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a  b  s  t  r a  c t

Effective  soil and water  management  strategies require  regional-scale  assessment of erosion risk in order

to  locate prioritized  area of intervention.  Our  study  focuses  on the  Atacora  mountain  and surrounding

areas  (covering  more  than  18% of the  total  land area of Republic of Benin)  which face a  serious  erosion

threat despite  their  ecological  and  economic importance.  To  appraise  the  level  of soil erosion  risk  of large

area, we rely  on  the  Instituto  Nacional  para la Conservación  de  la Naturaleza  (ICONA)  erosion  model  and

use data  from  geographic information system (GIS).  The erosion risk model  requires  four  main inputs,

namely,  information  on slope,  lithofacies,  land use  and vegetation cover. The slope  layer  computed from

ASTER  digital elevation  model  (DEM)  and the  lithofacies  layer  inferred from  digital pedogeological map

are  combined  to  draw  soil erodibility  map. To  build  soil protection  map,  we use land  use/land  cover

layer  extracted from LANDSAT 7  ETM +  images in addition  to vegetation  cover  layer derived  from  MODIS

NDVI product. The final  erosion  risk map  (with  a  resolution  of 1 arc  second) is obtained by  overlapping

erodibility  and  soil  protection  maps.  We  find  that  21.8%,  58.5%,  and  19.5% of the  study area presents  very

low  to low, medium,  and high to very  high level  of erosion risk, respectively.  Moreover,  our findings

are  aggregated  at  the  district-level  (administrative  unit). We observe that erosion risk is  more  acute

in Boukoumbe district. Kerou, Kobli  and Natitingou districts are mildly  affected  by  erosion risk, while

Kouande, Materi, Pehunco,  Tanguieta and  Toucountouna districts face a low  risk.  Ultimately,  the proposed

erosion risk map  can  help  researchers  and  decision  makers  design  and  implement  effective  soil  and  water

management  interventions  in the  study  area.

© 2016 Elsevier  Ltd. All  rights  reserved.

1. Introduction

Land degradation is  one of the most serious global environmen-
tal issues of our time (Dregne, 1998; Reynolds and Stafford Smith,
2002). Land use activities are among the key drivers of land degra-
dation worldwide. These activities shape the land surface and can
induce substantial changes to natural phenomena (Steffen et al.,
2007). Human activities are at the heart of several environmen-
tal challenges. Actually, Humans dominate, transform and modify
ecosystems (Zika and Erb, 2009)  to their own benefit, yet often at
the expense of the global ecological patterns and processes.

Sound soil and water conservation measures (Bou Kheir et al.,
2006) are needed to mitigate the pervasive and disruptive impact
of land degradation on sustainable natural resource management.
Moussa et al. (2002) and Souchère et al. (2005) argue that a
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spatially distributed assessment of erosion risk is  mandatory
and must be performed before implementing any effective soil
conservation measure. Other authors advocate for the use of  geo-
indicators, which are aggregate and efficient proxies of  surface
processes in the assessment of land degradation (Berger, 1996;
Berger, 1997; Dumanski and Pieri, 2000; Gupta, 2002; Hammond
et al., 1995; Morton, 2002; Zaz and Romshoo, 2012; Zuquette
et al., 2004). Moreover, recent advances in scientific computing,
remote sensing, and GIS technologies enable cheap and fast pro-
cessing of large and complex datasets. This may help alleviate a
major practical challenge inherent in  implementing erosion models
(Merritt et al., 2003), as they are data-intensive and time consum-
ing (Vrieling et al., 2006). However, accessing clean data is a pivotal
issue in Sub-Saharan African countries that often lack of  well-
functioning data collection systems. Interestingly, Van Rompaey
and Govers (2002) show that  when data are scare and/or unreli-
able, simple erosion models provide a more accurate assessment
than complex ones. Complex erosion models are often adequate
for small scale applications, but loose tractability for large scale
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Fig. 1. Location of the study area.

implementations, as pointed out by Kirkby et al. (1996),  Schoorl
et al. (2000),  Yair and Raz-Yassif, (2004),  among others. Moreover,
less data-consuming methods seem more appealing to decision

makers (Renschler and Harbor, 2002). According to Bayramin et al.
(2003); ICONA (1991, 1997); Zaz and Romshoo (2012),  the ICONA
model is  one of the easiest and flexible qualitative methods for
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assessing and mapping soil  erosion risk. This model has been used
by European Union (EU) countries and Mediterranean states (e.g.,
Turkey, Tunisia, Syria, and Egypt), as documented by  Bayramin et al.
(2003).

In Benin, Atacora Mountain chain is of high ecological and bio-
logical value (Adomou, 2005). It has an exclusive vegetation type
(the Synsepalum passargei-Broenadia salicina riparian commu-
nity) and the two Beninese endemics Thunbergia atacorensis and
Ipomoea beninensis (Akoègninou and Lisowski, 2004). Soil fertility
loss, physical and chemical soil degradation are a  few threats iden-
tified by many authors (Adegbidi et al., 1999; Mulder, 2000; Tente
and Sinsin, 2005). Their harmful effects are potentially increased
by steep slope, shallow soil, strong demographic pressures, and
transborder transhumance from Sahelian countries such as Burkina
Faso and Niger (Meurer, 1994). There is a  narrow body of literature
addressing global and detailed estimation of land alteration in  Ata-
cora Mountain. Tente and Sinsin (2005) investigate at the scope of
some hills of Atacora Mountain and find that erosion reduces, on
average, 8.6 cm/  ha/year of the soil thickness. The 2008 “National
Self-assessment of Capacities to Enhance for the Management of
Global Environment” report reveals that Atacora Mountain and its
surrounding areas are characterized by  slight, average and extreme
degradation status (ANCR-GEM et al., 2008). This report is  the most
recent large scale assessment of land degradation in the study area.
Nonetheless, this assessment is  rough and only relies on expert-folk
opinions.

