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A B S T R A C T

Miombo and mopane woodlands of southwestern Angola have been overexploited for decades,
leading to deforestation and forest degradation driven by social dynamics during and after the
civil war (1975–2002), with different patterns of use of natural resources. Our objective was to
study the changes in land-cover in three municipalities of southwestern Angola, and to charac-
terize the charcoal production and trade on miombo and mopane woodlands, where that pro-
duction was identified as one of the main causes of degradation. Land-cover dynamics between
1990 and 2019 was evaluated based on four land-cover maps, and the processes involved in
deforestation and forest degradation were identified and discussed. Roadside charcoal sale lo-
cations, markets, the most exploited species, and the type, size, and efficiency of the kilns were
assessed through field surveys. Between 1990 and 2019, the woodland area decreased and was
converted to savanna woodland and agriculture, while the urban area continuously increased.
Both miombo and mopane woodlands went through higher annual deforestation rates than
those reported by FAO at the national level. The dynamics of land use were different between
the war and post-war periods, respectively with the abandonment of agricultural land and mi-
gration of rural populations to the cities, and their return to the countryside and use of land
and forest resources as primary subsistence activities. Agriculture and charcoal production
were identified as the main income-generating activities, and the occupation of unused land by
outsiders may have also contributed to intensify deforestation and forest degradation. To slow
down the ongoing area loss of miombo and mopane woodlands, it seems crucial to implement
conservation and restoration strategies promoting the sustainable use of the resources while
ensuring the provision of essential goods to local populations and contributing to reduce
poverty.

1. Introduction

Forest resources play an important role in the livelihoods of populations, providing several goods and services that contribute to
improve and maintain human welfare. In Africa, forest resources are daily and directly used (Chidumayo and Gumbo, 2010; Mapaure
and Ndeinoma, 2011; Carlson et al., 2022), so forest degradation is a critical issue for local people. In the last decades, forests and
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woodlands have been subject to different, and increasingly stronger human impacts such as agriculture, urbanization and population
growth, wood extraction for fuelwood and charcoal production, and fires that cause deforestation and forest degradation, as well as
depletion of soil and water resources (Walker and Desanker, 2004; Defries et al., 2010; Van Der Werf et al., 2010).

Until the late 19th century, deforestation and forest degradation prevailed in temperate zones of Europe and America, but today
these processes are mainly concentrated in developing countries and particularly in tropical areas (FAO, 2016). Significant forest loss
has been occurring in sub-Saharan Africa, mainly in East and Southern Africa, where about four million hectares were lost per year
from 2010 to 2020 (FAO-UNEP, 2020; FAO, 2021). It should be noted that most vegetation, classified by FAO as tropical forest is com-
monly named “woodland” which is defined by De Cauwer et al. (2018) as vegetation characterized by trees or woody plants able to
reach a minimum height of 5 m, crown cover between 10% and 60%, and an understory where grasses are present. Frequently, they
are, also, named as open forests, but here the designation of “woodland” will be adopted. Located in sub-Saharan Africa, Miombo and
Mopane woodlands are the most representative (White, 1983; Timberlake et al., 2010; Cauwer et al., 2018).

In rural areas, agriculture substantially contributes to economic growth and to improve food security. Fields under slash and burn
systems have short periods of cropping (one to five years) alternating with long fallow periods (Delgado-Matas et al., 2015; Gonçalves
et al., 2017); this implies moving on to clear new areas for agriculture while regeneration occurs. In many countries, agriculture ex-
pansion is a significant threat to the sustainability of forest resources (FAO, 2021) with a negative impact on carbon stocks (Walker
and Desanker, 2004). Between 2000 and 2010, 40% of tropical and subtropical deforestation was due to large-scale commercial agri-
culture (mainly livestock raising, and soybean and oil palm cultivation), 33% to local subsistence agriculture and urban expansion,
and 27% to infrastructure and mining (FAO, 2016).

Moreover, at the local level, most African populations lack energy sources like electricity and gas for cooking or heating. When
available, they are expensive and hardly accessible to those with low incomes (Diaz-Maurin et al., 2018). Most of the population uses
wood-derived fuels, like charcoal and fuelwood, to meet daily needs; often, they are also traded to increase the household income in
both rural and urban areas (Adkins et al., 2012). About 80% of the people in Angola use charcoal and firewood to satisfy their daily
energy needs, thus contributing to the highest deforestation rate in sub-Saharan Africa (Chiteculo et al., 2018b). In 2010–2020, about
548 000 ha of forest were lost per year (FAO, 2020b). Moreover, charcoal is expected to remain the main source of energy in Africa in
the near future and to increase until 2040 (Sedano et al., 2020).

Southern Angola is characterized by two types of dry tropical woodlands – miombo, with Brachystegia spiciformis, Julbernardia pan-
iculata, and Isoberlinea angolensis as dominant species, and mopane, dominated by Colophospermum mopane (White, 1983; Timberlake
et al., 2010) – that provide important ecosystem services to the rural populations, including timber and non-timber products
(Chidumayo and Marunda, 2010; Makhado et al., 2014), and contribution to water cycling regulation, reduction of soil erosion, and
atmospheric CO2 sequestration (Van Der Werf et al., 2009; Marunda and Bouda, 2010; Timberlake et al., 2010; Miapia et al., 2021).
Agricultural expansion, fires, fuelwood extraction, charcoal production, and urban growth have been pressing these woodlands, en-
hancing deforestation and forest degradation and, in the long term, the loss of ecosystems and ecosystem services that could aggra-
vate the effects of climate changes (Tinker et al., 1996; Bongers and Tennigkeit, 2010).

For several decades of the late 20th and early 21st centuries, Angola underwent significant political and military instability. Dur-
ing the most intense phases of civil war, and especially between 1992 and 2002, a large part of the population abandoned the rural ar-
eas and took refuge in the cities, resulting in the temporary abandonment of many agricultural fields and the recovery of forest vege-
tation (Birkeland, 2000; Robson and Roque, 2001). In 2002, when the warfare ended, the population went back to their homes and in-
tensified the use of forest resources, with more aggressive land use practices. Forest areas around the cities also started to be used for
agriculture, wood and firewood extraction, and to produce charcoal to be sold in the cities.

