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Background: Deforestation is a complex and dynamic process of widespread 
concern in sub-Saharan Africa that is influenced by a range of social, economic 
and biophysical factors. 

Objectives: The aim of this study was to analyse patterns of deforestation and its 
potential drivers in the Licuáti Forest Reserve, a biodiversity hotspot in southern 
Mozambique, between 1990 and 2016. 

Method: We performed image classification on Landsat imagery at six time steps 
and interviewed local community members to understand the spatial pattern and 
rate of forest cover loss over time. We also examined changes in the incidence 
of fire.  

Results: A substantial increase in the rate of deforestation since 1990 was de-
tected in this vulnerable thicket vegetation. The probability of deforestation was 
significantly higher near the major roads, where houses are located. This suggests 
that the proximity of human settlements to the forest, and access to charcoal 
markets in urban areas, influenced the spatial pattern. Two key factors, charcoal 
production and the establishment of settlements and agricultural lands, were 
identified as proximate causes of deforestation. In addition, fires associated with 
these two causes might amplify the loss of forests in the area. 

Conclusions: Complex interactions between the drivers of deforestation and socio- 
economic factors were suggested, as most of the charcoal produced in the re-
gion is transported to Maputo. Ongoing road improvements and infrastructural 
development in the region will likely accelerate the decline in forest cover in the 
future. This has implications for the biodiversity of the region as well as for the 
sustainability of local livelihoods, as they often depend on forest products for 
their daily uses.

Keywords: charcoal production; deforestation; Maputaland; remote sensing; tra-
ditional authority

Introduction
Deforestation is a major environmental concern in sub-Saharan Africa. How-
ever, it is a complex and dynamic process influenced by many different so-
cial, economic and biophysical factors (Geist & Lambin 2002; Kleemann et al. 
2017; Woollen et al. 2016). In addition, the sustainability of forest resources is 
influenced by the type of disturbance, the ability of different species to regrow, 
and by climatic conditions (Tredennick & Hanan 2015; Wollen et al. 2016). 
While some of the drivers of deforestation (e.g. population growth and rapid 
urbanisation) might be common within a region or continent (Geist & Lambin 
2002; Hosonuma et al. 2012; Rudel 2013), its impact on local livelihoods is 
likely to be case specific (Woollen et al. 2016).

Long-term changes in forest cover in a global 
biodiversity hotspot in southern Mozambique
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Because of the various functions and roles of forests, the 
effect of deforestation can result in a decline in essential 
ecosystem services (Ryan et al. 2016). These include the 
provision of timber and water, climate regulation, carbon 
sequestration, and the safeguarding of biodiversity (Han-
sen et al. 2013; Millennium Ecosystem Assessment 2005; 
Turner, Lambin & Reenberg 2007). In sub-Saharan Africa, 
a reduction in forest cover can also directly affect the live-
lihoods of millions of people. Rural households often de-
pend on many different goods and services from forests, 
including fuelwood, food, and medicine for their domes-
tic use or as a source of income (e.g. Bandyopadhyay, 
Shyamsundar & Baccini 2011; Cavendish 2000). Further-
more, in urban areas, charcoal derived from forest trees 
is still a major energy source used for cooking (Zulu & 
Richardson 2013). Past studies have suggested that char-
coal production, fuelwood extraction, timber harvesting 
and the expansion of agricultural fields are key proximate 
causes of deforestation. These factors, in turn, are influ-
enced by several important socio-economic changes in a 
country or region, such as population growth, urbanisa-
tion and economic growth (Ahrends et al. 2010; Burgess 
et al. 2017; Hosonuma et al. 2012; Mayaux et al. 2013; 
Rudel et al. 2009). The effects of these socio-economic  
changes on deforestation have been investigated mainly 
at national scale (e.g. DeFries et al. 2010; Rudel 2013), 
and regional scale studies are still limited in sub-Saharan 
Africa (Ryan, Berry & Joshi 2014). 

This study focused on the Licuáti Forest Reserve in 
southern Mozambique. We investigated the historical 
pattern and rate of deforestation and its potential driv-
ers using remote sensing techniques and an interview 
survey undertaken with local inhabitants. Due to a di-
verse biota and high endemism of species, the region 
has been recognised as a global biodiversity hotspot 
(Siebert et al. 2002; Steenkamp et al. 2004; Van Wyk 
1996). At the same time, the prevalence of extreme 
poverty is an important social issue, with more than 
40% of the rural population living below the poverty 
line (Alfani et al. 2012; Direcção Nacional de Estudos e 
Análise de Políticas 2010). Many of the rural households 
in the study area depend on natural resources from the 
surrounding forests for their livelihoods (Kloppers 2001; 
Soto, Munthali & Breen 2001). Furthermore, people’s 
livelihoods and forest uses have changed substantial-
ly since 1992 when the decades-long civil war ended. 
The end of conflict triggered rapid economic growth in 
the country and has led to important changes in land-
use practices, such as land and infrastructure develop-
ment, and increased harvesting of natural resources in 
the region (Kloppers 2001; McGregor 1998; Siebert et 
al. 2002). One of the major consequences of the socio- 
economic and demographic changes in post-civil  
war Mozambique has been the rapid loss of forest 
cover, which declined by 0.58% per annum between 
1990 and 2002 (Sitoe, Salomão & Wertz-Kanounnikoff 
2012). Although information about deforestation is 
available globally since 2000 (Hansen et al. 2013), little 

is known about the reasons for forest cover change, 
especially at local-level. Long-term analyses of forest 
cover change, therefore, need to be contextualised in 
terms of how anthropogenic pressures might have influ-
enced such changes. 

