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Summary
Land degradation is a major environmental concern. Globally, land degradation directly impacts

about 1.5 to 3.2 billion people by affecting water and nutrient cycles, reducing food and biomass
production, and adversely affecting livelihoods that are dependent on land and natural resources.

Land degradation, its drivers, and its impacts manifest differently depending on the social and
ecological contexts. Thus, attention to the context in analysing land degradation and its proximate
and underlying causes will yield insights to foster sustainable land management (SLM). Although
land degradation has been implicated in various environmental and development challenges in
Africa, knowledge about land degradation in some regions remains inadequate to support the

identification of SLM practices.

The Guinea savannah zone in Nigeria is one such region, facing widespread and severe land
degradation. The region has lost much of its native vegetation due to the combined effects of land
degradation, deforestation, and land use changes. Land degradation has been associated with
farmer—herder conflicts, communal clashes, out-migration, and food insecurity. These impacts are

likely to worsen as climate change progresses and in the absence of SLM.

Thus, the overarching aim of this study is to improve understanding of the spatial distribution of
land degradation in the Nigerian Guinea Savannah (NGS) and its drivers and thus derive insights
into the sustainable management of its land resources. The insights will also help inform pathways
to achieving land degradation neutrality (LDN), a global environmental goal. Its objectives are to
(1) assess human-induced biomass loss as a proxy for land degradation in the NGS; (2) identify
characteristic patterns of social and ecological factors associated with land degradation in the
region and analyse their implications for land governance and SLM; (3) examine land users’
perceptions of land degradation and its implications for SLM, using Niger state as a case study;
and (4) examine the potentials for operationalizing LDN in Nigeria. These four objectives were
addressed in four studies. The research questions were investigated with a mixed-methods
approach combining satellite remote sensing data and analysis and geographic information systems
(GIS) with field surveys, focus group discussions, key informant interviews, and a review of

environmental policies in Nigeria.



Results from assessing human-induced biomass loss, as a proxy for land degradation (Study 1)
showed a declining trend in annual mean normalized difference vegetation index (NDVI) and
annual NDVI anomalies observed in the NGS between 2003 and 2018. The indices were from the
Moderate Resolution Imaging Spectroradiometer (MODIS). Overall, the study revealed that 38%
(251K km?) of the NGS experienced degradation, 14% (91K km?) experienced improvement, and
the remaining 48% (320K km?) was stable. Land degradation is mostly evident in states bordering
the northwest to the central and northeast of the NGS, such as Niger state. These results show that

land degradation affects a substantial part of the study area.

Thus, identifying characteristic patterns of social and ecological factors associated with land
degradation in the region and analysing their implications for land governance and SLM (Study 2)
provided further insights. The archetype analysis identified nine archetypes dominated by (1)
protected areas; (2) very high-density population; (3) moderately high information and knowledge
access; (4) low literacy levels and moderately high poverty levels; (5) rural remoteness; (6)
remoteness from a major road; (7) very high livestock density; (8) moderate poverty level and
nearly level terrain; and (9) very rugged terrain remote from a major road. Among these archetypes,
four archetypes characterized by very high-density population, moderately high information and
knowledge access, and moderately high poverty level, as well as remoteness from a major town,
were associated with 61.3% large-area degradation. The other five archetypes, covering 38.7% of

the area, were associated with small-area degradation.

Although the MODIS satellite analysis (Study 1) and the archetype analysis of spatial data on land
degradation drivers, hint at the different types of land use and management including the ecological
aspects of land degradation (Study 2), Study 3 examines the perspectives of land users on land
degradation. A questionnaire survey was used to capture local land users’ perceptions of land
degradation. The assessment of local land users’ perceptions of land degradation in predominantly
rural remote farming communities was necessary to provide insights to further guide land
governance and management. Thus, focused on the rural remote archetypes and its analysed
communities far from major towns but with a moderately low prevalence of land degradation
drivers such as population density, protected areas, and flat terrain. Using a case study on Niger
state, an administrative unit in the NGS and a Principal Component Analysis, Study 3 identified
key components in land users’ perceptions of land degradation characteristics and drivers and SLM.
They include (1) four perception dimensions of land degradation characteristics: (2) two perception
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dimensions of land degradation drivers, and (3) six perception dimensions of sustainable land
management. The four major dimensions of perceptions of land degradation in the study context
include vegetation-condition-dominated characteristics, soil-condition-dominated characteristics,
and vegetation with Sudano-Sahelian characteristics as well as land use land cover (LULC) with
the prevalence of drier conditions. The two categories of land degradation drivers are human-
activity-dominated drivers at a smaller scale and nature-dominated drivers at a larger scale. The
two categories of land degradation drivers are human activities dominated drivers at a smaller scale
and larger-scale drivers (nature-driven). The dimensions of SLM identified include institutional
actors’ effect; natural resources management and environmentally friendly agricultural practices
as well as tree-based initiatives; conservation initiatives and policy initiatives. The study showed
that land degradation in Niger State is due to land use pressure from within the state and from
migrant resource users with limited cultural attachments to local land management approaches. A
spatial differentiation in dependence on natural resources showed that of the three geopolitical
zones in Niger State, the zone with more diversified livelihood alternatives from agriculture, B, has
less degradation than the other two zones, A and C.

The archetypes approach (Study 2) identified policies and practices addressing increasing
population in combination with other socio-economic factors such as poverty reduction as
important. Other strategies include creating awareness about land degradation, the promotion of
sustainable practices, and various forms of land restoration, such as tree planting, as ways of
progressing towards LDN. In addition, Study 3 on key dimensions based on land users’ perceptions
identified environmentally friendly agriculture initiatives such as farmer-managed natural
regeneration and a bottom-up approach involving traditional village heads to tackle land
degradation. Ranking of SLM using the relative importance index (RI1) (Study 3) showed that land
users perceive institutional actors (70.0%), technological practices (67.6%), conservation practices
(66.8%), and policy initiatives (66.5%) as effective SLM.

Connecting the insights from the three previous studies on land degradation in the NGS, Study 4
examined ways to operationalize LDN in Nigeria. Study 4 reviewed literature, assessed spatial
datasets, and analysed national policies to examine the need to contextualize LDN according to the
main agro-ecological zones in Nigeria, which include the NGS. The study also identified two
promising entry points for operationalizing LDN; these are incentivizing and promoting SLM
practices among local resource users and mainstreaming SLM initiatives in sectors such as
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agriculture and the environment. To support SLM measures, reform of national land use policy is

needed to address the current limitations of land tenure in Nigeria.

In conclusion, this study has identified large areas of the NGS affected by land degradation and
identified the typologies of degradation extent, thus making it easier to target SLM measures.
Because land degradation depends on land users’ perceptions and contexts, knowledge gained can
inform approaches to motivate the land users themselves to address land degradation. Insights
gained from the focus on the NGS have informed contributions to examine how changes in land
use affect biodiversity and ecosystem services in the Rio de la Plata grasslands (RPG), one of the
most modified savannah biomes in the world, managed by Argentina, Brazil, and Uruguay. Results
showed that a strict regulation of LULC change in the RGP is required to address land degradation.
Studies in both contexts thus show the importance of appropriate policies to support SLM. These
studies also highlight further research questions, such as what the key socio and economic
determinants shaping land users’ perceptions of land degradation are and how land users prioritize
ecosystem services, as additional pathways to align SLM practices to the social and ecological

context.

Keywords: Archetypes, Land degradation, Savannah, Sustainable Land Management, Nigeria.



Acknowledgements

| wish to express my profound gratitude to the UniBE International 2021 Initiative of the Vice-
Rectorate Development, University of Bern, Switzerland for sponsoring my PhD programme. |
would also like to thank the Vice-Chancellor of the Federal University of Technology (FUT)
Minna, Nigeria, and his management for granting me the approval to proceed on this study

fellowship.

It is also my strong bond to thank my supervisory team, Prof Dr. Chinwe Ifejika Speranza, Dr.
Sébastien Boillat, and Dr. Sandra Eckert at the Institute of Geography, University of Bern for their
scholastic contributions and backing during my project. You always gave me invaluable
suggestions and insightful comments for my thesis with patience in correction. | salute you a
million times, because your dedication, determination, and vision inspire me to always give my

best. I sincerely wish you a long and successful career.

My appreciation also goes to Marlis Rothlisberger, Isabella Geissbuhler, Gabriela Burkhart, and
Basilio Ferrante and to the various research assistants and fellow senior colleagues of the land
systems and sustainable land management unit: Dr. Felicia Akinyemi, Dr. Md. Sarwar Hossain
Sohel, Dr. Christoph Oberlack, Dr. Desirée Daniel, Simon Oberholzer, Dr. Chidiebere Ofoegbu,
Dr. Donia Jendoubi, and Moritz Burger. | am most grateful for their understanding and constant

assistance during my stay at the Institute.

I must also thank my parents and friends for their immense support and encouragement during this

project. Without their support, completing this project would have been very difficult.

| also appreciate Dr Timothy Adams, Dr. Emily Mutea, Selina Matter, Tito Matte, Dr Rotimi
Poluyi, Omoyeni Ayodele, Barrister Seyi Bolariwa, Esther Seriki, Victoria Sowunmi, Dr. Blessings
Ogunlade, Alaba Ogunbite (nee Famutimi), Surveyor Okunlola, Sarah Bracher, Dr. Adeleke
Oluwaferani, Tosin Asonibare, Ezekiel Omoshaba, and Chinedu Ahuchaogu for your moral
support during this programme. You are indeed friends in need, | salute you all. In addition, a

special appreciation goes to my siblings Funke Adejoro, Felicia Adenle, Esther Adenle, and



Mayomikun Adenle; thank you for your support, you are special in your contributions, and | salute
you.

| wish to express my sincere appreciation to my colleagues at the Department of Geography,
Federal University of Technology Minna, Professor Nsofor, Dr Ojoye, Dr lyadan, Mrs Odekunle,
Mr Salihu, Mr. Sule, and colleagues at the West Africa Science Service Centre (WASCAL)
Professor Okhimamhe, Appollonia A, Dr. Saratu, Mrs Peter, and Dr. Eichie, who were sources of
inspiration and hope during this programme.

In addition, I would like to commend my able field assistants, the Inuwa brothers Bala and
Abdulkadri, and Saidu Abubakar, including Nda Ali our fieldwork driver and Blessing Paulinus
for their support during my fieldwork in Nigeria. | will not forget the personnel and staff including
collaborators of the various governmental and nongovernment organizations that supported this
study. I will not forget the personnel and staff including collaborators of the various governmental
and nongovernment organizations that supported this study. In particular, the support from the
small grant funding from the Rufford Foundation, United Kingdom, I.D. 27153-1 and IDEAL
WILD is acknowledged. | also appreciate the management of the Nigerian National Park Service,
Nigeria, for granting permission and supporting our research when necessary. | thank the various

reviewers for their helpful comments on the manuscripts, which form the outputs of this work.

Finally, a resounding thanks to all my other friends, colleagues, primary and secondary school
teachers, professors, and students whose names time does not permit me to mention but who have
contributed to my life and academic career, and for encouraging and sharing their experiences in
life and study. | acknowledge my indebtedness to you all.

Ademola A. Adenle. 31, March 2022



Preface

This PhD thesis was conducted at the Institute of Geography at the University of Bern. This thesis
was supported by scholarship funding from the UniBE International 2021 initiative of the Vice-
Rectorate Development, University of Bern, Switzerland, and a small grant from the Rufford
Foundation, United Kingdom, I.D. 27153-1. This study aims to provide knowledge on how to
address land degradation through sustainable land management in Nigeria, which is one of the
targets of the Sustainable Development Goal 15. The research outputs are to serve as strategic
insights into sectoral implementation in Nigeria within the framework of national sustainable

development plans and actions.

The thesis content stems from my research findings, which | produced as first author of three peer-
reviewed research papers and as co-author of two other articles. This research synthesis is arranged
into three main parts, with each chapter detailing the distinct and unifying themes relating to the
research topic specified in the title ‘Land Degradation and Its Impacts on Ecosystem Services in
the Nigerian Guinea Savannah: Implications Sustainable Land Management’. The overview
introduces the main topic, a description of the methodology, an outline of the key insights and
discussions, synthesis, and the conclusions and recommendations. The annexed section comprises

the required declaration of consent and my curriculum vitae.



Table of Contents

SUIMMIATY ettt ettt ettt e bt ettt e ekt e ekt e 4R bt e 4R b et e e R bt e e e R b e e aR e e e eb b e e e bt e e e bt e e e nbb e e nnbeeeenne s 3
ACKNOWIBAGEMENTS ...ttt et et e s e et e e st e s te e teeneesreesreeneesreeneeans 7
e =] =T PSPPSR 9
-1 o] (o) O] 01 (=] TP R PR 10
LIST OF TADIES ...ttt et et e st et nbe e nnes 12
LIST OF FIQUIES ...ttt et s et e et e s e beesee e b e e beeneesneenbeeneeenes 13
LiSt OF ADDIEVIALIONS.......ciiiieiiiiie ettt b e nre e e enes 14
L@ =) OSSR PPPOSOPSSI 16
1.0 INEFOTUCTION ...ttt bbb bbbt e e e b et st et e et e nbeeneenens 16
IR ST 1ot 0 (o0 o T USSP 16
1.2 Scientific gaps in studies of land degradation in the Nigerian Guinea Savannah................. 18
1.3 AIM AN ODJECLIVES ....c.veeiiiiieiiieiieie ettt bbbttt sb e bbb 19
I 200 I A [ o SO OUP PO 19
1.3.2 ODJECTIVES ..ottt bbb bbbttt bbbt 19
CRAPLET 2 .t b b bbbttt b bbbt r e 21
AV, i g ToTo (o] [T Y20 SRR SOPSPRSS 21
0 R O 0] | (= SO P RO PP PP PP 21
2.1 STUAY ArBa......ccueiivieiecie ettt ettt ettt e et e et t et e et e aa et e e ne e e reeteanaenre s 21

2.2 Concepts and FraMEWOTK .........c.eoiuiiiiie e te e e nreas 24
2.2.1 Social and Ecological System and Land degradation ............c.cccoeverenineninennceiene. 24
2.2.3 Land Degradation in SAVANNEAN ...........cooiiiiiiiiieiee e 26
2.2.4 ECOSYSEEIM SEBIVICES ... .ctiitiiiiitiesieieste sttt sttt bttt b bbbt ne e 26
2.2.5 Normalized Difference Vegetation Index (NDVI) .......cccooviiiiiniiiiiiiceceee 27
2.2.6 ATCRBLYPES ..ottt ettt ettt ettt e et et e re et e reenreennenres 27
2.2.7 LaNd USEIS’™ PEICEPLIONS ....uvveeeuienreietestesie st et ettt sb et sn e bbb 28
2.2.8 Sustainable Land Management (SLIM) ..o 29
2.2.9 Land Degradation Neutrality (LDN) .....cccoiiiiiiiicciee e 30

2.3 MEthOdsS AN GALA.........eiieieiieiie ettt sr e e b e nneas 31
2.3.1 Satellite remote sensing data analySiS..........ccooueieiiiiieieiie e 31
2.3.2 ATCRELYPE ANAIYSIS ...ttt bbbt 31
2.3.3 PartiCipatory @SSESSIMENT .......c.uuirieriertertisiesie ettt b bbbt b 32



2.3 4 POLICY @NAIYSIS ....vviieeie ettt sttt ettt et e et eeneena e ta e teaneenres 34

L0 =) OSSPSR 35
3.0 OVerview Of reSEarCh PAPELS ......ccuviieiierie e ese e e e e e te st ae e reesae e e s reeaeaneenreas 35
O T o) OSSPSR 37
4.0 Key findings and SYNTNESIS .......eeuiiieiieiieie ettt ste e nnes 37
A, L KEY TINGINGS ..ttt sttt s et et e e st e s re e beeneeebe e beeneesreenteeneennes 37
4.2 SYnthesis and OULIOOK ...........cooiiiiiii e 41
(04T 10 (=] o T TSSOSO P PSP UR PP PSPPI 44
5.0 CONCIUSIONS ...ttt sttt ettt et e st bt e te e st e st e et eeneesbeenteeneesbeenseaneenneas 44
(O T o) G USSR RSPOSPPRPI 45
6.0 BIDHOGIAPNY .. oo e e e e nre s 45
(O =) SR PROPOSPRRPI 60
7.0 RESEAICH OULPULS ... .eiuieieeiectee ettt et e et e st e et e e e e s reeseeneesneenneannenneas 60
7.1 Paper 1: Human-induced Land Degradation Dominance in the Nigerian Guinea Savannah
DEWEEN 2003—20L18 ......ccueeieieie ettt ettt b et ne e reeneeaneenne e 61
7.2 Paper 2: Social-Ecological Archetypes of Land Degradation in the Nigerian Guinea
Savannah: Insights for Sustainable Land Management............c.ccoovieinieneneiene e, 72
7.3 Paper 3: Key dimensions of land users’ perceptions of land degradation and sustainable
land management in Niger State, NIGEIA.........cuvviiriiieieie e 94
7.4 Paper 4: Land Degradation Neutrality - Potentials for its operationalisation at multilevels in
NN T [=] - RSP P TSSO PO TP TR URUPURPPPPIR 120
7.5 Paper 5: Insights for policy-based conservation strategies for the Rio de la Plata Grasslands
through the IPBES frameWOrK ..........cooiiiiiiiiiiieeee e 130
CRAPLET 8 .. b bbb bbbttt 148
ST O A o] 0T a0 3 ST PP 148
8.1 CUITICUIUM VIAE ...ttt bbbt r e nes 148
8.2 DecClaration OF CONSENT..........ciiiiiieiiie et es 151

