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ABSTRACT Tsetse ßies are the cyclic vectors of sleeping sickness and African animal trypano-
somosis. The possibility to classify the natural habitat of riverine tsetse species is explored in the
Mouhoun River basin, Burkina Faso: the objectives were to discriminate the riverine forests com-
munity types and their fragmentation levels by using Landsat 7 enhanced thematic mapper images,
to map tsetse densities.Glossina palpalis gambiensis Vanderplank 1949 (Diptera: Glossinidae) andG.
tachinoides Westwood, 1850 are the vectors of trypanosomoses in this area. After a supervised
classiÞcation, the community types were discriminated using the water area in 400-m-wide polygons
around the river. A fragmentation analysis of the swamp forest unit, cross-tabulated with the com-
munity types, lead to identiÞcation of the Þnal landscapes where tsetse apparent densities (ADT) were
implemented using a training data set of 608 trap locations. The predicted ADT were then compared
with an independent validation data set of 78 trap locations. The correlation between the model
predictions and the validation data set was high, validating this approach (P � 0.001). The riverine
forest community type and fragmentation level are critical factors for riverine tsetse species, which
should be taken into consideration to map their suitable habitat.

KEYWORDS tsetse, vectors, African animal trypanosomoses, remote sensing, fragmentation anal-
ysis

In Burkina-Faso, like in most sub-Saharan West Afri-
can countries infested by tsetse ßies, tsetse and Afri-
can animal trypanosomoses (AAT) are a major hin-
drance to cattle breeding (Hursey and Slingenbergh
1995, Swallow 2000, Itard et al. 2003, Shaw 2003).
Tsetse ßies are the cyclic or biological vectors of Af-
rican trypanosomes, which means that the parasite
achieves its extrinsic development cycle in the insect.
The West African cotton triangle, located at the West
of Burkina Faso, north of the Ivory coast and South of
Mali, is considered as a priority area for tsetse and
trypanosomoses control (Hendrickx et al. 2004). The
study site, the Mouhoun River basin, is located within
this cotton triangle. Two riverine tsetse species,Glossina
palpalisgambiensisVanderplank1949(Diptera,Glossini-
dae) and G. tachinoidesWestwood, 1850 are present in
very high densities and keep transmitting animal
trypanosomoses (Bouyer et al. 2006). In other countries
of West Africa, such as Guinea,Glossina p. gambiensis is
also a major vector of sleeping sickness (Camara et al.
2006).

In Burkina Faso, recent studies demonstrated the
relation between the riverine forest community type

and its disturbance level and the abundance of river-
ine tsetse, after a theory that had been described
earlier regarding the community type (Morel 1978)
and completed by the integration of the human-driven
disturbance (Bouyer et al. 2005). The section of the
MouhounRiverunder study, theMouhounRiver loop,
is constituted of three successive major ecological
sections: the tributaries, harboring mainly a Guinean
riverine forest; the Western branch, harboring a Su-
dano-guinean riverine forest; and the Eastern branch,
harboring a Sudanese riverine forest (Bouyer et al.
2005). The two former riverine tsetse species are still
present in these three ecological sections, and their
competition and predominance is mainly driven by
the riparian forest community type, whereas their
densities depend on its disturbance level.

The description of the environment from remote
sensing can be linked to the presence and abundance
of the vectors of trypanosomosis; therefore, it is an
essential tool for the epidemiological analysis of vec-
tor-borne diseases. The main objective is to target the
control measures on the river sections with highest
transmission risk to increase the costÐbeneÞt effec-
tiveness of vector control campaigns.

During the last decades, spatial prediction models of
the presence, abundance, or both of tsetse ßies based
on remote sensing-derived variables have been de-
signed as decision-making tools at various levels (from
local to regional), conÞrming the potential of this
approach (Rogers and Randolph 1993, Robinson et al.
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1997, Hendrickx et al. 1999, de La Rocque et al. 2005,
Bouyer et al. 2006, Guerrini and Bouyer 2007).

In the preceding articles (Bouyer et al. 2006, Guer-
rini andBouyer2007), a semiautomatic landscapeclas-
siÞcation approach was used to map tsetse densities
and AAT risk along the Mouhoun River. This approach
was based on an initial distinction of three ecological
areas along the Mouhoun River and the discrimination
of peri-riverine units through a landscape classiÞca-
tion of the land cover classes in buffers of 500 m along
the river. The aim of the present study is to show an
automatic way to map tsetse densities, by using remote
sensing data, geographical information system (GIS),
and quantitative indicators usually used in landscape
fragmentation analysis.