Our aim in this study was to: 1) map and quantify the 
historical pattern of deforestation in rural southern Mo-
zambique after the civil war to the present (1990–2016); 
2) identify potential drivers of deforestation and discuss 
their effects in a socio-ecological context; and 3) provide 
future perspectives on how the use of natural resources 
impacts further on the environment. The results provide 
fundamental information to better plan and conserve 
natural resources and livelihoods in the region, as well 
as to help anticipate potential future changes.

Method
Study area

The Licuáti Forest Reserve (LFR) is located in Matutu-
ine District in southern Mozambique, approximately 
50 km south of Maputo, the capital city of Mozambique 
(Figure 1A). In southern Mozambique, mean annual 
rainfall declines from east to west with approximate-
ly 1 100 mm falling along the coastline and 600 mm 
further inland in the LFR (Izidine, Siebert & Van Wyk 
2003; Van Wyk 1996). The land is mostly flat and com-
prises predominantly of aeolian sand. Along the Ma-
puto and Tembe rivers, however, alluvium clayey soils, 
which are more suitable for farming, are also common 
(Izidine et al. 2003). 

The LFR contains floristically unique Licuáti Thicket 
(also known as Short Sand Forest) and Licuáti Forest 
(Tall Sand Forest), and forms the core of the Maputa-
land Centre of Endemism. This is a region within the 
Maputaland–Pondoland–Albany biodiversity hotspot 
where high levels of endemism and biodiversity have 
been recognised (Izidine et al. 2003; Van Wyk 1996). 
At least 35 Maputaland endemic species have been re-
corded in the LFR, and among these, 20 species have 
restricted distributions in the reserve (Izidine 2003). 
Licuáti Thicket is a particularly important habitat for 
many endemic species in the region. It is characterised 
by dense woody vegetation in the shrub layer, which 
occurs to a height of 5–6 m (Gaugris & Van Rooyen 
2008). Common species in the shrub layer include 
Psydrax locuples, P. fragrantissima and Warneckea par
vifolia, while Balanites maughamii and Afzelia quanzen
sis emerge above the canopy. Licuáti Forest has similar 
species composition but has a taller structure up to 15 m 
in height. These two vegetation types, Licuáti Thicket 
and  Licuáti Forest, are typically located in a matrix of 
open woodland dominated by Terminalia sericea, Albi
zia versicolor, Albizia adianthifolia var. adianthifolia or 
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grassland, which is structurally and floristically different 
(Izidine 2003; Siebert et al. 2002) and does not form 
part of this analysis. 

Historically, the Licuáti Thicket and Licuáti Forest have 
been considered sacred with logging controlled by tra-
ditional leaders (Izidine 2003; Izidine et al. 2008). In 
1943, the colonial government designated the area as a 
forest reserve to protect the commercially valuable Af
zelia quanzensis, which was common in the LFR at the 
time. The boundary of the LFR is not clearly defined, but 
widely recognised among local people as the area be-
tween Tembe and Maputo rivers and the Bela Vista–Bo-
ane and Bela Vista–Catuane roads (Izidine et al. 2009).

During the period of Mozambican civil war (1976–
1992), rural areas in southern Mozambique were de-
populated. Many people evacuated to the neighbouring 
countries or cities, and 72% of the current population of 
Matutuine District had lived elsewhere during this pe-
riod (Kloppers 2001; McGregor 1998). The vegetation 
appeared to have recovered over this period as a result 
of the lower population and less intense pressure from 
human activities (Siebert et al. 2002), although char-
coal production, which started as early as 1979, con-
tinued throughout the war (McGregor 1998). After the 
ceasefire in 1992, people returned from refugee camps 
and neighbouring countries and agricultural lands were 
quickly reopened (Sitoe et al. 2012; Smith et al. 2008). 

It has been a concern in recent years that intensi-
fied human pressure has caused degradation and 

deforestation in the LFR. It was reported that the LFR 
has not been functioning as a reserve due to the lack of 
effective management and monitoring in recent years 
(Izidine et al. 2009). The potential direct threats not-
ed were the selective logging of commercially valuable 
timber species, charcoal production, and land develop-
ment (Izidine et al. 2003; Siebert et al. 2002). Fires also 
pose a direct threat to the vegetation of the LFR (Izidine 
2003), particularly if they increase in frequency. 

Deforestation mapping

Data and pre-processing

A total of six cloud-free and terrain-corrected (L1T) 
Landsat TM, ETM+ and OLI images were downloaded 
from USGS Earth Resources Observation and Science 
(EROS) Center Science Processing Architecture (ESPA) 
system (https://espa.cr.usgs.gov/) (Supplementary Infor-
mation, Table 1). Top of atmosphere radiance imagery 
was used. To reduce error caused by phenological vari-
ation, all the images selected were from the late grow-
ing season (April to June), when cloud cover was also 
relatively low. The floodplain along the Maputo River 
(approximately 15 m in elevation) was excluded from 
the analysis, because discussions with members of the 
surrounding communities indicated that most of the 
land had been used for the cultivation of rice prior to 
1990. The images were clipped to encompass the study 
area, and then six bands were used for the following 
analysis: RGB, NIR, SWIR1 and SWIR2.