Several studies have analysed land-cover and land-use changes in Angola, some relating them with different types of household
energy consumption. Cabral et al. (2010) quantified deforestation in the province of Huambo between 1990 and 2009. Others studied
the agricultural expansion in southern Angola, the trade-offs between food production and timber extraction resulting from the con-
version of miombo into agricultural land, and the spatio-temporal changes in miombo due to smallholder cultivation patterns
(Schneibel et al., 2013, 2016, 2017a). Chiteculo et al. (2018a) assessed deforestation patterns in 2000–2017 in the Huambo province,
based on the distribution of keymiombo tree species. In the same region, Miapia et al. (2021) analysed the relationship between defor-
estation and biomass production in miombo woodlands, considering local and global needs. In the Zaire province (northern Angola),
Temudo et al. (2019, 2020) studied urban expansion and energy consumption by local people in the city of Mbanza Kongo, as well as
the relationship between deforestation patterns and urban area dynamics and household energy consumption in 1998–2016.
Chiteculo et al. (2018b) studied the charcoal value chain in three municipalities of the Bié province to identify policies that contribute
to reduce forest degradation. Chisingui (2017) analysed the landscape and land use changes from 1990 to 2010 in the miombo area of
Lubango and surroundings, which covers part of our study area.

Understanding the dynamics of miombo and mopane woodlands over time and identifying their main drivers and impacts is ex-
tremely important because they play crucial roles at the social, economic, and environmental levels. This is relevant in rural areas of
Angola where, to alleviate poverty and increase family income, activities such as agriculture, charcoal production, and logging have
increased substantially in recent decades, with impacts on forests that might be irreversible. A historic understanding of the patterns
and processes involved in deforestation and forest degradation is essential for stakeholders and governmental authorities to develop
and implement measures that minimize impacts and foster more sustainable forest management practices (FAO, 2018). While exist-
ing studies have explored the land-cover dynamics and deforestation patterns in Angola, particularly in miombo and mopane wood-
lands, there remains a significant gap in understanding the long-term impact of charcoal production on these ecosystems in the post-
civil war period. There is a lack of comprehensive research specifically focusing on the repercussions of charcoal production, a critical
driver of forest degradation in the region. Additionally, the existing literature does not adequately address the historical context and
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the intricacies of the charcoal value chain, hindering the formulation of effective policies and sustainable forest management strate-
gies.

In the present study, we analysed the land-cover dynamics and the impact of charcoal production in miombo and mopane wood-
lands of southwestern Angola, namely in two municipalities of the Huila province (Lubango and Cacula) and one municipality of the
Namibe province (Bibala), all severely affected by the civil war that ended in 2002. A remote sensing approach to identify the spatio-
temporal changes was used, combined with fieldwork surveys to characterize the charcoal-related activities.

2. Material and methods

2.1. Study area

The study was conducted in an area of 15 060.92 km2 in southwestern Angola (14° 32’ – 15° 09′ S, 12° 34’ – 14° 47’ E), including
three municipalities: Lubango and Cacula (Huíla province), and Bibala (Namibe province) (Fig. 1). These municipalities were chosen
because they are the main suppliers of forest products to the capital of Huíla, Lubango.

The studied area is part of the central plateau of Angola and of the sub-plateau zone of the southern coast of the country (Diniz,
1973), with altitudes ranging from 300 to 2200 m. According to Koppen's classification, it has a temperate climate with dry winter in
the central plateau, and a semi-arid climate in the sub-plateau (Diniz, 1973, 1991; Le Houérou, 2009), with a rainy season from mid-
August to mid-May and a dry season during the rest of the year. The annual precipitation in the central plateau varies between 750
and 1200 mm, with the relative humidity ranging between 30 and 90% throughout the year, and an average annual temperature of
18.5 °C. The sub-plateau zone presents a more prolonged dry period, with an average annual temperature reaching 21.5 °C, a rainfall
average of 300–400 mm, and relative humidity lower than in the rest of the study area (Diniz, 1991). Soils are mainly ferralsols,
lithosols, and cambisols, with frequent rocky outcrops (Diniz, 1973).

The region is characterized by different types of land-cover. Mopane woodland and miombo woodland are dominated by deciduous
and semi-deciduous woody species, essentially Colophospermum mopane and Sprirostachys africana (mopane), and Brachystegia spp.
and Julbernardia paniculata (miombo), with discontinuous shrubby and herbaceous layers. Savanna woodland includes mixed and
transitional vegetation comprising degraded forests and abandoned agricultural areas or fallows, with scattered trees and shrubs and
a dominant herbaceous stratum in the wet season. Agriculture/bare land represents abundant herbaceous vegetation and/or bare soils,
such as agricultural fields with or without vegetation during the year, recent fallows and rocky outcrops. Urban are artificialized ar-
eas, occupied by buildings and land surrounding them. Water corresponds to water bodies.

According to the 2014 Census, the study area has over one million inhabitants – 731 575 in Lubango, 128 411 in Cacula, and
471 613 in Bibala (INE, 2016). Of the three capital municipalities, Lubango city experienced the greatest demographic pressure due
to the migratory flow during the civil war. The rural areas are inhabited by several ethnolinguistic groups, including the Muila,
Handa, Ovimbundo, Koissan, and Mucubal, whose main economic activities are agriculture and pastoralism (Diniz, 1973; Redinha,
2009).

Fig. 1. Location of the study area in Africa (a) and in Angola (b); Study area (c).
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2.2. Landsat imagery

Three image dates of Landsat TM (1990, 2000, and 2009) and one of Landsat OLI (2019) were selected to cover the study area. For
each year, four Landsat scenes were used, which were geometrically corrected to UTM (Universal Transverse Mercator), Zone 33
South, WGS84, with a spatial resolution of 30 m. Image selection followed the same criteria concerning cloud cover, quality, dry sea-
son (May to July), and proximity between the dates of the scenes of the same year, to minimize possible differences at the land-cover
level. Data were downloaded from the United States Geological Survey EarthExplorer datacenter (United States Geological Survey,
2019). Four mosaics were composed to obtain a single image of the study area for each year, which was used to depict the land-cover
classes.