Materials and Methods

Location of Study Area. The study area, called the
Mouhoun River loop, is located north from Bobo Dio-
ulasso (4� 17� W, 11� 10� N). The principal river of
Mouhoun runs out in Burkina Faso on �800 km from
its springs (elevation of 500 m, 4� 55� W, 11� 16� N) in
the west of Bobo Dioulasso, through the Sourou Dam
at its northern edge (elevation of 260 m, 3� 26� W, 12�
44� N), until Boromo (elevation of 240 m, 2� 55� W, 11�
44� N), a town located between Bobo Dioulasso and
Ouagadougou, down to the border of Ghana.

Sometributariesof theMouhouncalled theTuy, the
Leyessa, and the tributaries close to the springs of
Mouhoun (Kou, Dienkoa, Guénako and Plandi) also
were considered in this study.
Remote Sensing Data and Methods. Three Landsat

7 enhanced thematic mapper plus (ETM�) images
were needed to cover the Mouhoun basin, two of
which were from 28 October 2002 Path/Row 196/51
and 196/52 and one from 17 November 2001, Path/
Row 197/52. These scenes were cloud free and had no
apparent haze. The cold dry season images are the
most appropriate to discriminate riverine vegetation
types. The river course was digitized from Landsat
images by using Mapinfo 7.0 software. A buffer of 1 km
in width was extracted along the river course and
submitted to a supervised classiÞcation using a maxi-
mum likelihood classiÞer (ENVI 4.3 software) from a
three-channel composition (TM4, TM3, TM2) (Gi-
rard and Girard 1999). We collected 209 GPS Þeld
observations from which training pixels were digitized
manually and the 608 trap locations were used to
validate the classiÞcation. For each class of vegetation
units a signature was created. The classiÞer was run
with equal prior probabilities per class, and all pixels
were classiÞed (0% exclusion). Seven land-use classes
were identiÞed. Standard nomenclature of African
vegetation types was used to describe these land-use
classes (Aubreville 1957) (water, swamp forests,
woodland savannah, shrub savannah, early crops, late
crops, and bare ground).
Entomological andEcological Surveys.The training

data set consists of Þeld data gathered during a ex-
tensive entomological survey conducted during the
2002 hot dry season (Bouyer et al. 2005). Ten percent

of the river course was sampled, using standardized
biconic traps (Challier and Laveissière 1973) 100Ð150
m apart, operated from 0900 to 1630 hours. The 608
trap locations were recorded using global positional
system (GPS). Tsetse ßies were recorded by species
by trap (apparent density per trap and per day,
or ADT).

During the ecological surveys in each trapping site,
phytosociological censuses were carried out, taking
into consideration only woody vegetation types. This
allowed to distinguish the community type of riverine
forests (Sudanese, Soudano-Guinean, or Guinean) by
using the predominant tree species as described by
Morel (1978). In addition, a disturbance level com-
posed of three classes (natural, half-disturbed, or dis-
turbed) could be attributed to each trapping site, as
described previously (Bouyer et al. 2005).

An additional data set, used for validation purposes,
consisted of 78 georeferenced ADT obtained from
other research programs carried out at CIRDES, dur-
ing the dry seasons from 2000 to 2007.
Landscape Metrics. Considering that the commu-

nity type of riverine forest is mainly dependent on the
time of ßooding of the vegetation and the width of
the river course (Morel 1978), the area of water in the
polygons of 400 m width was used to discriminate
three community type of riverine forests (Guinean,
Sudano-Guinean, and Sudanean). The classes thresh-
olds were chosen to optimize the classiÞcation of the
Þeld phytosociological censuses (equal subdivision of
the between groups inter-quartile distances; Fig. 1).
Because the community type is relatively constant
along a river section representing the same ßooding
properties, a smoothing was carried out: when a single
polygon with a given community type was surrounded
by polygons with another community type, its class
was changed to that of its neighbors.

Preceding work showed that the densities of river-
ine tsetse are correlated to the density of swampy
forests around the hydrographic network (Bouyer et
al. 2006, Guerrini and Bouyer 2007). In the current
study, we tried to assess the disturbance level of the
riverine forests along the Mouhoun River through the
use of quantitative indicators based on the spatial
arrangement of favorable habitat patches within the
peri-riverine landscapes (obtained from the super-
vised classiÞcations of the 1-km buffers), considering
the swampy forest vegetation type as the only suitable
habitat for tsetse (Clerici et al. 2007). A polygonal grid
of 400 m in width and 500 m in length was laid over the
units of suitable habitat (Fig. 2).