Figure 1. (A) Location of the Licuáti  
Forest Reserve in southern Mo-
zam bique, and (B) deforestation 
map for the study area between 
1990 and 2016. The Core Licu-
áti Forest Reserve is shown as 
the two patches of almost conti-
guous green vegetation out lined 
in black, running from north to 
south and slightly left of centre 
in the image. Green colour indi-
cates the extent of forest cover 
in 2016.
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Analysis

A map of deforestation over the period 1990 to 2016 
was produced using a combination of unsupervised and 
supervised image classification techniques. A flowchart 
of the procedure followed in this analysis is provided in 
Supplementary Information, Figure 1. Firstly, six bands 
of each time step of the Landsat image were classified 
into 30 spectral classes, which could adequately differ-
entiate forest cover across the study site, applying the 
k-means algorithm of unsupervised classification. Next, 
the 30 spectral classes were merged into three informa-
tion classes: forest, not forest, and unknown, based on 
user knowledge of the area and image interpretation to 
true-colour composited from the same set of the Land-
sat images. In this study, we defined forest as the areas 
covered by more than 70% by woody plants, and treat-
ed Licuáti Thicket and Licuáti Forest as one class (forest). 
This differentiated the structure of Licuáti Thicket and 
Licuáti Forest from the other vegetation types (e.g. open 
woodland). Secondly, a training dataset was generated 
from the images produced by the previous step. The 
pixels labelled as ‘unknown’ at the previous step were 
excluded from the training dataset. The rest of the pixels 
were assigned to one of six classes; persistent not forest, 
deforestation between 1990 and 2001, deforestation 
between 2001 and 2007, deforestation between 2007 
and 2013, deforestation between 2013 and 2016, or 
persistent forest. For example, a pixel identified as ‘for-
est’ in 1990 and then ‘not forest’ over the period 2001 
to 2016 was classed as ‘deforestation between 1991 and 
2001’, and a pixel classified as ‘forest’ for all five time 
steps was categorised as ‘persistent forest’. This study 
assumed that after deforestation, the transition from 
‘not forest’ to ‘forest’ did not occur during the period 
over which our study took place and pixels indicating 
regrowth (transition from ‘not forest’ to ‘forest’) were ex-
cluded from the training data set. This assumption was 
based on the understanding that Licuáti Thicket and 
Licuáti Forest are very stable over time (Izidine 2003; 
Matthews et al. 2001) and has not expanded during the 
period of analysis. It is also based on our observations 
in the field of the irreversibility of deforestation and the 
unidirectional nature of land use change. After this, 300 
pixels were randomly selected for each class, and then 
split into 200 training pixels and 100 validation pixels. 
Finally, all the Landsat images (six bands, five time steps) 
were stacked together and a direct supervised classifi-
cation was performed with a support vector machine 
(SVM) using ‘rasclass’ package (Wiesmann & Quinn 
2016) in R (ver 3.1.0, R Core Team 2014).

The forest extent and deforested area were estimated 
from the deforestation map produced following the ap-
proach outlined above. The mean annual deforestation 
rate was calculated using the compound interest for-
mula (Puyravaud 2003, Supplementary Information). 
The pattern of deforestation was analysed for the entire 
study area and the floristically important Core Licuáti 

Forest Reserve (CLFR) separately. The CLFR was de-
fined as comprising the two biggest patches of the mo-
saic of Licuáti Thicket and Licuáti Forest, and followed 
the approach of Izidine (2003) who identified these 
patches by visual interpretation of aerial photos (Figure 
1B). To understand the influence of the roads, the dis-
tance from the major roads to each pixel was measured 
in QGIS (ver 2.10.1 Pisa). From this, the probability of 
forest loss (response variable) was tested against the dis-
tance from the major roads (explanatory variable) using 
the logistic regression model for each time step. Statisti-
cal analysis was implemented in R (R Core Team 2014). 

An assessment of accuracy was performed comparing 
the classified deforestation map and validation dataset. 
In addition, forest cover in 2013 and 2016 was vali-
dated independently using very high resolution imagery 
from Google Earth (ver 7.1.7.2606, Google Inc) and a 
true colour composite Sentinel-2 image from the Sen-
tinel Scientific Data Hub (https://scihub.copernicus.eu) 
captured within four months from the date of the Land-
sat imagery. 

Visual interpretation of very 
high resolution images

To understand the causes of deforestation in the LFR, vis-
ible disturbances, including fire, charcoal kilns, roads and 
tracks, were interpreted from very high resolution images 
from Google Earth and then marked on the map in se-
lected locations. The imagery used for this analysis was 
taken in early 2000s and September 2015. In addition, 
the locations of all houses in the study area were record-
ed from Google Earth images obtained from August to 
September 2015. In this study a house was defined as an 
artificial roofed structure larger than 3 m × 3 m. No dis-
tinction was made between schools, hospitals, and other 
public buildings because those were indistinguishable 
from other dwellings in the satellite images. Then, the 
point data indicating the locations of houses was raster-
ised at 30 m spatial resolution, and the distance from the 
major roads to each pixel in which a house or group of 
houses was located, was measured in QGIS (ver 2.10.1 
Pisa). To test if the proximity of roads influenced the spa-
tial distribution of houses, the presence or absence of 
houses in each pixel was regressed against the distance 
from the major roads using a logistic regression model.

