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Abstract: The global climate is showing altered temperatures and precipitation levels. Forests can be
a stabilizing force in climate change. They regulate the nutrient cycle, protect species and diversity,
and support livelihoods that drive holistic growth. Presently, the forest ecosystem’s capacity to
withstand change is being undermined by the rate of change, along with anthropogenic pressures
and the specificities of mountainous regions. Here, we attempted to design a ‘forest vulnerability
index’ using field measurements and household surveys. A total of 71 quadrants were laid out, and
545 respondents were interviewed in 91 villages along the altitudinal gradient (altitude < 1200 m asl
(Zone A), 1200–1800 m asl (Zone B), and >1800 m asl (Zone C)) of the Pauri district of Uttarakhand,
India. The village-level data were normalized and combined to represent climate change impacts and
the dimension of vulnerability. The IPCC (2014) protocol was used to assess forest vulnerability. The
highest vulnerability was recorded in Zone ‘B’, and higher sensitivity, higher climate change impacts,
and lower adaptive capacities were recorded in Zone ‘B’ and ‘C’. The approach is comparable within
the district and between the states. In enhancing our shared understanding of forest degradation, the
results are of value to policy/decision-makers, implementers, and adaptation funding agencies, who
can use them to assess the scale, cause, and actions for adaptation.

Keywords: climate change; forest vulnerability; indicators; Himalaya

1. Introduction

The Himalayas are an ecologically rich range of mountains range that serve humans
with a wide range of goods and services (Rasul 2014 [1]; Badola et al., 2015 [2]). The ecosys-
tem hosts various natural resources and diverse habitats, with a considerable altitudinal
variation. The naturally rich repository nourishes more than seven countries (Government
of Uttarakhand, 2014 [3]), and is associated with social and economic benefits within rural
Himalayan communities (Hoy et al., 2016 [4]). Overall, the Himalayas provide a plethora
of goods and services to mountain communities and millions of downstream inhabitants.
The ecosystem has become critical in contributing to the continuous flow of services.

Himalaya is projected to be extremely sensitive to climate change (Indian Network
for Climate Change Assessment, 2010 [5]; Chaturvedi et al., 2011 [6]; Singh and Hietala
2014 [7]), as the changes are likely to alter the regulation of terrestrial biogeochemical
processes, such as litter decomposition, nitrification, denitrification, nitrogen mineralization,
nutrient uptake, fine root dynamics, and soil respiration and productivity (Jha 2020 [8]).
Historical patterns have had the following effects: glaciers receding (Kumar et al., 2015 [9]),
deterioration in water resources (Li et al., 2016 [10]), drying out of traditional water sources
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(Palazzoli et al., 2015 [11]), forest degradation (Jha 2020 [8]), biodiversity loss (Jha 2020 [8]),
alteration of agricultural systems (Jethi et al., 2016 [12]), reduction in crop yields (Jethi et al.,
2016 [12]), an upward shift of apple orchards, increased vulnerability of winter cropping
(ADB, 2010 [13]), loss of tree species (Wani et al., 2013) [14], changes in bird types and
populations, and migration (Jha 2020 [8]). Climate-driven changes in ecosystem structure,
function, and species distributions negatively affect Himalayan forests (Lewis 2006 [15];
IPCC, 2007 [16]). Some studies claim that elevated atmospheric CO2 concentration, increased
temperature, and altered precipitation has, at least to some extent, had a positive impact
(productivity and diversity) on the forest ecosystem. This varies, however, according to
species’ tolerance (Das 2004) [17] and the availability of water and nutrients.

For a long time, Himalayan forests have been exposed to severe, natural, and anthro-
pogenic catastrophes, such as landslides, forest fires, earthquakes, and flash floods (Kala,
2014) [18]. Anthropogenic interventions such as deforestation, infrastructure development,
and urbanization have further aggravated environmental degradation, which has affected
the quantity and quality of ecosystem services (Ahmed et al., 1990) [19]. The degradation
of ecosystem services has severe repercussions and is likely to be exacerbated by climate
change (Ravindranath et al., 2006 [20]).

For survival throughout the Himalayan range, communities rely on forests and forest-
based resources (fodder, fuelwood, medicinal plants, fruits, and other associated items)
(Jadin et al., 2016 [21]; Jha et al., 2018 [22]). In the last few years, increased anthropogenic
activities have put pressure on the Himalayan ecosystems, causing changes in forest ecosys-
tems (Jha et al., 2018 [22]; Jha 2020 [8]). As populations continue to expand, together with
their reliance on forest products, forest ecosystems are now experiencing decreased density
and diversity (Sharma and Vetaas 2015 [23]; Bruggeman et al., 2016 [24]) and changes in
distribution (Upgupta et al., 2015 [25]; Chakraborty et al., 2016 [26]), biodiversity (Giam
2017 [27]), productivity (Alekhya et al., 2015 [28]), and forest degradation (Jha 2020 [8]).
Further, the reliance on forest resources and the requirement for a life support system in
the Himalayas varies with altitude; for example, the quantum of fodder is required more at
low- and mid-altitude, and fuelwood is needed at high altitudes irrespective of the adminis-
trative boundary. Similarly, agriculture and allied activities are less extensive and beneficial
at lower altitudes. At the same time, constraints increase with altitude. The challenges for
water, even for drinking purposes, also increase with altitude. It is comparatively easy to
manage water supply even in scarce seasons at lower altitudes because of the distance to
headquarters, institutional set-up, and other facilities.

Forest degradation is exacerbated by climate change, natural and manmade disasters,
and resource utilization patterns, implying the need for sustainable forest management
in the Himalayan area. Given the importance of forests in sustaining local communities,
several studies have conducted evaluations of forest-based goods and services in the
Himalayan region. However, limited research has been undertaken to evaluate forest
degradation using altitude-specific data. Studies have assessed the status of the forest
using primary productivity (Upgupta et al., 2015 [25]; Sharma et al., 2018 [29]; Kumar
et al., 2019 [30]), forest fire index (Jha et al., 2018 [22]), biomass and carbon stock (Jha
2020 [8]), factors that are highly specific and which, to a certain extent, limit and confine
the assessment. These approaches could be strengthened by integrating multiple factors,
enabling a clear identification of the actual status of the forest. Adequate knowledge
of the determinants of forest degradation through time and space is critical for forest
management and creating policies to improve local livelihoods and strengthen community
disaster preparedness, particularly in the face of climate change.

The vulnerability assessment uses a bottom-indicator-based approach from national
to even local levels. The national-level indexes for vulnerability assessment, such as HDI,
HWI, PVI, etc., use different parameters, such as life expectancy, sustainability, and quality
of life for defining vulnerability at a larger scale (state or nation) (Table 1). The number of
variables in this category is relatively few. However, it compares the relative position of
a state or country. Country rankings provide helpful information on the relative level of
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sustainability. Contrastingly, a single value is used for comparing vulnerability on a national
level. Moreover, a county has considerable variability regarding exposure, susceptibility,
impact, and other developmental parameters (Cutter and Finch 2008) [31]. However, the
data used may not adequately represent the processes determining vulnerability (Eriksen
and Kelly 2007 [32]); generally, it results in a restricted vulnerability measure.

