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Abstract

Monitoring of land use/land cover (LULC) changes provides critical inputs to evaluate complex causes
and responses in order to project future trends better, and it is a prerequisite for making effective
development plans. This thesis aims to develop a new methodological framework using geo-informatics for
sustainable natural resource management, use and conservation in the Ethiopian highlands from a novel
multidisciplinary perspective by taking Munessa-Shashemene landscape as a case study site. Satellite images
of Landsat MSS (1973), TM (1986), ETM+ (2000) and RapidEye (2012) were used to derive nine LULC
types using object-based image classification. Other datasets required for the study were generated from
both primary and secondary sources. Combination of techniques, including post classification comparison,
GIS-based processing, descriptive statistics and logistic regression were employed for data analyses of
LULC changes of the past four decades (1973-2012) and their drivers. Estimation and change analyses of
ecosystem service values (ESVs) were conducted, mainly, by employing GIS using LULC datasets of each
reference year with their corresponding global value coefficients developed earlier and own modified
conservative value coefficients for the studied landscape. Possible future LULC patterns and changes
covering the next four decades (2012-2050) were simulated and examined by using a spatially explicit GIS-
based model. Three alternative scenarios, namely Business As Usual (BAU), Forest Conservation and
Water Protection (FCWP) and Sustainable Intensification (SI) were used. The classification result revealed
that grasslands (42.3%), natural forests (21%), and woodlands (11.4%) were dominant LULC types in
1973. In 2012, croplands (48.5%) were the major LULC types followed by others. The change results
showed that about 60% of the land had experienced changes in LULC over the past four decades.
Specifically, about 95% of woodlands, 74% of grasslands and 59% of natural forests that existed in 1973
have been converted to other LULCs types. On the other hand, croplands showed rapid expansion of about
272% during the study years. The LULC changes were triggered by the interplay between more than twelve
drivers related to social, economic, environmental, policy/institutional and technological factors. Six of
them were the top important drivers as viewed by the local people and confirmed by quantitative analyses.
As a result of the changes, the study revealed a total loss of ESVs ranging from US$ 19.3 million per year
when using own modified value coefficients to US$ 45.9 million per year when employing global value
coefficients. The simulation results also showed that areas of croplands will increase widely under the BAU
scenario and would expand to the remaining woodlands, natural forests and grasslands, reflecting
vulnerability of these LULC types and potential loss of associated ESVs. FCWP scenario would bring
competition among other LULC types, particularly more pressure on the grassland ecosystem. The Sl
scenario, with holistic landscape management approach, demonstrated that expansion of croplands could
vigorously be reduced, remaining forests would be better conserved and degraded land would be recovered,
resulting in gains of the associated total ESVs. The approach framed in this study is an important tool for

supporting appropriate management options of natural resources at the landscape level.



Zusammenfassung

Die Beobachtung von Verdnderungen der Landnutzung/Landbedeckung (LN/LB) hilft, die
komplexen Zusammenhdnge aus Ursache und Wirkung zu verstehen. Dies ist wichtig, um die
zukiinftigen Entwicklungen besser prognostizieren zu konnen. Die Beobachtungen sind eine
notwendige Voraussetzung fir eine erfolgreiche Entwicklungsplanung. Ziel der vorliegenden Arbeit
war es, Geoinformatik in einem neuartigen multidisziplindren Ansatz zu verwenden, um damit ein
neues methodisches Rahmenwerk fiir eine nachhaltige Bewirtschaftung der natrlichen Ressourcen —
deren Nutzung sowie Schutz — im &thiopischen Hochland zu erstellen. Als Untersuchungsgebiet diente
die Munessa-Shashemene-Region. Als Datengrundlage dienten unter anderem Satellitenaufhahmen
von Landsat MSS (1973), TM (1986), ETM+ (2000) und RapidEye (2012), wobei unter Verwendung
des objekt-basierten Bildklassifikationsansatzes neun verschiedene LULC-Klassen ausgewiesen
wurden. Weitere Primér- und Sekundarquellen dienten als Grundlage flr zusétzlich benétigte
Datensétze. Fir die Erfassung und Untersuchung der LN/LB-Veranderungen in den letzten vier
Jahrzehnten (1973-2012) sowie deren Ursachen kam eine Kombination unterschiedlicher Methoden
zum Einsatz — unter anderem post-classification-comparison, GIS-basierte Analysen, deskriptive
Statistik und logistische Regression. Fir die Bewertung von Okosystemdienstleistungen sowie die
Beurteilung der Veranderungen wurden mittels GIS-Analysen sogenannte Ecosystem Service Values
(ESVs) ermittelt. Als Eingangsdaten wurden hier die LN/LB-Datensétze der jeweiligen Bezugsjahre in
Kombination mit zuvor entwickelten Wertkoeffizienten verwendet — sowohl passende globale
Koeffizienten als auch eigens an das Untersuchungsgebiet angepasste konservative Koeffizienten.
Maogliche LN/LB -Muster und -Veranderungen tber die kommenden vier Jahrzehnten (2012-2050)
wurden anhand eines rdumlich expliziten, GIS-basierten Modells simuliert. Untersucht wurden drei
unterschiedliche Szenarien: ,,Weiter wie bisher (,,Business as usual® (BAU)), ,,Vorrang fiir Wald-
und Wasserschutz (,,Forest Conservation and Water Protection” (FCWP)) und ,,Nachhaltige
Intensivierung™ (,,Sustainable Intensification* (SI)). Das Klassifikationsergebnis zeigt, dass 1973 v.a.
Grasland (42,3%), natlrlicher Wald (21%) und Akazienwélder (11,4%) die vorherrschenden LN/LB-
Klassen waren. Im Jahr 2012 war hingegen Ackerland (48,5%) die dominierende LN/LB-Klasse,
gefolgt von anderen. Die Untersuchungsergebnisse zeigten, dass sich die vorherrschende LN/LB-
Klasse auf ca. 60% der Untersuchungsflache in den letzten vier Jahrzehnten verandert hat. Von den
1973 existierenden LN/LB-Klassen waren die Klassen natirlicher Wald, Grasland und Akazienwalder
am starksten von den Veranderungen betroffen, wobei ca. 95%, 74% und 59% der Flache in andere
LN/LB-Klassen umgewandelt wurden. Im Gegensatz dazu erweiterte sich der Anteil an Ackerflachen
im Untersuchungszeitraum rapide um etwa 272%. Unterschiedlichste soziale, wirtschaftliche,
6kologische, politische und technologische Faktoren sowie deren Interaktionen kénnen als Triebfedern
fur die beobachteten LN/LB-Verdnderungen ausgemacht werden. Die einheimische Bevolkerung

benannte sechs Faktoren als die wichtigsten Ursachen der Verdnderung, was durch eine guantitative
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Analyse bestétigt werden konnte. Die LN/LB-Veranderungen waéhrend des Untersuchungszeitraums
bedingten einen enormen Verlust der vorhandenen Okosystemdienstleistungen, der unter Verwendung
der globalen bzw. der modifizierten konservativen Wertkoeffizienten auf 45,9 bzw. 19,3 Millionen
US-Dollar pro Jahr beziffert werden kann. Die Simulation mit unterschiedlichen Szenarios zeigte
Folgendes: Im BAU-Szenario nimmt die Ackerflache weiter stark zu und verdrangt verbleibende
Wald- und Urwaldflachen sowie Grasland. Das verdeutlicht die Vulnerabilitat dieser LN/LB-Klassen
und den damit verbundenen potentiellen Verlust an ESV. Unter einem FCWP-Szenario wiirde der
Druck auf die Flachen mit nicht explizit geschiitzten LN/LB-Klassen, insbesondere das Grasland,
weiter steigen. Wird das SI-Szenario — mit einem ganzheitlich integrierten Ansatz fir das
Landschaftsmanagement — fur die Simulation herangezogen, kann die weitere Ausdehnung der
Ackerflachen deutlich reduziert werden. Verbleibende Waldgebiete kdnnen besser geschiitzt werden
und aktuell degradiertes Land kann sich regenerieren, was zu einem Anstieg der damit verbundenen
ESVs fiihrt. Der in dieser Arbeit umrissene Ansatz ist ein wichtiges Werkzeug, um geeignete

MaRnahmen fiir das Management natiirlicher Ressourcen auf Landschaftsebene zu unterstiitzen.
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Chapter | Introduction

1 Introduction

1.1 Background

Natural resources or ecosystems, particularly land use/land cover (LULC) types are
available for sustaining life on earth by providing a large number of goods and services.
Therefore, they are important concerns in many regions of the world (Niedertscheider et al.,
2014; Belward and Skgien, 2015; Taelman et al., 2016). In the second half of the twentieth
century, humans have degraded them more rapidly than any time in humankind history,
mainly to meet increasing demands as a result of growing world population (MEA, 2005).
Nowadays, feeding many people while keeping the environmental integrity in an increasingly
uncertain economic situation is one of the major challenges mentioned in global agenda and
remains as an important issue in developing countries (Sleeter et al., 2013; Tigabu et al.,
2014). The great challenge for the coming decades will be the task of increasing food
production to ensure food security for the steadily growing world population, particularly for
societies hosted in environmentally vulnerable areas, such as Africa (WSFS, 2009; UN
DESA, 2013). The situation is severe in Ethiopia where the foundation of the national
economy is agriculture (Garedew et al., 2012).

Ethiopia is one of the largest countries in the Eastern horn of Africa with a total area of
1.13 million km? (EMA, 1988) and the continent’s most populous nation after Nigeria.
According to the Ethiopian national population and housing census of 2007, the total human
population was 74 million (CSA, 2007). With an estimated annual growth of 2.7%, the
population is projected to have increased to about 90 million in 2015 (CSA, 2013). The
country is characterized by diverse topographic features with high and rugged mountains, flat-
topped plateaux and deep gorges, incised river valleys and rolling plains. Altitudes range from
the highest peak at Ras Dejen, 4620 m above sea level, down to the depression of the Kobat
Sink (Afar Depression), about 110 m below sea level (EMA, 1988). These have made
possible the presence of diverse resources of fauna and flora, and placed the country as one of
the 12 Vavilov Centers of Crop Genetic Diversity (EPA, 1997). Ethiopian agriculture
contributes nearly half of the Gross Domestic Product (GDP), 90% of the export revenue and

employs about 84% of the country’s population (CSA, 2013).
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More than 90% of Ethiopia’s population lives in the highlands (above 1500 m), which
account for nearly 44% of the country’s landmass and are endowed with moderate
temperatures, and adequate rainfall (800 — 2200mm per annum) for rain-fed agriculture
(Hurni et al., 2005). Population density in the Ethiopian highlands is one of the highest in
Africa. In these highlands, there is also about 93% of the regularly cultivated land, around
75% of the country’s livestock and over 90% of the country’s economic activity. As a result,
the highlands have been settled and cultivated for millennia (McCann, 1995; Eshetu and
Hogberg, 2000). Consequently, these highlands are significantly affected by resource
depletion. Steep and very steep slopes areas are under crop cultivation (Zeleke and Hurni,
2001). These cultivated lands have suffered from loss of top soil as a result of soil erosion.
The severity of such soil erosion is visible from the thick mass of soil taken away by major
rivers, such as Abay (the Blue Nile - the longest river in the world), Awash, Omo and Baro
(Adimassu et al., 2013). These rivers are nowadays colored into chocolates or dirty brown

during the main rain season due to soil erosion from their catchment areas.

Historically, Ethiopia was food self-sufficient and exporter of grains until the late 1950s
(Dercon, 1999). Afterwards, however, domestic food production has failed to meet national
food requirements as its growth lingered behind the population growth (Holden and Shiferaw,
2004; Abebaw et al., 2010). This means that per capita food availability has been falling, and
the number of food insecure people has been increasing. Thus, Ethiopia is currently one of the
most food-insecure countries in the world (Abebaw et al., 2010). The government of Ethiopia
has developed a number of strategies aiming at improving agricultural productivity for food
self-sufficiency and as a driving force for the transformation of national economic
development. As a result, the country has been following an Agricultural Development-Led
Industrialization (ADLI) policy since mid-1990s (NCSS, 1993). In recent years, within the
framework of ADLI, various strategies and programmes (e.g. the Sustainable Development
and Poverty Reduction Programme — also called SDPRP (MoFED, 2004), the Plan for
Accelerated and Sustained Development to End Poverty (PASDEP; MoFED, 2006), the
Productive Safety Net Programme (PNSP; Gilligan et al., 2009), and the Growth and
Transformation Plan (MoFED, 2010)) have been implemented. Whereas encouraging results
have been achieved with implementation of these strategies and programmes, there are still
fundamental challenges to a sustained realization of the full potential of the Ethiopian natural

resources (Lemenih and Kassa, 2011; Coria and Sterner, 2011; Amessie, 2014). Unlike in
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many other parts of the world, the shift from area expansion towards agricultural

intensification has not happened in the country’s landscape (Tigabu et al., 2014).

The use and management of natural resources, and returning the vast degraded landscapes
to protective and/or productive systems, have also substantial importance to attain the goal of
sustainable development in Ethiopia (Lemenih and Teketay, 2004a; Tigabu et al., 2014). This,
in turn, requires an understanding of the dynamics in time and space of these resources. In this
regard, the importance of spatial data monitoring and evaluation for proper management of
globally and locally important natural resources is critical. In recent decades, the application
of geo-informatics (GIS and remote sensing) not only revolutionized the way data has been
collected, but also significantly improved the quality and accessibility of important spatial
information for natural resources management and conservation (Lillesand and Kiefer, 2000;
Singh et al., 2012; Nguyen et al., 2015). This is a big step forward towards monitoring global
biodiversity and supporting the efforts of national and regional natural resource use and
conservation. Although  datasets generated based on geo-informatics technology are
becoming basic tools for the day-to-day activities of natural resource managers, ecologists,
conservationists and others, their full potential and reliability are still unused in many of
resource use and conservation programmes (Carver et al., 2012; Jackson et al., 2013). Given
the fact that agriculture remains as the main source of livelihoods for rural communities and
the on-going natural resource degradation continues unabated in Ethiopia, a research-backed
alternative strategy for natural resource management using geo-informatics technology is
crucial to provide sustainable livelihoods to the people as well as promote sustainable

management, conservation and utilization of natural resources, hence, ensuring healthy future.
1.2 Research problem

There are considerable scientific challenges in facilitating sustainable development while
safeguarding natural resource depletion in the Ethiopian highlands. The big question is always
from which point to start with? Among the many obvious natural resources-related problems
in these highlands are the wide spread changes in LULC as a result of drivers and their effects
on ecosystem services. Although these changes result from the necessity to meet locally
defined needs, they have also regional and global impacts (Turner et al., 1997; Sleeter et al.,
2013).
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The current widespread LULC dynamics prevailing in the highlands of Ethiopia are,
however, not given sufficient attention. The major gap includes absence of land use planning
strongly backed with research that can contribute for sustainable use and conservation of
natural resources. For example, land is allocated for various uses with no detail analyses of
subsequent consequences. Despite the general recognition of the problem of LULC changes
and its impact on agricultural productivity, only few scientific studies have been conducted in
some areas of the highlands to provide precise quantitative information on the extent and
trends of changes. These studies, however, have shown heterogeneity in direction, pattern,
type, and/or magnitude of LULC changes (e.g. Abate, 1994, Rembold, et al., 2000; Zeleke
and Hurni, 2001; Bewket, 2002; Dwivedi, et al., 2005; Shiferaw et al., 2011; Wondie et al.,
2011). Hence, findings of LULC changes in one area cannot necessarily be replicated in
another area. The challenge was also to identify the drivers of such LULC changes obtained
through remote sensing techniques, which mainly generate the extent of LULC changes but
do not provide explanations about the underlying reasons responsible for the observed
changes (Wondie et al., 2011). Thus, attempts exist focusing on drivers of LULC changes as
observed from earlier studies (e.g. Tekle and Hedlund, 2000; Bewket 2002; Tegene, 2002;
Dessie and Kleman, 2007; Tefera, 2011). However, those research findings suggest that the
drivers of LULC changes vary from place to place depending on location-specific factors. A
comprehensive study of drivers would be useful to better understand the process of changes

for appropriate intervention strategy.

Besides studying LULC dynamics and their drivers, a thorough understanding of the
consequences of these changes on ecosystem service values (ESVs) through quantitative
knowledge is limited although they are vital in raising awareness of the consequences and
improved decision making. Throughout this thesis the term ‘‘ecosystem service values’’ is
used in a broader sense, defined as values of ecosystem services in monitory units (Zhao et
al., 2004; Hu et al., 2008; Polasky et al., 2011). Dynamics of LULC may increase the
provision of some services while decreasing others that affect the ability of biological systems
to support human needs, indicating ecological degradation (Kreuter et al., 2001; Polasky et
al., 2011), or may cause vice versa. Though many case studies on ESVs have been carried out
(e.g. Hein et al., 2006; Barral et al., 2012; Leh et al., 2013; Wang et al., 2014), few have paid
enough attention to long-term changes of ESVs in response to LULC changes. While efforts
have been made to estimate ESVs and suggest options for areas with scarce data, such studies

also lack for many other countries in Africa that have dramatic LULC dynamics (Leh et al.,



Chapter | Introduction

2013), such as Ethiopia. Moreover, future LULC patterns and changes are still poorly
understood in the Ethiopian landscapes even if they are crucial for development of effective
land use planning strategies (Serneels and Lambin, 2001). Detailed and meaningful scientific
information regarding their opportunities and constraints is still lacking. In this regard,
flexible spatial simulation models with the capacity to develop insights into LULC dynamics
as well as explore “what if” scenarios are required. GIS can provide such extensive
opportunities to model LULC dynamics in a spatially explicit manner (Nourgolipour et al.,
2015; Qiang and Lam, 2015). These can expose unwanted developments in the land use

system, enabling anticipation of these developments through land use planning.

Thus, results of various studies have demonstrated the need to not only discover but also to
understand the complex interrelations between land use/land cover changes, their drivers,
effects on ecosystem services and their possible future patterns, and changes in order to guide
improved natural resource management in an integrated way. This study, therefore, employed
to fill these gaps in a holistic approach using the applications of geo-informatics,
retrospectively and prospectively, to provide scientific bases for better management of natural
resources in the Ethiopian highlands by taking Munessa-Shashemene landscape as a case
study site. The rationales for selection of the study landscape were multiple. Firstly, it is a
typical Ethiopian highland in terms of various environmental attributes, such as soils, water,
climate and topography. Secondly, the landscape is characterized by mosaics of LULC types
that provide different opportunities, but currently suffering from rapid conversions (Lemenih
et al., 2005). Thirdly, studies covering other issues have already been conducted on the study
landscape (e.g. Abate, 2004; Lemenih, 2004; Lemenih et al., 2005; Fritzsche et al., 2007;
Tesfaye et al., 2010) some of which provided a valuable foundation for this study. Besides, no
study has been carried out in this particular landscape so far on the research problems
addressed in this study for the proper management of natural resources. Thus, this research is
paramount important for the study landscape in particular and the Ethiopian highlands in
general. The approaches and results of the study, being conducted in a data scare tropical
region, could also contribute to other similar places around the world where pressure on

natural resources will remain crucial.
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1.3 Research objectives and hypotheses

The main objective of this study was to develop a new methodological framework using
geo-informatics for sustainable natural resource management, use and conservation in the
Ethiopian highlands from a novel multidisciplinary perspective. This is intended, ultimately,
to serve as a ‘stepping stone’ to provide empirical grounds required to make informed
decisions in the development of management strategies in a holistic approach. The specific

objectives of the study were defined to:

1. analyze and evaluate extent and trends of land use/cover (LULC) changes;
2. identify the drivers for the prevailing trends of LULC changes;
3. estimate and quantify changes in ecosystem service values in response to the prevalent
LULC dynamics; and
4. simulate and examine the possible future LULC patterns and changes using scenario
modelling likely to prevail in affecting their sustainable management, use and
conservation.
The following sets of working hypotheses were formulated:
e land use/land cover types have changed and followed certain patterns for the past
four decades (1973-2012);
e land use/land cover changes are triggered by the interplay of multiple drivers
behind the process;
e wide spread changes of land use/land cover types lead to alter ecosystem services
of landscapes; and
e when holistic landscape management is considered with appropriate framework,
expected agricultural production can rather be insured while safeguarding the
environment than when attempting only strict implementation of conservation and

protection policies.
1.4 Embedded original publications and author’s contribution

This study investigated, in detail, and developed a novel framework for an improved
approach for sustainable land use systems in the Ethiopian highlands based on four
components: (1) LULC changes, (2) understanding their drivers, (3) estimating and

quantifying changes in ecosystem service values, and (4) modelling future LULC changes and
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patterns (Figure 1.1). Each of the components were dealt thoroughly and structured as
individual article with their complex interrelations. The titles and short summaries and

contributions of authors of these articles are briefly presented below.

istoricaltrends of 1 5 Use/Land Cover

Article 1

Article 2

Figure 1.1: Schematic framework of this research with the four main components (solid line
boxes) along with their relationship to each other and their coverage in the individual articles.

First article: Kindu, M.; Schneider, T.; Teketay, D.; Knoke, T. 2013: Land Use/Land
Cover Change Analysis Using Object-Based Classification Approach in Munessa-
Shashemene Landscape of the Ethiopian Highlands. Remote Sensing 5 (5): 2411-2435.
d0i:10.3390/rs5052411

This work analyzed land use/land cover (LULC) changes in the landscape of Munessa-
Shashemene area of the Ethiopian highlands over a period of 39 years (1973-2012). Satellite
images of Landsat MSS (1973), TM (1986), ETM+ (2000), and RapidEye (2012) were used.
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All images were classified using object-based image classification technique. Change analysis
was carried out using post classification comparison in GIS. The result depicted the
relationship among LULC types and the changes in different time periods, which served as a
base for the other three components of this study. Implication of the findings and the way

forward were suggested.

Contributions of authors: The research approach was developed by M. Kindu with the
assistance from T. Schneider, D. Teketay and T. Knoke. RapidEye data procurement with the
RapidEye Science Archive (RESA) of German Aerospace Center (DLR) project no. 463 was
carried out by M. Kindu and T. Schneider. Landsat images were procured by M. Kindu. Field
data collection and analyses were carried out by M. Kindu under the supervision of T.
Schneider, D. Teketay and T. Knoke. The article was prepared by M. Kindu, and T.
Schneider, D. Teketay and T. Knoke have undertaken the article revision and research

coordination.

Second article: Kindu, M.; Schneider, T.; Teketay, D.; Knoke, T. 2015: Drivers of land
use/land cover changes in Munessa-Shashemene landscape of the south-central highlands of
Ethiopia. Environmental Monitoring and Assessment Volume 187, Issue 7, 23 July 2015,
Article number 452: 17. doi: 10.1007/s10661-015-4671-7.

This work identified the main drivers behind the LULC changes that had occurred in the
past four decades in the same study landscape. The datasets required for the study were
generated through both primary and secondary sources. Combination of techniques, including
descriptive statistics, GIS-based processing and regression analyses were employed for data
analyses. The identified drivers helped to better understand the process of LULC changes and
served as inputs for modelling of future changes. The findings can also be useful for making
informed decision during policy formulation or land use planning processes or other similar

studies in the Ethiopian highlands.

Contributions of authors: The research approach was developed by M. Kindu with the
assistance from T. Schneider, D. Teketay and T. Knoke. Field data collection and analyses
were carried out by M. Kindu under the supervisions of T. Schneider, D. Teketay and T.
Knoke. The article was prepared by M. Kindu, and T. Schneider, D. Teketay and T. Knoke

have undertaken the article revision and research coordination.
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Third article: Kindu, M.; Schneider, T.; Teketay, D.; Knoke, T. (2016): Changes of
ecosystem service values in response to land use/land cover dynamics in Munessa—
Shashemene landscape of the Ethiopian highlands. Science of the Total Environment 547:
137-147. doi:10.1016/j.scitotenv.2015.12.127

This study estimated changes of ESVs in response to LULC dynamics over the past four
decades in the studied landscape, mainly, by employing GIS. The estimated ESV changes
were derived from LULC datasets as proxy measurement with their corresponding value
coefficients developed earlier by other scientists and own modified conservative value
coefficients. It was a new attempt to increase the credibility of estimation for data scarce
regions. The study brought valuable empirical evidences that can serve as powerful and
arguably essential communication tool to inform higher officials better with regard to trade-

offs involved in land resource use options.

Contributions of authors: The research approach was developed by M. Kindu with the
assistance from T. Schneider, D. Teketay and T. Knoke. Data collection and analysis was
done by M. Kindu under the supervisions of T. Schneider, D. Teketay and T. Knoke. The
article was prepared M. Kindu, and T. Schneider, D. Teketay and T. Knoke have undertaken

the article revision and research coordination.

Fourth article: Kindu, M.; Schneider, T.; Teketay, D.; Knoke, T. (manuscript): Scenario
Modelling of Land Use/Land Cover Changes in Munessa-Shashemene Landscape of the

Ethiopian Highlands.

In this work, a spatially explicit GIS based model was developed to simulate possible
future LULC patterns and changes in three scenarios in the same study landscape covering
four decades (2012-2050) for the first time under three ‘‘what if”’ scenarios. Own generated
datasets from the three components were the main sources to conduct this particular study. The
findings are intended to serve as an early warning system for understanding the future effects
of LULC dynamics and serve as a strategic guide to land use planning process that can better

balance agricultural production and ecological conservations.

Contributions of authors: The research approach was developed by M. Kindu with the
assistance from T. Schneider, D. Teketay and T. Knoke. Data collection and analysis were
carried out by M. Kindu under the supervision of T. Schneider, D. Teketay and T. Knoke. The
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manuscript was prepared by M. Kindu, and T. Schneider, D. Teketay and T. Knoke have

undertaken the manuscript revision and research coordination.
1.5 Organization of the thesis

The thesis is organized into six chapters. The first chapter (this chapter) introduces the
background, research problem, main objectives with hypotheses, and embedded original
publications with contribution of authors. Chapter two reviews the state of the art, i.e. geo-
informatics applications for studying LULC dynamics, understanding their drivers,
quantifying ecosystem services in relation to the changes, and scenario modelling of future
land use/land cover patterns and changes. Chapter three describes the study area and the
general methodology employed for data collection and analyses. Chapter four is devoted to
present the major findings in sub-sections. Chapter five brings the results together and
discusses them systematically. The last chapter (Chapter six) concludes by presenting a
summary of major findings and highlighting future area of investigation.
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2 State of the art

2.1 Geo-informatics for the study of extent and dynamics of LULC

LULC types and their associated changes were central to all related sustainable
development issues (Turner, 1997), and, yet, today they are also important concerns in many
regions of the world (Sleeter et al., 2013; Niedertscheider et al., 2014; Belward and Skgien,
2015; Taelman et al., 2016). Their changes have many interactions with other components of
the earth system. It is recognized that dramatic changes in LULC can significantly modify
regional climate (Fairman et al., 2011) and water balance (Davis et al., 2015), silt-up streams
(Zaimes and Schultz, 2015), affect biodiversity (Dayamba et al., 2016) and ecosystem
stability (Paz-Kagan et al., 2014), and disrupt socio-cultural practices (Raynaut, 2001). This
provides an important aspect in evaluating and conserving Earth’s resources and, thus, calls

for global attention for continuous monitoring of the changes.

Up-to-date datasets on LULC change provide critical inputs to evaluate complex causes
and responses in order to project future trends better, ranging from local to global scales
(Prenzel, 2004; Giri, 2005). They are also prerequisites for making development plans
(Gautam and Chennaiah, 1985). Various studies have been conducted all over the world
regarding LULC changes of a given landscape. However, the magnitude of LULC change
differs with the time period being examined (Weng, 2002), geographical location (Rindfuss et
al., 2004), slope gradient and elevation range (Nelson and Geoghegan, 2002).

Results of various studies have demonstrated the need for a study focusing on location-
specific LULC changes for sound decision-making processes related to the use and
conservation of natural resources (Bewket, 2002; Lunetta et al., 2006; Wondie et al., 2011;
Xiugin et al., 2011). Two ways of capturing LULC dynamics are available: conventional
ground- and geo-informatics (remote sensing and GIS) based methods. The ground method is
labor intensive, time consuming and difficult for capturing data from inaccessible areas with
ragged topographies like the case of most Ethiopian landscapes. On the contrary, with the
advent and development of the integrated geospatial techniques that integrate the use of
remote sensing and GIS, the detection of spatio-temporal LULC dynamics has become easy,
quick and cost-effective (Avelar et al., 2009, Santos et al., 2015). Remote sensing is
considered the most efficient technology to handle these problems since it can explicitly

11
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reveal spatial patterns of land cover change over a large geographic area in a regular and
consistent way (Lillesand and Kiefer, 2000; Singh et al., 2012). These advantages have
attracted great interest in the scientific community. Moreover, the rich archive and spectral
resolution of satellite images are the most important reasons for their use (Lillesand and
Kiefer, 2000; Gillanders et al., 2008). Thus, change detection has become a major application
of remotely-sensed data because of repetitive coverage at short time intervals, which is useful
for tracking changes in LULC over longer periods of time and at more varied temporal scales
than what is typically done with field experiments or ground inventory (Weng, 2002; Fan et
al., 2007). GIS technology can be used to further analyze LULC datasets for different
applications (e.g. Xiao et al. 2006; Avelar et al., 2009; Belal and Moghanm, 2011; Sylla et al.,
2012; Obade and Lal, 2013; Nguyen et al., 2015).

Various techniques are available to extract meaningful information of LULC types from
remotely captured datasets. In the past, most LULC classifications have been created using a
pixel-based analysis of remotely sensed imagery. They used either unsupervised (K-means
and ISODATA) classification, supervised (maximum likelihood) classification and some
combination of which the most commonly used classification technique is the supervised
classification technique (e.g. Gautam and Chennaiah, 1985; Bewket, 2002; Mas et al., 2004;
Dessie and Kleman, 2007). Recently, object-based image analysis has been applied more
frequently for remote sensing image classification than pixel-based analysis (Blaschke, 2010;
Whiteside et al., 2011). Pixel-based methods classify individual pixels mainly using spectral
patterns. The use of spatial or contextual information from neighborhood pixels remains a
critical drawback to pixel-based image processing (Luo et al., 2011). On the other hand,
object-based methods allow integration of different object features, such as spectral values,
shape and texture (Baatz and Shape, 2000; Manakos et al., 2000; Definiens, 2009). One of its
strength is the ability to combine spectral information and spatial information for extracting
target objects (Baatz and Schape, 2000; Whiteside et al., 2011). However, accuracies of
object-based approach differ depending on the nature of landscape and type of images used

for analysis (Dronova et al., 2011).

In light of the existing knowledge it can be concluded that LULC study should be location
specific and continuous. There is also a need of choosing appropriate datasets and techniques

in order to extract meaningful LULC information with the highest possible accuracy.

12



Chapter 11 Sate of the art

2.2 Geo-informatics for understanding drivers of LULC changes

LULC changes in different parts of the world have been propelled by a set of driving
forces that determine the trajectories of landscape development (Serneels and Lambin, 2001;
Burgi et al., 2004; Campbell et al., 2005; Beilin et al., 2014). Many, if not most, LULC
changes are intended or unintended consequences of human decisions and the subsequent
actions. The drivers of these changes are broadly categorized as social, economic,

environmental, policy/institutional and technological factors (Lambin et al., 2003).

The social drivers are related to the changes in LULC as a result of population growth
(Bewket, 2002; Brink et al., 2014). The number of people currently residing on Earth is
widely acknowledged as an important variable in influencing the condition of ecosystems, e.g.
LULC types and their changes (Meyer and Turner, 1992; Braimoh, 2004). There is also a
growing recognition that how population is distributed across age groups, urban and rural
regions, living arrangements, working conditions, and geographic regions affects
consumption patterns and, therefore, impacts on LULC distributions (Beilin et al., 2014). The
economic drivers are the consequences of human impact on LULC types to improve the
quality of life, the outputs of which are determined by the natural resources (Wood et al.,
2004). Land use practices, such as fuelwood collection, livestock grazing, charcoal making
and road expansion, are examples of economic drivers that can cause LULC changes
(Nagendra et al.,, 2003; Dessie and Kleman, 2007; Njenga et al., 2013). Furthermore,
agricultural expansion is also recognized as the economic driver of LULC changes
(Woodhous, 2012).

The environmental drivers include the characteristics and processes of the natural
environment or climate induced changes, such as weather conditions (rainfall variability,
moisture availability and temperature), topography (slope and altitude), quality of land
(erosion), fire events and flooding (Thiombiano and Tourino-Soto, 2007; Yang et al., 2008;
Martinez et al., 2011; Kicklighter et al., 2014; Roman-Cuesta et al., 2014). Variations in those
natural conditions have influences in determining the LULC changes in different landscape.
The policy/institutional drivers are those factors, such as land tenure and legislation, that
influence and lead to LULC changes (McCann, 1995). Technological factors also condition
the LULC changes by influencing those who depend on land. Developments of technologies
(e.g. seed varieties, farm tools and mechanization) have profound influence and triggered the

dynamics of LULCs in a given landscape (Dietrich et al., 2014). Understanding these factors
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that cause changes in LULC is essential for predicting future changes that are likely to occur
using models (Serneels and Lambin, 2001) or development of management strategies and
policies to ameliorate or prevent further decline of natural resources (Tekle and Hedlund,
2001; Mottet et al., 2006). Thus, in recent decades, the study of drivers of LULC changes has

become one of the major goals of global change research (Lambin and Geist, 2006).

Several studies were devoted to investigate drivers of LULC changes using different
methodologies, including statistical analyses, case studies, geo-informatics-based spatial
statistical models and simulations (Bewket, 2002; Serneels and Lambin, 2001; Beilin et al.,
2014). Although the drivers of changes are recognized as important, and the literature is
growing in both size and sophistication, few studies integrate both social and ecological data
from case studies to examine the links between the drivers and their effect on LULC
dynamics. Yet, the trends in LULC dynamics reveal concern globally, but driven markedly by
different reasons or causes in various landscapes (Bewket, 2002; Dessie and Kleman, 2007;
Beilin et al., 2014).

While considerable efforts have been made to identify the drivers, findings from different
studies suggest that the drivers of LULC changes vary from place to place depending on
location-specific factors. Many places of the world have also experienced multiple drivers of
land use change simultaneously, and the impacts of each depend in part on how different
drivers of LULC change interact (Campbell et al., 2005; Kicklighter et al., 2014). They are
sometimes remote in space or time from the observed changes, and frequently involve macro-
economic and policy changes that are difficult to anticipate (Serneels and Lambin et al.,
2001). In addition, there is a significant debate on the level of influence by drivers of changes,
making generalization nearly impossible (Bewket, 2002; Tegene, 2002; Dessie and Kleman,
2007).

Thus, there is a clearly need for empirical investigation into the problem. In particular,
integrated analyses of drivers on LULC dynamics is limited. As stated by Beilin et al. (2014),
the drivers of changes are still contentious issues and further research is necessary. Earlier
studies (Serneels and Lambin, 2001; Lambin et al., 2003; Mottet et al., 2006) also underlined
the need for detailed understanding of drivers that can enhance the ability to project future
outcomes and intervention options. Such a comprehensive study of drivers would be useful to
better understand the interrelationships between local people and the land resources, i.e.

LULC types, which can help as a basis for the development of more appropriate and
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sustainable land use systems. Hence, it can be summarized that any intervention to address
drivers of changes properly and development of sustainable landscape ought to begin with
empirically supported and locally-specific understanding of the multiple drivers affecting the
LULC types.

2.3 Geo-informatics for quantifying ecosystem services in relation to
LULC changes

Scientists have described society’s critical dependence on ecosystem services (Westman,
1977; MEA, 2005; Bateman et al., 2013; Knoke et al., 2016). Ecosystem services are the
direct and indirect contributions of ecosystems to human wellbeing and survival (MEA, 2005;
Schégner et al., 2013; Fisher et al., 2009; Costanza et al., 2014). They result from interactions
between biotic and abiotic components of ecosystems (Singh, 2002). The ecosystem services
include not only provisioning (e.g. food production, raw material and water supply), but also
regulating (e.g. climate regelation, water purification and disturbance regulation), supporting
(e.g. nutrient cycling, pollination and soil formation) and cultural services (e.g. aesthetic
values) (MEA, 2005). Because of their relevance to society, these ecosystem services as well
as their economic values have become focuses of interest over the last decade (Troy and
Wilson, 2006; Butler et al.,, 2013) and among one of the popular issues in ecological

economics (Troy and Wilson, 2006; Bateman et al., 2013).

The ecosystem service values (ESVs) are directly correlated to the situation of ecosystems,
e.g. LULC types, in a given area (de Groot et al., 2002; Styers et al., 2010). The forests, as
one of the LULC types, offer important ecosystem services, such as erosion protection, water
supply and quality (Allen, 2004) apart from provisioning services (Sukara, 2014). They
reduce the risk of soil erosion when they are found on steep slopes (Zeleke and Hurni, 2001),
and in higher elevations, usually increase local water supply by collecting moisture out of the
fog-saturated atmosphere that would otherwise remain in vapor form (Martinez et al., 2009).
They also provide long-term storage of climate-altering greenhouse gases (Manrique et al.,
2011). Besides storing greenhouse gases and capturing water, it has also been demonstrated
that they provide the highest quality stream water and as natural filters against pollutants, and,
thus, play a key role in water quality (de Souza et al., 2013; Fiquepron et al., 2013). Thus,
instead of viewing nature conservation as a trade-off for human well-being, it is now also

looked up on as an important contributor (MEA, 2005).

15



Chapter 11 Sate of the art

Dynamics of LULC can cause changes in the values of ecosystem services (Kreuter et al.,
2001; Hu et al., 2008; Polasky et al., 2011). It may increase the provision of some services
while decreasing others that affect the ability of biological systems to support human needs,
indicating ecological degradation (Polasky et al., 2011), or vice versa. As changes in ESVs
differ depending on the direction and/or magnitude of the LULC dynamics, most of the
available studies were location-specific. For instance, Leh et al. (2013) revealed a general
decline of ESVs while Wang et al. (2014) found the opposite, i.e. an increasing trend.
Consequently, making direct use of such results to other areas might lead to erroneous
conclusions. Nevertheless, because of population growth, economic pressure, and urban
growth, many natural ecosystems are continuously being altered, destroyed or transformed,
especially during the last decades (Dessie and Kleman, 2007; Martinez et al., 2009; Biazin
and Sterk, 2013). Such ecosystem degradation threatened a continued supply of ecosystem
services, while, at the same time, the demand for ecosystem services are increasing with
human population growth (MEA, 2005; Guo et al., 2010). Globally, the Millennium
Ecosystem Assessment documented that approximately 60% of the ecosystem services are
being degraded or used unsustainably, including wood, fresh water, air and water purification,

and the regulation of regional and local climate and natural hazards (MEA, 2005).

It is possible to value the services delivered by ecosystems and analyze their changes by
using biophysical models. Valuation concerns the assessment, appraisal or measurement of
the importance or values of ecosystem services as foundations of human societies (de Groot et
al., 2002). The quantification and analyses for changes of ESVs serve different purposes,
including as important tools to raise awareness (Liu et al., 2010), contribute to developing
knowledge on management of natural capital (Costanza et al., 1997; Frélichova et al., 2014),
improve decision making for allocation of scarce resources among competing demands (Guo
et al., 2001; Barral and Oscar, 2012), formulate polices (Schagner et al., 2013) and provide a
stimulus to conserve the ecosystems that offer the most valuable services (Konarska et al.,
2002; Bateman et al., 2013). As a result, interest in ESVs has evolved rapidly in both the
scientific communities and policy makers (Turner et al., 2003; Troy and Wilson, 2006; Butler
et al., 2013; Costanza et al., 2014). The approach is widely utilized as a framework to

understand and analyze the relationships between societies and ecosystems.

Studies on quantifying the ESVs and analyzing their changes has received wide attention

as one of the most significant and fastest evolving areas of research in environmental and
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ecological economics after the publication of Costanza et al. (1997), who proposed a list of
ecosystem service value coefficients of biomes (LULC types) based on synthesis of previous
studies and estimates of global ESVs. Although the proposed global value coefficients have
been criticized because of uncertainties (Limburg et al., 2002; Hein et al., 2006; Maes et al.,
2012), a number of researchers working in regions where data are scarce have used them
through benefit transfer method and paved the path to the science of ecosystem service
valuation (Kreuter et al., 2001; Zhao et al., 2004; Wang et al., 2006; Li et al., 2007; Hu et al.,
2008; Kubiszewski et al., 2013). The benefit transfer method refers to the process of using
existing values and other information from the original study site to estimate ESVs of other
similar location in the absence of site-specific valuation information (Kreuter et al., 2001;
Kubiszewski et al., 2013).

The growing body of literature on the valuation of ecosystem services includes studies on
changes on ESVs (Kreuter et al., 2001), analyses of the effect of spatial scales on the
valuation of ecosystem services (Hein et al., 2006), land use planning based on ecosystem
service assessment (Barral et al., 2012), quantifying and mapping of multiple ecosystem
service changes (Leh et al., 2013), bringing ecosystem services into economic decision
making (Bateman et al., 2013), and assessment of values of ecosystem services in nature
reserve (Wang et al., 2014). Though many case studies on ESVs have been carried out, too
few have paid enough attention to long-term changes of ESVs in response to LULC changes
and adjusting available coefficients into a higher local validity during estimation of ESVs.
Little attention has also been focused on the spatial visualization and mapping results of ESVs
and their changes (Maes et al., 2012; Leh et al., 2013). Most of previous economic valuations
have been non-spatial when estimating and describing the values with statistical data (Chopra,
1993; Hope and Maul, 1996; Higgins et al., 1997).

In recent years, remote sensing and GIS technologies were commonly applied in most of
the studies during the spatially explicit ecosystem service estimation processes. The former
offers opportunities of generating LULC types for a given area that can be utilized as proxies
of measurements while the latter is used for estimating and mapping their distributions
(Konarska et al., 2002; Zhao et al., 2004; Wang et al., 2006). Ecosystems and their services
are spatially explicit, and this makes GIS very appropriate for the analyses. As primary
datasets are expensive, or sometimes scarce in some regions, secondary data consisting of

spatial units, such as LULC classes, are also, more often, used as proxies for estimation
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(Kreuter et al., 2001; Maes et al., 2012). In addition, for the corresponding value coefficients,
The Economics of Ecosystems and Biodiversity (TEEB) valuation database was also
developed, mainly, based on literature of case studies in different parts of the globe (van der
Ploeg and de Groot, 2010).

In summary, as changes in ESVs differ depending on the condition of LULC types, site
specific study is needed to understand the relationship between societies and ecosystems. In
addition, the variation of changes in ESV through more locally valid coefficients, when
compared to the often used global coefficients (Costanza et al., 1997), and impact of the

variation of the value coefficients over time have not been investigated.

2.4 Geo-informatics for scenario modelling of LULC changes

Development of effective land use planning strategies for sustainable resource use and
conservation requires knowledge of future LULC patterns and changes (Serneels and Lambin,
2001; Bhattacharjee and Ghosh, 2015). One way of exploring the potential future situation of
land resources is through the use of modelling. Hundreds of LULC change models have been
described in the literature on landscape ecology, geography, urban planning, economics,
regional science, computer science, statistics, geographic information science, and other fields
(Brown et al., 2004). Models can be categorized according to the amount of information they
contain, namely whole landscape models, distributional landscape model, or spatial landscape
models (Baker 1989).

Among the categories of models in view of functional and methodological aspects, GIS-
based modelling is nowadays a frequently and widely used approach in LULC research
(Paudel and Yuan, 2012). Since the 1980s, the development of GIS has opened new horizons
as essential technology for the management and manipulation of spatial data sets (Burrough,
1986; Carver et al., 2012; Nguyen et al., 2015). From routinely performing work-related tasks
to scientifically exploring the complexities of our world, GIS offers the geographic advantage
to become more productive, aware and responsive citizens of the planet Earth (Esri, 2011).
Specifically, GIS is beneficial in LULC modelling because it is able to provide visual-based
simulation environment, data management and well developed algorithms to deal with
datasets of high spatial detail with information content. It is valuable in determining the
spatial resolution necessary for LULC modelling and enabling organizations to leverage data
to make more informed decisions on all fronts. GIS has also become a key part of scenario
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modelling studies because it has proved useful in LULC modelling processes, such as the
spatial and temporal distribution of inputs and parameters controlling the changes, i.e. the
drivers behind the process (Nourqgolipour et al., 2015). Additionally, GIS provides such
extensive opportunities to model LULC dynamics in a spatially explicit manner (Qiang and
Lam, 2015). Such nature and ability to accurately and spatially represent features has paved
the attention of land use scientists (Esri, 2011; Paudel and Yuan, 2012; La Rosa, 2014,
Latinopoulos and Kechagia, 2015).

Simulation models have been used by a large number of research groups to explore when
and where future LULC changes would occur based on the goals of a particular study through
integrated multidisciplinary research of complex environmental processes and their
interactions (Wu et al., 2006; Schaldach et al., 2011; Grinblat et al., 2015; Nourqolipour et al.,
2015). There are differences in modelling approaches of these studies, which often relate to
differences in the purpose of the study. For example, Wu et al. (2006) predicted land use
change in Beijing, China. Grinblat et al. (2015) developed and simulated dynamics of
agricultural land use in Mali, West Africa. Nourgolipour et al. (2015) employed a GIS-based
model to analyze spatial and temporal development of palm oil plantations in Kuala Langat
district, Malaysia. These results showed wide variety of information about future LULC types
in each of the studied area. Since the drivers of LULC change differ from place to place, it is
important to understand their location-specific interaction and reasonably predict the future
demand of land, which is the key in land use planning and management specific to the areas
under investigation (Wardell et al., 2003; Kindu et al., 2015; Nourgolipour et al., 2015).

