Assessing climate change vulnerability and adaptation strategies of
socio-ecological systems in the Central Himalaya

Thesis submitted to Jawaharlal Nehru University
in partial fulfilment of the requirements for the award of degree of

DOCTOR OF PHILOSOPHY

Praveen Kumar

‘
O

SPATIAL ANALYSIS AND INFORMATICS LAB
SCHOOL OF ENVIRONMENTAL SCIENCES
JAWAHARLAL NEHRU UNIVERSITY
NEW DELHI-110067, INDIA

2021



STaTedTd 8% fazafdemery
JAWAHARLAL NEHRU UNIVERSITY
SCHOOL OF ENVIRONMENTAL SCIENCES
NEW DELHI - 110 067, INDIA

28th February, 2022

CERTIFICATE

This is to certify that the research work embodied in this thesis entitled
‘Assessing climate change vulnerability and adaptation strategies of
socio-ecological systems in the Central Himalaya’ is submitted to
Jawaharlal Nehru University for the award of the degree of Doctor of
Philosophy. The work is original and has not been submitted in part or in

full for any other degree or diploma to any other University/Institution.

e

Praveen Kumar
(Candidate)

Prof.

(Supervison) \ &,

D . N
Delhi -2

[ crm

Prof. Paulraj Rajamani

(Dean, SES)

/70 qE,/ATAY,
Dean/S.E.SJJ.N.U.
¢ faeefi/New Delhi



Dedicated to my mother



ACKNOWLEDGEMENTS

This dissertation would not have been possible without the personal and professional support
from many people who in different ways made my work easier and improved my research. It
gives me great pleasure to thank them here and acknowledge their support during my research

work.

First and foremost, I acknowledge with profound gratitude my indebtedness to my supervisor
Prof. P.K. Joshi, School of Environmental Science, Jawaharlal Nehru University, New Delhi,
India for guiding me during the entire course of study. I have been amazingly fortunate to have
an advisor who gave me the freedom to explore on my own and at the same time the guidance
to recover when my steps faltered on academic and personal fronts. His insightful criticism,
extensive feedbacks and punctuality have been substantial in shaping this dissertation and
provided me with an opportunity to draw upon his rich and wide experience. He taught me

how to question thoughts, express ideas and make the best out of a situation.

I would like to thank Prof. Dr. Christine Fiirst, Martin Luther University Halle-Wittenberg,
Germany for reminding me to always check my assumptions and think of the big picture, and
for giving me so many opportunities to broaden my horizons. Her support for technical and

financial requirements is highly acknowledged.

I also extend my gratitude to Dr. Rajiv Pandey, Indian Council of Forestry Research and
Education, Dehradun, India for his constructive comments, constant support and informative

discussion during all stages of my research work.

I would like to acknowledge the financial and knowledge support from various institutions
which helped in my research work. I would acknowledge the support from University Grants
Commission (UGC) - Junior Research Fellowship (JRF) and Senior Research Fellowship
(SRF) for their financial support throughout the research period. I acknowledge the support
received from Deutscher Akademischer Austauschdienst (DAAD) for granting the bi-
nationally supervised doctoral research grant that funded my travel and stay at Martin Luther

University, Halle-Wittenberg, Germany for a period of 14 months. The financial assistance



from the Sustainable Natural Resource Use in Arctic and High Mountainous Areas
(SUNRAISE) and Urban Resilience and Adaptation for India and Mongolia (URGENT)
projects, co-funded by the Erasmus+ Programme of the European Union helped in developing
the research work. The exposure and learnings from various international activities as the
international summer schools on ‘Monitoring and early warnings in mountain social-ecological
systems', organized by the Siberian Federal University, Krasnoyarsk, Russia and
‘Urban+Mountains', organized by the University of Salzburg, Austria, in cooperation with the
Society for Urban Ecology (SURE), Salzburg, Austria were the knowledge-driven and
interactive platform that helped in developing a global perspective. Formal and informal
discussions and meetings with international and national experts and young researchers across
the world as part of these projects have provided new outlooks and platforms to discuss new

1deas and skills.