This study aims at evaluating and determining the erosion risk
status of Atacora Mountain and its surrounding areas using GIS and
ICONA model.

2. Study area

The study area covers the department of Atacora, which
accounts for more than 18% of the surface area of Republic of Benin.
The Atacora Mountain range (Fig. 1) skirts this area located in the
West African climatic zone. The region features two  seasons: a  dry
season (November to March) and a  rainy season (April to October)
with a rainfall ranging between 800 and 1000 mm.  Note that the
annual rainfall can reach up  to 1300 mm  due to  the orographic
influences of  the relief. Over the past 35 years, the yearly aver-
age temperature varied from 25.3 ◦C to 30.5 ◦C, while the monthly
relative humidity level lied between 26.8% (dry season) and 80.5%
(wet season).

The region’s topography is  characterized by hillsides with steep
slopes (30–60%), hilltops, plateaus, and valleys. In general, hills are
oriented east or west. East-facing sides are mostly exposed to the
Harmattan, a dry northeast wind that blows from the Sahara Desert
during the dry season (Jenik and Hall, 1966). West-facing sides are
mostly exposed to the West African moist monsoon, a southwest
wind that blows from the Atlantic Ocean (Le Barbe et al., 2002).
Rocky and shallow soils are dominant, whereas sandy and clay soils
with moderate stone content may  be found in  seasonally wet  or
inundated valleys. The combination of ecological factors at these
stations explains the diversity of observed vegetation patterns,
which consists of shrub, tree, and woodland savannas dominated by
Isoberlinia doka, Daniellia oliveri,  Vitex spp., Terminalia glaucescens,
Parinari polyandra,  etc.  (Sieglstetter and Wittig, 2002; Tente and
Sinsin, 2002; Wala, 2005).

Four main ethnic groups (Bètamaribè, Wama, Natemba, and
Gourmantché) dwell in the Atacora chain (Wala, 2005). These
groups interact among themselves and conduct activities that
impact Atacora chain ecosystems. Farming and animal breeding
are the two main activities of local people who also have fishery,
hunt, or small industries as their secondary occupation.

Fig. 2. Steps of the  ICONA.

model source: Bayramin et al. (2003)

3. Methodology

3.1. Modelling approach

The ICONA model is an erosion risk assessment method, which
uses qualitative decision rules and hierarchical organisation of four
main inputs. The mapping of erosion risk  follows a multi-step pro-
cedure (Fig. 2)  where base maps are used to  construct four factorial
maps, namely, a  slope map, a  lithofacies map, a  land use/land cover
map, and a  vegetation cover map. These four factorial maps are
then combined to produce two  thematic maps, i.e., soil erodibil-
ity and soil protection maps. Finally, merging soil erodibility and
protection maps yields the erosion risk map. It worthy to point out
that the ICONA model is a  flexible analytical framework that can
be  easily adapted to account for specific features of the study area
(ICONA, 1997).

3.2. Maps construction

3.2.1. Slope map

The slope layer is generated from ASTER GDEM Version 2 (METI
and NASA, 2011). In addition, five different classes of slope theme
expressed in percentages are constructed in  ArcGis 10.2. These
classes are  defined as flat and gentle 0–3%, medium 3–12%, steep
12–20%, very steep 20–35%, and extreme >35%.

3.2.2. Lithofacies map

The lithofacies map  identifies the different types of  rock or sed-
iment/soil surface on the basis of chemical and physical resistance
of different formations to weathering process (ICONA, 1997). Many
authors base their classification strategy on geological units of  the
study area (Bayramin et al., 2003; Zaz and Romshoo, 2012).  In this
work, we mainly rely on the different type of soils. Actually, soils are
surface material often involved in  erosion processes. Soils also con-
stitute highly valuable resources and pivotal production factors for
the local population. Our classification is  based on the cohesive soil
characteristics of the study area clustered by the K erodibility factor
from the RUSLE equation (Azontonde, 1991; Youssouf et al., 2002).
The pedogeological map  (Dubroeucq and Faure, 1977) is used to
generate the lithofacies map. Table 1 reports the correspondence
between the model-implied classes and the soil types found in the
study area.
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Table  1

Correspondence between soil types and lithofacies classes.