In combination with the increasing tendency to future-orientated multidisciplinary research
and availability of numerical impact assessment techniques (e.g. Serneels and Lambin, 2001,
Grinblat et al., 2015), spatially explicit simulation modelling has become an attractive
approach to assess and visualize future LULC patterns and changes under set of scenarios.
Such approach provide good information on how various courses of action may affect the
future of a given resource in which today’s decision might be played out (Sun et al., 2012;
Martinuzzi et al., 2015). Additionally, it gives a chance to estimate the changes of ESVs in
response to LULC dynamics (Hu et al., 2008; Dallimer et al., 2015). In this case, it can enrich
our understanding of human activities about resource use and conservation (Bachelet et al.,
2003). In particular, knowing the potential outcomes of alternative scenarios can be a

powerful tool when making and implementing difficult policy decisions (Sun et al., 2012).
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Thus, it significantly contributes to the understanding of the potential constraints and
opportunities associated with various course of actions and enhances early decision making
process to minimize consequences and mitigate harmful impacts. Therefore, the simulation
outputs could play an important role in facilitating the identification and planning of
management strategies that could reverse the trend and promote improved management of

natural resources (Bhattacharjee and Ghosh, 2015).

Based on the existing knowledge, it can be concluded that several LULC simulation
models are available. However, regardless of current advances in modelling, they are limited
in their ability to simulate using specific datasets and contexts within which they are
calibrated. While they are useful for identifying future pattern and changes of LULC types
within a particular framework and projecting trends defined by the data, these models are
limited in their ability to generate results or predict in the future situations where the drivers
are different from those operating in the real situation. Thus, research on modelling LULC
patterns and changes should be based on level of complexity of the target area, scale of
application, and most importantly locally valid datasets and their associated drivers. Owning
to the complex dynamics to the LULC types in a given landscape, simulating the entire
landscape is also advisable for inclusive recommendations instead of working on models that
only examine a specific part of LULC types, such as modelling crop or grassland ecosystems
independently (Sabatier et al., 2010; Wang et al., 2014).
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3 Materials and methods

3.1 Study area

3.1.1 Location, topography and demography

The study was conducted in the Munessa-Shashemene landscape of the Ethiopian
highlands, which is located within Munessa and Arsi-Negele Districts (between 7°20'01.23"
to 7°35'13.3" N and 38°39'43.3" to 38°59'57.31" E) about 200 km south of Addis Ababa
(Figure 3.1).
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Figure 3.1: Location of the study area: (a) African position, (b) Ethiopian context, (c) 3D
view of study landscape. Study landscape background is RapidEye image of year 2012
with RGB (red, green and blue): bands 3, 2 and 1, draped on Aster Digital Elevation
Model (DEM) with three-fold vertical exaggeration.
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The Munessa-Shashemene landscape is characterized by diverse topographic conditions
with a total area of about 1,091 km?. The elevation ranges from 1,500 m at the Central Rift
Valley lakes to over 3,400 m at the Arsi-Bale massif in the eastern part of the study landscape.
A mountainous and undulating topography with steep slopes characterizes the eastern part of

the landscape, and gentle to moderate slopes characterizes the western part.

The area is one of the highly populated parts of Ethiopia. The population of Munessa and
Arsi-Negele Districts, based on the 2007 census result, was estimated at 430,728 (CSA,
2007). The majority the people (84%) reside in the rural areas.

3.1.2 Climate and soils

The climatic conditions in the highlands of Ethiopia are tropical highland monsoon where
the seasonal rainfall distribution is controlled by the movement of the inter-tropical
convergence zone and highly influenced by as result of complex topographic (altitudinal)
differences (Taddese, 2001). There is a decline in mean annual temperature and increase in
mean annual rainfall with increasing altitude. The climate of the Munessa-Shashamane
landscape falls into three zones that include sub-humid, humid and cold highlands (Hurni,
1998). The rainfall has a bimodal distribution. The short and main rainy seasons occur from
March—May and July—September, respectively. Meteorological station records show that the
annual rainfall is about 1,200 mm at Degaga town (2,000 m), which is found in the study area.

Mean annual temperature is 15 °C.

The soils of the area are closely related to their parent materials and their degree of
weathering. They are rich in clay and classified as Mollic Nitisols, Vertisols (Mazic
Vertisols), Umbric Andosols, Humic Ubmrisols, Mollic Cambisols and Alisols (Fritzsche et
al., 2007). The first three cover large area of the landscape and agriculturally important soil
types. The Nitisols are reddish in color and have moderate CEC, relatively high organic
matter content and total nitrogen. The Vertisols are dark and heavy clay soils and occupy
waterlogged plains. Andosols are also dark in color and have high water holding capacity
(Aran et al., 2001).

3.1.3 Agriculture and biodiversity

Farmers in the area are engaged in agriculture with a mixed farming system that is carried

out on a subsistence scale, hence, livestock rearing and crop cultivation is common in all the
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altitudinal ranges (Lemenih et al., 2005). The livestock kept in the study area are, mainly,
cattle and goats, and reared in a free grazing system. They provide the draught power for the
farming operation as well as for generation of income for the households. A variety of crops
are produced by a household under rain-fed system, mainly, with one harvest per year. Major
crops grown are barley (Hordeum vulgare L.), wheat (Triticum aestivum L.), maize (Zea mays
L.), beans (Phaseolus vulgaris L.), sorghum [Sorghum bicolor (L.) Moench.] and teff
[Eragrostis tef (Zucc.) Trotter.].

Apart from croplands, the landscape also comprises mosaics of other land use/land cover
(LULC) types, mainly natural forests, grasslands, plantation forests, woodlands, settlements
and water bodies. The natural forests belongs to the tropical dry Afromontane forest (Teketay
and Granstrom, 1995). They are dominated by indigenous tree species, namely Podocarpus
falcatus (Thunb.) R. B. ex. Mirb., Croton macrostachyus Del, Ekebergia capensis Sparrm.,
Celtis Africana Burm.f., Prunus Africana (Hook.f.) Kalkm., Polyscias fulva (Hiern) Harms,
Pouteria adolfi-friederici (Engl.) A. Meeuse [synonym: Aningeria adolfi-friederici (Engl.)
Robyns & Gilbert], Syzygium guineense (Willd.) DC. (Tesfaye et al., 2010). The woodlands
are dominated by Acacia species and found in the lower altitude of the study landscape. The
plantation forests are composed of exotic species, mainly Cupressus lusitanica Miller, Pinus
patula Schlechtendal & Chamisso and Eucalyptus spp (Chaffey, 1980) established starting
from the late 1960s (Lundgren, 1971). The water body (Lake Langano) receives most of its
water from small rivers and streams that drain from the Arsi Mountains and is rich with

biodiversity.

Lake Langano contains five species of barbus fish, namely Barbus paludinosus, Garra
dembecha, Labeobarbus intermedius, Clarias gariepinus and Oreochromis niloticus
(Vijverberg et al., 2012). The lake has an estimated fish production of about 1,000 ton year™,
which is about 7% of the total annual average catch of the country for the period from 1999 to
2009 (Tesfaye and Wolff, 2014). The surrounding of the lake is endowed with Acacia species
dominated vegetation, which is a home for many bird species. Resort areas are booming since
the lake has extended beaches, and the water is more suitable for swimming, sunbathing,

camping, water sports and bird-watching (Estifanos, 2008; Kidane-Mariam, 2015).
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3.2 Datasets

3.2.1 Satellite imagery

Landsat and RapidEye imagery were the core datasets for classification of major land
use/land cover (LULC) types of the study landscape (Kindu et al., 2013, see Publication I in
the Appendix). The Landsat imagery data included Landsat MSS, Landsat Thematic Mapper
(TM) and Enhanced Thematic Mapper (ETM+) scenes of the year 1973, 1986 and 2000,
respectively. These datasets were acquired from the National Aeronautics and Space
Administration (NASA) through their EOS Data Gateway Database (Table 3.1). The
RapidEye imagery data were used for the study year 2012. The images were obtained from
RapidEye Science Archive (RESA) supported by German Aerospace Center (DLR). They
were ortho-rectified level 3A and geometrically corrected. Both Landsat and RapidEye
imageries were acquired in the same season. Images of the same season were selected to

reduce the effect of seasonal discrepancies on the classification results (Lu et al., 2004).

A 30 m Digital Elevation Model (DEM), based on Aster imagery, was also employed in
order to drive slope gradient and agro-ecological zones of the study landscape. In addition,
ancillary data were utilized during analysis, including topographic maps, field data, thematic
layers (roads and towns), Kebele! (Village) and District (Woreda?) boundaries. All datasets
were projected to the Universal Transverse Mercator (UTM) projection system zone 37N and
datum of World Geodetic System 84 (WGS84), ensuring consistency between datasets during
analyses. The pre-processing of datasets was made using ArcGIS, ENVI and PCI geomatics

software packages.
3.2.2 Other datasets

Other datasets required for the study were generated through both primary and secondary
sources, including reports, formal household survey, group discussion with elders, field
observations, measurements, informal discussion with individual farmers and development
agents (DAs) working at the study landscape. Two phases of field work were conducted. Both
primary and secondary data collection and detailed household surveys, using semi-structured

questionnaires, and group discussions were conducted between November 2011 and January

1 Kebele is the smallest and lowest level of administration units in Ethiopia
2 Woreda is the local administrative unit above Kebele
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2012. GPS coordinates of target LULC types and market centers were collected, and
information regarding each site was noted. Further field work for additional secondary data
was conducted during January-February, 2013.

The secondary datasets were mainly collected and synthesized from published literature,
official statistics, and policy documents. Population data were obtained from the Central
Statistical Authority (population of 1994 and 2007) and Woreda Offices (population of 2012)
of the study landscape. The road network datasets were derived in ArcGIS environment from
multiple sources, including Central Statistical Authority of Ethiopia, topo map, aerial
photographs and RapidEye images. The rainfall datasets were obtained from the Ethiopian
National Meteorological Service Agency. Station records from 1981 to 2008 of Langano
located in the lower part of the study landscape were used. The long term annual average
rainfall (1950 to 2000) from the WorldClim database produced by Hijmans et al. (2005) and

available online were also utilized.
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Table 3.1: Summary of datasets used in this study.

Datasets

Acquisition date (s): Pixel
Resolution/Scale

Day/Month/Year

Source (s)

Satellite datasets

Population data
Rainfall data

Temperature data

Roads and towns
Kebele boundary
District boundary

ESV coefficients

Price index data

Synthesized data

1/ 2013-2/2013

Landsat MSS 30/1/1973 60 m NASA (http://glovis.usgs.gov/)
Landsat TM 5 21/1/1986 30m NASA (http://glovis.usgs.gov/)
Landsat ETM+ 5/2/2000 30m NASA (http://glovis.usgs.gov/)
. RESA
RapidEye 1/2/2012 Sm (http://eyefind.rapideye.com/)
Aster DEM 30m NASA (http://glovis.usgs.gov/)
Other secondary and
primary datasets
Aerial photographs .
(Black and white) 1/2/1972 1:50000 EMA
1/2/1986 1:20000 EMA
Topo map 1:50000 EMA
Field data 10/2011-1/2012; Field survey

CSA, District offices
NMA, WorldClim database

NMA

Costanza et al., 1997; vand der
Ploeg and de Groot, 2010; Knoke
etal., 2011
http://data.imf.org/;
http://faostat.fao.org/

From report, articles, policy briefs

CSA= Central Statistical Authority; DEM = Digital Elevation Model; ESV = Ecosystem Service Value;
NMA = National Meteorological Agency of Ethiopia; EMA = Ethiopian Mapping Agency; NASA =
National Aeronautics and Space Administration; RESA =
Multispectral Scanner System; TM = Thematic Mapper; ETM+ = Enhanced Thematic Mapper
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3.3 Methodology

3.3.1 Land use/land cover (LULC) classification and change analyses

Various techniques are available to extract meaningful information of land use/land cover
(LULC) types from remotely captured datasets. Object-based image analysis (OBIA) was
employed for the classification of major LULCs in the study landscape. This is owing to its
ability to combine spectral information and spatial information for extracting target objects
(Baatz and Schépe, 2000; Whiteside et al., 2011). Figure 3.2 shows the methodological
approaches employed to classify satellite images and analyze changes in LULCs. Detailed
descriptions of the analysis methods are given in Kindu et al. (2013), see Publication 1 in the

Appendix) and the overall approach is briefly explained in the following subsections.
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Figure 3.2: Methodological approach used for land use/land cover (LULC) types
classification and analyze the changes in the study landscape. Dash line boxes are

intermediate/temporal classes and colored boxes are final LULC classes.
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3.3.1.1 Image segmentation

Image segmentation is an established way for the creation of objects or separated regions
in an image required for successful object-based image analysis (Blaschke, 2010). There are
many image segmentation algorithms developed depending on the type of specific tasks. In
this research, the sophisticated segmentation algorithm, known as multi-resolution
segmentation (MS), which is based on the Fractal Net Evolution Approach (FNEA) (Baatz
and Schéape, 2000) and available in eCognition Developer 8.0 software, was utilized. The MS
algorithm is also an optimization procedure that minimizes the average heterogeneity for a
given number of objects and maximizes their homogeneity based on defined parameters.
These parameters®, namely scale, shape, and compactness, are defined through trial and error
to successfully segment objects in an image (Flanders et al., 2003; Yan et al., 2006; Tian and
Chen, 2007; Definiens, 2009). Scale parameters, ranging from 8 to 500 with three different
levels depending on the type of images, were used for the analyses (Table 3.2). The images
were segmented in to three levels to facilitate the object-based classification depending on the
nature of LULC classes to be detected. For instance, level 1 was used to handle those big size

classes like water bodies, whereas level 3 was used for small size classes like tree patches.

Table 3.2: Parameters used for different images in each segmentation level.

Parameters Used in Different Segmentation Levels

Data Type Resolution Parameters for Level 1 Parameters for Level 2 Parameters for Level 3
Sc Sh Cm Sc Sh Cm Sc Sh Cm
Landsat MSS 60 m 40 0.2 0.8 15 0.2 0.8 8 0.2 0.8
Landsat TM5 30m 50 0.1 0.5 20 0.1 0.5 10 0.1 0.5
Landsat ETM+ 30m 50 0.1 0.5 20 0.1 0.5 10 0.1 0.5
RapidEye 5m 500 0.2 0.7 200 0.2 0.7 50 0.2 0.7

Sc = Scale; Sh = Shape; Cm= Compactness

3 Scale parameter identifies the highest heterogeneity allowed for the objects; Shape parameter balances
spectral homogeneity versus shape of objects on segmentation outcome; Compactness parameter
determines image objects based on their relative shape.
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3.3.1.2 Object-based classification

The object-based classification was applied to a segmented image in order to assign a class
to each of the segments using identified target LULC classes (Table 3.3). This was carried out
in eCognition 8.0 software (Definiens, 2009). There are two approaches in eCognition to
assign classes to segmented objects, which are membership functions and the nearest
neighbour (NN) classifier. The membership function classifier uses the user's expert
knowledge to define rules and constraints in the membership function from object features to
control the classification procedure. On the other hand, NN classifier uses a defined feature
space, e.g., using original bands or customized bands, and a set of samples that represent
different classes in order to assign class values to segmented objects (Whiteside et al., 2011).

Whenever applicable, both approaches were used during the classification process.

Table 3.3: Description of land use/land cover (LULC) types.

LULC Types General Description

Avreas of land those already get bad either due to erosion or misuses especially over

Bare lands grazing and crop cultivation.

Grasslands All areas covered with natural grasses and small shrubs dominated by grasses.
Water body Permanent lakes and other intermittent ponds.

Settlements Build-ups (houses) in both urban and rural parts.

Croplands Areas of land prepared for growing agricultural crops. This category includes areas

currently under crop, and land under preparation.

Tree patches Areas covered with scattered trees, bushes and shrubs along the study landscape.
Small patches of forests (<0.5 ha) are also included in this category.

Plantation

forests
Natural forests ~ Areas dominated by natural high forests, which are evergreen or deciduous.

Areas covered by man-made trees with minimum size of 0.5 ha.

Woodlands Forests found below 1900 m (Teketay, 2000). Mainly dominated by Acacia spp.

The implemented classification scheme was hierarchical with three levels applied using a
““top-down’’ approach. That is, the classification started from very general classes (level 1),
which were further subdivided into more specific classes (level 2 and 3). The whole study
landscape was broadly classified in level 1 into water body and land classes by using the
spectral features from the mean value of objects in near infrared band. The second and third

levels were used to extract the remaining target LULC types from the class land (Figure 3.2).

The object-based classification of target classes was achieved by using mainly thresholds

of mean and/or standard deviation of spectral features (original bands of blue, green, red, red
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edge, and near infrared), customized bands (ratio of blue over green), thematic layers, DEM
values, texture value of grey-level co-occurrence matrix (GLCM) homogeneity, and
normalized difference vegetation index (NDVI). The NDVI was calculated using equation 3.1
(Reed et al., 1994).

NDVI = NIR - RED (3.1)
" NIR + RED '

where NIR and RED = reflectance in the near infrared and the red bands, respectively.

The calculated NDV1 values were used to further classify the class land into vegetation and
no-vegetation classes. As the images were taken during the dry season, some dried vegetation
with low NDV1 was classified as no-vegetation class. Expert knowledge based developed rule
set using red and red edge mean values were utilized to refine such classes from no-vegetation
to vegetation classes. The vegetation class was again subdivided into forest and no-forest
classes using the mean value of objects in red band and a value from blue over green ratio.
The forest class was again classified to achieve the final target LULC types, namely
plantation forests, tree patches, natural forests and woodlands. The standard deviation value of
objects in red band, texture value of GLCM homogeneity, DEM and size (area) of the class
objects were utilized to separate these four classes. On the other hand, the mean value of NIR
was utilized to separate grasslands and croplands from the class no-forest. Based on the
training samples, the NN classifier was also employed to further classify the no-vegetation
class into settlements, bare lands, harvested croplands and dry grasslands. Again, associated
to the dry season images acquisition, there were areas that were signed as bare lands although
they were dry grasslands and harvested croplands. To avoid such confusion, the two classes
(harvested croplands and dry grasslands) were temporally created under no-vegetation class
and at the end, they were re-assigned to the class croplands and grasslands, respectively
(Figure 3.2).

3.3.1.3 Accuracy assessment

Accuracy assessment determines the quality of the map extracted from remotely sensed
data (Foody, 2002; Congalton and Green, 2009). The accuracy assessments were performed
for classified images of 1973, 1986, 2000, and 2012. Considering the number of LULC

classes, a minimum of about 40 random points were generated per class using stratified

30



Chapter 111 Materials and Methods

random sampling approach for efficient accuracy assessment (Congalton and Green, 2009).
The corresponding reference class for each LULC type of the four reference years was
collected from different data sources, including data from field visits, historical black and
white aerial photos, topographic maps, and raw images. Raw images were used for those

visually visible classes, e.g., forests and water bodies.

An error matrix or confusion matrix is a common practice employed for assessment of
classification accuracy (Foody, 2002). The matrix compares information obtained by
reference sites to that provided by classified image for a number of sample areas.
Accordingly, overall accuracy, producer’s and user’s accuracies, and Kappa statistic were

calculated from the error matrix.
3.3.1.4 LULC change analysis

Post-classification image comparison technique was employed to conduct change analysis
(Singh, 1989). It was selected in order to minimize possible effects of atmospheric variations
and sensor differences (Lu et al., 2004), but classification with high accuracy is a prerequisite
for effective change detection (Foody, 2001). Independently classified images with the
highest accuracy were used in the change detection process. Change statistics were computed
by comparing image values of one data set with the corresponding values of the second data
set in each period. This results in a summary table of the overall changes per class. The values
were presented in terms of hectares and percentages. The percentage LULC changes were

calculated using equation 3.2.

Area - Area ;i
Percentage LULC change = < final year inital year) x100

(3.2)
Area initial year

where Area = extent of each LULC type. Positive values of equation 3.2 suggest an increase
whereas negative values imply a decrease in extent. LULC conversion matrix between 1973
and 2012 was generated using ArcGIS 10 software and compiled in a matrix table, and the

values were presented in terms of hectares.

Slope gradients and agro-ecological zones (AEZs) are conditional factors for LULC
distributions and changes (Hurni, 1998; Hietel, 2004). The slope gradient and AEZs were
developed from Aster DEM in ArcGIS environment (Kindu et al., 2013, see Publication | in

the Appendix). By overlaying the classified maps of each reference year (1973, 1986, 2000
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and 2012) on to the slope and AEZ map, thematic information showing relationship between

LULC distribution and changes in each category was extracted.
3.3.2 Drivers of LULC changes

Understanding the multiple drivers of LULC changes requires a detail empirical and locally
specific investigation into the problem. Thus, this specific research was undertaken by
employing combination of techniques for data collection and analyses of the drivers of LULC

change. The overall approach is briefly explained in this section.
3.3.2.1 Sampling and household survey

Selection of respondents to generate proper data from the household survey was carried out
in a stratified method followed by a two-stage sampling technique. Accordingly, the study area
was stratified in to three groups based on the developed AEZs, namely sub-humid highlands,
humid highlands and cold highlands (Kindu et al., 2013, see Publication | in the Appendix).
Then, in the first stage, a purposive sampling method was employed to identify representative
Kebeles from each of the AEZs in the study landscape based on information collected from a
reconnaissance survey. Thus, Gorbi Arba and Dagaga from the sub-humid highlands, Gujicha
from the humid highlands and Koma Ocha from the cold highlands were selected. In the
second stage, sample households were randomly selected from each Kebele. A total of 150
households were interviewed with a minimum of 30 from each Kebele. In addition, focus
group discussions were conducted in each Kebele, mainly, with knowledgeable elders about
historical and current LULC situation of the area. They were selected in consultation with
Kebele development agents and the chairperson of each Kebele.

The survey questionnaires covered issues regarding socioeconomic characteristics of
households, drivers of LULC changes, perception of the local people and ranking of the
drivers. The selection of explanatory variables (drivers) of LULC changes incorporated in the
questionnaire was based on literature and expert knowledge of the area. Similar types of

issues were also covered during group discussions.
3.3.2.2 Data analyses of drivers of LULC changes

The generated datasets were analyzed using combinations of techniques, including

descriptive statistics, GIS-based processing and regression analyses (Figure 3.3). Descriptive
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statistics of simple frequency analyses were used to describe socioeconomic characteristics of
households and to summarize their responses and rankings of drivers of the land use/land
cover changes. Data collected through group discussions, qualitative interview, observations
and from the literature (e.g. reports and articles) were analyzed qualitatively.
Association/differences in perceptions among respondents in different Kebeles concerning
drivers of LULC changes were also investigated using non-parametric test, namely Pearson’s
Chi-square Test. Additionally, relationship between trends of population and croplands were

explored (Kindu et al., 2015, see Publication Il in the Appendix).

Standardized rainfall anomalies and coefficient of variations were employed to evaluate
inter-seasonal rainfall fluctuations. Standardized anomalies of rainfall of the growing season
were calculated using equation 3.4 and used to assess frequency of droughts as in Bewket and
Conway (2007).

SRA = (PePm) (33)

g

where SRA = standardized rainfall anomaly of growing season, Pt = growing season
rainfall in year t, Pm = long-term mean rainfall of the growing season over a period of
observation and ¢ = standard deviation of rainfall in growing season over the period of

observation.

Farmers’ perceptions of drivers for LULC changes are a function of household or socio-
economic attributes (e.g. gender, age or occupation), which were generated during the survey
of sample households (Table 3.4). A quantitative logistic regression analysis was employed at
household level to identify the main socio-economic determinants of farmers’ perception to
some of the LULC drivers for the observed changes. The dependent variable, i.e. perception
of a particular variable as a driver, is a dichotomous variable or a binary response that was
generated from the questionnaire survey. On the other hand, the independent socio-economic
variables are a mixture of discrete and continuous variables. Logistic regression analysis was
a suitable statistical procedure to examine the relationship between the perception (dependent)
and the various socioeconomic (independent) variables, since it is an effective technique for
the analyses when the dependent variable is binary (Lesschen et al., 2005), which is the case
in the present study. This logistic regression was also employed to identify the significant
factors of LULC changes of the whole study landscape from 1973 to 2012 using pixels as unit
of analysis (Verburg et al., 2004). The dependent variable of the landscape level study was the

33



Chapter 111 Materials and Methods

LULC change/no change, whereas the independent variables were composed of social,

economic and environmental factors.

Table 3.4: Characteristics of sample households in the study landscape (N = 150)

Household attributes Value
Interview (gender: male, %) 83
Average household age (years) 48
Education (literate, %) 35
Household occupation (farming, %) 92
Mean household size (Number) 7
Mean land holding size (ha) 2.5
Mean household income (Birr*/year) 32787

* Ethiopian currency: at the time of the study, 1 USD = 17.48252 Birr.

In both cases, household and landscape level, the logistic regression function, which
estimates the likelihood of the effects of the independent (explanatory) variables on the

dependent (response) variable, is of the form (Lesschen et al., 2005):
LOglt(Y) = -+ lel + Bz)(z + B3X3 T Ban (34)

where Y = the dependent variable indicating the probability that Y =1, o = the intercept,
Bl...... fn = coefficients of the associated independent variables, and X1...Xn = the
independent variables. Before the analysis, the set of independent (predictor) variables were
tested for multi-collinearity using a collinearity diagnostics index in linear regression analysis
in SPSS (Rawlings et al. 1998).

The overall approach employed in this study for landscape level analysis of drivers (Fig.
3.3) involved comparison of LULC changes with the potential spatially explicit explanatory
variables on a cell by cell basis (Serneels and Lambin, 2001; Verburg et al., 2004; Rutherford
et al., 2007; Chen and Pontius, 2010) at 60 m spatial resolution. This scale was chosen
because it is related to the unit of the lowest scale for 1973 landscape image from where the
historical LULC data were generated. The datasets were prepared and changed to raster
format in GIS environment at the same spatial extent and geographical coordinates. The raster
datasets were, again, converted into ASCII format in GIS Environment, and each ASCII data
representing each variable was changed into a column format using MATLAB to make them

suitable for statistical analysis. At the end, the column datasets were analyzed in SPSS using
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binary logistic regression to identify the relations between a set of explanatory variables

(drivers) and the location of changes in LULC at landscape level.

4 Datasets )

HH Survey: Descripti ot
— . . ptive statistics and
/ Individual Data in SPSS ”|  Regeration analysis
interview
Focus group
discussion
Secondary: N - _ Drivers of LULC
e.g. from articles, reports Qualitative analysis \ changes based on
HH Survey and
Spatial: litrature
LULC
(foEanani) Convert to Raster Y Convert to ASCII Y Arrange data
- (ArcGIS) data (ArcGIS) (MatLAB)
Population
/ (1973 and 2012) v
/ Road ' Open data in SPSS
: Drivers of LULC
Market location
/ changes at landscape \
/ Slope level using pixelsas «—— [ e
/ Agro-ecology zone unit of anaysis logistic regression

Figure 3.3: Methodological approach to investigate drivers of LULC changes using datasets

from multiple sources.
3.3.3 Estimating ecosystem service values and their changes

The ecosystem service values (ESVs) and their changes were estimated using LULC datasets
(Kindu et al., 2013, see Publication I in the Appendix) derived from remote sensing imagery as
proxy of measurements with their corresponding value coefficients. The procedures followed

for estimating ESVs and their changes are described below.
3.3.3.1 Ecosystem service value coefficients

Two types of ecosystem service value coefficients of the target LULC types were used for
this study. The first were global coefficients adopted only from Costanza et al. (1997)
ecosystem service value coefficients using representative biome as a proxy for each LULC type.
They proposed and employed in their ecosystem service valuation model 17 types of ecosystem
service value coefficients for 16 biomes (LULC types). In this study, each of the nine LULC
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types of the different reference years were compared with those representative biomes (LULC
types) in order to obtain their corresponding ecosystem service value coefficients identified in
Costanza et al. (1997). The second types of coefficients were more conservative and modified
from those employed by Costanza et al. (1997) using expert knowledge of the study landscape
conditions and other studies, mainly, from The Economics of Ecosystems and Biodiversity
(TEEB) valuation database (van der Ploeg and de Groot, 2010) and Knoke et al. (2011).
Detailed approach about modification and summary of conservative value coefficients can be
found in Kindu et al. (2016, see Publication 111 in Appendix). Both approaches of directly using
the available global value coefficients or their modification have been applied by a number of
researchers for similar studies in data scarce areas (e.g. Kreuter et al., 2001; Zhao et al., 2004;
Wang et al., 2006; Li et al., 2007; Hu et al., 2008; Kubiszewski et al., 2013). All the value
coefficients were converted into 1994 US$ per hectare per year to facilitate the estimation
process of ESV changes. The value coefficients were also adjusted using consumer price
index and producer price index to check the effect of time development in the coefficients on
the overall estimation of ESV changes. National average per capita gross domestic product
(GDP) of 1973 and 2012, with the corresponding population of the studied landscape, was

used to estimate GDP of the landscape.
3.3.3.2 ESV data analyses

The overall approach employed in this study involved estimating ESVs for 1973, 1986, 2000
and 2012 reference years, mapping their spatial distribution and computing the changes between
study periods. The LULC datasets of each reference year used as a proxy for the measurement
of ESVs were prepared, and the corresponding area (ha) was summarized in the GIS
environment. In the ecosystem service estimation process, the value coefficients were assigned
to each LULC type according to the value used by Costanza et al. (1997) and own modified
coefficients. Then, the area of each LULC type was multiplied by its corresponding value
coefficient to calculate the total ecosystem service value for a particular LULC type. The values
for the LULC types in each reference year were summed up to estimate total ESV of the

landscape for each reference year using equation 3.5.
ESV =% (A, xVCy) (3.5)

where ESV = total estimated ecosystem service value, Ak = the area (ha) and VCk = the
value coefficient (US$ ha* year™) for LULC type ‘k’.
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The changes of ESV were obtained by calculating the difference between the estimated
values in each reference year. ESV change statistics were computed by comparing values of
one dataset with the corresponding value of the second dataset in each period. This resulted in
a summary table of the overall changes in ESV. The values were presented as US$ and

percentages. The percentage ESV changes were calculated using equation 3.6.

ESV — ESVniti

Percentage ESV change = ( fnal year inita year) x100 (3.6)
ESV initial year

where ESV = total estimated ecosystem service value. Positive values suggest an increase

whereas negative values imply a decrease in amount. Moreover, we also estimated values of

services provided by individual ecosystem functions within the study landscape using

equation 3.7.
ESVf :Z (Ak X Vka) (37)

where ESVs = calculated ecosystem service value of function ‘f°, Ax = the area (ha) and
VCi = value coefficient of function ‘£ (US$ ha year?) for LULC type ‘k’. The contributions
of individual ecosystem functions to the overall value of ecosystem services per year were
ranked based on an estimated value of ecosystem functions for each reference year and

summarized in a table.

Considering uncertainties exist in the value coefficients and since the biomes used as
proxies for LULC types are not perfect matches in every case, sensitivity analyses were
conducted to determine the percentage change in ESVs for a given percentage change in the
value coefficient (Li et al., 2010). Accordingly, the ecosystem modified value coefficients for
natural forest, plantation forest, croplands, grasslands, tree patches, woodlands and water
bodies were each adjusted by 50% and the corresponding coefficient of sensitivity (CS) was
calculated using equation 3.8 as in Kreuter et al. (2001), which is similar to the standard

concept of elasticity in economics.

_ (ESV,-ESV )/ESV
(VC ;- VCIVC

(3.8)

where ESV; and ESV; = initial and adjusted total estimated ecosystem service values,
respectively, and VCik and VCjx = initial and adjusted value coefficients (US$ ha* year?) for

LULC type ‘k’. If CS is greater than one, then, the estimated ecosystem value is considered
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elastic relative to that coefficient, but if CS is less than one, then, the estimated ecosystem
value is considered to be inelastic, and the result will be reliable even if the value coefficient
has relatively low accuracy. The greater the proportional change in the ecosystem service
value relative to the proportional change in the valuation coefficient, the more critical is the
use of an accurate ecosystem value coefficient (Kreuter et al., 2001; Li et al., 2010; Liu et al.,
2012).

During the sensitivity studies, the value coefficients were also adjusted by consumer and
producer price indices for analyzing impact of variations of value coefficients over time using
equation 3.9. The obtained average changes in consumer and producer price indices was 4.9%
(applied for non-market based services) and 5% (applied for market based services),
respectively. These values were used to either discount the value coefficients which refer to
1994, if the period under consideration was before 1994, or compound the value coefficients,
if the considered period was after 1994. The latter studies allow for a direct comparison of
value coefficients and changes with the according gross domestic products for the periods
investigated.

VCyk :Z ( Vka X (1 + CPI)t (39)

where VCyk = time development value coefficient of a reference year for LULC type ‘k’,
VCi = value coefficient of function ‘£ (US$ ha? year?) for LULC type ‘k’, CPI = average
change in consumer price index in percentage applied for non-market based services while for
market based services average producer price index (PPI) in percentage was used, and t =

number of years between 1994 and the year under consideration.
3.3.4 Scenario modelling of LULC changes

A GIS-based simulation modelling approach was employed to compose datasets mainly
generated from own research (Kindu et al., 2013, 2015, 2016, see Publications I, Il and IlI),
other sources (Table 3.1) and assumptions as followed by previous studies (Messina and Walsh,
2001; Grinblat et al., 2015) under three scenarios. A detailed description of the approach is

given in the following section.
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3.3.4.1 Drivers and ESVs of future LULC changes

Six major drivers that triggered changes of LULC for the past four decades in the study
landscape and influenced the spatial distribution of LULC types were considered, namely
population density, distance to road, distance to market, slope, rainfall and altitude (Kindu et
al., 2015, see Publication Il in the Appendix). A conservative value coefficient of the target
LULC types modified by Kindu et al. (2016, see Publication 111 in the Appendix) was adopted
to estimate the ecosystem service values and their changes in response to the future LULC

dynamics of the studied landscape.
3.3.4.2 LULC Scenarios and future demands

Based on existing LULC-related policies in Ethiopia, local demographic information and
historical LULC dynamics of the studied landscape, three future scenarios have been defined to
predict LULC demand for 2050, namely Business as Usual (BAU), Forest Conservation and
Water Protection (FCWP) and Sustainable Intensification (SI) scenarios (Table 3.5). The BAU
scenario was designed mainly based on assumption of a continuation of LULC conversion rates
of the past 40 years in the studied landscape (Kindu et al., 2013, see Publication | in the
Appendix). Thus, prior to the demand calculations for 2050 in BAU scenario, the rate of
changes between 1973 and 2012 for each LULC types were determined using equation 3.10
(Puyravaud, 2003):

r=( (t;m) x In (fl—l) (3.10)

where r = rate of changes for each LULC type, and A; and A = the extent of each LULC

type at time t1 and to, respectively.
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Table 3.5: Summary of land use/land cover types and assumptions for demand calculations

under the three scenarios in 2050.

LULC types Scenario 1- BAU  Scenario 2 - FCWP Scenario 3 - Sl
Bare lands, Continuation of Strict implementation of Strict implementation of
croplands, historical LULC spatial policies: no change  spatial policies
grasslands, changes allowed with in natural Change bare lands in to
§ natural forests, forests, plantation forests,  forests
b= plantation woodlands and water Better family planning
= forests, bodies. Use improved seeds and
ﬁ settlements, tree fertilizers
patches, water Restrict croplands in steep
body and and very steep slopes
woodlands

BAU = Business as usual; FCWP = Forest Conservation and Water Protection; SI = Sustainable

Intensification

Afterwards, the trends of each LULC type during the last four decades were extrapolated

using equation 3.11.
A, =Aye"t (3.11)

where An = area estimate for each LULC type in year n, Ao = area of base year, t = time

period that is the difference between year n and year 0, and r = average annual rate of change.

The FCWP scenario was designed for only strict implementation of spatial policies about
forest conservation (FDRE, 2007) and water body protection (FDRE, 2000) in the country. The
forest policy has been approved in 2007 with a general objective of enhancing the economy of
the country through appropriately conserving and developing forest resources. Similarly, the
water policy, approved in 2000, has a general objective of ensuring water resources of the
country are protected and utilized for the highest social and economic benefits of the peoples
of Ethiopia. The Munessa-Shashemene forest of the study area is one of the forests designated
as the National Forest Priority Areas (NFPAs) to stop further deforestation and forest
degradation (Teketay et al., 2010). The water body (Lake Langano) is located in the lower
part of the study landscape. The goal of FCWP scenario was to assess the effect of strictly
implementing those existing spatial policies into future LULC patterns and changes in the study
area without considering other issues. Thus, this scenario assumed that the area of forests and
water body will be excluded, leading to competition of the remaining LULC types to obtain the
demands for LULC types in 2050.
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The Sl scenario is about sustainably producing more outputs with more efficient use of
inputs while reducing environmental damage and building the flow of environmental services
(Pretty et al., 2011). It is also about conserving and restoring natural resources. Under this
scenario, it was assumed that better family planning of the projected birth rate of 3% and death
rate of 0.85% (Garedew et al., 2012), crop productivity is likely to double with proper use of
modern farm inputs (e.g. fertilizers and improved seeds), reducing average number of livestock
for the households by half for improved grazing lands, restricting croplands on steep and very
steep slopes (Kindu et al., 2013, see Publication | in the Appendix) through proper
implementation of existing spatial policies (FDRE, 2000; FDRE, 2007), and rehabilitation of
bare lands into forests to obtain the demands for LULC types in 2050. Projected population of
2050 with better family planning in combination with the current data on per capita areas of
settlements and croplands were used to calculate the total croplands and settlements demand for

this scenario.
3.3.4.3 Data analyses of scenario modelling

The spatial datasets for scenario modelling were prepared as described previously (see
section 3.3.2.2) and shown in Figure 3.4 to make them suitable for statistical analyses.
Afterwards, the datasets were analyzed in SPSS using binary logistic regression to identify the
relations between a set of explanatory variables (drivers) and the actual LULC patterns as
dependent variables. The logistic regression was used to indicate the probability of a certain
grid cell to be devoted to a LULC type given a set of driving factors (Verburg et al., 2002).
The goodness of fit (i.e. performance of the logistic regression model) was evaluated using
the Relative Operating Characteristic (ROC) test statistics (Lesschen et al., 2005). ROC is a
common measure for the goodness of fit in logistic regression to know how well the
independent variables correctly predict the value of the dependent variable. A ROC value of
above 0.5 indicates the spatial distribution of all of the LULC types (dependent variables)
could well be explained by the selected drivers of LULC types (independent variables).

Based on the regression results, a probability map, also known as location suitability map,
was produced for each LULC type. Conversion elasticity (ELAS) was specified by the user
considering the actual LULC types. The conversion elasticity is an estimate of the conversion
costs to account for the differences in changes between LULC types, e.g. an area with water
body is not easily converted into croplands than those covered by forests. The value ranges

between O (easy to convert) and 1 (difficult to convert). The value was defined based on user
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knowledge of the situation and adjusted during calibration of the model. Then, for each grid
cell, the total probability was calculated for each of the LULC types based on the probability
(suitability) maps from logistic model, elasticity of LULC change and the iteration variable

using the equation 3.12 as in Verburg et al. (2002).
TPROP; = P; .+ ELAS,+ ITER, (3.12)

where TPROP = total probability of location i for LULC type u, Piy = suitability of
location i for LULC type u (based on logit model), ELASy = the conversion elasticity for
LULC u and ITERy = an iteration variable that is specific to the land use type and indicative
for the relative competitive strength of the land use type. Finally, a conversion allowance in a
matrix form was specified in which a number of conversions that are not realistic were
excluded, e.g., protection areas or conversion of areas with water body into forests. At the
end, allocation of changes in LULC was carried out in an iterative procedure that fulfil the
demand of each scenario for the different LULC types based on the highest total probability
for the considered grid cell (Figure 3.4).

[ Coefficients of i
Ve ~ —>  drivers per Ecosystem Service
. v LULCs values
Spatial datasets LULC demand
Convert to ¢ Scenario 1
Raster (ArcGIS) Location
suitablity map
LULC data erLULCs coppere Scenario 1 simulated
Convert to i LULC changes
Population data ASCII data Total prob_abllty LULC
(ArcGIS) > of each grid cell Ny
allocatio
Road data per LULCs Compare
A | Scenario 2 simulated
Market location Arrange data LULC demand | - LULC changes
(MatLAB) I Iteration (ITER) Scenario 2
Slope data ¢ Compare
. data i Scenario 3 simulated
Altitude data Open data in | | Elasticity LULC changes
SPSS (ELAS)
Rainfall data LULC demand \ )
Scenario 3
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Figure 3.4: Methodological approach to investigate future LULC patterns and changes using

scenario modelling.

Model validation was performed by generating a simulated map of 2012 LULC patterns in
the studied landscape using the results of the logistic regression model, the transition matrix of
the land use types and conversion elasticity. Then, the simulated LULC map was compared

with the actual LULC map of 2012 derived from classification of satellite images (Kindu et al.,
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2013, see Publication I in the Appendix). Accordingly, overall accuracy, producer’s and user’s
accuracies, and Kappa statistic were calculated from the error matrix. The Kappa statistic was
used as one of the validation methods to evaluate the ability of the model to simulate the spatial
patterns of LULC types (Pontius et al., 2001).

In order to estimate the ecosystem service values and their changes, the future LULC
datasets of the considered scenarios were used as a proxy for the measurement and were
prepared in the GIS environment. Accordingly, the total ESV of the landscape for each
scenario, their percentage change and the values of services provided by individual ecosystem

functions were estimated using equations 3.5, 3.6 and 3.7, respectively.
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4 Results

4.1 States of land use/land cover (LULC) and their changes

4.1.1 States of LULC

The classification results revealed a total of nine LULC types extracted from satellite
images of the year 1973, 1986, 2000, and 2012 (Figure 4.1, for area coverage, see Table 4.1).
At the beginning of the study period (1973), grasslands were the dominant LULC type, making
up 42.3% of the study landscape followed by natural forests (21%), croplands (13%),
woodlands (11.4%) and the water body (9.6%). In 1986, similar order of extents was also
accounted except for croplands and plantation forests (1%) that appeared during this particular
reference year. The overall situation was changed in 2000. Croplands occupied the largest
portion (39.5%), followed by grasslands (30.7%), natural forests (12.2%) and the water body
(9.5%). The remaining portions were occupied by the other LULC types. In 2012, croplands
continued to be the dominant LULC (48.5%) and the rest half of the study landscape was
occupied by the other eight LULC types.

Table 4.1: Summaries of area of classified LULC types in the study area for the

different reference years (adopted from Kindu et al., 2013).

1973 1986 2000 2012
LULC Type
Area (ha) (%) Area(ha) % Area(ha) (%) Area(ha) %
Bare lands 343 0.3 1,462 1.4 1,598 15 1,765 1.7
Natural forests 21,726 21 16,065 15.5 12,680 12.2 9,588 9.2
Plantation forests - - 1,022 1 1,707 1.6 1,284 1.2
Croplands 13,498 13 31,178 30 40,997 395 50,317 485
Grasslands 43,830 423 38,606 37.2 31,853  30.7 25,139 24.2
Settlements 439 04 867 0.8 1,139 11 1,586 1.5
Tree patches 2,021 1.9 2,488 2.4 2,870 2.8 3,606 3.5
Woodlands 11,842 114 2,150 2.1 1,026 1 656 0.6
Water body 9,976 9.6 9,920 9.6 9,890 9.5 9,871 9.5
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Figure 4.1: Land use/land cover (LULC) map of the study landscape (a) 1973, (b)
1986, (c) 2000 and (d) 2012 (adopted from Kindu et al., 2013).

4.1.2 LULC classification accuracy
The classification overall accuracies for the four reference years ranged from 85.7% to

93.2% with the Kappa statistic ranging from 0.82 to 0.92 (Table 4.2). The Kappa results show

a high level of agreement for each of the four classified images.
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Table 4.2: Summary of the classification accuracies for 1973, 1986, 2000 and 2012; where

UA= user’s accuracy and PA= producer’s accuracy (adopted from Kindu et al., 2013).

1973 1986 2000 2012
LULC types
UA (%) PA (%) UA (%) PA (%) UA (%) PA (%) UA (%) PA (%)
Bare lands 72.1 83.3 82.4 87.5 78.2 90.4 80.4 90
Natural forests 92.2 96.7 95.2 95.2 96.6 98.3 96.6 98.2
Plantation forests 96.3 945 98.2 96.5 98.2 96.4
Croplands 82.5 77.6 83.1 87.1 86.8 90.8 89.9 81.6
Grasslands 82.4 75.7 89.1 77 88.5 76.1 90.2 88.7
Settlements 75.0 90.7 85.5 92.2 87.5 89.1 89.5 94.4
Tree patches 91.4 82.8 934 90.5 93.5 935 98.4 96.9
Woodlands 90.3 84.8 94.1 98 93.8 97.8 97.9 97.9
Water body 95 98.3 98.1 100 98.1 100 100 100
Overall accuracy 85.7 90.7 91.9 93.2
Kappa statistic 0.82 0.90 0.91 0.92

4.1.3 Changesin LULC

The LULC change results revealed a considerable reduction of woodlands, natural forests
and grasslands over the first (1973-1986), second (1986—-2000) and third (2000-2012) study
periods (Table 4.3). The woodlands converted by about 82, 52 and 36% of the cover that
existed in 1973, 1986 and 2000 during the first, second and third periods, respectively.
Similarly, the total area of natural forests and grasslands significantly decreased, whereas the
water body showed a slight reduction during the study periods. On the other hand, croplands
increased in all three periods by 131, 31.5 and 22.7%, respectively. Bare lands and settlements

also increased in the three periods.
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Table 4.3: Results of LULC changes from 1973 to 1986, 1986 to 2000 and 2000 to

2012 showing area changed for each class in hectare (ha) and percentage (%) (adopted

from Kindu et al., 2013).