I would like to express my special thanks to my best friends, Yu-Ting Wang, Dev Kumar
Jhanjh and Ankit Singhal, for their unwavering support and encouragement throughout the
study, as well as for reminding me that I had a life outside of my PhD. Ting inspired and guided
me through my difficult moments directing me in the right direction. Her thoughts and
guidance have made a significant influence on my life and helped me to grow as a better human

being. Thank you to all of you for always being there for me and for having my back.

I would like to express my heart-felt gratitude to my late mother Mrs Manisha Devi, for her
unconditional love, trust, concern, motivation and unwavering support. Her constant reminders
to eat, ride and drive safely, and other small things were all important parts of this journey.
This thesis is dedicated to you. None of this would have been possible without the love and
patience of my family: my father Mr. R.P. Singh, my brother and my sisters. My family has
been a consistent source of love, strength, support, and motivation and for supporting me
throughout the years, financially, practically and with moral support. My family has aided and

encouraged me throughout this endeavour.

My acknowledgement would not be complete without expressing my sincere thanks to the
people of Uttarakhand, with whom I conversed, shared home-cooked meals, and learned.
Thank you for inviting me into your homes and sharing your knowledge and experience with

me.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ...ttt i
TABLE OF CONTENTS ..ottt ettt ettt sttt steesesaaeseesaenseennens il
LIST OF FIGURES ..ottt ettt st ae e A%
LIST OF TABLES. ...ttt ettt ettt ettt e et e e s neenee e ix
LIST OF ABBREVIATIONS ..ottt ettt s Xi

1  INTRODUCTION ..uccoiisiireicrensnecssnssesssccsesssecsasssssssssssssssssssssssssssssssssssssssssssssns |
L1 Background .......ooouiiiiiiieiie et e s 1
1.2 S0c10-€c0logiCal SYSEIM ....ccciuiiiiiiieciie et e 2
1.3 Climate change vulnerability and adaptation.............cccceevveeciieniienieeiieniecie e 4
1.4 Central HIMalaya......c.oooieiiiiiiiiieieeeeee ettt sttt 6
1.5  Research hypothesiS ......ooouiiiiiiiiiieniie e e e 9
1.6 Aim, objectives and research qUESIONS .........cccueevvierieiiieniieiie et 10
1.7 Outline of the thesiS........coiiiiiiiiiiiieii et 11

2  LITERATURE REVIEW. ....iiinnnininnisssmsisssisssssissssssssssssssssssssssssssssss .12
2.1 S0Ci0-€C0l0ZICAl SYSEIMS ....eeviiiiiieiieeiieeiieiee ettt ettt eaeeenbeeeeas 12
2.2 VUINETADIIIEY ..ottt 16
2.3 Adaptation STrAtEZICS .....ccveeeeuieeerieeiieeeiieeeiteeeereeeetaeeereeesbeeessaeessaeessseeensseeesaeennnes 19

B S (6 (5 013 0 1<e B e 1 oSS 21

3 STUDY AREA ....ciiiiiiinnnnnenssnsssnsssssissssssssssssssssssssssssssssssssssssssssssssssssasssssssssssssssssssss 23
3.1 Uttarakhand State...........cccuieeciiieeiiieeeiie e eeee ettt e e et e e sbeeeaaeeeraeeenns 23
3.2 Physiographical and climatic profile............ccceeeiiiiriiiiniiieriieeee e 24
3.3 Demographic Profile ........ccoooiiiiiiiiiiie e e 25
3.4 LivelThood Profile......c.ciecuiiiiiiiieiie et 26
3.5 Agricultural Profile.........ccuiiiiiiiiii e e 27
3.6 Resource UtIHZAtioN........cocueeiuiiiiiiiiiiieitee et 28
3.7 SeleCted SESS ...ttt ettt 29

4 CHARACTERIZATION OF SOCIO-ECOLOGICAL SYSTEM-................ .36
4.1 INEFOAUCTION ..ttt ettt ettt st et s et e e 36
4.2 Materials and methods .........ccccooueriiiiiiiiii e 38
4.3 RESUILS ittt ettt sttt 44
4.4  Learning outcome and research implications...........c.ceeecveeeviieerieeeniee e 52