Fire history 

A fire history map was produced using MODIS burned 
area monthly product (MCD45A1). The data for the pe-
riod January 2001 to December 2015 were download-
ed from Earth Explorer (http://earthexplorer.usgs.gov/), 
following which burned areas were mapped across the 
study area. The number of fire occurrences and the size 
of the burned area were estimated at five year intervals 
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for the study area, for a 1 km buffer area around the 
CLFR, as well as for the CLFR separately.

Interviews with leaders, government 
representatives and resource users 

Semi-structured interviews were conducted in March 
2016 with 30 members of the local community to un-
derstand the uses, current regulation, and enforcement 
of resource use protocols within the LFR. Interviewees 
included three traditional leaders, one government 
representative, seven community officials, eight char-
coal producers, and 11 other members of the local 
community. The traditional leaders were selected from 
Pochane, Jabula and Tinonganine, which are all local-
ities within the LFR. The interviews were undertaken 
with each community member separately or in small 
groups of two to five people, depending on the atten-
dance of the interviewees.

Field observations

Fallen trees, charcoal kilns and other processes related to 
charcoal production were recorded in the field. The lo-
cation and the number of charcoal bags were also count-
ed along the major roads during the course of traversing 
the region. Field surveys were undertaken on two sepa-
rate occasions; in October 2015 and March 2016.

Results 
Pattern of deforestation 

The extent of forest cover in the study area has de-
creased from 772.7 km2 in 1990 to 549.1 km2 in 2016. 
The annual rate of deforestation has increased from 
0.8% in 1990–2001 to 2.3% in 2013–2016, suggest-
ing intensified deforestation in recent years (Table 1). 
In the Core Licuáti Forest Reserve (CLFR), the annual 
rate of deforestation was relatively low and stable be-
fore 2007, but has increased since this date to match 
that of the wider study area. The CLFR has lost 13% of 
its extent over the past 25 years. 

The pattern of deforestation illustrated in Figure 1B 
shows that more severe deforestation has occurred in 
the western and northern part of the study area, espe-
cially within the area along the Tembe River and the 
Bela Vista–Boane Road. There was a significant effect 
of the distance from the major roads on the probabil-
ity of deforestation for all the periods (p < 0.001, see 
Table 2 for the details). The deforestation hotspots (i.e. 
areas of greatest loss in forest cover) have also shifted 
over the past 25 years. Between 1991 and 2001, for-
est loss occurred mostly in the area near the Tembe 

River. However, since 2001, forest loss has taken place 
at multiple locations near the major roads and has been 
advancing further from the roads over time (Figure 2). 

The overall accuracy of the classification approach used 
was estimated at 98% while the kappa coefficient was 
0.98. An independent accuracy assessment for forest 
cover based on Google Earth high resolution imagery 
and Sentinel-2 imagery resulted in an overall accuracy 
of 86% in 2013 and 91% in 2016 (see Supplementary 
Information, Tables 2–4 for the details).

Visual interpretation of 
the disturbances

Multiple human disturbances, including charcoal pro-
duction, fire, establishment of new settlements and 
small scale agriculture, were observed in the satellite 

Table 1. Changes in the extent of forest (km2) and in the annual 
rate of deforestation (%) in the wider study area as well as the 
Core Licuáti Forest Reserve (CLFR) in southern Mozambique 
estimated by an analysis of Landsat imagery between 1991 
and 2016

Area

Period Study 
area 

Core Licuáti 
Forest Reserve 

Forest extent 
(km2)

1990 772.7 159.0

2001 706.4 156.9

2007 663.0 154.5

2013 588.6 145.8

2016 549.1 137.7

Annual 
deforestation 
(%)

1990–2001 0.8 0.1

2001–2007 1.1 0.3

2007–2013 2.0 1.0

2013–2016 2.3 1.9

Table 2. Statistical summary of logistic regression models testing 
the effect of distance from the major roads (explanatory vari-
able) on the probability of forest loss in four time steps and 
distribution of houses (response variables)

Response 
variables

Period χ2 df p value

Forest loss 1990–2001 50323 858550 < 0.001

2001–2007 9291 784867 < 0.001

2007–2013 35672 736702 < 0.001

2013–2016 12594 653972 < 0.001

Houses - 3529 1445474 < 0.001

df: degrees of freedom
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images (Figure 3). Small scale agriculture and houses 
were normally found within a short distance from the 
major roads (Figure 3A, B). Charcoal kilns were mostly 
located in the CLFR, notably around former emerging 
trees (Figure 3C). Commonly, charcoal kilns were found 
prior to the occurrence of larger scale forest clearing 
(Figure 3A, B). Fires of various sizes were observed from 
the edge of the forest and thicket as well as near the 
deforested area. 