Table 1. Indexes used for the assessment of vulnerability and adaptive capacity.

S. No. Indexes Brief Description

1 Environmental Vulnerability Index
(Kaly et al., 1999) [33]

This index is based on three aspects of vulnerability: risks to the
environment (natural and anthropogenic), the innate ability of the

environment to cope with the risks (resilience), and ecosystem integrity
(the health or condition of the environment as a result of past impacts).

2 Index of Human Insecurity
(Lonergan et al., 2000) [34]

IHI was developed as a classification system that distinguishes the
perception of vulnerability and insecurity of different countries, indicators

from environment, economy, society, and institutions were used to
calculate overall vulnerability.

3 Human Well-being Index
(Prescott-Allen 2001) [35]

HWI measures the community (political rights, crime, internet users,
peace and order) and social equity (gender and income). The index

incorporates development/sustainability goals in five categories ranging
from ‘good’ to ‘bad’.

4 Environmental Sustainability Index
(World Economic Forum, 2002) [36]

This index measures progress towards environmental sustainability of
142 countries through 20 indicators.

5 Water Vulnerability Index
(Sullivan 2002 [37])

An interdisciplinary approach that produces an integrated assessment of
water stress and scarcity, linking physical estimates of water availability

with socioeconomic variables that reflect poverty.

6 Country-level Risk (Brooks and
Adger 2003) [38]

Includes several proxies for risk associated with climate variability and
change, based on numbers killed and affected by climate-related disasters.

7 Predictive Indicators of Vulnerability
(Adger et al., 2004) [39] The PIV link social vulnerability with climate adaptation.

8 Social Vulnerability Index
(Vincent 2004) [40]

SVI is an index of five composite sub-indices: economic well-being and
stability (20%), demographic structure (20%), institutional stability and

strength of public infrastructure (40%), global interconnectivity (10%) and
dependence on natural resources (10%)

9
Index of Social Vulnerability to

Climate Change (Adger and
Vincent 2005) [41]

A social vulnerability index with emphasis on water availability.

10 Environmental Sustainability Index
(Esty et al., 2005) [42]

A composite index using 76 indicators to assess 146 nations’ sustainability
trajectory based on five major categories: environmental system,

environmental stresses, human vulnerability to environmental stresses, the
human capacity to respond to environmental change, and global stewardship.

11 Prevalent Vulnerability Index
(Cardona 2005) [43]

Focuses on social, economic, institutional, and infrastructural capacity to
recover from natural hazards or the lack thereof.

12 Disaster Risk Index (ISDR 2004) [44]

One of the United Nations’ three global initiatives to raise awareness for
integrated disaster mitigation. Aims to ‘improve understanding of the

relationship between development and disaster risk’, ‘enable the
measurement and comparison of relative levels of physical exposure to

hazard, vulnerability and risk’, identify vulnerability indicators’, and map
international patterns of risk.

13 Human Development Index
(UNDP, 2008) [45]

Includes life expectancy, health, education, and standard of living
indicators for an overall assessment of well-being and human development

on a country scale.
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Table 1. Cont.

S. No. Indexes Brief Description

14 Livelihood Vulnerability Index
(Hahn 2009 [46])

Combines seven components or indicators for vulnerability: livelihoods,
socio-demographics, social networks, health, natural disasters and

climate variability, food, and water security assimilated into the
dimension of vulnerability.

15 Household Social Vulnerability
Index (Vincent and Cull 2010) [47]

An index of household-level social vulnerability to climate change, based
on the multiple dimensions of the vulnerability identified in the

sustainable livelihood framework.

16
Livelihood Vulnerability Index and

the Livelihood Effect Index
(Urothody and Larsen 2010 [48])

Both indexes reflect the relative differences between the two VDCs in terms
of vulnerability to climate change impacts and factors contributing to it.

17 Climate Vulnerability Index
(Pandey and Jha 2011 [49])

These indicators were assimilated into indices to the dimension of
vulnerability and the IPCC (2007) protocol was used for

vulnerability assessment.

18 Poverty and Vulnerability
Assessment (Gerlitz et al., 2014) [50]

Combines general poverty predictors with relevant indicators
in mountain contexts.

19 Climate Vulnerability Index
(Aryal et al., 2014) [51]

An index used to assess and compare the vulnerability of transhumant
communities in Nepal.

20
Multidimensional Livelihood

Vulnerability Index
(Gerlitz et al., 2016 [52])

A measure used to explore and describe livelihood vulnerability to
climatic, environmental, and socio-economic change in the HKH region.

21 Adaptation Capability Index
(Pandey et al., 2016 [53])

An approach to recognizing social and natural factors contributing to
successful adaptation that addresses several household functions, such as

social networking, livelihood strategies, resource availability, and accessibility.

22 Climate Vulnerability Index for
Water (Pandey et al., 2015 [54])

An index to assess the climate-related water vulnerability of households in
rural and urban settings, comprising three components—exposure,

sensitivity, and adaptive capacity, and 14 sub-components.

23 Future Vulnerability Index
(Upgupta et al., 2015 [25])

Index to assess forest ecosystem vulnerability to climate change across
Himachal Pradesh under ‘current climate’ and ‘future climate’ scenarios.

24 Inherent Vulnerability
(Shukla et al., 2016 [55])

Indices to assess the inherent vulnerability (internal) of agricultural
communities at the village level based on sensitivity and adaptive capacity.

25
Climate Vulnerability Index, and
Current Adaptive Capacity Index,

(Pandey et al., 2017 [56])

These indices assess vulnerability using five forms of capital, i.e., human,
natural, financial, social, and physical capital.

26 Forest Vulnerability Index
(Thakur et al., 2020 [57])

An index for forest vulnerability using field-based observations with an
integrated approach of multiple indicators.

27 Socio-ecological Vulnerability Index
(Jha et al., 2021 [58]) An index to estimate socio-ecological vulnerability.

28 Climate Vulnerability Index
(Jha 2020 [8])

An index used to calculate the vulnerability of sectors (socio-economic,
agriculture, forest, and water), and the contribution of sectors

to the overall vulnerability.

29 Vulnerability Index (DST, 2020 [59]) This index identifies the most vulnerable states and districts in India
concerning current climate risk and the main drivers of vulnerability.

30 Vulnerability Index and Resilience
Index (Jha et al., 2021) [58]

The indices assess the socio-ecological vulnerability and resilience of
mountain communities residing in capital-constrained environments.
Site-specific indicators were integrated into a sustainable livelihood

framework in an attempt to calculate vulnerability and resilience jointly.