11



List of Tables

Table 1: Overview of research papers

12



List of Figures

Fig.1: Agro-ecological zones of Nigeria, with the boundary of NGS.............ccccooiiiiiiiciciee, 22
Fig. 2: Map of Niger State, showing the three geopolitical zones with the selected LGAs........... 23
Fig.3a: Degradation in Lavun NIQEr StALE ..........cceeieiiieiiereiie e 24
Fig.3b: Degraded savannah 1and iN AQWAra .........cccccvueiierieiieieese e 24
Fig.4a: Savannah in BoSS LGA, ZONE B.....c..ooeiiiee ettt 24
Fig.4b: Assessing degradation of Savannah in NIger State ...........cccccevvveviiiieiiere e 24
Fig. 5: Social-Ecological Systems Framework (SESF) ..o 26
Fig.6: Conceptual approach for linking land users perceptual experience for LD.............ccccoeuee. 29
Fig.7: RESEArch WOIrKFIOW .........couiiiiiiiiie e 31
Fig.8a: Focus group discussion in MOKWa LGA...........ccoiiiiiiiiieieeseeeee e 33
Fig.8b: Focus group Discussion in Kudugi, NIger State ..........cccccriririiinieieie e 33
Fig.9a: Key informant interaction at Borgu 1and Zone C ... 33
Fig.9b: After discussion session with staff of the National Park Service, Kanji Lake National Park
........................................................................................................................................................ 33
FIQ.10: TNESIS OVEIVIBW ...ttt bbbttt bbbt 36

13



List of Abbreviations

CILSS
FCT
FMNR
GDP
IPCC
LGAs
LD
LDN
LDNW
LUA
LULC
LCC
MEA
MODIS
NBSAP
NDVI
NGS
NGSA
UN
UNCBD
UNCCD
UNEP
UNFCCC
NTFPs
RESTREND
RII
RPG
SDGs
SESs
SLM

Comité Permanent Inter Etats de lutte contre la Sécheresse dans le Sahel
Federal Capital Territory

farmer-managed natural regeneration

gross domestic product

Intergovernmental Panel on Climate Change

local government areas

land degradation

land degradation neutrality

land degradation neutral world

Land Use Act

land use land cover

land cover change

Millennium Ecosystem Assessment

Moderate Resolution Imaging Spectroradiometer
National Biodiversity Strategies and Action Plan
normalized difference vegetation index

Nigerian Guinea Savannah

Nigerian Guinea Savannah archetypes

United Nations

United Nations Convention on Biological Diversity
United Nations Convention to Combat Desertification
United Nations Environment Programme

United Nations Framework Convention on Climate Change
nontimber forest products

residual trend analysis

relative importance index

Rio de la Plata grasslands

Sustainable Development Goals

Social and ecological systems

sustainable land management

14



SOM self-organizing map

SSA Sub-Saharan Africa
TAMSAT Tropical Applications of Meteorology using SATellite data
WOCAT World Overview on Conservation Approaches and Technologies

15



Chapter 1
1.0 Introduction

1.1 Background
Land degradation manifests in a reduction or loss in the capacity or quality of land resources to

provide ecosystem services (UNCCD, 2016b). It affects about 1.5 to 3.2 billion people, with
estimates of the spatial distribution of degraded land varying from less than 1 billion Ha to over 6
billion Ha (Earthscan, 2011; Gibbs & Salmon, 2015). Affected regions include Africa, Central
Asia, and Latin America; (Cherlet et al., 2018; Gibbs & Salmon, 2015). Currently, about 5% of the
reduction in total global net primary productivity is attributed to land degradation, and 8% of global
losses in soil organic carbon, which indicates healthy soil, are linked to activities involving land
conversion and unsustainable land management practices (Enang et al., 2017; Matano et al., 2015).
The estimated ecosystem service deficit due to land degradation is between USD 6.3 and 10.6
trillion annually, ranging from 10% to 17% of the world’s gross domestic product (GDP) (Cherlet
et al., 2018; ELD Initiative & UNEP, 2015). Land degradation thus has social, economic, and
environmental impacts that affect global governance of sustainability issues (Cherlet et al., 2018;
Olsson, et al., 2019).

Land degradation is a challenge of foremost concern due to its complex nature and the many forms
it can take (Kust et al., 2017; Olsson, et al., 2019). Land degradation affects vegetation quality and
soil fertility and causes changes in land use and land cover (Kust et al., 2017). It thus threatens the
livelihoods of millions, triggers global food insecurity, hunger, and higher food prices, and drives
environmental hazards caused by the reduction and loss of biodiversity and ecosystem services
(Nkonya, Mirzabaev, et al., 2016; Olsson, et al., 2019). Similar to climate change, whose impacts
transcend countries, large-scale land degradation cannot be resolved by a single country or region
acting alone due to its transnational impacts (Gibbs & Salmon, 2015; Nkonya, Johnson, et al.,
2016). Thus, combating land degradation and attaining land degradation neutrality (LDN) remain

key goals in global environmental conventions (Cowie et al., 2018; Kust et al., 2017)

Reducing land degradation remains a major goal in Africa, where 83% of livelihoods are tied to
land-based primary extractive and agricultural activities (Liniger et al., 2019; Nkonya, Johnson, et
al., 2016). About 40% of Africa’s total landmass, and in some countries, over 65% of their

landmass, are degraded, thus reducing income and food security (ELD Initiative & UNEP, 2015;
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Igbatayo, 2018; Tully et al., 2015) and resilience against natural hazards such as climate change
(Akhtar-Schuster et al., 2017; Chasek et al., 2015).

In Sub-Saharan Africa (SSA), a consistent decline in agricultural yield prevails (Schlenker &
Lobell, 2010) despite efforts to increase agricultural output. For instance, in 2014, the average
cereal production for Africa was 1.5 ton/ha while the global average was 3.6 ton/ha (Zhou, 2016).
Declining agricultural productivity and other ecological crises are vital signs of land degradation
in Africa (Pingali et al., 2014; Tully et al., 2015). Although efforts and debate continue on how to
increase Africa’s productivity, the downside is that the growth in African agriculture has largely
been through the conversion of other land use to agriculture (Akinyemi & Ifejika Speranza, 2022).
The low agricultural productivity prevalent in Africa has been associated with poor soil
management practices (Zingore et al., 2015). Therefore, addressing land degradation remains
critical (Cherlet et al., 2018; Igbatayo, 2018).

The Sustainable Development Goals (SDGs) provide a timely opportunity to respond to threats
confronting human wellbeing and the environment (Costanza et al., 2016). Nigeria, as a member
of the United Nations (UN) framework, is compelled to put in place mechanisms for addressing
land degradation as part of its SDG commitments. With research into sustainable land management
(SLM) as a response to land degradation (Giger et al., 2018; Liniger et al., 2019), identifying
essential policy reforms will yield options to strengthen the implementation of the SDGs (Costanza
et al., 2016). Goal 15, ‘Life on Land’, in particular acknowledges the need to ‘protect, restore and
promote sustainable use of terrestrial ecosystems, sustainably manage forests, combat
desertification, and halt and reverse land degradation and halt biodiversity loss’ to achieve
sustainable development (UN, 2015; UNCCD, 2016b). Achieving the SDGs requires up-to-date
reliable information and research that support the monitoring and characterization of land
conditions at all scales (Cowie et al., 2018; UNCCD, 2016b). Therefore, to successfully implement
SLM in regions threatened with land degradation while taking steps to achieve LDN, shared
knowledge is critical (Liniger et al., 2019; Studer et al., 2016). Although many African countries
are vulnerable to the impacts of land degradation and climate change (Igbatayo, 2018; Mbow,
2020), little research has been done to operationalize SDG 15 and LDN, including the adoption
and assessment of SLM (Kust et al., 2017; Liniger et al., 2019). Studies have shown that global
investments and efforts at poverty alleviation, food, water and energy security, human health,
migration, conflict, and biodiversity loss will yield more progress if land degradation is
17



halted(Mbow, 2020; Scholes et al., 2018; UNCCD, 2019). According to the World Overview on
Conservation Approaches and Technologies (WOCAT), implementing SLM in Africa has more
potential to halt land degradation than the cost of not taking action against land degradation (Liniger
et al., 2019; Studer et al., 2016).

1.2 Scientific gaps in studies of land degradation in the Nigerian Guinea

Savannah
The Nigeria Guinea savannah (NGS) occupies 49% of the country’s landmass and is a major crop

and livestock production region. However, land degradation has reduced the capacity of this
savannah ecosystem to provide ecosystem services (ES) and goods such as food, nontimber forest
products, and fodder (Arowolo et al., 2018; Zhang et al., 2016). Various social and ecological
drivers such as fire, topography, grazing, and farming activities interact to shape its productivity
(Arowolo & Deng, 2018; Osunmadewa et al., 2018). Given the dependence of livelihoods on its
land resources, the reduction and loss of ecosystem services further impoverish the land users
(Arowolo et al., 2018; Zhang et al., 2016).

Several studies have implicated both human activities and rainfall variability as causes of land
degradation (Macaulay, 2014; Olsson, et al., 2019), but no consistent account is available of the
spatiotemporal, long-term trend of land degradation caused by human activities and rainfall
variability in Nigeria. Similarly, baseline information on current land use or and projections of
future land use and potential insights for addressing land degradation through SLM are still lacking.
The few studies conducted are carried out at a very coarse resolution that provides too little detail
to identify responses to land degradation (Gibbs & Salmon, 2015; Ibrahim et al., 2015).

In addition, archetypes that can highlight the constellation and interplay of land degradation drivers
and thus guide an integrative response to land degradation are poorly researched and understood
(Lohmann et al., 2012; Sietz et al., 2017). Archetype analysis identifies recurrent patterns among
cases where general similarity or resemblance cannot be expected (Eisenack et al., 2019). To
promote decisive action to address land degradation, understanding the archetypical pattern of
degradation drivers is essential. An archetype analysis can involve a geospatial clustering technique
that produces a two-dimensional map of factors. Archetype research has been adopted by the

United Nations Environment Programme (UNEP, 2007) Global Environmental Outlook 4, to
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examine issues such as agro-food systems (Sietz et al., 2012), institutional analysis, climate change
(Sietz et al., 2012), ecosystem services (Dittrich et al., 2017), and water resources (Oberlack &
Eisenack, 2018). Therefore, contextualization archetypes of land degradation types and drivers in

the NGS offer the potential to improve understanding of its causes.

Further, perceptual experiences of land degradation, ecosystem services, and SLM in the NGS have
not been well understood. Conflicts among various resource users such as farmers and herders in
the NGS (Fasona et al., 2016; Majekodunmi et al., 2014; Olagunju et al., 2021) will also be
minimized if land degradation, SLM, and land governance are better understood (Ifejika Speranza
et al., 2019; Mrabure & Awhefeada, 2020). Capturing local knowledge through community and
land users’ perspectives of land degradation to better connect science and policy with local practice
is grossly neglected (Crossland et al., 2018; Mortimore, 2016). Thus, participatory integration of
land users’ knowledge is needed to better target SLM responses

(Mashi & Shuaibu, 2018; Mortimore, 2016).

1.3 Aim and Objectives

1.3.1 Aim
The main aim of this thesis is to improve understanding of land degradation in the Nigerian Guinea

Savannah and to provide insights on sustainable management of its land resources.

1.3.2 Objectives
This thesis therefore pursues the following objectives and sub objectives:

1) Assess human-induced biomass loss in the NGS at a medium resolution spatial scale between
the years 2003 and 2018 as a proxy for land degradation (Study 1/Paper 1);

(a) provide empirical insights into current vegetation status and trends from the analysis of
medium resolution satellite data;

(b) control for climate variability, in particular, change in rainfall, which is generally
considered strongly correlated with vegetation, thereby separating rainfall changes from
other factors affecting increasing degradation of the savannah; and

(c) characterize the extent, severity, and location of human-induced degradation across the
NGS and identify degradation hotspots.

2) ldentify characteristic patterns of social-ecological factors associated with land degradation in

the NGS and the implications for land governance and SLM in the region (Study 2/Paper 2);
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(a) categorize and link archetypes according to state administrative boundaries and land
degradation status;
(b) characterize the archetypes in terms of large- and small-area degradation; and

(c) draw policy and SLM conclusions insights from archetypes patterns.

3) Examine land users’ perceptions of land degradation and implications for SLM in Niger state,
Nigeria (Study 3/Paper 3);
(a) examine the land degradation situations in the three geopolitical zones, namely zones A, B,
and C, of Niger state;
(b) assess land users’ perceptions of the distinctive characteristics and indicators of land
degradation in Niger state;
(c) examine how land users perceive the drivers of land degradation in the NGS; and
(d) examine land users’ preferences for specific SLM practices and strategies to address land
degradation.
4) Contribute insights for operationalizing LDN in Nigeria (Study 4/Paper 4);
(a) assess the status of LDN indicators in relation to land governance across Nigeria.
(b) examine the current land management and governance environment in Nigeria; and
(c) investigate the level of engagement of Nigeria’s land management and governance

policies with LDN.
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Chapter 2

2.0 Methodology
This chapter deals with the study context, scientific concepts, framework, and analytical

approaches for achieving the aim and objectives of the study. The approaches are mostly from the
fields of land degradation, SLM, ecosystem studies, and remote sensing applications.

2.1 Context

2.1.1 Study area
The study area (Fig. 1), the NGS, lies between 6.50°N and 9.62°N, 2.7°E and 13.20°E, is bordered

by the rainforest in the south and the Sudan Savannah in the north (lloeje, 2001). Agro-ecologically,
the NGS is in a zone with favourable ecological and climatic conditions of mean annual rainfall of
782-1250 mm and a mean temperature of about 27.7°C (FGN, 2003, 2014). In Nigeria, the
subnational administrative units are called states, and the geographical area covered by states in
this zone is regarded as the ‘middle belt’ of the country. It is the largest agro-ecological zone in the
country, covering about 49% of the country’s landmass and 25 of its 36 states (NBSAP, 2015). The
belt is traditionally divided into two regions, the Northern and Southern Guinea Savannah, due to
differences in vegetation composition (Wakawa et al., 2016). In the southern region, the vegetation
is characterized by a mix of trees and tall grasses, with shorter grasses and fewer trees in the north
(FGN, 2003; Wakawa et al., 2016). Common trees include the Shea butter tree (Vitellaria
paradoxa). It is a crucial habitat for threatened fauna, such as chimpanzees (Pan troglodytes), and
flora, such as bear’s creeper family (Acanthaceae) (Borokini, 2014). A distinct montane vegetation

characterizes the central and eastern regions of the NGS (lloeje, 2001).
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Fig.1: Agro-ecological zones of Nigeria, with the boundary of NGS (adapted from lloeje, 2001).

The NGS encompasses the stretches of the two major rivers, the Niger and the Benue, their basins,
and their confluence. The location of the two major national hydropower stations at Kainji and
Shiroro have been determined by the location of these two rivers in the zone. Several protected
areas are also located in the NGS, such as the Foge Islands and Kainji Lake National Park, which
are designated wetland sites under the Ramsar Convention(Ayanlade & Proske, 2016). This fertile
region is known as a major food basket of the country, with most production of crops such as yam
being rain-fed. The NGS also provides grazing resources for livestock, of which a large proportion
belongs to transhumance systems involving seasonal nomadism. Its inhabitants belong to diverse
ethnic and religious groups (FGN, 2003). Various major towns and urban centres are in the NGS,
including Abuja, the capital of Nigeria. With population growth and heavy dependence on natural
resources, maintaining land quality is increasingly challenging, and conflicts over access to and
control of land often occur (Alhaji et al., 2018; Fasona et al., 2016).

To assess perceptions of land degradation (Fig 3 and 4), I carried out fieldwork in Niger state (Fig.
2). Niger state is located within the NGS, between 8.02°N and 10.20°N and 3.38°E and 7.03°E (Fig.
22



2). It is in the north-central part of Nigeria and is the largest of the 36 states, covering 9.3% of the
country’s landmass. Niger state shares an international boundary with the Republic of Benin on its
western border around Borgu Local Government Area (LGA) and subnational boundaries with
Kaduna, Kebbi, Abuja, Kwara, and Kogi states.
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Fig. 2: Map of Niger State, showing the three geopolitical zones with the selected LGAs
With a total of 25 LGAs and its administrative capital in Minna (Fig. 2), Niger state is divided into

three geopolitical zones, named A, B, and C, which also represent the agricultural zones for
agricultural development purposes with headquarters in Bida, Kuta, and Kontagora, respectively
(Alhaji et al., 2018). The state had 5,550,000 inhabitants in 2016 (NBC, 2017) comprising mostly
rural dwellers who engage in farming, with extensive cultivation of maize, rice, yam, and
groundnuts for both export and domestic consumption (lloeje, 2001), and livestock such as cattle,
goats, sheep, poultry, and guinea fowl for meat production (Alhaji et al., 2018). The State has
diverse ethnic groups including the Nupes’, who are the majority, the Gwaris’, the Kambaris’, the
Bisasan, and the nomadic Fulani pastoralists (Alhaji et al., 2018). Apart from the state capital
Minna and major towns such as Suleja and Bida, most settlements are remote villages inhabited by
poor subsistence farmers.

23



et ) T,

Fig.3a: Degradation in Lavun Niger state F|g.3: Degaded savannah land in Agwar

(Source: Own fieldwork, 2019)

Fig.4a: Savannah in Boss LGA, zone B Fig.4b: Assessing degradation of Savannah in Niger
state
(Source: Own fieldwork, 2019)
2.2 Concepts and framework

2.2.1 Social and Ecological System and Land degradation
A social and ecological system (SES) is ‘an integrated complex system that includes social (human)

and ecological (biophysical) subsystems in a two-way feedback relationship’ (Berkes, 2011). This
research concept has become prominent in understanding changes and dynamics of coupled
systems over space and time because it captures the interconnectedness and relationships between
society and ecosystems (Fisher & Rucki, 2017). SES thinking was developed from general systems
theory (Checkland, 1981) and applied to ecology (Biesbroek et al., 2017; Gunderson & Holling,
2002) before being extended to focus on both social and ecological factors (Berkes & Folke, 2002;
McGinnis & Ostrom, 2014). In this study, land degradation as a social-ecological case focuses on

the human-—nature interactions in the NGS (Okpara et al., 2018). The SES interactions provide an
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understanding of the spatiotemporal status of the savannah ecosystem as a biophysical unit
interacting with human-induced land degradation after adjusting for rainfall effects. Drivers such
as topographic features, fire, and livestock intensity were used for the archetype analysis, which
captures the prevailing human dynamics influencing the status of the savannah. The need to
understand the feedback in the coupled system led to the framing of the study to include land users,
their contributions, and their perceptions of the degradation of the savannah ecosystem (Aiza et al.,
2021; Herrmann et al., 2020).