Lithofacies classes (type of

material)

Soil types K Factor

(1a) Non-weathered compact

rock, strongly cemented

conglomerates or soils,

crusts, hard pans (massif,

limestone, highly stony soils,

igneous or eruptive rocks)

Water bodies & Settlement –

(2b)  Fractured and/or medium

weathered cohesive rocks or

soils

Ferralitic soil

Eutrophic brown soils

0.05 < K < 0.07

(3c)  Slightly to medium

compacted sedimentary

rocks (slate, schists,

compacted marls etc.) and

soils

Verti soil

Hydromorphic soil

0.1  < K <  0.2

(4d) Soft, low-resistant or

strongly/deeply weathered

rock (marl, gypsum, clayey

slates, etc.) or soils

Ferruginous soil K ∼ 0.2

(5e) Loose, non-cohesive

sediment/soils and detritic

material

undeveloped mineral soils K >  0.6

3.2.3. Land use/land cover map

The land use/land cover map  drawn in  2006 by the project “BOIS
DE FEU − PHASE II” (National Forest Inventory) is a  key input of the
model. Four LANDSAT 7 ETM+ images acquired in  December and
January (2006) cover the study area. The images are  submitted to  a
supervised classification using maximum likelihood classification
technique implemented in ERDAS IMAGINE (Orekan, 2007). In the
context of image classification, the maximum likelihood method
is a simple and powerful approach that requires precise inputs
(Tehrany et al., 2013; Tehrany et al., 2014). The images are  classi-
fied by selecting accurate polygons as training areas based on field
survey. At least 20 training areas are selected for each land use
class. Next, classification results are imported into ArcGIS ESRI for
enhancement. For instance, one can increase the image’s smooth-
ness by reducing the “salt and pepper” effect. Six Land use classes
including barren land, field and fallow, plantation, savanna, wood-
land, and forest are retained for the ICONA model analysis.

3.2.4. Vegetation cover map

The Normalized Difference Vegetation Index (NDVI) provides
information about the spatial and temporal distribution of veg-
etation “greenness” (or photosynthetic activity) and productivity
(Reed et al., 1994; Tucker et al., 1985), vegetation biomass (Reed
et al., 1994), and the extent of land degradation in various ecosys-
tems (Holm et al., 2003; Thiam, 2003). In the study, we use
the NDVI as a proxy for the vegetation cover. The vegetation
cover represents the fraction of ground covered by  green vege-
tation or the average percent cover of existing vegetation for a
30-m grid cell. NDVI is  retrieved from the MODIS Terra Vegeta-
tion Indices available at https://lpdaac.usgs.gov/products/modis
products table. The MODIS product is a  monthly cloud free, 16-
day vegetation composite product with a resolution of 5600 m. The
NDVI information is  extracted with ERDAS IMAGINE and processed
in ESRI Arc GIS 10.2. A  total of 22 images are obtained covering the
entire year of 2006. The raster calculator module in  ESRI Arc GIS 10.2
is then used to build an image corresponding to the 2006 average
NDVI value. Four intervals of NDVI values are considered for the
analysis: (1) <25%; (2) 25%–50%; (3) 50%–75%; (4) >75% (ICONA,
1997).

3.2.5. Thematic and erosion risk maps

The erodibility map  is generated by overlapping the slope layer
and the lithofacies layer. To this end, we use the erodibility matrix
(slope vs. lithofacies) reported in the first panel (I) of Table 2.  Five (5)
classes are  selected i.e.: (a)  Extreme erosion (EX), (b) high erosion
(EA), (c) medium erosion (EM), (d) low erosion (EB), and (e)  very
low erosion (EN). Thus, the following classification rule is  applied:
a given area has a  low level of erodibility when the slope is low
and soils  are slowly weathered. By contrast, soil erodibility is con-
sidered as extreme when the slope is markedly steep and soils are
quickly weathered.

The second panel (II) in  Table 2 contains the soil protection
matrix constructed by overlapping the land use/land cover and the
vegetation cover. In this case, five clusters are retained: very high
protection (MA), high protection (A), medium protection (M), low
protection (B), and very low protection (MB). The spectrum of  land
use/land cover (except for barren land) ranges from predominantly
open anthropogenic land use type such as field and fallow to  closed
natural land cover type such as forest. Accordingly, the soil protec-
tion is  classified as low when land use is  of open anthropogenic type
and vegetation cover is  low. On  the contrary, soil protection is  high
when land cover is  of natural closed type and vegetation cover is
high. Finally, the erosion risk map  is obtained by overlaying the soil
erodibility map  and the soil protection map. The ICONA erosion risk
matrix given in last panel (III) of Table 2 drives our codification rule.
A  low soil erodibility combined with a  high soil protection entails a
low erosion risk, while a  high soil erodibility combined with a low
soil protection induce a high erosion risk.

4. Results

4.1. Slope map

The map  in  Fig. 3a illustrates the aerial distribution of the various
slope classes. It  is immediately clear that the bulk  of the studied area
(70.2%) has a medium slope, whereas 17.1% of the region features
a  flat to gentle slope. Nearly 12.7% of the study area located on (or
close to) the Atacora mountain hills is characterized by  a  steep to
extreme slope.

4.2. Lithofacies map

The lithofacies map  (Fig. 3b) reveals that 78.3% of the study area
exhibits soft, low-resistant, or strongly/deeply weathered (ferrug-
inous) soils. Moreover, 20.8% of the area has loose, non-cohesive
soils including shallow and undeveloped mineral soils. Overall,
95.3% of the study area presents soil characteristics that are more
or  less highly vulnerable to erosion.

4.3. Erodibility map

The erodibility map  (Fig.  3c) shows that 12.4% of the study
area faces high to extreme level of soil erodibility. For  compari-
son, 20.6% (respectively 67%) of the study area is  affected by  low
(respectively medium) erodibility risk. These findings underscore
the importance of the slope in the determination of soil erodibility.
The steeper the slope, the higher the soil erodibility risk.