The fragmentation analysis included only one class,
made up of the suitable habitat (swampy forest). For
each polygon along the river course, the following
common metrics, which seemed pertinent to charac-
terize riverine tsetse habitat, were implemented using
Mapinfo 7.0 software: class area (CA), corresponding
to the total area of suitable habitat; number of patches
(NumP) of suitable habitat; mean patch size (MPS);
and patch size standard deviation (PSSD) (Huang et
al. 2006).
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Statistics. The “n-Dimensional visualizer” tool
(ENVI software) was used to control the absence of
confusion between the different regions of interest
(ROIs), i.e., training sites, of the seven land-use
classes. The supervised classiÞcations were validated
from the calculation of a confusion matrix and the
Kappa Index of Agreement coefÞcient (�0.89 for each
classiÞcation). The pair comparisons of the classes
gave a separability coefÞcient between 1.99 and 2,
corresponding to an absence of confusion of the pixels
allocated within each class (Girard and Girard 1999).

Cluster and MASS packages from R software were
used to identify fragmentation clusters. The normal-

izedvaluesof the fourpatchmetrics (CA,NumP,MPS,
and PSSD) were used to identify fragmentation clus-
ters using a Partitioning around Mediods approach
(PAM), which were plotted using the silhouette func-
tion (Rousseeuw 1987). The Wilks lambda was calcu-
lated for each partitioning (two to 15 clusters), and the
maximal average silhouette width was used to choose
the best partition for the number of clusters (Þve to
seven) corresponding to a �5% reduction of the Wilks
lambda (Fig. 3). These statistics and the graphics were
implemented using the R1.6.2 free statistical software.

For each cluster, the normality of tsetse apparent
densities distributions was tested using the Kolmo-

Fig. 1. Boxplot of the water class areas in the 400-m-wide polygons in the three riverine forest community types identiÞed
from phytosociological censuses (1, Guinean; 2, Sudano-guinean; and 3, Sudanese). The horizontal lines correspond to the
threshold used for automatic classiÞcation (equal subdivision of the between groups interquartile distances).

Fig. 2. Polygons (400 m in width) upon the swampy forest class units.
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gorovÐSmirnov test (Conover 1971). Because the dis-
tributions of apparent densities were not normal, the
comparisons of ADT between pairs of clusters were
achieved using the Wilcoxon rank sum test (Hollander
and Wolfe 1973).

Community type and fragmentation clusters were
cross-tabulated to obtain 18 U where the ADT of the
two tsetse species were implemented using the train-
ing data set. The classes with a similar density were
merged into four standard ADT classes (class 1 cor-
responded to 0Ð0.1 tsetse, class 2 corresponded to
0.1Ð1 tsetse, class 3 corresponded to 1 to four tsetse,
and class 4 corresponded to �4 tsetse by trap and per
day) to generate a map of tsetse densities over the
Mouhoun basin. To validate the results, the model
outputs were compared with the validation data set by
using the Kendall correlation test (ctest package, R
software) (Hollander and Wolfe 1973).

Results

Using thresholds based on the area of water as
presented in Fig. 1 allowed 81% of overall accuracy of
the trapping sites; 79% of the Guinean sites were in-
cluded in the Þrst class (water surface from 0 to
0.76ha), 84% of Sudano-Guinean sites in the second
class (0.76Ð1.95 ha), and 81% of Sudanese sites in third
class (�1.95 ha). Figure 4 presents the automatic clas-
siÞcation of the three riverine forest community types
along the Mouhoun hydrographical network. The
transition of the riverine forests is observed along the
Mouhoun river, from the Guinean community type
near the springs (corresponding to �730 km of river
course), to Sudano-guinean in the middle part (270
km) and Sudanese more downstream (380 km).

Six clusters were identiÞed from the swamp forest
fragmentation analysis. For this particular partition, an

average silhouette width value of 0.44 was obtained,
indicating that this partition was slightly better than
that obtained with Þve (0.35) or seven (0.43) clusters.
This value is medium and a plot of the class area
against the number of patches allowed checking
that the clustering was not artiÞcial (data not
shown).