The SES framework is a construct of assumptions, concepts, values, and practices that establishes
a perspective view of the reality of human—nature connectedness. For this study, the SES
framework (McGinnis & Ostrom, 2014) was useful for conceptualizing land degradation in the
NGS ( Fig. 5). The framework provides a common language to understand the issues of land
degradation in terms of resource system (RS), resource units (RU), governance system (GS), and
actors (A) within a social, political, and economic setting (S) (McGinnis & Ostrom, 2014; Ostrom,
2009). For this study, the RS is the Nigerian Guinea Savannah (NGS) land system with several
resource components, such as interactions between soil, climate, and vegetation, co-developing
into SESs. In Study 1 and its objectives, human impacts causing land degradation were examined
across the NGS as an agro-ecological zone. The RU of interest is the parts of the resource systems
— the savannah ecosystem, a subsystem of the SESs in the NGS — that are used or experience
degradation, leading to the loss of their ecosystem services. The GS from Study3 and its objectives
involve the various land users, actors, and factors whose actions can govern and address savannah
land degradation through their perceptions and adoption of SLM actions. The A are the local
communities and land users selected from archetype characterization of the drivers of land
degradation (Study 2 and objectives). The S is Niger state in North-Central Nigeria (see study
context) comprising three geopolitical zones with an extensive rural agricultural landscape. The
SES framework provided the basis for exploring the long-term effects of land degradation and SLM

in relation to biomass changes, drivers, and impacts on ecosystem services in the NGS.
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2.2.3 Land Degradation in Savannah
Within the scope of debate over what constitutes a true savannah (Bond & Parr, 2010; Veldman,

2016), degradation of savannah is usually investigated through the anthropogenic reduction of
savannah biomass and configuration without the impacts of rainfall or temperature on the process
(Li et al., 2020; Osborne et al., 2018). Thus, the assessment of land degradation of savannah
ecosystems usually centres on the conversion of savannah to other Sahelian ecosystems (Bond &
Parr, 2010) and the effects of LULC (Briassoulis, 2019; CILSS, 2016), including historical changes
and decline causing biomass loss (Le et al., 2014). The main indicators for monitoring and
assessing land degradation are (1) land cover, with the metric of land cover change (LCC); (2) land
productivity, with the metric of net primary productivity; and (3) carbon stocks above and below
ground, with the metric of soil organic carbon (Cowie et al., 2018; Kust et al., 2017). These
indicators are prescribed by the UNCCD for assessing progress towards LDN (Cowie et al., 2018;
Kust et al., 2017). Thus, savannah degradation in this study was considered as the reduction in

vegetation greenness (NDV1) while excluding rainfall influence.

2.2.4 Ecosystem Services
The consequences of land degradation include the loss of ecosystem services. Thus, we understand

biomass or NDVI as capturing ecosystem services (Baniya et al., 2019). The Millennium
Ecosystem Assessment (MEA) describes ecosystem services (ES) as the benefits humans derive
from nature. Thus, land degradation in the context of MEA is the long-term loss of ES (MEA,
2005). According to MEA, land degradation threatens the four key categorizations of ecosystem
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services: provision, regulating, cultural, and supporting services. This is valid because savannah
ecosystems are disturbed through human activities such as crop cultivation and expansion, grazing
activities, and other poor land management activities (Arowolo & Deng, 2018; Osborne et al.,
2018). For the core part of the study (Studyl), land degradation was framed as a loss or decline in
land productivity, and by extension ecosystem services, and was assessed by analysing biomass
status (Baniya et al., 2019). The co-authored paper on the Rio de la Plata grasslands (Study5)
framed land degradation as a loss of ecosystem services but built on the Intergovernmental Platform
on Biodiversity and Ecosystem Services (IPBES) nature’s contributions to people, which builds on
the MEA (Diaz et al., 2015).

2.2.5 Normalized Difference Vegetation Index (NDVI)
Remote sensing is a technique for observing features from a distance and gathering data that enable

the assessment of environmental change. The normalized difference vegetation index (NDVI) is a
remote sensing measure for assessing the difference between near infrared, which vegetation
strongly reflects, and red light, which it strongly absorbs. Thus, NVDI has several environmental
applications. The NDV|1 is obtained by Equation I:

NIR—-R

NDVI = m, .......... Equation I

where NIR is the near-infrared reflectivity and R corresponds to the red region of the
electromagnetic spectrum.

The state of NDVI from most sensors is a known proxy for understanding healthy vegetation
conditions, which provides into assessing land degradation, desertification, and ecosystem changes
(Akinyemi & Kgomo, 2019; Zoungrana et al., 2018). NDVI is useful for land degradation and
ecosystem services assessment because this study conceived land degradation as the condition of
biomass or land productivity status, which is linked to vegetation health (Baniya et al., 2019; Eckert
et al., 2015). In this research, I combined several remote sensing techniques with statistical
techniques to exclude rainfall effect from NDVI and thus determine the extent, severity, and

geography of human-induced land degradation across the NGS (Objective 1).

2.2.6 Archetypes
Understanding the increasing impacts of human-nature interconnectedness is critical for solving

complex sustainability problems. Analysing such interactions with the archetypical approach to
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land degradation is promising sustainable solutions (Lohmann et al., 2012; Sietz et al., 2017).
Archetypes are patterns, sequences, and processes that persist over space and time due to specific
factor combinations and interactions (Eisenack et al., 2019). As such, an archetype is a useful tool
for identifying, mapping, and reflecting cases with shared similar and dissimilar occurrences,
impacts, and syndromes (Eisenack et al., 2019). The archetype analysis was adopted in this study
because (1) land degradation drivers cannot be explained by a single factor and (2) the factors that
can occur in different combinations, including the need to interface degradation solutions with
science, policy, and practice (Gilbey et al., 2019; Sietz et al., 2017). Archetype analysis enabled
the study to achieve its aim of advancing insights into land degradation in the NGS (Study2,
Objective c). It also provides the opportunities to link the mapped land degradation status (after
excluding the rainfall effect from the NDVI (Paper 1, Objective b) with the archetype’s outcomes

(Study 2) and by extension examine perceptions of land degradation by land users (Study 3).

2.2.7 Land users’ perceptions
The participatory assessment was guided by the nature of land degradation as an instance of social—

ecological interactions (Batunacun et al., 2019; Okpara et al., 2018). Thus, we adopted Shackleton
et al.'s (2019), framework (Fig.6f) to capture the perceptions of land degradation in selected
villages and LGAs across the three zones in Niger State, where the archetypes of rural remoteness
were identified (Objective 2). The framework was applied (in Study 3) as follows: The
socioeconomic attributes of the various land users were summarized to understand the relationship
of land users’ attributes such as age and education with land degradation as primary factors
(Fig.6a). The elements of the study are the savannah lands in Niger state (Fig. 6 b1& b2). Effects
of land degradation were captured by the land users’ perceptions of land degradation characteristics
and drivers (Fig.6b2) (Study 3). The three geopolitical zones, A, B, and C, represent agricultural
areas with different socioeconomic, cultural, and institutional developments (Fig.6¢c). The
landscape context is the NGS agro-ecological zone, (Fig.6d). The institutional, governance, and
policy context (Fig.6e) involves SLM initiatives and strategies for land degradation management
(Fig. 6g). The framework supports Objective 2 of this study to unravel the perception of land users
that are associated with rural remote archetypes as a form of large-area degradation, where
socioeconomic, policy, and institutional determinants are significant for land degradation

management and SLM decisions (Nkonya et al., 2011).
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Adapted from Shackleton et al. (2019)

Accordingly, the archetype of rural remoteness driving land degradation is dominated by land-use
management practices that occur far away from major towns and roads (Objective 2). The research
questions for Objective 3 connect with the framework (Fig.6) as follows: (i) what is the spatial
extent and status of land degradation in the selected LGA and the three geopolitical zones of Niger
state? (Fig. 6b) (ii) What are the perceptions of people towards the distinctive characteristics and
indicators of land degradation in Niger state? (Fig. 6f) (iii) How do land users perceive land
degradation drivers in the NGS? (Fig. 6f) (iv) Lastly, what SLM practices do land users find
relevant to address land degradation? (Fig. 6g).

2.2.8 Sustainable Land Management (SLM)
Sustainable land management refers to practices that conserve land resources such as soil, water,

vegetation, and biodiversity to ensure the maintenance or improvement of a healthy and functioning
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landscape (Liniger et al., 2011). SLM thus aims to maintain landscape long-term productive
potential by neutralizing the effects of land degradation while enhancing the economic and social
benefits of land (Liniger et al., 2019; Sietz et al., 2017). In this study, SLM includes technologies,
policies, approaches, and activities for preventing, reducing, and reversing land degradation and
for achieving LDN (Liniger et al., 2011). From the baseline information of human impact as the
cause of land degradation in the NGS (Study 1), Study 2 Objective (c), Study 3 Objective (d), and
Study 4 Objective (c) of this study, identify the SLM practices for addressing land degradation in
the NGS.

2.2.9 Land Degradation Neutrality (LDN)
The effects of land degradation have triggered a continuous search for ways of identifying and

implementing interventions to minimize degradation, especially in threatened environments (Gibbs
& Salmon, 2015; UNCCD, 2015). Consequently, LDN as a new concept is a promising instrument
for achieving the Sustainable Development Goals (SDGs) that focus on land degradation. LDN is
defined as ‘a state whereby the amount of healthy and productive land resources necessary to
support ecosystem services, remains stable or increases within specified temporal and spatial
scales’ (UNCCD, 2016a). LDN was conceptualized by the UN Convention to Combat
Desertification (UNCCD) as a mechanism for reviving and protecting degraded landscapes. LDN
thus involves the systematic application of measures to avoid, reduce, and reverse land degradation
(Cowieetal., 2018; Kust et al., 2017). The adoption of various SLM insights from this study (Study
2, Objective and Study 3, Objective Study 4, Objective c in chapter 1.5.2.) will contribute to
informing policies to restore the productivity of degraded lands (Study 4). In Nigeria, LDN is
particularly important because people’s economic development depends mostly on the use of land
resources (Fasona et al., 2016; Macaulay, 2014). Although land degradation and its neutrality pose
methodological, data, governance, and other challenges (Ifejika Speranza et al., 2019; Wessels,
2009; Wessels et al., 2012), these issues interact in various ways to enable or hinder the
operationalization of LDN (Kust et al., 2017).
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2.3 Methods and data

The specific procedures for collecting and analyzing data for this thesis are presented in Fig. 7

Source of data Methods Results Targeted
I Spatial statistics v IX area/response
MODIS NDVI Pixel correlation/ Baseline information
e TAMSAT ma RESTREND resource on status
(Rainfall) Durbin-Watson/pre-whitening human-induced LD
| Theil-Sen slope/Mann-Kendall SUBNATIONAL SCALE e
11 izi VI XN
Environmental (4) St %rlgartnzfng Map - . X
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¥ Management
Observation 11T Descriptive/Inferential statisticsV1I Key dimensions of P (SLM)
Interview Qualitative analysis Perceptions of LD,
STUDY 3 piscussions ma Principal component analysis drivers/SLM
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Fig.7: Research workflow

2.3.1 Satellite remote sensing data analysis
Analysis of satellite remote sensing imagery through the residual trend analysis (RESTREND)

method enables to adjust and control rainfall effects from the NDV|1 time-series data (Burrell et al.,
2017; Zhuge et al., 2019). Based on RESTREND, Study 1 provided (Fig. 7), among other insights,
spatially explicit information about the extent and geographical distribution of degraded lands, and
land status (Fig. 7, V & IX). Accordingly, this study separated the effect of rainfall over the NGS
between 2003 to 2018 from human-induced effects, because rainfall is the chief determinant of
vegetation dynamics in Nigeria(Areola & Fasona, 2018). Furthermore, human-induced land
degradation can be better managed through SLM than nonhuman-induced land degradation (Fig.7,
IX). RESTREND was applied to the long-term time series of vegetation and rainfall satellite data,
from MODIS and TAMSAT to provide information such as the extent, distribution and status of

land for tracking previous and present land use activities and land degradation (Fig. 7, 1).

2.3.2 Archetype analysis
Archetype analysis was adopted to enable the representative mapping of land degradation drivers

within the NGS. The idea is useful for providing an overview of patterns, and it is useful for
understanding characteristics of land systems and their governance (Lohmann et al., 2012; Sietz et
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al., 2011, 2017). Archetype analysis in this study used a self-organizing map (SOM) (Fig. 7 V1),
an unsupervised machine learning technique that produces representative clusters, which can be
interpreted as Nigerian Guinea Savannah archetypes (NGSA). This study developed 12 drivers
(Fig. 7, 1 & V1) of land degradation into spatial clusters through SOM. The drivers included three
environmental ones: soil bulk density, elevation, and slope; four socioeconomic ones: population
density, poverty, and female and male illiteracy); and five land-use management ones: fire-
occurrence density, livestock grazing intensity, distance from a major road in 2016, distance from
major towns, protected area polygon for Nigeria). The clusters were thereafter interpreted as
archetypes (Fig. 7, X) and were linked to the land degradation status (Study 1; Fig. 7, IX) and the
state administrative boundary of the NGS to support the drawing of SLM insights for the NGS
(Study 2; subnational scale).

2.3.3 Participatory assessment
In line with the research objectives and design of Study 3, focus group discussion (FGD) and key

informant interviews were organized in each zone among the land users and stakeholders (Fig .8
and Fig. 9), where rural remote archetypes were identified in Study 2. The FGDs in this thesis
involved groups of seven selected land users (not more than 15 people) who are farmers willing to
discuss their views and share their experiences on land degradation. Key informant interviews are
qualitative in-depth interviews with knowledgeable individuals about occurrences related to land
issues. Both were necessary to gather information about people’s perspectives on degradation
characteristics, drivers, and SLM practices. These research activities were combined to deepen the
understanding of the research questions and assist in designing the questionnaire and interpreting

the research findings. These activities were carried out in the selected LGAs across the three zones.

32



Fig.8a: Focus group discussion in Mokwa LGA Fig.8b: Focus group Discussion in Kudugi, Niger
state

Fig.9a: Key informant interaction at Borgu land Fig.9b: After discussion session with staff of the
Zone C National Park Service, Kanji Lake National Park

(Source: Own fieldwork, 2019)

The participatory nature of Study 3 enabled the adoption of the framework in section 2.2.7. This
also facilitates the gathering of data through questionnaires, FDG and the use of key informant
interviews (local scale Fig.7, I11). The questionnaire draws on literature review, one FGDs in each
geopolitical zone in Niger state, the LDN workshop report on Nigeria, and the World Overview of
Conservation Approaches and Technologies (WOCAT). The data were gathered through
questionnaire administration to 300 respondents determined purposively from three communities
in each geopolitical zone. The questionnaire consisted of four sections, which helped, in addressing

the research objectives in Study 3 (Fig. 7, Ill). The first section of the questionnaire gathered
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sociodemographic information on the land users such as age, education level, and years of living
in the area. The second and third sections focused on land users’ perception of the listed land
degradation characteristics and drivers while the last section was on SLM categories: institutional
actors and technological, conservation, and policy practices. A comprehensive analysis of
responses from questionnaires was carried out using Statistical Package for Social Sciences (SPSS
®) descriptive and inferential analysis with principal component analysis (PCA), the RII, and
qualitative interpretation of responses from key informants (Fig. 7,VII).

2.3.4 Policy analysis
From Fig. 7(1V), we reviewed spatial datasets and literature relating to the three main parameters

of the LDN framework (LCC, NDVI, and SOC), plus land pollution and gully erosion based on the
country’s land cover types and agro-ecological zones (Fig. 7,V1II). Although the LDN framework
guides countries to implement LDN according to specific national circumstances, our approach
also integrates literature review and policy analysis to analyse the prospects, entry points, and
limitations for LDN engagement. A policy (in Study 4) refers to a government’s vision and course
of action, which can include legislation, regulations, and plans guided by principles to achieve
specific goals (Ifejika Speranza et al., 2019). The proposed conceptual approach enables LDN
operationalization and can be applied to other developing countries and regions threatened by land
degradation (Fig. 7,(XI1)).
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Chapter 3

3.0 Overview of research papers
The research output includes five peer-reviewed papers (Table 1 and Fig. 10) the author of this

thesis served as first author on three of these and as co-author on the other two. Three of the paper

addresses the research objectives as described in Chapter 1 while the last papers are collaborative

works on LDN and insights for policy-based conservation strategies through the IPBES framework.

Table 1: Overview of research papers

Studies  Authors Title Status
Ademola .A. Adenle, Human-induced land degradation Published in Remote Sensing
Sandra Eckert, Oluwatola  dominance in the Nigerian Applications: Society and
Study 1 1. Adedeji, David Ellison,  Guinea Savannah between 2003- Environment 2020. Vol
Chinwe Ifejika Speranza 2018 19 (2020):100360
doi.org/10.1016/j.rsase.2020.100360
Ademola .A. Adenle & Social-ecological archetypes of Published in Remote Sensing
Study 2  Chinwe Ifejika Speranza land degradation in the Nigerian 2021, Vol 13(1), 32
Guinea Savannah: Insights for doi.org/10.3390/rs13010032
Sustainable Land Management
Ademola. A.Adenle, Key dimensions of land users’ Submitted to the
Sébastien Boillat & perceptions of land degradation ~ Journal of Environmental Challenges
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Study 1 analyses human-induced land degradation in the Nigerian Guinea Savannah between 2003
and 2018. The output from this study part of the research provides a baseline for Study 2 and Study
3. Further, Study 2 identifies the socio-ecological archetypes of land degradation for SLM insights

and recommendations.