2.3. Land-cover classification

To obtain the land-cover maps, a legend with five classes was defined according to the ancillary data: woodland, savanna woodland,
agriculture/bare soil, burnt, and water. Then, a training dataset was built by collecting pixel samples, for each class, and visually inter-
pretating various RGB band combinations of the Landsat satellite images, supported by points collected in the field and ancillary data:
a phytogeographic map of Angola at a scale of 1:2 500 000 (Barbosa, 1970), detailed descriptions of vegetation (Diniz, 1973), Google
Earth high-resolution imagery, and information made available by experts from LUBA herbarium (Herbarium of ISCED-Huíla,
Lubango) and LISC herbarium (Herbarium of the University of Lisbon). To improve the land-cover pixel identification, high-
resolution images from Google Earth were also used. The number of pixels per class included in the training dataset followed the crite-
ria described by Lillesand et al. (2015), that is, it must be equal to n+1, where n is the number of spectral bands. To ensure that the
collected samples were spectrally separable, they were subject to a spectral separability analysis based on the Jeffries-Matusita (J-M)
distance (Richards, 2013).

As the study area is characterized by high altitudes, very steep slopes, and a large proportion of closed woodland, which generate
high shading, a method proposed by Lillesand et al. (2015) was applied based on the ratio between the mid-infrared band (TM5 or
OLI3) and the green band (TM2 or OLI7) of the visible region of the electromagnetic spectrum, to minimize the shadows and the topo-
graphic effects. This band ratio highlights the information in the most shaded areas – corresponding to vegetation, in this case –, due
to its relatively high reflectance in the mid-infrared and lower reflectance in the green. The band ratio was calculated each year and
included in the respective Landsat mosaic to improve the classification procedure. Finally, a maximum likelihood classifier was ap-
plied to obtain the land-cover maps.

Given that agriculture/bare soil and urban classes had similar spectral values, to correctly identify the urban area corresponding to
Lubango city, this was digitized for each year using Landsat TM (7,4,3) and OLI (7,5,4) band combinations, converted to raster format
and overlaid on the respective land-cover map. To separate miombo and mopane within the woodland class (also referred here as
woodland vegetation, WV), first we used the phytogeographic map of Angola (Barbosa, 1970) to delineate each region. Then, the vec-
tor obtained for each type of woodland was overlaid on each land-cover map to separate the two vegetation types. Since fire occur-
rences were mainly detected in savanna areas, the burnt area was incorporated into that class. In addition, a water mask was applied
to the final land-cover maps. Therefore, the final legend of the land cover maps was: mopane woodland (MO), miombo woodland (MI),
savanna woodland (SW), agriculture/bare soil (AS), and urban (UR).

2.4. Accuracy assessment

To evaluate the accuracy of the land-cover maps, a dataset was created based on a systematic grid of points with a random origin
and overlaid on high-resolution photographs, available on Google Earth, with dates between 2017 and 2019. The number of sample
points used was 1000. Only points located within the study area were identified in terms of land-cover type (about 888 points). To
minimize the errors associated with mislabelled points resulting from date differences, point labels were simultaneously checked in
terms of spectral response observed in the Landsat images. Only the 2019 land-cover map was evaluated in terms of accuracy since
there were no data for the other dates. This methodology was used in several previous studies (Cabral et al., 2010; Vasconcelos et al.,
2015; Cabral and Costa, 2017; Temudo et al., 2020). When working with historical data series, the validation procedure (with a mini-
mum of 80% accuracy) conducted for the most recent classification is considered valid for the earlier dates, if the same methodology
is applied (Cabral et al., 2010; Vasconcelos et al., 2015; Cabral and Costa, 2017). Several accuracy measures were calculated: confu-
sion matrix, kappa coefficient, and omissions and commission errors.

2.5. Land-cover transitions

Land-cover transitions between 1990 and 2019, and for each sub-period, were evaluated using a post-classification change detec-
tion technique performed with the Geographic Information System software ArcGIS 10.5.0.6491 (ESRI, 2016). Basically, it consisted
of a cross-tabulation analysis of independently produced classifications for different dates, on a pixel-by-pixel basis, and it allowed
quantifying the conversions from a particular land-cover to another and their corresponding areas in a specific period (Butt et al.,
2015; Hassan et al., 2016; Negassa et al., 2020). The corresponding net change rates, which account for the expansion and reduction
of the area of each land-cover class, were obtained using Puyravaud's (2003) formula. The net change rate of woodland vegetation was
also evaluated by merging miombo and mopane into the same class. Finally, a map of change detection between 1990 and 2019 con-
taining different combinations of “from-to” change classes was produced.
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2.6. Charcoal production and selling

A fieldwork survey was done from June to September 2018, in the three municipalities, to characterize the production of charcoal
and the associated commercial activity, and to understand how they might affect the miombo and mopane woodlands.

To characterize the production of charcoal, ten kilns were visited in the municipalities of Cacula and Bibala. In each case, the kiln
type (earth mound kiln; rock mound kiln; earth pit kiln, see Fig. S1) and the vegetation used were recorded. Wood volume per kiln
was measured and biomass per cubic metre was estimated for wood before production (by weighing a wood sample) and for charcoal
after carbonisation (by counting the number of charcoal bags obtained).

Three main charcoal markets in Lubango municipality were identified (Mutundo, Hoque, and Rio Nangombe) where semi-
structured interviews were done with charcoal sellers, complying with the code of ethics from the International Society of Ethnobiol-
ogy (ISE, 2006), and methodologies referred in Alexiades and Sheldon (1996) and Albuquerque et al. (2014). The interviews were
conducted after explaining the objectives of the work and obtaining informed consent. Prices were recorded in Angolan national cur-
rency (AKZ), and portable scales were used to weigh charcoal. To calculate monthly sales and profit figures at the markets, 25 days
per month were considered, as each market closes one day per week. Thus, all retailers and wholesalers and/or suppliersin the mar-
kets were recorded, and the amount of charcoal bought and sold was estimated, as well as its price and economic importance for fam-
ily income. With this information, it was possible to obtain an overview of how the charcoal chain was working in the three munici-
palities.

Additionally, the sale points along the roads linking Hoque to Cacula centre, and Rio Nangombe to Bibala centre, were identified
(Fig. 2). These are points where rural communities sell wood-derived products such as charcoal and firewood. Sale points were se-
lected to determine the selling price of charcoal at source and the quantity sold. Furthermore, as they are close to the production areas
(i.e., near the kilns) and wood comes from the surrounding area, the main species used could be identified. To assess the environmen-
tal impact of this extraction of biomass from the woodlands, 5 km-buffer areas were defined around the main and secondary roads,
and their patterns of land-cover dynamics and net change rates analysed in detail. The size of the buffer areas was defined considering
the radius of action of firewood collection observed in the field.