4.4. Land use/land cover map

Looking at the land use/land cover map  (Fig. 4a), we  see that
savannas cover the largest portion of the study area (70.9%), fol-
lowed by fields and fallows (16.3%), woodlands (10.8%), and forests
(2%). Plantations, barren lands, settlements, and waters cover 0.3%,
0.3%, and 0.2%, respectively. Note that the land use/land cover map
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Table 2

Decision rule matrices for map  overlapping.

I

Slope classes Litho-facies

1(a) 2(b) 3(c) 4(d) 5(e)

Flat and gentle 0–3% 1(EN) 1(EN) 1(EN) 1(EN) 2(EB)

Medium 3–12% 1(EN) 1(EN) 2(EB) 3(EM) 3(EM)

Steep  12–20% 2(EB) 2(EB) 3(EM) 4(EA) 4(EA)

Very  steep 20–35% 3(EM) 3(EM) 4(EA) 5(EX) 5(EX)

Extreme >35% 4(EA) 4(EA) 5(EX) 5(EX) 5(EX)

II

Land use types Vegetation cover

<25% 25–50% 25–50% >75%

Barren land 5(MB) 5(MB) 5(MB) 4(B)

Fields  & fallows 5(MB) 5(MB) 4(B) 4(B)

Plantation 5(MB) 5(MB) 4(B) 3(M)

Savannas 5(MB) 4(B)  3(M) 2(A)

Woodlands 4(B) 3(M) 2(A) 1(MA)

Forest  3(M) 2(A) 1(MA) 1(MA)

III

Soil protection Soil  erodibility

1(EN) 2(EB) 3(EM) 4(EA) 5(EX)

1(MA) 1 1 1 2 2

2(A)  1 1 2 3 4

3(M)  1 2 3 4 4

4(B)  2 3 3 5 5

5(MB)  2 3 4 5 5

I—(1a) Non-weathered compact rock, strongly cemented conglomerates or soils, crusts, hard  pans (massif, limestone, highly stony soils, igneous or eruptive rocks); (2b)

Fractured and/or medium weathered cohesive rocks or soils; (3c) Slightly to medium compacted sedimentary rocks (slate, schists, compacted marls  etc.) and soils; (4d) Soft,

low-resistant or strongly/deeply weathered rock (marl, gypsum, clayey slates, etc.) or soils; (5e) Loose, non-cohesive sediment/soils and detritic material.

Extreme  erosion (EX), high erosion (EA), medium erosion (EM), low erosion (EB) and very low erosion (EN).

II—Very high protection (MA), high protection (A), medium protection (M), low protection (B) and very low protection (MB).

III—Very high risk (5), high risk (4), medium risk (3), low  risk (2), very low risk (1).

reveals seven (7) distinct classes, but only six classes are consid-
ered for the subsequent analysis. The settlement and water class is
discarded in the construction of soil protection map.

4.5. Vegetation cover map

The vegetation cover map  (Fig. 4b) shows that 66.7% of the study
area has a vegetation cover ranging between 25%-50%. A higher
vegetation cover level (50%-75%) is observed for 33% of the study
area.

4.6. Soil protection map

The map  in  Fig. 3c gives the soil protection map obtained by
combining the land use/land cover map  with the vegetation cover
map. The spatial representation indicates that 7% of the study area
soil is highly protected, 27.2% is mildly protected, whereas 65.6%
has a low level of protection.

4.7. Erosion risk map

The erosion risk map  suggests that 21.8%, 58.5%, and 19.5% of the
study area face very low to low, medium, and high to very high ero-
sion risk, respectively (Fig. 5). Three clusters of erosion risk emerge
from the spatial aggregation of the risk level measured by district
(Table 3):

(1) Areas in Boukoumbe district face high erosion risk. This obser-
vation is driven by  the type of land use (fields and fallows cover

Table 3

Spatial distribution of erosion risk classes at district level.

Erosion risk classes

Districts High + Very high Medium Very low +  Low

Boukoumbe (type 1)  42% 41% 17%

Kerou (type 2)  21% 60% 19%

Kobli (type 2)  37% 42% 21%

Natitingou (type 2) 24% 56% 19%

Kouande (type 3)  19% 61% 20%

Materi (type 3)  22% 53% 25%

Pehunco (type 3)  18% 58% 23%

Tanguieta (type 3)  11% 65% 24%

Toucountouna (type 3) 14% 59% 26%

30% of the district area) and high slope values (steep, very steep,
and extreme slope areas cover 30% of the district surface).

(2) Areas in Kerou, Kobli, and Natitingou districts face high to
medium erosion risk. These areas commonly present a large
coverage of land uses such as fields, fallows, and settlements
but less frequent high slopes.

(3) Areas in Kouande, Materi, Pehunco, Tanguieta, Toucountouna
districts face low to  medium level of erosion threat.

Moreover, we find that 4.8% of the Pendjari National Park’s
area (located inside the study area) faces a very high risk of ero-
sion because of the combination of low soil protection and high
(64.4% of Pendjari park surface) to extreme (35.6% of  Pendjari
park surface) erodibility levels. Into the park, the most widespread
types are: steep slope, ferruginous soil, woodland land use and
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Fig. 3. Maps of slope (a), lithofacies (b), erodibility (c).

25% − 50% vegetation cover (44.9%, 55.3% 84.7%, 96.7% of Pendjari
park surface respectively).

