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Abstract

The West African forest-savanna mosaic, an important habitat for biodiversity and humans,
is severely degraded, fragmented and modified by human activities. However, few studies
have quantified the land cover changes observed over time and/or analysed the drivers of
change. This study focused on Fazao-Malfakassa National Park, the largest in Togo, uses a
combination of remote sensing, ground surveys and questionnaires to: (i) quantify vegeta-
tion changes, (ii) determine the drivers of change, (iii) compare results with findings else-
where in the region and (iv) suggest management interventions. The images used were
Landsat 5 TM, Landsat 7 ETM and Sentinel-2. Different vegetation indices were computed
including: number of fragments, index of dominance, mean area of a vegetation type and
mean annual expansion rate. In total, 300 people (including park staff and local populations)
were interviewed using a semi-structured questionnaire. Results indicate that between 1987
and 2015 closed-canopy forest and tree-savanna became severely degraded and frag-
mented, following trends in other parts of the West African forest-savanna mosaic. The
main drivers of change were agricultural expansion, bush fires and timber extraction.
Observed changes and drivers altered with time: e.g. agricultural expansion was greatest
during 1987—2001 (linked with political instability) while illegal timber extraction augmented
during 2001-2015 (following increased timber value). Park staff and local populations’ per-
ceptions on drivers of change did not differ. Our study highlights that action is urgently
needed if we are to preserve this important habitat, the biodiversity it hosts and the services
it provides to humans. We suggest several management interventions, learning from suc-
cessful interventions elsewhere in the region.

Introduction

The West African region, about 6 million km?, is characterised by a wide range of ecosystems,
related to differences in climate and topography. They include rainforests (1500-3000 mm
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annual rainfall), forest-savanna mosaic (1200-1500 mm), savannas (800-1200 mm), the Sahel
(200-500 mm) and desert (<200 mm) [1-3].

The forest-savanna mosaic, located between 2 and 10 degrees north latitude [4], has an area
of 673,000 km? [5]. This includes different types of savannas, open and closed-canopy forests.
The forest-savanna mosaic is the preferred habitat for several large mammals (elephants, buffa-
los, hartebeest), primates and birds [6] and it provides local communities with arable land,
wild fruits and honey, bush meat, firewood, building materials, water and grazing areas,
among other regulatory and cultural ecosystem services [7].

Unfortunately, these forest-savanna mosaics have been severely degraded, fragmented and
modified by human activities, such as slash-and-burn agriculture, mining, unsustainable har-
vesting of wild resources and urbanisation [8]. Climate change poses another threat to these
ecosystems [9]. Regional climate models predict increased temperatures and reduced rainfall
for the forest-savanna mosaic [10]. Recent findings from the PARCC project (Protected Areas
Resilient to Climate Change) highlighted that 584 bird species of the 1172 studied are sensitive
to predicted changes in climate [11].

Protected areas are the best tool we have to conserve biodiversity and ecosystems [8].
Unfortunately, in West Africa, protected areas are under increasing human pressure. The situ-
ation is particularly alarming in Togo, because of increasing population (2.7% [12]), poverty
(Togo is classed 162 over 167 countries [13]), development needs and past political history.

Togo is one of the smallest countries in Africa (56,600 km?) but it has over 83 protected
areas which cover 14% of the territory [14]. In the past, protected areas were extended in an
authoritarian manner with no compensation paid to local residents, leading-in most cases- to
extensive displacement of communities. During the socio-political problems of 1990-1993,
some communities settled within certain protected areas (sometimes constituting entire vil-
lages), while looking for land for agriculture and grazing. The resulting destruction of natural
habitats is the main cause of the degradation observed in most protected areas in Togo [15].
For most of the protected areas management needs improving [16]. Agricultural encroach-
ment and illegal exploitation of resources can severely affect ecosystem functioning. Yet, their
negative effects on the ecosystem can be reduced if trends and drivers of change are under-
stood [17].

The Fazao-Malfakassa National Park, located within the forest-savanna mosaic, is the larg-
est national park in Togo, and one of the most important protected areas in this country [14].
In 2012, it was added to the UNESCO World Heritage Site Tentative List, in the mixed (cul-
tural + natural) category. It has an outstanding biodiversity, which comprises 19 large mam-
mals, six primates and 201 species of birds, including Fraseria cinerascens, a new record for
Togo [18-20]. This national park is threatened by numerous illegal activities including: hunt-
ing, cattle grazing, timber exploitation, bush fires and agricultural encroachment [18].

The impacts of these illegal activities on the different habitats have not been evaluated. Yet,
this information would help assess vegetation changes over time [21-23] and its impacts on
the distribution of wildlife [24]. Although a number of studies have been carried out [25-27],
they do not provide enough information to specifically make suggestions for improved man-
agement strategies. In order to fill in this gap, it is important to have accurate data on the types
of habitats present in the park and their areas, as well as on changes on their fragmentation
and degradation over time [28,29]; information which could be used to help preserve the com-
plexity, integrity and representativeness of each habitat type. This type of studies can also help
identify the causes of the observed changes so that adaptive management interventions can be
proposed [30]. Although a study on land use change on the Mono River Basin of central Togo
(including the northern part of Fazao-Malfakassa National Park) has recently been published
[31], the study analysed few land use classes (and used few geo-referenced locations to
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determine the land use classes and changes, which questions its accuracy) and it did not assess

drivers of change.

The aim of this study, focused on Fazao-Malfakassa National Park in Togo, was to (i) quan-
tify vegetation changes observed between 1987 and 2015, (ii) determine the drivers of change,
(iil) compare results with findings elsewhere in the region, and (iv) suggest management inter-
ventions. Through this case study in Togo, we aim at highlighting trends in the West African
forest-savanna mosaic. The approach presented here to assess vegetation changes and the driv-
ers of change is easily replicable and could be used to help inform management decisions else-

where in the region.

Study area

This study focused on Fazao-Malfakassa National Park (thereafter called FMNP), which is situ-
ated in central Togo, at the limit between the Sudanian and the Guinean ecological zones (Fig

1). The FMNP comprises Mt Fazao (861 m), Mt Malfakassa (713 m) and plains where Mo

River flows. These mountains are part of the Atacora chain, which was formed during the pan
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Fig 1. Location of Fazao-Malfakassa national park in central Togo, West Africa.
https://doi.org/10.1371/journal.pone.0203999.9001
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African orogenesis [32]. The region has a unimodal rainfall regime, with most rains falling in
April-October. Annual rainfall ranges between 1200 and 1500 mm. Mean temperature during
the rainy season is 25°C, while temperature during the dry season ranges between 15 and 40°C
[33]. Mountains and hills have lithosols while the plains have sandy and sandy-clay soils [34].

FMNP was created in 1975, when Fazao Forest Reserve (162,000 ha) and Malfakassa Forest
Reserve (30,000 ha) were combined. FMNP was manged by the Ministry for the Environment
and Forestry Resources (MERF in French) up to 1990, by Franz Weber Foundation between
1990 and 2015, and by MERF afterwards. In 2012, FMNP was added to the UNESCO World
Heritage Site Tentative List, but this addition has not been formalised yet. In 2014, with the
aim of reducing agricultural encroachment, a number of poles were set up on the south-east-
ern part of the park. These poles were located within the park, at the edge of the agroforestry
habitat, and are not representative of the official park limits.

The park is surrounded by several villages, which are from Tem, Agnanga, Adélé, Bassar
and Kabye ethnic groups [35]. In 2010 a census estimated that the surrounding population of
the park was about 120,000 people [36]. In this region, local communities practice small-scale
subsistence slash-and-burn agriculture: a piece of land is cleared (first trees are cut and then
remaining vegetation burned), it is cultivated for a number of years, and when soil fertility
decreases, it is abandoned (and a new piece of land is cleared). Local communities usually pre-
fer to clear tree savanna as it is believed that its soil is more fertile. The crops cultivated are
yam, maize, groundnuts, cowpeas and cotton. Local communities do not cut important fruit
trees such as Parkia biglobosa and Vitellaria paradoxa when land clearing, as reported from
other areas in West Africa [37].