5 VULNERABILITY OF SOCIO-ECOLOGICAL SYSTEMS ......cineeversecseccrecnnes 55
5.1 INEOAUCTION c...viiiiiieciie ettt e et e e et e e e e eaa e e sabeeessseeenseeenneeas 55



5.2 Materials and MeEthodS ...........coooiiiiiiiiiiiie e e 57
TG T ST 1 £ USRS 68
5.4  Learning outcomes and research implications ............ccceeevvveeriieiiiieniieesie e 98

6 ADAPTATION STRATEGIES FOR SOCIO-ECOLOGICAL SYSTEMS........... 101
6.1 INErOAUCHION ...t et st e e s e e e e e baeesnseeennseeenaee e 101
6.2  Materials and methods ..........cooiiiiiiiiii e 102
0.3 RESUIS ...ttt ettt ne et 105
6.4  Learning outcomes and IMpliCationS..........cccueeervieriieeriiieeniie e 117

7 DISCUSSION.cuuiiiiiinsuicsenssessnnsesssisssssansssssssssssssssssisssssssssssssssssssssssssssssssssssssssssassssssass 120
7.1  Why SESs mapping iS important?..........ccccecceeeriiieiiieeniiieeniieeneeeesieeesieeesereesnnnee e 120
7.2 Taking a SES approach to vulnerability assessment............cccceeeveeeiieriienieenieennnenne. 122
7.3 Adaptation practices fOr SESS.....c.uiiiiiiiiiiiiiiiie e 125
7.4  Policy and iNSHTULIONS .....ccueeevieiieriie et eite ettt et eeeebeeseaesbeeseessaeensaesseeenns 127
7.5 LAMIEALIONS .uveiuiiiieiiiitieteeit ettt ettt ettt et sbe et sttt et nbe et eae e 129

8 CONCLUSION .uucouvirinsuissensanssasssssssssssssassssssasssssssssssssssssssssssssssssssssssssssssssssssssssssssssassass 130
8.1  Main findings and research contributions ............cccceeeiierieicieeniienieeie e 130
8.2  Socio-ecological SyStem MAaPPING.......cccueeruieriieriieriieiiieie ettt eee e 131
8.3 Vulnerability 0f SESS......ooiiiiiiiiii e 133
8.4  Adaptation I SESS.......ccciiiiiiieieeee et 136
8.5  Final thoughts and future reSearch ...........cccoocieviiiiiiiiiienieieeeeee e 138

9 REFERENCES ...cuuiiitininnninenninsnissssssssssssssssssssssssissssssssssssssssssssssssssssssssssssssssssssssssass 140
APPENDIX — L.ttt ettt sttt nae s e e enee e 162
APPENDIX = I ittt ettt ettt et eneesneenee s 172
APPENDIX =TI ..ottt ettt st st nae e 180



LIST OF FIGURES

Figure 1. A typical socio-ecological system, interactions of its components (resource systems,
resource units, governance systems and actors) across different scales (local to

global). (Adapted from McGinnis and Ostrom, 2014 and Fischer et al., 2015)......... 3

Figure 2. Vulnerability assessment conceptual framework. Positive and negative signs show
the functional relationship of a component with vulnerability. (Adapted from Fiissel

and Klein, 2006; IPCC, 2007). ..c..cccuerieriiriiniiienieeeeeieeeeeee et 5

Figure 3. Map showing surveyed villages of SESs and districts of Uttarakhand state in the
Central HIMalaya. ........cccveeiiiiiiiiieeciie ettt e v e e eaae e as 23

Figure 4. The methodological framework for identifying and delineating the boundaries of
socio-ecological systems. In multivariate analysis, PCA is followed by HCA for both

datasets of variables in a separate analysis. (Adapted from Martin-Lopez ef al. 2017).