The erosion risk distribution by land use types shows that natu-
ral vegetation such as savannas, woodlands and forests have 11.7%,
16.3%, and 0.9% of their corresponding coverage areas facing high
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Fig. 4. Maps of land use/land cover (a), vegetation cover (b) (% vegetation cover stands for fraction of ground covered by green vegetation), soil protection (c).

to  very high erosion risk. At  the same time, the anthropogenic
land use types reveal that  44.7% of plantations, and 56.4% of fields
and fallows are under high to  very high erosion risk. When we

turn  our attention to the erosion risk  distribution by  slope levels
(Fig.  6), we notice that flat (respectively gentle) slope areas have
23% (respectively 73%) of their corresponding surface under very
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Fig. 5. Erosion risk map  (two column).

low (respectively low) erosion risk. Moreover, medium slope areas
present medium (respectively high) erosion risk on 81% (respec-
tively 12%) of their corresponding surface and steep (respectively

very  steep and extreme) slope areas present 87%, (respectively 99
and 100%) of corresponding coverage areas under high and very
high erosion risk. We also notice that the coverage areas of field
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Fig. 6. Distribution of the ICONA erosion classes on  different slope classes.

Fig. 7.  Distribution of the land use types on  different slope classes.

and  fallows decrease from flat and gentle slope area (15%) to  very
steep part of the study area (1.4%) and natural vegetation like wood-
land showed an increase of its cover from 8.3% on  flat and gentle
area to 31.8% on very steep area (Fig. 7).

5. Discussion

We  find and document that 17% of the natural vegetative cover
(savannas, woodlands, and forests) face high to  very high erosion
risk. Analogously, more than 40% of the surface cover by various
anthropogenic land uses (plantations, fields, and fallows) is  under
high to very high erosion threat. The distribution of erosion risk
classes by land use types confirms the positive impact of existing
natural vegetation on erosion risk. This evidence is  in line with pre-
vious studies carried out in China (Luo et al., 2014) and Nigeria
(Oruk et al., 2012), documenting that  areas with lower vegetation
cover suffer from greater soil erosion. Moreover, in mountainous
and hilly regions with fragile ecosystems (Wolka et al., 2015) sim-
ilar to our study area, soil erosion levels and patterns are  very
sensitive to the type of in-situ land cover (Cebecauer and Hofierka,
2008; Stanchi et al., 2013). For instance, Schiettecatte et al. (2008)
report that land degradation and soil loss increases from forests to
cultivated lands.

Our results also imply that areas with flat, gentle or medium
slope experience very low to medium erosion risk, consistent with
the evidence reported in Morocco by Gaatib and Larabi (2014) and
in Ethiopia by Wolka et al. (2015).  We further notice that  steeper

parts (hills of Atacora Mountain chain) of our study area charac-
terized by a  high erosion risk, are less disturbed by agricultural
activities than lower slope parts. Fields and fallows cover decreases
from flat and gentle to steep and very steep parts of  the study
area, while woodlands cover increases. These findings are in  accor-
dance with the work of (Okou et al., 2014)  who argue that  higher
slope constitutes a  natural protection against land degradation in
this region. A research conducted inside and around Bukit Barisan
Selatan National Park located on the Indonesian island of  Sumatra
leads to  a  similar conclusion: conversion to arable land of lowland
forests often located on gentle slopes is much higher and faster than
that of hill forests commonly found on steep slope areas Kinnaird
et al. (2003).  Nevertheless, increasing demographic pressures and
land demand for agricultural activities threaten the conservation of
montane ecosystems as well. According to Wolka et al. (2015),  the
combination of steep slope, low vegetation cover, along with ero-
sive rainfall or extreme weather situations, induces a non-tolerable
soil erosion problem. Therefore, erosion risk mitigation strategies
in  the study area should focus on the protection of steep slope areas.
In Pendjari National Park, the combination of steep slope, ferrug-
inous soil (sensitive to  erosion) and low vegetation cover appears
to  be a critical driver of high erosion risk. Thus, planting trees on
steep slope areas seems clearly adequate and beneficial, as it will
stabilize the land and significantly reduce soil loss.

The validation of the erosion risk map  is also an important aspect
of the proposed analysis. This can be achieved through a  quantita-
tive assessment such as the execution of erosion measurements
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(Stroosnijder, 2003). Alternatively, one may  rely on quantitative
surveys such as repetitive measurements of rill volumes (Bewket
and Sterk, 2003). Note that the implementation of these valida-
tion techniques in order to get reliable data on erosion processes
is labour intensive and time consuming. Thus, it is very difficult in
practice to perform a large scale quantitative validation of the ero-
sion risk map. From a  practical perspective, an appealing alternative
is to conduct a qualitative validation of regional erosion maps, as
advocated by (Vrieling et al., 2006). In this work, the validation is
done by comparing the erosion risk map  to  a  land degradation sta-
tus map. A 2008 “National Self-assessment of Capacities to Enhance
for the Management of Global Environment” project report con-
tains a qualitative assessment of the study area degradation status
based on expert-folk opinions. In  that  report, each district was  clas-
sified and mapped according to the most widespread degradation
status, i.e., slight, average and extreme degradation (ANCR-GEM
et al., 2008). In our erosion risk map, very high and high erosion
risk levels are merged into a single class corresponding to  extreme
degradation status, while very low and low erosion risk levels are
merged into a class corresponding to slight degradation status.
These two maps are then submitted to  cross tabulation analysis
into IDRISI Selva software. They show a fair intensity of association
(Cramer’s V index = 0.6) and a low level  of correspondence, as evi-
denced by an overall kappa index of 0.37. Note that in our  study, we
use districts as base units for comparing degradation status map,
whereas the comparison units for erosion risk  map  are pixels with a
resolution of 1 arc second. This discrepancy could explain the weak
correspondence between these two maps. As mentioned earlier,
the validation of erosion risk maps for large areas is a  challenging
task. This may  explain why articles on erosion risk  tend to  skip the
validation step (Jürgens and Fander, 1993; Li et al., 2006; Lu et al.,
2004; Reusing et al., 2000; Shrimali et al., 2001; Vaidyanathan et al.,
2002). In our study, the vegetation cover map  is  extracted from the
NDVI MODIS product that has a low resolution of 5600 m.  Recall
that vegetation cover is  a  key driver of erosion patterns, as shown
in various studies on regional erosion assessment for mountain-
ous regions (Bou Kheir et al., 2006; Okoth, 2003; Okou et al., 2014;
Vrieling et al., 2006). The (low) resolution of the vegetation cover
map  used in our model seems to  be insufficient to accurately esti-
mate the local vegetation cover variation, thus reducing the erosion
risk map  precision.