In this park, hunting, timber and firewood collection, charcoal production, grazing of live-
stock and harvesting non-timber forest products are illegal activities. There are no major cities
or tarmacked roads around the park, except for the north boundary (Sokodé-Bassar road, see
Fig 1). Few untarmacked motorable roads cross the park, mainly in the south-eastern part.
The FMNP has a fire management plan. In order to promote fresh pasture for wildlife, park
rangers burn the savannas in the park at the onset of the dry season (late November). As this is
not carried out in a very controlled manner, fire might reach open forest, but fires are not
aimed for this vegetation type.

Several large mammals are found in FMNP, including savanna and forest elephant (Loxo-
donta africana and L. cyclotis, VU and EN respectively), hartebeest (Alcelaphus buselaphus,
LC), African buffalo (Syncerus caffer, LC) and lion (Panthera leo, VU) [18] (unpublished data
for lions). Endangered statuses follow the TUCN Red List: EN: endangered, VU: vulnerable,
LC: least concern (see http://www.iucnredlist.org/). Important primates include: Colobus vel-
lerosus (VU), Perodicticus potto (LC), Galago senegalensis (LC) and Cercopithecus mona (LC).
Large forest birds include Accipiter erythropus (LC) and Tauraco persa (LC) [19]. The FMNP
also has several threatened tree species including: Afzelia africana (VU), Cordia platythyrsa
(VU), Khaya senegalensis (VU), K. grandifoliola (VU), Pararistolochia goldieana (VU), Pouteria
alnifolia (VU) and Vitellaria paradoxa (VU) [18] (S5 Table in supporting information).

A research permit was obtained from the Ministry for the Environment and Forestry
Resources (MERF) and by the director of the national park. We confirm that the field studies
did not involve endangered or protected species.

Data and methods of data analysis
Satellite image analysis

Landsat 5 TM (23/01/1987, 7 bands, 30 m resolution), Landsat 7 ETM (7/12/2001, 9 bands, 30
m resolution) and Sentinel-2 (21/12/2015, 13 bands, 10 m resolution) were used in this study.
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They were obtained from https://landsat.usgs.gov/ and https://sentinel.esa.int/ respectively.
The path/row of the Landsat images is 193/054. While a single Landsat image covered the
whole of our study area, two Sentinel-2 tiles had to be mosaic. All images are considered of
high resolution and their comparison is widely accepted [38]. We choose Sentinel-2 images
instead of Landsat 8 because the first had fewer clouds than the latter for our study region.

Images were corrected geometrically (DN to surface reflectance) and were enhanced by
levelling histograms of the different channels (to reduce contrasts) using the Gaussian filter.
TM and ETM images were reclassified into 10 m resolution using the algorithm PC Spectral
Sharpening tool of ENVI 4.3. For each image (Landsat TM, ETM and Sentinel-2), we com-
bined three bands to generate composites of natural colours. For TM and ETM, band 5 (short-
wave infrared; 1.55-1.75 pm, associated with the red channel), band 4 (near infrared; 0.76-
0.9 pm, associated with the green channel) and band 3 (red; 0.63-0.69 pm, associated with the
blue channel) were selected for visual interpretation and creation of ROI (land use classes)
while for Sentinel-2, band 4 (red; 0.665 pm), band 2 (blue; 0.49 um) and band 3 (green;

0.56 um) were selected.

We used 112 geo-referenced records, collected in December 2016, as ROI to train a super-
vised classification. These included: 15 in shrub savanna, 18 in tree savanna, 20 in savanna-
woodland, 20 in open forest, 21 in closed-canopy forest and 18 in agroforestry. Google Earth
and an old survey by FFW [18]) were also used to assess the classification. The supervised clas-
sification we performed with the ROIs used a maximum likelihood algorithm. This approach
is based upon the Bayes theorem which allows for the description of classes within an image
depending upon probability density [39]. It is a method widely used for this purpose [40,41].

The vegetation categories for the ROIs were determined using the dominant tree species in
each vegetation type [18]. The classes followed Yangambi vegetation nomenclature [42] which
includes: shrub savanna, tree savanna, savanna-woodland, open forest, closed-canopy forest
and agroforestry (see S1 Table in supporting information). Closed-canopy forest refers to
semi-deciduous forest, dry deciduous forest and riparian forest. Open forest might also be
defined as woodlands but we prefer to use the term open forest to avoid confusion with
savanna-woodland. Agroforestry comprises agroforestry, crop fields and abandoned fields
(fallows).

After image classification of the Sentinel-2 images of 2015, a field survey (January 2017)
was used to verify the vegetation types on the ground. For this purpose, 240 geo-referenced
locations, randomly chosen using ArcGIS, were selected. These included: 32 in shrub savanna,
37 in tree savanna, 52 in savanna-woodland, 45 in open forest, 40 in closed-canopy forest and
34 in agroforestry. A confusion matrix was used to assess the percentage of correctly classified
points and Kappa coefficient was used to determine classification accuracy of the Sentinel-2
images of 2015 (see S2, S3 and S4 Tables in supporting information for further details).

Landis and Koch [43] scale was also used to determine if our images were accurately classi-
fied (classes are: very good, good, moderate and bad, when Kappa coefficient is >80%, 60—
79%, 40-59% and <40% respectively). All images were transformed from raster to vector to
create polygons, so that number of polygons and the area of each polygon could be estimated.
All analyses were performed in ENVI 4.3 (image analysis) and ArcGIS 9.3 (vectorisation and
estimation of polygons’ area).

Assessment of landscape change over time

Four indices were computed to determine vegetation changes over time: number of fragments,
index of dominance, mean area of a vegetation type and mean annual expansion rate [44,45].
The number of fragments of a vegetation type (N;) refers to the number of polygons of this
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vegetation type in a given date. The index of dominance Dj (a) (expressed in %) refers to the
proportion of area occupied by the largest fragment with regard to the total area occupied by a
given vegetation type j [46].

_ SPmaxj < 100

D,
i(®) ==
where Spp,,; refers to the area of the largest fragment of given vegetation type and at; to the
sum of all fragments’ areas of the same vegetation type. The index Dj (a) ranges between 0 and
100. The lower the value, the more fragmented is a given vegetation type [46]. The mean area

of a vegetation type o; (expressed in %) is calculated as follows:

_atj
o = —
) NJ

where at; refers to the sum of all fragments’ areas of the same vegetation type and Nj to the
number of fragments of a given vegetation type j.

The mean annual expansion rate (T) (expressed in %) [47-49] was used to assess changes in
areas between years (1987, 2001 and 2015). This index was calculated as:

T— In(S2) — In(S1)

1
t*1In(e) x 100

where S1 and S2 refer to the area of a given vegetation type in the first and second date consid-
ered (respectively), and ¢ refers to number of years between the first and second date consid-
ered (note that In = natural logarithm and e is a constant = 2.71828).

Drivers of change and literature review

In order to determine the factors which caused the observed changes in the landscape, 300
people were interviewed using a semi-structured questionnaire. These included eight park
managers (former or current) (35-55 years old), 38 park rangers (20-45 years old), 88 male
farmers (20-60 years old), 52 female farmers (20-60 years old), 72 male hunters (20-60 years
old), and 42 young people (16-19 years old), which lived in 22 villages around the park. They
were selected on a voluntary basis, they were not paid for participating in the study and they
were first informed of the aim of the study. In the villages, we first explained the aim of the
study to the village chief, and the number and type of participants we needed. He/she then
asked some residents to participate. The interviews were facilitated and translated by a person
of the same ethnicity of the village we were working on.

Participants were asked to identify major and minor drivers of land cover change from a
list provided by the interviewer. The drivers considered included: clearing land for agriculture,
charcoal production, bush fires, timber extraction, livestock grazing, firewood collection,
honey collection, wild fruits’ collection and hunting. Bush fires refers to fires lighted by hunt-
ers at the end of the dry season (from January onwards), which tend to be more destructive
than the fires used by park rangers in the annual fire management plan (which take place in
late November). These bush fires set up by hunters might even reach closed-canopy forest
(pers. Obs.). We also asked participants to determine in which habitat type these activities
were carried out and which tree species were targeted for the different activities (timber, fire-
wood, charcoal and wild fruits).

