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ABSTRACT

Land degradation is a gradual, negative environmental process that is accelerated by human activities. Its gradual nature allows degradation to
proceed unnoticed, thus reducing the likelihood of appropriate and timely control action. Presently, there are few practical frameworks to help
countries design national strategies and policies for its control. The study presented here developed a framework for the national assessment of
land degradation. This framework is envisaged to support governments in formulating policies on land degradation. It uses time-series remote
sensing data to identify the rate and extent of land degradation, local experts to identify prevalent degradation types and drivers of the degradation
and field observations to validate the overall assessment. Its simplicity, use of freely downloadable input data and self-triangulation of the assess-
ment methods make it suitable for rapid assessment of land degradation on a national scale. It was tested in Somalia, where it exhibited accuracy
greater than 60 per cent when assessing land degradation. This framework is relevant for designing national strategies and policies that address
land degradation and provides an opportunity for accurate identification of areas to target with comprehensive local assessment. Testing of the
framework in Somalia showed that about one-third of the country was degraded because of loss of vegetation cover, topsoil loss and to the
decline of soil moisture. Overgrazing, excessive tree cutting and poor agronomic practices in agricultural areas were identified as the primary
drivers of the country’s land degradation. These drivers are encouraged by the prevailing communal land tenure practices, poor governance
and civil war. Copyright © 2011 John Wiley & Sons, Ltd.
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INTRODUCTION develops observable features as it advances. This gradual na-
ture makes it to progress unnoticed in many parts of the world
until the degradation is quite advanced. Consequently,
attempts to control land degradation have been undertaken
when the degradation is advanced and is relatively expensive
and cumbersome to manage. Sometimes, the attempts fail to
control land degradation. These difficulties explain, in part,
why the degradation continues to be a global challenge
(Dregne, 2002; Nachtergaele and Licona-Manzur, 2006).
Other factors, such as a lack of policies and guidelines for
combating land degradation, also contribute to its worldwide
spread (Stefano, 1999; Bai et al., 2008). There are several
countries without clear policies in addressing land degrada-
tion (Eklund, 1991; Lestrelin and Giordano, 2006; Lestrelin,
2010). They lack national strategies for control of land
degradation and guidelines for protecting non-degraded areas
from degradation. Research is therefore needed to support
these countries in their development of national strategies
for combating and monitoring land degradation.

There are various methods in the literature for assessing
_— different stages of land degradation at different spatial and
*Correspondence to: C. T. Omuto, Department of Environmental and temporal scales. Expert opinions and field measurements

Land degradation is a negative environmental process that has
been defined and viewed in many different ways by different
researchers. Some have defined it as a general reduction of the
(agricultural) productive potential of land (Foster, 2006) or as
a long-term decline in ecosystem functions (Bai et al., 2008).
Others describe it as a general term describing how land
resources have negatively changed because of human activi-
ties over time (UNEP, 1992; Stocking and Murnaghan,
2001). Land degradation has also been defined as a form of
land cover modification because of human impacts under
climatic variations (Diouf and Lambin, 2001). Despite these
differences in specific terms, there is a general agreement on
the features of land degradation: it causes a decline of the land
resources’ capacity to perform their functions (e.g. production
of energy and food, filtration of water and air, supplying hab-
itat, etc.); it is a gradual, negative environmental process; and
it is accelerated by negative human activities. Land degrada-
tion, in most cases, begins with subtle characteristics and later
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Nairgbi Kenyafg £ Y of degradation are examples of methods that can be used
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Stocking and Murnaghan, 2001; Sonneveld, 2003; Thiam,
2005). These methods target advanced degradation because,
at this stage, the degradation has manifested features that are
easily identified. The expert opinion approach is often
applied at coarse spatial scales, and measurements of ob-
servable degradation features in the field are carried out at
the local level. Application of these approaches has recently
been improved by the use of remote sensing (Wessels ef al.,
2007; Bai et al., 2008; Gao and Liu, 2008; Metternicht et al.,
2009). Remote sensing has a higher spectral resolution than
the human eye for detecting some degradation features.
Moreover, it can be implemented at multiple spatial and
temporal scales, which allows it to detect the changing char-
acteristics of land degradation that are not easily determined
by expert opinion and field measurements. There are also lit-
erature reports of land degradation assessment methods that
can detect early stages of the degradation. Such assessments
include temporally repeated laboratory analysis of soil and
plant properties and modelling of soil and vegetation degra-
dation (Diouf and Lambin, 2001; Shepherd e al., 2003;
Symeonakis and Drake, 2004; Omuto, 2008). Although
these assessments have been reported to be accurate in
detecting incipient degradation characteristics, they still
have certain application challenges. These challenges in-
clude a lack of simplicity for the end-users, a high demand
for the input data, a low repeatability in independent areas
and a loss of accuracy at large assessment scales (Omuto,
2008). The literature also reports another group of assess-
ment methods that use time-series crop productivity trends

(Lal et al., 1998; Dregne, 2002). Here, the approach is based
on observing the time-series trends of crop productivity
against changing land degradation characteristics. However,
the method is least favoured because of a lack of clear
linkage between crop productivity and land degradation
(Lal et al., 1998). The use of net primary productivity indica-
tors obtained via remote sensing is a recent attempt to improve
this linkage (Wessels et al., 2008; Prince et al., 2009).

The existing methods for land degradation assessment
have various characteristics that make them suitable for spe-
cific applications. Individual methods can still be combined
to maximize their strengths to support countries that need
help in developing national strategies for controlling land
degradation. The objective of this study was to integrate
some of the above methods for assessing land degradation
at the national scale to produce a versatile framework for
assessing national land degradation. The methods tested
were expert opinion for identification of potential drivers
of land degradation and remote sensing application to
determine the extent and rate of land degradation.

STUDY AREA

The proposed national framework for land degradation
assessment was tested in Somalia. The Country is in the
Greater Horn of Africa and lies between the latitudes of
1" 27'12"S and 11°39'12”N and between the longitudes of
40°38'48” and 51°16'24” E. The Country covers
636240km? (Figure 1). It is a typical dryland country with
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Figure 1. Study area.
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low mean annual rainfall (about 282 mm) and arid-land types
of soil (e.g. Gypsisols, Calcisols, Arenosols and Leptosols)
(WRB, 2006; Omuto et al., 2009). Its vegetation is dominated
by many species of grass, forbs and Acacia and Commiphora
spp. in areas where the mean annual rainfall is less than
300 mm. Broadleaved deciduous trees dominate areas where
the mean annual rainfall is greater than 300 mm (Figure 1).