Land degradation and Its impacts on Ecosystem Services in the Nigerian Guinea Savannah(NGS): Insights for
Sustainable Land Management

Paper 1: Human-induced land degradation dominance in the NGS

Paper 3: Land
users’ perceptions

of land
/ degradation in
Niger state

Paper 2: Paper4 :
Characterizing the Sustainable Operationalizing
Social-ecological land > land degradation
archetypes of land management neutrality in
degradation in the insights Nigeria
NGS 1
Paper 5: Policy-
based conservation
strategies through
the IPBES
framework

Fig.10: Thesis overview

In the area corresponding to one of the nine archetypes identified in Study 2, the archetype of rural
remoteness as a driver of land degradation, a participatory assessment was conducted among land
users to understand the perceptions of land degradation characteristics, drivers, and their
implications for SLM and governance (Study 3). Study 3 also highlighted the key components of
policies and practices that are relevant for addressing land degradation at a local scale in Niger
State. Study 4 takes a wider geographical perspective to examine what implementing LDN means
for the various agro-ecological zones of Nigeria. Therefore, the core of these studies (Studyl1-3)
and their insights can be contextualized and embedded within the national governance conditions
and constraints identified in Nigeria by Study 4. Finally, Study 5 was a collaborative work that
applied the Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES)
conceptual framework to approach biodiversity conservation in the RPG in eastern Argentina,
southern Brazil, and Uruguay. This area is also a savannah-like ecosystem with predominant of
land degradation activities, like the NGS. Insights won from the two regions form a basis for

broader insights on land degradation and SLM in savannah ecosystems.
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Chapter 4

4. 0 Key findings and synthesis

4.1 Key findings

My study analysed land degradation in the NGS. This allowed the collection of a wide range of

information and the integration of general and scientific concepts, including ideals in achieving
various research objectives. In this section, | present the research outputs, which show how my

doctoral work brought the research objectives to a logical discussion and conclusion.

Paper 1: Human-induced land degradation dominance in the Nigerian
Guinea Savannah between 2003 and 2018

Land degradation poses a persistent challenge to ecosystems and sustainable livelihoods in the Nigerian
Guinea Savannah (NGS). Whereas both human activity and climate variability have been implicated as
degradation drivers, the lack of research fuels dispute over the causes and status of land degradation in the
savannah. However, detailed evidence on the contributions of both rainfall and human activities can help
identify appropriate measures to address land degradation. MODIS vegetation greenness and TAMSAT
rainfall data were employed to (i) provide empirical insights on the pattern of savannah vegetation dynamics;
(if) control for rainfall effects in savannah degradation; and (iii) characterize the extent, severity, and
geography of human-induced land degradation. The statistical techniques used highlighted the spatio-
temporal dynamics of degradation in the NGS. Controlling for the effect of rainfall on vegetation greenness
produces a normalized difference vegetation index (NDVI) residual that allows us to estimate the human
impact on land degradation. Despite no indication of a worsening rainfall regime, interannual variation in
vegetation greenness exhibits a consistently negative, declining trend. This trend in the NDVI residual
strongly suggests that ongoing biomass loss in the NGS is the result of unsustainable human activity.
Observed improvement is attributable to existing land management programmes, including afforestation and
the planting of drought-tolerant species, initiated by states in the zone. In sum, approximately 38% of the
NGS land area, including protected areas such as Kainji Lake National Park, are becoming more degraded,
while 14% of the remaining area shows improvement and and 48% no real change. These results serve as a
baseline information resource for tracking future land use activities, land degradation, and potential

pathways for achieving more sustainable land management.
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Paper 2: Social-Ecological Archetypes of Land Degradation in the Nigerian

Guinea Savannah: Insights into Sustainable Land Management

The Nigerian Guinea Savannah is the most extensive ecoregion in Nigeria, a major food production area, and
contains many biodiversity protection areas. However, understanding of the social-ecological features of its
degraded lands and potential insights into sustainable land management and governance are limited. To fill this
gap, the self-organizing map method was applied to identify the archetypes of both proximal and underlying
drivers of land degradation in this region. Using 12 freely available spatial datasets of drivers of land
degradation—four environmental, three socioeconomic, and five land-use management, the archetypes
identified were intersected with the MODIS-derived land-degradation status of the region and the state
administrative boundaries. Nine archetypes were identified. Archetypes are dominated by (1) protected areas;
(2) very high-density population; (3) moderately high information and knowledge access; (4) low literacy levels
and moderately high poverty levels; (5) rural remoteness; (6) remoteness from a major road; (7) very high
livestock density; (8) moderate poverty level and nearly level terrain; and (9) very rugged terrain and remoteness
from a major road. Four archetypes characterized by very high-density population, moderately high information
and knowledge access, moderately high poverty level, and remoteness from a major town were associated with
61.3% large-area degradation; the other five archetypes, covering 38.7% of the area, were responsible for small-
area degradation. Although various combinations of archetypes exist in all the states, the five states of Niger
(40.5%), Oyo (29.6%), Kwara (24.4%), Nassarawa (18.6%), and EKiti (17.6%), have the largest proportions of
the archetypes. Dealing with these archetypical features and progressing towards land-degradation neutrality in
the Nigerian Guinea Savannah requires policies and practices that address increasing population in combination
with poverty reduction, create awareness about land degradation, and promote sustainable practices and various

forms of land restoration, such as tree planting.
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Paper 3: Key dimensions of land users’ perceptions of land degradation and
sustainable land management in Niger State, Nigeria

Declining land productivity remains a challenge for agriculture-based livelihoods and for achieving food
security. Yet identifying how land users perceive land degradation and their capacity to manage land in an
environmentally sustainable manner can influence the measures initiated to address it. Using a case study in
Niger State, Nigeria, this study examines land users’ perceptions of land degradation and land management
measures in the Nigerian Guinea Savannah. We used the MODIS-derived NDVI as a proxy for degradation
status and selected 30 communities based on the extent of degraded areas. We adapted the World Overview
of Conservation Approaches and Technologies sustainable land management questionnaires to capture
perceptions and administered 225 questionnaires to land users. To understand land degradation situations and
to interpret the questionnaire surveys, we used key informant interviews to collect narrative insights and data
on perspectives and motivations of land users. We analysed data through descriptive analysis, principal
component analysis, and qualitative analysis. Our analysis identified four perception dimensions of land
degradation characteristics, two perception dimensions of land degradation drivers, and six perception
dimensions of sustainable land management. The results also confirmed that degradation in Niger State is
due to widespread unsustainable human activities both within Niger state and by migrant farmers and
pastoralism from adjoining Sudan Sahelian states that push people further south, leaking land degradation
and conflicts into other areas. Dealing with local land degradation in Niger State critically requires improved
land tenure, alternative livelihood strategies, poverty eradication and awareness, nature-based SLM practices
such as tree-based initiatives, and environmentally friendly agriculture such as farmer-managed natural

regeneration supported by political will and institutions.
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Paper 4: Land Degradation Neutrality - Potentials for its operationalization at

multiple levels in Nigeria

This paper examines the operability of the land degradation neutrality (LDN) concept in a developing country,
Nigeria, highly ranked as undergoing biomass degradation. Although LDN offers an approach to monitoring land
degradation through net gain in land cover, land productivity, and soil organic carbon, its operationalization poses
methodological, implementation, and governance challenges. We review literature, use spatial datasets, and
analyse national policies to examine the dynamics of land degradation and the prospects of LDN in Nigeria. We
identify land pollution and gully erosion as indicators of LDN in the Nigerian context. We find that current
institutional arrangements are largely unconducive to and incoherent for operationalizing LDN. Despite Nigeria’s
international commitments, current national policies relevant to LDN are vague and fragmented, based on old
legislation, and have important gaps in monitoring due to inadequate data, skills, expertise, coordination, and the
lack of national LDN baselines. The limited power of the national environmental agency and the lack of political
will to change this situation compounds the challenges. However, two promising entry points for operationalizing
LDN include incentivizing and monitoring the sustainable land management (SLM) of local resource users
according to agro-ecological zones and mainstreaming SLM into initiatives in agriculture and environment sectors.

These insights can inform the operationalization of LDN in other African countries.
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Paper 5: Insights for policy-based conservation strategies for the Rio de
la Plata grasslands through the IPBES framework

The Rio de la Plata grasslands (RPG) is one of the most modified biomes in the world. Changes in land
use and cover affect the RPG’s rich biodiversity. In particular, the expansion of crops, overgrazing,
afforestation, and the introduction of exotic species pose a major threat to the conservation of biodiversity
and ecosystem services (BES). In this study, we applied the Intergovernmental Platform on Biodiversity
and Ecosystem Services (IPBES) conceptual framework to approach biodiversity conservation
enactments in the RPG. First, we systematically reviewed published scientific literature to identify direct
and indirect drivers that affect the RPG’s BES. Then, we conducted an extensive analysis of management
policies affecting the BES directly in the region at a national and international level. We conclude by

offering recommendations for policy and praxis under the umbrella of the IPBES framework.

4. 2 Synthesis and outlook
My study analysed land degradation in the NGS. This required the collection and analysis of a wide

range of data and integration of concepts to achieve the research objectives.

This thesis confirms that land degradation is widespread in the NGS with some hotspots to its
north-west, generally in the area covered by Niger State. The strongly decreasing trend in the
annual rainfall-corrected NDVI (Study 1, Objective b) suggests human activity to be the dominant
cause of the decline in biomass in the NGS, as no indication of declining rainfall was identified
over the study period. The results (Paper 1) show that land degradation is not occurring at the same
pace across the study area, as some areas experience increasing or decreasing land degradation
while in some areas the biomass and NDVI remain stable. The results also show that protected
areas, contrary to expectations of having better land conditions, are degraded. These
differentiations in land degradation outcomes highlight that various land use processes and drivers
are at play and should thus be classified and analysed to gain deeper insights into land degradation,

as is done through the subsequent archetype analysis.
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Nine archetypes (Paper 2) with unique characteristics were thus identified (NGSA 1-NGSA 9),
Very high population density is a key feature of the archetypes associated with large areas of
degradation, reflecting high pressure on land resources to meet human needs. Accordingly, four
archetypes characterized by very high-density population, moderately high information and
knowledge access, moderately high poverty level, and remoteness from a major town, were
associated with 61.3% large-area degradation: archetypes with >10% of their total area
experiencing biomass degradation. The other five archetypes, covering 38.7% of the area, were
responsible for small-area degradation: archetypes with degraded areas <10% of the archetype area.
Dealing with these archetypes and progressing towards LDN in the NGS require policies and
practices that address increasing population in combination with poverty reduction and promote
SLM practices.

Given the relevance of population density, understanding land users’ perceptions of land
degradation and SLM practices becomes paramount to tailoring responses to the land users. From
the validated mapping of degraded areas, 30 villages were selected, and from those villages 225
land users. Results identified four key dimensions of perceptions of land degradation
characteristics: (1) Vegetation-condition-dominated characteristics; (2) Soil-condition-dominated
characteristics; (3) Vegetation with Sudano-Sahelian-dominated characteristics; and (4) LULC
with the prevalence of drier conditions. Two key dimensions of perceptions of land degradation
drivers are human-activity-dominated drivers at a smaller scale and nature-dominated drivers at a
larger scale. Six key dimensions of SLM identified include (1) institutional actors’ effect, (2)
natural resources management, (3) environmentally friendly agricultural practices, (4) tree-based
initiatives; (5) conservation initiatives, and (6) policy initiatives. The RIl ranking of the SLM
showed that land users rate institutional actors (70.0%), technological practices (67.6%),
conservation practices (66.8%) and policy initiatives (66.5%) to be effective SLM measures to
address land degradation. This highlights that institutions linked to SLM and SLM technologies
are the most effective options to address land degradation in the study area. The importance of
institutional measures in SLM aligns with the results on operationalizing LDN, which shows that
a precondition for LDN is to reform the current land governance system by revising the Land Use
Act of 1978 (LUA), which is outdated and not in tune with the current social-ecological challenges.
Besides the need for reforming the LUA, Paper 4 also exposes the deficiency of national policy

documents in Nigeria and their failure to align with LDN indicators. Connecting the results from
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the perception analysis with the policy analysis shows that appropriate institutional arrangements

have the potential to reduce land degradation in the NGS.

The RPG is one of the most modified biomes in the world. Changes in land use and cover affect
the RPG’s rich biodiversity. In particular, the expansion of crops, overgrazing, afforestation, and
the introduction of exotic species pose a major threat to the conservation of biodiversity and
ecosystem services (BES). In this study, we applied the application of the Intergovernmental
Platform on Biodiversity and Ecosystem Services (IPBES) conceptual framework to approach
biodiversity conservation in the RPG highlights the potential for linking the insights gained from
research in the NGS to those in other regions such as the RPG. This thesis lays the foundation for
future studies such as identifying the key socioeconomic determinants of adoption of SLM
measures and testing the hypothesis that reform of institutional arrangements in SLM will reduce
land degradation in the NGS.
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Chapter 5

5. 0 Conclusions
The purpose of this study was to improve understanding of land degradation in the Nigerian Guinea

Savannah (NGS) and to provide insights for sustainable management of its land resources. The
NGS is the largest and among the most modified agro-ecological zones in Nigeria. In the NGS, the
negative effects of land degradation are due to the complex interactions between coupled human
and natural systems. This thesis applied qualitative and quantitative methods that enabled insights
to be distilled from satellite remote sensing imagery and linked with insights derived from
questionnaires, expert interviews, and focus group discussion. The results enable us to draw the
following conclusions: NDVI anomaly including vegetation trend with and without adjusting for
rainfall effect shows a steady decreasing trend in vegetation greenness. Thus, land degradation in
the NGS is not caused by worsening rainfall regime but driven by human-induced unsustainable
land-use practices. Land degradation, land improvement, and stable land status are not uniformly
distributed across the NGS. The hotspots of human-induced land degradation occurred mostly
around the Northwest to the North Central and Northeast of the NGS and it also affect protected
areas such as the Kainji Lake National Park. The archetype analysis identified nine archetypes and
provides a basis for targeted SLM measures. The perception dimensions of land degradation
characteristics, drivers, and SLM identified provide another important basis for targeted SLM
measures. Land users’ perceptions of institutional arrangements and institutional actors as critical
to effective SLM implies that adopting a bottom-up approach that involves traditional village heads
as well as policy reforms will reduce land degradation and improve the effectiveness of SLM. To
support this, policy reforms are necessary to support the operationalization of LDN.

Limitations of this study include the security challenges faced during the fieldwork, which affected
the sample size and field work in the villages and the cultural context in which men are mainly the
farmers, hence limiting respondents mainly to men. Thus, future studies need to consider these
aspects in planning field work and data collection. Despite these limitations, this study provides an
understanding of land degradation and associated SLM measures for addressing land degradation
in the NGS, thus resolving the research gaps identified. The archetypes of land degradation and
key dimensions of perceptions of land degradation and SLM provided in this study will inform the

tailoring of initiatives to address land degradation more effectively in the NGS.
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1. Introduction Development Gaals (SDGs), emphasis on tackling land degradation has
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these two drivers of land degradation is marely made (Wright, 2017;
kundu et al.. 2017 Moreover, the collective impact of human-induced
drivers on savannah degradation is more complex and geahble than

Hemute Smuiny Applcen 199 [ FOERSD

Socirty am] Ervi

(2018) are either too coarse or outdated. Csunmadewa et al. (2018)
observed the long-term phenology of vegetation in the NGS, showing
h and climate effects on vegetation, but downplayed finer wege-

the impact of rainfall {zhu et al., 2016} Although mml!ud.lﬂmland
degradation exist, only a few have addressed its broader canses. Bai e al.
(2004) estimated that globally, more than 20% of all cultivated areas,
S0% af forests and 109 of grasslands were degraded and raised concerns
about the contested canses, coverage, and severity of land degrdation.
Mhkomya et al. I'IIIIulu'lh.ﬁed' pois af land d ion at ghobal
scale by ol g s into regi a.rhdpmpmudlmn;hmql.l:
ard prevailing Inﬂ] conditions, such as climatic variations aor
agra-ecological differences, as guides for understanding the complicated
drivers of land degradation. Wessels (2009), im & cautionary note
comparned and suggested methods for assessing degradation and pro-
vided an improved approach for discriminating between human and
induced degradation (e.g. deckining rainfall). This differ-
entiation s mecessary to ascertain the contribution of distinct causes
thereby enmhamcing a more decisive response to land degradation [Wes-
mls, 300%; He et al., 2001 % Wingate et al.. 3019).

In Sub-Saharan Africa (88A), land is associated with natural capital
amd wealth (Liniger =t al., 2011]). Since 0% of the people depend on
land for their livelibood, cwning degraded land iz equivalent to being
poor, particularly for millions whose economies depend on the ability to

land-based resowrces (Barbier and Hochard, 2018; Pingali et al.,
2004). While some studies in 554 have examined land degradation
(Huher &t al. 2011; brakim et al., 2015) they do not identify the sub-
mational patterns of degradation. Such studies substantiate the impor-
tance of subnational and agro-ecological considerations in
operationalizing and settimg national Land Degradation MNeuwtrality
{LDN] targets {Ifejika Speranza ot al., 2019), which are crucial elements
i implementing the LON framewaork (Orr et al., 2017; Kustetal 17).
However, the coarse and genemlized mature of previous stadies (Fen-
shodt t al., 2009; Pensholt and Rasmussen, 201 1; fbrahim et al., 2013),
overshadow subtle subnational and localized degradation, thereby
fuelling historical controversies over the true stahas and trend of envi-
ronmental degradation in West Africa (Gautier =t al. 2014).

Apart from its huge population and oil resources, Nigeria is consis-
tently topmast on the global degradation damger list (FAo, 2000; Hansen
et al, 201 3). Degraded land in Nigeria surpaszes the landmass of Ghana
{CIL55. 2014). However, Nigeria lacks a detailed analysis of the canses
of land degradation, thus hindering targeted solutions, particularly
across its agro-ecological rones. A large portion of Nigera consists of the
Guinea Savarmmah, often categorized as a heavily-degraded drylamd
ecosystem {Virdaw et al, 2007}, requiring urgent restomtion (Macaulay,
2014). The Nigerian Guinea Savanmsh (NGS) is the largest amd currently
most threstened agro-ecological mone (CILSs, Z016), owing to its
clomeness io the extensively degraded Migerian Sudano-Sahelian region,

rean-h

tation dynamics due to the coarseness of their datasets Le. 1 km reso-
lmtiom. Fazhae et al (2017) alse gml.pu‘.l vegetation owver Migeria
without lizing or discr ing climate induced and
human-induced causes of vegetation degradation. In all, the omission
amd lack of detailed assessment of biomass degradation based on
human-induced activities st a refined resolution were consistently
miszing.