31 Ecosystem Services Index
(Jha et al., 2022) [60] This index quantifies ecosystem services.
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Vulnerability indicators at the regional and local levels are also used in impact as-
sessment. They are also instrumental in identifying threats or threatened systems, raising
awareness, and prioritizing vulnerable sectors (Harley et al., 2008 [61]). The vulnerability
indicators are further used to compare the relative vulnerability of places (Pandey and
Jha, 2011 [49]), groups or communities (Sinha and Jha, 2017) [62], and sectors (Jha et al.,
2018 [22]). Moreover, vulnerability indicators are widely used to prioritize vulnerable sec-
tors and formulate adaptation options. Jha et al. (2017) [63] utilized vulnerability indicators
to assess government-sponsored adaptation programs. The changes in household-level
indicators of agriculture, water, and economic status due to Government-sponsored adap-
tation programs, i.e., MGNREGA, are aggregated and assessed.

Generally, the regional indicators-based assessment such as the Livelihood Vulnerabil-
ity Index (Hahn et al., 2009 [46]); Livelihood Vulnerability Index and Livelihood Effect Index
(Urothody and Larsen 2010 [48]); Climate Vulnerability Index (Pandey and Jha 2011 [49]);
Poverty and Vulnerability Assessment (Gerlitz et al., 2014 [50]); Inherent Vulnerability
(Shukla et al., 2016 [55]); Forest Vulnerability Index (Thakur et al., 2020 [57]); Vulnerability
Index (DST, 2020 [59]); Vulnerability Index and Resilience Index (Jha et al., 2021) [58]; etc.,
identify and analyze the indicators with higher significance in related sectors and then
normalize them into indices or components or sub-components or sectors (Table 1). Finally,
these indices were assimilated into the dimension of vulnerability. The details on vulner-
ability indices are comprehensively discussed in Table 1, and vulnerability is discussed
in Table 2. The tools for understanding forest degradation in the Himalayas are limited,
and the available literature analyzed the degradation with minimal inclusion of ground
surveys and issues that emphasize the needs of locals. Furthermore, several districts in the
study state, Uttarakhand, have a wide range of altitudes. The study district is spread over
5400-km squared and has an altitudinal range of 300 to 3000 m above sea level. Therefore,
understanding the present state of forest degradation along the altitude becomes critical.
Our study explores forest degradation in the context of altitude and dependency. The
study’s primary aim was to examine forest vulnerability along the altitudinal gradient in
the Pauri District, Uttarakhand, India. We addressed the following objectives based on
broad themes: (i) to identify indicators contributing to forest degradation, (ii) to assess
forest vulnerability along the altitudinal gradient, and (iii) to identify altitude-specific
indicators for adaptation actions under impending forest degradation.

Table 2. Definitions of vulnerability.

S. No. Author(s) Definitions

1 Gabor and Griffith (1980) [64]
Threats (including chemical agents and the ecological situation of the

communities, and their level of emergency preparedness) to which
people are exposed.

2 Timmerman (1981) [65] The degree to which a system acts adversely to the occurrence of a
hazardous event.

3 UNDRO (1982) [66] The degree of loss to a given element or set of elements at risk resulting
from the occurrence of a natural phenomenon of a given magnitude.

4 Susman et al. (1984) [67] The degree to which different social classes are at different risk.

5 Pijawka and Radwan (1985) [68]
The degree to which hazardous materials threaten a particular

population (risk) and the capacity of the community to reduce the risk
or adverse consequences of hazardous materials releases.

6 Kates et al. (1985) [69] The capacity to be wounded.

7 Bogard (1988) [70] The inability to take effective measures to insure against losses.

8 Mitchell (1989) [71] Vulnerability is the potential for loss.

9 Liverman (1990) [72]
Distinguishes between vulnerability as a biophysical condition and

vulnerability as defined by society’s political, social,
and economic conditions.
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Table 2. Cont.

S. No. Author(s) Definitions

10 Downing (1991) [73]

It refers to a consequence (e.g., famine) rather than a cause (e.g., are
vulnerable to hunger); it is a relative term that differentiates among
socioeconomic groups or regions rather than an absolute measure

of deprivation.

11 Dow (1992) [74] The differential capacity of groups and individuals to deal with
hazards based on their positions within physical and social worlds.

12 Smith (1992) [75]
The risk from a specific hazard varies through time and according to

changes in physical exposure and/or human vulnerability (the breadth
of social and economic tolerance available).

13 Alexander (1993) [76] A function of the costs and benefits of inhabited areas at risk from
natural disasters.

14 Cutter (1993) [77] The likelihood that an individual or group will be exposed to and
adversely affected by a hazard.

15 Watts and Bohle (1993) [78] Exposure, capacity, and potentiality.

16 Blaikie et al. (1994) [79]
The characteristics of a person or group in terms of their capacity to

anticipate, cope with, resist, and recover from the impact of
a natural hazard.

17 Bohle et al. (1994) [80]
The aggregate measure of human welfare that integrates

environmental, social, economic, and political exposure to a range of
potentially harmful perturbations.

18 Dow and Downing (1995) [81]
Biophysical, demographic, economic, social, and technological factors

such as population ages, economic dependency, racism, and age of
infrastructure in association with natural hazards.

19 Eakin and Luers (2006) [82] The lack of human capacity to avoid or reduce such adverse situations.

20 Gilard and Givone (1997) [83] The sensitivity of land use to the hazard phenomenon.

21 Comfort et al. (1999) [84] The circumstances that place people at risk while reducing their means
of response or denying them available protection.

22 Weichselgartner and Bertens (2000) [85]
The condition of a given area concerning hazard, exposure,

preparedness, prevention, and response characteristics to cope with
specific natural hazards.

23 Adger (2006) [86]
The state of susceptibility to harm from exposure to stresses associated
with environmental and social change and from the absence of capacity

to adapt.

24 Ciurean et al. (2013) [87] The inability to withstand the effects of a hostile environment.

25 Wolf et al. (2013) [88] A measure of possible future harm.

26 IPCC (2014) [89]
The degree to which a system is susceptible to and unable to cope with

adverse effects of climate change, including climate variability
and extremes.

27 Hong et al. (2016) [90]
A weak resistance and low resilience of ecosystems in response to

external interference including natural and artificial factors at
a specific spatial scale.

28 Jha et al. (2022) [60]
A suite of human-ecological factors reflects exposure (climate stress on
households), sensitivity (the degree to which a system is exposed), and

adaptive capacity (internal or external capacity to cope).