In terms of land degradation, the country has experienced
varying trends of degradation during the past few decades
because of several factors. Inappropriate policies and their
implementation are examples of such factors. Between 1890
and 1960, the colonial governments in Somalia introduced
legislation that marked some parts of northwest Somalia for
crop cultivation. The colonial governments later altered the
land ownership rights in these areas from communal to individ-
ual ownership (Samatar, 1989). Although the legislation was
meant to boost food production, it later triggered land degrada-
tion in the area, because it was not supported with the requisite
agricultural extension services. After the colonial governments,
the successive governments did not properly enforce the legis-
lation. This lack of enforcement encouraged neighbouring
communities to start crop production gradually. By the mid-
1980s, evidence of land degradation (e.g. loss of vegetation
and topsoil loss) started emerging because of poor cropland
management and agricultural extensification (Samatar, 1989;
Omuto and Vargas, 2009).

The charcoal trade is another factor that has contributed
to land degradation in Somalia, and it is one of the coun-
try’s traditional economic activities (Samatar, 1989;
Oduori et al., 2007). Before 1990, charcoal trade was reg-
ulated by the central government through acts of parlia-
ment and through co-operative societies. However, these
controls ended with the collapse of the central government
in the early 1990s. Presently, many tree species have been
lost because of the charcoal trade (Oduori et al., 2007).

Socio-political upheaval is another driver of land degrada-
tion in Somalia. It has caused instability in the central govern-
ment and a subsequent loss of focus in policy formulation and
implementation with regard to land degradation. In addition,
it has contributed to the destruction of previously built soil
and water conservation structures. The damaged structures
were physically destroyed by either war or abandonment.
Consequently, they no longer control land degradation and
can contribute to downstream gully erosion in some locations
(Omuto et al., 2009).

MATERIALS AND METHODS

Data

Data sources

The data used in this study consisted of time-series Advanced
Very High Rediometric resolution (AVHRR) normalized dif-
ference vegetation index (NDVI) images, time-series rainfall
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amounts, maps of land cover and land use systems (LUS), a
digital elevation model (DEM), expert opinion on land degra-
dation and field observations of land degradation features.

NDVI is a remote sensing index of green vegetation biomass.
The time-series data used in this study was comprised of 10-day
composite maximum AVHRR NDVI images from January
1982 to December 2009. The images had a spatial resolution
of 8km and were downloaded from http://earlywarning.usgs.
gov/adds/datatheme.php on 8 March 2010. The time-series rain-
fall data were obtained from FAO-SWALIM (www.faoswalim.
org). These data consisted of monthly rainfall amounts from
January 1982 to December 1990 and from January 2003 to
December 2009 for 52 weather stations in the Country. The
gap between 1991 and 2002 was caused by the socio-political
upheaval in the Country during this period (Muchiri, 2007).

The land cover map was a map of dominant vegetation
types in the Country. It was obtained from AFRICOVER
(www.africover.org, accessed on 12 March 2009) and
contained 39 vegetation types mapped at the scale of
1:200000. The map was the only available comprehensive
and high-resolution land cover map for the Country at the
time of this study. In addition, the majority of its land cover
classes compared well with the available georeferenced
photographs taken by AFRICOVER (www.africover.org) in
1997 and by FAO-SWALIM (Oduori et al., 2007) in 2006.
LUS map was an integral map of land cover and land use
characteristics in Somalia (Nachtergaele and Petri, 2008;
Omuto et al., 2009). The map was downloaded from www.
faoswalim.org on 7 February 2010. It contained 70 units of
the land use systems in the Country (Table I). The LUS units
were used to incorporate the land use and land cover charac-
teristics, which are the major input factors affecting land deg-
radation in Somalia. They were also the smallest homogeneous
areas for collecting expert opinion on land degradation.

The DEM is an elevation image of Somalia. It has a
pixel resolution of 90 m and was downloaded from http://
srtm.usgs.gov on 15 August 2008. The expert opinions on
land degradation were collected from 52 Somali land-resource
experts with local knowledge of Somalia’s natural resources
dynamics. Five experts were from the Ministry of Livestock,
Agriculture and Environment in the Transitional Federal
Government of Somalia and three from Somaliland. Twenty-
five experts were from local non-governmental organizations
(NGO), 14 from international NGOs in Somalia and eight
were local land users. Altogether, they provided information
about the prevalent types and driving forces of land degrada-
tion in each LUS unit. They were aided by simple entry forms
like those shown in Table IL

To facilitate efficient gathering of the expert opinions on
land degradation, the country was divided into three regions:
northwest, northeast, and central and southern Somalia.
Northwest region (covering about 150000km?) had 14
experts, northeast (covering about 100000 kmz) had 11,

LAND DEGRADATION & DEVELOPMENT, (2011)


http://earlywarning.usgs.gov/adds/datatheme.php
http://earlywarning.usgs.gov/adds/datatheme.php
http://www.faoswalim.org
http://www.faoswalim.org
http://www.africover.org
http://www.faoswalim.org
http://www.faoswalim.org
http://srtm.usgs.gov
http://srtm.usgs.gov

C. T. OMUTO ET AL.

Table I. Description of units in the land use systems map for Somalia

Pasioralnm (low devsity) ia comial plun'dunes: sheep poats/'came s

Trrigated FieldvShrublands

Ranfed Imgated Apropastoral: cereals vepetables canle'sheep goan
Ranfed Irmgated Agropastoral: cerealy vegetables'camel igoats

Imgased Agropassond m Boodpluns: cereals/ frms vegenables/'canle

Temparary water badies
Flood recessson fanming

Rainfed Crop FieldvTrrigated feldsShrubland
Agropasional (high denuty of fields): sorghum 'masze sheep goatsicamle

Mangroves
Wood colleciron

Shrubland Rainfed Crop Fields

Agropavtoral {mednm demsaty of fields): mare ' conpea'mllet'catt'e goan

Agropavteral (low demsaty of ficlds) wood collection: sorphum vepetables camely'sheep goats
Agropavioral (mednan denssity of fields). sorghum/'canle/'sheep goats'camels

