degradation phenomena are 

more present in accessible areas such as the forest fringes or along the road network (see 

above the section on hot spots of deforestation). This seems to be less pronounced with 

regeneration. Between 2000 and 2005, deforestation and degradation processes tend to 

reach less accessible areas. According Wilkie et al. (2000), one major factor facilitating 

forest resource exploitation is access to forest. Through the build-up of local and logging 

road network, large blocks of currently inaccessible forests become accessible. The most 

rapidly changing area was in northern Congo, where the rate of road construction 
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increased from 156 km yr-1 for the period 1976 – 1990 to over 660 km yr-1 after 2000. 

(Laporte et al. 2007). However, the logging roads can be temporary if the management 

plan is correctly applied, and will not open the forests for agricultural expansion of 

fuelwood collection.  

v. Protected area 

The protected areas play a strong role in the reduction of deforestation. Eleven per cent of 

the Congo Basin is currently covered by Protected Areas (Figure 5f), which needs to be 

increased to reach the 17% of the objective 11 of the Aichi targets. Results of variance 

analyse for protected areas and land cover changes in ecological landscape suggests that 

both are appropriate management instruments for preserving the habitats but that these 

territories are also grappling with strong pressure. Further analysis should be conducted 

to check if the isolation of protected areas does not increase. 

7. Conclusions 

Our study shows in Congo Basin a doubling in annual gross deforestation between 1990-

2000 and 2000-2005 going from 0.13% to 0.26%, which respectively represents 240,000 

ha yr-1 and 480,000 ha yr-1. In the same way, the gross degradation doubled from 0.07% 

to 0.14%, i.e. 130,000 and 260,000 ha yr-1. The net deforestation represents 167,000 ha 

yr-1 between 1990 and 2000 and 317,000 ha yr-1 for the second period. 

FAO & ITTO (2011) reported for the period 1990-2000 and 2000-2010 an annual loss of 

forest cover of respectively 0.45% and 0.44% for Amazon Basin and 0.96% and 0.41% 

for South East Asia. Eva et al. (2012) measured with a similar sampling approach an 

annual deforestation rate of 0.51% for South and Central America. In terms of 
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deforestation, it appears that the Congo Basin is a less active area than the other tropical 

forest regions but it is also the only rainforest basin where annual change rates are 

increasing. Remarkably, the deforestation hot spots observed with this dense sample of 

satellite images perfectly correspond to the delineation conducted by experts in the mid-

90ies (Achard et al 1997). 

Forest cover monitoring in the Congo Basin is most practically achieved through remote 

sensing. However, the use of data from optical sensors is constrained by persistent cloud 

cover particularly over western parts of the Basin, limited data acquisition strategies for 

the region, data costs, the absence of ground receiving stations in Central Africa, and the 

shortage of human and technical capacity for remote sensing in the region. At the same 

time, the potential for systematic monitoring has increased over the past few years as a 

result of improved satellite data access, gains in computational power and development 

of automated methods. In this study, we produced for the first time a relevant 

deforestation, degradation, reforestation and regeneration annual rates at regional and 

national levels for the epochs 1990, 2000 and 2005. An effort has been made to enforce 

saliency and legitimacy of this study. The ownership of these national statistics was made 

possible thanks to an active involvement of national experts in all the steps of the study 

and to the integration of the work in the frame of OFAC and the State of the Forests 2010 

report (de Wasseige et al. 2012).  

The forest cover change estimates delivered here in the context of the Observatory for the 

Forests of Central Africa (OFAC) are of critical importance for national forest policy as 

well as for the Reducing Emissions from Deforestation and Forest Degradation (REDD+) 
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program. They may serve as reference for the period 1990-2000 and possibly for 2000-

2005 for the countries covered by a sufficient number of samples. 
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11. Tables 

 

Table 1: Forest cover dynamics measured in the study. In parenthesis, the fraction of tree 

cover affected by each change is reported.  

 Period 2 
Tree Cover Mosaic High Mosaic Low Non Tree Cover 

or Water 

Pe
ri

od
 1

 

Tree Cover  Degradation 
(0.45) 

Degradation 
(0.75) 

Deforestation 
(1) 

Mosaic High Regeneration 
(0.45) 

 Degradation 
(0.30) 

Deforestation 
(0.55) 

Mosaic Low Regeneration 
(0.75) 

Regeneration 
(0.30) 

 Deforestation 
(0.25) 

Non Tree Cover 
or Water 

Reforestation 
(1) 

Reforestation 
(0.55) 

Reforestation 
(0.25) 
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Table 2 : National annual deforestation and reforestation rates in the dense forest zones of 

the Congo Basin between 1990 and 2000 and between 2000 and 2005. The number of 

processed samples (n), the sampling rate and their confidence interval are mentioned for 

each country. 

 1990 – 2000 2000 - 2005 

Country Sampling 
rate 

n 
Gross 

Deforestation 
Gross 

Reforestation  

Net 
Deforestatio

n  

Sampling 
rate n 

Gross 
Deforestation  

Gross 
Reforestation  

Net 
Deforestatio

n  

Cameroon 12.1% 51 0.10%±0.05% 0.02%±0.01% 0.08% 4.7% 20 0.17%±0.14% 0.14%±0.19% 0.03% 

Congo 15.1% 70 0.08%±0.03% 0.04%±0.02% 0.03% 8.6% 40 0.16%±0.06% 0.08%±0.05% 0.07% 

Gabon 11% 58 0.08%±0.03% 0.03%±0.01% 0.05% 2.3% 12 0.07%±0.05% 0.07%±0.07% 0.00% 

Eq. Guinea 16% 8 0.13%±0.09% 0.11%±0.18% 0.02% - 0 - - - 

CAR 22.5% 26 0.09%±0.05% 0.02%±0.02% 0.06% 19.9% 23 0.10%±0.06% 0.04%±0.05% 0.06% 

DRC 13.5% 
33
4 

0.15%±0.02% 0.04%±0.01% 0.11% 9.8% 24
2 

0.32%±0.05% 0.10%±0.03% 0.22% 

CBFP 
landsc. 