Source: Adapted from Cutter (1996) [91], Weichselgartner (2001) [92], Hogan and Marandola (2005) [93], Adger
(2006) [86], Wolf et al. (2013) [88], Paul (2013) [94], Berrouet et al. (2018) [95].
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Forest Degradation Indicators: Selection and Definition

An indicator constitutes information that is either readily available or easily obtained
pragmatically. It is a variable and a measure of system behavior in the context of essential
and perceptible attributes (Holling et al., 1978 [96]). Indicators have been used in several
ways by authors: Marcus (1983) [97] described a sign as ’defined as something which
stands for something to somebody in some respect or capacity‘; as a proxy—a function
from an observable variable (McQueen and Noak 1988 [98]); a statistical measure (Tunstall
1992 [99]); a parameter—provides information on the state of the phenomenon and defines
it as a value that is measured or observed (OECD, 1993 [100]); a piece of information
(Bakkes et al., 1994 [101]); an index (Hammond et al., 1995 [102]); and a sub-index or
component of an index (Ott 1978 [103]; Hahn et al., 2009 [46]; Pandey and Jha, 2011 [49]).
In this study, an indicator is a perceptible local variable or piece of information chosen for
its importance to livelihoods, the local economy, conservation, and resource management
(availability, accessibility, and usability). Table 3 has more details on the indicators.

Table 3. Indices and indicators for climate change impacts and dimension of vulnerability (sensitivity
and adaptive capacity) along the altitudinal gradient in Pauri District, Uttarakhan.

Indices Indicators Explanation Zone A Zone B Zone C

Climate Change
Impacts

Temperature
index

Increased summer
temperature

Alters the phenology of
forest tree species and also
increases the probability of

forest fire

0.760 0.100 0.900

Increased
February-March

temperature

Alters phenology of forest
tree species, agricultural and

horticultural production
0.750 0.800 0.830

Rainfall Index

Decreased number of
rainy days

Lesser rainy days distress
forest tree species and water

availability
0.230 0.540 0.710

Delayed monsoon
rain

Results in water scarcity and
alters the physiological
character of the forest

0.110 0.290 0.340

Extreme Event
Index

Increased
temperature

resulting in forest fire

Increased temperature
strengthens forest fire. It
drives forest degradation

and limits forest
productivity

0.500 0.730 0.860

Increased
temperature and

drought incidence

Water scarcity and restricted
long-term water availability
for agriculture and related

activities

0.120 0.670 0.890

Increased intensity
and decreased

frequency of rainfall
Increases runoff and erosion 0.990 0.920 0.770

Uncertain extreme
climatic events

These cause structural
degradation and functional

deterioration of forests
0.850 0.960 0.960
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Table 3. Cont.

Indices Indicators Explanation Zone A Zone B Zone C

Dimension of Vulnerability

Sensitivity

Natural Resource
Degradation

Index

Frequency of forest
fire (increased or

decreased)

One of the major drivers of
forest degradation, limits
forest productivity, and
restricts access to forest

0.480 0.950 0.870

The intensity of
forest fire (increased

or decreased)

One of the major drivers of
forest degradation, limits
forest productivity, and
restricts access to forest

0.430 0.900 1.000

Lopped trees
(Number/Hectare)

The higher number of lopped
trees shows higher

anthropogenic interference
0.651 0.609 0.477

Grazing (%)

Reflects higher
anthropogenic interferences,

limits alter the ecological
balance and affect the health

of the forest

0.667 0.667 0.667

Time spent on
collection of forest

resources

Shows that the distance
between village and forest is

increasing because of
anthropogenic interference

0.500 0.900 0.960

Distance travelled for
collection of forest

resources

A distant forest reflects
more time spent on
resource collection

0.490 0.910 0.910

Resource
susceptibility

index

Concentration of
dominance 0.373 0.633 0.545

Evenness
Represents health, vigor and

functioning of forest
ecosystem

0.512 0.458 0.533

Susceptible species Susceptible species more
prone to fire 0.620 0.560 0.170

Regeneration rate Higher regeneration
represents better health 0.870 0.900 0.540

Pure forest and
dominant species

Pure forests are susceptible
to change, and the

fire-susceptible dominant
species result in the

loss of forest

0.420 0.870 0.590

Age of the nearby
forest (even or odd)

Even-aged forests are more
susceptible to change 0.500 0.500 0.400

Dependency on the
natural water source

Natural water sources are
susceptible to forest

degradation and
climate change

0.140 0.290 0.370
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Table 3. Cont.

Indices Indicators Explanation Zone A Zone B Zone C

Adaptive
Capacity

Resource
collection index

Fodder and
fuelwood collection

The natural support system
is more susceptible to

climate change and higher
dependency (% respondents)

on susceptible ecosystems
results in vulnerability

0.430 0.400 0.450

Collection of NTFP

NTFP (apart from fodder
and fuelwood) is an

additional income source
and is also considered a food

supplement

0.350 0.290 0.270

Resource
availability index

Sufficient fodder and
fuelwood

Availability of and
accessibility to sufficient

fodder and fuelwood
sources strengthen capacity

to withstand change

0.430 0.600 0.780

Strategy index

Individuals
(Number/Hectare)

The higher the number of
individuals, the higher the
productivity of the forest

0.488 0.447 0.396

Biodiversity (H) Maintains structure and
function of an ecosystem 0.593 0.389 0.350

Species Richness
Supports species’ ecological

interactions and
geographical ranges

0.557 0.482 0.389

Biomass
(Tons/Hectare)

Absolute reflection of forests’
health; the higher the

biomass, the better
the health

0.505 0.447 0.412

Alternatives to fodder
during fodder scarce
season (Summer and
monsoon) (cultivation

of fodder, use of
previously stored

fodder, or increased
use of straw)

The availability of
alternatives represents the

self-sufficiency of
a household

0.330 0.370 0.330

Strategies during
fuelwood scarcity

(shifting to
energy-efficient
techniques like

improved stoves,
LPG, etc.)

Strategies reduce
dependency and strengthen

households’
adaptive capacity

0.320 0.490 0.520

The term ‘vulnerability’ has scientific origins in geography and natural disaster studies.
However, this concept has become crucial in fields such as natural hazard and disaster
management, ecology, public health, poverty and development, secure livelihoods and
famine, sustainability science, land change, and climate effects and adaptation. Several
studies (Table 2) characterized vulnerability based on their research appropriateness. A
simple, concise meaning derived from its Latin origins is frequently employed in the
literature. The root of vulnerability is ‘vulnerare’, meaning ‘to wound’; thus, Kates et al.
(1985) [69] defined vulnerability as ‘the capacity to be wounded’. Amartya Sen (1981) [104]
emphasized the cause of the vulnerability. Defining it as a ‘lack of entitlement (food
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security, sustainable livelihoods, social structures, etc.) due to restricted access to resources
(institutional, political, and technological)’.