Agropastonal (low demuaty of felds): sorghum/'conwpea cantle goans

Shrabland Rainfed Crop Fields Trrigated flelds

Agropasioral (median density of fields): sorghum masze sheep goan'canle
Agropastoral (mednmn densuty of fields) with umgated fields arcund togas: vepetable: fnun theep goats

Woodland Rainfed Crop Fieldo Trrigated Fields

Agropavioral (lugh denauty of Felds): sorghuam cartle goats

Sparse Vegetation

Pastoralism (medies density)'Oass farmung: sheep/goats camels'canle

Pastoralism (low demuiry) in coastal plun'dunes: sheep 'poats ‘camels

Pastoralssm (hegh denury): sheep goats camels

Pavioralism (hegh densry) with scaticred casis fxrmang: sheep poas/camels horves
Pastoralam (low densary): sheep goats camels canle

Pastoralism (medinm demsaty). sheep ' poats'camels ' canle

Pastoralum (hegh denuny) in coastal plan/dunes: sheep/'cattle goan

Pastoralusm (low densary) wath scartered oass famung i a gypsaferons serface: sheep poats'camels/'canle
Pastoralism (medien demsiry) wood collecnon in coastal plun/'dures: sheep poats'camels

Rainfed Crop Fields

Agropastoral (medrmm denury of fields) 1 stabilized sand dune: conwpea‘casava’iheep poats ' canle ‘camels
Agropasioral (medsnum denaity of fields) sorghum'masze sheep goats'camels honey produchon
Agro-pastoralivm (mednam denty) guam and resans extraction: camels'sheep/goaty/cattle
Apgropastoral (high ceaniry of fields): sorghum canle ' goas

Agropavton] (mednm densty of fields): sorghum/'canle sheep/goats camels

Graviland

Fraskancense Oasis. Famung Pastorabim (low densety of fields) incoastal footilope: goats
Pastoralism (low densary) in coastal plans: sheep/goaty/'camels

Pastoralism (hagh densary): sheep/poar/'camels

Pastoralusm (hagh dessany)with scattered oaiss famung: sheep/goatsicamels

Pastoralism (low demsary). sheep goats/'camels

Pastoralism (low denury) Quarmnes in a rocky surface: theep/goars camels

Land cover/land wse Land cover/land wie
Bare land Water
Pastoralicm (bow dersiry): sheep 'goat/camels Fidhang Waodland

Agropassoral (low demuaty of fields): vorphum sheep poany'camels'canle

Dry season pastoralinm cattle sheep/goats

Unased Forest

Pavtoralism (hagh demary) 'wood collecnon and imnpated foclds fodder sorphum camels. sheep poas.
Pastoralinm (hagh demary)'wood collection with boney productzon’ serghumn 'camels'theep poan
Pastoralism (hagh demuary) wood collection wath swarered raafed fieldw: canle'sheep/goars ' camely
Pastoralisam (hagh demary): camels/theep poats canbe

Dry season pastorali (bow denury) with scattesed runfed fielde: cantle'sheepgoans
Pavtoralium (low demury) Frankincente: sheep poan

Pantoralivm (low demsary) tmber collection with iparce wng. fxmn Frankmoense: poats/'cattle
Pavtoralium (low demury) sheep/goan'cansels

Fastoralivm {medism demsaty) wish scasered ranied umgared ficlds: sorgham vegetables sheep peaty'camels
Pastoralium (medien densary) with spanve ruafed felds: camelstheep goan

Pastoralism (medinm demsary) pum and resims exncnon: camelssheep/ poatsicarle

Pavtoralivm {mediem densaty) wood collection wath scatered runfed Hebdr: sorghum camels'goat/'castle
Pavroralium (mediemn densary ) wood collection cxmels/sheep goats

Pavroralium {mediem densary): sheep poats'camey/'carle

‘Woodland Rainfed Crop Field:

Pavtorabium (low demsary) with scarered ingated ficlds around sogas: theep poass

Agropantoral (mednmm densry of fields) with orgated fields sround togas. vegets frust sheep/goits
Agropaiton] (mednam denury of fields) wood cellecton: sorghim vheep goats canile

Pantoralivm (medism densaty) with sparse ranfed fields: sorghum'sheep poats camels

Apropastonal (low demuty of felds): sorghiam. whoep poats camels 'canle
Agropastonal (medwum denury of fields ) sorghum cowpea 'serame canle sheep poats
Agropastoral (meedsum denuty): manze sorgham/icanle theep goan

Shrubland

Agropastoral (mvedsim densuty of fields paazh sparve ungaton in togas vepetetable fruts sorghum theep goats
Havtorabium (Rugh denuty) with scaered smgated felds: wheep poats camel cantle

Favtorabium (Bugh dennry) wasse flood recevues frms: maze carile camels sbeep goatn

Patorabium (Ragh denury) wood collecton with seatered runfed fields: sorghum camely theep poats cantle
Pavtorabiam (Eagh denury): camel'sheep poaty canle

Pastorabivm (Rugh denurywth scanered oass frmang. sheep poats camels

Pastorabiam (hagh denury): sheep goan 'camels cande

Pastorabim (Jow denury) i coaital pluns: theep poats camels

Pastorabium (Jow denuty) with swatered ungated ranfed fields: sheep poats 'camels

Hastorabium (low demuty) with scattered wrgated fields asound togas dheep poaty camels

Tastorabivm (Jow depuery) with sattered ramfed fields e coavtal plan dumes cowpea theep poat camels
Favtorabum (low denuty) Frankncense: goaty

Favtorabium (low denuty ) wood collecton with «camered rusfed and ungated fields dhwep goan camels
Fantorabium (low denuty). goats

PFavtorabium (Jow demuty): sheep ooty camely

Pavtorahum (medmen demsaty) with wcattered caus fammang dheep poats'camely horses

Fastorabiun (medmm dematy) with parve runfed fields: sorghum wheep poats camels
Favtorabivm {medmun demary ) Dates cass farmaag goats

PFanvtorabivm (medim demsaty ) wood collectron with seatered runfed fickdsy maare werame sheop poaty catle
Pantorabiam (mednem demsaty). camels cantle sherp poaty

and central and south (covering 386240 km?) had 27
experts. Participatory workshops were organized for the
experts in each region to support and coordinate their assess-
ment of land degradation. There were three workshops for
each region. In the first workshop, a participatory discussion
on land degradation was organized, and the objectives of the
land degradation assessment exercise were elaborated. In the
second workshop, the experts were appraised on how to use
interactive Geographic Information System (GIS) maps of
the land use systems and the data collection forms (Table II).
Terms, such as ‘driving forces’ and ‘types of land degrada-
tion,” were also explained using the illustrations and exam-
ples from Somalia. In the last workshop, the experts used
information obtained from the previous two workshops to
assess land degradation in their region. They were aided
with a printed LUS map and data collection forms (Table II).
The map was drawn to scale and contained landmark fea-
tures (e.g. roads, hills/valleys, urban centres, schools and

Copyright © 2011 John Wiley & Sons, Ltd.

mosques) to help the experts identify different locations in
their regions. At the end of the workshops, the collected data
were converted into a digital database of expert opinion on
land degradation in Somalia.