This study aims to fill these gaps by assessing recent human-induced
biomass kass in the NGS at a refined scale of medium reschution betwesn
the years 2003 and 2018. The study ohjectives therefore are oo 1)
provide empirical insights into the current vegetation status and trends,
including anomalies in the pattern of savannah wegetation dymamics
bamed on the analysis of finer mediom resolution satellite data; 2} con-
udhchuuqunmpmhchrgcmmﬂﬂmhu
pemerally considered stromgly commelated with veg 1, thereby
umh.ng rainfall chﬂ.ugﬂ from other factors affecting increasing

faki f the ; 3) characterize the extent, severity and the
:np'aph]r in berms of the distribation of human-induced degradation
across the NGS and identify degradation hotspats. The output from this
research provides a baseline for future studies in the separation, iden-
tification, and characterzation of noo-climate related causes of land
degradation in the NG5

2. Materials and methods

2.1. Sndy area

‘Our study area, the Nigerian Guinea Savannah (NGS), lies between
0.30°N and 9.62°N, 2.77E and 13.20°E, and is bordered by the rain.
forest in the South and the Sudan Savanmah in the North (Fiz. 1L In
Migeria, sub-national administrative units are called states and the states
in this zone are regarded as the “middle belt” of the country. The middle
beedt is the largest agro-ecological zone in the country, covering about
49% of the country’s land mass and 235 of its 36 states. The belt is divided
into two regions, the Morthern and Southem Guines Savanmah, based on
differences in vegetation composition {(Wakawa et al, 20106; Fasona
etal, 2001} I the bern region, the vegetation is characterized by a
mix of trees and tall grasses, with shorter grasses and fewer trees in the
Morthem part. The NG5 is a crucial habitat for threstened G&una, such as
chimpanzee (Pan irogladytes), and flora, such as the African rosewood
[Pierocarpus erinocees). A distinct montane vegetation characterizes the
central and eastern regions within the NGS5 ([loeje. 2001 The belt
further encompasses pam= af the two major rivers, the Niger and the
Benue, and their confluence.

Hence its exposure to desertification effects is compounded by |
from the encroaching Ssham desert (Macaulay, 2004). In the NGS, land
e and socoeconomic activities are stromgly seasonal and maral lveli-
hoods are tied to the primary sector, in particular to Grming and other
pastoral activities. These activities have actively degraded the savannah,
leading to the loss of biomass and ecosystem services, amd further
exacerbated impovershment (ClLss, 200 6).
Currently, there is no consistent accounting of the spatio-temporal,
long-term trend of hiomass loss caused by buman activity and climate
mbu.l.ltj' im Hl,g:rn. This weakens critical efforis for ecosysiem and
Envirr a5 no recent shadies have tried to dissociate
climastic variahles Euru human-induced impacts. The historical conflict
between resource users [ie nomadic cabtle herders amd farmers) is
linked to the emcroachment of the Gui h imto raing asa
result of deforestation in Migeria (Fasona et al, 2006; Agbelade and
Faghemigun, 2015) as well as, to the desertification of the savannah
{(Macaulay, 2014; Naibbi et al, 2004} However, most national studies
on degradation and ion dy ics based on agro-ecological def-

imitions, such as by ﬂw;h. amid Adeyewa (2011) and Areola and Fasona

Il naticnal hy stations, such as the Kainji and Shirom
stations are lnmlud.m m:mmﬁﬂual protected areas such as the Foge
Islands and Kainji Lake Natsonal Park, most of which are Ramsar
Convention wetland sites, are also located in the zome (Ayaniade and
Frosioe, 2014). This fertile reghon is a major food basket of the country,
with primarily minfed production. The zone likewize provides grazing
resources for livestock, dwhﬁlh:ge:l-\erl:m.rufmmmm-
humance systems (i.e 1 i The inhabi consist of
diverse ethnic and religious groups. Several major towrs and arban
cenkres are bocated i the NGS, including Abuja, the capital of Kigerna,
with population growth and beavy dependence on natural resources,
maintaining kand quality is increasingly challenging and conflicts over
access to, and control of, the land often oocwr (Fazona =t al, 20148).

2.2, Ratiomale and indicrors for lond degradarion
Concerns about the assessment, monforieg and management of land

degradation have rsen dramatically in recent years (Orr et al., 2017;
Eust et al., 2017, and have informed an agreement on the relevant
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Fig. 1. Overview of the agro-ecalogical zones of Nigenia, with the boundary of the Nigerian Guinea Savannah indicated (adapted from lloc)je. 2001}

indictors for land degradation studies. Therefore, the performance of
three indictors; 1) land cover (metric: Land Cover Change (LCC), 2) land
productivity (metric: net primary productivity), and 3) carbon stocks
above and below ground (metric: soil organic carban) are prescribed as
the determinant parnmeters for identifying degraded land and gauging
peutrality (UNCCD, 2013). The Normalized Difference Vegetation Index
(NDV1) is widely used as a global proxy for land productivity (Orr et ol
2017; ¥t o1 al | 2017). Beside vegetation status and condition, NDVI is
lhymﬁmudveguhmhdtbmummm

Famine Early (FEWS) project (histps/ eard ywaming us
gEgoV, irmlt&hﬂu&hﬁmhkamﬂemiﬂrm
land d dation and larly in semi-aril to
arﬂmmud-mmﬂymmm(!mﬁm etal,

2009 Wenxia et al, 2014). Furthermore, the 230m MODIS data reso-
lution is able to capture human activity such as deforestation (Yengoh
et al., 2013; Eckert et al., 2013) and has been extensively used in the

Nuwfordmmnmgbmsu-" i from non-human-ind
da | for NGS. Moreover, NDVI is more
ndmuﬁewaﬂthwdmwhﬂdw&m(w:sxh

et al., 2012 Kundu =t al., 2017; Wingate et al., 2019).

23, Datasets and processing

23.1. NDVI data

Considering the large geographic extent and the difficulties in
ubmwdmuwnnydmnlhenﬂnﬂnnﬂlﬂd.wdeaddh
assess land di using buti (zscm)snellned-u

of land degradation in Africa (Zousgrana et al. 2018) In
order to carrect for the infly of clouds, phere and solar
levation angles, the Maximum Value Composite (MVC) method for

calculating the highest NDVI value was applied to the 10.day mean
NDV1 time series. We generated two outputs from the MVC data: (1) the
monthly maximum NDV1, out of which we then calculated (2) the NDVI
yearly sum (see Supplementary File, iy 51)

2.3.2. Ratnfail data

We used TAMSAT (Tropical li of logy wusing
Mmrmdmwmm)pﬂdwﬂmm
data has a spatial resolution of 4 km, which is suitable for assessing the
spatial p and p ial changes in rainfall, as well as its potential
infl on NDVI (Maidment <t al, 2017). In this study, we use the

qudfwlhe;e-r i Mod: b Imaging Spectr

di (MODIS) lized Difference Veg mdn(un\n)lo.
&ymmp:uﬁnm:wﬂmhmdmuoms
250m spatial I ap for the limitations of p

large-scale studies of the study area, such as (hrabim et al x'lswao
used bi-weekly 8 km resolution Global Inventory Modeling and Mapping
(GIMMS) NDVI (NDVI3g) datasets to assess land degradation. For our
study, the Swets et al, (1999) carrected MODIS NDVI 10-day time seTies
product was downloaded for the years 2003-2018 from the USGS

TAMSAT data to disentangle climate- and human-induced changes in
NDVI. Since the TAMSAT rainfall product was specifically developed to
provide meteorological data for all of Africa, we opted for the yearly sum
rainfall product (Tamavsky ot al | 2014). The calibrated (iLe. over space
and time) time series data of TAMSAT makes linking to the similarly
calibrated MODIS NDV1 product possible (Tammavshy of al, 2014
Maidment et al, 2017). TAMSAT data can be downloaded at
(hatp:// www.met reading.oc.uk/ ~ tamsat Adata/).
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2.4, Methodology

The specific objectives of the study were addressed by means of the
wwkﬂo'uptomwdnnp 2. The methodological steps are described
in the following i jons of the i diate inpats and
musanbelwndmlhempplanmwyﬁle, Figs. S2-50.

24.1. Vegetation status and trends

To spatially link rainfall with the NDVI data, the TAMSAT dataset
wurmpladlonaldllhezmruohlmmtbemwdamby
pplying neighbour resampling. Although TAMSAT has a very
coarse resolution of 4 km, which may be critical when linking to the

Rewmote Seing Appcsttoms Sociery and rr 19 (2000) 100B60
series (2003-2018), two types of standardized NDVI anomalies were
calculated, a monthly (Zm) and a yearly (Zy) NDVI anomaly (see Sup-
plementary File, Tables 51 and 52). The dardized NDV1 ly Zis
calculated by subtracting observed NDV1 from mean of the period, Le

hly and yearly, resp lv, and dividing it by the monthly and
yearly standard deviation ofﬂn period, respectively (Aweda and
Adeyewa, 2011).

2.4.2. RESTREND

We apply the Residual Trend Analysis (RESTREND) method (Wessels
et al.. 2007, 2012) to control for and remove rainfall effects from the
lelmnemdln Rmhnld!mlhemwgpnnuvcrdb

muoolsdﬂa.lntbemmuﬂly ilable and most reliable data
for Nigeria b of its y with ground-based observations
(Maidment et al, 2017; Tamavsky et al, 2014). We then projected all

data to the Minna/UTM zone 31N coordinate system. For each of the
ixmmmmahdmd!bemo‘&eyuﬂymoﬂk(moﬂ”y
10-day) maximum NDVL Purth hly NDV1 pro-
ﬁhﬁtudo&zrvedyﬁ.nnlnﬂlﬂdﬂleml&d&ymm

NDVI and Il in arid /semi-arid regions (He et al.,
2014; l!vn‘un et al., 2013) and performs better than other techniques
such as Rain Use Efficiency (RUE) (Kundu et al, 2017). RESTREND
makes it possible to distinguish the human causes of degradation from
rainfall-driven change in NDVI by using the pixelspecific differences
between NDVI residuals and observed rainfall (fhralum et al, 2013
Wingate et al . 2019) and thus permits investigation of the trend in, and

NDVIs. Both outputs were generated for each pixel in our study area. spatial of, human-induced land d dation (Kundu et al |
NDV1 is defined as a2 mensurement of the status and presence of photo- 2017; Wingate et al., 2019), adu:-pplmmmwdwdnn,n
mnlzmﬂymvegmmmdrmﬁm 1to +1, with negative Pearson product linear MODIS and TAM-
NDVI values inds g low gr and low p of photosy SAT pixels for the entire observed timespan (2003-2018) was per-
hetically active veg and pasitive values i ing high green- formed. An illustration of the resulting coefficients of spatial correlation
mess and p of photosynthetically active vegetation. Changing (R) can be found in the supplementary file, Fiz. 52 The linear trend of
Nuvnmmum ponds to a ch in the p of dlemm-mnmlpudsmwdaﬁmhamﬁumdzrdnm
hetically active vegetats mdmtymgatvegcmloaor infall and y C quently, the 8
pm‘me dardized NDVI ly (Z) is d d as d from puts (Fig :.).imd:emmn d linear lati
the long-term mean vegetation dy ics, 1t is par 1y useful for were used to correct the (uncorrected) yearly NDVI trend for the influ-

dumm“dwummwwmym
nan. h in the vzed (Nanzad

et 1l 2019). Tom&mqmm&dm“mnﬂnmmm

ence of rainfall (fheahim et al, 2013). The resulting rainfall corrected
ywiymumdmtknkmmduﬂbnl)ﬂmnmd
exists, we can assume there is no h or

L4

Rainfall g
TAMSAT srorty data MODIS NDVT 40 das
+
Meathls s NDVE NDVT sssnsandy Zix
Faiufill el 2ol g ol RESTREND =i NDVI yeatte sun NDVI amareaty 25
Ruufa NDVI correcied , U= '] o
pied | tevod
Turtda-\Watven!
Fronhiteniag teot
Thelk-Sem median dige
Mane-Kendsdd trvod
l Tand digradation stsfus
Masn-Kandsll & Sqgraboat NOVE trvnd - Tupers & Cupon
¢ " Precesdog

Fig. 2. Overview of the study workflow.
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1h

(ie. mmp ) happening. 2) A d g trend in the
mmdyadytmwuaﬂwdqndmmauudbyhmm
activities, while 3) an i g trend i in vege-
mmmm!mmchm:bm:m"muad
restoration efforts (Evans and Geerken, 2004; Wessels ot al, 2007).
Additionally, we verify whether there is a p ial lag b infall
and our NDVI data by applying a Durbin-Watson test and a trend pre-
serving pre-whitening technique (Razavi and Vogel, 201 & Osummadewa
et al, 201E). For further details see the supplementary file (Fig. 59).

2.4.3 Theil-Sen slope and Mann-Kendail test

In order to derive the magnitude of the persi of rise and fall in
pixels of the yearly NDVI time series, we apply a median Theil-Sen (T5)
slope estimator, a robust non-parametric statistical that is
insensitive to small outliers and missing values (Burrell et al.. 2017;
Taxak et al, 1014).mnslq)eud¢nvedbydmhm;allpumu

binat of rai yvearly NDVI values for the
2003-2018 time series and then deriving the median values (see sup-
plementary file, #ig. 54). Afterwards, a Mann-Kendal (MKX) trend test
(1berahim et al., 2013) was perft d to the direction of trend
(Le_dquhmmnmpuvmeu) A Kendall t coefficient, which de-

Revmte Seuing Appicsthons. Sociery vl Erm 19 (2020) 10360

i induced land degradation were identified at the p < 0.03 and
P < 0.01 confid imtervals, resp ly (Burrell et al., 2017). These
results were used to derive and summarize the status of the study area
and state-specific land degradation in the NGS.

3. Results

3.1. Vegeration starus and remnfoll effects

Fig. 5a shows the spatially aggregated vearly sum of NDV1 for the
nﬁymm&emuﬂeumm(mngrlul This line still

the infl of rainfall 'I'heND\nuudme(dmedblu*lme)
shows a decline in vegetation g ing from 0.763 to 0.734.
Fig. b ilk the dardized lies in the NDVI time

series. This data also contains the effect of rainfall. Nevertheless, we can
still observe a clear decline in g (see Supg y File,
Table 52). From 2003 to 2009, a strang positive anomaly can be
observed, while from 2010 ds, with the P of 2011 and
2012, strong negati lies are di d. In 2008, 2011 and 2014,
no or little deviations from the trend line were observed. Fig. 3c depicts
rainfall corrected yearly NDVI variations after controlling for the effect

d or d i trend, was applied. The
mubmdonthe‘olhwmeqnlm
vl
=% Ysms- 1)
[ ey
1 ifr x >0
sgn| x, x.):{(ﬂx, =01
fy. 1 <0

x, and x, are the sequential data values and n is the length of the dataset.
mvﬂudsnﬂufzmwm.ﬂdhw:
duw-wnrdtnnd(l.e. 1i atrend i g, never
i ing, while +1 indi the opp ). A value of 0 indicates no
trend or relative stability (Fensholt ef al., 2009; thrahim et al.. 2013). An
illustration of the resulting monotanic trends can be found in the sup-
plementary file, Fig. 55 Through a standardized Z scores and the cor-
responding probability (P) of MK, the significance of the trends of

of rainfall. The NDVI also shows a declining trend in vegetation green-
ness and lower values in scale (i.e. ranging from 0.340 to 0.303). Aside
from clearly visble fluctuations, the highest recorded corrected NDVI
values were observed for 2003, while the lowest was observed in 2017.
The R* of 82.7% suggests the observed decline in vegetation greenness is
consistent, with or without correcting for the influence of rainfall
Interestingly, inter-annual variation in mean annual rainfall (Fig. d)
indicates little variation with a slight but clear increase towards the end
of the study period. The trendline increases slightly, but not signifi-
cantly, suggesting very mild improvement in the NGS rainfall regime
during the stdy period. Thus, the strongly decreasing trend in the
mnﬂ.nnﬁ:ﬂm&dﬂbﬂ(ng wc)muaamnmvnyudu
main cause of the observed & ing and b loss in the
NGS.
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Fig. 3. (a) Spatially-aggregated yearly sums of NDVI (orange) and its linear trend (black) in the NGS for the entire time series including the influence of rainfalk; (b)
yearly NDVI anomaly (Zy) fram 2003 to 2018; (c) spatially-apgregated, raindall corrected yearly sums of NDVI for the entire time sesies; (d) inter-annual variations of

the mean yearly raimfall (orange) and its linear tread (black). (For i

of the refi

version of this article.)

to colour in this figure legend, the reader is referred to the Web
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3.2 Mann-Kendall signtficance

In 7ig. 4, the relative significance of the NDVI trend for the analyzed
m:mu(mmoulumhdlyil-md As thresholds for
the two & dati es, we use P < 0.05 and
P<Mlnmﬁmmmmmmmd&c
TS median slope map (see Supplementary File, Fig. 54). The additional

qmﬁmwemmphmllumdqndlmd‘ dation &

in

Themmﬁmlhemhnenb&emllﬂmtheud
the NGS, encompassing the states of Kebbi, Niger, parts of northern
Kwara, FCT (mainly around Abuja, see area illustrated in 1. 4b), and
parts of the states Nasarawa, Platean, Taraba and Adamawa have been
wbmh‘lynﬁemd.w:mb:bnndpmﬂymlbm

it in the states of Zam#; h Kaduma (¥ig. 4c). Besides
lhew&amﬂmnlrhunudhuch Ihe:uuhannuo(o;u
Kogi and Ni also show d d patches of impr

degradation is particularly app both 1 and within p d
areas, as can be seen in and around the Zugurmsa sector (e.g. Fig. 4a).
Table 1 provides an overview of the relative percent shares and absolute
areas for each of the illustrated NDVI trend categories.