The causes of the fire were not visible from the im-
ages, but the location of the burned area implied that 
charcoal production and land clearing to create open 
space for agriculture were the major causes of the fires. 
Typically, the network of roads and tracks penetrated 
into the CLFR to connect the charcoal kilns, agricultural 
fields, houses and major roads. 

Houses were distributed throughout the study area 
but were significantly confined to locations near the 
major roads (p < 0.001, Table 2) (see Supplementary 

Information, Figure 2). Of the 6,008 houses counted, 
51.3% were located within 500 m of a major road. The 
location of villages and larger settlements overlapped 
with deforestation hotspots. 

Fire history

Frequent fires were observed near the Maputo and 
Tembe rivers where lands are used predominantly for 
agricultural production (see Supplementary Informa-
tion, Figure 3). Fire was recorded only occasionally in 
the CLFR between 2001 and 2005, and relatively infre-
quently in the surrounding 1 km buffer during this time 
step. Over time, however, the trend has been for an 
increase in fire frequency, especially in the northeast-
ern part of the study area (Table 3). However, many of 
the relatively small scale fires were not detected in this 
product, as burned areas observed by the visual inter-
pretation of high resolution images (Figure 3) were not 
recorded by the MODIS burned area product.

Figure 2. Changes in the mean annual area (ha) of deforestation in the wider study area around the Licuáti Forest Reserve in southern 
Mozambique in different distance classes from the major roads between 1990 and 2016. Distance classes were segmented in 1 km 
intervals.

Table 3. Size of burned area and the number of fires within a 1 km buffer area around the Core Licuáti Forest Reserve (CLFR) as well 
as in the CLFR itself in southern Mozambique estimated by MODIS burned area product (MCD45A1) in three time steps between 
2001 and 2015

Period

2001–2005 2006–2010 2011–2015

Area burned (km2)

Study area 131.6 133.7 194.1

Buffer (1 km from CLFR) 0.7 13.9 25.0

Core Licuáti Forest Reserve (CLFR) 0.0 2.1 11.7

Number of fires

Study area 133 130 166

Buffer (1 km from CLFR) 2 15 26

Core Licuáti Forest Reserve (CLFR) 0 7 17
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Interviews with leaders, government 
representatives and resource users 

Local inhabitants of the study area indicated that they 
are allowed to extract resources from the forest includ-
ing medicinal plants, building material, firewood and 
charcoal. Many of the respondents suggested that ex-
ploitation of forest resources in the study area started 
before independence in 1975. Resources were mainly 
exploited to fulfil the basic needs at local level and, be-
cause of this, the impacts had been relatively low. How-
ever, the rapid increase in human population in both 
rural and nearby urban areas, together with shortages 
of food resulting from long periods of drought, has led 
to the overexploitation of natural resources, particularly 
wood for charcoal production. Respondents indicated 
that charcoal produced in the study area is often sold 
to dealers and transporters from the nearby cities of 
Matola and Maputo. Currently, the extraction of wood 
for charcoal production is turning into a small industry. 

Local inhabitants also suggested that many people who 
do not reside in the area have invaded the LFR with 
more sophisticated equipment, including vehicles and 
chainsaws, to produce charcoal from the woody plants 
in the study area. 

The Mozambican government has worked closely with 
local communities within the LFR area in the past to 
ensure the sustainable exploitation of natural resources. 
Certain members of the communities were appointed 
as ‘community rangers’ and were tasked with patrolling 
the forest to control fire and illegal timber exploitation, 
and to avoid the cutting of non-authorised tree species. 
Trees with edible fruits such as Dialium schlechteri as 
well as timber species such as Afzelia quanzensis were 
not allowed to be harvested for the production of char-
coal. This regulation is widely recognised among the 
surrounding communities. For more than 10 years, 12 
members of the community from the Pochane area, 
for example, worked to patrol the forest. However, at 
present none of them is still active primarily because 

A

B

C

2002 2015

2002 2015

2004 20151 km

Figure 3. Examples of high resolution Google Earth images of selected areas located primarily within the Core Licuáti Forest Reserve 
and where forest loss has been prominent since 1991. Images in the left columns were obtained in 2002 and 2004, and the middle 
column in 2015, while images in the right column show a deforestation map produced from Landsat images. For each of the histor-
ical images, the disturbances were visually interpreted and outlined as reflecting a road or path (white line, with dotted line for the 
narrower paths), fire (orange polygon), charcoal kiln (red triangle), houses (yellow circle and area) and agriculture land (green area). 
Note that colour and contrast of the historical images were enhanced to improve visibility. 

A

B C
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of a lack of incentives. The absence of community 
rangers has enabled outsiders to access the CLFR to ex-
ploit trees for the production of charcoal regardless of 
whether they are edible or timber species. 

The three traditional leaders interviewed suggested that 
the sacred sites within the LFR had historically always 
been respected by local communities. However, the 
presence of outsiders has meant that the beliefs and 
practices that preserved some of the forest patches 
within the CLFR are becoming less effective. 

Field observations 

Charcoal kilns were frequently observed in the LFR. 
Typically, tall trees such as Afzelia quanzensis, Balanites 
maughamii, Dialium schlechteri and Newtonia hildeb
randtii, with stems larger than 50 cm in diameter were 
the prime target for the production of charcoal. Usually, 
all vegetation growing within 10–15 m radius from the 

target tree was cleared, and all trees with stem diam-
eters larger than 15 cm were cut to produce charcoal 
(Figure 4A). Cut trees were stacked in mounds 5 to 10 m 
in diameter and then covered with soil and set alight to 
create a kiln, which burned for several days (Figure 4B, 
C). Little recruitment of vegetation was found around 
the kilns even after several years.