Change in Land Use/Land Cover between Periods

LULC Type 1973-1986 1986-2000 2000-2012
Area (ha) (%) Area (ha) (%) Area (ha) (%)
Bare lands 1,119 326.2 136 9.3 167 10.5
Natural forests —5,661 —26.1 —3,385 -21.1 —3,092 —24.4
Plantation forests 1,022 100 685 67 —423 —24.8
Croplands 17,680 131 9,819 31.5 9,320 22.7
Grassland —5,224 -11.9 —6,753 -17.5 —6,714 -21.1
Settlements 428 97.5 272 314 447 39.2
Tree patches 467 23.1 382 154 736 25.6
Woodlands —9,692 —81.8 -1,124 —52.3 =370 -36.1
Water body —56 —-0.6 -30 -0.3 -19 -0.2

The LULC changes matrix analysis in Table 4.4 shows that as a whole, about 61,848 ha

(60%) of the land within the study landscape experienced changes in one or another way for
the past four decades (1973-2012). The level of changes differed among the LULC types. For

instance, out of 11,842 ha woodlands in 1973, only 651 ha (5.4%) remained unchanged

during the study period, implying that about 95% of the woodlands were converted to other
LULCs. Similarly, about 59% of the 1973 natural forests were converted to other LULC
types. Of the 1,284 ha total cover of planation forests in 2012, about 946 ha (73.9%) was

converted area, which used to be part of the natural forests in 1973. The original extents of

grasslands were also reduced by 74.2% due to changes to other LULC types. Major opposite

trends of changes were found for croplands, which gained an increase of 272% during the

period analyzed (Table 4.4).
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Table 4.4: Summary of LULC change matrix in ha from 1973 to 2012.  Row total sums areas
for each LULC type of the initial study year (1973); ® column total sums those areas of the
year 2012. The bold diagonal values represent the area of each class that remains unchanged

while the off diagonal values represent the change area (adopted from Kindu et al., 2013).

o From 5 NE PF CL  GL SL TP WL WB (ZTOOB)' :
Bare lands (BL) 79 239 0 3109 92 13 161 1879 5 1765
Natural forests (NF) 0 8922 0 200 624 0 146 0 0 9588
Plantation forest (FP) 0 946 0 65 326 0 19 0 0 1284
Croplands (CL) 227 3193 0 10072 27,871 478 937 7828 141 50317
Grasslands (GL) 21 7226 0 2408 11,756 54 890 2646 75 25139
Settlements (SL) 14 45 0 335 805 204 13 70 8 1586
Treepatches (TP) 0.9 1154 0 329 1492 42 146 425 95 3,306
Woodlands (WL) o o o0 51 0l 0 0 651 01 656
Water body(WB) 11 O 0 02 95 0 06 25 9834 9871
343 21,726 13,498 43830 439 2,021 11842 9,976 103,601

Total (1973)*

4.1.4 Distributions and changes of LULC along slopes and agro-ecological
Zones

LULC distributions and changes were remarkably different along the slope gradient
(Figure 4.2). Almost all of the LULC types were found in the four slope gradients of the study
landscape with different proportions. Croplands, grasslands and the water body were
dominant LULC types in the gentle slope part. On moderate slopes, croplands, grasslands and
the natural forests were found as the dominant land cover types. However, the natural forest
and grasslands dominated the steep and very steep slope parts. Similar to distribution of
LULC, percentages of changes were different along the slope gradient. The most significant
overall trend was the shift of LULC proportions from gentle slopes (0%-5%) to very steep
slopes (> 30%).
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Figure 4.2: Proportion of LULC types in reference years along slope gradient: gentle
slopes (0%-5%), moderate slopes (5%—-15%), steep slopes (15%—-30%), and very steep
slopes (> 30%) (adopted from Kindu et al., 2013).

A distinct relationship between LULC and agro-ecological zones during the study period
was also found (Figure 4.3). Among the three categories, diverse LULC types were observed
in the sub-humid highland zone (locally known as “Weyna Dega”, 1,500-2,300 m). All the
classes of LULC types were found in this zone dominated by grasslands in 1973 and
croplands in 2012. The numbers of LULC types were reduced in the humid highland (“Dega”,
2,500-3,200 m) and cold highland (“Wurch”, > 3,200 m) zones. The changes observed over
the study period also differed notably along the agro-ecological zones associated with the
elevation range. For instance, in the sub-humid highland zone, grassland showed the highest
conversion from about 43% in 1973 to 17% in 2012 followed by woodlands from 17% to 1%,
and natural forests from about 8% to 4%. The area covered by croplands increased from 15%
to 56% during the same study period. In the cold highland zone, the area covered by the
natural forest declined from about 78% to 23% while those of grasslands and croplands

increased from about 21% to 52%, and from zero to 17%, respectively.
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Figure 4.3: Proportion of LULC types in reference years along Agro-ecological zone:
1,500-2,300 m = sub-humid highlands (“Weyna Dega”), 2,300-3,200 m = humid
highlands (“Dega”) and above 3,200 m = cold highlands (“Wurch”) (adopted from
Kindu et al., 2013).

4.2 Understanding drivers of LULC changes

4.2.1 Main drivers of LULC changes

From a range of social, economic, environmental, policy/institutional and technological
factors, a total of more than twelve factors were perceived by the respondents as being
important drivers of LULC changes in the study landscape (Figure 4.4). However, there were
variations about each of the factors to which the local people viewed as driver for the LULC
changes. In particular, all of the respondents (N = 150) perceived population growth and
cultivated land expansion as the main drivers of LULC changes, but not civil war and conflict.
These respondents view much with population and croplands trends of the area, which
increased by 395 and 272%, respectively, during the study period (Figure 4.5). During the
focus group discussions (FGDs), elders attributed these to polygamous families. There are
Muslims in the study landscape that still practice having more than two wives. They also

pointed out that human influxes from the neighboring areas, mainly, during the beginning the
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Socialist Government in Ethiopia, have intensified the pressure to the LULC change. In
addition, the majority of the respondents confirmed house construction (settlement) (98.7%),
fuelwood collection (97.3%), charcoal making (94.7%) and livestock ranching (94%) as also
important causes for the observed LULC changes. It was understood during FGDs that cattle
are allowed to graze on the remaining crop stalks on the croplands after harvest and on
communal grazing lands. They also confirmed that there are farmers who are sending their
cattle to the remaining forests, including woodlands because of the existing grazing land is

below the carrying capacity of their livestock.

Farmers response (%)
0% 20% 40% 60% 80% 100%

Civil war and confilict
Population growth
Land degradation
Rainfall variablity

[%2]

“8’3 Drought

S Plantation Establishement
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O Cultivated lands

— ) = No
3 Housing (settelement)

- Fuelwood

% Charcoal

=2

S

&)

Road access
Livestock

Market access

Land tenure

Improved seed variety

Figure 4.4: Drivers of LULC changes perceived by local people in Munessa-Shashemene
study landscape (adopted from Kindu et al., 2015).
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Figure 4.5: Population and croplands trends from 1973 to 2012 in the Munessa-
Shashemene study landscape (adopted from Kindu et al., 2015).

Likewise, land tenure by 82%, land degradation by 76%, improved seed variety by 73.3%
and market access by 70.7% of the respondents were considered as the other factors
responsible for the prevalent LULC changes. During the FGDs, the participants described the
changes in the government in 1974 (from Monarchy system to Socialist Government), which
involved the 1975 land reform proclamation of ‘‘land to the tillers’’ triggered a change in land

tenure from control by feudal landlords to peasant associations.

On the contrary, the respondents had less awareness on rainfall variability and road access
as important drivers of LULC changes. In the first case, only 28.7% of the respondents
believed that rainfall variability is a factor responsible for the changes, while in the second
case, only 35.3% of the respondents considered road access as a driver of LULC changes.
However, during FGDs discussion road access was mentioned as one of the influential drivers
for changes. Similarly, the standardized growing season rainfall anomalies (SRA) in the lower
part of the study landscape showed high variability in rainfall with a coefficient of variation of
30.3%. Of the 28 years of observation, 16 years (57%) had negative anomalies implying more
dry years than wet years (Figure 4.6).
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Figure 4.6: Standardized anomalies of growing season rainfall in Langano station at the
lower of Munessa-Shashemene study landscape for the period 1981-2008 (red line 2
years moving average), CV = 30.3% (adopted from Kindu et al., 2015).

4.2.2 Ranked drivers of LULC changes and variations in perceptions

among respondents

The results indicated that population growth was ranked first and as the most influential
driver followed by expansion of cultivated lands, settlements, livestock ranching, cutting of
woody plants for fuelwood and making charcoal as well as plantation establishment, which
are listed in their descending order of priority (Table 4.5). The highest standard deviation of
ranking was observed in plantation establishment. Road access and rainfall variability were

viewed as the least influential drivers of changes with rankings of 13" and 14", respectively.
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Table 4.5: Respondents ranked drivers of LULC changes in the study landscape in order of
influence (1 -14), with 1 being the most influential driver (adopted from Kindu et al., 2015).

LULC driver N Min. Max. Mean Std. Dev Rank
Population growth 150 1 3 1.05 0.24 1
Cultivated lands 150 1 5 2.14 0.48 2
Housing (settlement) 148 2 5 3.30 0.61 3
Livestock 141 3 11 4.84 1.20 4
Fuel wood 146 2 10 5.23 1.20 5
Charcoal 142 3 9 5.68 1.11 6
Plantation establishment 79 1 12 5.77 3.02 7
Land tenure 123 5 13 8.20 1.82 8
Market access 106 6 12 8.42 1.06 9
Land degradation 114 1 12 8.57 1.57 10
Drought 78 2 12 9.22 2.10 11
Improved seed variety 110 5 14 10.04 1.83 12
Road access 53 3 13 10.17 2.05 13
Rainfall variability 43 7 14 10.88 1.59 14

The perception towards drivers of changes significantly varied among respondents in
different Kebeles concerning land degradation, rainfall variability, drought, planation
establishment, road access, market access and improved seed variety as drivers of LULC
changes but not others (Table 4.6). For instance, the majority of farmers in Degaga (96.7%)
perceived plantation establishment as a major driver of LULC changes. Contrary to that, most
farmers in Gorbi Arba Kebele did not consider plantation establishment as a key driver of
change(s). Instead, the majority of these farmers perceived drought as a major driver of the
observed changes. In a FGD, elders pointed out that they are dependent on selling charcoal
and fuelwood as immediate source of income during decline or failure of crop production in
drought years. However, most farmers in Komma Ocha Kebele did not consider drought as a
major driver of changes (Table 4.6). The other drivers of LULC changes did not show any
significant variation among surveyed respondents in the different Kebeles.
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Table 4.6: Association/differences between farmer’s perception responses towards drivers of
LULC charges by Kebele-% of respondents (adopted from Kindu et al., 2015).

Response by Kebele

LULC change driver Gorbi Arba Dagaga Gujicha Kommo Ocha X2
(N=30) (N =230) (N=50) (N = 40)

Yes No Yes No Yes No Yes No
Civil war and conflict 0 100 0 100 0 100 O 100
Population growth 100 0 100 0 100 0 100 0
Land degradation 100 0 9.7 33 62 38 60 40 ikl
Rainfall variability 56.7 433 40 60 20 80 10 90 Fkk
Drought 9%6.7 3.3 40 60 38 62 45 55 Fkk
Plantation Establishment 30 70 96.7 33 64 36 225 775  ***
Cultivated lands 100 0 100 0 100 O 100 0
Housing (settlement) 100 0 100 0 98 2 975 25
Fuel wood 100 0 100 0 98 2 92,5 7.5
Charcoal 100 0 9.7 33 9% 6 90 10
Road access 63.3 36.7 46.7 53 28 72 15 85 il
Livestock 100 0 93.3 6.7 100 0 82.5 17.5
Market access 93.3 6.7 90 10 86 14 15 85 ikl
Land tenure 733 267 933 67 78 22 85 15
Improved seed variety 90 10 60 40 94 6 45 55 FHx

*** Significant at P < 0.001, indicating that the location (Kebele) of farmers/households had a significant effect
on the perception of farmers towards the drivers.

4.2.3 Household-level logistic regression of less perceived drivers of change

The household-level logistic regression results revealed that among the seven explanatory
socio-economic determinants (variables) included in the analysis, educational level and age of
the household head (respondent) had affected positively and significantly (P = 0.001) the low
perception of farmers on rainfall variability as drivers of LULC changes (Table 4.7a). Among
the farmers who did not perceive rainfall variability as a driver, 77.6 and 57% were illiterate
and respondents with age lower than 50, respectively. Either literate or aged farmers were
more likely to be aware of rainfall variability as a driver than the illiterate and younger
farmers. The odds ratio also suggests that if a farmer is educated (literate), other factors held

constant, the likelihood of awareness of the rainfall variability will be 58 times higher than an
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illiterate famer. Similarly, an increase in the age of a household head increases the likelihood

of his/her perception of rainfall variability by a factor of 34.4.

Concerning the low perception of road access as a driver of change(s), educational level,
age and occupation of the sample household head had significant effects (Table 4.7b).
Educational level and age of the household heads had positive effects on their perception.
Literate farmers or elders were more likely to be aware of road access as a driver than the
others with odds ratio of 12.6 and 7.2 times, respectively. On the other hand, occupation had
negative relationship with respondents’ perception of road access as a driver of change(s).
This implies that an increase in the engagement of a household head in farming activities

decreases the likelihood of his/her perception of road access as a driver of change(s).
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Table 4.7: Logistic regression results at household level for less perceived drivers: (a) rainfall

variability and (b) road access in the study landscape (adopted from Kindu et al., 2015).

Independent variable B S.E. Wald df Exp(B)

(a) Rainfall variability as a driver

Sex -0.82 0.63 1.69 1.00 0.44
Age 3.54** 1.05 11.27 1.00 34.44
Educational level 4.07** 1.07 14.41 1.00 58.40
Occupation -0.91 0.84 1.17 1.00 0.40
Family size -0.40 0.22 3.39 1.00 0.67
Land holding size 0.63 0.55 1.29 1.00 1.87
Income 0.00 0.00 0.34 1.00 1.00
Constant -2.66* 1.27 4.38 1.00 0.07
R? 0.48

(a) Road access as a driver

Sex -0.70 0.62 1.28 1.00 0.50
Age 1.97** 0.60 10.86 1.00 7.19
Educational level 2.53** 0.61 17.03 1.00 12.56
Occupation -4.61** 1.40 10.87 1.00 0.01
Family size -0.38 0.20 3.52 1.00 0.68
Land holding size 0.07 0.52 0.02 1.00 1.08
Income 0.00 0.00 1.13 1.00 1.00
Constant 3.22* 1.45 491 1.00 25.03
R? 0.45

Number of observation = 150; R?= Negelkerke’s R?; B = Coefficient; S.E. = Standard error; Wald = Chi-Square;
df = degrees of freedom; Exp(B) = odds ratio; statistically significant at *P <0.05 and **P < 0.001; Relative
operation curve (ROC), i.e. correct predication = 80 (a) and = 80.7% (b).

4.2.4 Landscape-level logistic regression of drivers of change from 1973-
2012

The landscape-level logistic regression results revealed important drivers of LULC
changes with a significant effect (P = 0.001) from 1973-2012 (Table 4.8). Results with
positive coefficient values of each of the drivers indicate increasing trends in the probability

of LULC changes, and negative coefficient values suggest decreasing trends in the
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probability. From the results, a clear relation of the range of drivers can be observed with
most of the signs of the coefficient values, which is in line with the hypothetical relationship.
The further a pixel is from the road, the less likelihood of occurrence of LULC changes, and
the closer a pixel is to a market, the greater the likelihood of occurrence of LULC changes.
Also, the more the land occupied by croplands, the greater likelihood of occurrence of LULC
changes, and the more bare land exists, the higher likelihood of occurrence of LULC changes.
However, the results of slope coefficients were on the contrary, i.e. the greater the slope, the
greater the likelihood of occurrence of LULC changes. The same was true for the agro-
ecology variable; the higher the agro-ecological zone, greater likelihood of LULC change.
These imply changes progressed to marginal areas, i.e. sleepy slopes and harsh agro-
ecological zones since the other areas were already exhausted.

Table 4.8: Landscape-level logistic regression of drivers for LULC changes [time period
1973-2012, unit of observation: pixel (n = 287988)] (adopted from Kindu et al., 2015).

Variables B S.E. Wald df Exp(B)
Gentle slope 3067.104 3

Moderate slope 0.379 0.010 1485.318 1 1.460

Steep slope 0.775 0.015 2591.754 1 2.170

Very steep slope 0.555 0.025 506.584 1 1.743

Sub-humid highlands 251.721 2

Humid highlands -0.088 0.011 70.105 1 0.916

Cold highlands 0.532 0.044 148.262 1 1.702

Distance to road -0.053 0.002 643.549 1 0.949

Distance to market -0.015 0.001 318.709 1 0.985

Bare lands 4.050 0.069 3396.907 1 57.397
Croplands 2.439 0.012 40382.828 1 11.465
Grasslands 1111 0.012 8313.859 1 3.037

Population density change 0.081 0.003 829.639 1 1.084

Constant -1.007 0.020 2554.923 1 0.365

R? 0.22

Relative operation curve (ROC) = 73.2%, R?= Negelkerke’s R?; B = Coefficient; S.E. = Standard error; Wald =
Chi-Square; df = degrees of freedom; Exp(B) = odds ratio. All variables are statistically significant at P < 0.001.
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4.3 Estimating ecosystem service values (ESV) and their changes

4.3.1 States of estimated ESVs

The total ESVs of the whole study landscape were about US$ 130.5, 118.5, 114.8 and
111.1 million in 1973, 1986, 2000 and 2012, respectively (Table 4.9a and Figure 4.7a), when
locally adapted coefficients were used. The amount of ESVs differed among LULC types of
the entire study landscape with different reference years. When using the global coefficients
developed earlier directly, the total ESVs of the whole landscape were about US$ 164.6,
135.8, 127.2 and 118.7 million in 1973, 1986, 2000 and 2012, respectively (Table 4.9b and
Figure 4.7b). The amount of ESVs also differed among LULC types depending on different

reference years.
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Figure 4.7: Spatial distribution of ecosystem service values ($/ha/year) in the study
landscape in the reference years: (a) using modified conservative coefficients and (b)
global coefficients from Costanza et al. (1997) (adopted from Kindu et al., 2016)
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Table 4.9: Estimated ecosystem service values for each LULC type of the different
reference years (in million US$ year?) in the study area using: (a) own modified
conservative coefficients and (b) global coefficients from Costanza et al. (1997). Total
ESV year? is given as a sum of each value by LULC type (adopted from Kindu et al.,

2016).
LULC Type 1973 1986 2000 2012
ESV? % ESV? % ESV? % ESV? %
a
Bare lands 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Natural forests 21.4 16.4 15.9 134 125 10.9 9.5 8.5
Plantation forests 0.0 0.0 11 0.9 1.7 15 1.3 1.1
Croplands 3.1 2.3 7.0 5.9 9.3 8.1 11.4 10.2
Grasslands 12.9 9.9 11.3 9.6 9.3 8.1 7.4 6.6
Settlements 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Tree patches 0.6 05 0.7 0.6 0.8 0.7 14 1.0
Woodlands 11.7 9.0 21 1.8 1.0 0.9 0.7 0.6
Water body 80.8 62.0 80.4 67.9 80.1 69.8 80 72.0
Total 130.5 100 118.5 100 114.8 100 111.1 100
b
Bare lands 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Natural forests 43.6 26.5 32.3 23.8 255 20.0 19.3 16.2
Plantation forests 0.0 0.0 2.1 15 34 2.7 2.6 2.2
Croplands 1.2 0.8 2.9 21 3.8 3.0 4.6 3.9
Grasslands 10.7 6.5 94 6.9 7.8 6.1 6.1 5.2
Settlements 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Tree patches 0.5 0.3 0.6 04 0.7 0.6 0.9 0.7
Woodlands 23.8 144 4.3 3.2 2.1 1.6 1.3 1.1
Water body 84.8 51.5 84.3 62.1 84.1 66.1 83.9 70.7
Total 164.6 100 135.8 100 127.2 100 118.7 100

8ESV = Ecosystem service value (million in 1994 US$ per year)

60



Chapter IV Results

4.3.2 Changes of ESVs

The results of changes in ESVs revealed a significant reduction of the total values over the
first (1973-1986), second (1986-2000), third (2000-2012) and whole (1973-2012) study
periods (Table 4.10a). The total estimated loss of ESV was about US$ 19.3 million per year
for the whole study period, which is about 14.8% of the value that existed in 1973. The
change in ESVs of each LULC type also showed a reduction of the values from natural forest,
woodlands, grasslands water body during the whole study period. On the contrary, the ESV of
croplands increased during the same study period. With the global coefficients, although the
amount differed, a significant reduction was also observed over the study periods, giving a
total loss of US$ 45.9 million per year between 1973 and 2012 (Table 4.10b). This estimate is
about 2.3 times higher than the loss estimated with the more conservative and better locally-
adapted value coefficients. Consequently, the amount of changes of ESVs also differed
among LULC types of the entire landscape in different reference years.
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Table 4.10: Results of changes in ESVs from 1973 to 1986, 1986 to 2000, 2000 to 2012
and 1973 to 2012 time periods showing value changes [in million US$ for each LULC
type and percentage (%) changes between periods] using: (a) own modified
conservative coefficients and (b) global coefficients from Costanza et al. (1997)
(adopted from Kindu et al., 2016).

Change in Ecosystem Service Values Between Study Periods

1973-1986 1986-2000 2000-2012 1973-2012

LULC Type — — = =

Million (%) Million (%) Million (%) Million (%)

US$ US$ US$ US$

a
Bare lands 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Natural forests -5.6  -26.1 -3.3 -21.1 -3.1 -24.4 -12.0 -55.9
Plantation forests 1.1 100.0 0.7 67.0 -0.5 -24.8 13 100.0
Croplands 40 131.0 2.3 315 2.1 22.7 8.3 272.8
Grasslands -15  -11.9 -2. -17.5 -2 -21.1 -5.5 -42.6
Settlements 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Tree patches 0.2 23.1 0.1 15.4 0.2 25.6 0.5 78.4
Woodlands -96 -81.8 -1.2 -52.3 -0.4 -36.1 -11.0 -94.5
Water body -0.5 -0.6 -0.2 -0.3 -0.2 -0.2 -0.9 -1.1
Total -120 9.2 -3.7 -3.1 -3.6 -3.2 -19.3 -14.8
b
Bare lands 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Natural forests -11.4  -26.1 -6.8 -21.1 -6.3 -24.4 -24.4 -55.9
Plantation forests 2.1 100 1.1 67.0 -0.9 -24.8 2.6 100
Croplands 16 1310 0.9 315 0.9 22.7 3.4 272.8
Grasslands -1.3 -11.9 -1.7 -17.5 -1.7 -21.1 -4.6 -42.6
Settlements 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Tree patches 0.1 23.1 0.1 154 0.2 25.6 0.4 78.4
Woodlands -195 -81.8 -2.3 -52.3 -0.7 -36.1 -22.5 -94.5
Water body -0.5 -0.6 -0.3 -0.3 -0.2 -0.2 -0.9 -1.1
Total -289 -175 -8.6 -6.3 -8.6 -6.7 -45.9 -27.9
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4.3.3 Impact of LULC changes on ESVs

The influence of LULC changes on ESVs notably differed among the LULC types as
observed in the contributions of the area and ESV for each LULC type over the study periods
(Figure 4.8). In general, the area of natural forests, woodlands, grasslands and the water body
consistently decreased with varied proportions over the study periods. Consequently, the total
ecosystem services significantly decreased. In particular, the cover change in the forest
ecosystem (natural forests and woodlands) greatly affected the changes of the total ecosystem
service values in the study area during the whole study period. For instance, in total, the ESVs
of natural forests and woodlands declined by about US$ 23.8 million, while the total ESVs in
the study landscape decreased by about US$ 19.3 million (Table 4.9a). On the other hand, the
area covered by croplands significantly increased from 13 to 48.5%. However, the
corresponding ESV shows only a slight increase from about US$ 3.1 million in 1973 to 11.4
million in 2012 compared with the area expansion of croplands. Using the global coefficients,
the overall trends of ESVs as a result of LULC changes were similar (Figure 4.8).
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Figure 4.8: Area and ecosystem service value contribution of LULC types for different
reference years in the study landscape [ESVa= value obtained using modified conservative
coefficients and ESVy = value obtained by using the global coefficients from Costanza et al.
(1997)] (adopted from Kindu et al., 2016).

63



Chapter IV Results

4.3.4 Estimated services of individual ecosystem functions and their

changes

The result showed that the first six individual ecosystem services, based on their
contributions (from high to low) to the overall ESVs, were mainly from the service category
of provisioning (water supply and food production) and regulating (water regulation, water
treatment, erosion control and climate regulation) for the year 1973 (Table 4.11a). Their
aggregated contribution represented about US$ 115.3 million, i.e. 88.4% of the total ESVs.
This order of contribution changed over the different study periods. Additionally, contribution
of individual ecosystem services declined throughout the study period, except for food
production (Table 4.10a). Although the order of contributions of ecosystem services changed
in the global coefficients, the value of major contributors declined during the study period
(Table 4.11b).
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Table 4.11: Estimated value of ecosystem functions (ESV¢ in US$ million US$ year-1)
under each service category for different reference years and their changes (1973 to
2012) in the study landscape (adopted from Kindu et al., 2016).

(@) ESV+ using Modified (b) ESVi using Global
Conservative Coefficients Coefficients 2
Ecosystem services Overall Overall

1973 1986 2000 2012 Change 1973 1986 2000 2012 Change

Provisioning Services

Water supply 214 212 211 210 -04 214 212 211 210 -04
Food production 94 117 127 136 4.2 5.1 5.3 5.2 5.2 0.0

Raw material 1.7 1.0 0.8 0.6 -1.1 106 6.1 4.9 3.7 -6.9
Genetic resources 14 0.8 0.6 0.5 -0.9 14 0.8 0.6 0.5 -0.9
Regulating Services

Water regulation 547 543 540 539 -0.8 547 543 540 539 -0.8
Water treatment 129 105 94 8.3 -4.5 135 118 109 10.1 -3.5
Erosion control 9.6 59 4.8 3.7 -5.9 9.6 5.9 4.8 3.7 -5.9
Climate regulation 7.5 4.3 34 2.6 -4.9 7.5 4.3 3.4 2.6 -4.9
Biological control 14 1.7 1.8 1.9 0.5 14 1.7 1.8 1.9 0.5

Gas regulation 0.8 0.6 0.5 0.4 -0.4 0.3 0.3 0.2 0.2 -0.1
Disturbance regulation 0.2 0.1 0.1 0.1 -0.1 0.2 0.1 0.1 0.1 -0.1
Supporting Services

Nutrient cycling 6.2 35 2.8 2.1 -4.1 309 177 142 106 -20.3
Pollination 1.6 1.6 1.6 15 -0.1 1.3 15 14 14 0.1

Soil formation 0.4 0.2 0.2 0.1 -0.2 0.4 0.2 0.2 0.1 -0.2
Habitat/refugia 0.6 0.3 0.3 0.2 -0.4 0.1 0.2 0.2 0.2 0.1

Cultural Services

Recreation 0.9 0.8 0.8 0.8 -0.1 6.1 4.5 4.1 3.6 -2.6
Cultural 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0

Sum 130.5 1185 1148 1111 -19.3 164.6 1358 127.2 1187 -459

@ adopted from Costanza et al. (1997)

4.3.5 Ecosystem service sensitivity analysis

The coefficient of sensitivity (CS) was less than one in all cases indicating that the total
ecosystem service values estimated in the study landscape were relatively inelastic (low
sensitive) with respect to the modified conservative ecosystem value coefficients (Table 4.12).
Overall, the CS indicated that the ESV estimation was robust in spite of uncertainties on the
modified value coefficients.
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Table 4.12: Percentage change in estimated total ecosystem service values and

coefficient sensitivity (CS) after a 50% adjustment of the modified conservative service
valuation coefficients (VC) (adopted from Kindu et al., 2016).

1973 1986 2000 2012

Change of value coefficient % CS % CS % CS % CS

Natural forests VC + 50% +822 +016 +£6.69 +013 +545 +011 +426 +0.09
Plantation forests VC = 50% +0.00 +000 +£043 +001 =+£073 +001 =+057 =£0.01
Croplands VC * 50% +117 +002 297 +006 +403 +008 <+511 £0.10
Grasslands VC + 50% +493 +01 478 +010 +407 +008 +£332 +0.07
Tree patches VC = 50% +023 +000 +£031 +001 <+£037 001 <+048 <£0.01
Woodlands VVC + 50% +448 +009 +090 +002 =+044 +001 =+029 =001
Water body VC + 50% +30.98 +0.62 33%93 +0.68 +34.91 +0.70 35%98 +0.72

The sensitivity of ESV changes estimated by employing common conservative coefficients
(million in 1994 US$ per year) and time development coefficients are shown in Table 4.12.
By considering time variable coefficients between the study periods, change in total ESVs
during the four decades was about US$ 45.6 million, which is a bit more than double the loss
of the value estimated using common coefficients. This additional loss is attributed to the
effect of inflation and changes in producer prices. To gain insight for the magnitude of ESV
changes in the four decades with time adjusted coefficients in comparison with GDP, the
studied landscape GDP increased from about US$ 5.8 million year? in 1973 to 126.2 million
year?® in 2012 (Table 13). This implies that the total ESV loss was left with values of 2.1

times the GDP in 2012.
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Table 4.13: Effect of using constant coefficients (in million in 1994 US$ year-1) versus time

development coefficients between years to the overall estimation of ESV changes (adopted

from Kindu et al., 2016).

Total ecosystem service values per Overall
reference year changes
Approaches 1973 1986 2000 2012
ESV: using constant coefficients with LULC 130.45 118.45 114.78 11114  -19.3
dynamics
ESV: using time development coefficients with 47.69 80.72 153.04 263.51
LULC dynamics
ESV: using time development coefficients with 47.69 88.91 173.91 309.07
assuming no LULC dynamics
Overall changes: using dynamics and time -45.55
development coefficients
GDP 5.8 126.2

ESV = Ecosystem service value (in million US$ year?); time development coefficients were adjusted using
consumer price index and producer price index; GDP = Gross Domestic Product of the study landscape (in

million in 2012 US$ year™).

4.4 Scenario modelling of future LULC patterns and changes

4.4.1 Coefficients of logistic regression

The spatial distributions of the nine LULC types were well explained by the selected drivers

of LULC types, as indicated by the relative operation curve (ROC) values that measure the

goodness-of-fit of the logistic regression models (Table 4.14). From the result, the obtained

ROC values for all the LULC types were above 50%. This implies the probability distribution

generated using the considered drivers of LULC types were consistent with the actual

distribution of the LULC types in the studied landscape.
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Table 4.14: Beta (B) values for regression results of the spatial distributions of LULCs in the
studied landscape.

Land use/land cover types

Drivers Bare Crop Grass Natural Plantation Settle Tree Wood
lands lands lands forests forests ments patches Water lands

Slope -0.0231 -0.0379 -0.0044 0.0931 0.0251 -0.0472 0.0169 -0.1671 0.1610

Altitude 0.0003 -0.0021 0.0011 -0.0060 -0.0042 -0.0008 0.0002 -0.1149 -0.0671

Rainfall -0.0005 0.0021 -0.0013 0.0239 0.0125 0.0010 0.0012 -0.0530 0.0257

Distance

to road -0.2517 -0.1089 -0.0228 0.3542 -0.1246 -0.3871 0.0521 0.5561 0.4526

Distance

market -0.0525 -0.1170 0.0254 0.0747 0.0270 -0.0592 0.0071 0.7037 -0.5407

Population

density -0.0012 -0.0010 0.0001 -0.0534 -0.0438 0.0019 0.0005 -0.1509 0.0016

Constant -2.6525 4.8178 -4.8194 125696  -5.4299 -2.1891  -5.2306 20.0617 9.1793

ROC

values 0.6833 0.7443  0.6921 0.9449 0.8528 0.8473 0.6267 0.9998 0.8473

[ represents the regression coefficients between LULC types and the drivers; ROC = relative operation curve; all
drivers (variables) are significant at P <0.05.

4.4.2 Model validation

The overall accuracy for the simulated 2012 LULC map was 90.3% with the Kappa statistic
of 0.889, which revealed the consistency between the simulated result and actual LULC
situation (Table 4.15, Figure 4.9). The Kappa results show a high level of agreement for the
simulated LULC map, indicating that the model is reliable for the studied landscape and can be
used to simulate LULC patterns and changes under different scenarios. User’s and producer’s
accuracies of individual classes of the simulated LULC map ranged from 72.9% (bare lands) to
92.6 (water body), and 78.5 (grasslands) to 94.3% (water body), respectively. This reveals that
although more similarity is found between the simulated result and the actual LULC in 2012, it
still exhibits a certain bias. The producer and user accuracies of the simulated map for bare
lands and grasslands (producer’s accuracy) were below 79%. On the other hand, the natural
forests, plantation forests, tree patches, settlements, croplands, woodlands, and water body

classes were relatively similar to the corresponding classes in the actual land use map for 2012.
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Figure 4.9: Actual (a) and simulated (b) land use/land cover map of the year 2012 in

the study landscape.

Table 4.15: Summary of the classification accuracies for simulated LULC pattern in 2050;
where UA= user’s accuracy, PA= producer’s accuracy, OA = Overall accuracy and KS =

Kappa statistic.

Land use/land cover type

Bare Natural Plantation Crop Grass Settle Tree Wood Water

Accuracy lands forests forests lands lands ments patches lands body
UA (%) 729 90 91.5 83.1 81 86.4 88.9 88 92.6
PA (%) 79.6 885 91.5 79 78.5 89.5 90.3 84.6 94.3
OA (%) 90.3

KS 0.899

4.4.3 Simulation of land use/land cover patterns under different scenarios

The simulation results of LULC distributions for the considered scenarios illustrate different
patterns in the studied landscape (Figure 4.10). In all of the scenarios, cropland was the
dominant LULC type. Under the BAU scenario (Figure 4.10a), the trend of expansion of
croplands is clearly along the direction of sloppy areas by replacing the remaining forest areas
and grasslands. Comparing the simulated scenarios for 2050 with the actual LULC map of
2012, the croplands occurred primarily towards the eastern part of the studied landscape,

making up 71.9% of the study landscape followed by the water body (9.4%), grasslands (6.3%)
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and bare lands (3.7%) (Table 4.16). Tree patches, settlements, plantation forests, natural forests
and woodlands shared small proportion of 2.8, 2.4, 2, 1.9 and 0.02%, respectively, of the entire
landscape. Under the FCWP scenario, croplands also accounted for the largest part (66.3%);
and the water body, natural forests, and grasslands accounted 9.5%, 9.2% and 5.4%,
respectively, of the study landscape. Woodlands, tree patches, settlements, plantation forests,
and bare lands occupied the smallest portion of the area. The results of the LULC pattern for the
Sl scenario were similar to those of FCWP scenarios, but the area proportions were better
distributed for the different LULC types. Accordingly, croplands occupied (51.1%); and
grasslands, natural forests, the water body and tree patches accounted for 16.2, 13, 9.5 and
4.1%, respectively, of the entire landscape. The remaining LULC types shared small portions of
the study landscape.
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Figure 4.10: Simulated land use/land cover pattern in 2050 under different scenarios in
the study landscape (a) Business as Usual (BAU), (b) Forest Conservation and Water

Protection scenario (FCWP) and (c) Sustainable Intensification (SI) Scenarios.
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Table 4.16: Summaries of areas of simulated land use/land cover types in 2050 under

different scenarios in the studied landscape.

Simulated LULC in 2050 under different scenarios

Actual LULC
2012 BAU FCWP Si
HHhe ha % ha % ha % ha %
Bare lands 1765 1.7 3792.9 3.7 3301.1 3.2 343.0 0.3
Natural forests 9588 9.24 1928.7 19 9588 9.2 13549 13.1
Plantation forests 1284  1.24 2073.5 2.0 1284 12 1284 1.2
Croplands 50317 485 74205.8 71.6 68691.4 66.3 52982.2 51.1
Grasslands 25139 24.2 6529.6 6.3 5637.6 54 16823.7 16.2
Settlements 1586  1.53 2509.9 24 2167.0 21 3187.0 3.1
Tree patches 3606 3.47 2871.9 2.8 2479.5 24 4279.0 4.1
Woodlands 656  0.63 17.8 0.02 656 0.6 1356.3 1.3
Water body 9871 9.51 9745.5 9.4 9871 9.5 9871 9.5

BAU = Business as Usual; FCWP = Forest Conservation and Water Protection; and Sl = Sustainable
Intensification.

4.4.4 Changes in land use/land cover under different Scenarios

The change results revealed a considerable dynamics of woodlands, natural forests,
grasslands, croplands and bare lands under BAU, FCWP and Sl scenarios. Under BAU
scenario, croplands and bare lands increased, while natural forests, woodlands and grasslands
decreased (Figure 4.10 and Table 4.17). Changes in patterns of croplands predominantly
occurred within major parts of the studied landscape distributed towards the remaining natural
forests, woodlands and grasslands. The total woodlands converted under BAU scenario
amounted to 638.2 ha, which is about 97% of the cover that existed in 2012. Similarly, natural
forest cover and grasslands decreased by 79.9 and 74%, respectively. The areas of conversion
were more on steep and very steep slopes, which are more susceptible to erosion. Thus, the
dramatic change of forest resources would lead to ecological degradation in the studied
landscape. On the contrary, croplands and bare lands increased by 47.5 and 114 %,

respectively. In addition, the areas of settlements and plantation forests had increased.

Under the FCWP scenario, the study assumed LULC patterns and changes with only strict

implementations of conservation and protection policies during the simulation years. Similar to
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BAU scenario, the expansion trend for croplands occurred mainly in the east, excluding forest
areas of the studied landscape. It increased to a value of 18,374 ha (36.5%), which is about 10%
reduction compared to the BAU scenario. Consequently, grasslands decreased from 25139 ha in
2012 to 5,637.6 ha in 2050, which is about 77.6% of the cover that existed in 2012. The
conversion trend of grasslands to croplands were also on steep and very steep slopes of the
studied landscape, which indicated that Munessa-Shashemene still faces pressure of land
degradation. However, the extent and distribution pattern of natural forests, plantation forests,
woodlands and the water body were relatively similar to the conditions in 2012 of the studied
landscape. The overall patterns and changes differed under Sl scenario. Areas of croplands
remained steady with gain of only about 5% of the cover that existed in 2012. In the same
scenario, there were considerable gain in natural forests with a value of about 3,961 ha (41.3%)
and woodlands with a value of 700.3 ha (106.8%).

Table 4.17: Simulated LULC changes from 2012 to 2050 showing the area changed for each
classes in hectare (ha) and LULC changes in percentage (%).

Simulated changes in LULC during 2012-2050 under different scenarios

BAU FCWP Sl

e ha % ha % ha %
Bare lands 2027.9 114.9 1536.1 87 -1422.0 -80.6
Natural forests -7659.3 -79.9 0.0 0.0 3961.4 41.3
Plantation forests 789.5 61.5 0.0 0.0 0.0 0.0
Croplands 23888.8 47.5 18374.4 36.5 2665.2 5.3
Grasslands -18609.4 -74.0 -19501.4 -77.6 -8315.3 -33.1
Settlemts 923.9 58.3 581.0 36.6 1601.0 100.9
Tree patches -734.1 -20.4 -1126.5 -31.2 673.0 18.7
Woodlands -638.2 -97.3 0.0 0.0 700.3 106.8
Water body -125.5 -1.3 0.0 0.0 0.0 0.0

4.4.5 Ecosystem service values and their changes under different Scenarios

The total ESVs of the whole study landscape were about US$ 102.4, 109.2 and 114.1
million under BAU, FCWP and SI scenarios, respectively (Table 4.18). The total estimated
loss of changes of ESVs under FCWP scenario was about US$ 1.9 million, which is about
1.7% of the 2012 total ESVs. The total ESV was further decreased with an amount of about
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US$ 8.7 million (7.8%) under BAU scenario. This estimate is about 4.6 times higher than the
loss estimated under FCWP scenario. In both cases, the estimated losses during the four
decades are less than 10% of the 2012 total ESVs, which is indicator of scarcity of ecosystems
in the studied landscape. On the other hand, the SI scenario produced gains of the ESVs,

which was increased with an amount of about US$ 3 million.

The estimated ESVs and their changes differed among LULC types of the entire study
landscape under the considered scenarios. For instance, croplands accounted about US$ 16.7
million (16.3%) of the total ESVs, which is an increase of about US$ 5.4 million of the 2012
value under BAU scenario. The combined ESVs contribution of natural forests, woodlands
and grasslands were about US$ 3.8 million (4%) of the total ESVs, while the losses were about
US$ 7.6, 0.6 and 5.5 million of the 2012 value, respectively. Values of the water body also
showed a slight reduction with an amount of about US$ 1 million and the ESV of croplands
increased with an amount of about US$ 5.4 million (Table 4.18). Under FCWP scenario,
estimated ESVs of grasslands decreased from about US$ 7.4 to 1.7 million, while the values
of croplands increased from about US$ 11.3 to 15.5 million. This loss and gain of ESVs from
the two ecosystems were improved under Sl scenario. The situations in forest and woodland
ecosystems have also positively affected the changes of ESVs. For instance, in total, the ESVs
of natural forests and woodlands improved by about US$ 4.6 million, while the total ESVs in
the study landscape improved by about US$ 3 million (Table 4.18).
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Table 4.18: Estimated ecosystem service values for each LULC type of the considered

scenarios of the study landscape (in million US$ year-1 and their changes in percentage

(%) using conservative coefficients adopted from Kindu et al. (2016). Total ESV per

year is given as a sum of each value by LULC type.

Change in ESVs under
considered scenarios
LULC Types Actual -2012 BAU FCWP Sl BAU FCWP Si
ESV % ESV % ESV % ESV % |ESV % ESV % ESV %
Bare lands 00 00 00 00 00 00 00 00]| 00 0.0 0.0
Natural forests 95 85 19 19 95 87 134 117| -76 0.0 3.9
Plantation forests 1.3 11 20 20 13 12 13 11| 08 0.0 0.0
Croplands 11.3 102 16.7 163 155 142 120 105| 54 4.1 0.6
Grasslands 74 66 19 19 17 15 49 43| -55 -5.7 -2.4
Settlements 00 00 00 OO0 00 00 00 0.0] 00 0.0 0.0
Tree patches 11 10 08 08 07 07 13 11| -02 -0.3 0.2
Woodlands 07 06 002 002 07 06 13 12| -06 0.0 0.7
Water body 80.0 720 79.0 771 80.0 732 80.0 70.1| -1.0 0.0
Total 111.1 100 1024 100 109.2 100 1141 100| -8.7 -7.8 -19 -1.7 30 27

ESV = ecosystem service values (in million in 1994 US$ year).

The water supply and food production of the service category of provisioning, and water
regulation and water treatment of the service category of regulating were the top four service
functions with the highest ESVs, contributing about US$ 94.9, 96 and 97 million under BAU,
FCWP and SI scenarios, respectively (Table 4.19). The aggregated contribution of other
thirteen ecosystem functions from each service category was about US$ 7.5 million, i.e. 7%
of the total ESVs under BAU. When comparing the values with respect to service categories
under BAU scenario, the results revealed the highest value for the group of regulating services
(US$ 63 million), followed by provisioning services (US$ 36.6 million), supporting services
(US$ 2.2 million) and cultural services (US$ 0.7 million). This order of contribution by
service categories remained the same as the other scenarios. However, the amount of
contribution by service categories declined under BAU and FCWP scenarios when compared
with the 2012 values, except for provisioning services as a result of food production service
function (Table 4.19). On the other hand, the contribution of individual ecosystem services
showed an improvement of changes under Sl in all service categories, mainly in the regulating

service followed by supporting and provisioning services.
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Table 4.19: Annual estimated value of ecosystem functions (ESVr in million US$ year-
1) under each service category for the considered scenarios in the study landscape using
conservative coefficients (adopted from Kindu et al., 2016).

ESVr.2012 ESVieau ESVercwp ESVtsi

Ecosystem Services

US$ % USs$ % Us$ % US$ %
Provisioning Services
Water supply 21.0 189 207 202 210 192 210 184
Food production 13.6 122 156 152 146 134 133 117
Raw material 0.6 0.5 0.2 0.2 0.6 05 0.8 0.7
Genetic resources 05 0.4 0.2 0.2 0.5 0.4 0.7 0.6
Regulating Services
Water regulation 53.9 485 531 519 538 493 539 472
Water treatment 8.3 7.5 5.6 5.4 6.5 6.0 8.3 7.3
Erosion control 3.7 3.3 1.3 1.2 3.1 2.8 4.6 4.0
Climate regulation 2.6 2.3 0.9 0.9 2.6 2.4 3.6 3.2
Biological control 19 1.7 2.0 1.9 1.8 1.7 1.8 15
Gas regulation 0.4 0.3 0.1 0.1 0.2 0.2 0.4 0.3
Disturbance regulation 0.1 0.1 0.0 0.0 0.1 0.1 0.1 0.1
Supporting Services
Nutrient cycling 2.1 1.9 0.7 0.7 2.1 19 3.0 2.6
Pollination 15 14 1.3 1.3 1.2 11 14 1.2
Soil formation 0.1 0.1 0.0 0.0 0.1 0.1 0.2 0.2
Habitat/refugia 0.2 0.2 0.1 0.1 0.2 0.2 0.3 0.2
Cultural Services
Recreation 0.8 0.7 0.7 0.68 0.7 0.7 0.8 0.7
Cultural 0.02 0.0 0.01 0.0 0.02 0.0 0.03 0.0
Sum 111.1 100 1024 100 109.2 100 1141 100

By considering time variable coefficients between the simulation periods, the total loss of
ESVs during the next four decades were about US$ 124.9 million under BAU and 26.9
million under FCWP scenarios while under the Sl scenario, there will be total gain of ESVs
worth about US$ 43.1 million (Table 4.20). They are more than 14 times the loss or gain of

the values estimated using common coefficients, in which the higher changes of the values are
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attributed to inflation effects and changes in producer prices during updating value
coefficients.