Drivers’ relative importance (N;) was calculated [50] as follows:

Nf

N, = —x 100
Nt
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where N refers to the number of respondents mentioning this driver as major driver and N,
refers to the total number of respondents. Results on drivers of change are reported (a) com-
bining all respondents’ answers, and (b) grouping respondents’ answers into two groups: park
staff (managers and rangers) and local populations. In this latter case, a t-test was used to
determine significant differences between groups.

In order to determine if trends in land use change and drivers of change in our study area
followed those observed elsewhere in the West African forest-savanna mosaic, we conducted a
literature review. We used Google Scholar and the following key words (in English and
French): forest-savanna mosaic, forest, savanna, West Africa, drivers of change, Benin, Togo,
Ghana, Mali, Niger, Burkina Faso, Ivory Coast, Senegal. Studies which only focused on closed-
canopy rainforest were excluded from the review. We did not include any date range limit
when searching for publications; and we included studies in both protected and non-protected
areas. The search was conducted in August 2017. For each study reviewed, we recorded: the
methodology used, the changes reported in each land use category (increase, decrease and no
change) and the drivers of change. The location of all the studies reviewed can be found in S1
Fig in Supplementary information.

Results
Observed changes in the landscape

Results indicate that the six land cover types studied were accurately classified (rated very good
in the Landis and Koch scale). Kappa coefficients were >80% for the three images we analysed
(see S2, S3 and S4 Tables in supporting information). However, it should be mentioned that
accuracy decreased for the 2015 image. This is likely to be related to increased habitat fragmen-
tation: e.g. small fragments of tree savanna embedded within agroforestry, which were miss-
classified as agroforestry).

In 1987 the dominant vegetation types were found to be (in decreasing order of area): tree-
savanna, open forest, savanna-woodland, closed-canopy forest, shrub savanna and agrofor-
estry (Fig 2). Between 1987 and 2015 the area of closed-canopy forest and tree-savanna
decreased (40% and 20% decrease respectively). The decrease in closed-canopy forest was
greater in 2001-2015 than inn 1987-2001, during which they slightly increased in area (3.48%,
see Table 1). This is likely to be explained by the fact that before 2001, park management was
highly repressive, in a military manner, which limited illegal activities. However, after 2001,
park management became less repressive and illegal activities increased.

Between 1987 and 2015, the extent of agroforestry, shrub savanna and savanna-woodland
increased; and that of open forest barely changed (Fig 2, Table 1). The rates of change were
similar between both time periods for most vegetation types except agroforestry, for which it
was greater for the period 1987-2001. While in 1987 there was more area of closed-canopy for-
est than of agroforestry, in 2015 their areas were similar, about 20,000 ha (Fig 2). The expan-
sion of agroforestry was mainly located at the south-eastern and central-eastern part of the
park, where there are more villages (Fig 3). The western part of the park, which is more moun-
tainous, experienced fewer changes.

Over time, habitat fragmentation increased in all vegetation types. The increase was partic-
ularly important for closed-canopy forest (from 7,000 to 32,000 fragments). The mean area of
all vegetation types (except agroforestry) decreased over time. The dominance index decreased
for closed-canopy forest, tree-savanna and shrub savanna, while it increased for the other vege-
tation types (Table 2).
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CCEF: Closed-Canopy Forest.

https://doi.org/10.1371/journal.pone.0203999.9002

Table 1. Percent of change and annual expansion rate between 1987 and 2015 for the different vegetation types studied.

Land cover Percent of change Mean annual expansion rate (%)
1987-2001 2001-2015 1987-2015 1987-2001 2001-2015
CCF 3.48 -43.08 -41.1 0.05 -0.76
OF 1.18 0.30 1.48 0.01 0.00
SW 341 17.82 21.84 0.04 0.22
TS -15.44 -5.39 -20.00 -0.21 -0.07
SS 45.45 82.47 165.4 0.47 0.81
AG 37025.74 118.83 81141.26 7.44 1.06

AG: Agroforestry; SS: Shrub Savanna; SW: Savanna Woodland; TS: Tree Savanna; OF: Open Forest; CCF: Closed-Canopy Forest.

https://doi.org/10.1371/journal.pone.0203999.t001
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Fig 3. Vegetation types in 1987 (left) 2001 (center) and 2015 (right) with regard to the different years studied.
https://doi.org/10.1371/journal.pone.0203999.9003

Drivers of change

Participants mentioned that clearing land for agriculture and bush fires were the two main
drivers of change in the park (mentioned as important driver by >60% of the participants, Fig
4). Charcoal production and timber extraction were also found to be important drivers, men-
tioned by >40% of the participants. Interestingly, all drivers considered in this study were
reported as ‘a major driver’ by at least some study participants (Fig 4).

In general, park staff considered most drivers to be more important than local populations,
except for firewood and wild fruit harvesting (Fig 5). However, these differences were not sig-
nificant (p = 0.33). With regard to the different groups within local populations, differences
were also observed, with e.g. female farmers considering wild fruits as a more important driver
than other groups, or youth considering hunting as an unimportant driver (see S2 Fig in Sup-
plementary information).

Most participants (park staff and populations) linked each driver to a certain vegetation
type: e.g. while timber exploitation was a greater issue in closed-canopy forest, clearing land
for agriculture was more important in tree-savanna. With regard to the species targeted, for
charcoal production these were Burkea africana, Lophira lanceolata and Detarium

Table 2. Trends in spatial structure indices for the different vegetation types and years.

Indices CCF oP SW TS SS AG
n1987 7 041 8 668 14 481 14 432 908 9
Dj(a)1987 3.85 4.64 3.23 32.61 0.20 17.30
aj1987 4.72 5.69 2.71 5.32 2.00 2.37
n2001 6981 13 529 19 049 26725 1353 1597
Dj(a)2001 4.12 6.11 4.12 31.15 0.20 1.20
@j2001 5.14 3.69 2.13 3.73 1.95 4.96
n2015 32032 16 071 24 686 33920 6352 3311
Dj(a)2015 2.63 7.68 4.79 28.13 0.15 1.37
@j2015 0.64 3.12 1.93 2.90 0.76 5.23

AG: Agroforestry; SS: Shrub Savanna; SW: Savanna Woodland; TS: Tree Savanna; OF: Open Forest; CCF: Closed-Canopy Forest; n: number of fragments; Dj: index of

dominance;o @j : mean area

https://doi.org/10.1371/journal.pone.0203999.t002
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Fig 4. Drivers of change as identified by all respondents.
https://doi.org/10.1371/journal.pone.0203999.9004

microcarpum (commonly found in tree savanna and savanna-woodland respectively). The first
two species are relatively abundant (see Table S1 in Supplementary information). For fire-
wood, they were Lophira lanceolata, Pterocarpus erinaceus, Terminalia laxiflora and Crossop-
teryx febrifuga, found in different vegetation types. For wild fruits, the preferred species were
Garcinia spp., Pentadesma butyracea and Detarium senegalense, found in closed-canopy forest.

For timber, the preferred species was Pterocarpus erinaceus, found in closed-canopy forest
and savanna-woodland. Park rangers mentioned that the exploitation of this species has con-
siderably increased since 2007, when its value in the international market also increased (see
[51]). Two other species targeted for timber were Milicia excelsa and Antiaris toxicaria var.
africana, also found in closed-canopy forest only. Unpublished data from the park managers
indicates that 4,725 m® of mostly Pterocarpus erinaceus was exploited between 2012 and 2015
in this park.