In addition to the time-series data and expert opinion,
field observations were also conducted in randomly selected
sites during 2007. These sites consisted of 82 randomly se-
lected locations in the three regions of the country (25 loca-
tions in the northeast, 46 in the northwest and 11 in the
south) (Figure 1). Each location had two replicate point-
observations 100 m apart along the longitude. The validation
exercise entailed observations of land degradation evidence
and discussions with the local land users (within a radius
of 100 m) regarding the degradation’s trends. All field sites
were georeferenced using handheld Geographic Positioning
System (GPS) receivers and visually observed for evidence
of land degradation. The guidelines for observing land
degradation evidence were the following: (i) evidence of
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Table II. Example of a completed form for expert assessment of land degradation

Causes of land degradation

LUS unit Land degradation types Indirect® Direct”
1 Soil erosion by water War Reduction of cover
Loss of vegetation cover Population pressure Excessive tree harvesting
19 Salinization Communal land tenure system Excessive irrigation
Loss of soil fertility Lack of agronomy skills Spread of weeds
Riverbank erosion Lack of law enforcement Lack of erosion control measures
25 Loss of vegetation cover Lack of law enforcement Excessive fuelwood gathering
Topsoil loss by runoff Communal land tenure system Lack of erosion control measure
30 Loss of vegetation cover Communal land tenure system Overgrazing/forest fires
Loss of vegetation species Poverty Excessive tree harvesting
Surface sealing and crusting Lack of agronomy skills Cultivation of unsuitable soil
35 Topsoil loss by wind Lack of ground cover High wind speeds

“Conditioning factors contributing to pressure on the land resources;
®Direct forces driving the degradation.

vegetation loss (e.g. evidence of charcoal production, tree-
stumps or cut-branches and signs of overgrazing); (ii) evi-
dence of vegetation species change (e.g. suggestions from
land users about invasive species, land use changes and en-
croachment of croplands); (iii) evidence of soil physical
degradation (e.g. presence of gullies, rills, and sheet erosion,
dust storms, surface sealing and plough pans); (iv) and evi-
dence of soil chemical degradation (e.g. history of nutrient
decline and presence of salt deposits on the soil surface).
The discussions with local land users targeted the history
of land degradation during the 5 years preceding 2007. The
land users also gave their opinion on the trends and possible
causes of land degradation on their parcels of land.

Data preparation

The time-series remote sensing images were already georefer-
enced and pre-processed for a maximum 10-day composite
NDVI (Tucker et al., 2005). Therefore, data preparation was
limited to minor adjustments to convert the image’s digital
numbers into NDVTI indices, as recommended in the accompa-
nying metafiles. The time-series rainfall data had gaps between
January 1991 and December 2002. No attempt was made to fill
this gap, and the corresponding NDVI data for this period was
removed from the subsequent analysis to maintain consistency
with the rainfall data.

The point-data monthly rainfall amounts were extrapo-
lated to produce spatial images of monthly rainfall amounts.
This was performed to maintain a uniform data format for all
the datasets and to aid pixel-level assessment of land degra-
dation. The extrapolation involved predicting the rainfall
amounts in un-gauged locations using data from the weather
stations and using predictors such as elevation (from DEM),
x and y coordinates, and distance from the shoreline. These
predictors were chosen because they had a significant corre-
lation with rainfall in Somalia (Omuto and Vargas, 2009;
Omuto et al., 2009). The multiple linear regression kriging

Copyright © 2011 John Wiley & Sons, Ltd.

method given in Equation (1) was used to accomplish the
extrapolation (Hengl et al., 2007).

r . n
Axy) =Y Beraey) + > dixelxy) (1)
k=0

i=1

Where: 7 is the predicted rainfall amount at location (x,y), [9 is
the multiple regression coefficient, 4 is the kriging weight, g,
are the predictors (e.g. DEM, x and y coordinates and distance
to the shoreline) at location (x,y), e is the interpolation residual,
p is the number of pixels in the input images, and x and y are
the geographic coordinates. Equation (1) was implemented us-
ing R Computing Software (R Development Core Team,
2010). A holdout cross-validation was first performed to check
the prediction accuracy for each month’s rainfall data. Then,
the entire measured monthly rainfall data were used to produce
the image of rainfall amount for that month. The cross-valida-
tion tests involved using two-thirds of each month’s rainfall
amount for spatial prediction and testing the output on the
remaining one-third. Validation results showed that the correla-
tion between the actual and predicted monthly rainfall datasets
was between 55 per cent and 91 per cent. In addition, the pre-
dicted rainfall amounts were also within one standard deviation
of the long-term averages of the measured values. Therefore,
these data were considered to be adequate inputs for assessing
land degradation. The final rainfall maps were then re-sampled
to 8-km pixel resolution to correspond with the resolution of
the NDVI images.

The expert opinions on land degradation were also con-
verted into a spatial data format for compatibility with the
rainfall and NDVI images. The conversion involved linking
the LUS units in the database of expert opinion to those in
the LUS map. The linkage was done via the GIS database
link-functions in the ArcGIS® software (ESRI, 2005). The
experts’ opinion was then transferred into the LUS map after
linking the two databases.
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Data Analysis

Remote sensing analysis of human-induced dynamics of
vegetation cover

Vegetation is an important source of livelihood for the pastoral
communities living in Somalia. These communities use it as a
source of income from the charcoal trade and from sale of
frankincense. They also use it as pasture for their livestock. Be-
sides direct service to the people, vegetation also protects water
catchment areas and prevents soil erosion. Its loss is therefore
an important type of land degradation in the Country. In fact,
some studies have suggested that loss of vegetation in Somalia
is a trigger for other types of land degradation (e.g. soil erosion,
loss of habitat and decline of soil moisture) (Samatar, 1989;
Alim, 1997; Omuto and Vargas, 2009). This study used the dy-
namics of vegetation cover to index the rate and extent of land
degradation in Somalia.