Table 4.20: Effect of using constant coefficients (in million in 1994 US$ year-1) versus time
development coefficients of the simulated years to the overall estimation of ESV changes
(method adopted from Kindu et al., 2016).

. Overall changes: usin
Total ecosystem service values for g g

actual and simulated years constant coefficients
Approach y with LULC dynamics

2012 BAU FCWP Sl BAU FCWP  SI

ESV: using constant coefficients
with LULC dynamics

ESV: using time development
coefficients with LULC dynamics
ESV: using time development
coefficients with assuming no 263.51 1578.58 1578.58 1578.58
LULC dynamics

Overall changes: using dynamics
and time development coefficients

111.14 10243 109.24 11410 -8.7 -1.9 3.0

263.51 1453.62 1551.65 1621.69

0.00 -12496 -26.93 43.11

ESV = Ecosystem service value (million US$ year™); time development coefficients were adjusted using
consumer price index and producer price index.
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5 Discussion

5.1 LULC and their changes

Monitoring of LULC changes provides critical inputs to evaluate complex causes and
responses in order to project future trends better (Prenzel, 2004; Giri, 2005), and it is a
prerequisite for making effective development plans (Gautam and Chennaiah, 1985; Carver et
al 2012). Spatial distribution and changes of LULC over time were extracted in the highlands
of Ethiopia, particularly focusing on the Munessa-Shashemene landscape by using satellite
images of Landsat MSS (1973), TM (1986), ETM+ (2000) and RapidEye (2012), and by
employing object-based image analysis. The overall accuracies obtained in this study were
more than 91% except for Landsat MSS 1973 as a result of confusions associated with the
lower spatial resolution and few bands available in Landsat MSS image (Lillesand and Kiefer,
2000; Dessie and Kleman, 2007). However, the overall accuracies obtained from all types of
images were higher than the 85% minimum threshold, set by Anderson et al. (1976) and
Thomlinson et al. (1999) for effective LULC change analysis. The overall accuracy of this
study was better than other local studies with similar geographical settings, LULC types and
satellite imageries. For instance, Dessie and Kleman (2007) achieved 87% accuracy using
Landsat TM, Wondie et al. (2011) reported 88% accuracy using Landsat ETM+, and Shiferaw
(2011) achieved 86.1% using Landsat ETM+. This study found above 91% over all accuracies
using the same satellite imageries by using the advantage of applying object-based
classification techniques, such as combining spectral- and spatial information for extracting
target objects (Baatz and Schépe, 2000).

The change analysis of 39 years with three time periods (1973-1986, 1986-2000 and
2000-2012) and a change matrix from 1973 to 2012 revealed the extent of changes that
occurred in different LULC classes throughout the four decades. In general, the area of
natural forests, woodlands, grasslands and water body consistently decreased with varied
proportions over the study periods. The reductions of these LULC types were mainly
attributed to the conversion of the areas to croplands. The conversion of grasslands, natural
forests, and woodlands to croplands was quite intense, and common in the study landscape.
Such trends are consistent with numerous studies in Ethiopia and elsewhere (e.g. Tekle and
Hedlund, 2000; Zeleke and Hurni, 2001; Dessie and Kleman, 2007; Pare et al., 2008;
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Shiferaw, 2011; Knoke et al., 2012). Contrary to these and the findings of this study, increase
of forest cover was observed by Bewket (2002) in Chemoga watershed within the Blue Nile,
which was attributed to community afforestation programs. The analysis also revealed that
planation forests were created at the expense of the remaining natural forest, which belongs to
tropical dry Afromontane forests (Fritzsche et al., 2007). Cyranoski (2007) reported similar
conversion of natural forests to planation forests in Indonesia. Such conversion is detrimental
to biodiversity conservation, unless deforestation is unavoidable and plantation forestry is a
“lesser evil” (Brockerhoff et al., 2008). Changes were not limited to the forest resources, but
also to the grasslands and water body of the study landscape. Similar trend was also reported
by Assen (2011) in the East Hararghe Ethiopian Highlands.

LULC changes in relation to gradients of slopes show expansion of croplands from gentle
and moderate slopes to steep and very steep slopes. A similar trend was also observed by
Zeleke and Hurni (2001) in which cultivation expanded to marginal areas as steep as > 30%
slope. Change analyses across agro-ecological zones also revealed that croplands largely
occupied the sub-humid highland zone of the study landscape, which is the best zone for
growing diverse agricultural crops (Zeleke and Hurni, 2001; Hurni, 1998). LULC changes
from natural forests to croplands in cold-highland zone were not as severe as in the sub-humid
highlands since the landscape has harsh environment for diverse crop production similar to
the lower agro-ecological zone (Hurni, 1998). Although such environment receives less
pressure on the natural forest for crop production, an increase of grassland cover was
observed, which might be linked to conversion in search of additional land for grazing
(Bishaw, 2009).

Such LULC change analyses entail to reconsider the massive program of natural resource
conservation to reduce environmental degradation and poverty as well as increase agricultural
productivity and food security over the last three decades undertaken by the government of
Ethiopia and a consortium of donors (Kassie et al., 2010), and revert the ongoing situation by

devising site-specific and more effective landscape management strategies.

5.2 Drivers of LULC changes

Identifying and understanding drivers of LULC changes is essential for modelling future

dynamics or development of management strategies to ameliorate or prevent further decline
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of natural resources (Serneels and Lambin, 2001; Mottet et al., 2006). A range of drivers of
LULC changes, which occurred for the last four decades, was identified in the study
landscape. Although the level differed, local farmers perceived the majority of influential
drivers of the changes. These drivers are within the broader categories of social, economic,
environmental, policy/institutional and technological forces causing the changes at national,
regional and global levels. They only varied in their levels and types of causes that trigger the
changes. In the studied landscape, population growth, expansions of cultivated lands and

settlements were the top significant drivers of change in LULC.

The study landscape population quadrupled in the four decades of the study periods. At the
same time, to support the rising population, there was a need for extensive agricultural
production with continuous crop cultivation. Earlier studies in other parts of the country and
elsewhere also reported population pressure and expansion of agricultural crops as major
drivers of LULC changes (e.g. Bewket 2002; Hamandawana et al., 2005; Hurni et al., 2005;
Dessie and Kleman, 2007). The rapid increase of the population could be partially explained
by the polygamy culture practiced in the study area. Similar trends were also observed in
other African countries with polygamy culture (Hayase and Liaw, 1997). The situation seems
more worrying as about 96% of the additional 2.4 billion of the 7.2 billion projected to inhabit

the planet in the next 40 years will be from developing countries (UN DESA, 2013).

Other key drivers of LULC changes were expansion of settlements, fuelwood collection
and charcoal making. The highest expansion of settlements was found during the first study
period (1973-1986), where, especially, the 1985 national settlement policy for villagization
program contributed (McCann, 1995). Similar trends as a result of settlement policy changes
were also observed in other countries, including Ghana (Braimoh, 2004), Kenya (Campbell et
al., 2005), Tanzania (Kassahun, 2011) and China (Long et al., 2008). Changes due to
fuelwood and charcoal making are directly connected to the wide use of biomass-based
energy source in the country (Tegene, 2002; Teketay et al., 2010; Asfaw and Demissie, 2012).
Similarly, livestock ranching was the other contributory influential driver of LULC changes.
Cattle are allowed to freely graze on communal grazing lands, the remaining crop stalks on
croplands after harvest and in the remaining forests due to the low carrying capacity of the
available existing grazing lands. This could result in grazing-induced degradation through
hindering natural regeneration of the remaining forests (Teketay et al. 2010; Tesfaye et al.

2010). Land degradation and, hence, loss of land productivity and drought that caused severe
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food shortage, and the famine in 1973 and 1984 in Ethiopia were also responsible for the
prevalent LULC changes (Taddese, 2001) similar to other African countries (Thiombiano and
Tourino-Soto, 2007). Changes in land tenure policy also derived significant dynamics of
LULC in the country in general (McCann, 1995) and to the studied landscape in particular.
The land tenure policy of the country changed in 1975 due to the new land reform
proclamation of “land to the tillers”, which allowed peasants to have access to land for the
first time. Consequently, landless people moved from one place to the other in search of land
that resulted in additional pressure on the remaining forests (Dessie and Christiansson, 2008).
Campbell et al. (2005) also reported a similar incidence of changes in LULC in Kenya due to

changes in land tenure policy.

The study further revealed that among the main socio-economic determinants, educational
level (literacy), age and occupation of household heads significantly affected their perception
towards some of the drivers of LULC changes. In a case study site of eastern Ethiopia, Daba
(2003) found age and literacy of households to be significant factors affecting their perception
of land degradation as a problem, which is one of the drivers for the observed LULC changes.
Similarly, Jadin et al. (2013) reported households that have better access to information were
fully aware of drivers of forest cover dynamics in Vietnam. Apart from household level,
landscape level analyses of potential factors revealed the contribution of each driver for
LULC changes in the studied area. The result showed that location of LULC changes was
determined by distance to major drivers of changes. For instance, it was observed that more
changes in LULC occurred in areas closer to markets and roads. The proximity of the study
landscape to one of the major roads connecting Addis Ababa to the southern part of the
country and Kenya, and existence of the two district markets contributed to the observed
LULC changes. This finding reconfirms a conclusion by previous studies that indicated the
occurrence of more LULC changes in areas where there are improved road networks
(Nagendra et al., 2003; Dessie and Kleman, 2007) and market access (Serneels and Lambin,
2001).

Among the LULC types, the forest ecosystems, which can be used to store carbon, to
protect water balance and preserve biodiversity (Knoke and Hahn, 2013), and the grasslands
were largely affected by the ongoing drivers of changes. Thus, the long-term effects of drivers

of LULC dynamics in the studied landscape of the Ethiopian highlands could have negative
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environmental and socio-economic consequences unless intervention strategies are

introduced.

5.3 Changes of ESVs

Studies on quantifying the changes of ESVs in response to LULC dynamics serve as an
important tool to raise awareness (Liu et al., 2010) and contribute to developing knowledge
on management of natural capital (Frélichova et al., 2014). The present study was the first of
its kind in the highlands of Ethiopia that contributes to the evolving study of ecosystem
service science by providing landscape level status of changes in ESVs from the region where
datasets are limited. Currently, the use of proxy data is common in the estimation of ESVs
and their changes (Chan et al., 2006; Yoshida et al., 2010; Costanza et al., 2014; Wang et al.,
2014) in case of lack of baseline information (Maes et al., 2012). The approach of employing
LULC datasets as a proxy of measurement facilitated the estimation process, as confirmed in
previous studies (Wang et al., 2006; Li et al., 2010).

The global estimate of ESVs was proposed by Costanza et al. (1997). Afterwards, it has
been applied by a number of researchers for similar studies (e.g. Kreuter et al., 2001; Zhao et
al., 2004; Kubiszewski et al., 2013). However, the quality of such valuation depends on the
accuracy of LULC classification (Konarska et al., 2002) and associated value coefficients
(Costanza et al., 1997; Li et al., 2010). In this study, spatially representative datasets of
classified LULC types generated from remotely sensed imagery with higher overall
accuracies were utilized as a proxy of measurement (Kindu et al., 2013). However, the
corresponding value coefficients were rough, criticized because of uncertainties and, usually,

underestimate contributions of some LULC types.

The critiques arise due to the nature of value coefficients in monetary units used to
estimate the total ESVs, as valuation involves ecosystem services both traded and not
presently traded on markets (Daily et al., 2000; Zhao et al., 2004). The coefficient of
valuation used in the present study, obtained through benefit transfer method, are based on
earlier studies (e.g. Costanza et al., 1997) that derived the values either directly (market
values) or indirectly (non-market values) by employing a wide variety of methods. Toman
(1998) has pointed out in a critique of the Costanza et al. (1997) study that ... there is little

that can usefully be done with a serious underestimate of infinity ...” (p. 58). This means their
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estimate of the total value of all of the world's ecosystem services (US$ 33 trillion per year)
does not reflect an incremental calculation as it is based on selected value per unit area
multiplied by all the units in the biosphere. Thus, the aggregated figure leads to serious
underestimate of infinity. He further argued that such calculation with aggregated estimates
could suggest all aspects of nature in all places need the same level of safeguarding (Toman,
1998). In addition, existing valuation of services outside the market, such as travel cost
methods, contingent valuations, replacement cost methods and hedonic pricing have serious
pitfalls (Daily et al., 2000; Li et al., 2010). Each valuation methodology has its own strengths
and limitations which restricts its applications. In the absence of site-specific valuation
information, the benefit transfer method is an alternative to estimating ESVs (Kreuter et al.,
2001; Troy and Wilson, 2006; Kubiszewski et al., 2013). Two ways of benefit transfer
approaches are available: function transfer and value transfer (Czajkowski et al., 2017).
Function transfer uses data available at the study site to predict value coefficients of a new
site. Value transfer is an approach used to transfer the overall values from the original site to
the new site. This method adapts the existing valuation information to new site and has also
its own limitations and benefits, even if reported as performing the best as compared to the
function transfer (Czajkowski et al., 2017). For example, it assumes that the study site is
sufficiently similar to site from where the value coefficients is being transferred. But still, it
can provide the means to compare the relative magnitude of changes in the provision of
ecosystem services under different situations as, for example, in response to LULC changes.
In this study, by acknowledging limitations that are as yet unresolved, attempt were made to
carefully choose only value coefficients of tropical ecosystems which are similar to the study
site characteristics.

The current available and widely used ecosystem service value coefficients also assume
spatial homogeneity of services within ecosystems (i.e. LULC types). For instance, forests
located either in steep slope or flat area received a similar estimation, although their ESV
could greatly differ, for example concerning protection against erosion. Thus, the total
ecosystem service value provided by forests would be altered depending on specific site
characteristics or landscape complexity. The same is true for croplands and other LULC types
found either in suitable or non-suitable area. That is, the used ecosystem value coefficients do,
yet, not consider the environmental suitability of a particular land use/land cover (i.e. under
the situation of LULC in the environmental land use conflict), which cause impacts to

important ecosystem functions, including soil erosion, groundwater quality and habitat

82



Chapter IV Discussion

integrity (Pacheco et al., 2014; Valle Junior et al., 2014a, b; Valle Junior et al., 2015).
Similarly, the value coefficients do not consider effect of scarcity, i.e. they are constant
irrespective of the quantities of the services. Such factors are also important and should be
taken into account in future development of ecosystem service value coefficients to improve

the understandings of the distributed characteristic of ecosystem service values.

The present study also considers estimates of total ESVs, while marginal values would be
relevant for decisions. The total ESVs are based on the value per unit area (value
coefficients), that is, the sum of the producer and consumer surplus (meaning net of the cost
of production) with a constant/static set of value weights, which are used by Costanza et al.
(1997). The marginal economic values are related to an incremental increase in a set of
ecosystem services over time and space without holding prices constant (Luisetti et al., 2014)
and would be relevant for decisions. However, those exist only for market-based goods. A
way to device marginal values for ecosystem services empirically would also be future

direction of ESV estimates.

Despite such uncertainties, as also commented by different researchers (Limburg et al.,
2002; Hein et al., 2006; Maes et al., 2012), the need of accurate coefficients is often less
critical for time series than for cross-sectional analyses since value coefficients tend to affect
estimates of directional change less than estimates of ecosystem values at specific points in
time (Kreuter et al., 2001; Zhao et al., 2004; Tianhong et al., 2010). In addition, the classical
sensitivity analysis indicated that the estimated ESVs for the study landscape were relatively
inelastic, with respect to the value coefficients and relatively robust despite uncertainties in
the value coefficients. This approach was proposed by Kreuter et al. (2001) and recently
criticized by claiming erroneous interpretation (Aschonitis et al., 2016) though not yet
abandoned (Zhang et al., 2017). The effect of updating value coefficients was also quite
strong in this study, altering the estimated change in ESV from US$ -19.3 to -45.6 million per
year. The coefficients were updated by means of consumer and producer price indices, which
may only be considered a very rough method. Studies about development of willingness to
pay with increasing GDP are rare, so that empirical evidence for the assumption of a positive
correlation between consumer and producer prices in this study is yet not available. This study
would suggest comparing GDP and ESV only when both are adjusted to the same year of

comparison.
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The results of this study revealed, in general, a decline of the total estimated ESVs in the
study landscape throughout the four decades in both considered cases, i.e. when using the
value coefficients by Costanza et al. (1997) and their modification. In particular, the ESVs of
natural forests, woodlands, grasslands and the water body consistently decreased with varied
proportions over the study years. The reductions of these ESVs were mainly attributed to the
LULC dynamics. While the study showed that LULC dynamics in the study landscape
resulted in a decline of ESVs over time delivered by the affected land, it also revealed that the
loss depends on the interaction of changes in various LULC types. Specifically, the study
suggested that the decline of ESVs were mainly linked to the huge conversion of forests,
which is identified as the main provider of ecosystem services (Martinez et al., 2009). Earlier
studies from elsewhere also mirror the findings of the present study that changes in LULC
types by, particularly, altering the forest ecosystems have resulted in significant loss of ESVs.
For instance, in Pingbian country, China, Li et al. (2007) reported a decrease of ESVs by
25.4% from 1974-2004 as a result of altered forest ecosystems. A recent study in West Africa
also revealed a general decline of ESVs from 2000 to 2009 (Leh et al., 2013).

The study further revealed that the contribution of individual ecosystem functions declined
throughout the study period. Significant changes have occurred in the values of specific
ecosystem service functions such as erosion control, nutrient cycling, climate regulation and
water treatment, which were among the highest contributors of the total ESVs from the
category of regulating and supporting services. However, the value of food production
services not drastically, but consistently increased during the study periods, which is mainly
due to dramatic increase of croplands. Similarly, in Sanjiang Plain of northeast China, Wang
et al. (2006) found changes between 1980 and 2000 favoring of a few ecosystem services (i.e.
food production) at the expense of other services, such as disturbance regulation, cultural and

recreation.

The estimates of ESV changes in response to LULC dynamics have brought valuable
empirical evidences that can serve for several purposes. The study provided a means to
compare and highlight the magnitude of changes of ecosystem services. However, caution
should be taken about summing up ESVs for total estimate and not wrongly implement for
decision making concerning protection of multiple ecosystem services. This may lead to
compensatory effects between ESVs of target LULC types, where LULC extremely well

performing in only one service will compensate strong underperformance of other services.
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For example, the ESVs of water bodies are higher than forests. Huge conversion of forest
resource under strict protection of water bodies in a landscape can favor some of the services
(e.g. water provisioning) and disfavor others (e.g. erosion control). This could lead to
environmental degradation of essential services in case of decision of land use planning made
based on such total estimates without considering the performance of ESVs for each target
LULC types. In this case, using normalized ecosystem services indicators for different LULC
options has significant advantage for safeguarding multiple ecosystem services (Knoke et al.,
2016). Despite the acknowledged limitations, the results can be used as the bases to raise
awareness during policy formulations that can improve decisions involving various aspects of
intervention strategies for sustainable use and management of land resources. It is also
important to alert planners and decision makers to consider the need for revising the ongoing

extensive agricultural practice at the expense of natural ecosystems.

5.4 Scenario modelling of future LULC patterns and changes

Understanding future LULC patterns and changes is a core for science-directed sustainable
management of the resources. In this study, using LULC types and their associated driver
datasets, the LULC patterns and dynamics for the next four decades was successfully
simulated, mainly, by employing GIS technology in the studied landscape. Three kinds of
scenarios, i.e. BAU, FCWP, and Sl scenarios, were designed. The model is validated using
the actual LULC map of 2012 and showed an overall accuracy of 90.3% with a Kappa
statistic of 0.889, which is within the range of accuracies found in previous similar simulation
studies (Echeverria et al., 2008; Kamusoko et al., 2011). It should be noted that the simulation
approach of this study only addressed the future LULC patterns and changes based on the
considered scenarios, which were constructed either empirically generated datasets or
assumptions as followed by previous studies (e.g. Messina and Walsh, 2001; Soares-Filho et
al., 2006; Teixeira et al., 2009; Grinblat et al., 2015). They are spatially explicit and also
provide a representation of the entire landscape, i.e. modelling all major LULC types of the
studied landscape. The approach, thus, overcomes the limitations of other simulation
modelling studies that examine only a specific part of LULC types, i.e. urban growth
modelling (Yang and Lo, 2003), crop rotation modelling (Wang et al., 2014) or grazing
intensity modelling (Sabatier et al., 2010). However, it remains as a future scientific task,

particularly comparison of the considered scenarios with mechanistic LULC modelling
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approach that have high potential to investigate the problem from a financial policies point of

view, as suggested by Knoke et al. (2016).

The finding on the three scenarios revealed that croplands are likely to be continued as
important and influential land use type in the future sustainable use and conservation of land
resources in the Ethiopian highlands. They will tend to affect patterns of LULC types
differently under the considered scenarios. Specifically, under the BAU scenario, future
LULC changes are likely to be more pronounced around woodlands, followed by grasslands
and natural forests as a result of, mainly, expansion of croplands. This unwanted development
in the LULC system is explained in part by their spatial distribution. Woodlands occurred
typically in lower elevations (below 1900 m) (Teketay, 2000) and are more of gentle to
moderate slopes (Kindu et al., 2013), while natural forests tend to occur in the upper elevation
areas, and often more of steep to very steep slopes, making them more unsuitable for crop
cultivation (Tegene, 2002; Kindu et al., 2013). Thus, future expansions of croplands will tend
to overtake first suitable areas and, then, unsuitable areas of the studied landscape, making
woodlands, natural forests and grasslands the most vulnerable LULC types to spatial changes.
This is consistent with recent findings on extensive agricultural impacts on the remaining
forest resources in other tropical countries, e.g. in India (Tian et al., 2014), Zimbabwe
(Baudron et al., 2011) and Tanzania (Estes et al., 2012).

Expansions of croplands also emerged as a major threat under the FCWP scenario. As a
result of attempting only strict implementation of conservation and protection policies under
this scenario, the pressure will be more to the grassland ecosystem that is also found on steep
and very steep slopes (Kindu et al., 2013). This revealed implementation of policies targeting
only specific component of LULC types (e.g. only forests or water body) will not be a
solution for sustainable land resource use and conservation in the studied landscape. This may
result in a failure similar to the previous efforts that have been made, where most of the
remaining natural forests of the country were designated as National Forest Priority Areas
(NFPAs) to stop further deforestation and forest degradation (Teketay et al., 2010). The
natural forests of the studied landscape were part of the NFPAs though deforestation is still an
ongoing process (Kindu et al., 2013). This problem is not limited to the landscapes of the
Ethiopian highlands. Other landscapes in developing countries have also experienced similar

situations (e.g. Petursson et al., 2013; Bax et al., 2016).
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The Sl scenario showed different LULC patterns and changes compared to the other two
scenarios. Cropland remained steady in terms of expansion, owing to the assumption of
intensification through improved farming and better family planning under this scenario. This
scenario has also given a room for recovery of forest resources due to a side-by-side
implementation of existing conservation and protection policies. As a result, the landscape
could be more productive and multifunctional than the current one. In this regard, the finding
of this particular scenario is also consistent with other studies that reported the role of
diversified land use approach to balance food production and climate protection (Knoke et al.,
2011; Schaldach et al., 2011; Knoke et al., 2013; Estrada-Carmona et al., 2014; Knoke et al.,
2015).

The results also revealed a decline in total ESVs under the BAU and FCWP scenarios in
response to future LULC patterns and changes. The estimated loss was quadrupled under
BAU compared to FCWP scenario. These reductions of ESVs were mainly linked with the
dramatic conversion of forests that are the main providers of ecosystem services (Martinez et
al., 2009). Findings from elsewhere also showed that such changes are common in declining
the corresponding ESVs (e.g. Li et al., 2007; Hu et al., 2008; Leh et al., 2013). On the other
hand, the results showed improved total ESVs under Sl scenario. This mirrored the findings
of Wang et al. (2014) that reported an increase of total ESVs as a result of ecological
restoration in Ningxia of China. Knoke et al. (2014) also found improved ecological and
economic values as a result of afforestation and intense pasturing in abandoned farmlands of

the tropical Andes in southern Ecuador.

The LULC patterns and changes under the considered scenarios in the studied landscape
have different opportunities and constraints for resource use and conservation. As shown in
the results under BAU scenario, the local people may continue with the usual way of crop
cultivation for tapping the increasing cereal market opportunity of the country through
exploiting the existing natural resources. For instance, expansions of croplands have been met
at the expense of woodlands, natural forests and grasslands. Such kind of drastic change in
LULC, however, will negatively alter the potential use of an area and may ultimately lead to
loss of productivity (Tegene, 2002). This could, in turn, affect the local people by reducing
the means of livelihoods of those who depend on land. Other constraint associated with the
expansion of croplands at the expense of the forest resources, is the decline of biodiversity.

The study landscape is known to have remnant dry Afromontane forests dominated by
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indigenous tree species among which some require high conservation priority (Tesfaye et al.,
2010). The forest conversion over the modelled period of the BAU scenario in the study area
could indirectly contribute to the loss of those high conservation priority species.
Furthermore, expansion of croplands towards marginal lands on steep and very steep slopes
will cause more runoff, will accelerate the soil erosion and may decrease water supplies in the
absence of vegetation cover (Bewket, 2002). Such cultivation of steep and very steep slopes
may result in serious degradation to the extent that the land could not sustain any crop
production in the future as observed in other similar studies (Tegene, 2002; Lemenih and
Teketay, 2004b). There is also a direct interaction between LULC changes and the
hydrological process as well as the water ecology and quality of a given area (Baron et al.,
1998; Arora, 2002; Beniston, 2003; Assen, 2011). Lake Alemaya, located in the lower plateau
of the East Hararghe Ethiopian highland, had disappeared due to siltation as well as sediment
accumulation, which is a result of deforestation (Alemayehu et al., 2007; Assen, 2011).
Similarly, Lake Cheleleka, located in the southern central Rift Valley of Ethiopia, has dried
out (Dessie and Johan Kleman, 2007). Although not drastically altered, the water body (Lake
Langano), located in the lower part of the study landscape, was declining over the modelled
period. Unless appropriate measures are taken urgently, the tragic loss similar to Lake

Alemaya and Cheleleka could happen.

Attempting only strict implementation of conservation and protection policies under the
FCWP scenario will decrease the croplands by 10% compared with the BAU scenario. This
could, in turn, result in a deficit to feed the projected population of the studied landscape. As a
consequence, the farmers living in the study landscape will be forced to migrate to the
neighboring or other areas of the country. This is one of the common survival strategies of
rural people in the events of food deficits due to various causes. For instance, droughts during
the 1970s and early 1980s in northern Ethiopia have caused an influx of migrants to
southwestern Ethiopia (Reid et al., 2000). Tsegaye et al. (2010) also reported drought events
during 1973/1974 and 1984/1985 forced influx of migrants from the neighboring Tigray to the
northern Rift Valley dry lands of Ethiopia.

Under SI scenario, degraded lands could be exploited as an opportunity to catalyze
restoration of native flora (Lemenih and Teketay, 2004b). This is because the scenario has its
largest effect in the restriction of expansion of croplands and rehabilitation of degraded lands.

Furthermore, the results from Sl scenario, which incorporated conservations and protection
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policies, better family planning (implying reduced birth rate), and improved crop production,
suggested that such integrated approaches of resource management will increase the areas of
forest resources in the future, particularly on steep and very steep slopes that are not suitable
for crop cultivation. Such recovery of natural habitats will increase the ecosystem services
(Martinez et al., 2009; Kindu et al., 2016). Existing opportunities of incentives for
conservation efforts, such as payment for ecosystem services provided through REDD+
projects (Cerbu et al., 2013) or using the area as source of tourist attraction (Juutinen et al.,
2014), may also be additional source of income to the local people that can be provided by

this scenario.

The holistic approach of integrated landscape management for sustainable land resource
use and conservation, represented by the Sl scenario, will contribute to the ongoing efforts of
improving agricultural production and biodiversity conservation, which are not, as yet,
simultaneously implemented in an integrated way in various part of the country (Wale, 2008;
Spielman et al., 2010; Shiferaw et al., 2014). The findings are also important as knowledge on
the topic was previously restricted to historical LULC dynamics in the Ethiopian highlands
(Bewket, 2002; Hurni et al., 2005; Kindu et al., 2013; Temesgen et al., 2013). It helped to
unleash the opportunities and constraints provided by this holistic approach at landscape level
to ensure economic development and ecosystem health in the studied landscape or other areas

with similar settings.
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6 Summary and conclusions

The present study developed a novel framework using the applications of geo-informatics
(remote sensing and GIS) in a multi-disciplinary approach to better understand the process of
natural resource dynamics for appropriate intervention strategies. The study investigated
LULC dynamics of the past four decades (1973-2012), their drivers and changes of ESVs in
response to the dynamics in Munessa-Shashemene landscape of the Ethiopian highlands. In
addition, the possible future LULC patterns and changes covering the next four decades were
simulated and examined using a spatially explicit GIS-based model under three scenarios, i.e.
BAU, FCWP, and Sl scenarios. The LULC changes were analyzed and examined by object-
based classification of multi-temporal remotely sensed data (Landsat and RapidEye) from
four reference years followed by post classification comparisons using recent advancements
of geo-informatics technology. This is a vital technology for continuous monitoring of LULC
changes at varied spatial and temporal scales, which are otherwise not possible to simply
attempt through ground based inventory. The object-based image analysis approach used in
this study is new for investigating Ethiopian landscapes having diverse features and ragged
topography. It has the potential to be extended across other parts of the country for improved
classification results. The generated datasets of this study also provided up-to-date LULC
dynamics. The datasets will be inputs for spatial database that can be used as a model for
monitoring of future changes, informed decision making during policy formulation or land

use planning process or other similar studies in the Ethiopian highlands.

The quantitative change results revealed a continuous increase of croplands at the expense
of decreasing natural forests, grasslands and woodlands. This indicates that the increase of
other LULC types, mainly monoculture agricultural systems, in the study area is the result of
deforestation and grassland conversion. Such kind of agricultural landscape may lead to
environmental and ecological problems. The situations were clear in the analyses of the 39-
year change matrix, which revealed that about 60% of the land had experienced changes in
LULC. The results from the change analyses imply that horizontal expansion of croplands
towards to the remaining natural forests that exist in very steep slopes, and harsh environment
is no longer an option. Therefore, strategies to take urgent action against this will have to seek

a sustainable solution that better address proper management of the resources.
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The detected LULC changes that occurred in the studied landscape were due to, mainly,
the interplay between more than twelve drivers related to social, economic, environmental,
policy/institutional and technological factors. Specifically, population growth, expansion of
cultivated lands and settlement areas (housing), livestock ranching, cutting of woody plants
for fuelwood and charcoal making are the top six important drivers of LULC changes as
viewed by the local people as well as from the detailed quantitative landscape level analyses.
The findings further depicted that among the main socio-economic determinants at household
level, educational level (literacy), age and occupation of household heads significantly
affected their perception towards some of the drivers of LULC changes. Consequently, either
aged or literate farmers were more likely to be aware of rainfall variability as a driver,
whereas an increase in the household heads engaged in farming activities decreases the
likelihood of their perception of road access as drivers. At landscape level, location of LULC
changes were determined by distances to major drivers of changes (e.g. the further a pixel is
from the road, the less likelihood of LULC changes). The approach employed in this study is
particularly valuable in a situation like Ethiopia and other countries with similar conditions
where there are complex processes behind the dynamics of LULC types. The identified
drivers can be used as inputs for modelling of future changes. Furthermore, evidence from
this study indicated that in response to the drivers, local people amplified the LULC dynamics
while using the resources as a means of survival or source of income for their livelihoods. The
same trends are expected to happen in the Ethiopian highlands of similar settings where
subsistence farming is still present. Thus, appropriate strategy centered on those major drivers

is urgently required in order to avert the ongoing undesirable LULC changes of resources.

The LULC changes over time have not been beneficial to the ecosystem services. This was
revealed by the analysis of changes of ESVs in response to the four decades of changes in
LULC types in the studied landscape. The estimate showed that LULC dynamics between
1973 and 2012 in the studied landscape, which covers about 1091 km?, have resulted in a loss
of ecosystem services ranging from US$ 19.3 million per year, when using own modified
more conservative value coefficients, to US$ 45.9 million per year when using global value
coefficients. The identified loss of ecosystem service values were, mainly, linked to the huge
conversion of forests, which were the main providers of ecosystem services. The present
study provided a fast and effective way to assess the changes of ESVs. The use of GIS and
datasets derived from remotely sensed imagery, with their corresponding value coefficients,

as a proxy of measurement facilitated the estimation process. Although the considered LULC
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datasets have the highest quality in terms of accuracy, the corresponding value coefficients
were rough and the results of this study must be considered as minimum estimates. Apart
from this, evidence from the landscape level estimate indicated that the decline of ESVs
reflected the effects of ecological degradation to some extent. Thus, the outputs can be used as
references and the bases for stimulating discussions during policy formulations that can
improve decisions involving various aspects of intervention strategies to maintain a balance
between economic development and ecosystem health in the future. The economic gains that
are aimed to be achieved under the current patterns of agricultural development in the studied
landscape as well as from other area of similar setting should consider the non-market
economic losses that occur as natural ecosystems (e.g. natural forests and woodlands) are lost
or transformed. To enhance the credibility of valuation for practically applicable local level
policy formulation, regarding alternative land resource options, it is important to obtain value
coefficients for ecosystem service values that reflect local conditions and recalculating them

using the approach presented in this study.

This study also revealed different possible future LULC patterns and changes depending
on the considered three scenarios across a range of potential social, environmental and
economic policy contexts. In this regard, the study disclosed the ability of GIS to successfully
simulate LULC patterns and changes for the first time in the studied landscape of the Ethiopian
highlands. However, a further study is suggested to compare the considered scenarios with
mechanistic LULC modelling approach that have high potential to investigate the problem

from a financial policies point of view.

The simulation results indicated that croplands will expand widely in the study landscape
under the BAU scenario and would expand to the remaining woodlands, natural forests and
grasslands, reflecting vulnerability of these LULC types and potential loss of associated ESVs
in the future. Therefore, this scenario is not suitable for sustainable resource use and
conservation, highlighting the need to seriously consider such undesirable LULC developments,
particularly expansion of croplands in future land use planning processes. Under the FCWP
scenario, attempting only strict implementation of current protection and conservation policies
will bring competition among other LULC types, particularly more pressure will be extended on
the grassland ecosystem. According to the simulation outputs of this scenario, the grassland
ecosystem that, even, occupy steep and very steep slopes will also be converted to croplands. As

a result, this scenario will lead to serious environmental crises as well. The Sl scenario, with
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holistic approach, demonstrated that expansion of croplands could vigorously be reduced,
remaining forests would be better conserved and degraded land would be recovered, resulting
in gains of the associated total ESVs. Consequently, the results of this scenario have
implications for better landscape management by ensuring expected agricultural production
while safeguarding the environment. Thus, the SI scenario confirmed the need for integrated
landscape management approach, i.e. simultaneous implementation of better family planning
and improved farming system to a target landscape that are critical for a sustainable future in the

Ethiopian highlands beyond just conservation and protection policies.

The modelling approach framed in this study is a useful tool and, particularly, valuable in a
situation like Ethiopia, and other countries with similar conditions where there are complex
processes that need to be considered for sustainable management of resources. It is flexible,
spatially explicit and scenario-based, and has tremendous values for education and research
applications related to future LULC change. The approach can also be used to identify LULC
types that may deserve priority attention and enhance understanding of the potential effect of
attempting only strict implementation of conservation and protection policies without
considering other important issues that have consequences. Local authorities can understand the
complex LULC system better by using the results of this study. The results are also expected to
provoke public awareness on the state of natural resources and benefit from the developed
framework for appropriate management options. A further study is suggested to practically test
the presented modelling framework through research-for-development approach in a test site,
preferably, in the studied landscape or other areas with similar settings so that it can be used as a

model area for effective use and conservation of the natural resources.
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Abstract: The objective of this study was to analyze land use/land cover (LULC) changes
in the landscape of Munessa-Shashemene area of the Ethiopian highlands over a penod of
39 years (1973-2012). Satellite images of Landsat MSS (1973), TM (1986), ETM+ (2000),
and RapidEve (2012) were used. All images were classified using object-based image
classification technigque. Accuracy assessments were conducted for each reference vear,
Change analvsis was carried out using post classification comparison in GIS. Nine LULCs
were successfully captured with owerall accuracies ranging from 85.7% to 93.2% and
Kappa statistic of 0.822 to 0,924, The classification result revealed that grasslands (42.3%),
natural forests (21%0), and woodlands (11.4%) were dominant LULC types in 1973, In
2012, croplands (48.5%) were the major LULC types followed by others. The change
result shows that a rapid reduction n woodland cover of 81.8%, 52.3%, and 36.1%
occurred between the first (1973-1986), second (1986-2000), and third (2000-2012) study
periods, respectively. Similarly, natural forests cover decreased by 26.1% during the first.
21.1% during the second, and 24.4% during the third perniods, Grasslands also declined by
119, 17.5, and 21.1% during the three periods, respectively. On the contrary, croplands
increased in all three periods by 131, 31.5, and 22.7%, respectively. Analysis of the 39-year
change matrix revealed that about 60% of the land showed changes in LULC. Changes were
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also common along the slope gradient and agro-ecological zones with varying proportions.
Further study is suggested to investigate detailed drivers and consequences of changes.

Keywords: Landsat;, RapidEye; accuracy assessment; remote sensing; GIS; image; Ethiopia

1. Introduction

Land use/land cover (LULC) changes influence climate and weather conditions from local to global
scales [1]. They can have such impacts by affecting the composition of the atmosphere and the exchange
of energy between continents and the atmosphere, which can lead to global warming [2]. Changes in
LULC can also affect biological diversity, contribute to forest fragmentation, lead to soil erosion, alter
ecosystem services, disrupt socio-cultural practices, and increase natural disasters, such as flooding [3,4].
This calls for global attention for continuous monitoring of the changes. Up-to-date datasets on LULC
change provide critical inputs to evaluate complex causes and responses in order to project future trends
better, ranging from local, regional, to global scales [5,6]. They are also prerequisites for making
development plans [7,8]. However, the magnitude of LULC change differs with the time period being
examined [9], geographical location [10], slope gradient, and elevation range [11,12].

With an area of 1,130,000 kmz, and as one of the most populous countries in Africa, Ethiopia is
experiencing huge LULC dynamics from natural vegetation to farming practices and human
settlement [13,14]. The problem of land cover dynamics is more severe in the highlands, which
account nearly 44% of the country’s landmass and have been cultivated for millennia [15,16]. Like
other parts of the world, the use and management of natural resources, and returning the vast degraded
landscapes to protective and/or productive systems, have substantial importance to attain the goal of
sustainable development in Ethiopia [17]. This, in turn, requires an understanding of the dynamics in
time and space of these resources. In this regard, the importance of spatial data monitoring and
evaluation for proper management of natural resources is critical. Some studies have been conducted to
estimate and monitor LULC changes in different parts of the Ethiopian highlands [18-26]. These reports
have shown heterogeneity in direction, pattern, type, and/or magnitude of LULC changes in the country.
For instance, Zeleke and Humi [21] reported a sharp decrease of forest cover while Bewket [22] found
the opposite, 7.e., an increasing trend. In terms of magnitude for changes, Zeleke and Hurni [21] reported
an increase in cultivated lands by 38% in 38 years (1957-1995). On the other hand, Tegene [23] reported
an increase in croplands only by 5.5% in 43 years (1957-2000). Consequently, making generalizations
of results to other areas of the same physical setting might lead to erroneous conclusions. In addition,
except the reports by Zeleke and Hurni [21] and Tegene [23] about changes in relation to slope gradient,
no studies have been conducted in comprehensive approach to systematically analyze changes within the
study area along slope gradient and agro-ecological zone, which is usually divided based on elevation
range [27]. Therefore, it can be concluded that, until now, few studies have undertaken an integrated
analyses on LULC change in the Ethiopian Highlands.

Results of various studies have demonstrated the need for a study focusing on location specific
LULC dynamics for sustainable management and decision-making processes related to the use and
conservation of natural resources [22,26,28,29]. Two ways of capturing LULC dynamics are available:
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conventional ground- and remote sensing-based methods. The ground method is labor intensive, time
consuming, and difficult for capturing data from inaccessible areas with ragged topographies like the
case of most Ethiopian landscape. On the contrary, remote sensing is considered the most efficient
technology to handle these problems since it can explicitly reveal spatial patterns of land cover change
over a large geographic area in a regular and consistent way [30,31]. Remote sensing data of the earth's
surface could be made readily available in digital format [32]. These advantages have attracted great
interest in the scientific community. Moreover, the rich archive and spectral resolution of satellite
images are the most important reasons for their use [30,33]. Thus, change detection has become a
major application of remotely-sensed data because of repetitive coverage at short time intervals, which
is useful for tracking changes in LULC over longer periods of time and at more varied temporal scales
than what is typically done with field experiments or ground inventory [9,34]. Various techniques are
available to extract meaningful information of LULCs from remotely captured datasets.

Recently, object-based image analysis has been applied more frequently for remote sensing image
classification than pixel-based analysis [35,36]. Pixel-based methods classify individual pixels mainly
using spectral patterns. The use of spatial or contextual information from neighborhood pixels remains
a critical drawback to pixel-based image processing [37]. On the other hand, object-based methods
allow integration of different object features, such as spectral values, shape, and texture [38—40]. One
of its strength is the ability to combine spectral information and spatial information for extracting
target objects [36,38].

However, accuracies of object-based approach differ depending on the nature of landscape and type
of images used for analysis [41]. The benefit of improving accuracies of image classifications using
object-based approach is not tested up to now in the Ethiopian landscape during LULC change studies.
Studies conducted so far in the country were pixel-based and their overall accuracies from recent
reports were not more than 88% [25,26]. On the other hand, apart from the need for location specific
LULC change study justified above in a landscape with diverse features like the Ethiopian highlands,
the necessity for improved classification accuracies for LULC change studies in the country have been
discussed by many researchers [23,25,26,42,43]. Thus, in this study, we classified the land use/land
cover with the highest possible accuracy and evaluated changes over a period of 39 years (1973-2012)
in a landscape of Munessa-Shashemene area, one of the typical highlands in Ethiopia. We also
explored distribution and changes in LULC along the slope gradient and Agro-ecological zones of the
study landscape.

2. Materials and Methods
2.1. Study Area

The study was conducted in the landscape of Munessa-Shashemene area, which is a typical
highland found in Munessa and Arsi-Negele Districts. The area lies within 7°20'01.23" and
7°35'13.3"N, and 38°39'43.3" and 38°59'57.31"E at about 200 km south of Addis Ababa (Figure 1).
It covers about 1,091 km? and lies between the altitudes of 1,500 m above sea level at the Central Rift
Valley lakes and over 3,400 m at the Arsi-Bale massif. The rainfall has bimodal distribution. The short
and main rainy seasons occur from March—May and July—September, respectively. Meteorological

station records show that annual rainfall is about 1,200 mm at Degaga town (2,000 m), which is found
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in the study area. Mean annual temperature is 15 °C. The soils of the area are rich in clay and
classified as Mazic Vertisol in the lower altitude (1,500 m) and Humic Umbrisol at about
3,000 m [44]. 1t is a diverse landscape with both flat and sloped areas. Crop cultivation is common in
all altitudinal ranges with various proportions. Apart from croplands, the study landscape comprises
mosaics of LULC types, mainly natural forests, plantation forests, woodlands, settlements and water
bodies. The natural forest in the area belongs to a tropical dry Afromontane forest [45]. The plantation
forests are composed of exotic species, mainly Cupresses lusitanica Miller, Pinus patula
Schlechtendal & Chamisso and Eucalyptus spp. Woodlands are dominated by Acacia spp and found in
the lower part of the study landscape.

Figure 1. Location of the study area: (a) African context, (b) landscape level study location
in reference to Ethiopia. Background is Landsat 7 Enhanced Thematic Mapper (ETM+)
image of the year 2000 with RGB (Red, Green, Blue): Band 5, band 4 and 3. Topographic
counters with 100 m were developed from Aster Digital Elevation Model (DEM).
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2.2. Data Used

Datasets from various sources were used in this study (Table 1). Landsat and RapidEye imagery
were the main data for classification and change analysis. The Landsat imagery data include Landsat
MSS, Landsat Thematic Mapper (TM), and Enhanced Thematic Mapper (ETM+) scenes of the year
1973, 1986 and 2000, respectively. These datasets were acquired from the National Aeronautics and
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Space Administration (NASA) through their EOS Data Gateway Database. The RapidEye imagery
data were used for the study year 2012. The images were obtained from RapidEye Science Archive
(RESA) supported by German Aerospace Center (DLR). They were ortho-rectified level 3A and
geometrically corrected. Both Landsat and RapidEye imageries were acquired in the same season.
Images of the same season were selected to reduce the effect of seasonal discrepancies on the

classification result [46].

Table 1. Summary of spatial datasets used in this study.