The averaged different metrics used in the frag-
mentation analysis are presented in Table 1. To ana-
lyze the impact of fragmentation only on forest dis-
turbance, the ADT was compared in clusters 3 and 4,
which harbor similar forest areas (of 4.43 and 3.19 ha,
respectively, for a total area of 20 ha in average in a
polygon) but very different mean number of forest
patches (3.39 and 8.46, respectively). The percentage

Fig. 3. Values of Wilks lambda for a varying number of clusters (a) and Silhouette plot of the cluster partition with six
clusters (b) corresponding to the maximal average silhouette width (0.42). The six clusters are presented along the y-axis,
with each bar corresponding to objects of similar silhouette width (si); the x-axis corresponds to the silhouette width: an object
is well classiÞed into a cluster when si is close to 1, poorly classiÞed when si is closed to 0, and misclassiÞed when si is negative.
The mean si by cluster also is presented.

Fig. 4. Automatic classiÞcation of riverine forest com-
munity types along the Mouhoun River (after smoothing).
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of undisturbed sites was more important in cluster
three (51%, SD6) than cluster four (32%, SD12) (P�
0.029; �2 test), indicating that fragmentation tends to
increase riverine forest disturbance.

Reversely, to analyze the impact of swampy forest
area only on riverine forest disturbance, we compared
clusters 1 and 6, which harbor a similar mean number
of patches (1.61 and 1.14, respectively) but different
forest areas (0.34 and 14.01 ha, respectively). The
percentage of undisturbed sites was �7% (SD13) in
cluster 1 against 36% (SD10) in cluster 6 (P � 0.001;
�2 test). Along the whole river course, the forest area
was correlated to the mean ADT of two tsetse species
(G. tachinoides: P � 0.001, Kendall test; G. p. gambi-
ensis, P � 0.0175; Kendall test), and the highest den-
sities of tsetse were in cluster 6 (7.36, SD 8.67) where the
class area of forest is also the most important (14 ha).

Both fragmentation indices(forest areaandnumber
of patches) have thus an impact on the disturbance of
the gallery forest, indicating that this fragmentation
clustering is pertinent to address the prediction of
riverine tsetse densities.

Figure 5 presents the ADT maps for each species of
tsetse along the Mouhoun River and some of its trib-
utaries, after cross-tabulating the community type and
fragmentation and merging the similar landscapes
within standard classes. The comparison of the pre-
dicted ADT and the validation data set revealed a very
good correlation (Kendall test,G. palpalis gambiensis:
tau � 0.51, z � 6.69, P � 0.001; G. tachinoides: tau �
0.42, z � 5.48, P � 0.001).

Discussion

Spatial distribution maps of vectors are generally
based on statistical models that do not clearly explain the

relationships between satellite data and vector ecology.
The development of process-based models that rely on
vectorbiology is thusagreatchallengetounderstandthe
spatial and temporal patterns of vector-borne diseases
(Kalluri et al. 2007). One environmental variable that
could be linked to riverine tsetse densities and even
mortality rates in West Africa is the normalized differ-
ence vegetation index (NDVI) (Rogers and Randolph
1991). IntheMouhounRiverbasin,however, thehighest
tsetse densities are found at the northern edge of the
river loop where the NDVI is lower (Bouyer et al. 2005,
Guerrini and Bouyer 2007). This lead the authors to
analyze the relationship between riverine tsetse ßies
densities and riverine forests, whose dynamics are inde-
pendent from annual rainfalls and rely mainly on the
river characteristics (Morel 1978).

From the phytosociological censuses followed that
Guinean riparian forests, located on the tributaries,
were dominated byBerlinia grandiflora (Vahl) Hutch.
and Dalziel, Carapa procera D. C., and Uapaca togo-
ensis Pax, and they were characterized by narrow
rivers, with fast ßoods and falls. In this community
type, located on the Mouhoun tributaries, G. p. gam-
biensis was the predominant species (Fig. 5). Su-
danese riparian forests were dominated byMitragyna
inermis (Willd.) K. Schum. and located downstream,
along the banks of the rivers with great ßows and long
ßooding periods. In this community type, G. tachi-
noides was the predominant species. Finally, the Su-
dano-guinean riparian forest was dominated by Syzy-
gium guineense (Willd.) D. C., Cola laurifolia Mast.,
and Pterocarpus santalinoides LÕHér. ex DC. and har-
bored intermediate conditions with a river of medium
ßow with slow ßoods and falls. In this community type,
both species were predominant. Some transition areas
from a community type to another could be found, in