.................................................................................................................................. 40
Figure 5. Methodology for socio-economic unit identification. ..........cccceeeveveererieneeieneenne. 42
Figure 6. Methodology for ecological unit identification. ..........c..ccceeveveriiniencnienenicneenee. 42

Figure 7. Contribution of each variable used in clustering method to generate socio-economic

UNIES TTOIMN 1 0 O oot e e e e e e e e e e neenennnnne 45

Figure 8. Contribution of each variable used in clustering method to generate ecological units

TEOIIY A 0 ettt e e e e e e e ereeaas 48

Figure 9. Spatial distribution of identified six socio-economic and three ecological units in the

UtarakNand SEALE. .....oooeeeieeeeee e e e e e e e e e e e e eeeesenenenes 49

Figure 10. Spatial distribution of mapped and characterized socio-ecological systems (SESs)

Of the Uttarakhand STALE. ........eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e, 51

Figure 11. The linkage between the ecological units and socio-economic units is based on their
association. The width of the linkage represents the magnitude of the interaction

DEtWEEN thie UNILS. oooiiiiiiiiieieee oo e e e e e e e eeeeeenenene 53

Figure 12. Methodology for assessing the climate change vulnerability of the socio-ecological

systems (SESs) and calculation of Socio-ecological Vulnerability index (SVI)......57

Figure 13. Change in weather patterns reported by respondents in socio-ecological systems.



Figure 14. Understanding of climate change reported by respondents in socio-ecological

) A] 1511 SRR 75
Figure 15. Community perceptions on the impacts of climate change on major sectors. ....... 76

Figure 16. Socio-economic challenges reported by the households in the socio-ecological

1 1S) 111U 80

Figure 17. Ecological challenges reported by the households in the socio-ecological systems.

Figure 21. Comparative spatial distribution of exposure of SESs at village level. ................. 85

Figure 22. Spatial distribution of sensitivity at the village level and respective households in

D S E S B ettt et ee et e et e e e et aaaaataaaas 87

Figure 23. Spatial distribution of sensitivity at the village level and respective households in

D S E S B ettt ———e e et aaaa e et araaaaaaaas 88

Figure 24. Spatial distribution of sensitivity at the village level and respective households in

BRE S S A6 uttiiieiiie e et a e e 89
Figure 25. Comparative spatial distribution of sensitivity of SESs at village level. ............... 89

Figure 26. Spatial distribution of adaptive capacity at the village level and respective

HOUSENOLAS 11 The SE S BA. et e e e e a e e 91

Figure 27. Spatial distribution of adaptive capacity at the village level and respective

HOUSENOLAS 11 The SE S B3 ettt e e e e e e eaaaeeeas 92

Figure 28. Spatial distribution of adaptive capacity at the village level and respective

HOUSENOLAS 111 thEe SES 461 ettt e et e e e e e e aaaa e 93

Figure 29. Comparative spatial distribution of adaptive capacity of SESs at village level.....93

Vi



Figure 30. Spatial distribution of Socio-ecological Vulnerability Index (SVI) at the village level
and respective households in the SESgs......c..cocvviieiiiiiiiiiiiieeeeeeeee e 95

Figure 31. Spatial distribution of Socio-ecological Vulnerability Index (SVI) at the village level
and respective households in the SESg3........cocciiviiiiiiiiiciceeceece e 96

Figure 32. Spatial distribution of Socio-ecological Vulnerability Index (SVI) at the village level
and respective households in the SES6.....c.ccovvviieiiiiiiiiiiiiceecece e 97

Figure 33. Comparative spatial distribution of Socio-ecological Vulnerability Index (SVI) of
SESs at village [eVel. .....cccoooiiiiiiiiiii e 97

Figure 34. Methodology to identify and evaluate adaptation strategies of the socio-ecological

systems through a questionnaire-based SUIVEY. .........ccccueevuierieriieiienieeieeee e 104

Figure 35. Does the household have any plans or strategies in place to deal with climate change

AN TS TMNPACE? ..ottt ettt ettt e st e et e e aeeseaeenbeeseesnaeenseenaeeenne 105

Figure 36. Driving force for coping and adaptation strategies in the socio-ecological systems.