Comparison with other studies in West Africa

A review of other studies available from West Africa indicates that habitat fragmentation and
degradation has also been observed in other countries, both within and outside protected areas
(Table 3). In general, a decrease in closed-canopy forest and savanna-woodland, and an

100 4

70 A

50 m park staff

population

Percentage respondents

30 4

20 4

10 A

Timber Agriculture Grazing Charcoal Bushfire  Honey Hunting  Firewood Wild fruits

Fig 5. Drivers of change as identified by park staff (managers and rangers) and local populations.

https://doi.org/10.1371/journal.pone.0203999.g005
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increase in agroforestry were observed. The main drivers of change mentioned in these studies
were agriculture, wood harvesting, charcoal production and bush fires, like in our study area.

Discussion
Observed changes in vegetation types and drivers

In the past decades, great changes have been observed in the different vegetation types of
Fazao-Malfakassa National Park. Overall, there has been a decrease in closed-canopy forest
and tree-savanna, an increase in agroforestry, savanna-woodland and shrub savanna, and little
change in open forest. Moreover, all vegetation types have become more fragmented. The driv-
ers of change differed between vegetation types.

Closed-canopy forest decreased in area and became increasingly fragmented over time, par-
ticularly from 2001 to 2015. This was related to timber exploitation in this vegetation type.
Three timber species (Pterocarpus erinaceus, Milicia excelsa and Antiaris toxicaria) are of high
commercial value and are logged by local communities. Once these canopy trees are removed,
it is likely that the structure of the forest changes: there is more light availability, more grass in
the understory, greater biomass for burning and therefore, more fires, further changing the
structure and composition of this forest type. Barima et al., [59] reported this process in the
forest-savanna zone of Ivory Coast. Cochrane et al., [67], studying interactions between habitat
fragmentation in evergreen tropical forests in Brazil, also reported how increased timber
exploitation increased forest vulnerability to fire. Apart from opening the canopy, selective
timber exploitation also leaves considerable deadwood biomass (branches, leaves, etc) which
are prone to burning [68]. A decrease in closed-canopy forest has also been observed in
Abdoulaye Fauna Reserve in Togo [64] and in several other countries in the region, often
linked with wood harvesting and clearing land for agriculture (see Table 3). The slight increase
in closed-canopy forest between 1987-2001 should be further explained. Before 2001 (espe-
cially before 1991), park management was highly repressive, in a military manner, which lim-
ited illegal activities such as bush fires set up by hunters (which became more common
afterwards).

Tree-savanna also decreased in area and became increasingly fragmented over time. In this
case, however, clearing land for agriculture was the main driver of change. Tree-savanna, often
dominated by Terminalia macroptera and T. laxiflora, are generally located in flat areas, which
are not well-drained [18]. They support an important biomass of grass, making them a pre-
ferred feeding site for buffaloes and hartebeest [69], and therefore, carnivores. They are also
located at the preferred sites for agriculture. In Tiogo in Burkina Faso, where famers also prac-
tice slash-and-burn agriculture, clearing land for agriculture is also the main driver of change
in the tree-savanna [56].

The area of agroforestry significantly increased over time. For the first period (1987-2001)
this was likely to be related to the socio-political problems of Togo in the early 1990s, when
landless people encroached several protected areas [16]. The increase in agroforestry was
greater in the eastern part of the park, which is more accessible. A similar situation has been
reported from Ivory Coast: following political instability, populations encroached Marahoué
National Park [70]. In our study area, the increase in agroforestry was less severe for the period
2001-2015, which might be related to greater elephant presence in the eastern part of the park.
Preliminary observations suggest that increased elephant presence in the area is related to
more elephants from the nearby Kyabobo National Park (Ghana) staying longer periods of
time in our study area, due to decreased hunting pressure in Ghana (unpublished data). Ele-
phants destroy crops such as yams, which discourage farmers from farming inside the park.
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Table 3. A review of other studies available from West Africa, including type of study, changes observed, drivers of change and reference.

Country

Benin

Benin

Benin

Benin

Burkina
Faso

Burkina
Faso

Guinea

Ivory
Coast

Ivory
Coast

Ivory
Coast

Country
Mali

Niger

Togo

Togo

Togo

Togo

Location

Forest Reserve of
QOueme

Forest Reserve of Mt
Kouffe

Djidja area

Forest Reserve of
Mekrou

Forest Reserve of
Tiogo

Forest Reserve of
Bontioli

Mt Nimba forest-
savanna mosaic

Tanda Department,
forest-savanna mosaic

Forest Reserve of Mt
Korhogo

Marahoue National
Park

Location

Wildlife Reserve of
Fina

‘W National Park

Wildlife Reserve of
Abdoulaye

Oti-Kéran and Oti-
Mandouri Reserves

Togodo National Park

Mono River Basin

Type of study

Focus-groups/questionnaires

Satellite image analysis

Satellite image analysis and forest
inventory

Documentary research, diachronic
analysis of satellite imagery and socio-
economic surveys

Satellite image analysis

Satellite image analysis and
questionnaires

Ecological study

Modelling landscape dynamics
Satellite image analysis
Satellite image analysis and
questionnaires

Type of study

Satellite image analysis

Satellite image analysis

Satellite image analysis and forest
inventory

Literature review and questionnaires

Satellite image analysis

Satellite image analysis

https://doi.org/10.1371/journal.pone.0203999.t003

Changes observed

increased forest fragmentation,

decrease in forest, increase in
savanna and agroforestry

decrease in closed-canopy forest,
increase in savanna-woodland

decrease in natural habitats, increase
in agroforestry

decrease in savanna-woodland,
increase in tree-savanna and shrub
savanna

decrease in gallery-forest and
savanna

forest degradation

decrease in forest, increase in
savanna

increase in closed-canopy forest *
decrease in closed-canopy forest

Changes oberved

decrease in savanna-woodland,
increase in agroforestry

decrease in closed-canopy forest,
increase in open forest

decrease in closed-canopy forest and
savanna-woodland, increase in
agroforestry

decrease in natural habitats, increase
in agroforestry

decrease in closed-canopy forest and
savanna-woodland, increase in
agroforestry

increase in farmlands and savanna,
decrease in woodlands

Drivers of change

wood harvesting, bush
fires

agriculture

agriculture, charcoal
production

firewood harvesting,
charcoal and agriculture

wood harvesting,
agriculture

firewood harvesting,
charcoal and agriculture

agriculture and bush fires
agriculture and bush fires

increased forest
management

agriculture

Drivers of change

wood harvesting,
charcoal production

bush fires

wood harvesting,
agriculture

agriculture, grazing for
livestock

agriculture, charcoal
production, canoe
production

Non-available

Reference

Sambiéni et al. [52]

Toko
Mouhamadou et al.
[53]

Arouna [54]

Bouko et al. [55]

Tankoano et al.[56]

Dimobé et al. [57]
Camara et al. [58]
Barima et al.[59]
Koné et al. [60]
N’Daetal. [61]

Reference
Diallo et al. [62]

Inoussa et al. [63]

Djiwa [64]

Guelly and
Segniagbeto [65]

Kemavo [66]

Diwediga et al. [31]

Savanna-woodland also increased in area over time. In this case, this might be related to
degraded closed-canopy and open forest becoming this habitat type, as in FMNP this vegeta-
tion type is located between forests and other savannas. An increase over time in savanna-
woodland was also observed in central Benin [54]. Notably, this was not the case in in Tiogo
Forest Reserve in Burkina Faso and in Fina Wildlife Reserve in Mali [56,62], where a decrease

in savanna-woodland was observed. In drier locations of the forest-savanna mosaic, where
there is little closed-canopy forest, savanna-woodland seems to be the habitat type targeted for
wood harvesting, agriculture and bush fires.
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Shrub savanna also increased in area over time. Interestingly, this might be related to
another factor: decreased soil quality in rocky hills related to climatic changes. In the rocky
areas of the forest-savanna mosaic, where soils are shallow and infertile, shrub savannas tend
to be the dominant vegetation type [71,72]. The shallower and more infertile the soil, the
greater the number of shrubs (e.g. in Mt Nimba in Guinea [72]). Because of prolonged
droughts, and heavy rains afterwards, soil quality might have decreased in certain parts, which
seems to have promoted more shrub growth. Climatic changes have already been observed in
Togo, with an increase in mean annual temperature between 0.7 and 1.2°C (compared with
the period 1961-1985) and a decrease in annual rainfall between 3 and 81 mm [73]. However,
more research is needed to confirm if this increase in shrub savanna is related to climatic and
soil changes.