3. Results

3.1. Land-cover analysis

The pairwise spectral separability analysis showed values higher than 1.5 (very high separability) for all class combinations. The
accuracy of the 2019 land-cover map was evaluated by considering the woodlands as a single class (later separated into miombo and
mopane woodlands), the urban area included in the agriculture/bare soil class, and the water class discarded.

Fig. 2. Land-cover maps of the study area in 1990, 2000, 2009, and 2019. The white dots in the 2019 map represent the charcoal-selling places along the roads.
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The overall accuracy was above 90% and the Kappa coefficient was 0.84 for the 2019 land-cover map (Table S1), which indicates
a high accuracy. Classes’ accuracies were above 90%, except for the agriculture/bare soil and urban classes, which presented a higher
omission error (19.34%) resulting from an incorrect assignment of the pixels to savanna woodland.

The land-cover maps for 1990, 2000, 2009, and 2019, and the corresponding land-cover evolution is displayed in Figs. 2 and 3, re-
spectively. The study area was dominated by savanna woodland and agriculture/bare soil in all the analysed years. Considering only the
forest classes, miombo woodland had the largest area in all years except 2019, when the mopane woodland was larger.

Comparing the beginning and the end of the studied period (1990 and 2019), the savanna woodland increased by 22.15%
(1418.82 km2) and agriculture/bare soil by 4.49% (214.73 km2), while miombo woodland decreased by 57.52% (1232.43 km2) and
mopane woodland by 33.51% (567.56 km2). The urban area had an expansion of about 492.28% (166.44 km2), occupying an area five-
fold larger in 2019 than in 1990, though still representing only 1.33% of the total area (Fig. 3).

Between 1990 and 2000 (with ongoing civil war), forest cover increased by more than one-third (miombo woodland 32.91%, i.e.,
705.04 km2; mopane woodland increased about 34.80%, i.e., 589.39 km2). The urban area increased by about 30.91% (10.45 km2),
whereas agriculture/bare soil and savanna woodland classes decreased by 24.21% (1157.64 km2), and 2.30% (147.24 km2), respec-
tively (Fig. 3).

In this period (Table S2), most of the lost savanna woodland evolved into denser formations – about 18.09% (1159.32 km2) to
miombo woodland and 14.62% (936.75 km2) to mopane woodland. A small part of agriculture/bare soil (about 2.32%, 111.09 km2) be-
came miombo woodland and 2.37% (113.69 km2) became mopane woodland, while a large area (about 33.00%, 1578.25 km2) was con-
verted to savanna woodland.

In the last years of the civil war (2000–2009) and after its end (2009–2019), an inverse trend occurred: the area occupied by agri-
culture/bare soil and savanna woodland increased, and both miombo and mopane woodlands diminished. Between 2000 and 2009,
about 35.47% (1819.58 km2) of miombo woodland and mopane woodland became savanna woodland, while in 2009–2019 the same oc-
curred to 50.26% (1937.84 km2). Only a small proportion of non-savanna woodland (miombo and/or mopane) was converted to agri-
culture/bare soil: about 2.90% (148.95 km2) between 2000 and 2009, and 6.47% (249.84 km2) between 2009 and 2019. The expan-

Fig. 3. Representativeness of land-cover classes in the whole study area and in each of the three municipalities in the period 1990–2019. Land-cover classes: MI:
Miombo woodland, MO: Mopane woodland; WV: Woodland vegetation (miombo + mopane); SW: Savanna woodland; AS: Agriculture/bare soil, UR: Urban.
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sion of urban areas continued throughout the studied period, although more profoundly in the last decade, at the expense of agricul-
ture/bare soil and savanna woodland areas.

All municipalities presented the same trend for woodland classes: increased area in the first period, followed by a consistent de-
cline. The opposite occurred in agriculture/bare soil, which decreased in the first period and increased subsequently. The savanna
woodland exhibited a growing trend over the studied periods (except the first one) and was the most represented land use in the study
area. However, in Lubango, the agriculture/bare soil class occupied the largest area. The urban area expanded in all periods, but with
different intensities, and was only significant in Lubango. In the first period (1990–2000), the municipality of Cacula showed the
highest increase in miombo woodland (with a gain of 36.02%, or 419.61 km2) and the more pronounced loss of savanna woodland (less
12.09%, or 250.92 km2). In that same period, Lubango had the smallest decrease in agriculture/bare soil (less 16.11%, or 269.35 km2)
and the highest increase in urban area (more 36.68%, or 10.45 km2). In contrast, by end of the third decade (2009–2019) Cacula lost
more than 65% of miombo woodland (762.55 km2) to savanna woodland, and about 16% (184.55 km2) to agriculture/bare soil; 25.24%
(523.85 km2) of savanna woodland changed into agriculture/bare soil (Table S2).

The land-cover trend in the 5 km-buffer zones around the roads (Fig. 4) was similar: savanna woodland and agriculture/bare soil
dominated in the three municipalities, and woodland vegetation decreased since 2000. Savanna woodland tended to increase and it was
the most representative land-cover class except in Lubango municipality, where agriculture/bare soil dominated. Considering the
whole period under analysis, the study area lost about 51.7% of the woodlands and Bibala was the municipality with the greatest loss
(about 42.0%).

3.2. Net change rates

The change rates in the studied period are presented in Table 1, indicating the level of loss or gain for each land-cover class in a
specific decade. From 1990 to 2019, mopane woodland and miombo woodland decreased, while savanna woodland and the non-forest

Fig. 4. Representativeness of land-cover classes in a 5 km-buffer area around the main and secondary roads in the period 1990–2019 for the whole study area, and
for each of the three municipalities. Land-cover classes: MI: Miombo woodland, MO: Mopane woodland; WV: Woodland vegetation; SW: Savanna woodland; AS: Agricul-
ture/bare soil, UR: Urban.
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Table 1

Net annual change rates of each land-cover class in the whole study area and in each of the three municipalities, considering whole areas and to 5 km-buffer areas
around roads. Land-cover classes: MI: Miombo woodland; MO: Mopane woodland; WV: woodland vegetation; SW: Savanna woodland; AS: Agriculture/bare soil; UR: Ur-
ban.