The erosion risk  map  can be updated as new observations
become available. In the context of paucity of available data, the
ICONA model is a  reliable framework for the assessment of erosion
risk (Bayramin et al., 2003; ICONA, 1991, 1997; Zaz and Romshoo,
2012). The ICONA model is flexible, as it allows for an effective
adjustment of decision rule matrices to  meet specific conditions
in each country or region (ICONA, 1997). In the same vein, one
must view our findings as guidelines for designing efficient soil and
water conservation policies. Indeed, each type of area requires the
implementation of targeted resource (soil and water) management
measures. Type (1) areas, namely the district of Boukoumbe, should
be prioritized when implementing compensation and conservation
measures. The institutions conducting soil  and water conservation
strategies should focus their limited financial and human resources
and efforts on small areas (Vrieling et al., 2006). The erosion-risk
map  offers information on the location of problematic areas and
suggests where immediate erosion mitigating interventions should
be carried out. In that regard, the proposed erosion risk  map  extends
the set of tools that could be  used by  scientists and decision makers
in Benin.

6. Conclusion

This study highlights the analytical value of embedding Geo-
graphic Information System (GIS) data into the ICONA model to
better-assess potential erosion risk in  a  large region including the
Atacora Mountain range. The model includes erosion factors such
as slope, soil properties, land use/land cover, and vegetation cover.
Decision rules take into account expert knowledge on erosion pro-
cesses. The resulting erosion risk map  allows to identify areas
experiencing a high risk  of erosion. The bottom-up nature of this
study paves the way for future research on small-scale to  global
erosion risk measurement in  the area. Targeted and cost-effective
soil  conservation policies will also greatly benefit from our findings.
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Bayramin, İ.,  Dengiz, O., Baş kan, O., Parlak, M.,  2003. Soil erosion risk assessment
with ICONA model; case study: Beypazarı area. Turk. J. Agric. For. 27, 105–116.

Berger, A.R., 1996. Geoindicators: Assessing Rapid Environmental Changes in Earth
Systems. Balkema, Rotterdam (u.a.).

Berger, A.R., 1997. Assessing rapid environmental change using geoindicators.
Environ. Geol. 32, 36–44.

Bewket, W.,  Sterk, G., 2003. Assessment of soil erosion in  cultivated fields using a
survey methodology for rills in the Chemoga watershed Ethiopia.Agriculture.
Ecosyst. Environ. 97, 81–93.

Bou Kheir, R., Cerdan, O., Abdallah, C., 2006. Regional soil erosion risk mapping in
Lebanon. Geomorphology 82, 347–359.

Cebecauer, T., Hofierka, J., 2008.  The consequences of land-cover changes on  soil
erosion distribution in Slovakia. Geomorphology 98, 187–198.

Dregne, H.E., 1998. Desertification assessment. In: Lal, R., Blum, W.H., Valentine, C.,
Stewart, B.A. (Eds.), Method of Assessment for Soil Degradation. CRC, New
York,  pp. 441–458.

Dubroeucq D.,  Faure P.,  1977. Notice Explicative, Carte pédologique de
Reconnaissance de la République Populaire du Bénin à  1/200.000, Benin.

Dumanski, J., Pieri, C., 2000. Land quality indicators: research plan. Agric. Ecosyst.
Environ. 81, 93–102.

Gaatib, R., Larabi, A., 2014. Integrated evaluation of soil erosion hazard and risk
management in the Oued Beht watershed using remote sensing and GIS
techniques: impacts on  El Kansra Dam Siltation (Morocco). J. Geogr. Inf.  Syst. 6,
677–689.

Gupta, A., 2002. Geoindicators for tropical urbanization. Environ. Geol. 42,
736–742.

Hammond, A.L., Adriaanse, A., Rodenburg, E., Bryant, D.,  Woodwar, R., 1995.
Environmental Indicators: a Systematic Approach to  Measuring and Reporting
on  Environmental Policy Performance in the Context of Sustainable
Development. WRI, Washington, DC.

Holm, A.M., Cridland, S.W., Roderick, M.L., 2003. The use of time-integrated NOAA
NDVI data and rainfall to assess landscape degradation in the arid shrubland of
Western Australia. Remote Sens. Environ. 85, 145–158.