9.6% 16
8 

0.05%±0.01% 0.02%±0.00% 0.03% 5.0% 85 0.14%±0.05% 0.04%±0.01% 0.10% 

Congo 
Basin 

13.5% 54
7 

0.13%±0.02% 0.04%±0.01% 0.09% 8.3% 33
7 

0.26%±0.04% 0.09%±0.02% 0.17% 
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Table 3: National annual degradation and regeneration rates in the dense forest zones of 

the Congo Basin between 1990 and 2000 and between 2000 and 2005. The number of 

processed samples (n) and their confidence interval are mentioned for each country. 

 

 

 

 

 

 

 

 1990 – 2000 2000 – 2005 

Country Sampling 
rate 

n Gross 
Degradation 

Gross 
Regeneration  

Net 
Degradation  

Sampling 
rate 

n 
Gross 

Degradation  
Gross 

Regeneration  
Net 

Degradation  

Cameroon 12.1% 51 0.08%±0.06% 0.02%±0.01% 0.06% 4.7% 20 0.14%±0.12% 0.07%±0.08% 0.07% 

Congo 15.1% 70 0.04%±0.02% 0.01%±0.01% 0.03% 8.6% 40 0.08%±0.03% 0.05%±0.03% 0.03% 

Gabon 11% 58 0.05%±0.02% 0.01%±0.01% 0.04% 2.3% 12 0.04%±0.05% 0.05%±0.08% -0.01% 

Eq. Guinea 16% 8 0.05%±0.03% 0.02%±0.02% 0.03% - 0 - - - 

CAR 22.5% 26 0.04%±0.02% 0.01%±0.01% 0.03% 19.9% 23 0.05%±0.03% 0.02%±0.02% 0.03% 

DRC 13.5% 334 0.07%±0.01% 0.02%±0.00% 0.06% 9.8% 242 0.16%±0.03% 0.04%±0.02% 0.12% 

CBFP 
landsc. 

9.6% 168 0.02%±0.01% 0.01%±0.00% 0.02% 5.0% 85 0.06%±0.02% 0.02%±0.01% 0.04% 

Congo Basin 13.5% 547 0.07%±0.01% 0.01%±0.00% 0.05% 8.3% 337 0.14%±0.02% 0.04%±0.01% 0.09% 
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Table 4 : Accuracy assessment matrix for the 190 polygons reinterpreted in 1990 and 

2000. Note that the ten “no data” polygons were removed from the analysis. The overall 

accuracy is 85.7%. 

 
  Original interpretation 

In
de

pe
nd

en
t i

nt
er

pr
et

at
io

n   
Tree 

Cover 
High 

Mosaic 
Low 

Mosaic 
Non-tree 

vegetation 

Other 
land 
cover Water Total 

User's 
accuracy 

Tree Cover 209 10 1       220 95.0% 

High Mosaic 9 7   1 1   18 38.9% 

Low Mosaic 4 4 38 10 2   58 65.5% 

Non-tree vegetation   3 4 40 2   49 81.6% 

Other land cover 1   1   10   12 83.3% 

Water           13 13 100.0% 

Total 223 24 44 51 15 13 Correct           317 

Producer's accuracy 93.7% 29.2% 86.4% 78.4% 66.7% 100.0% Total           370 
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 Figure legends 
 

Figure 1: Time series of Landsat data analysed in the forest-cover change analysis in the 

Boende region (DRC) 0°N and 21°E: (a) 1990 image, (b) 2000 image, (c) 2006 image. 

Figure 2: Maps of: (a) availability of Landsat-Thematic Mapper imagery over the Congo 

Basin countries between 1990 and 2005, (b) population density (people/km²) over the 

Congo Basin, (c) map of accessibility, map colors represent travel time to major city 

(Nelson, 2008), (d) main protected areas and logging concessions over the Congo Basin 

(OFAC, 2011). 

Figure 3: Spatial distribution of forest change dynamics that occurred between (a) 1990 

and 2000 and between (b) 2000 and 2005 over the Congo Basin. The circle size is 

proportional to the surface affected by the corresponding forest cover change process. 

Figure 4: Impact of: (a) population density, (b) travel time to cities, (c) timber 

exploitation, and (d) protected areas on the deforestation level measured in the samples. 

Figure 5: Evolution between 1980 and 2010 of underlying causes and driving factors of 

deforestation in the Congo Basin countries: (a) population density, (b) urban population,  

(c) arable land per capita, (d) protected area coverage, (e) total fuelwood production, (f) 

fuelwood per capita, (g) production  of logs, (h) production of logs per 1,000 ha of 

productive rain forests (excluding swamp forests). Source: (a) to (b) (World Bank, 2010), 

(c) and (e) to (h) (FAO, 2010a), (d).(UNEP-WCMC, 2010). 

14. Supporting information 
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