Open forest did not change in area over time, although they became more fragmented. This
is different from observations in Ivory Coast, where open forest significantly decreased
between 1986 and 2000 [74]. In W National Park in Niger, they increased over time [63]. In
our study area, open forest is less affected by human activities than other vegetation types, as
(i) the dominant tree species in this forest type (Isoberlinia spp.) are not sufficiently harvested
for timber [26]; and (ii) grass is not abundant in the understory, which makes this vegetation
type less prone to bush fires (pers. Obs.). It has been suggested that under little human distur-
bance, open forest tend to reach a stable state in the forest-savanna mosaic [75], which might
be happening in our study area.

Consequences of the observed changes

The observed changes in vegetation types in FMNP are likely to have negative effects on biodi-
versity, humans and carbon stocks. With regard to biodiversity, a decrease in tree-savanna is
detrimental for wildlife, as this habitat type is preferred by large ungulates [69]. A decrease in
closed-canopy forest is also detrimental for wildlife, in particular for forest elephants, primates
and forest birds. It has been shown that increased fragmentation of closed-canopy forest has a
negative impact on primates (e.g. in Brazil, as smaller forest patches tend to be inhabited by
smaller animal populations, which are at higher risk of extinction [76]). Increased forest frag-
mentation also makes species more susceptible to climatic changes. Carr et al. [11] highlighted
that large forest birds such as Accipiter erythropus and Tauraco persa, found in FMNP, are par-
ticularly vulnerable to climate change. Apart from wildlife, increased forest fragmentation
could also negatively affect several shade-tolerant tree species, which might face difficulties to
regenerate in environments with more light. One example could be Antiaris toxicaria var. afri-
cana which cannot regenerate in canopy gaps [77].

With regard to humans, a decrease in closed-canopy forest means reduced availability of
the ecosystem services they provide. For instance, Berlinia grandiflora, a tree only found in riv-
erine closed-canopy forest, is a preferred habitat for bees, and therefore helps provide honey.
Pentadesma butyracea and Detarium senegalense, trees which provide fruits highly appreciated
by local populations (which can be traded and are a source of income), are also only found in
closed-canopy forest. Apart from that, a decrease in tree-savanna can also be detrimental for
humans, as this vegetation type is used for livestock grazing during extreme drought events by
the semi-nomadic Peuhl or Fulani pastoralists (pers. Obs.).

With regard to carbon storage, closed-canopy forest tends to have higher carbon stocks
than other vegetation types [78]. Tree-savanna also stores important quantities of carbon, par-
ticularly in the soil [79]. If the areas of these two habitats, which are probably the ones with
higher carbon storage, are decreasing, the national park is also loosing carbon (further research
on carbon storage is being undertaken by the authors).
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Improved management interventions

Our results show how considerable vegetation changes have taken place in FMNP. Illegal activ-
ities continue, and if we are to conserve the existing mosaic of habitats, which is of high impor-
tance to large mammals [80], and humans, more should be done towards it. First, there should
be greater law reinforcement so that illegal activities such as charcoal production and timber
extraction are minimised. Given the limited number of park rangers, one option could be to
involve local communities, as it has been successfully done in Pendjari National Park in Benin
[81]. These authors reported a significant decrease in illegal activities since local communities
were involved in reporting them.

Local communities could also be more involved in fire and grazing management, as it has
been done in W National Park, a transboundary park in Niger, Benin and Burkina Faso [82].
The reduction of illegal bush fires set up by hunters is key if closed-canopy forest fragments
are to survive. Studies from W National Park and Marahoue National Park in Ivory Coast
show how increased fire control, increased law reinforcement and forest restoration (in
degraded areas using e.g. cashew trees) has helped increase forest cover [61,63]. As highlighted
by PACO/IUCN [83], greater local governance and locals’ involvement in protected area man-
agement can help reverse the observed deforestation and degradation trends in the savanna-
forest mosaics of West Africa.

Another management strategy we suggest is the classification of Fazao-Malfakassa National
Park into three zones [84]: core, transition and peripheral, with different human activities
allowed in each zone. The latter zone would include the agroforestry systems already inhabited
by humans, in which agricultural productivity could be increased. This classification would
not conflict with the requirements of the UNESCO World Heritage site program [85]. Our
suggestion is different from the idea of reducing the area of the park by excluding agricultural
land. We suggest that by including agricultural land in the park, the State could have greater
control of what is happening to it, and it would also help control human-wildlife conflict (e.g.
elephants raiding crops). In Bia Biosphere Reserve in Ghana park zoning was put in place in
2007, with some activities allowed in the peripheral zone (such as mushroom cultivation and
livestock grazing)[86]. Thanks to this zoning, between 2007-2009 illegal hunting was signifi-
cantly reduced and elephant populations in the core zone increased from 45% to 78% [86].

Conclusions

In the past decades, FMNP has lost 40% of closed-canopy forest and 20% of tree-savanna habi-
tats, and those remaining have become severely fragmented, like all other habitat types in this
park. These changes were driven by different factors depending upon habitat type and time
period studied. Quantifying and understanding vegetation changes and the drivers of change
is crucial if we are to establish improved informed management interventions. The approach
presented here to assess vegetation changes and drivers of change is easily replicable, and
could be used to help inform management decisions elsewhere in the region. We call for more
research on land use change in and outside protected areas in the West African forest-savanna
mosaic, if we are to meet the challenges of increasing pressures on these important ecosystems,
for both biodiversity and humans.
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S2 Fig. Drivers of change as identified by the different groups of respondents. M refers to
male and F to female farmers.
(TIF)

S$1 Table. Main characteristics of the different vegetation types studied, including domi-
nant species, canopy height and percentage of canopy cover (All photos were taken by
Atsri K. Honam).

(DOCX)

$2 Table. Classification accuracy for Landsat 5 TM (January 1987).
(DOCX)

S3 Table. Classification accuracy for Landsat 7 ETM (December 2001).
(DOCX)

$4 Table. Classification accuracy for Sentinel-2 (December 2015).
(DOCX)

S5 Table. Scientific, common and local name of all the species (plants and animals) used in
main text. Local names are in Tem, Bassar and Kabye languages.
(DOCX)

S6 Table. Data.
(XLSX)

Acknowledgments

We are deeply grateful to the park manager of Fazao-Malfakassa National Park, Mr Gbemou,
and his park rangers, for their collaboration and help during fieldwork. We are also thankful
to all the participants in this study, for their time and patience, and to all colleagues who com-
mented and helped improve this manuscript.

Author Contributions
Conceptualization: Honam Komina Atsri, Kouami Kokou.
Data curation: Honam Komina Atsri.

Formal analysis: Honam Komina Atsri, Yawo Konko, Aida Cuni-Sanchez, Komla Elikplim
Abotsi.

Funding acquisition: Honam Komina Atsri.

Investigation: Honam Komina Atsri, Komla Elikplim Abotsi, Kouami Kokou.
Methodology: Honam Komina Atsri, Komla Elikplim Abotsi.

Resources: Honam Komina Atsri.

Software: Honam Komina Atsri, Yawo Konko.

Supervision: Honam Komina Atsri, Aida Cuni-Sanchez, Kouami Kokou.

Validation: Honam Komina Atsri, Yawo Konko, Komla Elikplim Abotsi, Kouami Kokou.
Visualization: Honam Komina Atsri.

Writing - original draft: Honam Komina Atsri, Aida Cuni-Sanchez.

Writing - review & editing: Kouami Kokou.

PLOS ONE | https://doi.org/10.1371/journal.pone.0203999  October 5, 2018 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203999.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203999.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203999.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203999.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203999.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203999.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203999.s008
https://doi.org/10.1371/journal.pone.0203999

@° PLOS | ONE

Changes in the West African forest-savanna mosaic

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

White F. The vegetation of Africa, a descriptive memoir to accompany the UNESCO/AETFAT/UNSO
vegetation map of Africa (3 Plates, Northwestern Africa, Northeastern Africa, and Southern Africa, 1:
5,000,000). Unesco, Paris; 1983.