ICONA, 1991. Plan Nacional De Restauracion Hidrologico—Forestal Para El  Control
De La  Erosion. Ministrio de Agricultura, Pescay Alimentacion, Madrid.

https://sina-pub.ir


F.A.Y. Okou et al. /  Land Use Policy 56  (2016) 27–37 37

ICONA, 1997. Guidelines for Mapping and Measurement of Rainfall-induced
Erosion Processes in the Mediterranean Coastal Areas. Priority action
programme regional activity Centre, Split, Croatia.

Jürgens, C., Fander, M.,  1993. Soil  erosion assessment and simulation by means of
SGEOS and ancillary digital data.  Int. J. Remote Sens. Environ. 14, 2847–2855.

Jenik, J., Hall, J.B., 1966. The ecological effect of the Harmattan wind in the Djebobo
massif (Togo Mountains, Ghana). J.  Ecol. 54, 767–779.

Kinnaird, M.F., Sanderson, E.W., O’Brien, T.G., Wibisono, H.T., Woolmer, G., 2003.
Deforestation trends in a  tropical landscape and implications for endangered
large mammals. Conser. Biol. 17, 245–257.

Kirkby, M.J., Imeson, A.C., Bergkamp, G., Cammeraat, L.H., 1996. Scaling up
processes and models from the field plot to  the watershed and regional areas.
J. Soil Water Conserv. 51, 391–396.

Le Barbe, L., Lebel, T., Tapsoba, D., 2002. Rainfall variability in West Africa during
the  years 1950–90. J.  Clim. 15.

Li, X.R., Jia, X.H., Dong, G.R., 2006. Influence of desertification on  vegetation pattern
variations in the cold semi-arid grasslands of Qinghai-Tibet Plateau,
North-west China. J.  Arid Environ. 64, 505–522.

Lu, D., Li, G., Valladares, G., Batistella, M., 2004. Mapping soil erosion risk: in
Rondonia, Brazilian Amazonia: using RULSE, remote sensing and GIS.  Land
Degrad. Dev. 15, 499–512.

Luo, Z., Deng, L., Yan, C., 2014. Soil  erosion under different plant cover types and its
influencing factors in Napahai Catchment, Shangri-La County, Yunnan
Province, China. Int. J.  Sustain. Dev. World Ecol.

METI NASA, 2011. Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) Global Digital Elevation Model Version 2  (GDEM V2).
NASA  EOSDIS Land Processes DAAC, USGS Earth Resources Observation and
Science (EROS) Center, Sioux Falls, South Dakota/Japan Space Systems, an
implementing agency for ASTER Science Project and ASTER GDS Project.

Merritt, W.S., Letcher, R.A., Jakeman, A.J., 2003. A review of erosion and sediment
transport models. Environ. Model. Softw. 18, 761–799.

Meurer M.,  1994. Etude sur le potentiel d’herbage dans les savanes du nord-ouest
du  Bénin, Agriculture + Développement Rural 1 (1/94), 37–41.

Morton, R., 2002. Coastal geoindicators of environmental change in the humid
tropics. Environ. Geol. 42, 711–724.

Moussa, R., Voltz, M., Andrieux, P., 2002. Effects of the spatial organization of
agricultural management on  the hydrological behaviour of a  farmed
catchment during flood events. Hydrol. Process. 16, 393–412.

Mulder, I., 2000. Soil Degradation in Benin: Farmers’ Perceptions and Responses.
Thela Thesis, Amsterdam.

Okoth, P.F., 2003. A Hierarchical Method for Soil  Erosion Assessment and Spatial
Risk Modelling: a  Case Study of Kiambu District in Kenya. Wageningen
University, Wageningen, pp. p213.

Okou, F.A.Y., Assogbadjo, A.E., Bachmann, Y., Sinsin, B., 2014. Ecological factors
influencing physical soil degradation in the Atacora Mountain chain in Benin:
West Africa. Mt.  Res. Dev. 34, 157–166.

Orekan V.O.A., 2007. Exécution d’un Inventaire Forestier National (IFN), Traitement
et  analyse des données LANDSAT 7 ETM+, Elaboration de la  carte  forestière,
Projet Bois de Feu II,  p.  61.

Oruk,  E.O., Eric, N.J., Ogogo, A.U., 2012. Influence of soil textural properties and
land  use cover type on soil erosion of a characteristic ultisols in Betem, Cross
River Sate, Nigeria. J. Sustain. Dev. 5.

Reed, B.C., Brown, J.F., VanderZee, D., Loveland, T.R., Merchant, J.W., Ohlen, D.O.,
1994. Measuring phenological variability from satellite imagery. J.  Veg. Sci. 5,
703–714.

Renschler, C.S., Harbor, J., 2002. Soil  erosion assessment tools from point to
regional scales—the role of geomorphologists in land management research
and implementation. Geomorphology (Amsterdam) 47, 189–209.

Reusing, M.,  Schneider, T., Ammer, U., 2000. Modelling soil loss rates in the
Ethiopian Highlands by integration of high resolution
MOMS-02102-stereo-data in a  GIS. Int. J.  Remote Sens. Environ. 21, 1885–1896.

Reynolds, J.F., Stafford Smith, M.,  2002. Global desertification: do humans create
deserts? In: Reynolds, J.F.,  Stanfford-Smith, M.  (Eds.), Do Humans Create
Deserts? Dahlem University Press, Berlin, pp. 1–22.

Schiettecatte, W.,  D’hondt, L., Cornelis, W.M.,  Acosta, M.L., Leal, Z., Lauwers, N.,
Almoza, Y., Alonso, G.R., Díaz, J., Ruíz, M.,  Gabriels, D., 2008. Influence of land
use  on soil erosion risk in the  Cuyaguateje watershed (Cuba). Catena 74.