The bags of charcoal collected from the kilns were sold 
along the main roads, which extend from the large 
cities (Maputo and Matola) to LFR (Figure 4D; Sup-
plementary Information, Figure 4). A total of 937 and 
1 074 bags of charcoal were counted along the major 
roads around LFR in October 2015 and March 2016 
respectively. One bag of charcoal was usually made up 
of two polypropylene woven bags (each of which is 50 
× 120 cm and commonly used for the containment 
of 30 kg of grain) stitched together to pack charcoal 
(Figure 4D). The price of charcoal in March 2016 was 
250 MT (approximately USD 5) per bag near the LFR 
and 600 MT per bag in the urban markets. 

Figure 4. Photos showing the process of charcoal production and trading around the Licuáti Forest Reserve in southern Mozambique. 
(A) A large Newtonia hildebrandtii harvested for charcoal; (B) a charcoal kiln, comprising piled-up, recently-cut timber, which is then 
covered with twigs and set alight to produce charcoal; (C) an old charcoal kiln (front) and a burning kiln with smoke (back); and (D) 
bags of charcoal sold on the road side.

A B

C D
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Evidence of the use of other natural resources was also 
observed, including the harvesting of timber for com-
mercial sales, poles for construction materials, and 
the removal of bark for dye and medicinal purposes. 
However, the observed uses for these purposes were 
far less frequent and on a much smaller scale. Thus, 
their impact on the vegetation in the LFR is considered 
relatively minor compared to the impact caused by the 
removal of trees for the production of charcoal.

Discussion
Pattern of deforestation

Forest cover has been continuously reduced in southern 
Mozambique in the past 25 years as human pressure 
on the land and on its natural resources has been grow-
ing. The rate of deforestation has been accelerating, 
especially over the past ten years. Although direct com-
parison is difficult due to differences in methodology 
and survey periods, our estimates of past (1990–2001) 
rates for deforestation of 0.1% per annum for the Core 
Licuáti Forest Reserve  (CLFR), and 0.8% per annum for 
the study area as a whole, were lower than the defor-
estation rates calculated for the Maputo province be-
tween 1990 and 2002, which were recorded as 1.67% 
per annum (Sitoe et al. 2012). Recent (2013–2016) 
estimated rates for deforestation of 1.9% per annum 
for the CLFR and 2.3% per annum for the study area, 
however, exceeded those figures.

The pattern of deforestation exhibited considerable 
spatial variation over time. The distribution and shifts in 
deforestation hotspots suggest that both social and eco-
logical factors influence this pattern. For example, the 
proximity to major roads, settlements and distribution of 
alluvial soil along the rivers affect the pattern of defor-
estation as does the distribution of tall, emergent trees 
in the Licuáti Thicket. The effects of the social and eco-
logical factors strongly relate to the key proximate causes 
of deforestation, especially charcoal production, estab-
lishment of settlements and increase in agriculture lands. 

A series of accuracy assessments confirms overall good 
matches in the remote sensing analysis.  However, the 
estimated loss in forest cover might either be overesti-
mated, because this study assumed that little regrowth 
had occurred during the study period, or underestimated 
because small scale deforestation and degradation may 
not be sufficiently detected due to limitations in the spa-
tial resolution of the Landsat imagery used in the analysis.

Drivers of deforestation

Charcoal production is the major driver of deforestation 
in the broader study area as well as within the CLFR. 

Large trees have been selectively logged and turned 
into charcoal on site, and then transported to the cities, 
such as Maputo and Matola, where many of the house-
holds use charcoal as a major source of energy (Puná 
2008; Sitoe et al. 2012). Working on the basis that one 
traditional kiln produces 10–20 bags of charcoal, the 
volume of charcoal recorded at the roadside alone at 
one point in time is enough to account for 50–100 kilns 
(Ellegård et al. 2002; Puná 2008). More serious defor-
estation in the area near the major roads and at closer 
proximity to the settlements suggests that accessibility 
to these major charcoal markets influences the rate and 
extent of deforestation. Similar patterns have also been 
observed in other areas in Mozambique (Jansen, Bag-
noli & Focacci 2008; Sedano et al. 2016), as charcoal 
is usually transported to the cities by trucks, often a few 
hundred kilometres away from the forests where it is 
produced (Ellegård et al. 2002). On the other hand, 
the effect of other local uses of natural resources is con-
sidered minor. For example, local people who collect 
firewood for cooking usually do not fell large trees in 
the process (Cuvilas, Jirjis & Lucas 2010; Ellegård et al. 
2002; Sitoe et al. 2012).