Groombridge Jenkins MD. World Atlas of Biodiversity. Prepared by the UNEP World Conservation Mon-
itoring Centre. Unversity Calif Press Berkeley. 2002;

Possingham HP, Wilson KA. Biodiversity: Turning up the heat on hotspots. Nature. 2005; 436
(7053):919-920. https://doi.org/10.1038/436919a PMID: 16107821

Achard F, Blasco F. Rythmes saisonniers de la végétation en Afrique de I'ouest par télédétection spa-
tiale. P Lafrance JM Dubois Apports Télédétection A Lutte Contre Sécher Collect Univ Francoph Ed
AUPELF-UREF John Libbey Eurotext Paris. 1990;1-15.

Olson DM, Dinerstein E, Wikramanayake ED, Burgess ND, Powell GV, Underwood EC, et al. Terrestrial
Ecoregions of the World: A New Map of Life on Earth: A new global map of terrestrial ecoregions pro-
vides an innovative tool for conserving biodiversity. BioScience. 2001; 51(11):933-938.

Heilig GK. World urbanization prospects: the 2011 revision. U N Dep Econ Soc Aff DESA Popul Div
Popul Estim Proj Sect N Y. 2012;

Lugo E. Ecosystem services, the millennium ecosystem assessment, and the conceptual difference
between benefits provided by ecosystems and benefits provided by people. J Land Use Environ Law.
2008; 23(2):243-261.

Sinsin B, Kampmann D, Thiombiano A, Konaté S. Atlas de la Biodiversité de I'Afrique de 'Ouest. Tome
Bénin Cotonou FrankfurtMain [Internet]. 2010 [cited 2017 Aug 30]; Available from: http://www.goethe-
university-frankfurt.de/50800968/Cl_01_Cover_Preface_Introduction.pdf

Belle EMS, Burgess ND, Misrachi M, Arnell A, Masumbuko B, Somda J, et al. Climate Change Impacts
on Biodiversity and Protected Areas in West Africa, Summary of the main outputs of the PARCC proj-
ect, Protected Areas Resilient to Climate Change in West Africa. UNEP-WCMC Camb UK. 2016;

James R, Washington R. Changes in African temperature and precipitation associated with degrees of
global warming. Clim Change. 2013; 117(4):859-872.

Carr JA, Hughes A., Foden WB. Evaluation de la vulnérabilité des especes ouest-africaines au change-
ment climatique. 2014.

Banque mondiale. Population, total. Bang Mond Données Hitpdonnees Bang OrgindicateurSP POP
TOTL Page Consult 9 Sept 2014. 2014;

PNUD. Rapport sur le développement humain en Afrique 2016/ Accélérer les progrés en faveur de
I'égalité des genres et de 'autonomisation des femmes en Afrique. UN Plaza, New York, NY 10017,
USA; 2016.

MPTHU. Mise en ceuvre d’'un programme de réhabilitation des aires protégées au Togo Etude d’'une
stratégie globale de mise en valeur—-COM-STABEX/91-94. Rapp Ministére Plan Aménage Territ Habitat
Urban. 2001;

Masumbuko B, Somda J. Analysis of the links between climate change, protected areas and communi-
ties in West Africa. UNEP-WCMC Tech Rep [Internet]. 2014 [cited 2017 Aug 30]; Available from: http://
www.iucn.org/sites/dev/files/import/downloads/parcc_cc_pas_communities_en.pdf

IUCN/PACO. Evaluation de I'efficacité de la gestion des aires protégées: aires protégées du Togo.
2008;

Bamba I, M KF, Defourny P, Vancutsem C, LM N, Bogaert J. Analyse de la structure spatiale des foréts
au Katanga. Ann Fac Sc Agro. 2008; 1(2):12.

FFW. Etudes écologiques, inventaire forestier et faunique, étude cartographique de Fazao-Malfakassa
—Recherche Google [Internet]. www.ffw.ch/uploads. 2013 [cited 2017 Aug 30]. Available from: https://
www.ffw.ch/uploads

Campbell G, Radley P. Primate and Bird Diversity in the Fazao Malfakassa National Park, Togo. Uni-
versity of Calgary; 2500 University Drive, NW T2N 0P4, Canada. 2005;52.

Amori G, Segniagbeto GH, Decher J, Assou D, Gippoliti S, Luiselli L. Non-marine mammals of Togo
(West Africa): an annotated checklist. Zoosystema. 2016; 38(2):201-244.

Kaiser J, others. Bioindicators and biomarkers of environmental pollution and risk assessment. [Inter-
net]. Science Publishers, Inc.; 2001 [cited 2017 Aug 30]. Available from: https://www.cabdirect.org/
cabdirect/abstract/20013153414

Dale VH, Beyeler SC. Challenges in the development and use of ecological indicators. Ecol Indic. 2001;
1(1):3-10.

Niemi GJ, McDonald ME. Application of ecological indicators. Annu Rev Ecol Evol Syst. 2004; 35:89—
111.

PLOS ONE | https://doi.org/10.1371/journal.pone.0203999  October 5, 2018 16/19


https://doi.org/10.1038/436919a
http://www.ncbi.nlm.nih.gov/pubmed/16107821
http://www.goethe-university-frankfurt.de/50800968/CI_01_Cover_Preface_Introduction.pdf
http://www.goethe-university-frankfurt.de/50800968/CI_01_Cover_Preface_Introduction.pdf
http://www.iucn.org/sites/dev/files/import/downloads/parcc_cc_pas_communities_en.pdf
http://www.iucn.org/sites/dev/files/import/downloads/parcc_cc_pas_communities_en.pdf
http://www.ffw.ch/uploads
https://www.ffw.ch/uploads
https://www.ffw.ch/uploads
https://www.cabdirect.org/cabdirect/abstract/20013153414
https://www.cabdirect.org/cabdirect/abstract/20013153414
https://doi.org/10.1371/journal.pone.0203999

@° PLOS | ONE

Changes in the West African forest-savanna mosaic

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

Vergara PM, Saura S, Pérez-Hernandez CG, Soto GE. Hierarchical spatial decisions in fragmented
landscapes: Modeling the foraging movements of woodpeckers. Ecol Model. 2015; 300:114-122.

Woegan YA. Diversité des formations végétales ligneuses du Parc national de Fazao-Malfakassa et de
la réserve d’Aledjo (Togo). Acta Bot Gallica. 2011; 158(3):445—-449.

Dourma M, Wala K, Guelly KA, Bellefontaine R, Deleporte P, Akpavi S, et al. Typologie, caractéristiques
structurales et dynamique des faciés forestiers fragiles a Isoberlinia spp. en vue de leur gestion au
Togo. Bois For Trop [Internet]. 2012 [cited 2017 Aug 30]; 313(3). Available from: http://www.academia.
edu/download/34094574/Dourma_2012_Typologie_et_car_stru_dynam_lsob_BFT_313.pdf

Woegan YA, Akpavi S, Dourma M, Atato A, Wala K, Akpagana K. Etat des connaissances sur la flore et
la phytosociologie de deux aires protégées de la chaine de I'Atakora au Togo: Parc National Fazao-Mal-
fakassa et Réserve de Faune d’Alédjo. Int J Biol Chem Sci. 2013; 7(5):1951-1962.

Margules CR, Pressey R, Williams P. Representing biodiversity: data and procedures for identifying pri-
ority areas for conservation. J Biosci. 2002; 27(4):309-326.

Lerman SB, Warren PS, Gan H, Shochat E. Linking foraging decisions to residential yard bird composi-
tion. PloS One. 2012; 7(8):e43497. https://doi.org/10.1371/journal.pone.0043497 PMID: 22927974

Smyth RL, Watzin MC, Manning RE. Defining acceptable levels for ecological indicators: an approach
for considering social values. Environ Manage. 2007; 39(3):301-315. https://doi.org/10.1007/s00267-
005-0282-3 PMID: 17203340

Diwediga B, Agodzo S, Wala K, Le QB. Assessment of multifunctional landscapes dynamics in the
mountainous basin of the Mo River (Togo, West Africa). J Geogr Sci. 2017; 27(5):579-605.