Vegetation cover dynamics were determined using the re-
sidual trend method developed by Wessels et al. (2007). In
this method, the NDVI-rainfall relationship is first modelled,
and the resultant residuals are then extracted. The residuals
are the differences between the remotely sensed and the pre-
dicted NDVI. The modelling process and the extraction of
the residuals are then repeated for given time periods to pro-
duce time-series residuals. Loss of vegetation cover is in-
ferred if the trend of the time-series residuals has a

negative slope. An increase of vegetation cover is inferred
if the trend has a positive slope (Evans and Geerken,
2004). This approach has been used in many places in the
drylands. Evans and Geerken (2004) first used the approach
in the Middle East to discriminate climate from human-
induced land degradation. Then Wessels et al. (2007) tested
it in South Africa and Bai et al. (2008) used it for global as-
sessment. They all show its potential in identifying land deg-
radation characteristics associated with loss of vegetation
cover. Omuto et al. (2010) reviewed the application of this
method and potential opportunities for its improvements.
In this study, modelling of the NDVI-rainfall relationship
was accomplished using the mixed-effects technique. The
mixed-effects technique is a unique regression analysis that
simultaneously models landscape-level environmental
relationships and the same relationship for different groups
in the landscape (Pinheiro and Bates, 2000). It was used to
model the NDVI-rainfall relationship for Somalia and for
different vegetation types in the country. By including veg-
etation types in the modelling, the mixed-effects technique
accounted for possible variations in the vegetation’s
responses to rainfall. These variations have been recognized
by many authors but have not been adequately included in
modelling the NDVI-rainfall relationship (Nicholson and
Farrar, 1994; du Plessis, 1999, Williams and Albertson,
2006). In addition to accounting for vegetation effects in
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Figure 2. Relationship between normalized difference vegetation index and rainfall amounts in Somalia.
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the NDVI-rainfall relationship, the mixed-effects technique
can also produce unbiased estimates of the time-series resi-
duals that are necessary for accurate assessment of changes
in vegetation cover (Omuto et al., 2010). An exponential
mixed-effects model was used for the NDVI-rainfall rela-
tionship in Somalia. The exponential model was used be-
cause NDVI seemed to have an exponential relationship
with rainfall amounts in the country (Figure 2). This rela-
tionship resembled what Hein and de Rider (2006) also
obtained for the Sahelian conditions. The exponential model
used in this study is given in Equation (2).

NDVIU = (B] —|— b],‘) * exp [(Bz —+ b2i) * Rainj] (2)
+8ij, i
=1,2,3,....,39

Where: NDVI and Rain are the input NDVI and rainfall data,
¢ is the modelling residual, B is the fixed-effect (which
represents the average modelling parameter for the whole
country), b is the random-effect (which represents the mod-
elling parameter for dominant vegetation types in the coun-
try), i is the number of vegetation types in the land cover
map (i=39), and j is the number of pixels in the input NDVI

and rainfall images (j = 10180). Equation (2) was also evalu-
ated using the R Computing Software (R Development Core
Team, 2010).

The inputs for modelling Equation (2) were the land cover
map and images of 6-month time-series maximum NDVI
and rainfall amounts. The 6-month data were used to accom-
modate the bimodal pattern of the rainfall characteristics and
NDVI peaking times in Somalia (Figure 3). The modelling
process was repeated in groups of 6 months: from January
to June and from July to December. This was done from
January 1982 to December 1990 and from January 2003 to
December 2009.

After modelling the NDVI-rainfall relationship, the re-
sultant residuals for each pixel were extracted. The resi-
duals were first analyzed for the presence of serial
autocorrelation using an empirical autocorrelation function
at the 95 per cent confidence interval (Pinheiro and Bates,
2000). Any available autocorrelation was removed using
an autoregressive moving average. The final time-series
residuals were then used to index land degradation in the
country. The gradient (or slope) of the residuals’ trend with
time for each pixel was used for the indexing, as shown in
Equations (3) and (4).

Monis

Mo

L] L]
1 =t
§ 5 Guier=s o) pascennite g
i ]‘Slh;lelcenlrle
. e
E E' Rledian E B
g & T e T 25 percentite c
= @ § I S "
- y P 1 th ¥
E B P T - HE @ peicentile 5 . =
=] - H - - + 1 o
H i s &
£ S gl sBry g s .
z 84 . i P ; = .
5 H e I ]
& T 2 L = R : ¥
] i ' H gk = . 8
a1 - TB B o ] Mean WDV peaking time in Somalia e 4
o 7T E R . s LRl T
400771 iHoL AR RS L )
— T
S L Lo R R 1203 48 67 8 0 %o
Months Months
Y v
°
g4 i
E 1 - ? @
= - 10 E
] = i e -
g 1 . g
i b -1 )
=] o iy - 3 &
g a4 : -3
" Hoe e 1 s T s
- & T
) - - & " H
£ g8 _— . HE = e i
£ : Pt g : £ ol 7| st
g4 : 4 E - 5 2 : e
By 17Hiads : BY:, s 2002
Tt H g =
o] 130T I Thsood . ] aa T g Fallmg
t 2 3 04 58 78 8 f0Mm o2 - T2 3 4 85 B8 7 8 9 W 412
B3.32
« 38

Figure 3. Mean monthly rainfall distribution and normalized difference vegetation index peaking times in Somalia between 1982 and 1990 and between
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2003 and 2009.
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For negative trend:

Negative slopes Rate
slope> — 60per cent, Extreme
Degradation ) —60per cent<slope< — 30per cent Strong 3)
status ") —30per cent<slope< — 15per cent Moderate
—15per cent<slope< — lper cent Light
For positive trend:
Positive slopes Rate
slope=60per cent Strong improvement
) 60per cent<slope<30per cent Moderate improvement “)
Non — degraded = 30per cent<slope<15per cent Light improvement
I5per cent<slope< — lper cent Invariant

Where: slope is the gradient of the residuals’ trend. The clas-
ses under Rate in Equations (3) and (4) were chosen for con-
venience to categorize land degradation and improvement in
the country. The areas covered by the above degradation
rates defined the extent of land degradation in Somalia.