Fig. :mampllﬁdmdlhemm‘w&egmi
NDVI trend categ: (grouped by land degradation status) for all states
in the NGS (for the complementary table, see Supplementary File,
Table 54). Note that blue land areas lie outside the NGS and were not
part of this analysis. Mast of the states for which the majority of the total
land cover is within the NGS experienced degradation an 10%-62% of
their land. The four states with the largest shares of degraded land in the

. e Fe il e
1 1 1

Remmote Seruing Appiicathons Sociery asd Ervin 19 (2020) 10360
Table 1
Statistical Overview of the principal NDVI trend categories in the NGS (p
shares and absolute areas).
Mars Kendad significance Axwa (W) Arwa (Ror®)
peam) ox 162077
P o) A L indoaL a2
StaMe (na sgnifcant chage) anzs 139762
mcreww, p < 0033 17 “ 31908
Inprovemem (dgrafices: morwae, p < 0.01) LX.-3 o8l
Tod 100.00 438 04088

NGS are Niger (62.9%), FCT (44.7%), Nassarawa (40.1%) and Kwara
(30.8%). The four states with the gr share of imp are Kogi
(18.4%), Kaduna (17.3%), Enugu (16.8%), and Oyo (13.4%). In addi-
tion, Kogi (37.4%), Enugu (36.3%), Benue (33.2%), and Kaduna
(32.2%), and Oyo (31.3%) are states with comparatively large stable
areas.

X Tk .
4.1. Vegemtion dynamics

m&emuﬂudﬂnu‘ﬂmmtl.m
annual NDVI time series indi a g NDVI trend
mhmmﬂuyuﬂynmnonly(ly)ubilma
declining trend with positi 5 i-thefnthlrolun-ﬁnusiu
(ms-zm)uofnlo they b ive and to decli
qmmllt&d@ﬂymmﬂy&u«dnmlzm‘yhdﬁe
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result of an extreme minfall period that occurmed in the same year (Mnaji
et al, 2014). This might have led to increased vegetation growth in the
following growing season. The extreme rainfall led io catastrophic
fleoding that affected most stabes in the NGS and other West African
oountries (Agada and Kimopama, 2013}

Aweda and Adeyewa (2011) performed a similar stady but for a
different, earlier period (1982-2000). Maoreower, they used NDVI data
from a different satellite sersor. Thus, it is hard bo co or link their
results with ours. The yeario.year NOVI anomaly variation im their
stucdy is rather high. Nevertheless, in their study they observed a
generally increasing trend in the anmual NDVD anomaly for the NGS,
starting with negative anomalies in 1982 and 1983, becoming positive
up to 1999, and abraptly turning negative agaim in 3000. NDVI data for
the years 2001 and 2002 are not readily available.

While the cause of the declining WDV trends and anomalies in pre-
vime studies was attributed to the effect of droaghts that cooarred in
West Africa in the 1980s (Epule =t al., 2014; Gautier et al., 2014), the
decline chserved in our study can be attributed almest entirely to haman
activity {Osunmadewa =t al., 2018). This confirms previoas global forest
loss assessments in which Migeria was considered one of the countries
experiencing the highest forest loss mies globally since 2000 (FAD,
20010). These findings underline the relative importance of savannah
resioration, as there is obvious evidence of btomass loss {Vogt ef al,
2001; Macaulay, 2004; CILSS, 2016), even after exchuding the impact of
chamge in rainfall

#.2 Rainfall effects ond offset from the degrodation of Savmanod

Wwe fourd that the imter-anmual trend in mean yearly rainfall was
relatively uniform, with slightly increasing rainfall amounts in recent
years (Fig. 2d). The increase towards the end of the study period sup-
parts the ohservations of the varying increase in minfall amounts over
parts of the NG5 and MNigeria as a whale (Odjugo. 2010; Arecla and
Fasona, 2018}, and further suggests that the long period of low rainfall

in the 1970s and 198:0s over West Affrica is not currently affecting the
MGS (Cautier et al., 201 &) The results further naggest that the NGS is not
under the period of declining rainfall, and that any increase in land
degradation genemlly cannot be explained by change in minfall (rich
olson et al., 2018). Alsn, the general pattern of the long-term mean
monthly NDVI anomaly {Fiz. 52), remains comsistent - the bimodal
nature nnl'npr.atlnn greenness and pbntmmﬂ'betlr activity with respect

raimfall is maintired (Os 115). Thus, the overall
peasitive rupurue of munnah ve| al:rnu I:n- :muf:l] has not changed
{Areola and Fasona, 2018; Nnaji et al., 2Zo1a)

Em'prmnglv. there is little difference in the vamiation of the comme-
lation coefficients inside and outside national and state protected areas
(see Supplementary File, Fig. 53). Vegetation loss dwe to extensive
human activity has ccourred both outside and imside protected areas
(riaibbi et al., 2004; Fasona et al.. 2016} As obserned akso ina study by
Aweda and Adeyewa (2011, the mmge of the cormelation coefficients
suggests vegetation greenness in the NGS is sensitive to rainfall. Besides
rainfall, which is the principal limiting factor for vegetation greenness,
other varizhles also affect the NDVI amomaly and/or degradation, Le
tempemture (Ighawua =t al., 2006} and soil mosture (Ibrahim et al,
201 3). The RESTREND techmigue (Fig. Zc) results in a rainfall corrected
MOV which estimates the human component of land degradation. The
declining trend in the rainfall corrected KDV {Fiz. 2c) suggesis that
large-scale land degradation in the NGS is due to unsustainable haman
activities and not to minfall dynamics (Kundu et al., 20070

4.3. Human-induced lomd degrodanion

The TS slope identifies surfaces with a persistent rise or fall in the
armual, rminfall corrected WDV (see Supplementary File, Fig. 54), thas
highlighting the karge differences between areas experiencing rapid loss
in savannah vegetation compared to their surroundings. Negative slopes
implying high vegetation koss (i.e. leading to rapid land degradation)
relative to their surroundings are pervasive across the middle of the
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NGS, from its north-western to its eastern border. These areas have
megative trend valoes twice as lngh as neighbouring pixels and have
experienced twice as much degrad, as sur ding areas with pos-
mﬂopuuxbmn;anhwdymbkwhpmvmgsmdhd
quality. In the NGS, approximately 1621 km” i. e. 0.37% (P < 0.01) and
104,002 km® i. e. 37.39% (P < 0.09) experienced significant degrada-
tion, while about 88 km” i. e. 0.02% (P < 0.01) and 60,319 km” i. €.
13.77% (P < 0.05) respectively, experienced improvement in land
quality. For aboat 211,338 km” (48% of the NGS), no significant change
was observed (Table 1). Therefore, 38% of the total area is degraded and
14% has improved at the P < 0.03 significance level. The shares of se-
wvere change (P < 0.01) are comparatively small

The supplementary file, Fiz 5+, and the result in iy 4., show areas
in the NGS suffering from degradation due to high b pr on

Rewwte Seruing Appdh Society and £ 19 (20207 1se0
including the adoption of drought tolerant shrub species, which have
been promoted both across Nigeria (Wingate ot 2l 2019) and by the
governments of these states. Despite the negative trend in parts of the
Zurgurma Sector noted above, there are still stable areas in mast pro-
tected areas. The NGS is thus very relevant for the federal government’s
nature conservation initiative, as the largest and cldest national parks
are found in this zone ((Abdulaziz et al. 201% Usman and Adefalu
2010).

Although, several data sources exist that can help answer questions
about national or statedevel land degradation, the MODIS data from
Famine Early Warning System (FEWS) has proven useful for character-

izing land especially when coupled with other relevant
datasets (Funk et al, 20 n) The 230 « 250m spatial resolution used in
our analysis makes a case for a critical of land degradati

ungTMATlndMDDldau.udtmmewmdhdlmﬁlme
especially for local level Thus, th 1

the savannah, which mvariably reds the hs' p ial to
provide ecosystems services because of the poor of
savannah vegetation (Macaulay, 2014; Zhang et al _:mo).s:sd:hum

pressures usually have immediate or direct impacts that can trigger
noticeable degradation in that they place huge demands on the

cwbyqﬁnauulnbnnumdlmdnandluundﬂusntmd
data may lead to a better identification of land degradation and im-
provements in some areas. However, one has to keep in mind that

savannah and its resoarces (Osborme et al.. 2018). Among such pr
are agricultural expansion, wurbanization, and wood fuel extraction,

1-2 data of Nigena is only available from 2013 on, and frequent
cloud cover, particularly during the rainy seasons, may lead to sub-

including deforestation and overgrazing, doc d | of
land degradation in Nigeria (C11.5S, 2056 Ighawua et al, 20168). Ac-
cording to our result, the pervasive degradation in the NGS is mainly
uundbymaﬂ:agncultmlmmu(uwx \s")) fnd:dby
huge food and land d d from the i
lmfhe!ptmmmnhekmolblmand«wyummu.
leading to impoverishment (Macaulay, 20145 ghawua et al "r-lc).om

ial data gaps in a long-term time series. In addition, we hold that
i hnd‘ dation with the NDVI greenness trend does not
d | inguish b different vegetation types and plant
speas(lnu.-:ct al, 2014), which leaves the current analysis open to
future refinements. Mareover, our study period does not adequately
reflect much of historical events such as the drought of the 1970s and
1980s but rather the period after severe drought has receded (Nicholson

results thus provide additional, direct evidence of ongoing and etal, 2018). Thus, our results can be improved through ground truthing,

hlddemmmgame,ﬂwmﬂulndemno_.r n dditianal kand use/fand cover infi son, or even by including novel

hdqldllymothcrp.uonbcm This indicates the urgent need to mduv:rnt: statistical indices (see e.g. Coluzzi et al., 2019). Such re-
juced land degradati ll:n:nﬂh:NGs. pecially in h , for financial and logistical reasons, remain beyond

nusmdxumunme.whu:hnr ly exp ing degradati the scope of the current study.

on more than half its territory.

Degradation caused by human activity is also particularly severe in 5. Conclusions

and around protected areas (see Fig n-nds;lwhmmrvﬁh.n;x 54

.rds‘).'nnns icularly g b people are technically Our study provides evidence of ongoing land degrad inNig

mot permitted to enter pi d areas. , these protection rules Guinea Sa h by g degradation and impr trends

are app ly inadequately enforced (Abdulaziz e al, 2013). The based on satellite imagery captured between 2003 and 2018. We have

Zugurma sector of the Kainji Lake | Park, for ple, is clearly

affected by kand degradation (Figs <2 and ca), suggesting encroachment
pressures and threats to protected areas from local users

dsamngledlmmdmﬁlhndwedd&cnumntbeymym
have d to analyze ch in the p hetic activity of

it J 2 7

3

(Ducrotoy «t al.. 2018 Nchor and Ogogo. 2012). Enforcing protected
area status is thus required to tackle these negative human impacts.
Thus, there is a need for field level studies to identify in detail which

vegetation.
We find that the annual mean NDVI and annual NDVI anomalies
observed in the NGS between 2003 and 2018 show a clear declining
trend. Overall, a total of 38% of the NGS land area has experienced

land use practices and human acti drive land degradation (Kundu degradation, while 14% has experienced improvement and the
et al., 2017), particularly along agro-ecological context of Nigeria (i< remaining 4nlppmsm be subk_ In addition, we have determined
jika Speranza et al, 2019). that land d ! s vy both ide and inside protected

The noticeable improvements in some of the states, mostly thase mnumnmtyappnnwbethednwfuumummg
bmdamgﬂusndns:mnahunbetu&dmhd- 2 getati :oohlommandmddauepmmedmm
prog! such as affor ion and refi with local species, generally, after correcting for the p of rainfall
Fig. 6. (a) A degraded, thinned patch (froat) of typical h ion (background) in Zug sector; (b) 2 mix of degraded land with few bushes and trees

Mnmuwnmmmwwhmln
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variability, we find that unsustainable human activities are presumably

the main force behind large-scale degradation in the NGS.
mmwm&enedhfmnmmme

lodmdmmnnﬂehmmnuumd lated of

Revoste Seusing Appiicethons: Sociery and Envirosent 19 (2020) 106360

Desrell, AL, Evema 2P, Lin, Y., 2017, Detecting dryland degradatson ustag thne series
segmentason and restusl trend snalysds (TSSEESTEIND). Ko Sens. Paviron.
197, 43-57. tetpe Aok sy 10 JDIA/ ) aee INLT 00 OT8

CILSS Comiie Permanent Inter-otats So Lutts conerw la Secheres duxs je Sabel, 2010

h kand degradation. Understanding the extent, severity, and
hotspots of land degradation in the zone ultimately requires improved
knmowledge of the spatial mix of land degradation drivers. Mare impor-
mhﬂqﬁnymlhenos.p‘mhiymtbmandm
where the need to maintai status of
by i ing bu imp This knowledg upundnrlympum
for p ing natural vegetation and addressing ongoing kand degra-
m:.mmmy,mmwmmmw
s suitable for evaluating land degradation in a beavily-degraded
dryland ecosystem.
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Abstract: The Nigerian Guinea Savannah is the most extensive ecoregion in Nigeria, a major food
production area, and ins many biodiversity protection arcas. However, there is limited under-
standing of the social-ecological features of its degraded lands and potential insights for inabl
land management and governance. To fill this gap, the self-organizing map method was applied
to identify the archetypes of both proximal and underlying drivers of land degradation in this
region. Using 12 freely available spatial datasets of drivers of land degradation—d4 environmental;
3 socio-economic; and 5 land-use management practices, the identified archetypes were intersected
with the Moderate-Resolution Imaging Spec diometer (MODIS)-derived land-degradation status
of the region, and the state admini ive b daries. Nine archetypes were identified. Archetypes
are dominated by: (1) protected areas; (2) very high-density population; (3) moderately high nforma-
tion / knowledge access; (4) low literacy levels and moderate-high poverty kevels; (5) rural remoteness;
(6) remoteness from a major road; (7) very high livestock density; (8) moderate poverty level and
nearly level terrain; and (9) very rugged terrain and remote from a major road. Four archetypes
characterized by very high-density population, moderate-high information/knowledge access,
and moderate-high poverty kevel, as well as remoteness from a major town, were associated with
61.3% large-area degradation; and the other five archetypes, covering 38.7% of the area, were respon-
sible for small-area degradation. While different combinations of archetypes exist in all the states,
the five states of Niger (40.5%), Oyo (29.6%), Kwara (24.4%), Nassarawa (18.6%), and Ekiti (17.6%),
have the largest shares of the archetypes. To deal with these archetypical f policies and
practices that address increasing population in combination with poverty reduction; and that create
awareness about land degradation and p t inable practices and various forms of land
restoration, such as tree planting, are nec v for progressing to is land-degradation neutrality
in the Nigenan Guinea Savannah.

Keywords: archetypes; self-organizing maps; land degradation; drivers; savannah; Nigeria

1. Introduction

With increasing global population, environmental change, and competing claims on
land, the need to maintain land productivity and reduce land degradation has become even
mare critical. Various global initiatives reflecting this urgency include the United Nations
Convention to Combat Desertification (UNCCD) goal of achieving a Land-Degradation
Neutral (LDN) World [1]; the African Forest Landscape Restoration Initiative (AFR100)
aiming to restore 100 million hectares of land in Africa by 2030 [2]; and the Great Green
Wall Initiative across the Sahel [3]. Yet, land degradation (LD), i.e., the persistent reduction
(negative trend) or loss of the biological productivity or ecological integrity of land or its
value to humans, remains a diverse and complex issue [4,5].

The African Savannah is among the globally threatened landscapes [6], where climatic
and edaphic conditions, as well as human activities, constrain vegetation regeneration [7 5],
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In West Africa, the savannah ecozones are prone to LD and experience both anthropogenic
and non-anthropogenic pressures [7,9]. These expose its 353 million inhabitants and their
livelihoods to various impacts such as decline in ecosystem services, food insecurity, migra-
tion, and civil conflict [5]. In Nigeria, LD cases across its agroecological zones are mostly
triggered by a singular factor or a combination of factors, which include: desertification, de-
forestation leading to biomass loss, land pollution caused by oil spillage and illegal mining,
as well as extensive soil erosion [10]. Thus, agroecological zones like the Nigerian Guinean
Savannah (NGS) are experiencing pressures from urbanization, agricultural expansion and
an increasing population that is largely dependent on land resources for livelihoods [11,12].
The NGS, covering 49% of Nigeria, is widely degraded, its ecosystem services continue
to decline, and livelihoods remain precarious [11,12]. Unsustainable land use and climate
stress have been implicated in this widespread degradation [11,13-15]. While the indicators
of LD drivers, their interplay, and implications at scale are generally acknowledged [14,16],
there is a lack of knowledge of the constellation of factors characterizing specific degraded
landscapes, such as the NGS, and their interplay [11]. The explanations of several studies
in the NGS on LD drivers are often without an integrative perspective capable of exposing
the interactions between potential LD drivers [16,17].

Recent studies thus stress the need for an integrative approach to enable a better
understanding of the constellation and interplay of LD drivers in land systems [14,17].
One such integrative approach is archetypical clustering for identifying recurrent patterns
in land conditions [15,19]. Archetypes, i.e., patterns or processes that occur repeatedly
across space and time [19,20], have been found to provide a more holistic understanding of
land system processes [20]. This understanding enables comparability across cases and
helps identify strategic policy options to address land management across scales [15-20].
Archetype studies have been conducted on food security in the Peruvian Altiplano [21];
institutional analysis and climate change in the Peruvian Andes [22]; national analysis of
ecosystem services in Germany [23]; water governance of river basins [24], and global land
resources management [25]. An archetype approach thus helps to illuminate the associative
patterns and influence of the complex drivers of global changes (such as LD) that have
often been treated in isolation [19,20,25].

This paper thus aims to identify the characteristic patterns of social-ecological factors
associated with LD in the NGS and to analyze the implications of the identified LD
archetypes for land governance and sustainable land management (SLM) in the region.
In the subsections, the description of the social-ecological conditions in the NGS, the study
methods and hypothesis, the archetypical patterns of drivers, their thematic, and spatial
characterization, including the links to different levels of LD, and the implications of the
archetypes for land governance and SLM in the NGS are presented.