Schoorl, J.M., Sonneveld, M.P.W., Veldkamp, A., 2000. Three-dimensional landscape
process modelling: the effect  of DEM resolution. Earth Surf. Process. Landf. 25,
1025–1034.

Shrimali, S.S., Aggarwal, S.P., Samra, J.S., 2001. Prioritizing erosion-prone areas  in
hills  using remote sensing and GIS-a case study of the Sukhna Lake catchment,
Northern India. Int. J. Appl. Earth Obs. Geoinf. 3, 54–60.

Sieglstetter R., Wittig R., 2002. L’utilisation des ligneux sauvages et son effet sur la
végétation de la région d’Atakora (Bénin nord-occidental), Etudes flor. Vég.
Burkina Faso 7, 23–30.

Souchère, V., Cerdan, O., Dubreuil, N., Le  Bissonnais, Y., King, C., 2005. Modelling
the impact of agri-environmental scenarios on  overland flow  in a cultivated
catchment (Normandy, France). Catena 61, 229–240.

Stanchi, S., Freppaz, M., Godone, D.,  Zanini, E., 2013. Assessing the susceptibility of
alpine soils to erosion using soil physical and site indicators. Soil Use  Manag.
29, 586–596.

Steffen, W.,  Crutzen, P.J., McNeill, J.R., 2007. The Anthropocene: are humans now
over-whelming the  great forces of nature. AMBIO 36, 614–621.

Stroosnijder, L., 2003. Technologies for improving green water use efficiency in
West  Africa. In:  Water Conservation Technologies for Sustainable Dryland
Agriculture in Sub-Saharan Africa Symposium and Workshop, Bloemfontein,
South Africa.

Tehrany, M.S., Pradhan, B., Jebur, M.N., 2013. Remote sensing data reveals
eco-environmental changes in urban areas of Klang Valley, Malaysia:
contribution from object based analysis. J.  Indian Soc. Remote Sens. 41,
981–991.

Tehrany, M.S., Pradhan, B., Jebuv, M.N., 2014. A comparative assessment between
object and pixel-based classification approaches for land use/land cover
mapping  using SPOT 5 imagery. Geocarto Int. 29, 351–369.

Tente B., Sinsin B., 2002. Diversité et structure des formations arborescentes du
secteur  Perma-Toucountouna dans la  chaîne de l’Atacora (Bénin), Etudes flor.
Vég. Burkina Faso, 6  31–42.

Tente B., Sinsin B., 2005. Recherche sur les facteurs de la  diversité floristique des
versants du  massif de l’Atacora: Secteur Perma-Toucountouna (Bénin), Ecole
Pluridisciplinaire Espaces, Cultures et Développement. Université
d’Abomey-Calavi, Abomey-Calavi, p. 252.

Thiam, A.K., 2003. The causes and spatial pattern of land degradation risk in
southern Mauritania using multitemporal AVHRR-NDVI imagery and field
data. Land Degradation &  Development 14, 133–142.

Tucker, C.J., Townshend, J.R.G., Goff,  T.E.,  1985. African land-Cover classification
using satellite data.  Science 227, 369–375.

Vaidyanathan, N.S., Sharma, G., Sinha, R., Dikshit, O., 2002. Mapping of erosion
intensity in  the Garhwal Himalaya. Int. J. Remote Sens. 23, 4125–4129.

Van Rompaey, A.J.J., Govers, G., 2002. Data quality and model complexity for
regional scale soil erosion prediction. Geomorphology 16, 663–680.

Vrieling, A., Sterk, G., Vigiak, O., 2006. Spatial evaluation of soil erosion risk in the
West Usambara Mountains, Tanzania. Land Degrad. Dev. 17, 301–319.

Wala, K.,  2005. La  Végétation de la  Chaîne de l’Atacora au Benin: Diversité
Floristique, Phytosociologique Et Impact Humain. Faculté des Sciences,
Université de Lomé, Lomé, Togo, pp. 138.

Wolka, K., Tadesse, H., Garedew, E., Yimer, F., 2015. Soil erosion risk assessment in
the Chaleleka wetland watershed, Central Rift Valley of Ethiopia. Environ. Syst.
Res. 4,  1–12.

Yair, A., Raz-Yassif, N., 2004.  Hydrological processes in  a  small arid catchment:
scale effects of rainfall and slope length. Geomorphology 61, 155–169.

Youssouf I., Lawani M.,  A.G.L., 2002. Sous-Comite Ouest et Centre Africain de
Correlation des Sols pour la Mise en  Valeur des Terres, R.,  Abomey (Benin) 9–13
Oct 2000, Les sols  beninois: classification dans la  Base de reference mondiale.

Zaz, S., Romshoo, S.,  2012. Assessing the geoindicators of land degradation in the
Kashmir Himalayan region India. Nat. Hazards 64, 1219–1245.

Zika, M.,  Erb, K.-H., 2009. The global loss of net primary production resulting from
human-induced soil degradation in drylands. Ecol. Econ. 69, 310–318.

Zuquette, L.V., Pejon, O.J., Collares, J.Q., 2004. Land degradation assessment based
on  environmental geoindicators in the Fortaleza metropolitan region, state of
Ceará, Brazil. Environ. Geol. 45, 408–425.

https://sina-pub.ir