Dataset Type Acquisition Date (s) Pixel Resolution/Scale

Satellite data

Landsat MSS 30.1.1973 60 m

Landsat TM 5 21.1.1986 30m

Landsat ETM+ 5.2.2000 30m

RapidEye 1.2.2012 S5m

Aster DEM 30m
Aerial photo

Black and white 1.2.1972 1:50000

Black and white 1.2.1986 1:20000
Ancillary data

Topo map 1:50000

Field data November 2011-January 2012

Roads and towns
Kebele boundary
Wereda boundary

A 30 m Digital Elevation Model (DEM), based on Aster imagery, was also employed in order to
study the relationship between LULC types with that of the slope gradient and agro-ecological zones
of the study landscape. In addition, ancillary data were also utilized during analysis, including
topographic maps, field data, thematic layers (roads and towns), Kebele and Wereda boundaries.
All data were projected to the Universal Transverse Mercator (UTM) projection system zone 37N and
datum of World Geodetic System 84 (WGS84), ensuring consistency between datasets during analysis.
The pre-processing was made using ArcGIS 10 software. Fieldwork was conducted between November
2011 and January 2012 using draft classified maps derived from satellite images with reference years,
aerial photos and topographic maps as guides. GPS coordinates of target LULC types were collected,
and information regarding each site was noted. Thematic layers of towns were used to facilitate the

classification process. Roads with other datasets were utilized for the study site map preparation.
2.3. Methodology
2.3.1. Image Segmentation

Object-based image analysis requires the creation of objects or separated regions in an image. One
established way to do so is image segmentation. Depending on its application, different approaches
exist for image segmentation ranging from very simple to highly sophisticated algorithm [40].
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We used the sophisticated segmentation algorithm, known as multi-resolution segmentation (MS),
which is based on the Fractal Net Evolution Approach (FNEA) [38] and available in eCognition
Developer 8.0 software. The MS algorithm is bottom-up region merging technique starting with a
single image object of one pixel and repeatedly merges them in several loops in pairs to larger units.
The MS algorithm is also an optimization procedure that minimizes the average heterogeneity for a
given number of objects and maximizes their homogeneity based on defined parameters. These
parameters, namely scale (Sc), shape (Sh), and compactness (Cm), are defined through trial and error
to successfully segment objects in an image [40,47-49]. We used scale parameters ranging from 8 to
500 with three different levels depending on the type of images used for the analysis (Table 2). The
images were segmented in to three levels to facilitate the object-based classification depending on the
nature of LULC classes to be detected. For instance, level 1 was to handle those big size classes like
water bodies, whereas level 3 was for small size classes like tree patches. Segmentation outputs were
visually checked in relation to target class (e.g., forest area or cropland) to evaluate which parameter

combinations best captured the objects of interest.

Table 2. Parameters used for different images in each segmentation level.

Parameters Used in Different Segmentation Levels

Data Type Resolution  Parameters for Level 1 Parameters for Level 2 Parameters for Level 3
Sc* sk’ Cm* Se Sh Cm Sc Sh Cm
Landsat MSS 60 m 40 0.2 0.8 15 0.2 0.8 8 0.2 0.8
Landsat TM 5 30m 50 0.1 0.5 20 0.1 0.5 10 0.1 0.5
Landsat ETM+ 30m 50 0.1 0.5 20 0.1 0.5 10 0.1 0.5
RapidEye Sm 500 0.2 0.7 200 0.2 0.7 50 0.2 0.7

* Scale (Sc) parameter identifies the highest heterogeneity allowed for the objects; ® Shape (Sh) parameter balances
spectral homogeneity versus shape of objects on segmentation outcome; * Compactness (Cm) parameter determines

image objects based on their relative shape.
2.3.2. Object-Based Classification

We used various sources, including field survey, ancillary data and existing Afri-cover classification
approaches to set and implement our object-based classification schemes. Nine LULC classes were
considered for this purpose (Table 3). Considering the power of object-based methods, an attempt has
been made to separate forest types, e.g., natural forests and woodlands, in our classification schemes.
This is owing to their differences in providing services and goods, and the underlying pressures
towards the resources. Classifying them separately can also facilitate conservation, utilization, and
management approaches.

Using identified target LULC classes, object-based classification was applied to a segmented image
in order to assign a class to each of the segments. Object-based image analysis attempts to assign
objects that are generated through image segmentations into a specific class of interest. We used
eCognition to perform an object-based image classification [40]. There are two approaches in
eCognition to assign classes to segmented objects, which are fuzzy membership functions and the
nearest neighbor (NN) classifier. The membership function classifier uses the user's expert knowledge
to define rules and constraints in the membership function to control the classification procedure. The
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membership function describes intervals of object features that determine whether the objects belong
to a particular class or not. An object feature can be the spectral value, texture, size, shape, and context
of that image object to surrounding image objects. On the other hand, NN classifier uses a defined
feature space, e.g., using original bands or customized bands, and a set of samples that represent different
classes in order to assign class values to segmented objects. The procedure consists of teaching the
system by giving certain image objects as samples and classifying image objects in the image object
domain based on their nearest sample neighbors. Employing NN classifier is advantageous when using
spectrally similar classes that are not well separated using a few features or just one feature [40].
Whenever applicable, we used both approaches during the classification process.

Table 3. Description of land use/land covers classes used for change study from 1973

to 2012.

LULC Types General Description

— Areas of land that already gets bad either due to erosion or misuses especially over grazing and crop
cultivation.

Grasslands All areas covered with natural grass and small shrubs dominated by grass.

Water Permanent lakes and other intermittent ponds.

Settlements Build-ups (houses) in both urban and rural parts.

CraplAnds Areas of land prepared for growing agricultural crops. This category includes areas currently under
crop, and land under preparation.
Areas covered with scattered trees, bushes and shrubs along the study landscape. Small patches of

Tree patches

forests (<0.5 ha) are also included in this category.
Plantation forests ~ Areas covered by man-made trees with minimum size of 0.5 ha.
Natural forests Areas dominated by natural high forests, which are coniferous or deciduous.
Woodlands Forests found below 1900 m a.s.l. [51]. Mainly dominated by Acacia spp.

A hierarchical scheme of three levels was implemented during object-based classification using
eCognition 8.0 software. The classification was applied using a ‘‘top-down”’ approach. That is, the
classification started from very general classes (level 1), which were further subdivided into more
specific classes (level 2 and 3). We first broadly classified the whole study landscape into water and
land classes by using the spectral features from the mean value of objects in near infrared band.
The second and third levels were used to extract the remaining target LULC types from the class
land (Figure 2).

The classification of target classes was achieved by using mainly thresholds of mean and/or
standard deviation of spectral features (original bands of blue, green, red, red edge, and near infrared),
customized bands (ratio of blue over green), thematic layers, DEM values, texture value of grey-level
co-occurrence matrix (GLCM) homogeneity, and normalized difference vegetation index (NDVI). The
NDVI was calculated using the following equation:

NIR - RED

NDVI= ————— 1)
NIR + RED

where NIR and RED are reflectance in the near infrared and the red bands, respectively. The NDVI
values have been typically used to map spatial distributions of vegetation [50].
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Figure 2. Classification scheme used in eCognition for LULC classification in the study
landscape. Dash line boxes are intermediate/temporal classes and colored boxes are final
LULC classes.

Satellite
images
Segmented
images
Classify using
spectral features
S

-~

[ Land

N
i -

Classify with NDVI
TR Refine with spectral S
S i
Classify using spectral

features & ratio of blue
over green

assily using spectral

features, NN &
thematic layer

¥

[ No forest | [ Forest

_». Classify using Classify using spectral features,
spectral features GLCM Homogeneity, DEM &

area

/ Harvested Re-assian \ T
P\ _eroplands g 4
/~ Dy :
—>\ _grasslands Grasslands

In this study, NDVI values were also used to further classify the class land into vegetation and

no-vegetation classes. As the images were taken during the dry season, some dried vegetation with low
NDVI was classified as no-vegetation class. We used our expert knowledge and developed a rule set
using red and red edge mean values to refine such classes from no-vegetation to vegetation classes.
The vegetation class was again subdivided into forest and no-forest classes. The mean value of objects
in red band and a value from blue over green ratio were used to differentiate these two categories, e.g.,
higher values are forests where as lower values are no-forest classes. The forest class was again
classified to achieve the final target LULC types, namely plantation forests, tree patches, natural
forests, and woodlands. The standard deviation value of objects in red band, texture value of GLCM
homogeneity, DEM, and size (area) of the class objects were utilized to separate these four classes.
The DEM was particularly used to separate woodlands from natural forests. Woodlands are usually
found below 1,900 m [51]. Plantation forests have fine texture than natural forests. As a result, the
texture values of GLCM homogeneity with other values were used to differentiate these two classes.
On the other hand, the mean value of NIR was utilized to separate grasslands and croplands from the
class no-forest. Based on the training samples, the NN classifier was also employed to further classify
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the no-vegetation class into settlements, bare lands, harvested croplands, and dry grasslands. Again,
associated to the dry season images acquisition, there were areas that were signed as bare lands
although they were dry grasslands and harvested croplands. To avoid such confusion, the two classes
(harvested croplands and dry grasslands) were temporally created under no-vegetation class. Mean
values of blue, red, and NIR bands were used to define the feature space during the classification
process using NN classifier. Additionally, mean value of red and blue bands and other features, such as
thematic layer of towns in the study landscape, were also used to define rules and constraints in the
membership function to refine the classification process of these particular classes. At the end, the
harvested croplands and dry grasslands were re-assigned to the class croplands and grasslands,
respectively, using the ‘assign class’ function available in eCognition Developer 8.0 software.

2.3.3. Accuracy Assessment

A classification is not complete until its accuracy is assessed [30]. Accuracy assessment determines
the quality of the map extracted from remotely sensed data [52,53]. An error matrix or confusion
matrix is a common practice employed for assessment of classification accuracy. The matrix compares
information obtained by reference sites to that provided by classified image for a number of sample
areas. Accordingly, overall accuracy, producer’s and user’s accuracies, and Kappa statistic were
calculated from the error matrix [53].

The accuracy assessments were performed for classified images of 1973, 1986, 2000, and 2012.
A minimum of about 40 random points were generated per class using stratified random sampling
approach for efficient accuracy assessment [53]. The corresponding reference class for each LULC
type was collected from different data sources, including data from field visits, historical black and
white aerial photos, topographic maps, and raw images. Raw images were used for those visually
visible classes, e.g., forests and water bodies [53]. Historical black and white aerial photos (1973 and
1986) were utilized to collect reference samples for the 1973 and 1986 classified images while field
visits data were mainly used for the 2012 classified image. Reference points for the 2000 classified
image were collected through visual interpretation of the raw Landsat TM 2000 image. This was
supplemented by field visits and discussion with elders in the study landscape that made it possible to

establish reference points of confusing classes, e.g., croplands and grasslands.
2.3.4. Land Use/Land Cover Change Analysis

Change analysis was conducted using post-classification image comparison technique [54].
Post-classification change analysis was selected in order to minimize possible effects of atmospheric
variations and sensor differences (Lu ef al. [46]). Classification with high accuracy is a prerequisite for
effective change detection using post-classification technique [55]. Images of different reference years
were first independently classified. Classified images with highest accuracy were used in the change
detection process.

The classified images were compared in three periods, i.e., 1973-1986, 19862000, and
2000-2012. Change statistics were computed by comparing image values of one data set with the

corresponding value of the second data set in each period. This results in a summary table of the
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overall changes per class. The values were presented in terms of hectares and percentages. The
percentage LULC changes were calculated using the following equation:

Area - Area iy
Percentage LULC change = ( Hise i yem) %100 )

Area initial year

where Area is extent of each LULC type. Positive values suggest an increase whereas negative values
imply a decrease in extent. LULC conversion matrix between 1973 and 2012 was generated using
ArcGIS 10 software and compiled in a matrix table, and the values were presented in terms of hectares.

Slope gradients and agro-ecological zones (AEZs) are conditional factors for LULC distributions and
changes [27,56]. The slope gradient was calculated from Aster DEM in ArcGIS environment. It was
reclassified into four slope categories, i.e., gentle slopes (0%—5%), moderate slopes (5%—15%), steep
slopes (15%-30%), and very steep slopes (>30%) [57]. AEZs of the study landscape were developed
using elevation range of Aster DEM, based on categories of Ministry of Agriculture (MOA, [58]) and
Hurni [27]. The categories include sub-humid highlands (locally known as “Weyna Dega”) from 1,500
to 2,300 m, humid highlands (“Dega”) from 2,300 to 3,200 m and cold highlands “Wurch”) above
3,200 m. By overlaying the classified maps of each reference year (1973, 1986, 2000, and 2012) on to
the slope and AEZ map, thematic information showing relationship between LULC distribution and
changes in each category was extracted in ArcGIS.

3. Results and Discussion
3.1. Results
3.1.1. Classification Accuracy

The overall accuracies for the four reference years ranged from 85.7% to 93.2% with the Kappa
statistic ranging from 0.822 to 0.924 (Table 4). The Kappa results show a high level of agreement for
each of the four classified images. User’s and producer’s accuracies of individual classes of the four
classified maps ranged from 72.1% (bare lands in 1973) to 100% (water in 2012), and 75.7%
(grassland in 1973) to 100% (water in 2012), respectively. Our producer and user accuracies of the
Landsat MSS classified image of 1973 for bare lands, croplands, grasslands, and settlements (user’s
accuracy) were below 85%. There were samples, which were identified as bare lands that actually
belonged to croplands, grasslands, and settlements (Table 4(a)). On the other hand, the natural forests,
tree patches, woodlands, and water classes achieved producer and user accuracies of above 90%.
Confusions in these classes were low. For instance, in the second column of Table 4(a), out of the total
61 randomly generated reference samples for natural forests, 59 were correctly classified as natural
forests, while only one sample was excluded or misclassified as cropland and the other one sample as
tree patch. Similarly, in the second row of Table 4(a), three samples of grasslands and two samples of
tree patches were included or misclassified as natural forests. The individual accuracies of these
classes were more than 93% except for tree patches (producer’s accuracy in 1986) for classified
images of both 1986 and 2000. Again, the individual accuracies of these categories reached above 96%
for 2012 classified image (Table 4(d)).
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Table 4. Error matrix of classification accuracies for (a) 1973, (b) 1986, (¢) 2000 and

(d)2012.
(a) Reference Data
Classified Data Bare Natural Crop Grass Tree ‘Wood
Lands Forests Lands Lands e Patches Lands ks ol ——
Bare lands 31 0 8 2 2 0 0 0 43 721
Natural forests 0 59 0 3 0 2 0 0 64 92:2
Croplands 0 1 52 5 0 1 4 0 63 82.5
Grasslands 5 0 2 56 1 2 2 0 68 824
Settlements 1 0 5 4 39 3 0 0 52 75.0
Tree patches 0 1 0 1 1 53 2 0 58 91.4
Woodlands 0 0 0 2 0 3 56 1 62 90.3
Water 0 0 0 1 0 0 2 57 60 95.0
Total 37 61 67 74 43 64 66 58 470
PA(%) 83.8 96.7 77.6 759 90.7 82.8 848 98.3
Overall accuracy = 85.7%; Kappa statistic = 0.822.
(b) Reference Data
Classified Data Bare Natural Plantation Crop Grass Tree Wood Total UA (%)
Lands  Forests Forests Lands Lands Settlements Patches Lands Water
Bare lands 42 0 0 6 3 0 0 0 0 51 824
Natural forests 0 59 3 0 0 0 0 0 0 62 952
Plantation forests 0 2 52 0 0 0 0 0 0 54 96.3
Croplands 5 0 0 54 3 3 0 0 0 65 831
Grasslands 1 1 0 1 57 1 2 1 0 64 89.1
Settlements 0 0 0 0 4 47 4 0 0 55 855
Tree patches 0 0 0 0 4 0 57 0 0 61 934
Woodlands 0 0 0 1 2 0 0 48 0 51 941
Water 0 0 0 0 1 0 0 0 53 54 98.1
Total 48 62 55 62 74 S 63 49 53 517
PA(%) 87.5 95.2 94.5 87.1 77 92.2 90.5 98 100
Overall accuracy = 90.7%; Kappa statistic = 0.895.
(c) Reference Data
Classified Data Bare Natural Plantation Crop Grass Tree Wood Total UA (%)
Settlements Water
Lands Forests Forests Lands Lands Patches Lands
Bare lands 43 0 0 6 5 1 0 0 0 55 782
Natural forests 0 57 2 0 0 0 0 0 0 59 96.6
Plantation forests 0 1 55 0 0 0 0 0 56 982
Croplands 3 0 0 59 4 2 0 0 0 68 86.8
Grasslands 2 0 0 2 54 1 1 1 0 61 885
Settlements 0 0 0 1 3 49 3 0 0 56 87.5
Tree patches 0 0 0 0 2 2 58 0 0 62 935
Woodlands 0 0 0 1 2 0 0 45 0 48 938
Water 0 0 0 0 1 0 0 0 51 52 98.1
Total 48 58 57 69 71 55 62 46 Sil 517
PA(%) 904 98.3 96.5 90.8 76.1 89.1 93.5 97.8 100

Overall accuracy = 91.9; Kappa statistic = 0.908.
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Table 4. Cont.

(d) Reference Data
Classified Data Bare Natural Plantation Crop Grass Tree Wood Total UA (%)
Settlements Water
Lands Forests Forests Lands Lands Patches Lands
Bare lands 45 0 0 8 0 3 0 0 0 56 80.4
Natural forests 0 56 2 0 0 0 0 0 0 58 96.6
Plantation forests 0 1 54 0 0 0 0 0 0 55 982
Croplands 2 0 0 62 5 0 0 0 0 69 89.9
Grasslands 0 0 0 3 55 0 2 1 0 61 90.2
Settlements 3 0 0 3 0 51 0 0 0 57 89.5
Tree patches 0 0 0 0 1 0 62 0 0 63 98.4
Woodlands 0 0 0 0 1 0 0 46 0 47 97.9
Water 0 0 0 0 0 0 0 0 51 51 100.0
Total 50 57 56 76 62 54 64 47 51 517
PA(%) 90 98.2 96.4 81.6 88.7 94.4 96.9 97.9 100

Overall accuracy = 93.2%; Kappa statistic = 0.924.

where UA = user’s accuracy and PA = producer’s accuracy. The columns represent actual location of samples on the ground, while rows display
classified data showing location of samples in the classified images. Diagonal numbers showed in bold are the correct classifications. The off-

diagonal numbers in rows and columns are misclassifications or errors.
3.1.2. States of Land Use/Land Cover (LULC)

A total of nine LULC types were extracted in the study landscape with different reference years, i.e.,
1973, 1986, 2000, and 2012 (Figure 3). At the beginning of the study period (1973) grasslands were the
dominant LULC type, making up 42.3% of the study landscape followed by natural forests (21%),
croplands (13%), woodlands (11.4%), and water (9.6%) (Table 5). Tree patches, settlements and bare
lands shared small proportion of 1.9%, 0.4%, and 0.3%, respectively, of the entire landscape. In 1986,
grasslands were also accounted for the largest part (37.2%) and croplands, natural forests, and water
accounted 30%, 15.5% and 9.6%, respectively, of the study landscape. Woodlands, settlements, tree
patches, and bare lands occupied the smallest portion of the area. In addition, plantation forests (1%)
appeared during this particular reference year. In 2000, the overall situation was changed. Croplands
occupied the largest portion (39.5%) of the study landscape, followed by grasslands (30.7%), natural
forests (12.2%), and water (9.5%). The remaining portions were occupied by plantation forests, bare
lands, settlements, and woodlands. Croplands continued to be the dominant LULC (48.5%) in 2012.
Grasslands and natural forests were the second and third dominant LULC types covering 24.2% and
9.2%, respectively, of the study area. Others occupied the smallest portion of the area.
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Figure 3. Land use/land cover (LULC) map of the study landscape (a) 1973, (b) 1986,
(c) 2000 and (d) 2012.
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Table 5. Summaries of area of classified land use/land covers in the study area for the

different reference years.

1973 1986 2000 2012
LULC Types
Area(ha) (%) Area(ha) % Area(ha) (%) Area(ha) %

Bare lands 343 0.3 1,462 1.4 1,598 1.5 1,765 1.7
Natural forests 21,726 21 16,065 15.5 12,680 12.2 9,588 9.2
Plantation forests - - 1,022 1 1,707 1.6 1,284 1.2,
Croplands 13,498 13 31,178 30 40,997 39.5 50,317 48.5
Grasslands 43,830 423 38,606 37.2 31,853 30.7 25,139 24.2
Settlements 439 0.4 867 0.8 1,139 1.1 1,586 1.5
Tree patches 2,021 1.9 2,488 24 2,870 2.8 3,606 3.5
Woodlands 11,842 114 2,150 2.1 1,026 1 656 0.6
Water 9,976 9.6 9,920 9.6 9,890 9.5 9,871 9.5
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3.1.3. Land Use/Land Cover (LULC) Changes

The change results revealed a considerable reduction of woodlands, natural forests and grasslands
over the first (1973-1986), second (1986-2000), and third (2000-2012) study periods. The total
woodlands converted between the first study period amounts to 9,692 ha, which is about 82% of the
cover that existed in 1973. The woodlands were further cleared by about 52% and 36% of the cover
that existed in 1986 and 2000 during the second and third periods, respectively. Similarly, natural
forests cover decreased by 26.1% during the first, 21.1% during the second, and 24.4% in the third
periods. Grasslands also declined by 11.9%, 17.5% and 21.1% during the first, second, and third
periods, respectively. On the contrary, croplands increased in all three periods by 131%, 31.5%, and
22.7% during the first, second and third periods. Similarly, bare lands increased by 326.2%, 9.3% and
10.5% in the three periods, respectively. Water showed a slight reduction during the whole study
period (Table 6).

Table 6. Results of LULC changes from 1973 to 1986, 1986 to 2000, 2000 to 2012 and
1973 to 2012 time periods showing area changed for each classes in hectare (ha) and
percentage LULC changes between periods in percentage (%).

Change in Land Use/Land Cover between Periods

LULC Types 1973-1986 19862000 20002012
Area (ha) (%) Area (ha) (%) Area (ha) (%)
Bare lands 1,119 326.2 136 9.3 167 10.5
Natural forests —5,661 —26.1 -3,385 -21.1 3,092 —24.4
Plantation forests 1,022 100 685 67 —423 -24.8
Croplands 17,680 131 9,819 315 9,320 22.7
Grassland 5,224 -11.9 6,753 -17.5 -6,714 -21.1
Settlements 428 97.5 272 314 447 39.2
Tree patches 467 23.1 382 15.4 736 25.6
Woodlands -9,692 —81.8 -1,124 =523 -370 —-36.1
Water —56 —0.6 —30 —0.3 -19 —0.2

The change matrix analysis show that as a whole, about 61,848 ha (60%) of the land within the
study landscape experienced LULC changes in one or another way in the 39 years (1973-2012) study
period (Table 7). The level of changes differed among the LULC types. For instance, out of 11,832.4
ha woodlands in 1973, only 650.6 ha (5.4%) remained unchanged during the study period, implying
that about 95% of the woodlands were converted to other LULCs. Of the 95% converted woodland
areas, 66.2% were converted for crop production. During the same period, out of 21,723.3 ha in 1973,
8,922 ha (about 41%) remained unchanged. The remaining 59% of the 1973 natural forests were
converted to other LULC types. For instance, of 1,280.4 ha total cover of planation forests in 2012,
about 946 ha (73.9%) was converted from the area, which used to be part of the natural forests in 1973.
The original extent of grasslands (about 43,809 ha) was reduced by 74.2% due to changes to other
LULCs during the period analyzed, which includes about 63.6% that was converted to croplands.

Furthermore, about 939 ha (46.5%) of the land, which used to be covered by tree patches was also
converted into croplands during the same period. Major opposite trends of LULC changes were found
from the change matrix analysis for croplands and settlements. Croplands replaced about 36,708 ha the
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land that used to be covered by other LULC types. The major conversions were from natural forests
(about 3,193 ha), grasslands (about 27,875 ha), and woodlands (about 7,828 ha). As a result, croplands
gained an increase of 272% during the period analyzed. There were also conversions to settlements
from other LULC classes, but the one from grasslands was the highest (Table 7). About 805 ha of the
land used for settlements were grasslands during the initial period of the study. Consequently, the area
of settlements has also shown 260% increase from its original size in 1973.

Table 7. Summary of LULC change matrix in ha from 1973 to 2012.

From Bare Natural Plantation Crop Grass Settle Tree Woaliands  Waker Tt)talh
To Lands Forests Forests Lands Lands ments  Patches (2012)
Bare lands 79 238.6 0 3109 9223 1.3 16.1 187.9 5 1,761.1
Natural forests 0 8,921.7 0 20.0 623.8 0 14.6 0 0 9580
Plantation forest 0 945.7 0 6.5 326.4 0 1.9 0 0 1,280.4
Croplands 2273 3,192.5 0 10,072.3 27,8746 478 938.6 7.827.9 14.1 50,1952
Grasslands 20.5 7,225.9 0 2407.7  11,755.7 54 889.8 2,646.4 75.4 25,075.4
Settlements 13.8 45 0 3353 805.3 294 12.9 69.6 8 1,584
Tree patches 0.9 1154 0 3294 1,491.6 423 146 425.0 935 3,598.7
Woodlands 0 0 0 5.1 0.1 0 0 650.6 0.1 655.9
‘Water 1.1 0 0 0.2 9.5 0 0.6 25.1 9,8341  9,870.5
Total (1973)° 3425 21,7233 13487.3 43,8093 4395 2,020.6 11,832.4 9,946.2 103,601.2

® Row total sums the amount of land for each LULC types of the initial study year (1973); ® column total sums the amount of
land that was converted to each LULC types of the year 2012. The values in each of the cells represent the amount of land that
was converted from one land cover type to another. For instance, the value of 45 in the second column (natural forests) of the six
row (settlements) means that 45 hectares of natural forests were converted to settlements from 1973 to 2012.The bold diagonal

values represent the area of each class that remains unchanged while the off diagonal values represent the change area.
3.1.4. Land Use/Land Cover (LULC) Distributions and Changes along Slopes

Distribution and changes of LULC were remarkably different along the slope gradient (Figure 4).
Almost all of the LULC types were found in the four slope gradients of the study landscape with
different proportions. Croplands, grasslands and water were dominant LULC types in the gentle slope
part. On moderate slopes, croplands, grasslands, and the natural forests were found as the dominant
covers. However, the natural forest and grasslands dominated the steep and very steep slope parts of
the study landscape. Other LULC types were restricted to certain slope gradients. For instance, water,
settlements, and bare lands were mainly found in the gentle and moderate slope gradients. Plantation
forests were limited to moderate and very steep slope parts of the study landscape.

Similar to distribution of LULC, percentages of changes were different along the slope gradient.
The most significant overall trend was the shift of LULC proportions from gentle slopes (0%—5%) to
very steep slopes (>30%). On steep slopes, the natural forest declined by half from about 63% in 1973
to 32% in 2012. On very steep slopes, it declined from about 79% to 54%. Woodlands also declined
from about 13% to 1% on gentle slopes, 12% to 0.6% on moderate slopes, and 5% to 0.1% on steep
slopes during the same study period. The area of grasslands also showed a decline from about 42% to
17% on gentle slopes, from 49% to 29% on moderate slopes and an increase from 25% to 33% on
steep slopes as well as from 14% to 26% on very steep slopes. On the contrary, the area covered by
croplands increased continuously from 15% to 52%, 16% to 55%, 4% to 24%, 0.6% to 8% on gentle,
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moderate, steep, and very steep slopes, respectively. The area covered by settlements also exhibited a
triple increase on both gentle and moderate slopes of the study landscape during the same study period.

Figure 4. Proportion of LULC types in reference years along slope gradient: gentle slopes
(0%—5%), moderate slopes (5%—15%), steep slopes (15%-30%), and very steep slopes
(>30%). Four columns in each slope range stand for the data of 1973, 1986, 2000, and

2012 from left to right.
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3.1.5. Land Use/Land Cover (LULC) Distributions and Changes along Agro-ecological Zones

There was a distinct relationship between land use and agro ecological zones during the study
period (Figure 5). In the sub-humid highland zone (locally known as “Weyna Dega”, 1,500-2,300 m),
diverse LULC types were observed. All the classes of LULC types were found in this zone. Grasslands
(43%), woodlands (17%), water (15%), and natural forests (8%) were the dominant LULC types at the
beginning of the study period. In 2012, the dominant LULC types were croplands (56%), grasslands
(17%), water (15%), and the natural forests (4%). Woodlands occupied only 1% in 2012. The numbers
of LULC types were reduced in the humid highland zone (“Dega”, 2,500-3,200 m). In this zone, the
dominant LULC types were grasslands (42%), natural forests (46%), and croplands (10%) at the
beginning of the study period. However, in 2012, the dominant LULC types were croplands (35%),
grasslands (38%), and natural forests (19%). In the cold highland zone (“Wurch”, >3,200 m), the
natural forests (78%), grasslands (22%), and tree patches (1%) were major LULC types in 1973, and
grasslands (52%), natural forests (23%), croplands (17%), and tree patches (5%) were the major LULC
types in 2012.

The changes observed over the study period also differed notably along the agro-ecological zone
associated with the elevation range in the study landscape. In the sub-humid highland zone, grassland
showed the highest conversion from about 43% in 1973 to 17% in 2012 followed by woodlands from
17% to 1%, and natural forests from about 8% to 4%. The area covered by croplands increased from
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15% to 56% during the same study period. The remaining LULC types also showed increase of cover
with different magnitudes. In the humid highland zone, high conversion was observed in the natural
forests followed by grasslands from about 46% to 19%, and 42% to 38%, respectively. The area of
croplands was increased from 10% to 35% in this zone. In the cold highland zone, the area covered by
the natural forest declined from about 78% to 23% while those of grasslands and croplands increased
from about 21% to 52%, and from zero to 17%, respectively. An increase of area coverage from zero
to 4% and 0.3% was also found in bare lands and settlements, respectively, in this particular zone.

Figure 5. Proportion of LULC types in reference years along Agro-ecological zone:
1,500-2,300 m = sub-humid highlands (“Weyna Dega”), 2,300-3,200 m = humid
highlands (“Dega’) and above 3,200 m = cold highlands (“Wurch”). Four columns in each
zone stand for the data of 1973, 1986, 2000, and 2012 from left to right.
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3.2. Discussion

Remote sensing data, by employing object-based image analysis, was used to provide useful
information to describe LULC dynamics in the highlands of Ethiopia, particularly focusing on the
Munessa-Shashemene landscape. Spatial distribution and changes of LULC over time were extracted.
The overall accuracies obtained in this study were more than 91% except for Landsat MSS 1973.
There were confusions among LULC types during classification of this particular image. Such
confusions were associated with the lower spatial resolution and few bands available in Landsat MSS
image [30,42]. However, our overall accuracies obtained from all types of images were higher than the
85% minimum threshold, set by Anderson et al. [59] and Thomlinson et al. [60] for effective LULC
change analysis. Such overall classification accuracies, above the minimum threshold from the
low-resolution image, were achieved by using the advantage of applying object-based classification
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techniques. We were able to utilize spatial relations, object features, and shapes during
classification [38,40]. The overall accuracy of our object-based approach was better than other local
studies with similar geographical settings, LULC types and satellite imageries. For instance, Dessie
and Kleman [42] achieved 87% accuracy using Landsat TM, Wondie et al. [26] reported 88%
accuracy using Landsat ETM+, and Shiferaw [25] achieved 86.1% using Landsat ETM+. We found
above 91% over all accuracies using the same satellite imageries.

The quantitative results of change analysis of 39 years with three time periods (1973-1986,
19862000 and 2000-2012) and a change matrix from 1973 to 2012 revealed the extent of changes
that occurred in different LULC classes throughout the four decades. In general, the area of natural
forests, woodlands, grasslands and water bodies consistently decreased with varied proportions over
the study periods. The reductions of these LULC types were mainly attributed to the conversion of the
areas to croplands. The conversion of grasslands, natural forests, and woodlands to croplands was
quite intense and common in the study landscape. Findings from elsewhere also showed that such
changes are common in other areas with similar settings. For instance, after studying the LULC
dynamics in the Dembecha area of northwestern Ethiopia, Zeleke and Hurni [21] stated that 99% of
the forest cover in a 271 km” area was converted to agricultural land between 1957 and 1995. Dessie
and Kleman [42] also reported conversion of more than 82% of high forests in the south-central Rift
Valley of Ethiopia in about 28 years (1972-2000). A recent study on the land use and land cover
dynamics in South Wollo highlands of Ethiopia [25] also revealed dramatic expansion of agricultural
land and reduction of forestland, between 1972 and 2003. Knoke ef al. [61] argued a similar increasing
trend of agricultural production in order to fulfill growing food demand. Another study on land use
change from 1984 to 2002 in southern Burkina Faso also revealed expansion of croplands at the
expense of forest resource conversions [62]. Other local LULC studies [20,23] also indicated a similar
trend. Contrary to these and our findings, increase of forest cover was observed by Bewket [22] in
Chemoga watershed within the Blue Nile, which was attributed to community afforestation programs.

Our change analysis also revealed that planation forests were created at the expense of the
remaining natural forest, which belongs to tropical dry Afromontane forests [45]. Cyranoski [63]
reported similar conversion of natural forests to planation forests in Indonesia. Such conversion is
detrimental to biodiversity conservation, unless deforestation is unavoidable and plantation forestry is
a “lesser evil” [64]. An evolution of tree patches across the landscape is also linked to extensive forest
fragmentation. Changes were not limited to the forest resources, but also to the grasslands and
water body of the study landscape. Similar trend was also reported by Assen [65] in the East Hararghe
Ethiopian Highlands.

Changes in relation to gradients of slopes show expansion of croplands from gentle and moderate
slopes to steep and very steep slopes. A similar trend was also observed by Zeleke and Hurni [21] in
which cultivation expanded to marginal areas as steep as >30% slope. Change analysis across
agro-ecological zones also revealed that croplands largely occupied the sub-humid highland zone of
the study landscape, which is the best zone for growing diverse agricultural crops [21,27]. LULC
changes from natural forest to croplands in cold-highland zone were not as severe as in the sub-humid
highlands since the landscape has harsh environment for diverse crop production similar to the lower
agro-ecological zone [27]. Although such environment receives less pressure on the natural forest for
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crop production, an increase of grasslands cover was observed, which might be linked to conversion in
search of additional land for grazing [66].

The continuing LULC changes in the Munessa-Shashemene landscape have different implications.
As shown in the result, expansions of croplands have been met at the expense of woodlands, natural
forests, and grasslands. Such kind of drastic change in land-cover can negatively alter the potential use
of an area and may ultimately lead to loss of productivity [23]. Previous assessment on soil chemical
and physical properties following clearing of a tropical dry Afromontane natural forest and subsequent
cultivation by small holder farmers in our study landscape revealed the overall declining trends of
almost all soil quality attributes in the long perspective [67]. This could, in turn, affect the local
people, e.g., the 363,241 rural inhabitants [14], by reducing the means of livelihood of those who
depend on land. Other implication associated with the increasing loss of the forest resource is the
decline of biodiversity. According to Tesfaye ef al. [68] the remaining dry Afromontane forests of the
study landscape are dominated by indigenous trees species among which some require high
conservation priority. The same authors suggested in situ conservation efforts for those priority species
including strict protection of the remaining mother trees. The ongoing forest conversion in our study
area could indirectly contribute to the loss of those high conservation priority species. A substantial
loss in grassland cover in our study landscape might also lead the local people to put additional
pressure on the remaining forest area for grazing their animals that have influential factor in hindering
natural regeneration [68-70]. Furthermore, the ongoing pressure supports expectations of
Ciais et al. [71] who predicted that the African forest carbon stocks would remain vulnerable. Such
dynamics could change the carbon stocks and release substantial amount of carbon from the forest to
the atmosphere [2].

Land cover is also one of the governing factors that determine the rate of soil loss due to
erosion [22,72]. Changes in LULC could affect soil health (soil quality) or soil intactness (the ability
of soils to stay in place) and increase the risk of erosion and flooding [25]. In our study landscape,
Fritzsche et al. [44] observed the influence of erosion with minor effects under natural vegetation.
Considering the LULC status of the present study area, croplands, settlements, and bare lands could be
more vulnerable to soil erosion. Furthermore, the shifting of the LULC types in steep and very steep
slope could worsen the situation. There is also a direct interaction between LULC changes and the
hydrological process as well as the water ecology and quality of a given area [65,73—75]. Lake
Alemaya, located in the lower plateau of the East Hararghe Ethiopian highland, had disappeared due to
siltation as well as sediment accumulation, which is a result of deforestation [65,76]. Although not
drastically altered, the water body (Lake Langano), located in the lower part of our study landscape,
was consistently declining throughout the study time period. Unless appropriate measures are taken
urgently, the tragic loss similar to Lake Alemaya could happen.

Topographic conditions (slope gradient and AEZs) also provide both opportunities and constraints
for any use of land as found in our study landscape. A steep slope will cause more runoff and will
enhance the soil erosion in the absence of vegetation cover [21]. The expansion of croplands towards
marginal lands at steep slopes of our study area threatened the remaining forests, which might lead to
erosion and decreasing water supplies and an overall change in the people’s livelihoods. The limited
number of LULC types in the very humid AEZs suggested the opportunities of not having severe
conversion similar to the lower highlands. Such change analysis along slope gradient and AEZs entails

127



Appendix: publication 1

Remote Sens. 2013, 5 2430

to reconsider the massive program of natural resource conservation to reduce environmental
degradation and poverty as well as increase agricultural productivity and food security over the last
three decades undertaken by the government of Ethiopia and a consortium of donors [77], and revert
the ongoing situation by devising site specific and more effective landscape management strategies.

4. Conclusions

In the landscape of Munessa-Shashemene area of the Ethiopian highlands, LULC changes have
occurred in the last four decades. This was examined by object-based classification of multi-temporal
remotely sensed data (Landsat and RapidEye) from four reference years followed by post classification
comparisons using recent advancements of remote sensing and GIS technologies. Our approach in
object-based methods increased the classification accuracy, as observed in previous studies [36]. This
is new for the case of Ethiopian landscapes having diverse features and ragged topographies. The
approach has the potential to be extended across other parts of the country for improved classification
results. Our results from the 1973 classified image (initial period of study) revealed grasslands,
woodlands and natural forests as the dominant LULC types. In 2012, croplands were the dominant
LULC types followed by others in various proportions.

In this study, we were able to depict the relationship among LULC types in different time periods.
A continuous increase of croplands was observed at the expense of decreasing natural forests,
grasslands and woodlands. This implies that the increase of other LULC types in the area is the result
of deforestation and grassland conversion. In addition, increases in tree patches along the study
landscape illustrate the rapid forest fragmentation over the last four decades and the huge
transformation in to monoculture agricultural systems. Such kind of agricultural landscape may lead to
environmental and ecological problems. The situations were clear in our analysis of the 39-year
change matrix, which revealed that about 60% of the land had experienced changes in LULC.
Specifically, about 75% of the existing planation forests were established at the expense of conversion
of the natural forest, which is one of the remnant tropical dry Afromontane forests in the country.
Geographically, there are clear spatial patterns between the natural forest and other LULC types,
whereby the natural forests dominated the steep and very steep slope parts of the study landscape.
However, changes in relation to slope gradients showed expansion of croplands from gentle and
moderate slopes to steep and very steep slopes. This change is perilous since it might lead to severe
erosion. Agro-ecologically, croplands largely occupied the sub-humid highland zone of the study
landscape. With these variations in changes along the slope gradient and agro-ecological zones, we
recommend a strategic land use planning if the observed harmful trends are to be reversed.

Our findings provided up-to-date dynamics of LULC datasets. The datasets will be inputs for
spatial database that can be used as a model for monitoring of future changes, informed decision
making during policy formulation or land use planning process or other similar studies in the Ethiopian
highlands. Furthermore, they can provide information as indicators of the direction of change in the
study landscape over the given period. In this regard, our study is also in line with other conclusions
about the use of remote sensing-based analysis to be a vital tool for continuous monitoring of LULC
changes at varied spatial and temporal scales, which are otherwise not possible to simply attempt
through ground based inventory, e.g., [25,31,34]. However, remotely sensed data help to extract
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information mainly on the extent of LULC changes but do not provide explanations about the reasons
and drivers responsible for the changes observed. Further investigations of these remote sensing-based
findings with datasets from primary or secondary sources would be helpful in finding driving forces of
changes and their detailed consequences as well as looking for alternative solutions for conservation
and management problems and designing future development strategies. It is important to prevent or
take urgent action against further expansion of croplands to very steep slopes and harsh environment,
which might have negative impacts on the remaining natural forest.
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Abstract Understanding drivers of changes in land use/
land cover (LULC) is essential for modeling future
dynamics or development of management strategies to
ameliorate or prevent further decline of natural re-
sources. In this study, an attempt has been made to
identify the main drivers behind the LULC changes that
had occurred in the past four decades in Munessa-
Shashemene landscape of the south-central highlands
of Ethiopia. The datasets required for the study were
generated through both primary and secondary sources.
Combination of techniques, including descriptive statis-
tics, GIS-based processing, and regression analyses
were employed for data analyses. Changes triggered
by the interplay of more than 12 drivers were identified
related to social, economic, environmental, policy/insti-
tutional, and technological factors. Specifically, popula-
tion growth, expansion of cultivated lands and settle-
ments, livestock ranching, cutting of woody species for
fuelwood, and charcoal making were the top six impor-
tant drivers of LULC change as viewed by the local

M. Kindu ((4) * T. Schneider - T. Knoke

Institute of Forest Management, Department of Ecology and
Ecosystem Management, School of Life Sciences
Weihenstephan, Technische Universitit Miinchen,
Hans-Carl-von-Carlowitz-Platz 2, 85354 Freising, Germany
e-mail: mengistiek@yahoo.com

M. Kindu
e-mail: mengistie@tum.de

D. Teketay
Department of Crop Science and Production, Botswana

College of Agriculture, Private Bag 0027, Gaborone,
Botswana

Published online: 21 June 2015

137

people and confirmed by quantitative analyses.
Differences in respondents’ perceptions related to envi-
ronmental (i.e., location specific) and socioeconomic
determinants (e.g., age and literacy) about drivers were
statically significant (£ = 0.001). LULC changes were
also determined by distances to major drivers (e.g., the
further a pixel is from the road, the less likelihood of
changes) as shown by the landscape level analyses.
Further studies are suggested targeting these drivers to
explore the consequences and future options and formu-
late intervention strategies for sustainable development
in the studied landscape and elsewhere with similar
geographic settings.

Keywords GIS - Drivers - Land use/land cover -
Perception - Regression - Ethiopia

Introduction

A broad range of drivers lead to land use/land cover
(LULC) changes in different parts of the world (Serneels
and Lambin 2001; Campbell et al. 2005; Beilin et al.
2014). Many, if not most, LULC changes are intended
or unintended consequences of human decisions and the
subsequent actions. The drivers ofthese changes may be
well defined, such as population growth (Bewket 2002),
pasturing (Calvas et al. 2013), urbanization (Dewan
et al. 2012), or global market forces (Beilin et al.
2014), but they may also involve more complex inter-
actions as a result of institutional or cultural influences
(Campbell et al. 2005). Recently, climate-induced
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changes, such as drought, rainfall variability, and fire,
have also been recognized as major drivers of LULC
changes (Yang et al. 2008; Kicklighter et al. 2014;
Romén-Cuesta et al. 2014).

Understanding these factors that cause changes in
LULC is essential for predicting future changes using
models (Semeels and Lambin 2001) or development of
management strategies and policies to ameliorate or
prevent further decline of natural resources (Moftet
et al. 2006). Although the drivers of changes are recog-
nized as important, few studies integrate both social and
ecological data from case studies to examine the links
between the drivers and their effect on LULC dynamics.
Yet, the trends in LULC dynamics reveal concern glob-
ally, but markedly different reasons or causes in various
landscapes (Bewket 2002; Dessie and Kleman 2007,
Beilin et al. 2014).

In Ethiopia, the LULC dynamiics as a result of drivers
shows a worrying trend (McCann 1995; Tegene 2002;
Hurni et al. 2005; Kidane et al. 2012; Kindu et al. 2013;
Temesgen et al. 2013). The problem is more severe in
the highlands (altitude >1500 m) and covering nearly
44 % of total area of the country (Humi et al. 2005).
Different results, however, exist about drivers of LULC
changes as observed from earlier studies in different
parts of Ethiopia (Tekle and Hedlund 2000; Bewket
2002; Tegene 2002; Dessie and Kleman 2007; Tefera
2011). For example, Tekle and Hedlund (2000) noted
expansion of settlements as causes of LULC changes at
the expense of forests in South Wello of Ethiopia.
Tegene (2002) reported fuelwood collection and
charcoal making as major drivers for the process.
Bewket (2002) claimed that population increase plays
arole in LULC dynamics of Chemoga watershed within
the Blue Nile area of Ethiopia. Tefera (2011) pointed out
that expansion of farmlands is an important factor of
LULC changes in central Ethiopia. Others considered
land tenure policy as major influential factor in the
observed LULC changes (McCann 1995).

‘While considerable efforts have been made to iden-
tify the factors, those research findings suggest that the
drivers of LULC changes vary from place to place
depending on location-specific factors. In addition, there
is a significant debate on the level of influence by
drivers of changes, and this makes generalization nearly
impossible (Bewket 2002; Tegene 2002; Dessie and
Kleman 2007). Thus, there is clearly a need for empir-
ical investigation into the problem. In particular, inte-
grated analyses of drivers on LULC dynamics is limited.
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As stated by Beilin et al. (2014), the drivers of changes
are still contentious issues and further research is neces-
sary. Earlier studies (Serneels and Lambin 2001;
Lambin et al. 2003; Mottet et al. 2006) also underlined
the need for detailed understanding of drivers that can
enhance the ability to project future outcomes and inter-
vention options. Such a comprehensive study of drivers
would be useful to better understand the interrelation-
ships between local people and the land resources, i.e.,
LULC types, which can help as a basis for the develop-
ment of more appropriate and sustainable land use
systems.