Figure 37. The decision-maker(s) in adaptation planning. ...........ccccceeevvveevvieenciieenieeenieeenne 107

Figure 38. Types of sources used by households to gather data and information for adaptation

PLACTICES. 1uvvieeiiieeiieeeiteeeitee ettt e eteeestteeestteeesaeeessseeesseesnseeessseeensseesnsseensseeennseesnsseenns 108
Figure 39. Financial sources for adaptation practiCes. ..........ceevveevueereerieerieenieeieenieenreeveens 109

Figure 40. Sector-wise enumeration of present and potential adaptation strategies in the SESzs.

(Filled - long-term practices; dotted - short-term practices)..........ccceecveeveerurennnnne. 111

Figure 41. Sector-wise enumeration of present and potential adaptation strategies in the SESz3.

(Filled - long-term practices; dotted - short-term practices).........ccceeevverrveernneeennne. 112

Figure 42. Sector-wise enumeration of present and potential adaptation strategies in the SES 4.

(Filled - long-term practices; dotted - short-term practices)........c.ccceeeeruersueenunenne 113

Figure 43. Barriers faced by the households in socio-ecological systems for adaptation planning
and implementation against climate change. The major percentage of respondents are

ShOWN INSIAE the DUDDIES. ...ceeeeieeeeee e e e e 115

Vii



Figure 44. Framework for adaptation practices for the socio-ecological systems. The adaptation
framework is based on the SES framework developed by McGinnis and Ostrom,

2014, e 116

Figure 45. Approaches for vulnerability and adaptation assessment. The conventional Top
down/Bottom up approach represents an administrative unit for assessment with
feedbacks (shown in dotted arrows) to respective indicators at the regional unit level.
Differentiated Multiregional SES approach represents the feedback (shown in blue
arrows, thickness of arrows represents the magnitude) to respective indicators at SES
level in addition to feedbacks (shown in dotted arrows) at the regional unit level.
Unlike the conventional approaches, SES approach reveals a disintegrated assessment

of vulnerability and targeted feedback to reduce vulnerability. ..........cccccceveennene 123

Figure 46. Socio-ecological system-based framework to assess climate change vulnerability

and adaptation PraCtiCES. .....c.uieruieeriieeitieeeieeeetee et e steeeereeesaeeetaeesseeesaseeensseesnnes 131

viii



LIST OF TABLES

Table 1. Definition of Socio-ecological System (SES). ...cccuvveiiiiiiiiiieeee e 13
Table 2. Theoretical frameworks for vulnerability research.............cccccevvviiiiiiiiniiiiniieies 17
Table 3. Zone-wise distribution of districts of Uttarakhand state.............cccocceviiiiniinnnn. 24
Table 4. Socio-demographic Profile of Uttarakhand. (Source: Census of India, 2011) .......... 26
Table 5. Livelihood profile of the Uttarakhand state (Source: Census of India, 2011)........... 26
Table 6. Spatial details of the surveyed SESS.......cccccoviiiiiiiiiiieeeeee e 32

Table 7. Socio-economic variables used to generate socio-economic units (Source: Census of

INATA, 20T 1) ettt ettt ettt sttt st 38
Table 8. Ecological variables used to generate ecological units............cccccueeeevreeciieenieeennneens 39

Table 9. Distribution of eigenvalues and variability by PCA components for socio-economic

Table 10. Categorization of the socio-economic units with their mean households and area per

VILLAZE. ..ottt ettt et ettt et nae e 46

Table 11. Characterization Of SOCIO-ECONOMIIC UNIES. ... .eeeeereeeeeneeeeeeeeeeeeeeeeeeeeeeeeeeeeearaaaeeens 47

.................................................................................................................................. 47
Table 13. Characterization of €cological UNILS. .........cccveeriiiiiiieriieeiiie e 48
Table 14. Description of the identified and characterized Socio-ecological systems.............. 50
Table 15. Selected socio-ecological system through the online survey.........ccccceecvvvvveeennennn. 58
Table 16. Details of the surveyed villages in the selected socio-ecological systems. ............. 59

Table 17. Indicators of exposure, sensitivity and adaptive capacity components of vulnerability.