2. Materials and Methods
2.1. Study Areq

The Nigerian Guinea Savannah (NGS) (Figures 1 and 2) is an ecological region found
between 6.50°N and 9.62°N, 2.77°E and 13.18"E. Occupying central Nigeria, it is the coun-
try’s most extensive ecological zone, referred to as the Middle Belt of Nigeria. The zone
consists of parkland savannah, gallery forests, and derived savannah, including distinc-
tive montane vegetation [26], with tropical dry and wet seasons. Rainfall in the wet
season (April to October) is about 1240-1440 mm. The dry season lasts from November
to March [27]. Average maximum annual temperature varies from 31 “C to 35 °C while
the average minimum ranges from 20 “C to 23 °C [27]. The region is broadly divided into
two sub-regions based on distinctive vegetation types, namely the Southern and Northern
Guinea Savannahs. The Southern Guinea Savannah has taller trees, such as locust bean
tree (Parkia biglobosa), and grasses such as Gamba grass (Andropogon gayanus); while the
Northern Guinea Savannah is characterized by bush with some trees (e.g., Isoberfinia spp.)
and relatively shorter grasses (e.g., Hyparrhenia spp.) [27]. The NGS has a high level of
fauna and flora and hosts major perennial rivers such as River Niger and River Benue. Sub-
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sequent years of uncontrolled deforestation and poor land management has transformed
the zone largely into a degraded landscape (Figure 2) [12].
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Figure 1. Map of the Nigerian Guinea Savannah including the adminsstrative boundaries of states (Adapted from [26]).

Figure 2. (a) Landscape showing a degraded patch of the Nigerian savannah vegetation in Shiroro kocal government area,
Niger state, Nigeria; (b) a mix of degraded land with few bushes and trees interspersed in Borgu local government area,
Niger state, Nigeria. (Source: own fieldwork, 2019).

2.2. Framing Land-Degradation Drivers

In this study, LD drivers were understood as determinants, i.e., reasons, factors, or ac-
tions, shaping the rate of human activities, leading to a decision to remove or reduce vegeta-
tion cover thereby causing a decline or loss of land resources’ productivity [14,25]. Factors
prompting LD are broadly categorized either as proximal or underlying drivers [16,17,29].
Proximate drivers are human activities or immediate actions, including the decision to di-
rectly use or alter the land cover [14]. Underlying drivers include indirect or underpinning
factors, such as socio-economic factors (e.g., poverty) and biophysical factors (e.g., topo-
graphic variables) that trigger proximate causes of LD [14]. Based on literature [17,258,29]
and a report on the LDN target for Nigeria in 2018 [20], three main categories of LD drivers
of the Nigerian Guinea Savannah Archetypes (NGSA) namely: environmental, socio-
economic, and land-use management practices were identified. Based on the available
spatial and remote sensing data, 12 drivers comprising three environmental, four socio-
economic, and five land-use management practice categories were selected (Table la—).
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The processes through which the variables (whether as proximate or underlying drivers),
drive the LD are explained in Table 1a—.

2.3. Datasets Selection

For this study, factors were considered based on their influence on land-use decisions
and LD [16,29,31] (see Table 1 for details). Climatic variables such as rainfall were not
included because human-induced activities are the prevailing cause of LD, especially in the
NGS [11,12]. However, human-induced drivers are better managed than climatic drivers
of LD[11,32].

23.1. Land-Use Management Practices

Land-use management practices have been linked to degraded land in Nigeria through
land clearing and conversion including intensification [13]. Other unsustainable land-use
management practices include rapid agricultural expansion, uncontrolled bush burning,
deforestation, excessive wood extraction, unplanned infrastructure extension, and urban
development, including overgrazing [12,13,33]. For this study and based on spatial data
availability, data on land-use management practices were acquired and processed, respec-
tively. The fire-occurrence density was derived from the National Aeronautics and Space
Administration (NASA) active fire hotspot data of 2018 (firms modaps eosdis nasa gov)
after running a spatial point-density analysis of the active fire spots at 250 m resolu-
tion. The livestock grazing intensity data for 2005, developed by Harvest Choice in
2018 (www.ifpri.org/project /harvestchoice) was used. The generated distance to the
major road in 2016 for Nigeria, at a resolution of 3 arc-second (approximately 100 m
at the equator) was acquired from (www.worldpop.org/project/categories?id=14) [34].
The Euclidean distance analysis of the extracted major town polygons from Google Earth
(www google.com/earth /) was used to determine the distance to major towns at 250 m
resolution. Using the International Union for Conservation of Nature (IUCN) recognized
protected area polygon for Nigeria (www protectedplanet net/country /NGA), the den-
sity of the protected area at 250 m resolution across the NGS was generated through
point-density analysis.

232, Socio-Economic Drivers

Demographic and socio-economic factors such as population density, income, poverty,
and illiteracy are drivers of LD in certain contexts [16,29]. In other contexts, they may
even be drivers of improved land conditions [35]. However, in the case of Nigeria, its over
200 million inhabitants and population density of 226 km? place a huge demand on land
resources [33,36]. Thus, gridded human population density constructed for 2018 in 2020,
from random forest-based dasymetric redistribution at 3 arc-second (approximately 100 m
at the equator) spatial resolution, was downloaded from www.worldpop.org [34]. Male and
female literacy layers of high resolution at 1 km x 1 km gridded cells developed for 2003
in 2017, based on a geostatistics approach [37], were acquired [34]. These are necessary as
they are proxies for access to agricultural extension information, as previous studies show
that limited information on SLM drives LD [16,38]. The poverty headcount in percentages
for Nigeria at 1 km for 2013 mapped through Bayesian model-based geostatistics analysis
was downloaded from www.world pop.org [34], because poverty can foster practices that
cause LD, while LD can foster a poverty trap [35]. These drivers were selected in that they
are known factors that influence decisions on land and SLM LD [28,29,38].

2.33. Environmental Drivers

Land can be sensitive to degradation due to its environmental and physiographic
characteristics, influencing human decisions to use land [31]. Such influential characteristics
include soil bulk density (BD), elevation, and slope [13,39]. For this study, the already-
processed NASA Shuttle Radar Topography Mission (SRTM) based slope and elevation
for Nigeria by [40] at a resolution of 3 arc-second (approximately 100 m at the equator)
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produced for 2020 was acquired from www.worldpop org [34]. The spatial mapping of the
bulk density (BD; soil compaction) in 2018 at 250 m resolution from 0 ¢cm to 30 cm depth
were downloaded from www soilgrids org and then averaged to give the overview of the
BD for the study area [41-43].

2.4. Methods
24.1. Conceptual Framework

The workflow in Figure 2 was applied to the 12 drivers (Table 1a—c), which served as
inputs for identifying archetypes. The intermediate outputs from the framework, such as

correlation between drivers including cluster features, can be found in supplementary
material Figures S1-55.
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Figure 3. The conceptual framework

2.42. Identifying Archetypes of Land-Degradation Drivers Using Self-Organizing Maps

To develop the Nigerian Guinea Savannah Archetypes (NGSA) of LD drivers, the
12 driver datasets were clipped to the boundary outline and resampled to a 250 m pixel
size, using the nearest neighbor technique (Figure 3, Box 2), and then projected to a
uniform coordinate system (i.e., Minna/UTM zone 31N). To enhance the clustering of the
datasets, data were normalized (Z-score) to reformate into a common scale (Figure 3, Box
2). Correlation was calculated to identify relationships between the drivers (Figures S5 and
S6) and the extent of interdependencies among the dataset that might limit the analysis.
Then the Kohonen Self-Organizing Map (SOM) technique was applied to generate a single-
layer map of the archetypes of LD drivers [54]. The SOM approach involves organizing
data (in this case, the 12 spatial datasets) into patterns based on their inherent similarities
and dissimilarities into different groups [54,55]. By testing the different combinations
of clusters and using a performance analysis involving both the Davies-Bouldin index
and the mean distance of the classified grid cells [23,25], nine clusters of LD drivers were
identified as archetypes (see supplementary material, Figures S2-S5). The Z-score, i.e.,
standardized score from the SOM, was used to examine values of each driver in terms of
distance from the mean and to explain the clusters. A Z-score that is equal to the mean is
zero, while positive and negative Z-score, i.e., greater than or less than zero, depict distance
way above or below the mean. Through an ordinal scaling, the relative standing of the
Z-score from the mean was ranked. If the Z-scores = 0, this implies mean/low influence
of a driver; Z-score < =1 = moderate influence; +1 < Z-score < +2 = high influence; and
Z-score > £2 = very high influence, respectively (Figure 3, Box 3). From the absolute
values of the Z-scores of each cluster, the percentage dominance categories in the clusters
were determined [23] (Figure 3, Box 3).
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Table 1. List of driver’s datasets for the development of archetypes.
(1a) Land-Use Management Practices
Variables Type of Driver Explanation Hypothesized Effect References
Fire occurrence density Uncontrolled fire occurrences and bush burning N
desived from active fire Proximate destroy soil and biomass, leading to LD—while T"m‘m&ﬁm“‘x’g“mmm [44-46]
and hotspot data controlled fire could be a management strategy. oy s %
Overgrazing due to higher livestock intensity leads to
Livestock grazing . LD, especially when the threshold limits of the support  The higher the livestock grazing density, the higher the LD. 47,481
intensity Ryt systems are exceeded, while lower livestock intensity  The lower the grazing density, the less the LD, 147.48)
does not Jead to LD.
Roads are a of P
that enhances access to markets and extension services.  Proximity drives LD because nearer forest patches are easier
» 1 . For instance, a good access road encourages land to clear, while arcas far away are not affected. The farther an 20,38.44
Dt o o o A wialon, chucthiy (e apoescd and thie Boptlon oF©  ases b9 a amaje wad, Hh leas B LT): thes Choste o a maajos ok, -1 ooreo)
land P ices, while inad access the more the LD.
discourages land conversion.
Land that is close to major towns i prone to LD : x anu:‘bn hw'hhhm{h o
Distance to major towns  Proximate / Anthropogenic  pushed by urban development; while land that is far i % 116,17,29]
3 2 . towns are more likely to degrade due to expanding
from major towns is less prone to conversion and LD, &
and (e.g., wood).
I 4 It Human pressure that causes LD is more severe on Protected areas are less prone to degradation due to their = &
S 2 unprotected land than on protected land. protected status, 15051
(1b) Socio-Economic Drivers
Variables Type of Driver Explanation Hypothesized Effect References
Population density can trigger better land r "‘““’::‘"“’“""..y i """"ﬁ“l = “'N;LD" i e
Population density Underlying management, but can also lead to LD due to overuse or ._‘ Pu = D800 X 2 N [16,1735)
z poor management. the higher the pop density, the higher the
LD. The lesser the population density, the kesser the LD.
High literacy indicates better access to information or
ge for making inf d decisk while low  The higher the literacy of women /men, the better the access to
Female/Male Literacy Underlying literacy may limit people’s ability to und: n bating LD; the lower the literacy of 138]

available information—hence they are likely to make
poorer land and i decisi

B
women /men, the lesser the access to such information.
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Table 1. Coni.
Variables Type of Driver Explanation Hypothesized Effect References
Diverging evidence. Poverty and LD are intertwined:
while poverty could trigger LI, LD could exacerbate )
pvecty fand - likely togive ap The higher the poverty, the more the prevalence of LD due to
Poverty head count Underlying P |.u-|al m""'m “"ﬁ’; - m’"":mm various intervening factors such as lack of capital and labor to [16,29,35]
o ! powertul . in bacal et S and fersre.
users, for example losing their land to large-scale land
investments for monocultures,
i1ch Environmental Drivers
Variables Type of Driver ‘Explanation Hypothesized Effect References
Slope influences land-use decisions. Steep lands are X
i avakdied) Far o sine acErvilics ouch ax The steeper the slope, the more susceptible to LD, but the less
Slope Proximate cultivation. Howeves, cultivation on non-terraced waill e £ bl sdtoactorenes b yme, The Jem ciesp the
and vergrazing can catioe LT such as slope, the less susceptible to LD but the more the
r and wind ion attractiveness for land-use adivities.
Sails with low bulk density have favorable conditions  Low soil bulk density encourages tillage and crop cultivation,
Bulk Density (B} Underlying in terms of soil pore space, texture and organic matter  while high soil bulk density discourages crop cultivation. The [41-43]

Elevation /Topography  Proximate / Anthropogenic

content that influence the choice of land for crop
cultivation and biomass clearance.

Land uses such as farming, which promote
degradation are often practiced on flat terrain while
rough or high hilly terrains are avoided. Hence, fat
terrains are more likely to be exposed to land-use
pressure from crop farming.

higher the bulk density, the higher the LD; The lower the bulk
density, the less the LD.

The higher the elevation, the mon: susceptible is the land to
LD such as erosion, but the less the land's attractiveness for
use. The lower the elevation, the less susceptible is the land o
LI, but the more attractive for land use because of soil
attributes such as deeper soils.

[16,53]
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243. Linking Arche of Land-Degradation Drivers to State Administrations and

In a previous study by [11], LD status was captured using rainfall-corrected vegetation
greenness as a proxy (Figure 3, Box 4). By overlaying the archetypes cluster (Figure 3, Box 3)
with the LD status of the area (i.e., degraded, stable, and improvement) (Figure 3, Box 4), the
percentage share of each archetype per LD status was determined. This enabled the grouping
of the nine archetypes as undergoing large-area or small-area degradation, respectively. Thus,
archetypes with area coverage <10% of the total degraded area have a small-area degradation,
while archetypes with area coverage >10% of the total degraded area are classified as large-
area degradation clusters [56]. Through spatial overlay [23], the linking of the archetypes
with the states” administrative boundaries to determine the share of each archetype per state
was possible (Figure 3, Box 4). The emerging results were used to explain and discuss the
implications for land governance and SLM in the NGS (Figure 3, Box 5).

3. Results
3.1. Land-Degradation Status

Using Normalized Difference Vegetation Index (NDV1) as a proxy for degradation
status, Fgure 4 shows the spatial distribution of LD in the NGS by [11]. About 38%
(251,401 km?) of the NGS is degraded, while 14% (91,258 km?) and 48% (319,470 km?)
show improvement and remain stable, respectively. While improved and stable areas are
mostly found in the north of the NGS and to a certain extent in the south of the NGS,
large-area degradation is predominantly found in the centre of the NGS, ranging from its
north-western to its eastern border.

re wr

1w

X

[ State border

td]

24

P

Land degradation status
© Status
Il Dogradation 00560 100 180 0
2 - lmprovamant - — — W
Stable

B B

Figure 4. Land-degradation (LD) status for the Nigerian Guinea Savannah (NGS) (Source [11]) using Normalized Difference
Vegetation Index (NDVI) as a proxy after correcting for rainfall.
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3.2 Land-Degradation Archebypes

In this section, the archetypes and how they can improve the understanding of LI
in the WGS are presented. Figure 5 displays each archetype according to the percentage
contributions of driver categories, while Figure & shows the spatial distribution of the
archetypes. Based on the 12 input drivers, nine archetypes of LD drivers were identified
{Figure 5). Five archetypes were dominated by land-use management practices (NG54 1,
MGSA 5-8), and three dominated by socio-economic drivers (MGSA 2-4), while NGSA @
was dominated by environmental drivers {Please refer to supplementary material, Table 51
for a description of the archetypes).

3.3. Spatial Distribution of Archetypes

The spatial distribution of the nine archetypes of LD drivers is shown in Figure 6.
In Table 2, a brief description and share of each archetype in the NG5 is provided.

From Table 2, six clusters (WGSA 2-5, NGSA 7 and NGSA 9) with individual total
areas greater than 10% cover 78.5% of the total area, while the remaining three archetypes
with individual total areas smaller than 107% of the area cover 21.5% of the NGS.
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Figure 6. Spatial charactenization of archetypes of LD drivers. See supplementary material, Section 6 for the full description

and ranking of the archetypes in relation to administrative and land status.

Table 2. Description and share of the archetypes of LD drivers.

sOM Brief Description

Area Share (%)

Areca Share (km?)

Archetype dominated by p ted areas: Areas with very

high numbers of protected areas that are associated with the

moderate-high influence of elevation, bulk density and

hagh literacy.

Archetype dominated by very high-density population:

NGSA 2 Areas with very high population density and with minimal
mfluence of livestock and high fire activities.

NGSA 1

i3

14412

67,169

Archetype dominated by moderately high
information/knowledge access: Mainly arcas with a
moderately high level of both male and female literacy,
mcluding fire-occurrence activities but with low poverty.

NGSA3

124

£
n
B

Archetype dominated by low literacy level and
moderate-high poverty level: Arca characterized by
moderate-high poverty and minimal fire activities, but with
low levels of both male and female literacy.

Archetype dominated by rural Highly
dominated by land-use management practices and remote from
major towns but with a moderately low population density,
protected area prevalence, and low livestock density.

NGSA 4

NGSAS

20.1

101

88,036

44408

Archetype dominated by t from a major road:
Highly dominated by land-use management practices, which

NGSA 6 occur at a far distance away from major roads with moderately
high poverty and hiteracy but with moderate fire and livestock
activities.

87
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Table 2. Cont.

SOM

Brief Description

Area Share

Area Share (%) Gm?)

NGSA7

Archetype dominated by very high livestock density: Arcas with
a very high liv k density and moderate levels of other drivers.

101 44,044

NGSA B

NGSA 9

Archetype dominated by moderate poverty level and nearly
level terrain: Collectively driven by all drivers’ categories but fairly
dominated by land-use management practices, but with a moderate
elevation and moderate influence of bulk density and poverty.

Archetype dominated by very rugged terrain and remote from a
major road: Areas with moderate clevation, high slope, and distant
from the major road.

94 41,297

105 45,880

100.00 438,046.88
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-
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%% of associated land degradation status

3.4. Categories of Archetypes According to State Administrative Boundaries and LD Status

3.4.1. Degree of Land-Degradation Status per Archetype

Figure 6 links the archetypes with the LD status (degradation, stable, improvement;
Figure £), to highlight their proportions and potential interplay (Figure 7). Four archetypes
with very high population density (NGSA 2), moderate-high information /knowledge access
(NGSA 3), and moderate-high poverty level (NGSA 4), as well as NGSA 5—very remote from
a major town—are associated with 61.3% of the large-area LD, while the other archetypes
account for 38.7% of small-area degradation (Figure 7). Six archetypes—NGSA 2 to NGSA 5,
as well as NGSA 7, with very high livestock density, and NGSA 8 with dominant land-use
management practices and nearly level terrain—are responsible for 78.4% of the large-area
stable status and the other archetypes for 21.6% of the small-area stable status (Figure 7). For
the large-area improvement, six archetypes, NGSA 2 to NGSA 4 and NGSA 7 to NGSA 9
with rugged terrain, i.e., very high slope and moderate elevation, covered 78.77% while other
archetypes account for 21.3% of small-area improvement (Figure 7). For the complementary
table, see supplementary material, Table S3; and Section 6 for the full description and ranking
of the archetypes in relation to LD status.