Hence, any intervention to address drivers of changes
properly and development of sustainable landscape
ought to begin with an empirical and locally specific
understanding of the multiple drivers affecting the
LULC types. This is, especially, true for the Munessa-
Shashemene landscape of the Ethiopian highlands,
where a tremendous LULC change has occurred
(Kindu et al. 2013). In the 1970s, the dominant LULC
types were forests and grasslands, but these have been
overtaken mainly by croplands. All in all, about 60 % of
the land showed changes in LULC. The drivers that
triggered changes in this important landscape are not
well understood, yet they are vital in guiding how to
intervene.

Consequently, the current study emerged as the result
of the quest to determine the drivers behind the LULC
changes in Munessa-Shashemene landscape that can be
used as a base to explore remedies or coping strategies
for the ongoing problem. The challenge was to identify
the drivers of LULC changes obtained through remote
sensing techniques, which mainly generate the extent of
LULC changes but not explanations about the underly-
ing reasons responsible for the observed changes
(Wondie et al. 2011; Kindu et al. 2013).

Therefore, in this study, we investigated, in detail, the
main drivers behind the dynamics of LULC that had
occurred for the past four decades in Munessa-
Shashemene landscape of the south-central highlands
of Ethiopia. We also examined the socioeconomic de-
terminants of farmers’ perception concerning some of
the drivers at household level and explored relationship
between a set of explanatory variables (drivers) and
location of changes at landscape level. Ultimately, find-
ings of this study are intended to form the basis for a
better understanding of the processes of LULC changes,
which researchers and policy makers could use in order
to establish effective conservation, sustainable
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utilization, and management strategies for land re- and over 3400 m at the Arsi-Bale massif. The
sources of the studied landscape or other areas with rainfall has bimodal distribution. The short and
similar settings. main rainy seasons occur from March to May and

June to September, respectively. Meteorological sta-
tion records show that annual rainfall is about

Materials methods 1200 mm at Degaga town (2000 m), which is
found in the study area. Mean annual temperature
Study area is 15 °C. The soils of the area are rich in clay and

classified as Mazic Vertisol in the lower altitude
The study area, Munessa-Shashemene landscape of (1500 m) and Humic Umbrisol at about 3000 m
the Ethiopian highlands, lies between 7° 20’ 01.23" (Fritzsche et al. 2007).

to 7° 35" 13.3"N, and 38° 39" 433" to 38° 59 It is a diverse landscape with both flat and sloped
57.31"E at about 200 km south of Addis Ababa areas. About 84 % the population is rural (CSA, 2007).
in Munessa and Arsi-Negele Districts (Kindu et al. Crop cultivation and livestock rearing are common inall
2013; Fig. 1). It covers an area of about 1091 km® altitudinal ranges with various proportions as farmers
and is situated between the altitudes of 1500 m are engaged in agriculture with a mixed farming system

above sea level at the Central Rift Valley lakes (Lemenih etal. 2005). Major crops grown in the area are

3B°A0E 3B'42'30°E 3BYSE 3BATE 38'S0E 38'5230E 38'SS'E 38°ST'30E 3DE

7°35N

Addis Ababa
Lake Langano
. (2)

Study area

7°32'30°N

725N 7°27'30°N 73N

72230°N

Legend

2 3 D KebelefVillage boundary’
4 I © sSmallfowns

Kilometers™ Gravel/Dry-weather roads
8 . Asphalt roads z

Fig.1 Location of the study area: a Ethiopian context. b Study landscape. Background is RapidEye image of the year 2012 with RGB (red,
green, blue): band 5, bands 4 and 3. Polygons with different colors are boundary of kebeles/villages, where data collected from local people
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rain-fed batley (Hordeum vulgare L.), wheat (T¥iticum
aestivum L.), maize (Zea mays L.), beans (Phaseolus
vulgaris L.), sorghum (Sorghum bicolor (L.) Moench.),
and teff (Eragrostis tef (Zuce.) Trotter.), mainly with one
harvest per year. The livestock kept in the study area are,
mainly, cattle and goats. They are reared in a free-
grazing system. Apart from agricultural land use, the
study landscape also comprises mosaics of other land
use/land cover (LULC) types, mainly natural forests,
plantation forests, woodlands, settlements, and water
bodies. The natural forest in the area belongs to a trop-
ical dry Afromontane forest (Teketay and Granstrém
1995). The plantation forests are composed of exotic
species, mainly Cupresses lusitanica Miller, Pinus
patula Schlechtendal & Chamisso, and Eucalyptus
spp. Woodlands are dominated by Acacia spp. and
found in the lower part of the study landscape. During
the past four decades, conversions between these LULC
types were quite intense and common in the study
landscape (Kindu et al. 2013).

Data sources and methodology

The datasets required for the study were generated
through both primary and secondary sources, includ-
ing repotrts, formal household survey, group discus-
sion with elders, field observations, and informal
discussion with individual farmers and development
agents (DAs) working at the study landscape. Two
phases of field work were conducted. Both primary
and secondary data collection and detailed household
surveys, using semi-structured questionnaires, and
group discussions were conducted between
November 2011 and January 2012. Further field
work for additional secondary data was conducted
during January—February, 2013.

Sampling and household survey

The household survey was conducted in representa-
tive kebeles (villages) of the study landscape, which
are the smallest and lowest level of administration
units in Ethiopia. To generate proper data, selection
of respondents was carried out in a stratified followed
by two-stage sampling techniques. Accordingly, the
study area was stratified in to three groups based on
agro-ecology zones (AEZs), which were developed
using elevation range of Aster DEM, following the
categories identified by the Ministry of Agriculture
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(MOA 2000) and Hurni (1998). The categories in-
clude sub-humid highlands (locally known as
“Weyna Dega”) from 1500 to 2300 m, humid high-
lands (“Dega”) from 2300 to 3200 m, and cold high-
lands (“Wurch”) above 3200 m. Then, the two-stage
sampling technique was applied to select the sample
farm households from each of these groups. In the
first stage, a purposive sampling method was
employed to identify representative kebeles from
each of the AEZs. Representative kebeles were se-
lected based on information collected from a recon-
naissance survey of the prevailing areas of the three
agro-ecological zones, farmer interviews, agricultural
expert opinion, development agents, and kebele ad-
ministration offices. Accordingly, Gorbi Arba and
Dagaga from the sub-humid highlands, Gujicha from
humid highlands, and Koma Ocha from cold high-
lands were selected. In the second stage, sample
households were randomly selected from each
kebele. A total of 150 households were interviewed
with a minimum of 30 from each kebele. In addition,
focused group discussions were conducted in each
kebele mainly with elders to have a clear view of
drivers of changes during the study period.

The survey questionnaires covered issues regarding
socioeconomic characteristics of households, drivers of
LULC changes, perception of the local people, and
ranking of the drivers. The selection of explanatory
variables (drivers) of LULC changes incorporated in
the questionnaire was based on literature and expert
knowledge of the area. Other associated information,
including crop production and forest and livestock situ-
ations were also explored. Similar types of issues were
also covered during group discussions. Draft maps, with
different reference years of the study landscape and
aerial photographs, were printed on papet and served
as a discussion basis to facilitate the group discussions.

Other datasets

Other datasets of the study area were obtained from
multiple sources, mainly collected and synthesized
from published literature, official statistics, policy
documents, and on-site measurements. Population
data were obtained from the Central Statistical
Authority (population of 1994 and 2007) and
District (Woreda) Offices (population of 2012) of
the study landscape. Population estimations before
and after 1994 were calculated by extrapolating the
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closest enumerations and the growth rate using the
following formula (Bewket 2002):

P2 :Ple" (1)

where P; and P, = the population totals for two
different time periods, ¢ = the number of years
between the two enumerations and » = the average
annual rate of growth.

The LULC datasets of this study were obtained from
Kindu et al. (2013). The datasets were generated by
employing object-based classification of Landsat and
RapidEye satellite images with overall accuracies rang-
ing from 85.7 to 93.2 % for the different reference years.
They included area statistics of different LULC covers
for the year 1973, 1986, 2000, and 2012. Road network
datasets were derived in ArcGIS environment from
multiple sources, including Central Statistical Agency
of Ethiopia, topo map, aerial photographs, and
RapidEye images. GPS coordinates of market centers
were collected, and information regarding each center
was noted. The rainfall datasets were obtained from the
Ethiopian National Meteorological Service Agency.
Station records from 1981 to 2008 of Langano located
in the lower part of the study landscape were used. The
variables slope and agro-ecological zones (generated
based on altitude) were also obtained from Kindu et al.
(2013). They were derived from a 30-m digital elevation
model based on Aster imagery.

Data analyses

Combinations of techniques, including descriptive sta-
tistics, GIS-based processing, and regression analyses
were employed for data analyses. Descriptive statistics
of simple frequency analyses were used to describe
socioeconomic characteristics of households and to
summatize their responses and rankings of drivers of
the land use/land cover changes. Data collected through
group discussions and observations were analyzed qual-
itatively. Association/differences in perceptions among
respondents in different kebeles concerning drivers of
LULC changes were also investigated using nonpara-
meftric test, namely Pearson’s chi-square test.
Standardized rainfall anomalies and coefficient of
variations were employed to evaluate inter-seasonal
rainfall fluctuations. The coefficient of variation was
used as statistical descriptor of rainfall variability.
Standardized anomalies of rainfall of the growing
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season were calculated using Formula 2 and used to
assess frequency of droughts as in Bewket and
Conway (2007):

sa - BEa) &

where SRA = standardized rainfall anomaly of growing
season, P,= growing season rainfall in year ¢, P,, = long-
term mean rainfall of the growing season over a period
of observation and o = standard deviation of rainfall in
growing season ovet the period of observation.
Farmers’ perception of drivers for LULC changes are
a function of household or socioeconomic attributes
(e.g., gender, age, education, family size, occupation,
or landholding size), which were generated during the
survey of sample households and are summarized in
Table 1. A quantitative logistic regression analysis was
employed at household level to identify the main socio-
economic determinants of farmers” perception to some
of the LULC driving forces for changes. The dependent
variable, i.e., perception of a particular variable as a
driver, is a dichotomous variable or a binary response
that was generated from the questionnaire survey. On
the other hand, the independent socioeconomic vari-
ables are a mixture of discrete and continuous variables.
Logistic regression analysis was a suitable statistical
procedure to examine the relationship between the per-
ception (dependent) and the various socioeconomic
(independent) variables, since it is an effective technique
for the analyses when the dependent variable is binary,
which is the case (Lesschen et al. 2005). It does not
make many of the key assumptions of linear regres-
sion—particularly regarding linearity and normality. It
is by nature and nonlinear and does not need a linear

Table1l Sample households characteristics in the study landscape
(N=150)

Household attributes Value
Interview gender (male, %) 83
Average household age (years) 47.73
Education (literate, %) 35
Household occupation (farming, %) 92
Mean household size (Nr) 701
Mean land holding size (ha) 246

Mean household income (Birr*/year) 32,786.79

*Ethiopian currency: at the time of the study, 1 USD = 17.48252
Birr
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relationship between the dependent and independent
variables. This logistic regression was also employed
to identify the significant factors of LULC changes of
the whole study landscape from 1973 to 2012 using
pixels as unit of analysis, since it is an effective tech-
nique for the analysis of the process when the dependent
variable is binary (Verburg et al. 2004). The dependent
variable of the landscape level study was the LULC
change/no change, whereas the independent variables
were composed of social, economic, and environmental
factors, such as population density, distance to market,
distance to road, slopes, agro-ecological zones, crop-
lands, grasslands, and bare lands. The independent var-
iables, i.e., croplands (state of cultivated lands), grass-
lands (a proxy for livestock), and bare lands (indicator
for degradation), are state variables meaning how much
land is already covered by croplands or grasslands or
bare lands during the final year of analysis (i.e., 2012).

In both cases, household and landscape level, the
logistic regression function, which estimates the likeli-
hood of the effects of the independent (explanatory)
variables on the dependent (response) variable, is of
the form (Lesschen et al. 2005):

Logit(Y) = a + 51X + 8,Xp + B3 X5... + 8,X, (3)

where ¥'= the dependent variable indicating the probabil-
ity that Y= 1, a = the intercept, 5,...... 3, = coefficients
of the associated independent variables, and X;.. X, = the
independent variables. Before the analysis, the set of
independent (predictor) variables were tested for
multicollinearity using a collinearity diagnostics index in

Spatial datasets

7

LULC

linear regression analysis in SPSS (Rawlings et al. 1998).
Tolerance and variance inflation factor (VIF) values are
commonly utilized to screen for multicollinearity. A tol-
erance below 0.20 was considered a multicollinearity. It
means that at least 80 % of the variance of the considered
independent variable is shared with some other indepen-
dent variables. A VIF of greater than 5 is generally con-
sidered evidence of multicollinearity. We also used the
relative operating characteristic (ROC) to evaluate the
performance of the logistic regression model (Lesschen
et al. 2005). ROC is a common measure for the goodness
of fit in logistic regtession to know how well the inde-
pendent variables correctly predict the value of the de-
pendent variable. The ROC value of more than 0.5 is
statistically better than random classifier, while ROC
value of above 0.7 is acceptable for land use change
modeling (Lesschen et al. 2005).

The overall approach employed in this study for
landscape level analysis of drivers (Fig. 2) involved
comparison of LULC changes with the potential spa-
tially explicit explanatory variables on a cell-by-cell
basis (Serneels and Lambin 2001; Verburg et al. 2004;
Rutherford et al. 2007; Chen and Pontius 2010) at 60-m
spatial resolution. This scale was chosen because it is
related to the unit of the lowest scale for the 1973
landscape image from where the historical LULC data
were generated. The datasets were prepared and
changed to raster format in GIS environment at the same
spatial extent and geographical coordinates. The raster
datasets were, again, convetted into ASCII format in
GIS environment, and each ASCII data representing
each variable was changed into a column format using

\ L
.

/ [
/ (1973 and 2012) / Convert to Raster Convert to ASCII Arrange data
. data (ArcGIS
Populafion (ArcGIS) ata (ArcGIS) (MATLAB)
(1973 and 2012)
Road v
Open data in SPSS
Market location
Slope Landscape level ¢
drivers of LULC | Conduct
Agro-ecology zone changes i logistic regression
/ ol

— e

Fig. 2 Scheme used for landscape level logistic regression in the study landscape
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MATLAB to make them suitable for statistical analysis.
At the end, the column datasets were analyzed in SPSS
using binary logistic regression to identify the relations
between a set of explanatory variables (drivers) and the
location of changes in LULC at landscape level.

Results
Drivers of LULC changes

A total of more than 12 factors were perceived by the
respondents as being important drivers of LULC chang-
es in the study landscape (Fig. 3). However, there were
variations about each of the factors to which the local
people viewed as driver for the LULC changes. In
particular, all of the respondents (N = 150) perceived
population growth and cultivated land expansion as the
main drivers of LULC changes, but not civil war and
conflict. These respondents viewed much with popula-
tion and crop trends of the area. The population of the
landscape has increased from 47,143 in 1973 to 233,194
in 2012 (Fig. 4), indicating an increase of 395 % during
the period. A similar trend has also been observed in the
area cover of croplands with an expansion of about
272 % from the area that existed in 1973 (Fig. 4).
During the focused group discussions (FGDs), elders
attributed these to polygamous families. There are
Muslims in the study landscape that still practice having
more than two wives. They also pointed out that human
influxes from the neighboring areas, mainly, during the
beginning the Socialist Government in Ethiopia, have

Fig. 3 Drivers of land use/land
cover changes perceived by local
people in Munessa-Shashemene
study landscape

Drivers of ILULC changes

Market access

Improved seed variety
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Civil war and confilict
Population growth
Land degradation
Rainfall variablity

Plantation Establishement
Cultivated lands

Housing (settelement)
Fuelwood

Charcoal

Road access

Livestock

Land tenure

intensified the pressure to the LULC change, particular-
ly affecting forest resources negatively and increasing
the area coverage of croplands. In addition, the majority
of the respondents, i.e., 98.7, 97.3, and 94.7 %
(V = 150), reported house construction (settlement),
fuelwood collection, and charcoal making, respectively,
as also important causes for the observed LULC chang-
es in the study landscape. It was also understood from
the account of the elder people during the FGDs that
charcoaling is increasing over time in the study
landscape.

Livestock ranching was also viewed by 94 % of the
respondents as one of the important drivers for changes
in the study landscape. Cattle are allowed to graze on the
remaining crop stalks on the croplands after harvest and
on communal grazing lands. However, with detailed
discussion among the FGD members, the existing graz-
ing land is below the carrying capacity of their livestock,
which is associated to declining area of grasslands over
time (Fig. 5). They pointed out that croplands and
settlement expansion are responsible for the conversion.
As aresult, they confirmed that there are farmers who
are sending their cattle to the remaining forests, includ-
ing woodlands, which they also did not view as a
sustainable system.

Also, land tenure by 82 %, land degradation by 76 %,
improved seed variety by 73.3 %, and market access by
70.7 % of the respondents are considered to be the other
factors responsible for the prevalent LULC changes.

During the FGDs, the participants described the
changes in the government in 1974 (from Monarchy
system to Socialist Government), which involved the

Farmers response (%)
0% 20% 40% 60% 80%

100%

Drought
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1975 land reform proclamation of “land to the tillers”
triggered a change in land tenure from control by feudal
landlords to peasant associations. This proclamation
allowed peasants to have access to land for the first time,
which resulted in severe LULC changes caused by the
landless local people and people living in the neighbor-
ing areas. During the 1973 to 1986 study period, the
131 % expansion of croplands from that existed in 1973
(Fig. 5) implied the effect of the new land reform proc-
lamation. The participants further explained that since
the remaining forests, except plantations, are mainly
state-owned, there was little effort to protect them
owning poor capacity of responsible government orga-
nizations. They also added that they usually focus on
meeting their immediate need rather than thinking for
the future. Particularly, the increased advantage due to
introduction of improved seed varieties and their

associated price in combination to access to the nearby
market also attracted them to expand crop production.
On the contrary, the respondents had less awareness
on rainfall variability and road access as important
drivers of LULC changes. In the first case, only
28.7 % of the respondents believed that rainfall variabil-
ity is a factor responsible for the changes, while in the
second case, only 35.3 % of the respondents considered
road access as a driver of LULC changes. However,
during FGDs, road access was mentioned as one of the
influential drivers for changes. Similarly, the standard-
ized growing season rainfall anomalies (SRA) in the
lower part of the study landscape showed high variabil-
ity in rainfall with a coefficient of variation of 30.3 %.
Of the 28 years of observation, 16 years (57 %) had
negative anomalies implying more dry years than wet
years (Fig. 6). These show discrepancies between

Fig. 5 Changes in land use/land

cover (percentage of study area)

from 1973 to 2012. Dates in

horizontal axis represent LULC

maps used to construct this time

line (adopted from Kindu et al. ~

2013) e
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g
g
3
&
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Fig. 6 Standardized anomalies of
growing season rainfall in
Langano station at the lower of
Munessa-Shashemene study
landscape for the period 1981—
2008 (red line 2 years moving
average), CV =303 %

Standardazed rainfall anomaly

farmers’ perception and what is on the ground about
these two specific drivers.

Ranked drivers of changes and variations in perceptions
among respondents

Farmers ranking of all the perceived drivers of LULC
changes indicated that population growth was ranked
first and as the most influential driver followed by
expansion of cultivated lands, settlements, livestock
ranching, and cutting of woody plants for fuelwood
and making charcoal as well as plantation establish-
ment, which are listed in their descending order of
priority (Table 2). The highest standard deviation of
ranking was observed in plantation establishment.
Road access and rainfall variability were viewed as the
least influential drivers of changes with rankings of 13th
and 14th, respectively.

Significant differences were found in perceptions
among respondents in different kebeles concerning land

degradation, rainfall variability, drought, plantation es-
tablishment, road access, market access, and improved
seed variety as drivers of LULC changes (Table 3). For
instance, the majority of farmers in Degaga (96.7 %)
perceived plantation establishment as a major driver of
LULC changes. According to elders, the existing plan-
tation forests were established on those lands, which
were formerly covered by degraded natural forests as
well as by evicting the local people who were settled and
farming next to the natural forest. Contrary to that, most
farmers in Gorbi Arba kebele did not consider plantation
establishment as a key driver of change(s). Instead, the
majority of these farmers perceived drought as a major
driver of the observed changes. In a FGD, elders pointed
out that they are dependent on selling of charcoal and
fuelwood as immediate source of income during decline
or failure of crop production as a result of drought years.
However, most farmers in Komma Ocha did not con-
sider drought as a major driver of changes (Table 3).
Other drivers, i.e., cultivated land expansion, population

Table 2 Respondents ranked

drivers of land use/land cover LULC drivers Number Min. Max. Mean Std. Dev Rank
changes in the study landscape in
order of influence (17]4), with 1 Population growth 150 1 3 1.05 0.24 1
being the most influential driver Cultivated lands 150 1 5 2.14 048 2
Housing (settlement) 148 2 5 3.30 0.61 3
Livestock 141 3 11 4.84 120 4
Fuel wood 146 2 10 523 120 5
Charcoal 142 3 9 5.68 1.11 6
Plantation establishment 79 1 12 577 3.02 7/
Land tenure 123 5 13 820 1.82 8
Market access 106 6 12 842 1.06 9
Land degradation 114 1 12 8.57 1.57 10
Drought 78 2 12 922 2.10 11
Improved seed variety 110 5 14 10.04 1.83 12
Road access 53 3 13 10.17 2.05 13
Rainfall variability 43 7 14 10.88 1.59 14
) springer
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Table 3 Association/differences between farmer’s perception responses towards drivers of land use/land cover charges by kebele-% of
respondents

Response by kebele
LULC change drivers Gorbi Arba (N = 30) Dagaga (N = 30) Gujicha (N = 50) Kommo Ocha (N = 40) b'd

Yes No Yes No Yes No Yes No
Civil war and conflict 0 100 0 100 0 100 0 100
Population growth 100 0 100 0 100 0 100 0
Land degradation 100 0 96.7 33 62 38 60 40 L
Rainfall variability 56.7 433 40 60 20 80 10 90 ok
Drought 96.7 33 40 60 38 62 45 55 e
Plantation establishment 30 70 96.7 38 64 36 22:5 77.5 ok
Cultivated lands 100 0 100 0 100 0 100 0
Housing (settlement) 100 0 100 0 98 97.5 25
Fuel wood 100 0 100 0 98 2 925 75
Charcoal 100 0 96.7 33 94 6 90 10
Road access 633 36.7 46.7 53 28 72 15 85 ey
Livestock 100 0 93:3 6.7 100 0 825 17.5
Market access 933 6.7 90 10 86 14 15 85 ok
Land tenure 733 26.7 933 6.7 78 22 85 15
Improved seed variety 90 10 60 40 94 6 45 55 ok

**%Sjgnificant at P < 0.001, indicating that the location of farmers/households had a significant effect on the perception of farmers towards

the drivers

growth, settlement expansion, fuelwood collection,
charcoaling, livestock ranching, and insecurity of land
tenure, did not show any significant variation among
surveyed respondents in the different kebeles.

Household level logistic regression of less perceived
drivers

Of the seven explanatory socioeconomic determinants
(variables) included in the analysis, educational level
and age of the household head (respondent) had affected
positively and significantly (P = 0.001) the low percep-
tion of farmers on rainfall variability as drivers of LULC
changes (Table 4a). Among the farmers who did not
petceive rainfall variability as a driver, 77.6 and 57 %
were illiterate and respondents with age lower than 50,
respectively. Either literate or aged farmers were more
likely to be aware of rainfall variability as a driver than
the illiterate and younger farmers. The odds ratio also
suggests that if a farmer is educated (literate), other
factors held constant, the likelihood of awareness of
the rainfall variability will be 58 times higher than an
illiterate famers. Similarly, an increase in the age of a
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household head increases the likelihood of his/her per-
ception of rainfall variability by a factor of 34.4. The
remaining variables, namely gender and occupation of
household head, family size, land holding size, and
income did not contribute significantly to their percep-
tion towards rainfall as a driver of change(s).

With regard to the low perception of road access as a
driver of change(s), educational level, age, and occupa-
tion of the sample household head had significant effects
(Table 4b). Educational level and age of the household
heads had positive effects on their perception. Those
literate farmers or elders were more likely to be aware
of road access as a driver than the others with odds ratio
of 12.6 and 7.2 times, respectively. On the other hand,
occupation had negative relationship with respondents’
perception of road access as a driver of change(s). This
implies that an increase in the engagement of a house-
hold head in farming activities decreases the likelihood
of his/her perception of road access as a driver of chang-
e(s). The remaining variables, i.e., gender of household
head, family size, land holding size, and income, did not
contribute significantly to the perception of respondents
concerning road access as a driver of change(s).
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Table 4 Logistic regression results at household level for less perceived drivers: (a) rainfall variability and (b) road access in the study

landscape
Independent variables B S.E. ‘Wald ar Sig. Exp(B) 95 % C.IL for Exp(B)
Lower Upper

(a) Rainfall variability as a driver
Sex (1) —0.82 0.63 1.69 1.00 0.19 044 0.13 1.52
Age (1) 3.54%% 1.05 11.27 1.00 0.00 34.44 436 71.85
Educational level (1) 4.07%* 1.07 1441 1.00 0.00 58.40 715 76.82
Occupation (1) —0.91 0.84 1.17 1.00 028 040 0.77 2.1
Family size —0.40 022 3.39 1.00 0.07 0.67 044 1.03
Land holding size 0.63 0.55 1.29 1.00 026 1.87 0.64 5.49
Income 0.00 0.00 0.34 1.00 0.56 1.00 09 1
Constant —2.66% 127 4.38 1.00 0.04 0.07
B 0.48

(b) Road access as a driver
Sex (1) —0.70 062 1.28 1.00 0.26 0.50 0.15 1.67
Age (1) 1.97%* 0.60 10.86 1.00 0.00 719 223 23.23
Educational level (1) ZEEE 0.61 17.03 1.00 0.00 12.56 3.78 41.77
Occupation (1) —4.61%% 1.40 10.87 1.00 0.00 0.01 0.001 0.154
Family size —0.38 020 3.52 1.00 0.06 0.68 046 1.102
Land holding size 0.07 052 0.02 1.00 0.88 1.08 039 297
Income 0.00 0.00 1.13 1.00 0.29 1.00 0.99 1.00
Constant 3.22¢% 145 491 1.00 0.03 25.03
R 0.45

Number of observation = 150, R is Negelkerke’s R, statistically significant at *P< 0.05 and **P < 0.001. ROC (relative operation curve,

i.e., correct predication) = 80 % (a). ROC = 80.7 % (b)

Logistic regression of drivers of change from 1973
to 2012 at landscape level

Results for the landscape level binary logistic regression
analysis of the drivers of LULC changes in the study
landscape revealed the factors, which are important
drivers of changes from 1973 to 2012 in the study
landscape (Table 5). The variables driving of the
LULC change can be broadly categorized into three:
(i) social (population density), (ii) economic (croplands,
grasslands, accessibility to road, and market), and (iii)
environmental (bare lands, slope, and agro-ecological
zone).

The social driver, i.e., increase in population
density (a proxy for growing need to more lands
and fuelwood), had a significant effect (£ = 0.001)
and positive correlation with changes in LULC.
The economic drivers, such as cropland expansions,
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grasslands (a proxy for livestock), and distance to
road and market (proxies for access to farm inputs
and information as well as market), had also a
significant effect for the changes in LULC of the
study landscape. Similarly, it is observed that the
environmental drivers, i.e., slope, agro-ecological
zone developed using altitudinal range, and bare
lands (indicator for degradation), had also shown
significant effects as drivers for the prevalent
LULC changes.

Positive coefficient values of each of the drivers
indicate increasing trends in the probability of
LULC changes, and negative coefficient values sug-
gest decreasing trends in the probability. From the
results, a clear relation of the range of drivers can be
observed with most of the signs of the coefficient
values, which is in line with the hypothetical rela-
tionship. The further a pixel is from the road, the
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Table 5 Landscape level logistic regression of drivers for land use/land cover changes, time period 1973-2012, unit of observation: the

pixel (n = 287,988)

Variables B S.E. Wald df Sig. Exp(B) 95 % C.I. for Exp(B)
Lower Upper
Gentle slope 3067.104 B 0
Moderate slope 0.379 0.010 1485318 1 0 1.460 1.433 1.489
Steep slope 0.775 0.015 2591.754 1 0 2.170 2.107 2.236
Very steep slope 0.555 0.025 506.584 1 0 1.743 1.660 1.829
Sub-humid highlands 251.721 2 0
Humid highlands —0.088 0.011 70.105 1 0 0.916 0.897 0.935
Cold highlands 0.532 0.044 148.262 1 0 1.702 1.562 1.854
Distance to road —0.053 0.002 643.549 1 0 0.949 0.945 0.953
Distance to market -0.015 0.001 318.709 1 0 0.985 0.983 0.987
Bare lands 4.050 0.069 3396.907 1 0 57.397 50.089 65.772
Croplands 2439 0.012 40,382.828 1 0 11.465 11.195 11.741
Grasslands 1.1 0.012 8313.859 1 0 3.037 2.966 3111
Population density 0.081 0.003 829.639 1 0 1.084 1.078 1.090
Constant -1.007 0.020 2554.923 1 0 0.365
R 0.22

Unit of observation: pixel (n = 287,988), ROC (relative operation curve, i.e., correct predication) = 73.2 %, R* is Negelkerke’s R* and

statistically significant at P < 0.001

less likelihood of occurrence of LULC changes, and
the closer a pixel is to a market, the greater the
probability of occurrence of LULC changes. Also,
the more the land occupied by croplands, the greater
probability of occurrence of LULC changes, and the
more bare land exists, the higher probability of
occurrence of LULC changes. However, the results
of slope coefficients were on the contrary, i.e., the

greater the slope, the greater the probability of oc-
currence of LULC changes. The same was true for
the agro-ecology variable; the higher the agro-
ecological zone, the increased probability of LULC
change. These imply changes progressed to marginal
areas, i.e., steepy slopes and harsh agro-ecological
zones, as the other areas were already exhausted

(Fig. 7).

I LuLC change

No change
@ Market Centers
—— Roads

Fig. 7 3D view of land use/land cover change from 1973 to 2012, draped on Aster Digital Elevation Model (DEM)
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Discussion

A range of drivers of LULC changes, which occurred
for the last four decades, was identified in the study
landscape. Although the level differed, local farmers
perceived the majority of influential drivers of the
changes. These drivers are within the broader categories
of social, economic, environmental, policy/institutional,
and technological forces causing the changes at nation-
al, regional, and global levels. They only varied in their
levels and type of causes that trigger the changes. In the
studied landscape, population growths as well as expan-
sions of cultivated lands and settlements were the top
significant drivers of change in LULC.

The population of Munessa-Shashemene landscape
quadrupled in the four decades of the study periods. At
the same time, to support the rising population, there
was a need for extensive agricultural production with
continuous crop cultivation, which was the other driver
of LULC changes. This finding agrees with the report
by Gashaw et al. (2014) who found that population
growth and expansion of cultivated land were largely
responsible for LULC changes in Northwest Ethiopia.
Earlier studies in other patts of the country also reported
population pressure and agricultural crops as major
drivers of LULC changes (e.g., Bewket 2002; Hurni
et al. 2005; Dessie and Kleman 2007; Kidane et al.
2012). Hamandawana et al. (2005) also pointed out that
population negatively impacted on the environment in
the form of extension of arable land into areas unsuitable
for intensive agricultural utilization in Zimbabwe.
Large-scale land acquisition for agricultural crop pro-
duction, which is viewed as “land grabbing” also men-
tioned as the other contributory factor for land use
changes in the global South (Woodhouse 2012;
Messerli et al. 2013). In other parts of the world, e.g.,
Australia, Portugal, and Sweden, Beilin et al. (2014)
reported global market forces as important driver for
landscape dynamics. Contrary to these and our
finding, Tegene (2002) found expansion of crop culti-
vation was not one of the primary forces for changes,
which was attributed to absence of land suitable for crop
production in the study site of South Welo Zone of
Ethiopia during 1957-2000 study periods.

The rapid increase of the population could be partial-
ly explained by the polygamy culture practiced in the
study area. Similar trends were also observed in other
Aftican countries with polygamy culture. For instance,
Hayase and Liaw (1997) reported that the culture of
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polygamy contributed to the explosive population
growth in other African countries, including, Ghana,
Kenya, Senegal, and Zimbabwe. The situation seems
more wotrying as world population projections sug-
gested that future population growth rates will not be
uniform throughout the world. About 96 % of the addi-
tional 2.4 billion of the 7.2 billion projected to inhabit
the planet in the next 40 years will be from developing
countries (UN DESA 2013).

Expansion of settlements was also identified as an-
other driver of LULC changes. The highest expansion of
settlements (about 97 % of the area that existed in 1973)
was found during the first study period (1973-1986).
The 1985 national settlement policy for villagization
program contributed for these changes (McCann
1995). Similar dynamics in LULC as a result of changes
in settlement policy were also observed in other coun-
tries, including Ghana (Braimoh 2004), Kenya
(Campbell et al. 2005), Tanzania (Kassahun 2011),
and China (Long et al. 2008).

Fuelwood collection and charcoal making were the
other important drivers of the observed LULC changes.
This is directly connected with the wide use of biomass-
based energy source in the country (Tegene 2002;
Teketay et al. 2010; Asfaw and Demissie 2012).
According to Alem et al. (2010), about 40 % of the
annual charcoal supply to the Addis Ababa, the capital
city of Ethiopia, is mainly from the woodlands of the
Ethiopian Rift Valley, which includes the studied land-
scape. Having the highest calorific value (7800 Cal g ),
acacia trees are preferred for charcoal making in
Ethiopia (Seboka 2008), Kenya (Njenga et al. 2013),
and Sudan (Khider and Elsaki 2012). This intensified
the selective cuttings of the acacia-dominated wood-
lands that resulted in loss of the 95 % of the coverage
in the studied landscape in the last four decades (Kindu
etal. 2013). Additionally, in the case of decline or failure
of crop production due to drought years, the local people
are dependent on the sale of charcoal and fuelwood as
an immediate source of income. Such coping strategies
wete practiced in other parts of the country (Tegene
2002; Teketay et al. 2010).

The other contributory influential driver of LULC
changes was livestock ranching. Besides crop cultiva-
tion, farmers are also engaged in livestock production;
hence, the farming system is, mainly, characterized as
mixed crop-livestock production system. Cattle are
allowed to freely graze on the remaining crop stalks on
croplands after harvest and on communal grazing lands.
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However, free grazing also occurs in the remaining
forests due to the low carrying capacity of the available
existing grazing lands. This could result in grazing-
induced degradation through hindering natural regenet-
ation of the remaining forests (Teketay et al. 2010;
Tesfaye et al. 2010).

Similar to other African countries (Thiombiano and
Tourino-Soto 2007), land degradation and, hence, loss
of land productivity and drought that caused severe food
shortage (chronic food insecurity) and the famine in
1973 and 1984 in Ethiopia were also responsible for
the prevalent LULC changes (Taddese 2001). Although
drought followed by food insecurity is not a new phe-
nomenon in the country, its frequency of occurrence has
increased during recent decades (Bewket and Conway
(2007). In these cases, farmers living in the study land-
scape and the neighboring areas were forced to clear the
remaining forests either for having additional croplands
or maintaining their livelihoods as a source of income.
This is a common survival strategy of rural populations
in the events of degradation, drought, and rainfall vari-
ability across the continent (Campbell 1990). Changes
in land tenure policy derived significant dynamics of
LULC the country in general (McCann 1995) and to the
studied landscape in particular. The land tenure policy of
the country changed in 1975 due the new land reform
proclamation of “land to the tillers.” Consequently,
landless people moved from one place to the other in
search of land that resulted in additional pressure on the
remaining forests (Dessie and Christiansson 2008).
Presently, according to the Ethiopian constitution, land
and natural resources are the property of the State and
the Ethiopian people. All natural forests of the country,
therefore, are not available for private ownership by law.
However, the land use policy has offered the rural
community the right to use the land indefinitely. Often,
this serve as an incentive for farmers to convert forest
lands to croplands through various means since once
land is not covered with a forest, then it is possible to
obtain use right over it. Though detailed research is
lacking as to the extent of this phenomenon contributing
to deforestation, it is clearly taking place in the forest-
rich part of the country, including our study landscape
(Teketay et al. 2010; Kindu et al. 2013). Campbell et al.
(2005) also reported a similar incidence of changes in
LULC in Kenya due to changes in land tenure policy.

Our study further revealed that among the main so-
cioeconomic determinants, educational level (literacy),
age, and occupation of household heads significantly
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affected their perception towards some of the drivers of
LULC changes. In a case study site of eastern Ethiopia,
Daba (2003) found age and literacy of households to be
significant factors affecting their perception of land
degradation as a problem, which is one of the drivers
for the observed LULC changes. Similarly, Jadin et al.
(2013) reported households that have better access to
information were fully aware about drivers of forest
cover dynamics in Veitham.

Apart from household level, landscape level analyses
of potential factors revealed the contribution of each
driver for LULC changes in the studied area. The result
showed that location of LULC changes was determined
by distance to major drivers of changes. For instance, it
was observed that more changes in LULC occurred in
areas closer to markets and roads. The proximity of the
study landscape to one of the major roads connecting
Addis Ababa to the southern part of the country and
Kenya and existence of the two district markets contrib-
uted to the observed LULC the changes. This finding
reconfirms a conclusion by previous studies that indi-
cated the occurrence of more LULC changes in areas
where there are improved road networks (Nagendra
etal. 2003; Dessie and Kleman 2007) and market access
(Serneels and Lambin 2001).

Among the LULC types, the forest ecosystems,
which can be used to store carbon, to protect water
balance and to preserve biodiversity (Knoke and Hahn
2013) and the grasslands were largely affected by the
ongoing drivers of changes. The continuing LULC dy-
namics as a tesult of drivers in the studied landscape
have different implications. For instance, a substantial
loss in grassland cover lead the local people to put
additional pressure on the remaining forest area for
grazing their animals that have influential factor in hin-
dering natural regeneration (Teketay et al. 2010; Tesfaye
et al. 2010). The ongoing forest conversion could indi-
rectly contribute to the loss of high-conservation-
priority indigenous tree species of the study landscape
(Testaye et al. 2010). The dynamics can also negatively
alter the potential use of the area and may ultimately
lead to loss of productivity (Tegene 2002). In our study
landscape, previous assessment on soil chemical and
physical properties following clearing of a tropical dry
Afromontane natural forest and subsequent cultivation
by small holder farmers exposed the overall declining
trends of almost all soil quality attributes in the long
perspective (Lemenih et al. 2005). This could, in turn,
affect the local people by reducing the means of
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livelihood of those who depend on land. LULC type is
also one of the governing factors that determine the rate
of soil loss due to erosion (Bewket 2002). Considering
the LULC status of the present study area, croplands,
settlements, and grasslands could be more vulnerable to
soil erosion. Thus, the long-term effects of drivers of
LULC dynamics in the Munessa-Shashemene land-
scape of the Ethiopian highlands could have negative
environmental and socioeconomic consequences unless
intervention strategies are introduced.

Conclusion

This study revealed that the four decades of LULC
changes occurred in the Munessa-Shashemene land-
scape due mainly to the interplay between more than
12 drivers related to social, economic, environmental,
policy/institutional, and technological factors.
Specifically, population growth, expansion of cultivated
lands and settlement areas (housing), livestock ranching,
cutting of woody plants for fuelwood, and charcoal
making are the top six important drivers of LULC
changes as viewed by the local people as well as from
the detailed quantitative landscape level analyses.
Moreover, of all the identified drivers, significant differ-
ences among respondents living in the different kebeles
were found with regard to land degradation, rainfall
variability, drought, plantation establishment, road ac-
cess, market access, and improved seed variety as
drivers of LULC changes. This implies that the drivers
behind the changes either were robust geographically
(e.g., population growth, cultivated lands, livestock
ranching) or were location specific (e.g., drought, mar-
ket access, and planation development). The findings
further depicted that among the main socioeconomic
determinants at household level, educational level (lit-
eracy), age, and occupation of household heads signif-
icantly affected their perception towards some of the
drivers of LULC changes. Consequently, either aged
or literate farmers were more likely to be aware of
rainfall variability as a driver, whereas an increase in
the household heads engaged in farming activities de-
creases the likelihood of their perception of road access
as drivers. At landscape level, location of LULC chang-
es were determined by distances to major drivers of
changes (e.g., the further a pixel is from the road, the
less likelihood of LULC changes).
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The approach employed in our study is particularly
valuable in a situation like Ethiopia and other countries
with similar conditions elsewhere whete there are com-
plex processes behind the dynamics of LULC types. The
identified drivers can be used as inputs for modeling of
future changes, informed decision making during policy
formulation or land use planning processes or other sim-
ilar studies in the Ethiopian highlands. Accordingly,
based on the drivers identified in this study, it is important
to conduct further studies to investigate the consequences
and future options and formulate intervention strategies
for sustainable development in the studied landscape and
elsewhere with similar geographic setting. Furthermore,
evidence from this study indicated that in response to the
drivers, local people amplified the LULC dynamics while
using the resources as a means of survival or source of
income for their livelihoods. The same trends are expect-
ed to happen in the Ethiopian highlands of similar settings
where subsistence farming is still present. Thus, appro-
priate policy and strategy centered on those major drivers
is urgently required in order to avert the ongoing unde-
sirable LULC changes of resources in this important
landscape of the Ethiopian highlands.
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Land use/land cover (LULC) dynamics alter ecosystem services values (ESVs), yet quantitative evaluations of
changes in ESVs are seldom attempted. Using Munessa-Shashemene landscape of the Ethiopian highlands as
an example, we showed estimate of changes in ESVs in response to LULC dynamics over the past four decades
(1973-2012). Estimation and change analyses of ESVs were conducted, mainly, by employing GIS using LULC
datasets of the year 1973, 1986, 2000 and 2012 with their corresponding global value coefficients developed ear-
lier and our own modified conservative value coefficients for the studied landscape. The results between periods
revealed a decrease of total ESVs from US$ 130.5 million in 1973, to US$ 118.5, 114.8 and 111.1 million in 1986,
2000 and 2012, respectively. While using global value coefficients, the total ESVs declined from US$ 164.6 million
in 1973, to US$ 135.8, 127.2 and 118.7 million in 1986, 2000 and 2012, respectively. The results from the analyses
of changes in the four decades revealed a total loss of ESVs ranging from US$ 19.3 million when using our own
modified value coefficients to US$ 45.9 million when employing global value coefficients. Changes have also oc-
curred in values of individual ecosystem service functions, such as erosion control, nutrient cycling, climate reg-
ulation and water treatment, which were among the highest contributors of the total ESVs. However, the value of
food production service function consistently increased during the study periods although not drastically. All in
all, it must be considered a minimum estimate of ESV changes due to uncertainties in the value coefficients used
in this study. We conclude that the decline of ESVs reflected the effects of ecological degradation in the studied
landscape and suggest further studies to explore future options and formulate intervention strategies.
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1. Introduction

Ecosystem services are the direct and indirect contributions of eco-
systems to human wellbeing and survival (Millennium Ecosystem
Assessment (MEA), 2005; Schagner et al., 2013; Costanza et al., 2014).

http://dx.doi.org/10.1016/j.scitotenv.2015.12.127
0048-9697/© 2015 Elsevier B.V. All rights reserved.
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Quantifying and analyzing changes of ecosystem service values (ESVs}
is an important tool to raise awareness (Liu et al., 2010}, contribute to
developing knowledge on management of natural capital (Costanza
et al., 1997; Frélichova et al., 2014}, improve decision making for alloca-
tion of scarce resources among competing demands (Guo et al,, 2001;
Barral and Oscar, 2012}, formulate polices (Schigner et al., 2013) and
provide a stimulus to conserve the ecosystems that offer the most valu-
able services (Konarska et al., 2002; Bateman et al., 2013). As aresult, in-
terest in ecosystem service values has evolved rapidly in both the
scientific communities and policy (Turner et al, 2003; Troy and
Wilson, 2006; Butler et al, 2013; Costanza et al,, 2014).

The provision of ecosystem services is directly correlated to the situ-
ation of ecosystems, e.g. land use/land cover (LULC) types, in a given
area (de Groot et al,, 2002; Styers et al., 2010). Dynamics of LULC can
cause changes in the values of ecosystem services (Kreuter et al,,
2001; Hu et al., 2008; Polasky et al., 2011). It may increase the provision
of some services while decreasing others that affect the ability of biolog-
ical systems to support human needs, indicating ecological degradation
(Polasky et al,, 2011), or may cause vice versa. As changes in ESVs differ
depending on the direction, and/or magnitude of the LULC dynamics,
most of the available studies were location specific. For instance, Leh
et al. (2013) revealed a general decline of ESVs while Wang et al.
(2014) found the opposite, i.e. an increasing trend. Consequently, mak-
ing generalization of the results to other areas might lead to erroneous
conclusions.

The Ethiopian highlands (altitude > 1500 m) that cover nearly 44% of
total landmass of the country (Hurni et al., 2005); have been occupied
by the majority of the people owing to availability of more favorable en-
vironmental conditions for agriculture as well as human and animal
health than the lowlands (Eshetu and Hégberg, 2000; Lemenih and
Teketay, 2005). The pressure on these highland ecosystems has, there-
fore, been intense, leading to a worrying trend in terms of LULC changes
(Hurni et al., 2005; Dessie and Kleman, 2007; Kindu et al, 2013). Evenat
present, the conversion of land for the production of crops is continuing
atanincreasing trend (Kidane et al, 2012; Biazin and Sterk, 2013; Kindu
et al, 2013, 2015; Temesgen et al., 2013). However, beyond analyzing
LULC dynamics, a thorough understanding of the consequences of
these changes on ecosystem service values through quantitative knowl-
edge is limited. This includes deriving coefficients for ecosystem service
values, with a higher local validity for Ethiopia, but also more general is-
sues, such as addressing spatial variation in ecosystem service values as
well as possible variation of ecosystems service values over time.