Table 18. Socio-economic and demographic condition of households in socio-ecological

systems compared using chi-square and ANOVA test.......cccceeveevieniienienieeieeen. 69

Table 19. Agricultural resources utilization in the socio-ecological systems compared using

chi-square and ANOVA LESL. ....cuieriiiiiieieeiieeie ettt eees 71



Table 20. Season-wise comparison of forest resource collection by households in socio-

ecological systems compared using chi-square and ANOVA test. ........ccceeeeuveennneen. 73

Table 21. Perception about climate change reported by respondents in socio-ecological systems

compared USING Chi-SQUATE TS, .....c.uieeiuiieiiieeciie et e 75

Table 22. Perception of communities on the climate change impact on major sectors compared

using Kruskal-Wallis H test. ......ccoeeviiiiiiiiiiieciee e 78

Table 23. Socio-ecological challenges reported by the households in socio-ecological systems

compared USING Chi-SQUATE tESL. ....cc.eeruiiriieriieiiietierite ettt 81
Table 24. Village wise exposure index levels in the SESgs. .......cccoevviriiiiiiiniiiiiiieieeeee, 83
Table 25. Village wise exposure index levels in the SESg3.......cccovvviviiiiniiiniiiniiicee 84
Table 26. Village wise exposure index levels in the SES6. ..c.ccovvevvieriininieniniinieciecee 84
Table 27. Village wise sensitivity index levels in the SESas. .......ccccevvevinieniiiiniiniiiice 87
Table 28. Village wise sensitivity index levels in the SESa;. .......cccevieiiiiiiniiiiniiiiece 88
Table 29. Village wise sensitivity index levels in the SES 6. ....ccccoceviiiiniininiiniiniiee 88
Table 30. Village wise adaptive capacity index levels in the SESgs. ...ooocvvvvvveviiiiiiniienenen. 91
Table 31. Village wise adaptive capacity index levels in the SESgs. ......cooeviviiniiiiniincnns 91
Table 32. Village wise adaptive capacity index levels in the SES6.....c..cccovvveiienieninnnnenen. 92

Table 33. Village wise Socio-ecological Vulnerability Index (SVI) levels in the SESgs........ 95
Table 34. Village wise Socio-ecological Vulnerability Index (SVI) levels in the SES3s........ 95

Table 35. Village wise Socio-ecological Vulnerability Index (SVI) levels in the SES4s. ....... 96



LIST OF ABBREVIATIONS

SES
IHR
IPCC
STES
NTFP
MSL
FSI
IIRS
NRSC
ASTER
GDEM
MODIS
PDS
LULC
PCA
HCA
KMO
ACU
LPG
SVI

EI

SI

ACI

Socio-ecological System

Indian Himalayan Region
Intergovernmental Panel on Climate Change
Socio-Technical-Ecological System
Non-Timber Forest Product

Meter above Sea Level

Forest Survey of India

Indian Institute of Remote Sensing

National Resource Repository Survey
Advanced Spaceborne Thermal Emission and Reflection Radiometer
Global Digital Elevation Model

Moderate Resolution Imaging Spectroradiometer
Public Distribution System

Land Use/Land Cover

Principal Component Analysis

Hierarchical Cluster Analysis
Kaiser-Meyer-Olkin

Adult Cattle Units

Liquefied Petroleum Gas

Socio-Ecological Vulnerability Index
Exposure Index

Sensitivity Index

Adaptive Capacity Index

Xi



e Co-funded by the
W Erasmus+ Programme .

e of the European Union ﬁ

Last Page

The appended material is based on research carried out at the partner institution of
URGENT Project, and has potentially utilised the equipment support, inputs based on
course revised/developed and training programs (lecture series, research seminar and
webinars) through the URGENT Project.

The document is part of thesis part of PhD/MSc/MA research work carried out at the
Jawaharlal Nehru University. Purposefully limited pages are shared to avoid
copyright and other issues. However, the full thesis can be shared on request.

The complete thesis can be obtained from Prof P K Joshi (pkjoshi27@hotmail.com or
pkjoshi@mail.jnu.ac.in).

Disclaimer: The European Commission's support for the production of this publication does not constitute an endorsement
of the contents, which reflect the views only of the authors, and the Commission cannot be held responsible for any use
which may be made of the information contained therein


mailto:pkjoshi27@hotmail.com
mailto:pkjoshi@mail.jnu.ac.in