Net change rate (%/year)

1990–2000 2000–2009 2009–2019 1990–2019

Area Classes Buffer Whole Buffer Whole Buffer Whole Buffer Whole
Study area MI 3.38 2.84 −1.68 −1.97 −9.29 −9.63 −2.56 −2.95

MO 3.87 2.99 −4.58 −4.88 −5.31 −2.68 −1.92 −1.41

WV 3.59 2.91 −2.83 −3.17 −7.64 −6.39 −2.28 −2.18

SW 0.75 −0.23 2.19 1.71 −0.75 0.70 0.68 0.69

AS −2.78 −2.77 −0.91 0.60 3.30 2.67 −0.10 0.15

UR 2.69 2.91 6.38 6.38 9.32 9.35 6.12 6.13

Bibala MI 1.02 2.54 −1.39 −0.95 −4.80 −7.44 −1.74 −1.99

MO 3.91 2.92 −4.53 −4.87 −5.36 −2.64 −1.90 −1.41

WV 3.51 2.86 −4.09 −4.17 −5.27 −3.45 −1.88 −1.50

SW 1.15 0.16 1.13 0.78 0.70 0.91 0.99 0.61

AS −3.39 −3.08 1.50 2.67 1.29 0.50 −0.26 −0.06

UR 0.00 0.00 5.83 5.84 0.78 0.80 2.08 2.09

Cacula MI 4.68 3.08 −4.02 −3.60 −10.96 −12.86 −3.41 −4.49

MO 1.80 4.61 −7.48 −5.08 −2.29 −4.15 −2.49 −1.42

WV 4.61 3.13 −4.08 −3.66 −10.75 −12.39 −3.38 −4.33

SW −1.50 −1.29 2.86 2.34 −0.58 0.83 0.17 0.57

AS −3.75 −5.03 −2.44 1.13 10.60 10.93 1.60 2.39

UR 0.00 0.00 17.88 17.83 1.70 1.70 6.14 6.12

Lubango MI 1.55 2.57 2.61 0.10 −8.78 −7.32 −1.68 −1.61

MO 0.00 3.92 0.00 −5.08 0.00 −2.69 0.00 −1.15

WV 1.55 2.65 2.61 −0.16 −8.78 −7.10 −1.68 −1.58

SW 4.95 0.66 3.31 4.50 −4.80 −0.54 1.08 1.44

AS −1.98 −1.76 −3.13 −3.23 3.15 3.21 −0.57 −0.50

UR 3.12 3.12 5.97 5.97 10.28 10.31 6.47 6.49

classes (agriculture/bare soil and urban) increased, except in the buffer zone, where agriculture/bare soil showed a slight decrease. The
greatest net loss of miombo woodland and mopane woodland occurred in the municipality of Cacula, associated with the largest net in-
crease in agriculture/bare soil class (Table 1). The municipality with the highest net increase in urban area was Lubango, followed by
Cacula. Between 1990 and 2000 the area of the forest classes considerably increased in all municipalities (Table 1). In the following
periods, the rate became negative in those classes and positive in the non-forest cover classes, except for the buffer zone where agricul-
ture/bare soil had negative increment in 2000–2009. The greatest forest loss occurred in the municipality of Cacula in 2009–2019, for
miombo woodland.

3.3. Land-cover transitions

The spatial transitions among land-cover classes between 1990 and 2019 are represented in a change detection map (Fig. 5A) and
in a land transition matrix (Table 2). More than one-third of the study area (about 34.79%) changed from one class to another. About
23.17% (3489.91 km2) are associated with deforestation and forest degradation processes (from miombo woodland and mopane wood-
land to savanna woodland and agriculture/bare soil, and from savanna woodland to agriculture/bare soil), while 10.50% (1581.85 km2)
represent woodland recovery (agriculture/bare soil to savanna woodland, savanna woodland to miombo and/or mopane woodlands, and
agriculture/bare soil to miombo and/or mopane woodlands). The increase in urban area (1.1%, or 166.77 km2) mainly corresponds to
the cities’ surroundings that, in 1990, were mostly agricultural/bare-soil land and, to a lesser extent, savanna woodland and miombo
woodland.

Located to the north of Bibala (a municipality characterized by important charcoal production), Area 1 showed an increase in
woodland vegetation (Fig. 5A), mainly associated withmopane recovery. Area 2 presented two trends, a conversion ofmiombo woodland
into savanna woodland and some conversion of agriculture/bare soil into savanna woodland and woodland vegetation. Area 3, in the Cac-
ula municipality, underwent a large expansion of agriculture/bare soil resulting from the loss of woodland and savanna woodland

patches (Fig. 5B). In Lubango municipality, where the provincial capital is located, there was a large expansion of the urban area,
mostly linked to the conversion of agriculture/bare soil and, to a lesser extent, of savanna woodland. In this municipality, there was also
an increase of savanna woodland, resulting from the conversion of agriculture/bare soil and woodland vegetation areas.

3.4. Dynamics of charcoal production and trade

3.4.1. The production of charcoal near Lubango

The charcoal traded in the markets of Lubango city chiefly originates from the municipalities of Cacula (miombo woodland) and
Bibala (mopane woodland). Only small quantities of charcoal are produced in the Lubango municipality. Charcoal is primarily trans-
ported by motorcycles and trucks, but due to the high slopes in Bibala, train and donkey are frequently used. There are three types of
traditional kilns: 1) earth pit kiln; 2) earth mound kiln, and 3) rock mound kiln.
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Fig. 5A. Change detection map for land-cover classes in the study area between 1990 and 2019. The purple rectangles represent areas detailed in Fig. 5B. Mopane and
miombo woodlands are here included in the same class (Woodland vegetation).

Table 2

Land transition matrix for land-cover classes in the study area between 1990 and 2019. Mopane and miombo woodlands are here included in the same class (Wood-
land vegetation). W: Woodland vegetation, SW: Savanna woodland; AS: Agriculture/bare soil and UR: Urban.

Year 1990

2019 Class W SW AS UR Total
W 1546.06 428.50 61.45 0 2036.01
SW 1969.80 4763.92 1091.90 0 7825.62
AS 317.42 1202.69 3476.51 0.33 4996.95
UR 2.72 11.69 152.36 33.48 200.25
Total 3836 6406.8 4782.22 33.81 15058.80

Charcoal is named locally after the most common species of trees used in its manufacture. In miombo, mupanda charcoal is made
from Brachystegia spiciformis,mumwe charcoal from Julbernardia paniculata, andmupupu charcoal from Combretum collinum. Inmopane
there is more variation: mutiati charcoal is made from Colophospermum mopane, mupapa charcoal from Spirostachys africana, muviu
charcoal from Pterocarpus spp. and mukondo charcoal from Acacia senegal.