Blot A, Affaton P, Seddoh KF, Aregba AP, Godonou SK, Lenoir F, et al. Phosphates du Protérozoique
supérieur dans la chaine des Dahomeyides (circa 600 Ma) de la région de Bassar (Nord-Togo, Afrique
de I'Ouest. J Afr Earth Sci Middle East. 1988; 7(1):159-166.

Adjoussi P. Changement climatique global: évaluation de I'évolution des parametres climatiques au
Togo. Mém Maitrise. 2000;

Lamouroux M. Esquisse de la carte pédologique du Togo au 1/500.000 (notice explicative). 1962 [cited
2017 Aug 30]; Available from: http://www.documentation.ird.fr/hor/fdi: 10799

Tchamie T K Enseignements a tirer de I'hostilité des populations locales a 'égard des aires protégées
au Togo. Unasylva. 1994; 45(176):22-27.

RGPHA4. Direction Générale de la Statistique et de la Comptabilité Nationale, Ministére Auprés du Prési-
dent de la République, Chargé de la Planification, du Développement et de FAménagement du Territoire
(MPDAT), Togo. 2011.

Sawadogo L. Adapter les approches de 'amenagement durable des forets seches aux aptitudes
sociales, economiques et technologiques en Afrique: le cas du Burkina Faso. Cifor; 2007.

Kurtz C. Analyse multirésolution d'images de télédétection par segmentations et classifications con-
jointes. Strasbourg; 2009.

Caloz R, Blaser TJ, Willemin G. Création d’une ortho-image a 'aide d’'un modéle numérique d’altitude:
influences des modes de ré-échantillonnage radiométrique. Aupelf-Uref Press L’université Qué.
1993;17-30.

Robin A. Détection de changements et classification sous-pixelliques en imagerie satellitaire. Applica-
tion au suivi temporel des surfaces continentales. [PhD Thesis]. Université René Descartes-Paris V;
2007.

Idbraim S. Méthodes d’extraction de I'information spatiale et de classification en imagerie de télédétec-
tion: Applications a la cartographie thématique de la région d’Agadir (Maroc) [PhD Thesis]. Université
de Toulouse, Université Toulouse llI-Paul Sabatier; 2009.

Aubréville A. Accord a Yangambi sur la nomenclature des types africains de végétation. Bois For Trop.
1957;(51):23-27.

Landis JR, Koch GG. The measurement of observer agreement for categorical data. biometrics.
1977;159-174. PMID: 843571

Davidson C. Issues in measuring landscape fragmentation. Wildl Soc Bull 1973-2006. 1998; 26(1):32—
37.

Bogaert J. Lack of agreement on fragmentation metrics blurs correspondence between fragmentation
experiments and predicted effects. Conserv Ecol. 2003; 7(1).

McGarigal K, Marks BJ. Spatial pattern analysis program for quantifying landscape structure. Gen Tech
Rep PNW-GTR-351 US Dep Agric For Serv Pac Northwest Res Stn [Internet]. 1995 [cited 2017 Aug
30]; Available from: http://www.umass.edu/landeco/pubs/mcgarigal.marks.1995.pdf

Puyravaud J-P. Standardizing the calculation of the annual rate of deforestation. For Ecol Manag. 2003;
177(1):593-596.

PLOS ONE | https://doi.org/10.1371/journal.pone.0203999  October 5, 2018 17/19


http://www.academia.edu/download/34094574/Dourma_2012_Typologie_et_car_stru_dynam_Isob_BFT_313.pdf
http://www.academia.edu/download/34094574/Dourma_2012_Typologie_et_car_stru_dynam_Isob_BFT_313.pdf
https://doi.org/10.1371/journal.pone.0043497
http://www.ncbi.nlm.nih.gov/pubmed/22927974
https://doi.org/10.1007/s00267-005-0282-3
https://doi.org/10.1007/s00267-005-0282-3
http://www.ncbi.nlm.nih.gov/pubmed/17203340
http://www.documentation.ird.fr/hor/fdi:10799
http://www.ncbi.nlm.nih.gov/pubmed/843571
http://www.umass.edu/landeco/pubs/mcgarigal.marks.1995.pdf
https://doi.org/10.1371/journal.pone.0203999

@° PLOS | ONE

Changes in the West African forest-savanna mosaic

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Oloukoi J, Mama VJ, Gbo FB. Modélisation de la dynamique de 'occupation des terres dans le départe-
ment des collines au Bénin. Télédétection. 2007; 6(4):305-23.

Schulz JJ, Cayuela L, Echeverria C, Salas J, Benayas JMR. Monitoring land cover change of the dry-
land forest landscape of Central Chile (1975-2008). Appl Geogr. 2010; 30(3):436—447.

Kokou K, Nuto Y, Atsri H. Impact of charcoal production on woody plant species in West Africa: A case
study in Togo. Sci Res Essays. 2009; 4(9):881-893.

Adjonou K, Ali N, Kokutse AD, Kokou K. Etude de la dynamique des peuplements naturels de Pterocar-
pus erinaceus Poir.(Fabaceae) surexploités au Togo. Bois Forets Trop. 2010; 306(1):33—43.

Sambiéni K, Toyi M, Mama A. Perception paysanne sur la fragmentation du paysage de la Forét clas-
sée de 'Ouémé Supérieur au nord du Bénin. VertigO Rev Electronique En Sci L'environnement [Inter-
net]. 2015 [cited 2017 Aug 30]; 15(2). Available from: http://www.erudit.org/en/journals/vertigo/2015-
v15-n2-vertigo02433/1035836ar/abstract/

Toko Mouhamadou |, Toko Imorou |, Sinsin B, Touré F. Indices de structures spatiales des flots de for-
éts denses dans la région des Monts Kouffé. VertigO Rev Electronique En Sci L’environnement [Inter-
net]. 2012 [cited 2017 Aug 30]; 12(3). Available from: http://www.erudit.org/en/journals/vertigo/2012-
v12-n3-vertigo01173/1022694ar/abstract/

Arouna O. Cartographie et modélisation prédictive des changements spatio-temporels de la végétation
dans la Commune de Djidja au Bénin: implications pour 'aménagement du territoire. Dr Unique Univ
D’Abomey-Calavi Bénin. 2012;

Bouko BS, Dossou PJ, Amadou B, Sinsin B. Exploitation Des Ressources Biologiques Et Dynamique
De La Foret Classee De La Mekrou Au Benin. Eur Sci J ESJ. 2016; 12(36).

Tankoano B, Hien M, Sanon Z, Yameogo JT, Somda |, others. Dynamique spatio-temporelle des
savanes boisées de la forét classée de Tiogo au Burkina Faso. Int J Biol Chem Sci. 2015; 9(4):1983—
2000.

Dimobe K, Ouédraogo A, Soma S, Goetze D, Porembski S, Thiombiano A. Identification of driving fac-
tors of land degradation and deforestation in the Wildlife Reserve of Bontioli (Burkina Faso, West
Africa). Glob Ecol Conserv. 2015; 4:559-571.

Camara AA, Dugué P, Foresta H de. Transformation des mosaiques de forét-savane par des pratiques
agroforestieres en Afrique subsaharienne (Guinée et Cameroun). Cybergeo Eur J Geogr. 2012;

Barima YSS, Egnankou WM, N'doumé ATC, Kouamé FN, Bogaert J. Modélisation de la dynamique du
paysage forestier dans la région de transition forét-savane a I'est de la Céte d’'lvoire. Télédétection Rev
Rech Appl En Télédétection. 2010; 9(2):129—-138.

Koné M, Aman A, Adou Yao CY, Coulibaly L, N'guessan KE. Suivi diachronique par télédétection spa-
tiale de la couverture ligneuse en milieu de savane soudanienne en Cote d’lvoire. Rev Télédétection.
2007; 7(1-2):3-4.