Quantifying the ESVs and their changes has received wide attention
after the publication of Costanza et al. (1997), who proposed a list of
ecosystem service value coefficients of biomes (LULC types) and esti-
mates of global ESVs. Although the proposed value coefficients have
been criticized because of uncertainties (Limburg et al., 2002; Hein
et al, 2006; Maes et al., 2012), a number of researchers working in re-
gions where data are scarce have used them and paved the path to
the science of ecosystem service valuation (Kreuter et al., 2001; Zhao
et al, 2004; Wang et al,, 2006; Li et al, 2007; Hu et al, 2008;
Kubiszewski et al., 2013). Remote sensing and GIS technologies were
commonly applied in most of the studies during the estimation process.
The former offers opportunities of generating LULC types for a given
area that can be utilized as proxies of measurements while the latter
is used for estimating and mapping their distributions (Konarska et al.,
2002; Zhao et al.,, 2004; Wang et al., 2006). As primary datasets are ex-
pensive, or sometimes scarce in some regions, secondary data consisting
of spatial units, such as LULC classes, are also, more often, used as prox-
ies for estimation (Kreuter et al, 2001; Maes et al, 2012). In addition, for
the corresponding value coefficients, The Economics of Ecosystems and
Biodiversity (TEEB) valuation database was also developed mainly
based on literature of case studies in different parts of the globe (van
der Ploeg and de Groot, 2010).

While considerable efforts have been made to estimate ESVs and
suggest options for areas with scarce data, such studies lack for many
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countries in Africa, induding Ethiopia, that have dramatic LULC dynam-
ics (Leh et al., 2013). This is also true for the Munessa-Shashemene
landscape of the Ethiopian highlands, where a rapid LULC change is oc-
curring (Kindu et al,, 2013).In the 1970s, the dominant LULC types were
forests (i.e. natural forests and woodlands) and grasslands, but these
have mainly been replaced by croplands. About 60% of the land showed
changes in LULC types. The effects of such dynamics on ecosystem ser-
vice values in this important landscape are not well understood al-
though they are vital in raising awareness of the consequences and
improved decision making. Therefore, the aims of this study are: 1) To
test the variation of changes in ESV through more locally valid coeffi-
cients, when compared to the often used global coefficients published
by Costanza et al. (1997). This will be achieved by an estimation of
changes in ecosystem service values in response to LULC dynamics
that occurred over the past four decades (1973-2012) in the
Munessa-Shashemene landscape of the Ethiopian Highlands. 2} To ex-
plore the contribution and changes of individual service functions and
effects of dynamics in each LULC type on changes of the corresponding
ecosystem service values. 3) To carry out sensitivity studies to explore
the robustness of the results. This includes a 50% adjustment of value co-
efficients and analysis of the impact of a variation of the value coeffi-
cients over time, which might be imposed by changes in the consumer
and the producer price indices. 4) To discuss the possible impact of spa-
tial variation in ESV coefficients.

2. Materials and methods
2.1. Study area

Munessa—Shashemene landscape of the Ethiopian highlands was se-
lected as the study area. The landscape is located within Munessa and
Arsi-Negele Districts (between 7°20'01.23” to 7°35/13.3”N and 38°39'
43.3" to 38°59'57.31”E} about 200 km south of Addis Ababa (Fig. 1). It
is characterized by diverse topographic conditions. The elevation ranges
from 1500 m at the Central Rift Valley lakes to over 3400 m at the Arsi-
Bale massif. A mountainous and undulating topography with steep
slopes characterizes the eastern part of the landscape, and gentle to
moderate slopes characterizes the western part. The rainfall has a bi-
modal distribution. The short and main rainy seasons occur from
March-May and July-September, respectively. Meteorological station
records show that the annual rainfall is about 1200 mm at Degaga
town (2000 m}, which is found in the study area. Mean annual temper-
ature is 15 °C. The soils of the area are rich in clay and classified as Mazic
Vertisol in the lower altitude (1500 m) and Humic Umbrisol at about
3000 m (Fritzsche et al.,, 2007).

The total area of the landscape is about 1091 km? and it is inhabited
by about 84% rural population (Central Statistical Authority (CSA}),
2007). Crop cultivation and livestock rearing is common in all altitudinal
ranges with various proportions since farmers are engaged in agricul-
ture with a mixed farming system (Lemenih et al., 2005). Apart from
croplands, the study landscape also comprises mosaics of other LULC
types, mainly natural forests, plantation forests, woodlands, settlements
and water bodies. The natural forest in the area belongs to the tropical
dry Afromontane forest (Teketay and Granstrém, 1995). The plantation
forests are composed of exotic species, mainly Cupresses lusitanica
Miller, Pinus patula Schlechtendal & Chamisso and Eucalyptus spp.
Woodlands are dominated by Acacia spp. and found in the lower alti-
tude of the study landscape. During the past four decades, conversions
between these LULC types were quit intense and common in the study
landscape (Kindu et al,, 2013).

2.2. Data used
Datasets required for this study were obtained from various sources

(Tables 1 and 2). The LULC datasets were obtained from Kindu et al.
(2013). The datasets were generated by employing object-based
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Fig. 1. Location of the study area. (a) African context, (b) landscape level study location in reference to Ethiopia. Topographic counters with 100 m were developed from Aster Digital El-

evation Model.

classification of Landsat and RapidEye satellite images with different
reference years. They included area statistics of nine different LULC
types for the year 1973, 1986, 2000 and 2012. Two types of ecosystem
service value coefficients of the target LULC types were used for this
study. The first were global coefficients adopted only from Costanza
et al. (1997) ecosystem service value coefficients using representative
biome as a proxy for each LULC type. They proposed and employed in
their ecosystem service valuation model 17 types of ecosystem service
value coefficients for 16 biomes (LULC types). In our study, each of the
nine LULC types of the different reference years were compared with
those representative biomes (LULC types) in order to obtain their corre-
sponding ecosystem service value coefficients identified in Costanza
etal. (1997). A summary is given in Table 1. The second types of coeffi-
cients were more conservative and modified from those employed by
Costanza et al. (1997) using expert knowledge of the study landscape
conditions and other studies, mainly from the Economics of Ecosystems

Table 1

and Biodiversity (TEEB) valuation database (van der Ploeg and de Groot,
2010) and (Knoke et al., 2011). Modification was done through a benefit
transfer method, which refers to the process of using existing values and
other information from the original study site to estimate ESVs of other
similar location in the absence of site-specific valuation information
(Kreuter et al., 2001; Kubiszewski et al., 2013). In order to ensure appli-
cability of the transferred data from TEEB valuation database to the
studied landscape conditions, we only considered values from tropical
areas of LULC types similar to our geographical setting. The TEEB valua-
tion database contained more than 1300 original values compiled
mainly based on local studies across the world (van der Ploeg and de
Groot, 2010). We followed the same strategy as for using values from
Knoke et al. (2011). Table 2 gives details of modified annual value coef-
ficients for ecosystem services of each LULC types. Both approaches of
directly using the available global value coefficients or their modifica-
tion have been applied by a number of researchers for similar studies

Summary of land use/land cover (LULC) types with their area in ha for 1973, 1986, 2000 and 2012 (adopted from Kindu et al. (2013)), and biome equival with the cor value
coefficients (1994 US$ ha~' year'): (a) global value coefficients adopted from Costanza et al. {1997) and (b) own modified conservative value coefficients mainly based on the Economic
of Ecosystem and Biodiversity valuation database (van der Ploeg and de Groot, 2010) and Knoke et al. (2011).

LULC types Area (ha) US$ (ha—'year™')

1973 1986 2000 2012 Equivalent biome a b
Bare lands 343 1462 1598 1765 Desert 0 0
Natural forests 21,726 16,065 12,680 9588 Tropical forest 2008 986.69
Plantation forests 0 1022 1707 1284 Tropical forest 2008 986.69
Croplands 13,498 31,178 40997 50,317 Cropland 92 225.56
Grasslands 43,830 38,606 31,853 25,139 Grass/rangelands 244 29325
Settlements 439 867 1139 1586 Urban 0 0
Tree patches 2021 2488 2870 3606 Grass/rangelands 244 29325
Woodlands 11,842 2150 1026 656 Tropical forest 2008 986.69
Water 9976 9920 9890 9871 Lakes/rivers 8498 8103.5
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Table 2

Details of own modified conservative annual value coefficients for ecosystem service functions of each LULC type mainly based on the Economic of Ecosystem and Biodiversity valuation

database (van der Ploeg and de Groot, 2010) and Knoke et al. (2011).

Ecosystem services

Each LULC types ecosystem service values (US$/ha/yr)

Natural forests Plantation forests Croplands Grasslands Tree patches Woodlands Water
Provisioning services
Water supply 8 8 8 2117
Food production 32 32 187.56 117.45 117.45 32 41
Raw material 5124 5124 5124
Genetic resources 41 41 41
Regulating services
Water regulation 6 6 3 3 6 5445
Water treatment 136 136 87 87 136 431.5
Erosion control 245 245 29 29 245
Climate regulation 223 223 223
Biological control 23 23
Gas regulation 13.68 13.68 2 7 13.68
Disturbance regulation K L35 5
Supporting services
Nutrient cycling 1844 1844 1844
Pollination 727 227 25 25 727
Soil formation 10 10 1 1 10
Habitat/refugia 173 173 173
Cultural services
Recreation 48 48 0.8 08 48 69
Cultural 2 2 2
Total 986.69 986.69 56 293.25 293.25 986.69 8103.5

in data scarce areas {e.g. Kreuter et al., 2001; Zhao et al., 2004; Wang
et al., 2006; Li et al., 2007; Hu et al., 2008; Kubiszewski et al., 2013).
All the value coefficients were converted into 1994 US$ per hectare
per year to facilitate the estimation process of ESV changes. The value
coefficients were also adjusted using consumer price index and pro-
ducer price index (http://data.imf.org/; http://faostat.fac.org/) to
check the effect of time development in the coefficients on the overall
estimation of ESV changes.

National average per capita gross domestic product (GDP) of 1973
and 2012 with the corresponding population of the studied landscape
was used to estimate GDP of the landscape. Other datasets, such as
roads, small towns and topographic counters were utilized for study
site map preparation. The small towns and road network datasets
were derived in GIS environment from multiple sources, including topo-
graphical maps, aerial photographs and RapidEye images. The topo-
graphic counters developed from a 30 m Digital Elevation Model
(DEM) based on Aster imagery.

2.3. Data analyses

The overall approach employed in this study (Fig. 2) involved esti-
mating ESVs for 1973, 1986, 2000 and 2012 reference years, mapping
their spatial distribution and computing the changes between study pe-
riods. The LULC datasets of each reference year to be used as a proxy for

/ Convert 0
Raster (ArcGIS)

Area statistics per
LULC type for cach
reference years

LULC maps
(1973, 1986,
2000, 2012)

service /
coefficients  /

Estimated ES'
CS, change of
their spatial distributions

Calculate ESV, ESVy,
ESVchange, CS

Fig. 2. Methodological approaches in the study landscape. ESVy: estimated value of
individual ecosystem functions (ESVy); ESV: estimated total ecosystem service values for
each reference year; CS: coefficient of sensitivity {CS).
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the measurement of ESVs were prepared and the corresponding area in
hectare was summarized in the GIS environment. In the ecosystem ser-
vice estimation process, the value coefficients were assigned to each
LULC type according to the value used by Costanza et al. (1997) and
own modified coefficients (Table 1). Then, the area of each LULC type
in hectare was multiplied by its corresponding value coefficients to cal-
culate the total ecosystem service value for a particular LULC type. The
values for the LULC types in each reference year were summed to esti-
mate total ESV of the landscape for each reference year.

ESV = 3~ (A X VG 1)

where ESV = total estimated ecosystem service value, Ax = the area
(ha) and VG = the value coefficient (US$ ha ! year ') for LULC type
*

The changes of ESV were obtained by calculating the difference be-
tween the estimated values in each reference year. ESV change statistics
were computed by comparing values of one dataset with the corre-
sponding value of the second dataset in each period. This resulted in a
summary table of the overall changes in ESV. The values were presented
as US$ and percentages. The percentage ESV changes were calculated
using the following equation:

ESV final year — ESV initial year

Percentage ESV change = ( ) x 100 (2)

ESV jnicial year

where ESV = total estimated ecosystem service value. Positive values
suggest an increase whereas negative values imply a decrease in
amount. Moreover, we also estimated values of services provided by in-
dividual ecosystem functions within the study landscape using the fol-
lowing equation:

ESV = 2 (Arx VCry) 3)

where ESV; = calculated ecosystem service value of function ‘f, Ax =
the area (ha) and VCy = value coefficient of function ‘f (US$ ha™
Tyear ') for LULC type ‘K. The contributions of individual ecosystem
functions to the overall value of ecosystem services per year were
ranked based on an estimated value of ecosystem functions for each ref-
erence year and summarized in table.
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Considering uncertainties exist in the value coefficients and since
the biomes used as proxies for LULC types are not perfect matches in
every case, sensitivity analyses were conducted to determine the per-
centage change in ESVs for a given percentage change in the value coef-
ficient (Li et al., 2010). Accordingly, the ecosystem modified value
coefficients for natural forest, plantation forest, croplands, grasslands,
tree patches, woodlands, and water bodies were each adjusted by 50%
and the corresponding coefficient of sensitivity (CS) was calculated
using Eq. (4} as in Kreuter et al. (2001), which is similar to the standard
concept of elasticity in economics.

~ (ESV; —ESV;)/ESV,

. (VC ik —VCik) /VC @

ik

where ESV; and ESV; = initial and adjusted total estimated ecosystem
service values, respectively and VC; and VCj, = initial and adjusted
value coefficients (US$ ha=! year—!) for LULC type ‘K. If CS is greater
than one, then the estimated ecosystem value is considered elastic rela-
tive to that coefficient, but if CS is less than one, then the estimated eco-
system value is considered to be inelastic and the result will be reliable
even if the value coefficient has relatively low accuracy. The greater the
proportional change in the ecosystem service value relative to the pro-
portional change in the valuation coefficient, the more critical is the use
of an accurate ecosystem value coefficient (Kreuter et al., 2001; Lietal.,
2010; Liuet al, 2012).

During our sensitivity studies, the value coefficients were also ad-
Jjusted by consumer price index and producer price index for analyzing
impact of variations of value coefficients over time using Eq. (5). The ob-
tained average change in consumer price index was 4.9% (applied for
non-market based services) and in producer price index was 5% (ap-
plied for market based services). These values were used to either dis-
count the value coefficients which refer to 1994, if the period under
consideration was before 1994, or to compound the value coefficients,
if the considered period was after 1994. The latter studies allow for a di-
rect comparison of value coefficients and changes with the gross do-
mestic products for the periods investigated.

VG = X (Ve x (1 -+ CPI )

where VC,; = time development value coefficient of a reference year 'y’
for LULC type ‘K’, VG = value coefficient of function ‘€ (US$ ha=' year—
1y for LULC type ‘K, CPI = average change in consumer price index in
percentage applied for non-market based services while for market
based services average producer price index (PPI} in percentage was
used, t = number of years between 1994 and the year under
consideration.

3. Results
3.1. States of estimated ecosystem service values

The ecosystem service values were estimated in the study landscape
for the years 1973, 1986, 2000, and 2012 (Table 3 and Fig. 3). In general,
the total ESVs of the whole study landscape were about US$ 130.5,
118.5, 114.8 and 111.1 million in 1973, 1986, 2000 and 2012, respec-
tively (Table 3a), when locally adapted coefficients were used. Thus,
the total estimated loss of ESV was US$ 19.3 million. The amount of eco-
system service value differed among LULC types of the entire study
landscape with different reference years. For instance, at the beginning
of the study period (1973), grasslands, woodlands, natural forests and
water body accounted for about US$ 12.9 million (9.9%), 11.7 million
(9%), 21.4 million (16.4%), and 80.8 million (62%)}, respectively, of the
total ecosystem service values in the study landscape (Table 3a). Crop-
lands and tree patches shared small proportion, i.e. about US$ 3.1 mil-
lion (2.3%) and 0.6 million (0.5%), respectively, of the total ESVs. In
1986, water body also accounted for the largest part, i.e. US$ 80.4
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Table 3

Estimated ecosystem service values for each land use/land cover type of the different ref-
erence years in US$ million per year of the study area using (a) own modified conservative
coefficients and (b) global coefficients adopted from Costanza et al (1957). Total ESV per
year is given as a sum of each value by LULC type.

LULC types 1873 1986 2000 2012

ESV* % ESV' % ESV* % ESV' %
a
Bare lands 0.0 0.0 0.0 0.0 0.000 0.0 0.0 0.0
Natural forests 214 164 158 134 125 109 8.5 8.5
Plantation forests 0.0 0.0 % 0.8 1.7 15 13 st
Croplands 3il 23 7.0 5.9 93 81 114 102
Grasslands 129 88 113 86 93 8.1 74 6.6
Settlements 0.0 c.0 0.0 c.0 0.0 0.0 0.0 0.0
Tree patches 0.6 0.5 0.7 0.6 0.8 0.7 14 1.0
Woodlands 11.7 8.0 22 1.8 1.0 [0R:] 0.7 C.6
Water 80.8 620 804 678 801 69.8 80 72.0
Total 1305 100 1185 100 1148 100 111.1 100
b
Bare lands 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Natural forests 436 265 323 238 255 200 193 162
Plantation forests 0.0 c.0 2.1 1:5 34 27 2.6 2.2
Croplands 1.2 0.8 2.9 21 3.8 30 46 3.9
Grasslands 10.7 6.5 94 6.9 7.8 6.1 6.1 5.2
Settlements c.0 0.0 c.0 0.0 0.0 .0 0.0 0.0
Tree patches 0.5 03 0.6 04 0.7 0.6 0.9 0.7
Woodlands 238 144 43 32 2.1 16 1.3 1.1
Water 848 515 843 621 841 66.1 838 707
Total 164.6 100 1358 100 127.2 100 118.7 100

* ESV = ecosystem service value (million in 1994 US$ per year).

million (67.9%) while natural forests, grasslands, croplands and wood-
lands accounted for about US$ 15.9 million (13.4%), 11.3 million
(9.6%), 7 million (5.9%) and 2.1 million (1.8%), respectively, of the
total ESVs in the study landscape. Tree patches and plantation forests
accounted for the smallest portion of the estimated ESVs. Although
the amount of estimated ESVs differed per LULC type for the year
2000 and 2012, the values showed similar order. Grasslands, croplands,
and tree patches accounted for about US$ 7.4 million (6.6%), 11.4 mil-
lion (10.2%), and 1.4 million (1%), respectively, of the total ESVs in
2012. The aggregated ESVs of water body, natural forests, woodlands
and plantation forests were about US$ 91.4 million (80%) of the total
value. When directly using global coefficients developed earlier, the
total ESVs of the whole landscape were about US$ 164.6, 135.8, 127.2
and 118.7 million in 1973, 1986 and 2012, respectively (Table 3b), giv-
ing a total loss of US$ 45.9 million. This estimate is about 2.3 times
higher than the loss estimated with the more conservative and better
locally adapted value coefficients. The amount of ESVs also differed
among LULC types depending on different reference years.

3.2. Changes in ecosystem service values

The changes in ESVs revealed a significant reduction of the total
values over the first (1973-1986), second (1986-2000), third
(2000-2012) and the whole (1973-2012) study periods. The total
amount of changes of ESVs during the first study period was about US
$ 12 million, which is about 9.2% of the value that existed in 1973. The
total ESV was further decreased with an amount of about US$ 3.7 mil-
lion (3.1%) and 3.6 million (3.2%) of the value that existed in 1986 and
2000 during the second and third period, respectively. As mentioned
above, from 1973 to 2012, the change in total ESVs was about US$
19.3 million, which is about 14.8% of the value that existed in 1973.
The change in ESVs of each LULC type also showed a considerable reduc-
tion of the values from natural forest, woodlands and grasslands,
representing about US$ 12 (55.9%), 11 (94.5%), and 5.5 million (42.6%)
of the value that existed in 1973, respectively, during the whole study
period. In the same period, the values of water body also showed a slight
reduction with an amount of about US$ 0.9 million (1%) of the value that
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Fig. 3. Spatial distribution of ecosystem service values ($/ha/year) in the study landscape in the reference years: (a) using modified conservative coefficients and (b) global coefficients

adopted from Costanza et al. {(1997).

existed in 1973. On the contrary, the ESV of croplands increased during
the whole study period with an amount of about US$ 8.3 million of the
value that existed in 1973 (Table 4a). With the global coefficients, al-
though the amount differed, a significant reduction of the total values
was also observed over the first, second, third and the whole study pe-
riod (Table 4b). Consequently, the amount of changes of ESVs also dif-
fered among LULC types of the entire landscape in different reference
years. However, the percentage changes of ESV in each LULC type over
the study periods are similar for both coefficients used (Table 4a & b).

Table 4

3.3. Impact of land use/land cover changes on ESVs

The impact of LULC changes on ESVs notably differed among the
LULC types as observed in the contributions of the area and ESV for
each LULC type over the study periods (Fig. 4). In general, the area of
natural forests, woodlands, grasslands and water body consistently de-
creased with varied proportions over the study periods. In particular,
natural forests declined in size by half from about 21% in 1973 to 9% in
2012. Woodlands also declined in size from about 11.4% to 0.6% during

Results of changes in ESVs from 1973 to 1986, 1986 to 2000, 2000 to 2012 and 1973 to 2012 time periods showing value changes in US$ million for each LULC type and percentage changes
between periods in percentage (%). (a) Using own modified conservative coefficients and (b) global coefficients adopted from Costanza et al. (1997).

LULC types Change in ecosystem service values between study periods

1973-1986 1986-2000 2000-2012 1973-2012

Million US$ Proportion (%) Million US$ Proportion (%) Million US$ Proportion (%) Million US$ Proportion (%)
a
Bare lands 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Natural forests —5.6 —26.1 -33 =211 -31 —244 —120 —55.9
Plantation forests 1.1 100.0 0.7 67.0 —05 —248 13 100.0
Croplands 4.0 1310 23 315 21 227 83 2728
Grasslands -15 -119 -2. -175 =2 =211 =55 —42.6
Settlements 0.0 0.0 0.0 0.0 00 00 0.0 0.0
Tree patches 0.2 23.1 0.1 154 02 256 05 784
Woodlands —96 —81.8 o 17 —523 —04 —36.1 —11.0 —945
Water =05 —06 —-0.2 —-03 —-02 —02 —09 =11
Total —12.0 -=92 -3.7 -31 -36 —32 —19.3 —14.8
b
Bare lands 00 0.0 0.0 00 00 00 00 00
Natural forests —114 —26.1 —68 =211 —6.3 —244 —244 —559
Plantation forests 2.1 100 11 67.0 —09 —248 26 100
Croplands 16 1310 09 315 09 22.7 34 2728
Grasslands -13 -119 -17 -175 -17 =211 —46 —426
Settlements 0.0 0.0 0.0 0.0 00 0.0 0.0 00
Tree patches 0.1 231 0.1 154 02 25.6 04 784
Woodlands -195 —818 -23 —523 -07 -36.1 =225 —945
Water —05 —06 —-03 —03 —02 —02 —09 -11
Total —289 -175 —8.6 —63 —86 —-6.7 —459 -279
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Fig. 4. Area and ecosystem services value contribution of LULC types for different reference years in the study landscape ([ESV, = value obtained using modified conservative coefficients
and ESV,, = value obtained by using the global coefficients adopted from Costanza et al. (1997)].

the same period. The area of grasslands also showed a decline from
about 42.3% to 24.2%. Consequently, the total ecosystem services signif-
icantly decreased. For instance, the ESVs of natural forests decreased
from 16.4% in 1973 to 8.5% in 2012. Similarly, the ESV from woodlands
dropped from about 9% in 1973 to 0.6% in 2012 followed by the decline
of ESVs of grasslands from 9.9% to 6.6%.

The change in the forest ecosystem (natural forests and woodlands)
greatly affected the changes of the total ecosystem service values in the
study area during the whole study period. For instance, in total, the ESVs
of natural forests and woodlands declined by about US$ 23.8 million,
while the total ESVs in the study landscape decreased by about US$
19.3 million (Table 4a). On the other hand, the area covered by crop-
lands significantly increased from 13 to 48.5%. However, the corre-
sponding ESV shows only a slight increase from 2.3% in 1973 to 10.2%
in 2012 compared to the area expansion of croplands. Using the global
coefficients, the overall trends of ESVs as a result of LULC changes
were similar (Fig. 4).

Table 5

3.4. Estimated services of individual ecosystem functions and their changes

The first six individual ecosystem services based on their contribu-
tions (from high to low) to the overall value of the ecosystem services
were mainly from the service category of provisioning (water supply
and food production) and regulating (water regulation, water treat-
ment, erosion control and climate regulation) for the year 1973
(Table 5a). This order of contribution changed over the different study
periods. Their aggregated contribution represented about US$ 115.3,
107.8,105.4 and 103 million in 1973, 1986, 2000 and 2012, respectively.
The aggregated contribution of other ecosystem functions of each ser-
vice category, i.e. provisioning (genetic resources), regulating (climate
regulation, biological control, gas regulation and disturbance regula-
tion), supporting (nutrient cycling, pollination, habitat/refugia and soil
formation) and cultural services (recreation and cultural), was about
US$ 15.1 million, i.e. 11.6% of the total ESVs. When comparing the values
with respect to service categories of the year 1973, the results revealed

Annual estimated value of ecosystem functions (ESVin US$ million US$ year ') under each service category for different reference years and their changes (1973 to 2012) in the study

landscape.

Ecosystem services Using modified conservative coefficients

Using global coefficients®

ESVhia7a ESVriass ESViz000 ESVi012 Overall change ESViiaza ESVfi086 ESVi2000 ESVi2012 Overall change
Provisioning services
Water supply 214 212 211 21.0 —04 214 21.2 211 210 —04
Food production 94 11.7 12.7 136 42 5.1 53 52 52 0.0
Raw material 17 10 0.8 0.6 -11 106 6.1 49 37 —69
Genetic resources 14 038 0.6 0.5 —09 14 08 0.6 0.5 —09
Regulating services
Water regulation 54.7 543 54.0 539 —038 54.7 543 54.0 539 —038
Water treatment 129 105 9.4 83 —45 135 11.8 109 10.1 -35
Erosion control 96 59 48 3.7 -59 96 59 4.8 37 —59
Climate regulation 75 43 34 2.6 —49 75 43 34 26 =70
Biological control 14 1.7 1.8 19 05 14 17 18 19 0.5
Gas regulation 08 0.6 0.5 0.4 —04 03 03 0.2 02 —0.1
Disturbance regulation 02 0.1 0.1 0.1 —01 02 0.1 0.1 0.1 —01
Supporting services
Nutrient cycling 62 35 2.8 21 —41 309 17.7 142 106 —203
Pollination 16 16 1.6 15 =01 13 A5 14 14 0.1
Soil formation 04 02 0.2 0.1 —-02 04 02 0.2 0.1 —-02
Habitat/refugia 0.6 03 03 0.2 —04 0.1 02 0.2 02 0.1
Cultural services
Recreation 09 08 0.8 0.8 —-0.1 6.1 45 41 36 —-26
Cultural 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0
Sum 1305 1185 1148 1111 -193 164.6 1358 1272 118.7 —459

2 Adopted from Costanza et al. (1997).
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the highest value for the group of regulating services (US$ 86.9 million),
followed by provisioning services (US$ 33.9 million}, supporting ser-
vices (US$ 8.7 million} and cultural services (US$ 1 million). This
order of contribution by service categories remained the same over
the different study periods. However, contribution of individual ecosys-
tem services declined throughout the study period, except for food pro-
duction (Table 5a). Although the order of contributions of ecosystem
services changed in the global coefficients, the value of major contribu-
tors declined during the study period (Table 5b).

3.5. Ecosystem Service sensitivity analysis

The coefficient of sensitivity (CS) was less than one in all cases indi-
cating that the total ecosystem service values estimated in the study
landscape were relatively inelastic (low sensitive) with respect to the
modified conservative ecosystem value coefficients (Table 6). Adjust-
ment to the modified value coefficient for croplands, tree patches and
planation forests had very little effect on the estimate of total ESV
(less than 1.17% change for a 50% change in the corresponding value co-
efficient). The CS ranged from a low of 0.02-0.1 for croplands, to a high
of 0.62-0.72 for water body when the value coefficients for these LULC
types were adjusted by 50%. The relatively low values of CS reflect the
fact that the LULC area and/or the corresponding value coefficients are
relatively small. CS for natural forests and water body was the highest
because of the highest service value coefficient and relatively big area,
which were 2nd and 5th biggest areas among the nine LULC types. Over-
all, the CS indicated that the ESV estimation was robust in spite of uncer-
tainties on the modified value coefficients.

The sensitivity of ESV changes estimated by employing common
conservative coefficients (million in 1994 US$ per year} and time devel-
opment coefficients are shown in Table 7. By considering time variable
coefficients between the study periods, the four decades change in
total ESVs was about US$ 45.6 million, which is a bit more than double
the loss of the value estimated using common coefficients. This addi-
tional loss is attributed to inflation effects and changes in producer
prices. To gain insight for the magnitude of ESV changes in the four de-
cades with time adjusted coefficients in comparison with GDP, the stud-
ied landscape GDP increased from about US$ 5.8 million/year in 1973 to
126.2 million/year in 2012 (Table 7). That is, the total ESV loss left with
values of 2.1 times of the GDP in 2012.

4. Discussion

Datasets derived from remotely sensed imagery as a proxy measure-
ment with their corresponding value coefficients were used to provide
information regarding changes of ESVs in response to LULC dynamics
in the highlands of Ethiopia, particularly focusing on the Munessa—
Shashemene landscape. The study was the first of its kind in the high-
lands of Ethiopia that contributes to the evolving study of ecosystem
service science by providing landscape level status of changes in ESVs
from the region where datasets are limited. Currently, the use of proxy
data is common in the estimation of ecosystem service values and
their changes (Chan et al., 2006; Yoshida et al., 2010; Costanza et al.,
2014; Wang et al., 2014). Quite often, such proxy data were not

generated in the context of ecosystem services but are expertly re-
used to map ecosystem service values due to the lack of baseline infor-
mation (Maes et al,, 2012). In this study, the LULC dataset produced by
Kindu et al. (2013} from Landsat and RapidEye satellite images and
global ecosystem service value coefficient adopted from Costanza et al.
(1997) as well as own modified conservative coefficients were used to
estimate total ecosystem service values and their changes.

Our approach of employing LULC datasets as a proxy of measure-
ment facilitated the estimation process, as confirmed in previous stud-
ies (Kreuter et al, 2001; Wang et al., 2006; Li et al, 2010). The
technique of calculation was proposed by Costanza et al. (1997). After-
wards, it has been applied by a number of researchers for similar studies
(e.g. Kreuter et al., 2001; Zhao et al., 2004; Wang et al., 2006; Li et al,,
2007; Hu et al., 2008; Kubiszewski et al., 2013). However, the quality
of such valuation depends on the accuracy of LULC classification
(Konarska et al., 2002} and associated value coefficients (Costanza
etal, 1997; Lietal, 2010). In our study, we used spatially representative
datasets of classified LULC types generated with higher overall accura-
cies (Kindu et al, 2013). However, the corresponding value coefficients
were rough and, usually, underestimate contributions of some LULC
types. The current available and widely used ecosystem service value
coefficients assume spatial homogeneity of services within ecosystems
(i.e. land use/land cover types). For instance, forests located either in
steep slope or flat area received a similar estimation, although their
ESV could greatly differ, for example concerning protection against ero-
sion. Thus, the total ecosystem service value provided by forests would
be altered depending on specific site characteristics or landscape com-
plexity. The same is true for croplands and other LULC types found ei-
ther in suitable or non-suitable area. That is, the used ecosystem value
coefficients do, yet, not consider the environmental suitability of a par-
ticular land use/land cover (i.e. under the situation of LULC in the envi-
ronmental land use conflict), which cause impacts to important
ecosystem functions, including soil erosion, groundwater quality and
habitat integrity (Pacheco et al., 2014; Valle Junior et al., 2014a,
2014b; Valle Junior et al., 2015). Such factors are also important and
should be taken into account in future development of ecosystem ser-
vice value coefficients to improve the understandings of the distributed
characteristic of ecosystem service values. These impacts should be in-
creasingly studied in future research initiatives.

Despite such uncertainties, as also commented by different re-
searchers (Limburg et al., 2002; Hein et al., 2006; Maes et al., 2012},
the need of accurate coefficients is often less critical for time series
than for cross-sectional analyses, because value coefficients tend to af-
fect estimates of directional change less than estimates of ecosystem
values at specific points in time (Kreuter et al,, 2001; Zhao et al., 2004;
Tianhong et al., 2010). However, in line with considering time series
and using GDP as a benchmark for comparison, it should be further in-
vestigated, how possible variation of value coefficients over time could
be addressed. We updated coefficients by means of CPI and PPI, which
may only be considered a very rough method. Studies about develop-
ment of willingness to pay with increasing GDP are rare, so that empir-
ical evidence for our assumption of a positive correlation between
consumer and producer prices is yet not available. For the market
based services (mainly agricultural products) it appears sound to

Table 6

Percentage change in estimated total ecosystem service values and coefficient sensitivity (CS) after a 50% adjustment of the modified conservative service valuation coefficients (VC).
Change of value coefficients 1873 1986 2000 2012

% cs % cs % cs % cs

Natural forests VC 4 50% +8.22 +0.16 +6.69 +0.13 +545 +0.11 +4.26 +0.09
Plantation forests VC + 50% +0.00 +0.00 +043 +0.01 +0.73 +0.01 +0.57 +0.01
Croplands VC + 50% £1.17 +0.02 +2.97 +0.06 +4.03 +0.08 £5.11 +0.10
Grasslands VC + 50% +4.93 +0.1 +4.78 +0.10 +4.07 +0.08 +3.32 +0.07
Tree patches VC + 50% +0.23 +0.00 +0.31 +0.01 +037 +0.01 +048 +0.01
Woodlands VC + 50% +4.48 +0.09 +0.80 +0.02 +0.44 +0.01 +0.29 +0.01
Water VC 4 50% +30.98 +0.62 +3383 +0.68 +34.91 +0.70 +35.98 +0.72
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Table 7
Effect of using constant coefficients (million in 1854 US$ per year) versus time development coefficients between years to the overall estimation of ESV changes.

Approaches Total ecosystem service values per reference year Overall changes

1973 1886 2000 2012

ESV: using constant coefficients with LULC dynamics 13045 11845 114.78 111.14 =183

ESV: using time development coefficients with LULC dynamics 47.69 80.72 153.04 263.51

ESV: using time development coefficients with assuming no LULC dynamics 47.69 88.91 17381 309.07

Overall changes: using LULC dynamics and time development coefficients —45.6

GDP 5.8 126.2

ESV = ecosystem service value (million US$ per year); time development coefficients were adjusted using consumer price index and producer price index from (http://dataimforg/;
http://faostat.fac.org/); GDP = Gross Domestic Product of the study landscape (million in 2012 US$ per year).

update value coefficients by means of PPI and also it would be intuitive
to assume increased value coefficients for non-market based products
when GDP and available income increases. We would suggest compar-
ing GDP and ESV only when both are adjusted to the same year of com-
parison. The effect of updating value coefficients was quite strong in our
study, altering the estimated change in ESV from US$ — 19.3 million to
US$ — 45.6 million. The classical sensitivity analysis indicated that the
estimated ecosystem service values for the study landscape were rela-
tively inelastic with respect to the value coefficients, and that our esti-
mates were relatively robust despite uncertainties in the value
coefficients. Qur evaluation is, thus, valid for calculating ecosystem ser-
vice values over extended periods as a means of assessing their changes
in response to LULC dynamics.

The quantitative results of our study with three time periods
(1973-1986, 1986-2000 and 2000-2012) and whole study period
from 1973 to 2012 revealed the extent of ESV changes that occurred
as a result of LULC dynamics throughout the four decades. In general,
the total estimated ecosystem service values declined in the study land-
scape throughout the study periods in both considered cases, i.e. when
using the value coefficients by Costanza et al. (1997) and their modifica-
tion. In particular, the ESVs of natural forests, woodlands, grasslands and
the water body consistently decreased with varied proportions over the
study periods. The reductions of these ecosystem service values were
mainly attributed to the LULC dynamics. The conversion of natural for-
ests, woodlands and grasslands to croplands was quite intense and
common in the study landscape (Kindu et al.,, 2013). While our study
showed that LULC dynamics in the study landscape resulted in a decline
of ecosystem service values over time delivered by the affected land, it
also showed that the loss depends on the interaction of changes in var-
ious LULC types. Specifically, our study suggested that the decline of
ESVs were mainly linked with the huge conversion of forests, which is
identified to be the main provider of ecosystem services (Martinez
et al., 2009). Findings from elsewhere also showed that such changes
are common in affecting the corresponding ecosystem service values.
For instance, in San Antonio, Texas, Kreuter et al. (2001) estimated a cu-
mulative loss of ESVs about US$ 6 million between 1976 and 1991. Li
etal. (2007) reported a decrease of ESVs by 25.4% from 1974-2004 as
a result of altered forest ecosystems in Pingbian country, China. Hu
et al. (2008} also pointed out a dramatic reduction of ESV due to lose
of forest areas in southwest China. A recent study on quantifying and
mapping multiple ecosystem services in West Africa reported by Leh
etal. (2013) also revealed a general decline of ecosystem service values
from 2000 to 2009. All these studies mirror our findings that changes in
LULC types have resulted in significant loss of ecosystem service values.
On the other hand, increase of ESV of forests and grasslands were ob-
served by Wang et al. (2014) in Ningxia of China, which was attributed
to increase of the two LULC types. Knoke et al. (2014) also found im-
proved ecological and economic values as a result of afforestation and
intense pasturing in abandoned farmlands of the tropical Andes in
southern Ecuador.
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Our study further revealed that the contribution of individual eco-
system functions declined throughout the study period. Significant
changes have occurred in the values of specific ecosystem service func-
tions such as erosion control, nutrient cycling, climate regulation and
water treatment, which were among the highest contributors of the
total ESVs from the category of regulating and supporting services.
However, the value of food production services not drastically but con-
sistently increased during the study periods, which is mainly due to dra-
matic increase of croplands. Similarly, in Sanjiang Plain of northeast
China, Wang et al. (2006) found changes between 1980 and 2000 favor-
ing of a few ecosystem services (i.e. food production} at the expense of
other services, such as disturbance regulation, cultural and recreation.

Our estimates of ESV changes in response to LULC dynamics have
brought valuable empirical evidences that can serve for several pur-
poses. The study provided a means to compare and highlight the magni-
tude of changes of ecosystem services. In this case, despite the
acknowledged limitations of rough estimations, the results can be
used as bases to stimulate discussions during policy formulations that
can improve decisions involving various aspects of intervention strate-
gies for sustainable use and management of land resources. Itis also im-
portant to alert planners and decision makers to consider the need for
revising the ongoing extensive agricultural practice at the expense of
natural ecosystems. This is, especially, true for the Ethiopian highlands,
where changes in LULC dynamics show a worrying trend under the cur-
rent patterns of agricultural development (Hurni et al., 2005; Dessie and
Kleman, 2007; Kindu et al., 2013). Quantitative evaluation of the
changes in ESVs, such as this, can create common understanding of
the ongoing problems serving as powerful and arguably essential com-
munication tool to inform higher officials better with regard to trade-
offs involved in land resource use options in the studied landscape as
well to other area of similar settings.

5. Conclusions

In this study, detailed investigations of changes of ESVs in response
to the four decades of changes in LULC types were undertaken for the
first time in the Munessa-Shashemene landscape of the Ethiopian high-
lands. The use of GIS and datasets derived from remotely sensed imag-
ery, with their corresponding value coefficients, as a proxy of
measurement facilitated the estimation process. Our estimate revealed
that LULC dynamics between 1973 and 2012 in the studied landscape,
which covers about 1091 km? have resulted in a loss of ecosystem ser-
vices ranging from US$ 19.3 million using own modified more conserva-
tive value coefficients to US$ 45.9 million using global value coefficients.
The identified loss of ecosystem service values were mainly linked to
the huge conversion of forests, which were the main provider of ecosys-
tem services. The contributions of individual ecosystem functions have
also declined throughout the study period. Significant changes have oc-
curred in values of specific ecosystem service functions, such as erosion
control, nutrient cycling, climate regulation and water treatment, which
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were among the highest contributors of the total ESVs. However, as are-
sult of the dramatic expansion of croplands, the value of food produc-
tion service function has consistently increased, though not drastically,
during the study periods.

Our findings provided a database of datasets with up-to-date
changes of ESVs in response to LULC dynamics for the studied landscape,
which is a fast and effective way to assess the results of ecosystem ser-
vice loss. Although the considered LULC datasets have the highest qual-
ity in terms of accuracy, the corresponding value coefficients were
rough and our results must be considered as minimum estimate. Thus,
the outputs can be used as references and bases for stimulating discus-
sions during policy formulations that can improve decisions involving
various aspects of intervention strategies for sustainable use and man-
agement of land resources. This, in turn, can lead to a management ap-
proach of ecosystems which promote gaining the maximal benefits
from ecosystem services. However, to enhance the credibility of valua-
tions for practically applicable local level policy formulation regarding
alternative land resource options, it is important to obtain value coeffi-
cients for ecosystem service values that reflect local conditions. In this
regard, the LULC datasets in our developed database of the studied land-
scape can be utilized for recalculating ecosystem service values using
our approach with local level coefficients. Apart from this, evidence
from the landscape level estimate indicated that the decline of ecosys-
tem service values reflected the effects of ecological degradation to
some extent. The economic gains that are aimed to be achieved under
the current patterns of agricultural development in the studied land-
scape as well as from other area of similar setting should consider the
non-market economic losses that occur as natural ecosystems (e.g. nat-
ural forests and woodlands) are lost or transformed. That means with
the ongoing crop production system, a reasonable land use plan should
be made with emphasis on protecting natural forests, woodlands and
the water body, which have high ESVs, so as to maintain a balance be-
tween economic development and ecosystem health in the future.
This can be best addressed through further studies that investigate fu-
ture options and alternative strategies for sustainable use and manage-
ment of land resources in the studied landscape and elsewhere with
similar geographical settings.
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Abstract

Models under sets of scenarios are used to simulate and improve our understanding of land use/land
cover (LULC) changes, which is central for sustainable management of a given natural resource. In
this study, we simulated and examined the possible future LULC patterns and changes in Munessa-
Shashemene landscape of the Ethiopian highlands covering four decades (2012-2050) using a
spatially explicit GIS-based model. Both primary and secondary sources were utilized to identify
relevant explanatory variables (drivers) and LULC datasets for the model. Three alternative
scenarios, namely Business As Usual (BAU), Forest Conservation and Water Protection (FCWP) and
Sustainable Intensification (SI) were used. The simulated LULC map of 2012 was compared with the
actual for model validation and showed a good consistency. The results revealed that arcas of
croplands will increase widely under the BAU scenario and would expand to the remaining
woodlands, natural forests and grasslands, reflecting vulnerability of these LULC types and potential
loss of associated ecosystem service values (ESVs). FCWP scenario would bring competition among
other LULC types, particularly more pressure to the grassland ecosystem. Hence, the two scenarios
ensure sever LULC dynamics that lead to serious environmental crisis. The SI scenario, with holistic
approach, demonstrated that expansion of croplands could vigorously be reduced, remaining forests
better conserved and degraded land recovered, resulting in gains of the associated total ESVs. We
conclude that a holistic landscape management, i.e. SI, is the best approach to ensure expected
production while safeguarding the environment of the studied landscape and elsewhere with similar
geographic settings. Further study is suggested to practically test our framework through a research for
development approach in a test site so that it can be used as a model area for effective use and

conservation of our natural resources.

Keywords: GIS; Scenario; Regression; Datasets; Variables; Remote sensing; Model; Resource

management; Ethiopia

168



Appendix: publication 4 - Manuscript

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

1. Introduction

Natural resources, particularly land use/land cover (LULC) types and their associated changes were
central to all related sustainable development issues (Turner, 1997) and, yet, today they are also important
concerns in many regions of the world (Slecter et al, 2013; Niedertscheider et al., 2014; Belward and
Skeien, 2015; Taelman et al., 2016). It is recognized that dramatic changes in LULC can significantly
modify regional climate (Fairman et al, 2011), and water balance (Davis et al., 2015), silt-up streams
(Zaimes and Schultz, 2015), affect biodiversity (Dayamba et al., 2016) and ecosystems stability (Paz-Kagan
et al., 2014), and disrupt socio-cultural practices (Raynaut, 2001). As pressure on LULC types increases
everywhere, understanding future LULC patterns and changes is critical (Schaldach et al., 2011; Grinblat et
al., 2015). These call for global attention for scientific research (Teixeira et al., 2009; Kamusoko et al., 2011,
Hansen and Loveland, 2012; Belward and Skeien, 2015; Qiang and Lam, 2015).

In Ethiopia, several studies were devoted to investigate historical LULC changes and drivers behind the
dynamics (Tegene, 2002; Hurni et al., 2005; Kindu et al., 2013, 2015; Temesgen et al., 2013) and their
associated consequences (Daye and Healey, 2015; Kindu et al., 2016). Most of the results of these studies
revealed a worrying trend of LULC changes and illustrated the complexity of the conversion process as well
as the strong location dependence of the drivers in order of importance (Bewket, 2002; Kindu et al., 2015).
The problem is more severe in the highlands (altitude > 1500 m) that cover nearly 44% of the total
landmass of the country (Hurni et al., 2005). However, a future situations and potential consequence of
this trend is not yet investigated. Development of effective land use planning strategies for sustainable
resource use and conservation requires knowledge of future LULC patterns and changes (Serncels and
Lambin, 2001; Bhattacharjee and Ghosh, 2015).