The charcoal is packed in several types of bags, namely: ordinary bags, with a capacity of about 50 L and 33.5–40 kg; big bags, of
60–65 kg; medium bags, of 20–25 kg; and small bags, of 10–12 kg. Most of the charcoal is sold in ordinary bags (Fig. S1).

Eight charcoal producers (called “carvoeiros”) were interviewed, five in Cacula and three in Bibala (Table 3A). Most of them (six)
were men aged over 30 years, with primary level of schooling, and households of six members on average. Most respondents consider
the sale of charcoal as their main source of income to pay for goods and services. Among these, the most frequently mentioned items
were smartphones and motorcycles, as well as bicycles, radios, electric generators, and televisions.

Ten kilns of different types and sizes were visited and analysed, five of which were earth pit, two earth mound, and three rock
mound kilns (Table 3B), with initial biomasses ranging from 10.6 to 109.4 tons of wood per kiln, and producing 1050 to 10 500 kg of
charcoal (average 6709 kg). The average kiln efficiency was 13.83%, ranging from 6.91 to 26.06%. The rock mound kilns were more
efficient than the other kiln types.

3.4.2. Charcoal trade and consumption

The fieldwork survey showed that charcoal is mainly traded in three markets of the Lubango municipality, and alongside the main
roads linking this municipality with Cacula and Bibala (see Fig. 2). At those markets, 108 charcoal sellers were identified: 40 in
Hoque, 45 in Mutundo and 23 in Rio Nangombe; 27 of them were wholesalers, and 81 retailers (Table 4A). Fifty-two interviews were
carried out with sellers, among which 18 wholesalers and 34 retailers. The majority of charcoal sellers were young and middle-aged
women with average households of 6 members.
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Fig. 5B. Details of the change detection map, concerning the three areas marked with purple rectangles in Fig. 5A, from the municipalities of Bibala (Area 1), Lubango
and Bibala (Area 2) and Cacula (Area 3).

Table 3

AData on the production of charcoal in the villages of the Cacula and Bibala municipalities and profile of the interviewed producers.

Municipality Cacula Bibala

Type of vegetation source Miombo Mopane
Producers interviewed (M: male; F: female) 5 (5M) 3 (2F/1M)
Average household members 7 5
Average size of kilns (m3) 87 35
Kilns made by family/month 2–3 2–3
Ordinary bags of charcoal by kiln 30–300 60–250
Approximate number of bags sold per day 7 6

Table 3

BData on kilns visited during fieldwork: biomass before carbonification, final amount of charcoal, and kiln efficiency. The source vegetation type is also indicated.

Type of kiln Vegetation type Initial biomass (tons) Charcoal produced (kg) Kiln efficiency (%)

earth pit kiln miombo 81.0 5600 6.91
earth mound kiln miombo 10.6 1050 9.96
earth pit kiln miombo 109.4 10 500 9.60
earth pit kiln miombo 77.5 7000 9.04
earth mound kiln miombo 81.7 9450 11.56
rock mound kiln mopane 15.2 2100 13.83
earth pit kiln mopane 20.3 2280 11.26
earth pit kiln mopane 57.5 8750 15.23
rock mound kiln mopane 29.2 7600 26.06
rock mound kiln mopane 26.0 6460 24.81

The contribution of charcoal trade to family income was considered important by all the interviewed sellers and always repre-
sented more than half of the total household income. Most of the charcoal sold in the markets originated in themiombowoodland, and
the sellers bought it in the regions of Hoque (33 sellers) and Rio Nangombe (10 sellers), as well as Humbia (4), Cacula (3), and
Kipamba (1).

Table 4B shows the results of the interviews at Lubango markets. The price (and obtained revenue) of charcoal varied be-
tween the three markets, and also depended on it being sold by retailers or wholesalers. The average selling price per kilogram
reported by wholesalers ranged from about AKZ 37 to AKZ 60, while retailers indicated prices between AKZ 60 and AKZ 78. It
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Table 4

AData on charcoal trade in Mutundo, Hoque and Rio Nangombe markets, in the municipality of Lubango, obtained from June to September of 2018: characteriza-
tion of the sale and socio-economic profile of wholesalers and retailers.

Type of seller Wholesalers Retailers

Market Hoque Mutundo Rio Nangombe Total Hoque Mutundo Rio Nangombe Total Grand Total

Nr. Of Total 5 15 7 27 35 30 16 81 108

Sellers Interviewed 3 10 5 18 15 9 10 34 52

Gender Female 1 10 5 16 15 9 10 34 50

Male 2 – – 2 – – – – 2

Age Young adult (<30 yrs) – 6 – 6 8 4 3 15 21

Adult (30–50 yrs) 2 4 5 11 4 4 3 11 22

Senior (>50 yrs) 1 – – 1 3 1 4 8 9

Household size average 9.7 5.7 5.8 6.4 6.1 7.4 5.8 6.3 6.4

min 9 4 4 4 3 5 2 2 2

max 10 7 8 10 13 14 9 14 14

Ethnic Mwila 3 – 3 6 13 1 – 14 20

Group Nyaneka – 10 2 12 – – 1 1 13

Ovimbundo – – – – 2 8 9 19 19

Contribution to family 50–75% 3 10 2 15 15 9 10 34 49

Income >75% – – 3 3 – – – – 3

Table 4

BEstimates of sales and profits obtained with the selling of charcoal by the interviewed wholesalers and retailers at the Lubango markets. Values without brackets
are averages and values within brackets are the minimum and maximum for each parameter.