Expert assessment of land degradation

The expert opinions contained in the LUS database were
used to produce maps of prevalent types and causes of land
degradation in Somalia. The degradation causes were di-
vided into direct and indirect drivers. Direct drivers of land
degradation were human activities that accelerated the deg-
radation of land resources with which they were in direct
contact (e.g. down-slope tillage practices, overgrazing, tree
cutting). Indirect drivers of land degradation were condition-
ing factors that favoured the direct drivers of degradation
(e.g. land tenure policy, war and conflict).

National assessment of land degradation

Remote sensing analysis of vegetation dynamics, expert
opinion and field validation processes were used to concep-
tualize the national land degradation assessment framework.
The framework had four major steps (Figure 4): spatial pre-
diction of weather station rainfall data, remote sensing anal-
ysis, expert opinion on prevalent types and causes of land
degradation and field validation. These steps were integrated
to produce a map and database of the causes, rate and extent

Copyright © 2011 John Wiley & Sons, Ltd.

of national land degradation. The evidence of degradation
obtained from field observations was used to validate the
outputs from the remote sensing analysis and expert opinion.

RESULTS AND DISCUSSIONS

Remote Sensing Analysis of Land Degradation in Somalia

Residuals obtained from modelling of the NDVI-rainfall
relationships were generally positive in the early-1980s
and negative in the late-2000s. Their spatial distribution also
showed that there were some locations that exhibited a grad-
ual expansion of the areal extent of negative residuals from a
few pixels in 1990 to a cluster of negative pixels in 2009.
Example areas were located east of Hargeysa, around Galck-
ayo, and around Garoowe (Figure 5).

Because the residuals were the differences between re-
motely sensed and predicted NDVI data, their negative
values meant that the predicted NDVI data were greater than
the corresponding NDVI data from the remote sensing
images. Theoretically, negative residuals were possible
when above-average rainfall amounts were used in model-
ling of the NDVI-rainfall relationship or when the actual
vegetation cover produced low NDVI data in the remote
sensing images. Similarly, positive residuals were possible
when below-average rainfall was used in modelling of the
NDVI-rainfall relationship or when there was adequate veg-
etation cover to give high values in the NDVI images. Time-
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Figure 4. Conceptual framework for national land degradation assessment.

series rainfall anomalies were used to determine whether
above-average or below-average input rainfall amounts pro-
duced the negative or positive residuals. Rainfall anomalies
are dimensionless quantities used for comparing rainfall

amounts on a given date to the long-term rainfall amount
(Nikken, 1999). They were obtained as the standard devia-
tion of scaled differences between rainfall in a given year
and the long-term average rainfall amount. These data
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Figure 5. Normalized difference vegetation index-rainfall model residuals for Somalia.
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indicated that the annual rainfall in Somalia was below aver-
age in 1990, 2003 and 2009. These amounts could not have
caused the negative or positive residuals during these times.
Therefore, the sign of the resultant residuals from modelling
of the NDVI-rainfall relationship was an indication of low or
high vegetation cover.

Time-series trends of the residuals in central Somalia,
along the coast of Indian Ocean, and in northwest Somalia
were generally declining between 1982 and 2009. The de-
clining trend indicated that the residuals became more nega-
tive with time, thus suggesting a loss of vegetation cover
with time and a possible presence of land degradation in
Somalia. Areas with steep declining trends (where the slope
of the residuals’ trend > 30 per cent) were classified as hav-
ing a strong rate of land degradation. Those with gently de-
clining trends (with slopes < 15 per cent) were classified as
having a light rate of land degradation. Strong rates of land
degradation were found along the coast of the Indian Ocean,
around Garoowe in the northeast, and near the north-western
border with Ethiopia (Figure 6). Central and northern
Somalia had moderate to light rates of degradation. There
were also areas that had increasing trends in the time-series
residuals between 1982 and 2009. These areas included the
upper parts of the south, some areas in the north, and areas
along the north western coast of the Gulf of Aden (Figure 6).
Their increasing residuals’ trend was used to infer improving
land conditions in Somalia during this period.

In terms of the extent of land degradation in Somalia, the
remote sensing analysis classified about one-third (~31 per
cent) of the country as degraded and 17 per cent as exhibit-
ing evidence of land condition improvements (Table III).
The majority of degraded areas were moderately degraded,
implying that land degradation in the Country may still be
controllable. However, the control should be urgently

Lighit

Rate
B moderate mprovement
Ught imgirovemant
O Fwiriand

Figure 6. Extent and rate of land degradation in Somalia based on remote sens-
ing analysis. This figure is available in colour online at wileyonlinelibrary.
com/journal/ldr
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Table III. Extent and rate of land degradation in Somalia between
1982 and 2009

Land condition Rate Extent
Degraded areas Area (kmz) Per cent
Strong 12672 2.0
Moderate 118848 187
Light 62976 99
Total 194 496 30-6
Improvements
Moderate 34688 55
Light 70528 11-1
Total 105216 16-6
Non-degraded Invariant 336512 52-8
Total 336512 52-8

implemented because the rate of degradation is greater than
the rate of land improvement.

Prevalent Types of Land Degradation in Somalia

The experts identified loss of vegetation cover as the most
prevalent type of land degradation in Somalia (Figure 7).
The three separate groups of experts assessing different parts
of the country independently agreed that it was the major na-
tional degradation problem. Their assessment showed that
about half of the country (~53 per cent) had suffered loss
of vegetation cover. The experts also identified loss of top-
soil by runoff and decline of average soil moisture as the
other dominant types of land degradation in the country.
Topsoil loss was prevalent in about 13 per cent of the

Land degradation type

EEEE Reduction of vegetation cover
I Civersity declne

E==1 Loas of habitat

[ Saiinization

[E7H Decline of soil moisture
[] Nen-degraded

e Seling and crusting
EEES Coastal erosion

777 Gully erasion
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557 Topsail loss (by water)
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Figure 7. Prevalent types of land degradation in Somalia based on
experts opinion.
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country, and decline in soil moisture was prevalent in about
12 per cent of Somalia. Topsoil loss was observed mainly in
the north and in the south along the lower parts of Shabelle
River. The decline of soil moisture was cited around
Galckayo in the centre and around Waajid in the south
(Figure 7). Other observed land degradation types were river-
bank erosion along the Shabelle River, salinization in the
floodplain of the Juba River, soil surface sealing and crusting
in the plateau west of Hargeysa, and coastal erosion along the
coast of the Indian Ocean. There were also minor problems
of biodiversity decline in north western Somalia.