Land use/land cover change has occurred mostly at 
the edges of the forest, especially around the villages, 
major roads and along the Tembe River. The alluvi-
al clayey soil along the Tembe River is more suitable 
for agriculture (Siebert et al. 2002; Smith et al. 2008), 
which probably accounts for why the riverine forest 
along the Tembe River was the first forested area to be 
transformed into agricultural land after the ceasefire in 
1992. In the CLFR, current land use practices suggest 
that deforestation due to the establishment of settle-
ments and agricultural lands has been limited to the 
northwestern part of the reserve. The low agricultural 
potential of the infertile and water repellent soils of the 
Licuáti Thicket and Licuáti Forest (Kirkwood 2002; Sie-
bert et al. 2002), may prevent its large-scale conversion 
to agricultural fields. Land already transformed prior to 
1990 was likely used for small scale agriculture, grazing 
for cattle and housing.

Fires have become more frequent in the study area and 
could have a significant impact on the vegetation in 
the CLFR. The results suggest that most of the fires ob-
served were initiated in the process of charcoal produc-
tion, or during the clearing of land either for agriculture 
or settlements, and then spread causing further loss of 
forest cover. However, Licuáti Thicket and Licuáti For-
est are characterised by having a relatively narrow mar-
gin of bare soil extending a few metres from the edge 
of the vegetation (Matthews et al. 2001). This naturally 
occurring bare area acts as a fire break and because of 
this the CLFR has been less impacted by fire than areas 
outside of the reserve. The long-term effect of fire on 
the Licuáti Thicket and Licuáti Forest is still unknown. 
Fire affects seed germination of certain species in the 
Licuáti Thicket (Kirkwood 2002), but destructive fires 
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in this vegetation type have also been reported (Izidine 
2003; Matthews et al. 2001). 

While charcoal production and land use/land cover 
change directly affect the extent and rate of deforesta-
tion, indirect effects may facilitate further degradation 
and deforestation. For example, to enable the transpor-
tation of the charcoal, a network of roads and tracks 
connect recently opened areas. The creation of road 
networks leads to the further removal of vegetation, 
and can facilitate the establishment of an agricultural 
field along the road (Sitoe et al. 2012). Also, as the dis-
tance to the large, target trees increases, second-tier, 
less profitable remaining trees, which are initially over-
looked by producers, can be harvested and even rel-
atively degraded forest may be further cleared (Sitoe 
et al. 2012). These findings highlight the multiple and 
inter-related causes of deforestation, while the complex 
linkages make it difficult to isolate the specific influenc-
es of different drivers.

The spatiotemporal patterns of deforestation imply that 
there is an increasing demand for land and for the in-
come that can be derived from the exploitation of nat-
ural resources and further points to the unsustainable 
practice of deforestation. The charcoal producers now 
migrate further away from cities and roads than ever 
before to harvest trees and produce charcoal (Ellegård 
et al. 2002; Puná 2008), while farmers travel further 
to clear vegetation to start farming. Many trees in the 
region grow slowly at rates of only 2–5 mm in diameter 
per year (Gaugris, Van Rooyen & Bothma 2008; Kirk-
wood 2002) and once large trees have been harvested, 
it will take hundreds of years for saplings to grow to the 
same size. This unsustainable practice will damage the 
natural resources of the area and may result in a reduc-
tion in the supply of necessary products and services for 
rural livelihoods, such as fuelwood and medicine, from 
Licuáti Thicket and Licuáti Forest.

As is the case elsewhere in Mozambique (Ryan et al. 
2014; Sitoe et al. 2012), these findings emphasise the 
importance of socio-economic factors as the underly-
ing causes of deforestation in the region. For example, 
the demand for charcoal has been boosted by a rapidly 
growing urban population. From the charcoal supplier 
side, prevailing poverty in the rural areas and lack of 
employment have encouraged people to become in-
volved in the charcoal business (Puná 2008; Ryan et al. 
2014; Sitoe et al. 2012). People returning home after 
the civil war, coupled with population growth in the 
rural areas of southern Mozambique, increased anthro-
pogenic pressure on natural resources in the study area. 
In addition, a lack of effective management, monitoring 
and law enforcement, together with the weakened in-
fluence of traditional leaders on natural resource use, 
particularly by outsiders, has also had an effect on these 
dynamics (Izidine et al. 2008).

Future perspectives

The projected population growth in cities and the prov-
inces in southern Mozambique (Instituto Nacional de 
Estatística 2010) suggests that there will be continuous 
and intensifying anthropogenic pressure on natural re-
sources in the future. Moreover, the recently completed 
road upgrade between the Mozambique–South Africa 
border and Boane through the Licuáti Forest Reserve, 
and the completion of the bridge over Maputo Bay, 
may accelerate deforestation in southern Mozambique 
by providing better market access to the cities. Without 
an affordable alternative for charcoal for urban house-
holds, the waves of deforestation described by Ahrends 
et al. (2010) for Dar es Salaam are likely to expand 
south from Maputo into the wider LFR area as well. 

Changes in socio-economic conditions in the future will 
increase anthropogenic impact on the remaining for-
ests, and may further increase the threats to biodiver-
sity and cause the possible deterioration of rural liveli-
hoods. Deforestation will reduce the habitats of several 
endemic plant species that have strong affinities with 
thicket vegetation such as Empogona maputensis, Psy
drax fragrantissima and Warneckea parvifolia. As shown 
in other studies, tall emerging trees play a dispropor-
tionately important ecological role in these forests and 
will disappear as a result of the selective logging of large 
individuals. For example, pods of Afzelia quanzensis are 
known to be a key food source of mammals (Gathua 
2000). If deforestation leads to the depletion of the re-
sources, local people will not only lose the source of 
income, but access to other forest products such as fire-
wood and medicinal plants will also be affected. The 
forest is also a sacred site, which, if lost, will also affect 
the cultural identity and practices of the surrounding 
communities (Izidine et al. 2008, 2009).