Table 1. Averaged fragmentation metricsa and percentages of undisturbed sites (obtained from the 608 phytosociological censes) in
the six clusters

Cluster
partition

NumP CA MPS PSSD
Undisturbed

sites (%)
Schemeb

1 1.61 0.34 0.19 0.51 7 (13)

2 5.02 1.99 0.39 1.91 17 (11)

3 3.39 4.43 1.49 2.94 51 (6)

4 8.46 3.19 0.39 2.81 32 (12)

5 2.92 9.05 4.00 5.05 27 (6)

6 1.14 14.01 13.43 13.51 36 (10)

aNumP, number of patches by polygon; CA, class area (in hectares); MPS, mean patch size (in hectares); PSSD, patch size standard deviation
(in hectares).
b The last column presents a scheme of the clusters, with the black solid line corresponding to the river course and the gray pixels to the

swampy forest patches.
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relation to a change of the morphology of the river.
For example, on the Tuy (Fig. 5), the presence of a
dam changed the riparian community type from Guin-
ean to Sudanese by lengthening the ßooding duration.
The water surface in a polygonal grid of 400 m in width
allowed a very good discrimination of the three com-
munity types of riparian forest in the Mouhoun basin.

The disturbance of the riverine forests, which is also a
very important parameter for tsetse densities (Bouyer et
al.2005),wasaddressedthroughafragmentationanalysis
of the suitable vegetal unit: the swamp forests. Land-
scapes metrics used on forest patches allowed obtaining
a partition of six clusters. Different fragmentation met-
rics, the class area but also the number of patches, could

be related to the disturbance levels of riparian forests,
conÞrming the importance to take the landscape heter-
ogeneity into account to characterize tsetse habitats.

The combination of the two former analyses (water
area and swampy forest fragmentation) was thus an at-
tempt to subdivide the river section into homogeneous
sections regarding the riverine tsetse ecology in an ex-
plicative way. Actually, it takes into account the natural
variability of a riverine forest along the river course and
its disturbance dynamics under anthropic pressures, re-
sulting into the fragmentation of the forest patches
around the river course.

The good correlation between the model outputs and
the validation data set conÞrm the pertinence of this

Fig. 5. Classes of apparent density by trap by day ofGlossina p. gambiensis andG. tachinoides on the Mouhoun River and
its some tributaries.
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process-based model. It is very interesting to have an
automatic way to obtain these results, and particularly to
beable todiscriminate thecommunity type fromremote
sensing data because it is much more cost-effective than
Þeld surveys and could allow to map riverine tsetse den-
sities throughout West Africa by using data available in
thepublicdomain(NASALandSatOrthorectiÞedImage
Library and HydroSHEDS drainage network). This ap-
proach is particularly interesting to optimize baseline
entomological surveys before control campaigns. How-
ever, the landscape approach (Guerrini and Bouyer
2007) seems more appropriate to map AAT risk because
the seven vegetal units are considered simultaneously
(especially the crops), which allows a better integration
of cattle densities (de la Rocque et al. 2005). An attempt
willbemadetotrytocoupletheformeravailablemodels
of the Programme against African Trypanosomiasis-
Information System to this river-based approach to
predict tsetse spatial patterns more accurately at a
regional scale.
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tropiques 51: 23Ð27.

Bouyer, J., L. Guerrini, J. Cesar, S. De La Rocque, and D.
Cuisance. 2005. A phyto-sociological analysis of the dis-
tribution of riverine tsetse ßies in Burkina Faso. Med. Vet.
Entomol. 19: 372Ð378.

Bouyer, J., L. Guerrini,M.Desquesnes, S. de La Rocque, and
D. Cuisance. 2006. Mapping African animal trypanoso-
mosis risk from the sky. Vet. Res. 37: 633Ð645.

Camara, M., H. Harling Caro-Riaño, S. Ravel, J.-P. Dujardin,
J.-P.Hervouet, T. deMeeüs,M. S. Kagbadouno, J. Bouyer,
and P. Solano. 2006. Genetic and morphometric evi-
dence for isolation of a tsetse (Diptera: Glossinidae)
population (Loos islands, Guinea). J. Med. Entomol. 43:
853Ð860.

Challier, A., and C. Laveissière. 1973. Un nouveau piège pour
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