The dominance of loss of vegetation cover among the
prevalent types of land degradation justified the application
of remote sensing in land degradation assessment, which
was based on the vegetation cover dynamics. Generally,
vegetation protects other land resources from agents of deg-
radation and, therefore, its loss can potentially precipitate the
onset of other types of land degradation such as soil loss, de-
cline of soil moisture and the like (Symeonakis and Drake,
2004). This linkage was evident in the correlation between
the results from the experts’ assessment and remote sensing
evidence of land degradation. For example, the areas the
experts identified as exhibiting topsoil loss (Figure 7) were
also identified by remote sensing analysis as having a strong
rate of land degradation (Figure 6). Loss of vegetation cover,
as identified by remote sensing, was an indicator that the
cover that protected soil against erosion had been removed.
Once the cover was removed, the soil underneath became
vulnerable and subsequently showed signs of topsoil loss,
as observed by the experts. For this case, the loss of vegeta-
tion behaved as the primary land degradation problem,
which led to topsoil loss as the secondary degradation prob-
lem. In central Somalia, the experts suggested decline of soil
moisture as the dominant type of land degradation. These
results were supported by the outputs from remote sensing
analysis, which also identified the area with a light rate of
land degradation.

In some areas, the land degradation assessment results
from the remote sensing analysis seemed to contradict the
experts’ opinion. Example areas where the data seemed con-
tradictory included around Waajid in the south, near the
north western border with Djibouti and in central Somalia.
The remote sensing analysis portrayed these areas with a
light rate of improvement in land conditions, but the experts
had indicated loss of habitat and decline of soil moisture.
Further investigations were performed to determine the rea-
sons for these contradictions. The investigations used the
land cover map, the time-series parameters from the
NDVI-rainfall modelling, and reports from previous studies.
It was found from the land cover map that the areas were
classified by AFRICOVER in 1997 as dominated by herba-
ceous vegetation. Similarly, land cover classification by
Alim (1997) and Oduori et al. (2007) also put the vegetation
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in these areas as mainly herbaceous. However, Samatar
(1989), who studied the rural transformations in Somalia,
classified these areas as being dominated by shrubs during
the 1980s. Evidence from these studies suggests a change
of vegetation types in these areas from shrubs during the
1980s to herbaceous vegetation after 1990. The statistical
characteristics of the NDVI-rainfall modelling parameters
for these areas were also compared with other areas with
similar vegetation types. Before 1990, the modelling para-
meters compared well with other areas that were dominated
by shrub-types of vegetation. After 1990, the modelling
parameters for areas around Waajid and along the Somalia
border with Djibouti changed to resemble the parameters
for areas under herbaceous vegetation. This change gave
the impression of changes of vegetation type. Studies by
Omuto et al. (2010), which also used NDVI-rainfall model-
ling parameters to infer possible changes in vegetation com-
position, supported the deduction of a possible change of
vegetation type around 1990. Altogether, this evidence
pointed to a possible change of vegetation type from shrubs
to herbaceous around 1990. This change could have caused
a corresponding increase of the green biomass without nec-
essarily increasing the vegetation cover (Barlow et al.,
2003). Because the remote sensing analysis used in this
study was based on the NDVI characteristics that are only
sensitive to changes in the green biomass, it was not uncom-
mon for the analysis to conclude a positive trend (and hence
improvement of the land condition) for the areas that had the
vegetation change from shrubs to herbs. This error could be
a potential limitation of the remote sensing analysis in land
degradation assessment.

Drivers of Land Degradation in Somalia

The main causes of land degradation in Somalia were di-
vided into two groups: direct and indirect. Direct causes
were defined as human activities directly exerting pressure
on the land resources. They included overgrazing, tree cut-
ting (for fuel wood and charcoal production), and poor agro-
nomic practices in the crop production areas (Figure 8).
Overgrazing affected almost all parts of the country because
it was practised by the pastoral communities that are the
dominant clans in Somalia. The pastoralists traditionally
keep large herds of livestock and rely on the natural vegeta-
tion as pasture for their livestock. Tree cutting was also prac-
tised by some communities in north and south Somalia.
Members of these communities cut trees to clear land for
crop production in high-rainfall areas. They also cut trees
to produce charcoal for sale and to use as a dependable
source of energy. In north eastern Somalia, the locals also
harvest trees for frankincense that is used for local consump-
tion and export. Altogether, the tree cutting activities di-
rectly contributed to loss of vegetation because they were
performed without tree replanting. Poor agronomic practices

LAND DEGRADATION & DEVELOPMENT, (2011)



C. T. OMUTO ET AL.

Direct causes of land degradation

Direct causes
B Foor crop and irrigation managament
EI Excoessivetren harvesting

E=I Forest tire

Encessivefutivwood gathering

[ —

Cvargrazing

=53 Lack of soil conservation

Tillnge of unstable seil

B windatorm

Indirect causes of land degradation

D Lack of educnion
und high povarty vl

I:III Poor governance
Communal land tenure

[ Hene

m High population dansity

War and corflist

100 700 300 480 500 km

Figure 8. Main drivers of land degradation in Somalia based on experts opinion.

were a major problem in crop production areas such as the
north-western plateau and the floodplain between the Juba
River and Shabelle. These poor practices included down-
slope ploughing with ox-drawn implements, burning of ani-
mal manure instead of incorporation into the soil, and lack
of soil and water conservation practices. The people burned
animal manure because they believed that the manure
contained weed seeds and parasitic ticks, which are vectors
for animal diseases. They hoped that burning manure would
break the life cycle of animal diseases and stubborn weeds,
which they believed would outweigh the soil quality benefits
that could accrue via incorporation of manure into the soil.