Conclusion
The results suggest that the rate of deforestation in the 
study area is influenced strongly by outsiders who sup-
ply the energy needs of the neighbouring urban areas 
(especially Maputo) with charcoal produced from trees 
within the wider Licuáti Forest Reserve (LFR) and in-
creasingly, from the Core Licuáti Forest Reserve itself. 
To slow this impact there is an urgent need to return 
control of the LFR resources to the surrounding com-
munities themselves and to those responsible for the 
wise stewardship of the resources of the reserve. The 
successful community-based forest management strat-
egies, which have worked so successfully to protect the 
resources of LFR in the past, should be supported and 
enhanced. There is also a need for new initiatives, such 
as the provision of solar and gas-generated sources of 
energy, particularly in the neighbouring cities, to min-
imise the need for charcoal itself. To inform this, more 
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ecological and socio-economic studies should be un-
dertaken. These include an evaluation of the role of fire 
in the dynamics of the Licuáti Thicket and Licuáti Forest 
vegetation as well as an understanding of the livelihood 
activities that rely on the production and trade of char-
coal. A full assessment of the impact of the charcoal 
trade on local communities will guide effective, equita-
ble and realistic planning in the region.
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Supplementary information
Calculation of deforestation rate

To calculate r, mean annual rate of change of forest cover, we used the following 
formula after Puyavaud (2003)

where A1 and A2 are the forest cover at time t1 and t2, respectively.

Landsat images used in the study
SI Table 1. Details of the Landsat images used in this study

Sensor Date ID

Landsat 5 TM 1990 June 02 LT51670781990153JSA00

Landsat 7 ETM+ 2001 May 08 LE71670782001127SGS00

Landsat 5 TM 2007 April 30 LT51670782007120JSA00

Landsat 8 OLI 2013 May 16 LC81670782013136LGN01

Landsat 8 OLI 2016 May 24 LC81670782016145LGN00

Accuracy assessment
SI Table 2. Confusion matrix of direct classification using a support vector machine algorithm (NF: persistent non forest, FL1990–2001: 

forest loss 1990–2001, FL2001–2007: forest loss 2001–2007, FL2007–2013: forest loss 2007–2013, FL2013–2016: forest loss 2013–
2016, PF: persistent forest)

Validate dataset Row 
total

User’s 
accuracyNF FL1990–2001 FL2001–2007 FL2007–2013 FL2013–2016 PF

M
ap

pe
d 

cl
as

sif
ic

at
io

n NF 98 4 0 0 0 0 102 96.1%

FL1990–2001 1 95 0 0 0 0 96 99.0%

FL2001–2007 1 1 97 1 0 0 100 97.0%

FL2007–2013 0 0 3 99 0 0 102 97.1%

FL2013–2016 0 0 0 0 100 0 100 100.0%

PF 0 0 0 0 0 100 100 100.0%

Column total 100 100 100 100 100 100 600 -

Producer’s accuracy 98.0% 95.0% 97.0% 99.0% 100.0% 100.0% - -

Overall accuracy: 98.2%  Kappa coefficient: 0.98

SI Table 3. Confusion matrix of independent accuracy assessment comparing Google Earth 
imagery with the extent of forest estimated by a support vector machine algorithm in 2013

Validate dataset
Totals User’s 

accuracyNon forest Forest

Mapped classification Non forest 43 7 50 86.0%

Forest 7 43 50 86.0%

Column total 50 50 100

Producer’s accuracy 86.0% 86.0%

Overall accuracy: 86.0%  Kappa coefficient: 0.72
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SI Table 4. Confusion matrix of independent accuracy assessment comparing Google Earth 
imagery and Sentinel-2 with the extent of forest estimated by a support vector machine 
algorithm in 2016

Validate dataset
Totals User’s 

accuracyNon forest Forest

Mapped classification Non forest 47 3 50 94.0%

Forest 6 44 50 88.0%

Column total 53 47 100

Producer’s accuracy 88.7% 93.6%

Overall accuracy: 91.0%  Kappa coefficient: 0.82

SI Figure 1. Flowchart of de-
forestation analysis used in 
this study. Each grey square 
represents one image at one 
time step, while each dotted 
square represents selected 
pixels in a raster file.
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SI Figure 2. The location of human 
settlements in the wider study 
area in southern Mozambique. 
Dotted lines indicate the Core 
Licuáti Forest Reserve, while 
red dots indicate the distribu-
tion of houses identified by high 
resolution Google Earth imagery 
taken over the period August to 
September 2015.

SI Figure 3. Fire history map of the study area in southern Mozambique estimated by MODIS burned area product (MCD45A1) in three 
time steps between 2001 and 2015. The Core Licuáti Forest Reserve is outlined in black as is a 1 km buffer area (red line) around 
the CLFR. 
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SI Figure 4. Distribution of charcoal bags sold along the road side in southern Mozambique in October 2015 (left) and March 2016 
(right).
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