Class of seller Wholesales Retailers

Hoque Purchase price (AKZ/kg) 22.4 (14.9–26.9) 41.5 (37.3–44.8)
Selling price (AKZ/kg) 37.3 (22.4–46.3) 60.9 (59.7–89.6)
Daily sale (Kg) 357.3 (268.0–402.0) 57.0 (16.8–134.0)
Daily profit (AKZ) 5324.0 (2002.0–7811.0) 1106.0 (376.0–6003.0)
Monthly profit (AKZ) 133 094.0 (50 049.0–195 272.0) 27 659.0 (9408.0–150 080.0)

Mutundo Purchase price (AKZ/kg) 29.9 (26.9–32.8) 40.1 (37.3–44.8)
Selling price (AKZ/kg) 59.7 (44.8–74.6) 61.9 (59.7–89.6)
Daily sale (Kg) 135.4 (100.5–167.5) 85.6 (33.5–268.0)
Daily profit (AKZ) 4035.0 (1799.0–7007.0) 1866.0 (750.0–12 006.0)
Monthly profit (AKZ) 123 158.0 (44 794.0–175 163.0) 46 652.0 (18 760.0–300 160.0)

Rio Purchase price (AKZ/kg) 29.9 (23.9–35.8) 41.7 (29.9–55.0)
Nangombe Selling price (AKZ/kg) 59.7 (53.7–62.7) 78.1 (61.5–90.0)

Daily sale (Kg) 134.0 (134.0–134.0) 17.3 (5.0–50.3)
Daily profit (AKZ) 3993.0 (3193.0–4393.0) 630 (158.0–1760.0)
Monthly profit (AKZ) 99 835.0 (79 835.0–109 835.0) 15 743 (3950.0–44 012.0)

should be noted that the wholesalers also sell to the public, but only in ordinary bags. Wholesalers sold between 135 and 350 kg
of charcoal daily, while the figures for retailers ranged between 17 and 85 kg.

The estimated monthly profit from charcoal sale was much higher for wholesalers (between approximately AKZ 100000 and AKZ
130000) than for retailers (between AKZ 16000 and AKZ 47000). In either case, the lowest value was recorded in the Nangombe
River market (Table 4B). It should be noted that this market, located in the outskirts, had only recently been established and had still
a small number of sellers when the study was carried out.

Typically, wholesalers obtained charcoal from suppliers and/or producers at production sites and sold it to retailers and to the
community. However, retailers could also source charcoal directly from producers, such as from the Nangombe River market. The
charcoal sale points identified along the roads from Lubango to Cacula and Bibala can be seen in Fig. 2. As the distance increased from
urban centres or suburban markets, there was an increase in the number of bags of charcoal for sale. The price is higher in the urban
centres and in locations farther from the production areas.

4. Discussion

Our study identified and quantified trends in land-cover change in southwestern Angola in recent decades, which can be related to
social and demographic dynamics in this region. The main land-cover transitions in the study area occurred from forest vegetation
(miombo woodland and mopane woodland) to savanna woodland, and from savanna woodland to agriculture/bare soil, which means de-
forestation and forest degradation; the inverse trend also occurred, upon forest vegetation recovery in certain areas and periods.

The multitemporal analysis showed an increase of the miombo and mopane woodlands in 1990–2000, and their decrease in the fol-
lowing two decades, which can be explained by the socioeconomic changes associated with the periods of civil war and post-civil war.
The woodland regeneration observed in the first studied decade can be attributed to decreased agricultural activity due to the rural
exodus prompted by the civil war (Birkeland, 2000; Robson and Roque, 2001). Then, forest vegetation expanded, in contrast with
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wild large mammals (Kibble, 2006), frequently hunted for human consumption during that period. Several authors report this ten-
dency for different regions in central and southern Angola, namely Huambo (Cabral et al., 2010), Bié and Cuando Cubango (Schneibel
et al., 2016, 2017b), Huíla (Chisingui, 2017), and Zaire (Temudo et al., 2020). A comparable trend of forest loss decrease during a war
period was observed in other countries like Iran (Heidarlou et al., 2020). Also, FAOSTAT (2023) indicates a reduction of more than
65% of the land under permanent crops in Angola during war periods. Indeed, the civil war-driven rural migration occurred in almost
all the Angolan territory, compromising people's food security due to the drop in food production (Hilhorst and Serrano, 2010). Defor-
estation targeting agricultural activities in the TFO (The Future Okavango) project area, in central and southern Angola, decreased by
more than 70% per year (from 12 000 to 4000 ha) between 1994 and 1998, but increased to 12 000 ha per year after 2002 (Schneibel
et al. (2017b).

Accordingly, our data showed that between 1990 and 2000 the cover of woodland classes in the study area was considerably ex-
tended, but decreased afterwards, while the non-forest classes increased. This phenomenon was observed when specifically analysing
areas around the main and secondary roads, but also in all municipalities, meaning that human activities affect all the study area.
Considering the whole studied period (1990–2019), deforestation rates in the study area (2.18 % yr−1), and in each municipality
(−1.50% yr−1 for Bibala, −4.33% yr−1 for Cacula, and −1.58% yr−1 for Lubango) were higher than the figures published by FAO
(2021): −0.20% yr−1 between 1990 and 2000, -0.74% yr−1 from 2000 to 2010, and -0.80% yr−1 from 2010 to 2020. These differences
can be attributed to the fact that FAO calculates values at the country level while our values report to the regional level. Moreover,
different data sources and methodologies were used, which might further explain the different estimates of deforestation rates, as
mentioned by Ramankutty et al. (2007). For instance, McNicol et al. (2018) estimated an overall deforestation rate of −2.8% per year
across southern Africa between 2007 and 2010, a value 7.8 and 9.4 times higher than those presented by FAO (2015) and Hansen et
al. (2013), respectively. The systematization of forest inventories and the production of land-cover maps allow to obtain more accu-
rate data at the local level (FAO-FRA, 2020a; FAO, 2021), as opposed to global data, which involve a high level of generalization
(Fairhead and Leach, 1998).

Some social dynamic factors seem to have been of great importance in shaping land-cover in southwestern Angola in recent
decades. In our study area, there is a clear sink effect of Lubango, Angola's second largest town, on the natural resources, and conse-
quences on land-cover are reflected in the surrounding areas where goods are produced or harvested to supply the urban population.
Overall a higher deforestation rate was detected along roads and around cities, where direct access to communication infrastructures
facilitates the flow of agricultural and forest products (e.g., vegetables, fruits, charcoal, firewood, and mushrooms). Identical trends in
other places of Angola have been reported (Schneibel et al., 2016, 2017a; Temudo et al., 2020). This can be explained by the return of
many refugees to the rural areas and to traditional agricultural and extractive activities, after the end of the civil war in 2002. On the
other hand, although areas close to roads are more easily accessible, the fact that deforestation is policed means that charcoal produc-
tion moves to areas further away from roads, which may explain the lesser deforestation near roads in some places.