The IPCC defines vulnerability in its Second Assessment Report as ‘the extent to which
climate change may damage or disrupt a system’, and states that system vulnerability
‘depends not only on a system’s sensitivity but also on its ability to adapt to changing
climatic settings’ (Watson et al., 1996 [105]). According to the report, socioeconomic
systems are ‘usually more vulnerable in developing nations with less favorable economic
and institutional circumstances’. The existence of an inter-relationship between wealth
(strengthens adaptive capacity) and poverty (begets vulnerability) in a region discussed
deliberately in the Regional Impacts of Climate Change: An Assessment of Vulnerability
(IPCC, 1997 [106]). The location and context specificity of vulnerability with uncertainty was
highlighted by Handmer (1999) [107]. He underlined that uncertainty might be addressed
by bold policy initiatives that address social and economic concerns while taking into
account human behavior, culture, and the institutional capabilities of affected communities.
At COP-6, Watson defined vulnerability as ’the amount to which a natural or social system
is vulnerable to suffering damage from climate change’, and it is a result of climate change
magnitude, sensitivity, and adaptability (IPCC, 2000) [108].

Several definitions of vulnerability have been offered since 1980. It is generally defined
as the ability to anticipate, resist, cope with, and respond to a hazard (Blaikie et al., 1994) [79].
It occurs due to various factors including disaster management, public health, poverty, food
security, ecology, and climate change, including climate variability, change, and extremes
(Fussel 2007 [109]). Goulden (2010) [110] defines the natural perspective of vulnerability
as ‘a function of the character, magnitude, and rate of climate variation to which a system
is exposed, its sensitivity and adaptive capacity’. The potential implications of climatic
fluctuation and change are referred to as exposure; sensitivity is the extent to which the
exposure affects rural communities; and adaptive capacity is the system’s ability to adapt,
tolerate, or recover from the effects of the exposure (Ebi et al., 2006 [111]). However, the
definition does not precisely define the relationship among dimensions of vulnerability
(Schauser et al., 2010 [112]). Sometimes researchers describe vulnerability as an exposure
susceptibility–resilience complex when they view sensitivity as susceptibility and adaptive
capability as resilience (Balica et al., 2012 [113]). Vulnerability measures a system’s (a
community’s) defenselessness or propensity to be injured or hurt by climate change. The
IPCC defines vulnerability as ’the propensity or predisposition to be negatively affected’.
Vulnerability includes several factors, such as sensitivity or susceptibility to injury and a lack
of ability to cope and adapt (IPCC, 2014 [89]). The IPCC 2014 report defines vulnerability as
a characteristic, intrinsic system attribute. The exterior property, i.e., exposure, is inherent.
Thus, it is not taken into consideration for the assessment. Exposure is an external element
that increases vulnerability and is regarded as an inseparable component of vulnerability
assessment, driving sensitivity and adaptive capacity.

There have been few vulnerability assessment studies based on the IPCC 2014 frame-
work, with most using the IPCC 2007 framework and measuring exposure as an inseparable
component of vulnerability (Simane et al., 2016 [114], Kumar et al., 2016 [115], Jha et al.,
2017 [63], Jha et al., 2018 [22], Pandey et al., 2018 [116], Jha 2020 [8]). The indicators
used for vulnerability assessment are shown in Table 1. These investigations are based
on the queries ‘who is vulnerable?’, ‘what is vulnerability?’, and ‘vulnerability to what?’
(Malone and Engle 2011 [117]), whereas new vulnerability assessment paradigms strive
to answer the question ‘vulnerability to what?’ Updated assessments are not related to
exposure and are a system’s distinguishing feature, demonstrating its current internal con-
dition (Sharma et al., 2013 [118]). Vulnerability, in this construct, is regarded as an inherent
attribute of the system, consisting of sensitivity and adaptive capability.

The current study evaluates vulnerability as a pre-existing, system-specific attribute.
We measured vulnerability using hazard-specific indicators for sensitivity and adaptive
capability after identifying likely and prospective dangers. Climate change is currently re-
garded as a hazard, and factors that directly or indirectly affect and/or influence sensitivity
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and adaptation ability were considered for the evaluation. The indications were aggregated
into indices, which were then categorized as ‘possible repercussions of climate change’.

2. Methodology
2.1. Study Area

The research was carried out in the Pauri district of Uttarakhand, India. The district
(29◦20′–30◦15′ N; 78◦10′–79◦20′ E) has an average elevation of 1800 m above sea level (m asl)
(range 210–7817 m asl) and occupies a land area of 5230 km2 (FSI, 2019 [119]). The district’s
population is 686,527, with a density of 129 persons per km2, and the sex ratio is 1103 females
per 1000 males. The district has reported a negative population growth rate (−1.51%). The
district has an 82.59 percent literacy rate (males 93.18 percent, females 73.26 percent), compared
to 74.04 percent in India (males 82.14 percent, females 65.46 percent) (Census of India, 2011 [120]).
With a mean annual temperature of 25–30 ◦C (45 ◦C in June and 1.3 ◦C in January) and a mean
annual rainfall of 2180 mm, the area has a sub-temperate to temperate climate, with over 90% of
precipitation falling during the monsoon season (July–September).

The district has a hilly topography. The fluvial valleys have a convex shape, with
steep valleys, interlocking spurs descending the main river, and terraced agricultural fields
on the valley sides’ moderate slopes. The people, who stay in the area, are primarily
involved in agriculture, rely on forest resources for their survival, and are locally known
as Garhwali. Tourism and animal husbandry are supplementary income sources in the
region. The Garhwal region is predominantly rural, with scattered housing patterns and a
mixed economy. The landholding is scattered and small, and per capita land availability
is 0.68 ha in the hilly districts and 1.77 ha in the plain districts. Out of the total reported
land, only 14.02% is under cultivation, and more than 55% is rainfed. The existence of
different topographical and orographic elements has resulted in exceptional biodiversity in
the region. The state is well-forested and consists of about 34,652 square kilometers (64.78%)
of forest cover; the study district has 3269 square kilometers (61.34 %) of forested area.
Out of the total, 519 km square (15.87%) is very dense forest; 1954 km square (59.77%) is
moderately dense forest; and 672 km square (24.35%) is open forest. The district contributes
13.48% of forest area to the state, and its share in national forest cover is 03.45%. The per
capita forest area in the district is 0.0047 km square per person, much higher than the
state’s per capita forest area, i.e., 0.0024 km2 per person (ISFR, 2021) [121]. The forest type
(Figure 1b) in the district shows a considerable higher difference. The forest of the study
district is differentiated into moist Shivalik sal forest, deciduous forest, and ban-oak forest.
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Figure 1. (a) Study site location district and state, (b) land use and land cover map depicting forest
type along the contour map of the study district, (c) contour and elevation map of the study district.