N’Da HD, N'Guessan EK, Wajda ME, Affian K. Apport de la télédétection au suivi de la déforestation
dans le Parc National de la Marahoué (Céte d\’ Ivoire). Bull-Société Fr Photogrammétrie Télédétection.
2008; 8(1):17-34.

Diallo H, Bamba |, Barima YSS, Visser M, Ballo A, Mama A, et al. Effets combinés du climat et des
pressions anthropiques sur la dynamique évolutive de la végétation d’une zone protégée du Mali
(Réserve de Fina, Boucle du Baoulé). Sci Chang PlanétairesSécheresse. 2011; 22(2):97-107.

Inoussa MM, Mahamane A, Mbow C, Saadou M, Yvonne B. Dynamique spatio-temporelle des foréts
claires dans le Parc national du W du Niger (Afrique de I'Ouest). Sci Chang PlanétairesSécheresse.
2011;22(2):108-116.

Djiwa O. Dynamique foerestiére et diagnostic de la gestion de la forét classée d’Abdoulaye au Togo.
2008 [cited 2017 Aug 30]; Available from: http://agritrop.cirad.fr/546493/

GUELLY KA, SEGNIAGBETO HG. Analyse et compréhension des liens existant entre le changement
climatique, les aires protégées et les communautés au Togo. UNEP-WCMC Tech Rep. 2013;88.

Kemavo A. Contribution des technologies spatiales et des systéemes d’information géographique dans
la gestion intégrée des ressources naturelles: cas de la Réserve de Togodo (Sud-Togo). 2012.

Cochrane MA. Synergistic interactions between habitat fragmentation and fire in evergreen tropical for-
ests. Conserv Biol. 2001; 15(6):1515-1521.

Levine JS. Wildland fires and the environment: A global synthesis. UNEP/Earthprint; 1999.

Rabeil T. Distribution potentielle des grands mammiféres dans le Parc du W au Niger [Internet]. Univer-
sité Paris-Diderot-Paris VII; 2003 [cited 2017 Aug 30]. Available from: https:/tel.archives-ouvertes.fr/
tel-00006931/

Denis G. LE PARC NATIONAL DE LA MARAHOUE: DE LA LOGIQUE DE CONSERVATION A LA
LOGIQUE DE PREDATION. Eur SciJ ESJ. 2015; 11(8).

PLOS ONE | https://doi.org/10.1371/journal.pone.0203999  October 5, 2018 18/19


http://www.erudit.org/en/journals/vertigo/2015-v15-n2-vertigo02433/1035836ar/abstract/
http://www.erudit.org/en/journals/vertigo/2015-v15-n2-vertigo02433/1035836ar/abstract/
http://www.erudit.org/en/journals/vertigo/2012-v12-n3-vertigo01173/1022694ar/abstract/
http://www.erudit.org/en/journals/vertigo/2012-v12-n3-vertigo01173/1022694ar/abstract/
http://agritrop.cirad.fr/546493/
https://tel.archives-ouvertes.fr/tel-00006931/
https://tel.archives-ouvertes.fr/tel-00006931/
https://doi.org/10.1371/journal.pone.0203999

@° PLOS | ONE

Changes in the West African forest-savanna mosaic

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.
85.

86.

Blanc-Pamard C, Peltre P. Dynamique des paysages préforestiers et pratiques culturales en Afrique de
I'Ouest (Cote d’'lvoire centrale). Dév Rural En Quest. 1984;55-74.

Poilecot P, Loua N-S. Les feux dans les savanes des monts Nimba, Guinée. Bois For Trop. 2009; 301
(3):51-66.

Ministére de 'Environnement et des Ressources Forestiéres. Plan national d’adaptation aux change-
ments climatiques (PNACC) du Togo. 2016;117.

Barima YSS, Barbier N, Ouattara B, Bogaert J. Relation entre la composition floristique et des indica-
teurs de la fragmentation du paysage dans une région de transition forét-savane ivoirienne. Biotechnol
Agron Société Environ. 2010; 14(4):617.

Otto H-J. Ecologie forestiere [Internet]. Forét privée francgaise; 1998 [cited 2017 Aug 30]. Available
from: https://books.google.fr/books?hl=fr&Ir=&id=0s7vZ_W31-gC&oi=fnd&pg=PA3&dq=0tto,+H.J.,
+1998.+%C3%89cologie+foresti%C3%A8re&ots=Zpr1B1VxNt&sig=
qthUPZnB3b7kbpTMbymsaHJYbmo

Johns AG, Johns BG. Tropical forest primates and logging: long-term coexistence? Oryx. 1995; 29
(3):205-211.

Kokou K, Kokutse AD. Réle de la régénération naturelle dans la dynamique actuelle des foréts sacrées
littorales du Togo. Phytocoenologia. 2006; 36(3):403—419.

Lewis SL, Lopez-Gonzalez G, Sonké B, Affum-Baffoe K, Baker TR, Ojo LO, et al. Increasing carbon
storage in intact African tropical forests. Nature. 2009; 457(7232):1003. https://doi.org/10.1038/
nature07771 PMID: 19225523

Grace J, Jose JS, Meir P, Miranda HS, Montes RA. Productivity and carbon fluxes of tropical savannas.
J Biogeogr. 2006; 33(3):387-400.

Gautestad AO, Mysterud |. Spatial memory, habitat auto-facilitation and the emergence of fractal home
range patterns. Ecol Model. 2010; 221(23):2741-2750.

Osseni Inoussa A. Contribution de la gestion des réserves de biosphére au développement économi-
que local: cas de la réserve de biosphere de la Pendjabi. 2009.

Prudent P. Programme régional Parc W/ECOPAS (Ecosystémes Protégés en Afrique Soudano-Sahéli-
enne) 7 ACP RPR 742: Propositions pour le montage d'un dispositif expérimental destiné a valider les
itinéraires techniques non péjorants susceptibles de constituer la base d’une zone tampon a vocation
de" production biologique" aux périphéries du Parc W. Rapport de mission de recherche. Rapport défi-
nitif n* 2006/57. 2008 [cited 2017 Aug 30]; Available from: http://agritrop.cirad.fr/552445/

PACO/UICN . Acteurs et gouvernance des aires protégées d’Afrique de 'Ouest: quelle contribution a
la conservation. PAPACO Stud. 2012;(12).

Cibien C, Etienne M, Garnier L, MAB M. La démarche MAB: la voie de I'optimisme. 2008;

CIBIEN C, France M. Les réserves de biosphére. Territ Pour Homme Nat Gallimard Octavius Paris.
2000;

Commission allemande pour FTUNESCO. Guide de gestion des réserves de biosphére de 'UNESCO en
Afrique. 2015; Available from: http:/bit.ly/1SN66fy

PLOS ONE | https://doi.org/10.1371/journal.pone.0203999  October 5, 2018 19/19


https://books.google.fr/books?hl=fr&lr=&id=Os7vZ_W31-gC&oi=fnd&pg=PA3&dq=Otto,+H.J.,+1998.+%C3%89cologie+foresti%C3%A8re&ots=Zpr1B1VxNt&sig=qthUPZnB3b7kbpTMbymsaHJYbmo
https://books.google.fr/books?hl=fr&lr=&id=Os7vZ_W31-gC&oi=fnd&pg=PA3&dq=Otto,+H.J.,+1998.+%C3%89cologie+foresti%C3%A8re&ots=Zpr1B1VxNt&sig=qthUPZnB3b7kbpTMbymsaHJYbmo
https://books.google.fr/books?hl=fr&lr=&id=Os7vZ_W31-gC&oi=fnd&pg=PA3&dq=Otto,+H.J.,+1998.+%C3%89cologie+foresti%C3%A8re&ots=Zpr1B1VxNt&sig=qthUPZnB3b7kbpTMbymsaHJYbmo
https://doi.org/10.1038/nature07771
https://doi.org/10.1038/nature07771
http://www.ncbi.nlm.nih.gov/pubmed/19225523
http://agritrop.cirad.fr/552445/
http://bit.ly/1SN66fy
https://doi.org/10.1371/journal.pone.0203999