One way of exploring the potential future situation of land resource is through the use of modelling.
Simulation models have been used by a large number of research groups to explore when and where future
LULC changes would occur based on the goals of a particular study (Wu et al., 2006; Schaldach et al., 2011;
Grinblat et al., 2015; Nourqolipour et al., 2015). There are differences in modelling approaches of these
studies, which often relate to differences in the purpose of the study. For example, Wu et al. (2006)
predicted land use change in Beijing. Grinblat et al. (2015) developed and simulated dynamics of
agricultural land use in Mali, West Africa. Nourqolipour et al. (2015) employed a GIS-based model to
analyze spatial and temporal development of oil palm. These results showed wide variety of information
about future LULC types in each of the studied area. Since the drivers of LULC change differ from place
to place, it is important to understand their location-specific interaction and reasonably predict the future
demand of land, which is a key in land use planning and management specific to the areas under
investigation (Wardell et al., 2003; Kindu et al., 2015; Nourqolipour et al., 2015). Otherwise, making

generalization of the results to other areas might lead to erroneous conclusions.
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Modelling approach to future LULC dynamics under sets of scenarios provide good information on how
various courses of action may affect the future of a resource in question in which today’s decision might be
played out (Sun et al., 2012; Martinuzzi et al., 2015). Additionally, it gives a chance to estimate the changes
of ecosystem service values (ESV) in response to LULC dynamics (Hu et al., 2008; Dallimer et al., 2015;
Kindu et al., 2016). In this case, it can enrich our understanding of human activities about resource use and
conservation (Bachelet et al., 2003). In particular, knowing the potential outcomes of alternative scenarios
can be a powerful tool when making and implementing difficult policy decisions (Sun et al., 2012). Thus, it
significantly contributes to the understanding of the potential constraints and opportunities associated with
various course of actions and enhances carly decision making process to minimize consequences. Therefore,
the simulation outputs could play an important role in facilitating the identification and planning of
management strategies that could reverse the trend and promote improved management of the resources
(Bhattacharjee and Ghosh, 2015).

Although numerous spatial scenario simulation models have provided valuable insights into the LULC,
particularly in the tropical region (Hall et al., 1995; Messina and Walsh, 2001; Pontius et al., 2001;
Soares-Filho et al., 2006; Grinblat et al., 2015; Nourgolipour et al., 2015), future LULC patterns and
changes are still poorly understood in the Ethiopian landscapes, especially in areas under extensive
agricultural system (Kindu et al., 2013; Temesgen et al., 2013). In this regard, flexible spatial simulation
models with the capacity to develop insights into LULC dynamics as well as explore “what if”” scenarios
are required. GIS can provide such extensive opportunities to model LULC dynamics in a spatially
explicit manner (Nourqolipour et al., 2015; Qiang and Lam, 2015). Owning to the complex dynamics to
the LULC types in a given landscape, simulating the entire landscape is also advisable for inclusive
recommendations, instead of working on models that only examine a specific part of LULC types, such as
modelling crop or grassland ecosystems independently (Sabatier et al., 2010; Wang et al., 2014b).

The present study, thus, takes a different and novel approach, simulating the spatial LULC patterns and
changes for the entire Munessa-Shashemene landscape of the Ethiopian Highlands in the next four decades.
We employed GIS-based simulation modelling approach to compose datasets mainly generated from our
own research (Kindu et al., 2013, 2015, 2016) and assumptions as followed by previous studies (Messina
and Walsh, 2001; Grinblat et al., 2015) under three scenarios. Thus, the approach developed for this study
directly integrates major LULC types of the studied landscape, their associated drivers and assumptions for
the considered scenarios. The objective was to simulate and examine the future LULC patterns and changes
under each considered scenarios likely to prevail in affecting their sustainable use and conservation in the
studied landscape of the Ethiopian highlands. We also estimated changes in ESVs in response to future
LULC dynamics and explored opportunities and constraints under each of the considered scenario.
Ultimately, findings of this study are intended to serve as early warning system for understanding the future

effects of LULC dynamics and as a strategic guide to land use planning process that can better balance
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agricultural production and ecological conservation in the studied landscape or other areas with similar

settings.

2. Materials and Methods

2.1. Study area

The study was conducted in the Munessa-Shashemene landscape of the Ethiopian highlands, which is
located within Munessa and Arsi-Negele Districts (between 7°20'01.23" to 7°35'13.3"N and 38°39'43.3"
to 38°59'57.31"E) about 200 km south of Addis Ababa (Figure 1). It is characterized by diverse
topographic conditions with a total area of about 1,091 km?, and it is inhabited by about 84% rural
population (CSA, 2007). The elevation ranges from 1,500 m at the Central Rift Valley lakes to over 3,400
m at the Arsi-Bale massif. A mountainous and undulating topography with steep slopes characterizes the
eastern part of the landscape, and gentle to moderate slopes characterizes the western part. The rainfall has
a bimodal distribution. The short and main rainy seasons occur from March-May and July—September,
respectively. Meteorological station records show that the annual rainfall is about 1,200 mm at Degaga
town (2,000 m), which is found in the study area. Mean annual temperature is 15 °C. The soils of the arca
are rich in clay and classified as Mazic Vertisol in the lower altitude (1,500 m), Humic Umbrisol (2600m)
and Umbric Andosol at about 3,000 m (Fritzsche et al., 2007).

The Munessa-Shashemene landscape was mainly dominated by natural forests, grasslands and
woodlands in the early 1970" (Kindu et al., 2013). The natural forest belongs to the tropical dry
Afromontane forest (Teketay and Granstrom, 1995), and the woodlands are dominated by Acacia species
and found in the lower altitude of the study landscape. Farmers in the study landscape are engaged in
agriculture with a mixed farming system, hence, crop cultivation and livestock rearing is common in all
altitudinal ranges (Lemenih et al., 2005). Apart from these, the study landscape also comprises other
LULC types, including, plantation forests, settlements and water bodies. The plantation forests are
composed of exotic species, mainly Cupresses lusitanica Miller, Pinus patula Schlechtendal & Chamisso
and Eucalyptus spp. During the past four decades, conversions in between LULC types of the study

landscape were quit intense (Kindu et al., 2013).
<<<Insert Figure 1 here >>>>

2.2. Data used

Datasets required for this study were obtained from various sources. The LULC datasets were obtained

from Kindu et al. (2013). The datasets were generated by employing object-based classification of Landsat
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and RapidEye satellite images with overall accuracies ranging from 85.7% to 93.2% for the different
reference years. They included area statistics of nine different LULC types for the year 1973, 1986, 2000
and 2012. Six major drivers that trigger changes and influence the spatial distribution of LULC types were
considered, namely population density, distance to road, distance to market, slope, rainfall and altitude
(Kindu et al., 2015). The Population data were obtained from the Central Statistical and District (Woreda)
Offices of the study landscape. The road network datasets were derived in ArcGIS environment from
multiple sources, including Central Statistical Agency of Ethiopia, topo map, acrial photographs and
RapidEye images. GPS coordinates of market centers were collected, and information regarding each center
was noted. The rainfall datasets were from the WorldClim database produced by Hijmans et al. (2005) and
available online. The long term annual average rainfalls (1950 to 2000) were considered for this study. The
slope and altitude were derived from a 30 m digital elevation model based on Aster imagery. In addition,
conservative value coefficients of the target LULC types modified by Kindu et al. (2016) was adopted to
estimate the ecosystem service values and their changes in response to the future LULC dynamics of the

studied landscape (Table 1).
<<<Insert Table 1 here >>>>
2.3. LULC Scenarios and future demands

Based on existing LULC related policies in Ethiopia, local demographic information and historical
LULC dynamics of the studied landscape, three future scenarios have been defined to predict LULC demand
for 2050, namely Business as Usual (BAU), Forest Conservation and Water Protection (FCWP) and
Sustainable Intensification (SI) scenarios (Table 2). The BAU scenario was designed mainly based on
assumption of a continuation of LULC conversion rates of the past 40 years in the studied landscape (Kindu
et al., 2013). Thus, prior to the demand calculations for 2050 in BAU scenario, the rate of change between
1973 and 2012 for each LULC types were determined using the following formula (Puyravaud, 2003):

- (21— 42
L ((tz—tl)) xln (Al) (H
where 1 is rate of changes for each LULC type, A; and A; are the extent of each LULC type at time t; and

ts, respectively.

Afterwards, the trends of each LULC type during the last four decades were extrapolated using the
following formula:
A, = Age™ 2)
where A, is the area estimate for each LULC type in year n, A, is the arca of base year, t is the time

period that is the difference between year n and year 0, r is the average annual rate of change.
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The second one, i.c., FCWP scenario, were designed for only strict implementation of spatial policies
about forest conservation (FDRE, 2007) and water body protection (FDRE, 2000), in which we assume that
the area of forests (natural forests, plantation and woodlands) and water body will be excluded, leading
competition of the remaining LULC types to obtain the demands for LULC types in 2050. Under the SI
scenario, we assume that with better family planning of projected birth rate 3% and death rate 0.85%
(Garedew et al., 2012), crop productivity is likely to double with proper use of modern farm inputs (fertilizer
and improved seeds), reducing average number of livestock for the households by half for improved grazing
lands, restricting croplands on steep and very steep slopes (Kindu et al, 2013) through proper
implementation of existing spatial policies (FDRE, 2000, FDRE, 2007), and rehabilitation of bare lands into
forests to obtain the demands for LULC types in 2050. We used the projected population of 2050 with better
family planning in combination with the current data on per capita settlements and croplands areas to

calculate the total croplands and settlements demand for this third scenario.
<<<Insert Table 2 here >>>>

2.4. Data analyses

The spatial datasets were prepared and changed to raster format in GIS Environment at the same spatial
extent with 60 m x 60 m resolution and geographical coordinates. The raster datasets were, again,
converted into ASCII format in GIS Environment, and each ASCII data representing each variable was
changed into a column format using MATLAB to make them suitable for statistical analysis. Afterwards,
the column datasets were analyzed in SPSS using binary logistic regression to identify the relations
between a set of explanatory variables (drivers) and the actual LULC patterns as dependent variables. The
logistic regression was used to indicate the probability of a certain grid cell to be devoted to a LULC type
given a set of driving factors (Verburg et al., 2002; Kindu et al., 2015).

Log (llj_}i,i) = Bo+ BiXyi+ BrXpi+ BsXzyew + BnXny 3

where Pi is the probability of a grid cell for the occurrence of the considered LULC type and the X’s
are the driving factors. The coefficients () are estimated through logistic regression using the actual land
use pattern as dependent variable. The goodness of fit (i.e. performance of the logistic regression model)
was evaluated using the Relative Operating Characteristic (ROC) test statistics (Lesschen et al., 2005;
Kindu et al., 2015). ROC is a common measure for the goodness of fit in logistic regression to know how
well the independent variables correctly predict the value of the dependent variable. A ROC value of
above 0.5 indicates the spatial distribution of all of the LULC types (dependent variables) could well be
explained by the selected drivers of LULC types (independent variables).

Based on the regression results, a probability map, also known as location suitability map, was

produced for each LULC type. Conversion elasticity (ELAS) was specified by the user considering the
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actual LULC types. The conversion elasticity is an estimate of the conversion costs to account for the
differences in changes between LULC types, ¢.g. an arca with water body is not easily converted into
croplands than those covered by forests. The value ranges between 0 (easy to convert) and 1 (difficult to
convert). The value was defined based on user knowledge of the situation and adjusted during calibration
of the model. Then, for cach grid cell, the total probability was calculated for each of the LULC types
based on the probability (suitability) maps from logistic model, elasticity of LULC change and the
iteration variable using the formula as in Verburg et al. (2002):

TPROP,, = P, + ELAS, + ITER, @

where TROP = total probability of location i for LULC type u, Piy = suitability of location i for
LULC type u (based on logit model), ELAS, = the conversion elasticity for LULC u and ITER, is an
iteration variable that is specific to the land use type and indicative for the relative competitive strength of
the land use type. Finally, a conversion allowance in a matrix form was specified in which a number of
conversions that are not realistic were excluded, e.g., protection areas or conversion of areas with water
into forests. At the end, allocation of changes in LULC was done in an iterative procedure that fulfil the
demand of cach scenario for the different LULC types based on the highest total probability for the
considered grid cell (Figure 2).

<<<Insert Figure 2 here >>>>

Model validation was performed by generating a simulated map of 2012 LULC patterns in the studied
landscape using the results of the logistic regression model, the transition matrix of the land use types and
conversion elasticity. Then, the simulated LULC map was compared with the actual LULC map of 2012
derived from classification of satellite images (Kindu et al, 2013). Accordingly, overall accuracy,
producer’s and user’s accuracies, and Kappa statistic were calculated from the error matrix. The Kappa
statistic was used as one of the validation methods to evaluate the ability of the model to simulate the spatial
patterns of LULC types (Pontius et al., 2001).

In order to estimate the ecosystem service values and their changes, the future LULC datasets of the
considered scenarios were used as a proxy for the measurement and were prepared in the GIS environment.
Accordingly, the total ESV of the landscape for each scenario, their percentage change and the values of
services provided by individual ecosystem functions were estimated, respectively, using the following

equation:
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ESV=3(A, xVC) (5)

ESV = ESVuu
final year iinl year) 4100 )
ESV initial year

Percentage ESV change = (
ESVy =3 (A, x VCri) (N
where ESV = total estimated ecosystem service value, Ay = the area (ha), VCy = the value coefficient

(US$ ha' year') for LULC type ‘k’, ESV; = calculated ecosystem service value of function “f”, VCqg =

value coefficient of function ‘> (USS$ ha! year) for LULC type ‘k’. These resulted in summary table of

the ESVs and their associated changes. The values were presented as US$ and percentages.
3. Results

3.1. Coefficients of logistic regression

The spatial distributions of the nine LULC types were well explained by the selected drivers of LULC
types, as indicated by the ROC values that measure the goodness-of-fit of the logistic regression models
(Table 3). From the result, the obtained ROC values for all the LULC types were above 50%. This implies
the probability distribution generated using the considered drivers of LULC types were consistent with the
actual distribution of the LULC types in the studied landscape.

<<< Insert Table 3 here >>>>

3.2. Model validation

The overall accuracy for the simulated 2012 LULC map was 90.3% with the Kappa statistic of 0.889,
which revealed the consistency between the simulated result and actual LULC situation (Table 4). The
Kappa results show a high level of agreement for the simulated LULC map, indicating that the model is
reliable for the studied landscape and can be used to simulate LULC patterns and changes under different
scenarios. User’s and producer’s accuracies of individual classes of the simulated LULC map ranged from
72.9% (bare lands) to 92.6 (water), and 78.5 (grasslands) to 94.3% (water), respectively. This reveals that
although more similarity is found between the simulated result and the actual LULC in 2012, it still exhibits
a certain bias. Our producer and user accuracies of the simulated map for bare lands and grasslands
(producer’s accuracy) were below 79%. On the other hand, the natural forests, plantation forests, tree
patches, settlements, croplands, woodlands, and water classes were relatively similar to the corresponding

classes in the actual land use map for 2012.

<<< Insert Figure 3 and Table 4 here >>>>

175



Appendix: publication 4 - Manuscript

261

262

263

264

265

266

267

268

269

270

27

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

3.3. Simulation of land use/land cover patterns under different scenarios

The simulation results of LULC distributions for the considered scenarios illustrate different patterns in
the studied landscape (Figure 4). In all of the scenarios, cropland was the dominant LULC type. Under the
BAU scenario (Figure 4a), the trend of expansion of croplands is clearly along the direction of sloppy areas
by replacing the remaining forest areas and grasslands. Comparing the simulated scenarios for 2050 with the
actual LULC map of 2012, the croplands occurred primarily towards the eastern part of the studied
landscape, making up 71.9% of the study landscape followed by water (9.4%), grasslands (6.3%) and bare
lands (3.7%) (Table 5). Tree patches, settlements, plantation forests, natural forests and woodlands shared
small proportion of 2.8%, 2.4%, 2%, 1.9%, and 0.02%, respectively, of the entire landscape. Under the
FCWP scenario, croplands also accounted for the largest part (66.3%); and water, natural forests, and
grasslands accounted 9.5%, 9.2% and 5.4%, respectively, of the study landscape. Woodlands, tree patches,
settlements, plantation forests, and bare lands occupied the smallest portion of the area. The results of the
LULC pattern for SI scenario were similar to those of FCWP scenarios, but the area proportions were better
distributed for the different LULC types. Accordingly, croplands occupied (51.1%); and grasslands, natural
forests, water, tree patches accounted 16.2%, 13%, 9.5% and 4.1%, respectively, of the entire landscape. The
remaining LULC types shared small portions of the study landscape.

<<<Insert Figure 4 and Table 5 here >>>

3.4. Changes in land use/land cover under different Scenarios

The change results revealed a considerable dynamics of woodlands, natural forests, grasslands,
croplands and bare lands under BAU, FCWP and SI scenarios. As shown in figure 4 and table 6, under
BAU scenario, croplands and bare lands increased, while natural forests, woodlands and grasslands
decreased. Changes in patterns of croplands predominantly occurred within major parts of the studied
landscape distributed towards the remaining natural forests, woodlands and grasslands. The total
woodlands converted under BAU scenario amounted to 638.2 ha, which is about 97% of the cover that
existed in 2012. Similarly, natural forest cover and grasslands decreased by 79.9 and 74%, respectively.
The areas of conversion were more on steep and very steep slopes, which are more susceptible to erosion.
Thus, the dramatic change of forest resources would lead to ecological degradation in the studied
landscape. On the contrary, croplands and bare lands increased by 47.5 and 114 %, respectively. In
addition, settlements and plantation forests had increased.

Under the FCWP scenarios, the study assumed LULC patterns and changes with only strict
implementations of conservation and protection policies during the simulation years. Similar to BAU
scenario, the expansion trend for croplands occurred mainly in the east, excluding forest areas of the studied
landscape. It increased to a value of 18,374 ha (36.5%), which is about 10% reduction compared to the BAU
scenario. Consequently, grasslands decreased from 25139 ha in 2012 to 5637.6 ha in 2050, which is about
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77.6% of the cover that existed in 2012. The conversion trend of grasslands to croplands were also on steep
and very steep slopes of the studied landscape, which indicated that Munessa-Shashemene still faces
pressure of land degradation. However, the extent and distribution pattern of natural forests, plantation
forests, woodlands and the water body were relatively similar to the conditions in 2012 of the studied
landscape. The overall patterns and changes differed under SI scenario. Areas of croplands remained steady
with gain of only about 5% of the cover that existed in 2012. In the same scenario, there were a considerable
gain in natural forests with a value of about 3,961 ha (41.3%) and woodlands with a value of 700.3 ha
(106.8%).

<<< Insert Table 6 here >>>

3.5. Ecosystem service values and their changes under different Scenarios

The total ESVs of the whole study landscape were about US$ 102.4, 109.2 and 114.1 million under
BAU, FCWP and SI scenarios, respectively (Table 7). The total estimated loss of changes of ESVs under
FCWP scenario was about US$ 1.9 million, which is about 1.7% of the 2012 total ESVs. The total ESV
was further decreased with an amount of about US$ 8.7 million (7.8%) under BAU scenario. This estimate
is about 4.6 times higher than the loss estimated under FCWP scenario. In both cases, the four decades
estimated losses are less than 10% of the 2012 total ESVs, which is indicator of scarcely of ecosystems in
the studied landscape. On the other hand, the SI scenario produced gains of the ESVs, which was
increased with an amount of about US$ 3 million.

The estimated ESVs and their changes differed among LULC types of the entire study landscape under
the considered scenarios. For instance, croplands accounted about US$ 16.7 million (16.3%) of the total
ESVs, which is an increase of about US$ 5.4 million of the 2012 value under BAU scenario. The combined
ESVs contribution of natural forests, woodlands and grasslands were about US$ 3.8 million (4%) of the
total ESVs, while the losses were about US$ 7.6, 0.6 and 5.5 million of the 2012 value, respectively. The
values of water body also showed a slight reduction with an amount of about US$ 1 million and the ESV
of croplands increased with an amount of about US$ 5.4 million (Table 3). Under FCWP scenario,
estimated ESVs of grasslands decreased from about US$ 7.4 to 1.7 million, while the values of croplands
increased from about US$ 11.3 to 15.5 million. This loss and gain of ESVs from the two ecosystems were
improved under SI scenario. The situations in forest and woodland ecosystems have also positively
affected the changes of ESVs. For instance, in total, the ESVs of natural forests and woodlands improved
by about USS$ 4.6 million, while the total ESVs in the study landscape improved by about US$ 3 million
(Table 7).

<<< Insert Table 7 here >>>
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The water supply and food production of the service category of provisioning, and water regulation and
water treatment of the service category of regulating were the top four service functions with the highest
ESVs, contributing about US$ 94.9, 96 and 97 million under BAU, FCWP and SI scenarios, respectively
(Table 8). The aggregated contribution of other thirteen ecosystem functions from each service category
was about US$ 7.5 million, i.c. 7% of the total ESVs under BAU. When comparing the values with
respect to service categories under BAU scenario, the results revealed the highest value for the group of
regulating services (US$ 63 million), followed by provisioning services (US$ 36.6 million), supporting
services (US$ 2.2 million) and cultural services (US$ 0.7 million). This order of contribution by service
categories remained the same as the other scenarios. However, the amount of contribution by service
categories declined under BAU and FCWP scenarios when compared with the 2012 values, except for
provisioning services as a result of food production service function (Table 8). On the other hand, the
contribution of individual ecosystem services showed an improvement of changes under SI in all service

categories, mainly in the regulating service followed by supporting and provisioning services.

<<<Insert Table 8 here >>>
The sensitivity of ESV changes estimated by employing common conservative coefficients (million in
1994 USS per year) and time development coefficients are also shown in Table 9. By considering time
variable coefficients between the simulation periods, the total loss of ESVs during the next four decades
were about US$ 124.9 million under BAU and 26.9 million under FCWP scenarios while under the SI
scenario, there will be total gain of ESVs worth about US$ 43.1 million. They are more than 14 times the
loss or gain of the values estimated using common coefficients, in which the higher changes of the values are

attributed to inflation effects and changes in producer prices during updating value coefficients.

<<< Insert Table 9 here >>>

4. Discussion

Understanding future LULC patterns and changes is a core for science-directed sustainable management
of the resources. In this study, using LULCs and their associated driver datasets, we successfully simulate
the LULCs patterns and dynamics for the next four decades, mainly, by employing GIS technology in
Munessa-Shashemene landscape of the Ethiopian highlands. Three kinds of scenario, i.e. BAU, FCWP, and
SI scenarios were designed. Pontius et al. (2004) indicated that most spatial models contain a high level of
uncertainty. Our model is validated using the actual LULC map of 2012 and showed an overall accuracy of
90.3% with a Kappa statistic of 0.889, which is within the range of accuracies found in previous similar

simulation studies (Echeverria et al., 2008; Kamusoko et al., 2011). It should be noted that the simulation
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approach of this study only addressed the future LULC patterns and changes based on the considered
scenarios, which were constructed either imperially generated datasets or assumptions as followed by
previous studies (Messina and Walsh, 2001; Soares-Filho et al., 2006; Wu et al., 2006; Teixeira et al., 2009;
Corner et al.; Grinblat et al., 2015; Nourqolipour et al., 2015; Qiang and Lam, 2015). They are spatially
explicit, and also provide a representation of the entire landscape, i.e. modelling all major LULC types of the
studied landscape. Our approach, thus, overcomes the limitations of other simulation modelling studics that
examine only a specific part of LULC types, i.e. urban growth modelling (Yang and Lo, 2003), crop rotation
modelling (Wang et al., 2014a) or grazing intensity modelling (Sabatier et al., 2010). However, it remains as
a future scientific task, particularly comparison of the considered scenarios with mechanistic LULC
modelling approach that have high potential to investigate the problem from a financial policies point of

view, as suggested by Knoke et al. (2016).

Our finding on the three scenarios revealed that croplands are likely to be continued as important and
influential land use type in the future sustainable use and conservation of land resources in the Ethiopian
highlands. They will tend to affect patterns of LULC types differently under the considered scenarios.
Specifically, under the BAU scenario, future LULC changes are likely to be more pronounced around
woodlands, followed by grasslands and natural forests as a result of, mainly, by expansion of croplands. This
unwanted development in the LULC system is explained in part by their spatial distribution. Woodlands
occurred typically in lower elevations (below 1900 m) (Teketay, 2000) and are more of gentle to moderate
slopes (Kindu et al., 2013), while natural forests tend occur in the upper elevation areas, and often more of
steep to very steep slopes, making them more unsuitable for crop cultivation (Tegene, 2002; Kindu et al.,
2013). Thus, future expansions of croplands will tend to overtake first suitable arcas and, then, unsuitable
arcas of the studied landscape, making woodlands, natural forests and grasslands the most vulnerable LULC
types to spatial changes. This is consistent with recent findings on extensive agricultural impacts on
remaining forest resources in other tropical countries, e.g. in India (Tian et al., 2014), Zimbabwe (Baudron et

al., 2011) and Tanzania (Estes et al., 2012).

Expansions of croplands also emerged as a major threat under the FCWP scenario. As a result of
attempting only strict implementation of conservation and protection policies under this scenario, the
pressure will be more to the grassland ecosystem that is also found on steep and very steep slopes (Kindu et
al., 2013). This revealed implementation of policies targeting only specific component of LULC types (e.g.
only forests or water body) will not be a solution for sustainable land resource use and conservation in the
studied landscape. This may result in a failure similar to the previous efforts that have been made, where
most of the remaining natural forests of the country were designated as National Forest Priority Areas
(NFPAs) to stop further deforestation and forest degradation (Teketay et al., 2010). The natural forests of our
studied landscape were part of the NFPAs though deforestation is still an ongoing process (Kindu et al.,
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2013). This problem is not limited to the landscapes of the Ethiopian highlands. Other landscapes in
developing countries have also experienced similar situations. For instance, (Petursson et al., 2013) found
that significant part of native forests were lost between 1973 and 1988 within the protection area of the
Kenyan Mt. Elgon Forest Reserve. Similarly, (Bax et al., 2016) reported that 37% of the original forest was
cleared in the Aguanytia River Basin of the central Peruvian Amazon though a national park for protection
was designated within the basin.

The SI scenario showed different LULC patterns and changes compared to the other two scenarios.
Cropland remained steady in terms of expansion, owning to the assumption of intensification through
improved farming and better family planning under this scenario. This scenario has also given a room for
recovery of forest resources due to a side-by-side implementation of existing conservation and protection
policies. As a result, the landscape could be more productive and multifunctional than the current one. In this
regard, our finding of this particular scenario is also consistent with the report by Estrada-Carmona et al.
(2014) that suggested integrated landscape management approach in order to increase multi-functionality of
landscapes for food production, livelihood improvement and ecosystem conservation. Similarly, other
studies reported the role of diversified land use approach to balance food production and climate protection
(Knoke et al., 2011; Schaldach et al., 2011; Knoke et al., 2013; Knoke and Hahn, 2013; Knoke et al., 2015).

Our results also revealed a decline in total ESVs under the BAU and FCWP scenarios in response to
future LULC patterns and changes. The estimated loss was quadrupled under BAU compared to FCWP
scenario. These reductions of ESVs were mainly linked with the huge conversion of forests, which is
identified as the main provider of ecosystem services (Martinez et al., 2009; Kindu et al., 2016). Findings
from elsewhere also showed that such changes are common in affecting the corresponding ecosystem
service values. For instance, Hu et al. (2008) reported a dramatic reduction of ESV due to lose of forest
areas in southwest China. On the other hand, our results showed improved total ESVs under SI scenario.
This mirrored the findings of Wang et al. (2014) that reported an increase of total ESVs as a result of
ecological restoration in Ningxia of China. Knoke et al. (2014) also found improved ecological and
economic values as a result of afforestation and intense pasturing in abandoned farmlands of the tropical
Andes in southern Ecuador.

The LULC patterns and changes under the considered scenarios in the studied landscape have different
opportunities and constraints for resource use and conservation. As shown in the results under BAU
scenario, the local people may continue with the usual way of crop cultivation for tapping the increasing
cereal market opportunity of the country through exploiting the existing natural resources. For instance,
expansions of croplands have been met at the expense of woodlands, natural forests and grasslands. Such
kind of drastic change in LULC, however, will negatively alter the potential use of an area and may
ultimately lead to loss of productivity (Tegene, 2002). This could, in turn, affect the local people by

reducing the means of livelihoods of those who depend on land. Other constraint associated with the
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expansion of croplands at the expense of the forest resources, is the decline of biodiversity. The study
landscape is known to have remnant dry Afromontane forests dominated by indigenous trees species
among which some require high conservation priority (Tesfaye et al., 2010). The forest conversion over
the modelled period of the BAU scenario in our study area could indirectly contribute to the loss of those
high conservation priority species. Furthermore, expansion of croplands towards marginal lands on steep
and very steep slopes will cause more runoff, will accelerate the soil erosion and may decrease water
supplies in the absence of vegetation cover (Bewket, 2002). Such cultivation of steep and very steep slopes
may result in serious degradation to the extent that the land could not sustain any crop production in the
future as observed in other similar studies (Tegene, 2002; Lemenih and Teketay, 2004).

Attempting only strict implementation of conservation and protection policies under FCWP scenario will
decrease the croplands by 10% compared with the BAU scenario. This could, in turn, result a deficit to feed
the projected population of the studied landscape. As a consequence, the farmers living in the study
landscape will be forced to migrate to the neighboring or other areas of the country. This is one of the
common survival strategies of rural people in the events of food deficits due to various causes. For instance,
droughts during the 1970s and early 1980s in Northern Ethiopia have caused an influx of migrants to
southwestern Ethiopia (Reid et al., 2000). Tsegaye et al. (2010) also reported drought events during
1973/1974 and 1984/1985 forced influx of migrants from the neighboring Tigray to the northern Rift Valley
dry lands of Ethiopia.

Under SI scenario, degraded lands could be exploited as an opportunity to catalyze restoration of native
flora (Lemenih and Teketay, 2004). This is because this scenario has its largest effect in restriction of
expansion of croplands and rehabilitation of degraded lands. Furthermore, the results from SI scenario,
which incorporated conservations and protection policies, better family planning, and improved crop
production, suggested that such integrated approaches of resource management will increase the areas of
forest resources in the future, particularly on steep and very steep slopes that are not suitable for crop
cultivation. Such recovery of natural habitats will increase the ecosystem services (Martinez et al., 2009,
Kindu et al., 2016). Existing opportunities of incentives for conservation efforts, such as payment for
ecosystem services provided through REDD+ projects (Cerbu et al., 2013) or using the area as source of
tourist attraction (Juutinen et al., 2014), may also be additional source of income to the local people that can
be provided by this scenario.

The holistic approach of integrated landscape management for sustainable land resource use and
conservation, represented by the SI scenario, will contribute to the ongoing efforts of improving agricultural
production and biodiversity conservation, which are not, as yet, simultancously implemented in an integrated
way in various part of the country (Wale, 2008; Spielman et al., 2010; Shiferaw et al., 2014). The findings
are also important as our knowledge on the topic was previously restricted to historical LULC dynamics in

the Ethiopian highlands (Bewket, 2002; Hurni et al., 2005; Kindu et al., 2013; Temesgen et al., 2013). It
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helped us to unleash the opportunities and constraints provided by this holistic approach at landscape level to
ensure economic development and ecosystem health in the studied landscape or other arcas with similar

settings.

5. Conclusions

The study presented an important contribution to the use of spatially explicit scenario models and
disclosed the ability of GIS to successfully simulate LULC patterns and changes for the first time in the
Munessa-Shashemene landscape of the Ethiopian highlands. The model allowed us to make simulations for
three scenarios across a range of potential social, environmental and economic policy contexts. Our
simulation results indicated that croplands will expand widely in the study landscape under the BAU
scenario and would expand to the remaining woodlands, natural forests and grasslands, reflecting
vulnerability of these LULC types and potential loss of associated ESVs in the future. Therefore, this
scenario is not suitable for sustainable resource use and conservation, highlighting the need to seriously
consider such undesirable LULC developments, particularly expansion of croplands in future land use
planning processes. Under the FCWP scenario, attempting only strict implementation of current protection
and conservation policies will bring competition among other LULC types, particularly more pressure to the
grassland ecosystem. According to the simulation outputs of this scenario, the grassland ecosystem that even
occupied steep and very steep slopes will also be converted to croplands. As a result, this scenario will lead
to serious environmental crisis as well. The SI scenario, having the purpose of improving the local
livelihoods while ensuring healthy ecosystem in the future, showed major effect on sustainable use and
conservation of resources. Adjustment of the farming system through improved crop cultivation and better
family planning vigorously reduced the expansion of croplands to the remaining forest resources that are
mainly found in unsuitable and sloppy areas of the studied landscape, and the rehabilitation of degraded
lands facilitated to speed up vegetation recovery. These actions resulted in gaining the associated total ESVs.
Consequently, the results of this scenario have implications for better landscape management by ensuring
expected agricultural production while safeguarding the environment. Thus, the SI scenario confirmed the
need for integrated landscape management approach, i.c. simultancous implementation of better family
planning and improved farming system to a target landscape that are critical for a sustainable future in the
Ethiopian highlands beyond just conservation and protection policies.

The approach we framed in our study is a useful tool and, particularly, valuable in a situation like
Ethiopia and other countries with similar conditions where there are complex processes that need to be
considered for sustainable management of resources. It is flexible, spatially explicit and scenario-based, and
has tremendous values for education and research applications related to future LULC change. It could also
be utilized for informed decision making. The approach can also be used to identify LULC types that may

deserve priority attention and enhance understanding of the potential effect of attempting only strict
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implementation of conservation and protection policies without considering other important issues that have
consequences. Local authorities can better understand the complex LULC system using our simulated
results.

In face of declining arcas of the remaining forests in Munessa-Shashemene, the simulated LULC maps
can also serve as an early warning system for understanding the future effects of LULC dynamics. The
simulation results can also be considered as a strategic guide to land use planning process that can better
balance agricultural production and ecological conservation. A further study is suggested to practically test
our framework through a research for development approach in a test site, preferably, in the studied
landscape or to other areas with similar settings so that it can be used as a model area for effective use and

conservation of our natural resources.
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692  Table 1. Summary land use/land cover types and assumptions for demand calculations under the three

693 scenarios in 2050

LULC types Scenario 1- BAU  Scenario 2 - FCWP Scenario 3 — SI
Bare lands, Continuation of Strict implementation of Strict implementation of spatial
croplands, historical LULC spatial policies: no change policies
é grasslands, natural changes allowed with in natural Change bare lands in to forests
b=t forests, plantation forests, plantation forests, Better family planning
§ forests, settlements, woodlands and water bodies.  Use improved seeds and
g tree patches, water fertilizers
body and woodlands Restrict croplands in steep and
very steep slopes
694 BAU = Business as usual; FCWP = Forest Conservation and Water Protection; SI = Sustainable Intensification

695  Table 2. Conservative value coefficients (1994 US$ ha’ year?) of the studied landscape for
696  ecosystem service functions of each LULC type adopted from Kindu et al. (2016)

Each LULC types ecosystem service values (US$/ha/yr)

Ecosystem Natural Plantation Tree
services forests forests Croplands  Grasslands  patches  Woodlands ~ Water

Provisioning
Services
Water supply 8 8 8 2117
Food production 32 32 187.56 117.45 117.45 32 41
Raw material 51.24 51.24 51.24
Genetic resources 41 41 41
Regulating
Services
Water regulation 6 6 3 3 6 5445
Water treatment 136 136 87 87 136 431.5
Erosion control 245 245 29 29 245
Climate regulation 223 223 293
Biological control 24 23 23
Gas regulation 13.68 13.68 7 7 13.68
Disturbance
regulation 5 5 5
Supporting
Services
Nutrient cycling 184.4 184.4 184.4
Pollination 727 7.27 14 25 25 727
Soil formation 10 10 1 1 10
Habitat/refugia 173 173 17.3
Cultural Services
Recreation 4.8 4.8 0.8 0.8 4.8 69
Cultural 2 2 2
Total 986.69 986.69 225.56 293.25 293.25 986.69 8103.5
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Table 3. Beta () values for regression results of the spatial distributions of LULCs in the studied landscape.

Land use/land cover types

Drivers Bare Crop Grass Natural Plantation Settle Tree Wood
lands lands lands forests forests ments patches  Water lands

Slope -0.0231 -0.0379  -0.0044 0.0931 0.0251 -0.0472 0.0169  -0.1671 0.1610

Altitude 0.0003 -0.0021 0.0011 -0.0060 -0.0042 -0.0008 0.0002  -0.1149  -0.0671

Rainfall -0.0005 0.0021 -0.0013 0.0239 0.0125 0.0010 0.0012  -0.0530 0.0257

Distance to

road -0.2517 -0.1089  -0.0228 0.3542 -0.1246 -0.3871 0.0521 0.5561 0.4526

Distance

market -0.0525 -0.1170 0.0254 0.0747 0.0270 -0.0592 0.0071 0.7037 -0.5407

Population

density -0.0012 -0.0010 0.0001 -0.0534 -0.0438 0.0019 0.0005  -0.1509 0.0016

Constant -2.6525 4.8178 -4.8194  -12.5696 -5.4299 -2.1891 -5.2306  20.0617  9.1793

ROC

values 0.6833 0.7443 0.6921 0.9449 0.8528 0.8473 0.6267 0.9998 0.8473

B represents the regression coefficients between LULC types and the drivers; ROC = relative operation
curve; all drivers (variables) are significant at P <0.05.

Table 4. Error matrix between actual land use/land cover and simulated result in 2012

Simulated Actual LULC in 2012

LULC in Bare Natural Plantation  Crop Grass Settle Tree Wood UA
2012 lands  forests forests lands lands ments  patches lands Water Total (%)
Bare lands 43 0 0 9 2 3 0 1 1 59 729
Natural

forests 0 54 3 0 0 0 3 0 0 60  90.0
Plantation

forests 0 4 54 0 0 0 1 0 0 59 915
Croplands 6 0 0 64 7 0 0 0 0 77 831
Grasslands 2 2 0 5 51 0 2 1 0 63 81.0
Settlements : 0 0 3 51 0 2 59 864
Tree

patches 0 1 2 0 1 0 56 3 0 63 88.9
Woodlands 0 0 0 0 4 2 0 44 0 50 88.0
Water 0 0 0 0 0 1 0 3 50 54 926
Total 54 61 59 81 65 57 62 52 53 517

PA (%) 79.6 88.5 915 79.0 78.5 89.5 90.3 84.6 94.3

Overall accuracy = 90.3%; Kappa statistic = 0.889

‘Where UA = user’s accuracy and PA = producer’s accuracy
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Table 5. Summaries of areca of simulated land use/land covers in 2050 under different scenarios in the
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studied landscape
Actual LULC Simulated LULC in 2050 under different scenarios
2012 BAU FCWP SI

LULC types ha % ha % ha % ha %
Bare lands 1765 1.3 37929 37 3301.1 3.2 343.0 03
Natural forests 9588 9.24 1928.7 1:9 9588 92 13549 13.0
Plantation forests 1284 1.24 2073.5 2.0 1284 12 1284 L2
Croplands 50317 485 74205.8 416 68691.4 66.3 52982.2 51.1
Grasslands 25139 242 6529.6 6.3 5637.6 54 16823.7 16.2
Settlements 1586 1.53 2509.9 2.4 2167.0 2.1 3187.0 3.1
Tree patches 3606 3.47 2871.9 2.8 2479.5 2.4 4279.0 4.1
Woodlands 656 0.63 17.8 0.02 656 0.6 1356.3 13
Water 9871 9.51 9745.5 9.4 9871 9.5 9871 9.5

BAU = Business as Usual, FCWP = Forest Conservation and Water Protection; SA = Sustainable Intensification.

Table 6. Simulated LULC changes from 2012 to 2050 showing areca changed for each classes in hectare (ha)
and LULC changes in percentage (%o).

Simulated changes in LULC 2012-2050 under different scenarios

BAU FCWP

LULC types ha % ha % ha %
Bare lands 2027.9 114.9 1536.1 87 -1422.0 -80.6
Natural forests -7659.3 -79.9 0.0 0.0 3961.4 41.3
Plantation forests 789.5 61.5 0.0 0.0 0.0 0.0
Croplands 23888.8 475 18374.4 36.5 2665.2 53
Grasslands -18609.4 -74.0 -19501.4 -77.6 -8315.3 -33.1
Settlemts 923.9 58.3 581.0 36.6 1601.0 100.9
Tree patches -734.1 -20.4 -1126.5 -31.2 673.0 18.7
Woodlands -638.2 973 0.0 0.0 700.3 106.8
Water -125.5 -1.3 0.0 0.0 0.0 0.0
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Table 7. Estimated ecosystem service values for each land use/ land cover type of the considered

scenarios of the study landscape in US$ million per year and their changes in percentage (%) using

conservative coefficients adopted from Kindu et al. (2016). Total ESV per year is given as a sum of

each value by LULC type.

Change in ESVs under considered
scenarios

LULC Types Actual -2012 BAU FCWP SI BAU FCWP SI
ESV. % ESV % ESV % ESV % [ESV % ESV % ESV %
Bare lands 00 00 00 0O 00 00 00 00| 00 0.0 0.0
Natural forests 95 85 1.9 L9 95 87 134 11.7| -7.6 0.0 39
Plantation forests 1.3 1.1 20 20 13 12 13 11| 08 0.0 0.0
Croplands 113 102 167 163 155 142 120 105| 54 4.1 0.6
Grasslands 74 66 1.9 19 1.7 1.5 49 43| 55 -5.7 -2.4
Settlements 00 00 00 00 00 00 00 00| 00 0.0 0.0
Tree patches 1.1 1.0 038 08 07 07 13 11| -02 -0.3 0.2
Woodlands 07 06 002 002 07 06 13 12| -06 0.0 0.7
Water body 80.0 720 790 771 80.0 732 800 70.1| -1.0 0.0 0.0
Total 111.1 100 1024 100 1092 100 1141 100| -87 -78 -19 -17 30 27

ESV = ecosystem service values (in million in 1994 US$ year!).
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Table 8. Annual estimated value of ecosystem functions (ESV¢ in US$ million USS$ year™) under
each service category for the considered scenarios in the study landscape using conservative

coefficients adopted from Kindu et al. (2016).

26

ESVion ESVipau ESVercwp ESVist
Ecosystem Services “US$ % US$ % US$ % US§ %
Provisioning Services
Water supply 21.0 189 207 202 210 192 210 184
Food production 13.6 122 156 152 146 134 133 117
Raw material 0.6 0.5 0.2 0.2 0.6 0.5 0.8 0.7
Genetic resources 0.5 0.4 0.2 0.2 0.5 0.4 0.7 0.6
Regulating Services
Water regulation 53.9 485 531 519 538 493 539 472
Water treatment 83 15 5.6 54 6.5 6.0 8.3 73
Erosion control 37 33 13 12 31 2.8 4.6 4.0
Climate regulation 2.6 23 0.9 0.9 2.6 2.4 3.6 82
Biological control 1.9 1.7 2.0 19 1.8 1.7 1.8 15
Gas regulation 04 03 0.1 0.1 0.2 0.2 04 03
Disturbance regulation 0.1 0.1 0.0 0.0 0.1 0.1 0.1 0.1
Supporting Services
Nutrient cycling 2l 1.9 0.7 0.7 2:1 1.9 3.0 2.6
Pollination 1.5 14 1.3 13 12 1.1 1.4 12
Soil formation 0.1 0.1 0.0 0.0 0.1 0.1 0.2 0.2
Habitat/refugia 0.2 0.2 0.1 0.1 0.2 02 03 0.2
Cultural Services
Recreation 0.8 0.7 07 068 07 0.7 0.8 0.7
Cultural 0.0 0.0 0.0 001 0.0 0.0 0.0 0.0
Sum 111.1 100 1024 100 1092 100 1141 100
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722 Table 9: Effect of using constant coefficients (million in 1994 US$ per year) versus time
723 development coefficients to the simulated years to the overall estimation of ESV changes (adopted

724  from Kindu et al., 2016).

Overall changes: using
constant coefficients
with LULC dynamics

Approaches 2012 BAU FCWP SI BAU FCWP ST

Total ecosystem service values for
actual and simulated years

ESV: using constant coefficients with

LULC dynamics 111.14 10243  109.24 114.10 -8.7 -1.9 3.0

ESV: using time development

coefficients with LULC dynamics 263.51 1453.62 1551.65 1621.69

ESV: using time development
coefficients with assuming no LULC 263.51 1578.58 157858 157858
dynamics

Overall changes: using dynamics and

time development coefficients 0og 4498 2oB8 |21

725 ESV = Ecosystem service value (million US$ per year); time development coefficients were adjusted using consumer price index

726 and producer price index

727 Captions for figures

728  Figure 1. Location of the study area: (a) Ethiopian context, (b) 3D view of study landscape.
720 Background is RapidEye image of year 2012 with RGB (red, green, blue): bands 3, 2 and 1, draped
730 on Aster Digital Elevation Model (DEM) with three-fold vertical exaggeration.

731 Figure 2. Methodological approach to investigate future LULC patterns and changes using scenario

732 modelling
733 Figure 3. Actual (a) and simulated (b) land use/land cover of the year 2012 in the study landscape

734 Figure 4. Land use/land cover pattern in 2050 under different scenarios in the study landscape (a)
735  Business as Usual scenario, (b) Forest Conservation and Water Protection scenario and (c)

736 Sustainable Intensification scenario

737
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Figure 4
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