The moist Shivalik sal forest, i.e., Zone A, comprises the Tarai–Bhabar area of the
adjacent Gangetic plain, and outer and sub-Himalayan tract up to 1200 m asl. The for-
est types of these zones consist of (a) Shorea robusta forest, (b) Acacia-Dalbergia forest,
(c) Acacia-Shorea robusta forest, (d) Holoptelea forest, (e) Bamboo (Dendroclamus) brakes, and
(f) Anogeissus latifolia-Spondias pinnata forest and scrubs, associated with various evergreen
and deciduous tree species. Zone B, 1200–1800 m asl has mountainous topography and the
forest type is a deciduous forest comprising of (a) Pine forest, (b) Oak forest, (c) Pine-Oak
forest, (d) Oak-Lyonia forest, (e) Deodar Forest, (f) Deodar-Pine forest, and (g) mixed forest.
Zone C, i.e., more than 1800 m asl usually known as the sub-Himalayan peaks, has a
ban-oak forest type consisting of (a) oak forest, (b) deodar forest, (c) rhododendron forest,
(d) spruce forest, and (e) mixed forest.

2.2. Sampling Strategies

Inter- and intra-structural indicators of forest degradation were examined over an
altitudinal gradient for vulnerability assessment. The patterns of land use and resource
utilization were explored in detail. As basic requirements differ with altitude in the
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mountains, the present investigation divided the district into three zones (A–C) based on
altitude and forest distribution. The zones were defined as altitude < 1200 m asl (zone A),
altitude 1200–1800 m asl (zone B), and altitude > 1800 m asl (zone C) (Figure 1c).

Questionnaires and face-to-face interviews, ideally with the head of the household,
were used to gather information on households in randomly selected villages in each zone.
Multiple villages in each zone were chosen to retain the villages’ variability. Large samples
are difficult to gather in mountainous areas, since households are sparsely scattered and
typically engage in their livelihood throughout the day. In the study district, 91 villages
(30 in Zone A, 32 in Zone B, and 29 in Zone C) were surveyed. The villages were chosen
because of the inhabitants’ reliance on the forest. A minimum of five and a maximum of
ten respondents from each participating village were chosen for the interview to avoid
similarities in responses. For data collection, 545 respondents were questioned from the
three designated altitudinal zones (182 in Zone A, 187 in Zone B, and 176 in Zone C).

With the help of a local person, the interviews were conducted in Hindi and the local
language. The questionnaire addressed topics and concerns regarding the forest and its abil-
ity to provide a livelihood. A phytosociological study was also conducted to determine the
forest’s condition in density, regeneration, species richness, variety, lopped branches/trees,
and biomass. Along the altitudinal gradient, the investigation was conducted in the open
(OF), moderately dense (MDF), and dense forests (DF). To prevent uniformity and cover
more area in each zone, a total of 71 quadrants (19 in Zone A (OF 5, MDF 9, DF 5), 22 in Zone
B (OF 8, MDF 10, DF 4), and 30 in Zone C (OF 19, MDF 5, DF 6)) of 500 m2 each (20 m × 25 m)
were set out at intervals of 500 m elevation. The primary data and field measurements were
transformed into indicators and incorporated into the forest vulnerability indices.

2.3. Analytical Framework

A bottom-up, indicator-based approach was used in the study (Hahn et al., 2009 [46]).
The underlying assumption was that local knowledge and advice are essential to identifying
drivers of vulnerability and indicators that may help the forest ecosystem become less
vulnerable. These indicators are sympatric, indicating susceptibility at a local level (Jha et al.,
2017 [63]). Multidimensional Vulnerability (Sullivan and Meigh 2005 [122]), Livelihood
Vulnerability Index (Hahn et al., 2009 [46]), Livelihood Effect Index (Urothody et al.,
2010 [48]), Climate Vulnerability Index (Pandey and Jha 2011 [49]), Capacity Assessment
Index (Jha et al., 2017 [63]), and Vulnerability and Capacity Assessment (Sinha and Jha,
2017 [62]) are two vulnerability assessment methodologies that include indications from
several components to show both sectoral and overall vulnerability. The current study
integrated field measurements with primary data (household questionnaires) to develop a
method for assessing forest vulnerability. Most indicator-based techniques employ balance-
weighted averages, assuming that each indicator contributes equally to the aggregate index
(Sullivan 2002 [37]; Pandey and Jha 2011 [49]; Jha et al., 2017 [63]) and are thus comparable
and relevant.

Our approach was designed to assess the vulnerability of forests that provide abun-
dant goods and services to communities. Household dependency on the forest was studied
through resource degradation, susceptibility in terms of sensitivity, forest resource availabil-
ity, collection, and strategies as adaptive capacities. Previous studies on forest degradation
in the Himalayas are limited. The vulnerability of natural systems can be attributed to
multidimensional factors (Jha 2020 [8]), with each dimension associated either positively or
negatively (Jha et al., 2017 [63]). Change or variation in a single dimension may or may
not influence others and a change in the dimension of vulnerability can impact households
differently depending on their existing endowments (Pandey and Jha, 2011 [49]).

The present study employed a participatory evaluation technique that included par-
ticipatory assessment (household surveys, participatory rural appraisals, focus group
discussions) and field measurements (phytosociological analysis) (Table 3). Diversity was
studied along with richness, regeneration, individuals, evenness, the concentration of
dominance (CD), and biomass to represent the forest ecosystem’s long-term health, vigor,
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and functioning (Solbrig 1991 [123]; Lee and Chun 2016 [124]). These variables are also
important ecological characteristics, strongly correlated with environmental and anthro-
pogenic variables (Gairola et al., 2008 [125]; Rawat and Chandra 2012 [126]). Indicators
were created through primary qualitative and quantitative data. These indicators were
identified through a combination of literature specific to the area or similar regions (e.g.,
Sharma et al., 2009 [127]; Urothody et al., 2010 [48]; Pandey and Jha 2011 [49]; Tse-ring et al.,
2012 [128]; Sandhu and Sandhu 2014 [129]; Pandey et al., 2015 [54]; Gerlitz et al., 2016 [52];
Pandey et al., 2016, 2017 [53,56]; Jha et al., 2017 [63]) and through expert consultation. The
indicators were originally in different units or scales, and they were standardized depend-
ing on their functional relationship with vulnerability, e.g., whether vulnerability increased
with an increase in the value of the indicator (positive relationship; Equation (1)) or de-
creased with an increase in the value of the indicator (negative relationship, Equation (2)).
The current state of the forest ecosystem was then described in terms of vulnerability using
the IPCC vulnerability assessment technique (IPCC, 2014 [89]), which consists of eight
indices and 30 site-specific indicators. The higher the indicator’s value, the bigger the
vulnerability, it was thought.

Indexsv =
Sv − Smin

Smax − Smin
(1)

Indexsv =
Smax − Sv

Smax − Smin
(2)

where SV is the average value of the indicator at the village level, and Smin and Smax are the
minimum and maximum values of the indicator.

The indicators were averaged after standardization using Equation (3) to calculate the
score for the indexes:

MV =
∑n

i=1 Index
n

(3)

where, MV is one of the indices for the dimension, Index is the value of the ith indicator,
and n is the number of indicators for the dimension.