Another phenomenon in this period was the occupation of unused land by outsiders who sought to maximize yields within short
periods, leading to intensified deforestation and forest degradation in some places. It is likely that this phenomenon also occurred in
the study area over the last two decades. Furthermore, increased logging led to the overexploitation of valuable tree species, forcing
the government to strengthen regulations and coercion measures against deforestation and forest degradation across the country. The
Lei de base da flora e fauna selvagem (República de Angola, 2017), and the Regulamento florestal (República de Angola, 2018a) are in-
tended to preserve wildlife and forest resources, and the Executive Decree No. 278/18 (República de Angola, 2018b) aims to preserve
the populations of important tree species such as Guibourtia coleosperma and Swartzia fistuloides. These actions are expected to slow
down deforestation and forest degradation in the long term, particularly in areas close to populations and roads.

Considering the change map between 1990 and 2019, it can be stated that, despite the low population density in rural areas, there
was human impact on the vegetation of the whole study area. Activities affecting natural vegetation include agriculture, cattle rais-
ing, charcoal and timber harvesting, and extraction of minerals for construction. The new miombo and mopane woodland areas are
probably plots of forest that recovered in the first studied decade and have not been logged since. In areas far from the main settle-
ments and roads, it is likely that some of the people who migrated to the cities did not return, as is the case of Area 1 in Fig. 5B, thus
allowing the regeneration of woodlands. On the other hand, some areas closer to towns and roads underwent high levels of conver-
sion from woodlands to savanna woodland associated with logging activities; these might be reduced or prevented through the moni-
toring of forest logging by the relevant authorities, namely the Forest Development Institute (Instituto de Desenvolvimento Florestal)
(Area 2 in Fig. 5B). In fact, much of the forest-to-savanna conversion in the study area results from the selective felling of trees for tim-
ber, firewood, and charcoal production, as well as extraction of aggregates. These land patches are also often used for cattle grazing
(Area 3 in Fig. 5B). Conversely, the transition from agricultural land and bare soil to savanna woodland can be explained by factors
such as land abandonment by absentee owners and the delimitation of land to create state reserves under the land law (República de
Angola, 2004; Foley, 2007; Unruh, 2012).

According to FAOSTAT (2023), the consumption of charcoal in Angola has continuously grown over the last decades (e.g., 1976:
82 129 tons; 1990: 130 139 tons; 2002: 220 768 tons; 2021: 417 563 tons). It seems clear that charcoal production contributes to de-
forestation and forest degradation. However, it can be difficult to separate charcoal production from the cutting of forest vegetation
for fuelwood and agricultural activities, as they are often related (Chiteculo et al., 2018b). The International Energy Agency (2006)
shows that an earth pit kiln measuring approximately 9 × 4 m can produce 1800–2000 kg of charcoal. The rate of forest degrada-
tion/destruction is related with the low efficiency of charcoal production since the firewood-to-charcoal conversion ratio accepted for
Angola is 9.6 m3 of firewood to 1000 kg of charcoal, that is, 7 tons of wood to produce 1 ton of charcoal, with an efficiency of 14%.
The efficiencies can vary depending on the tree species involved, the size and kiln type, as well as the experience of the producer. For
example, the reported efficiency of traditional kilns is about 11–30% (Malimbwi et al., 2005; Chidumayo and Gumbo, 2010). Accord-
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ing to these authors the most efficient kilns are from the larger and superficial type. Those values are comparable with those from our
study: average efficiency of 13.83%, range 6.91–26.96%. Also, the rock mound kilns seem to be the most efficient ones.

The city of Lubango acts as a sink for the charcoal produced in the neighbouring municipalities. Our estimate of charcoal con-
sumption in this city and of the wood biomass needed to make it indicates that in Lubango's three main markets about 9600 kg of
charcoal are sold daily, i.e., 2879 tons per year. Considering the calculated carbonification efficiency, about 22 109 tons of wood per
year are needed to produce that charcoal. Such rates of wood cutting for charcoal production in the woodlands of southwestern An-
gola are currently unsustainable, as reported by Miapia et al. (2021). Despite the small number of charcoal burners interviewed, we
can estimate that by doing 2 or 3 kilns per month, each one uses between 1219.2 and 1828.8 tons of wood per year. Adopting the
country's ground biomass density of 70 t/ha (Bouvet et al., 2018) for our study area, we can estimate that a charcoal-producing
household can deforest between 17 and 26 ha per year, an average of c. 0,7 ha by kiln. However, given that not all tree species are
used to make charcoal and not all individuals are of an appropriate size, the average area of forest used per kiln may be closer to 1 ha.

However, the data we collected have some limitations and only allow to make a rough estimate of the charcoal produced and con-
sumed. Three markets were sampled in Lubango, but there are other markets that supply this city. On the other hand, most of the
charcoal sold along the roads leading to the capital is bought by final consumers living either in the city of Lubango or in cities outside
our study area (e.g., Namibe). Another uncertainty factor is that, as the production and sale of charcoal is monitored by local authori-
ties, the values reported in the surveys may be lower than the real ones. Nevertheless, it can be stated that charcoal production is one
of the activities that contributes most to deforestation and forest degradation in the outskirts of Lubango town. Other related factors
are the clearing of forest vegetation for agriculture and livestock, as well as the extraction of firewood.

5. Conclusion

The miombo and mopane woodlands in the study area, in southwestern Angola, are affected by both deforestation for agricultural
practices, and forest degradation from the extraction of woody forest products and charcoal production. Our research demonstrated
that over the recent decades these woodlands underwent high rates of deforestation, which resulted in important land-cover changes,
mainly for agricultural purposes after the end of the civil war. However, some patches of woodlands regenerated upon abandonment
of agricultural areas and of decreased exploitation of savanna woodland. Agriculture and woody and non-woody forest products are vi-
tal for local livelihoods, preventing households from falling into poverty by providing alternative sources of income, food, medicine,
and energy (Campbell et al., 2007; Chidumayo and Gumbo, 2010). Indirect factors such as population growth, proximity to roads and
markets, soil and vegetation types, socio-cultural and ethnic factors such as the agricultural or pastoral traditions, and the ability to
produce and trade charcoal, among others, modulate the supply and demand for forest products in rural and urban areas. Thus, it is
essential to implement conservation measures that contribute to the maintenance of natural vegetation while providing access of lo-
cal populations to essential goods, reducing poverty. One way is through community programs that offer payments to compensate for
conservation activities. Also, increased valuation of non-timber forest products and agricultural products, increased promotion of the
use of gas for cooking, sustainable charcoal production from forest plantations, and implementation of agroforestry systems can be
good tools to halt the clearing of forests for agriculture, logging, and charcoal production.
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