Large aren deprucabion:NGSA 2- 5
Small arca degradation NGSA | & 6-9

2 3 4 5 ) 7 8 4
Archelype (NGSA)
®mDcaradation ¥ Stable @ Improvement
Figure 7. Archetypes in percentage of associated LD status (For full perc ges, see suppl y material, Table S3).
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State
=
E

mNGEA L

342 Share of Land-Degradation Archetypes per State Administration Unit

State administrations manage land within their jurisdictions, hence they influence
land-use decisions in Nigeria. Figure 8 shows the percentage share of the archetypes
within a state’s boundary (for the complementary table, see supplementary material,
Table 52). Seven states, comprising Bauchi, Kaduna, Kwara, Nasarawa, Niger, Flateau,
and Zamfara have all the nine archetypes. While four states, namely Benue, Kebbi, Taraba,
and the Federal Capital Territory (FCT) are covered by eight of the nine archetypes. The
remaining states have an uneven combination of all archetypes, with the portion of Abia
state found within the NGS only embodying one archetype (e, NGSA 2). The five
states comprising Miger (40.5%), Oyo (29.6%), Kwara (24.4%), Massarawa (18.6%), and
Ekiti (17.6%), have the largest shares of the archetype of NGSA 4, ie., a moderate-high

poverty level. The supplementary material Table 52 contains the grouping of the archetypes
according to the state administrative units.

g
g
&

Shared Perecarage (%)

s NGEAZ mMNGSAY wDGEAY wNGEAS wNESAG wNGEAT wNGEAE »NGSAS = Cunide MNGS

Figure 8. Share of LI} archetypes by states i the NGS. Note: shares outside the NGS, that were not amalyzed, are in grey.
{For full percentages, see supplementary material, Table 52).

4. Discussion
4.1. Understanding the Archetypes of Large-Area Degradation

Areas identified to be under large-area degradation are archetypes with more than
10% of their areas experiencing biomass degradation (MDVI). Four major archetypes of
large-area degradation were thus identified (Figures 5 and 7). Out of these, NGSA 3,
with prolonged cases of fire cccurrence, and MGSA 5, with rural remoteness from a major
town (Figure 5), highlight land-use management practices as the drivers of large-area
degradation in the NGS. NGSA 3 thus confirmed studies that have implicated fire-related
activities such as charcoal making, farming, and hunting with bush bumning as causes
of LD [57,58]. The dominant characteristics of NGSA 5, on the other hand, contradicts
the notion that land areas closer to major towns are more prone to LD than those farther
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away [16,17,29]. NGSA 5 rather reveals the rural areas and natural resource users in remote
areas who adopt unsustainable land-use practices (of NGSA 3), such as continuous bush
burning and deforestation, trigger LD [59].

Apart from archetype NGS 5 with high remoteness from a major town (Figure 5),
the other three, ie., archetypes with very high-density population (NGSA 2), moderately
high information/knowledge access (NGSA 3), and moderate-high poverty level (NGSA
4), are dominated by high percentages of socio-economic drivers. Thus, socio-economic
factors are major underlying causes that indirectly push other proximate drivers of large-
area degradation in the NGS [29,60,61]. With the low population density of three (NGSA
3-NGSA 5) out of the four archetypes experiencing large-area degradation, high poverty,
and low literacy, this factor can be inferred to be associated with large-area degradation
in the NGS context [59,01,62]. This confirms studies such as [62,03], who reported that
poverty intensifies a tendency to change vegetation cover, as many people deplete natural
vegetation for fuel, food, and as a source of income because of fewer or no alternative
livelihood options. This invariably points to the areas with high poverty and low pop-
ulation density, i.e., rural population, covering the northwest central and northeast of
the NGS, encompassing the states of Kebbi, Niger, parts of northern Kwara, FCT (mainly
around Abuja, see the area illustrated in Figure 5), and parts of Nasarawa, Plateau, Taraba,
Kaduna, and Adamawa states, which have experienced extensive degradation [11]. Al-
though, NGSA 2 with a very high-density population, hints that urban areas, with their
high population density, are also associated with large-area degradation in the NGS, the
degradation is not as extensive as in the low-population-density remote areas. Therefore,
this result deviates from the general notion that a high-population density is the main
cause of LD in Nigeria [13,33]. Hence, a high population density alone does not drive LD
without certain complementary factors, such as poverty, illiteracy that restricts information
or knowledge access, and poor national policies that are prevalent in Sub-Saharan African
contexts [64]. Therefore, the three socio-economic sub-drivers—poverty, literacy and pop-
ulation density—are core interrelating drivers in large-area LD, that require attention in
addressing LD in the NGS [29,62,65].

While the percentages of land-use management practices and socio-economic factors
dominate as potential drivers of large-area LD, specific environmental drivers of the
archetypes also underpin the large-area LD (Figure 5). The nearly level terrain condition,
ie., low-elevation-flat terrain of the four large-area archetypes, is known to encourage
land cultivation in Nigeria [13]. In addition, the characteristics of low bulk density of
NGSA 2, NGSA 3 and 5, and the high bulk density of NGSA 4 with moderate-high poverty
level also highlight soil characteristics that encourage large-area degradation [42,43]. The
low bulk density archetypes signify few areas in the southemn part of the NGS with
suitable soil for cultivation. The archetypes characterized by high bulk density on the other
hand correspond to areas with the highest impact of agricultural management practices,
such as machinery and high cropping impacts [42]. This represents 23% of the large-area
degradation archetypes, and in tum reflects the widespread LD due to the high agricultural
engagement by the rural dwellers in the zone [63].

4.2. Understanding the Archetypes of Small-Area Degradation

Five archetypes of small-area degradation were identified, that is, archetypes where
degraded areas are less than 10% of the archetype area. LD and their drivers thus differ
locally and are context-specific [5,60], and an archetype approach can help identify the socio-
ecological contexts [66]. From the five small-area archetypes, three archetypes identified
with very high presence of protected areas (NGSA 1), that are very remote from a major
road (NGSA 6), have a very high livestock density (NGSA 7), and have high percentages of
land-use practices (Figure 5). While the NGSA 1 reflects its conservation and restricted use
status, the additional association of NGSA 1 with high and rugged elevations like NGSA 9,
further explains its small extent of degradation. However, with its low proximity to major
roads and major towns, degradation in protected areas as captured in NGSA 1 call for an
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investigation into the specific activities driving degradation in protected areas, such as
encroachment by human activities [11,63], despite government regulations, particularly
around communities that host protected areas [67,63].

In archetypes NGSA 6 and NGSA 9, the small-area degradation is highly driven by
non-proximity to a major road, without much influence of other sub-drivers (Figure 3).
Nearness to major roads is a measure of infrastructural development that influences acces-
sibility and the spread of land-use management practices, including information [69]. Thus,
NGSA 6 represents remote areas with restricted access, which can hamper the propagation
of sustainable land-management initiatives [20,25,40]. As in NGSA 1 and NGSA 6, the
very high livestock density configuration of NGSA 7 (Figure 5) is also associated with
small-area degradation (Figure 7). The Guinea savannah in particular is currently under
pressure from high grazing activities because the Sahel and Sudan savannahs have been
extensively degraded by overgrazing [15,70], leading to competition for grazing resources
and conflicts in the region [71]. Overgrazing has been associated with the disappearance of
the typical savannah vegetation and the emergence of the Sudan-Sahelian Savannah in the
NGS [15,72]. Thus, from the combination of drivers above, there is a critical need for an
improved management of grazing resources, protected areas, and the governance of land
resources in the NGS [11,36,68]. While all small-area archetypes are mostly dominated by
the land-use management drivers, NGSAs 6 and 8 are the only small-area archetypes that
are distinctly driven by the socio-economic drivers characterized by areas with low popu-
lation density, i.e rural population with corresponding moderate information/knowledge
access. Unlike other factors, poverty (high or low) is not a distinctive feature of these
archetypes (Figure 5), hence this study cannot confirm the notion that ‘the higher the
poverty, the more the degradation” held by many studies of small-area degradation [3§],
as noted Table 1. Considering that poverty is widespread in the NGS, there is a need for
integrating other social-demographic and social-relational data for a better understanding
of the interactions between poverty and LD.

4.3. Archetypes and Policy Insights

As multiple factors are associated with LD, policy interventions aimed at achieving
SIM need to be inter-sectoral. However, many policies in Nigeria, such as the Nigerian
National Agricultural Policy, focus on single sectors and often do not have LD reduction
as a primary objective [10]. Key policy topics related to these findings are sustainable use
and management of natural resources, poverty reduction, environmental awareness and
education, strategy to reduce dependence on land and natural resources for livelihoods,
and inclusion of LD in land-use planning.

With the extensive LD in the NGS, policies for the sustainable management of natural
resources including water, sail, and biodiversity, as well as their coherence, are essential [73].
While several response programmes such as the Nigeria National Policy on Environment
are promulgated to address activities that cause LD [74], they remain reactive without
an effective scaling up to tackle the drivers of LD. For example, the proposed national
policy on the rediscovery of grazing routes and reserves remains unprepared to address LD
because the advocates focus on the profit and the pressing need to tackle the farmers and
herders clashes in Nigeria [67,71], without a recourse to the fact that spatial developments
in Nigeria have overtaken several historical grazing spaces [67]. The polarized nature
of Nigeria between sectional and ethnic divides further raised several counter notions
with socio-political undertones to such policy moves by the government [75]. This subse-
quently affected the acceptance of related policies such as the 10-year National Livestock
Transformation Plan (NLTP), ranching plan, and open grazing [67]. While it is obvious
that degradation induces competition and tension among natural resources users, policy
decisions on land-based issues require a special focus on LD and land restoration.

Although results did not explicitly show that only low/high poverty is associated
with large-/small-area degradation, poverty contributes to the different archetypes iden-
tified. Nigeria has about 83 million (40%) of its population living below $1.90 per day,
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comprising 52% rural dwellers whose livelihoods are predominantly tied to agricultural
activities [76,77]. About 30 million more Nigerians are expected to be added to the na-
tional population living in extreme poverty by 2030 [77]. Many of the poor depend on
livelihood activities such as charcoal making and hunting with bush buming that promote
LD [57,58]. Archetype NGS 4, which covers the largest proportion of the NGS (20%) and
has moderate-high poverty and a low level of both male and female literacy, is charac-
terized by large-area degradation. Two broad groups of the country’s poverty alleviation
programmes (PAPs) have been identified in Nigeria [75]: (a) the Core Poverty Alleviation
Programmes (CPAPs) such as Better Life Programme for Rural Dwellers (BLP) and Family
Economic Advancement Programme (FEAP), and (b) the Non-Core Poverty Alleviation
Programmes (NCPAPs), which include the National Agricultural Land Development Au-
thorities (NALDA). Such policies had no long-lasting effects [75,79] and did not focus
on the intersections between poverty and LD. Other policies such as the Agricultural
Development Projects (ADPs) and Vision 20-2020 are in a dying state [78,79], with most
interventions aimed at increasing farmer revenue and reducing poverty, and mainly focus
on improving input supply without giving attention to improving land management.

Nigeria has about 56.9% adult illiteracy [50], with variations across states and regions
including urban and rural areas (i.e., urban 74.6% and rural 48.7%). NGSA 3 shows the link-
age of low male and female literacy with large-area degradation. Most farmers and herders
in Nigeria did not finish primary education and are less likely to access and understand the
little knowledge and information disseminated through extension services or lack the re-
sources to access this information themselves [79,51,52]. While the use of mobile phones is
promoted to improve access to information, little or no information is provided on sustain-
able land-use and management. According to [83], technology is necessary to scale up the
adoption of initiatives amongst resource-poor users. With the widespread poverty, weak
industrial presence to absorb the increasing population, and the reliance on the primary
sector, the quest to exploit environmental resources supersedes interest for environmental
protection and management [84]. Hence, pathways to improving land management need
to be sought both outside agriculture (e.g., creating employment opportunities outside
agriculture) as well as within agriculture through improving farmers/herders’ access to
sustainable land management practices as well as motivating their adoption [85].

With the growing LD, effective policy on land-use planning is critical for degradation
response in Nigeria as the current land-use policies and practices do not adequately
consider sustainable land management [10,5]. The historic lapses in the National Land
Use Act (LUA) of 1978 persist, whose focus only recognizes land ownership and promotes
land access without a sustainable land-use plan or governance to cater for the pressure from
the growing population. Calls to review the LUA to give room for a more sustainable policy
for land-use planning and governance in Nigeria [10,12], remain unheeded. A challenging
question is thus: what opportunities can be identified for promoting SLM [10]?

4.4. Archetypes and Sustainable Land Management (SLM)

Based on literature and the study results, sustainable fuelwood management/energy
efficiency, reforestation and afforestation, sustainable pastoralism, and structural land
management measures are potential interventions to address LD.

In Nigeria, over 70% of the population rely on wood fuel for cooking, which is an
underlying driver of deforestation and associated LD [63]. In recognition of the reliance on
fuel wood, sustainable fuelwood management (SFM) is being promoted under the United
Nations Development Programme (UNDP)/Global Environment Facility (GEF) project on
management of fuel wood in mitigating the effects of dimate change such as in Kaduna State,
Nigeria [57,55]. While such initiatives have made some progress in establishing woodlots,
producing energy-efficient cooking stoves, and establishing local forest management com-
mittees, low community buy-in, land tenure, and governance remain key constraints [85].
A review of such initiatives can provide insights on how to improve states’ SLM outcomes
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and out-scale them to other states in the NGS. Thus, SFM has some potential for promoting
landscape stewardship in the region [57,59].

Tree-based programmes also hold potential to reduce LD and remain the principal
focus of restoration programs [90]. Reforestation, afforestation, and agroforestry have been
found advantageous and successful around the world and in Nigeria, particularly in LD
response [?1]. In Nigeria, successive governments at all levels have worked collaboratively
to encourage and implement various afforestation projects [92]. For instance, among the
frontline states of the Great Green Wall Afforestation Programme, tree planning campaigns
with eucalyptus species and shelter belts for sand dune and degradation fixation are com-
monly practiced [74,92]. Therefore, land users in Nigeria can be incentivised to participate
in tree-based initiatives, which have recorded successes elsewhere, such as in Kenya [64],
to reawaken interest in combating LD. Such initiatives can focus on Niger, Nassarawa,
Kwara, and Kogi, including Kaduna and Oyo states, due to the prevalence of large-area
LD archetypes. Agroforestry, a multifunctional practice of cropping with trees and shrubs
on arable land, is also a potential SLM practice that can improve land productivity, is a
low-cost and adaptable tree-based initiative [91,92], that contributes to food security and
land resource conservation [01].

With the evidence of high livestock grazing activities in archetype NGSA 7 (Figure 5),
traditionally, pastoralism is predominantly practiced in northern Nigeria, with southward
movement following the rain and in search of pasture and water during the dry season.
Overgrazing causes LD, and indiscriminate overgrazing has caused negative stereotyping
and fuelled tensions between pastoralists and non-pastoralist-actors, causing loss of lives
and properties as well as communal crisis [67,71]. In some cases, overgrazing by livestock
and excessive open grazing lead to the failure of afforestation programmes, including
severe violation of protected areas across West Africa [67,93]. While pastoralism under
a proper management system is ecologically, economically, and socially viable [94,95],
climate change and poor land management in the face of growing national population and
pressures from neighbouring herding countries make traditional pastoralism unsustainable
in Nigeria [71,93,94]. Studies thus call for controlling open grazing to check indiscriminate
overgrazing and secure livestock production in Nigeria [75,96].

In view of several environmental consequences of the archetype driven by terrain
characteristics, avoiding degradation-prone rugged terrain is key to maintaining the re-
maining biomass of the zone. Investing in SLM structures such as land levelling, terracing,
and contour farming are critical to tackling LD [97,96], particularly on agricultural land-
scapes like the NGS, where engagement in farming remains necessary for livelihood
sustenance [12,13], and biodiversity and natural conditions are threatened largely by agri-
cultural expansion [13]. Terracing and high-altitude afforestation for erosion control, for
example, have been recognized to reduce loss of soil and LD on sloped terrain [99]. Simi-
larly, contour farming and staggered contour trenching, which involves planting of crops
across a slope based on elevation contour lines are also effective for managing degradation
on rugged-steep terrain [99].

5. Conclusions

This study identified nine archetypes of LD drivers in the NGS, which are mostly
dominated by social-economic, land-use management practices, and a slight influence from
environment drivers. Specifically, four archetypes characterized by a very high-density
population, moderately high information /knowledge access, and moderate-high poverty
level, as well as remoteness from a major town, account for 61.3%, 78.4%, and 78.7% of
total degraded, stable, and improvement areas, respectively. LD is mostly evident in states
bordering the northwest to the central and northeast of the NGS, such as Niger state, which
have predominantly large rural farming communities. Besides revealing the LD drivers,
the archetypes characteristics provide a basis for determining and prioritizing relevant
SLM policies and practices such as poverty reduction, creating environmental awareness
and promoting sustainable pastoralism as well as robust land-use planning to strengthen
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land governance in Nigeria. Despite the limitations of spatial data on the driving factors,
the outputs from this study provide a useful guide on how archetypes can serve as a tool for
progressing Nigeria’s LDN through SLM. Like most unsupervised classification techniques,
field validation of the archetypes results is necessary because of the adopted self-organizing
mapping techniques. However, this could not be conducted because mobility limitations
and scarcity of spatially explicit data limited the number of variables that could be used for
this study. As more spahally explicit data on Nigeria and Africa become available, they
need to be integrated in future studies of archetypes as well as validating them with field

observations.
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