Dimensions of vulnerability (sensitivity (Se) and adaptive capacity (Ac)) are calculated
separately by taking a simple average of indexes using Equation (4):

Nv =
∑n

i=1 Dimension o f Vulnerability
n

(4)

where NV is one of the dimensions of vulnerability, the dimension of vulnerability is the
value of the ith indexes, and n is the number of indexes for the dimension.

The overall vulnerability is calculated with sensitivity and adaptive capacity, consisting
of site-specific indicators in the context of climate change using Equation (5). Here the
data for indicators were gathered through household surveys which capture opinions or
perceptions of the communities and field measurements in the nearby forest.

Vulnerability = Sensitivity− Adaptive Capacity (5)

3. Results and Discussion

A detailed analysis of the historical climate trend (1951–2018) using INRM multi-model
ensembles, along with communities’ perception of climate, and forest vulnerability based
on a bottom-up indicator-based approach using IPCC assessment protocol was employed
in this investigation. The result is presented in two sections, the first section discusses
the historical climate trend and communities’ perceptions while forest vulnerability is
discussed in the second section.
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3.1. Historical Climate Trends

According to INRM multi-model ensembles (RCP 4.5), from 1951 to 2018, the average
rainfall of the district decreased with low confidence for pre-monsoon, post-monsoon,
and winter months, while the decrease was more significant in monsoon months. In
contrast, very heavy precipitation and simple rainfall intensity index have been increased.
The minimum temperature for winter, pre-monsoon, and monsoon seasons indicated an
increasing trend with low confidence. At the same time, the post-monsoon minimum
temperature is rising with high confidence. The average maximum temperature for winter
and monsoon decreased with low confidence, while the pre- and post-monsoon maximum
temperature increased. The district’s maximum and minimum daytime temperatures
indicated increasing trends (Figure 2).
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3.1.1. Climate Perception

Further, communities’ perception was also studied with the help of indicators. The
indicators or set of information were normalized and converted into indices and finally
assimilated into components of climate. Climate perception was recorded with the help of
changes in the indicators of maximum and minimum temperature, rainfall, and extreme
events over the previous 15–20 years.

3.1.2. Temperature Perception (Maximum and Minimum)

The local communities confirmed the variation in the district’s climate. They noted that
the climate was changing, with temperature increases and variations in rainfall (frequency
and intensity). These were analyzed using a temperature index (A—0.76; B—0.45; C—0.87),
rainfall index (A—0.17; B—0.42; C—0.53), and extreme event index (A—0.62; B—0.82;
C—0.87). Each of the indices consisted of a set of indicators, with the temperature index
consisting of ‘increased summer temperature’ and ‘increased February-March temperature’.
The most significant increases in summer temperature were reported in Zone C (0.90),
followed by Zone A (0.76) and Zone B (0.10). Official data for India (MoEF, 2012 [130])
have also reported substantial increases in temperature in the Himalayan region. The
study district’s mean, minimum and maximum temperatures, both annually and during
the summer, indicate increasing trends (Jha et al., 2020 [131]). Furthermore, this increasing
trend has been highlighted above 4000 m asl. in eastern Nepal and Tibet (Shrestha and
Devkota 2010 [132]). The overall temperature in the Himalayan area is expected to rise at a
pace of 0.06 degrees Celsius every year (Shrestha et al., 2012 [133]).

The most significant increases in February-March temperature were reported in Zone
C (0.83), followed by Zone B (0.80) and Zone A (0.75). Indeed, a previous study has similarly
found an increase in January-March temperatures in the Eastern Himalayan area (Sharma
2012 [134]). Jha et al. (2020) [131] reported that winter temperatures in the Pauri district
are also increasing aside from the annual average. Increased winter temperatures in the
Himalayas directly influence the permafrost cover and snow melting rate. Accelerated
melting will likely increase river discharge, indirectly affecting water availability (Nepal
and Shrestha 2015 [135]). Based on the current warming and GHG emission rates (ICIMOD,
2019 [136]), the Himalayas could lose two-thirds of its glaciers by 2100.

3.1.3. Rainfall Perception

The rainfall index, comprising a decreased number of rainy days and delayed monsoon
rain, reflected the most significant overall variation in rainfall in Zone C (0.53), followed
by Zone B (0.42), and Zone A (0.17), indicating an increasing trend from Zone A to C. The
scores for decreased number of rainy days and delayed monsoon rain were 0.23 and 0.11
(Zone A), 0.54 and 0.29 (Zone B), and 0.71 and 0.34 (Zone C).

The World Bank (2012) [137] has reported a decline in monsoon rainfall and an increase
in the frequency of severe rainfall events since the 1950s. Several studies in the Indian
Himalayan region suggest temperature increases, more seasonal variations, milder winters,
and variations in the magnitude, intensity, and duration of precipitation (Goswami et al.,
2006 [138]; Sharma et al., 2009 [127]; Xu et al., 2009 [139]; Pandey and Jha, 2011 [49]; Pandey
et al., 2017 [56]; Jha 2020 [8], Jha et al., 2020 [131]).

3.1.4. Extreme Events Perception

Meanwhile, the extreme event index was composed of increasing temperatures that
triggered forest fires, increased temperature and drought incidence, increased rainfall
intensity and frequency, and unexpected, extreme climatic events. Previous research
reporting climatic data (Jha et al., 2020 [131]) and residents’ perceptions of climate variance
in the district have verified this (Rao et al., 2018 [140]; Jha et al., 2020 [131]). Furthermore,
official statistics from India (MoEF, 2012 [130]) have revealed visible alterations in the
Himalayan climate pattern.
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Scores were reported in direct proportion to the altitude (Zone A—0.62; B—0.82;
C—0.87). The first two indicators, higher incidence of forest fire and drought owing to
increasing temperature, followed a similar pattern, with higher scores in Zone C (0.86 and
0.89) than in Zone B (0.73 and 0.67) and Zone A (0.50 and 0.12). Zone A (0.99) had higher
scores for increased rainfall intensity and decreased rainfall frequency than Zone B (0.92)
and Zone C (0.92). (0.77). Finally, extreme climatic event uncertainty was found to be
almost equivalent in Zone B (0.96) and C (0.96) but greater in Zone A. (0.85) (Table 3).

With increasing altitude, the overall impact increased (Zone A—0.51; B—0.56; C—0.75).
The increased effect in Zone C might likely be attributed to its closeness to and reliance on
the climate-sensitive natural support system. IPCC (2014) [89] clearly states that natural
support systems are relatively more vulnerable to climate change, making those dependent
on vulnerable ecosystems more susceptible. Moreover, variation in climate parameters and
its uncertainty also alters composition and structure (Gaire et al., 2017 [141]), phenology
(Bajpai et al., 2016 [142]), budburst and flowering (Amano et al., 2010 [143]), and forest
productivity (Alekhya et al., 2015 [28]).

3.2. Forest Vulnerability

The forest vulnerability index, which includes characteristics or dimensions of vulner-
ability such as sensitivity and adaptive capacity, was employed in this investigation.