Indirect causes of land degradation were conditioning fac-
tors that favoured the direct causes of land degradation.
They included land tenure practices, the prevailing illiteracy
and poverty level, war and conflict, poor governance and
high population density in some areas (Figure 8). The com-
munal land tenure system was dominant in the central,
south, and north eastern Somalia. This land tenure system
encouraged the keeping of free-range livestock in areas
where the movement and grazing of animals was not re-
stricted. Consequently, the practice promoted overgrazing
as was cited by the experts as a direct driver of land degra-
dation (Figure 8). Poor crop and irrigation management
was another direct cause of land degradation that prevailed
under the lack of good governance in areas where irrigation
was practised. These drivers of degradation caused saliniza-
tion, soil erosion, and sealing and crusting in the affected
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areas (Figure 7). It is also important to note how the lack
of education as indirect cause coincided with tillage of un-
stable soil as a direct cause of land degradation in South
Somalia (Figure 8). Lack of education precipitated practices
such as down-slope tillage, burning of manure and the like
in crop production areas. These practices accelerated topsoil
loss, sealing and crusting, soil compaction, and nutrient de-
cline. Along the coast of the Indian Ocean, the prevailing
war and conflict destroyed the soil and water conservation
structures meant to control tidal erosion and sand-dune
movement. The war also interrupted regular maintenance
of the conservation structures so that they no longer effec-
tively controlled soil erosion. It was therefore not surprising
that lack of properly functioning soil conservation structures
was cited as the direct cause of land degradation in this area
(Figure 8).

Field Observations of Land Degradation in Somalia

Fifty-one degraded and 31 non-degraded locations were vis-
ited during the field validation exercise. Of these sites, 63
per cent of the degraded sites and 81 per cent of non-
degraded sites were correctly identified by the remote sens-
ing analysis (Table IV). However, the analysis misclassified
19 degraded areas as non-degraded. Ten of the misclassified
areas were located in the northeast, six were in the south,
and three were in north western Somalia. In the northeast,
people were selectively cutting trees for charcoal production
and leaving grass intact. This selective cutting of trees was
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Table IV. Confusion matrix for comparing modelled and observed land degradation

Modelled land degradation

Observed land degradation

Remote sensing analysis

Experts assessment

Total Degraded Non-degraded Degraded Non-degraded
Degraded 51 32 19 51 0
Non-degraded 31 6 25 31 0
Total 82 38 44 82 34
*Specificity (per cent) 81 0
Sensitivity (per cent) 63 100
Misclassification rate (per cent) 30 38
Overall (per cent) 70 62

*Specificity is correct identification of non-degraded site while sensitivity is correct identification of degraded sites

not easily detectable at the 8 km pixel resolution of the input
NDVI images. In south and western Somalia, the misclassi-
fication was due to both a lack of proper identification of
new vegetation species and a coarse spatial resolution of
the input NDVI images. Some vegetation species had been
replaced by new ones, and the data still exhibited a consis-
tent NDVI response to rainfall. Interviews with the local
land users and physical observations in the field suggested
encroachment of some new species into the traditional veg-
etation communities. Although the local land users reported
this encroachment as land degradation, remote sensing anal-
ysis described the area as having undergone improvements
in land condition. The remote sensing analysis also misclas-
sified six non-degraded sites as degraded (Table IV). Four of
the misclassified sites were croplands at the edges of natural
bushlands, and two were in open shrublands on the hill-
slopes. Again, the misclassification could have been due to
the coarse spatial resolution of the NDVI images, which
lumped small parcels of croplands together with adjacent
natural vegetation.

The experts’ assessment of land degradation had a high
accuracy in identifying truly degraded areas (100 per cent)
compared with a 63 per cent accuracy in the remote sensing
analysis (Table IV). This result may have been obtained be-
cause the experts were able to identify other degradation
types (e.g. salinization, sealing and crusting, and diversity
decline) that were not amenable to the remote sensing
method. However, the remote sensing method performed
better in correct identification of non-degraded sites (81
per cent) than the experts’ assessment (0 per cent). The
experts’ opinion seemed biased towards degraded land.
Their opinion described almost every part of the Country
as degraded, except for two areas in the south (Figure 7). Al-
though none of the validation sites were located in these
two areas (and hence the O per cent specificity reported in
Table IV), in our opinion, this was an exaggeration of the
arid conditions of the land. Evidence from the time-series
still-camera photographs taken in some of the arid areas with
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similar conditions did not show much change of the land
characteristics. Therefore, we think that the experts over-
estimated the severity of land degradation in the arid areas.
Otherwise, the results from the two assessment methods
were mostly comparable; which suggested that they indeed
reflected the actual land degradation status at the national
level.

Potential Sources of Error in the Framework

In this study, we established that errors associated with re-
mote sensing application in land degradation assessment
were mainly those arising from the use of coarse spatial res-
olution images to monitor sub-pixel changes of the land con-
ditions and the NDVI limitation in separating change of
vegetation cover from the change of green biomass. These
shortcomings can potentially lower the overall accuracy of
the remote sensing approach in land degradation assess-
ments. In order to overcome them, we recommend use of
high-resolution images and concurrent application of ground
validation and improved image modelling approaches. For
the experts’ assessment approach, the main sources of error
were over-estimation of the degradation conditions of the
arid environments and poor judgement of the degradation
conditions in areas where they don’t have concrete natural
resources information. These limitations can be overcome
by expanding the number of experts, increasing the fre-
quency of expert assessment schedules, and standardizing
their assessment procedures.

CONCLUSIONS

This study used remote sensing and expert opinion to formu-
late a national land degradation assessment framework. The
framework is rapid enough for large-area assessment and is
therefore suitable for application at the national scale. Its ap-
plication in Somalia shows that it is fairly accurate in identi-
fying degraded areas and that it provides an opportunity for
identifying areas to target with comprehensive local
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assessments. The framework can also identify the rate of
land degradation and improvement, which is a necessary
step to inform policy decisions on the urgency needed for
action in land degradation control. The framework incorpo-
rates methods that include participatory contribution of local
experts and of local land users’ opinion of the degradation’s
drivers. This involvement is important because the locals are
also stakeholders in land degradation control. Overall, the
framework can produce over 60 per cent accuracy in land
degradation assessment. In addition, its simplicity, use of
freely available input data, and self-triangulation of assess-
ment methods makes it suitable for rapid assessment of land
degradation at the national scale.

The proposed national land degradation assessment frame-
work was applied in Somalia, where it revealed that about
one-third of the country was degraded because of the loss of
vegetation cover, topsoil loss and decline of soil moisture.
The framework also identified overgrazing, excessive cutting
of trees, and poor agronomic practices in agricultural areas as
the primary drivers of land degradation in Somalia. These dri-
vers are encouraged by the prevailing communal land tenure
practices, poor governance, and civil war in the Country.
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