3.2.1. Sensitivity

Sensitivity along the altitudinal gradient in the Pauri district was assessed using the
natural resource degradation index and resource susceptibility index (Figure 3). Natural
resource degradation was reported to be very similar in Zone B (0.82) and C (0.81) and
comparatively less in Zone A (0.54). This index consists of grazing (%), time spent collecting
fodder and fuelwood, distance travelled for resource collection, especially fodder and
fuelwood, forest fire frequency and intensity, and lopped trees (number/hectare). Grazing
was a significant cause of degradation and was found in similar volumes (0.667) in all
three zones (A to C). Furthermore, forest degradation reduced services and impacted
hydrological functioning by contributing to rainfall interception, infiltration, purification,
evapotranspiration, and groundwater recharge (Locatelli, 2016 [144]).
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The increasing demand for resources and their extensive harvest undermines the forest
in the designated zones. Zone C (5 to 6 h/day, up from 2 to 3 h/day) experienced the largest
increase in average time spent collecting fodder and fuelwood compared to Zone B (3 to
4 h/day, up from 1.5 to 3 h/day) and A (1 to 1.5 h/day, up from 0.5 to 1.2 h/day). Indeed, it
is probable that the time spent on collection (fodder and fuelwood) has increased due to the
increased travel distance required. In the past, respondents traveled around 3–5 km/day
to collect resources, but the distance has grown to 0–4 km/day. Zone C (7–10 km/day, up
from 3–5 km/day) had the largest increase, and overall, the normalized values for time
spent and distance traveled were highest in Zone C (0.96 and 0.91), followed by Zone B
(0.90 and 0.91) and Zone A (0.50 and 0.49) (Table 3).

Zone B (0.95) had the most increased frequency of forest fires, followed by Zone
C (0.87) and Zone A (0.48), whereas Zone C (1.00) had the highest increased intensity,
followed by Zone B (0.90) and Zone A (0.48). Pauri is among the districts most affected by
these fires, with approximately 38% of the state’s forest fires reported to have occurred here.
The Kotdwar block of the district had the highest number of forest fires (712) (Hussain,
2018) [145], the bulk of which were human-caused for reasons such as encouraging fodder
gathering (Jha et al., 2018 [22]).

The number of lopped trees was determined along an altitudinal gradient, with Zone
A (0.65) being the most, followed by Zone B (0.61) and Zone C (0.48). Forest degradation is
said to be exacerbated by the livelihood concerns of millions of impoverished people living
in and around the forest (Maikhuri et al., 2001 [146]; Davidar et al., 2010 [147]), which is
believed to be highest in Zone C due to greater dependency.

Zone B (0.60) has the highest score for the resource susceptibility index, followed by
Zone A (0.49) and Zone C (0.45). This index was composed of seven indicators: concentra-
tion of dominance (CD), evenness, fire-susceptible species, regeneration, dominant species,
forest age, and reliance on natural water resources. CD was found to be greater in Zone B
(0.63) than in Zone C (0.54) and A (0.37), while evenness was found to be quite comparable
in Zone A (0.51) and C (0.53), and lower in Zone B (0.45). Fire-susceptible species decreased
with altitude; the maximum number was recorded in Zone A (0.620). The dominant forest
tree species in Zone A and B were susceptible to fire, as demonstrated by Jha et al. (2018,
2020) [22,131]. Indeed, the significance of forest composition to fire occurrences has been
studied previously and was initially highlighted by Shank and Noorie (1950) [148]. The
Himalayan area has seen a 90 percent rise in forest fires and increased numbers of fires
started intentionally (Levine et al., 1999) [149].

The area under forest was recorded highest in Zone B (0.87), followed by Zone C
(0.59) and Zone A (0.42). Regeneration was limited in Zone A (0.87) and B (0.90) due
to the dominance of Pinus roxburghii, while more effective regeneration was reported in
the oak forests of Zone C (0.54). The forests of Zone A (0.50) and B (0.50) were evenly
aged, and slight variation was recorded in Zone C (0.40). Other significant determinants of
vulnerability can be found in water availability, accessibility (Rajesh et al., 2014 [150]), and
storage (Connor 2015) [151]. It may be anticipated that households who rely on a natural
water supply (e.g., river, spring, etc.) are more sensitive to rising climate catastrophe and
related repercussions. Dependence on a natural water source was found to be highest
in Zone C (0.37), followed by Zone B (0.29), with Zone A (0.14) being nearly half that of
Zone B (Table 3). Deforestation, rising global temperature, intensified precipitation, and
seasonal droughts are other site-specific variables related to water scarcity (Tambe et al.,
2011) [152], all of which contribute to natural springs drying up and stream base flow
dropping (Rawat et al., 2011) [153].

3.2.2. Adaptive Capacity

Forests provide a broad set of goods and services for sustenance in the mountains
(Jha et al., 2018 [22]) and strengthen their capacity to withstand changes. Adaptive capacity
in the Pauri district was assessed using 03 indices and 09 indicators. Greater adaptive
capacity was reported in Zone A, followed by Zone B and C. The resource collection
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index consists of fodder and fuelwood collection and non-timber forest products (NTFPs)
(Figure 3). The majority of the households in the study area collect fodder and fuelwood
from the forest; the collection was reported to be slightly higher in Zone C than in Zone A
and Zone B, and fuelwood was found to be preferable for cooking, water heating, space
heating, etc., for economic reasons (Kanagawa and Nakata, 2007) [154]. Extraction of
fuelwood was reported to be higher in winter (November to February) due to higher
consumption levels and limited labor requirements in agriculture and allied sectors, while
minimum extraction was reported in the monsoon season due to the availability of green
fodder in close proximity (Bhatt and Sachan 2004) [155]. Dependence on the collection of
NTFPs was significantly less throughout the district, although a few households in each
zone reported collecting NTFPs from a nearby forest. NTFP accessibility and collection
were lowest in Zone A, producing a higher normalized score for the zone. At the same
time, the harvest of NTFPs was comparatively superior in Zone B and C.

The availability of resources, i.e., fodder and fuelwood, was found to be highest in
Zone A, followed by Zone B and C, with more dependents in Zone B and C than in Zone
A. A higher number of dependents indicates greater competition and a lower proportion
of households acquiring sufficient fodder and fuelwood. Indeed, Jha et al. (2020) [131]
have reported similar findings about resource accessibility, availability, and sufficiency. The
strategy index, which comprised six indications, was determined to be greatest in Zone C,
followed by Zone B and Zone A. Zone C had the most individual trees (number/hectare),
followed by Zone B and Zone A; Zone C also had the highest density of trees. The dense
forest in Zone A had a stem density of 716 trees/ha, which is within the range described
by Sharma et al. (2011) [156] for Indian forests and Saxena and Singh (1982) [157] for a
forest in the Kumaun Himalaya. However, this result was lower than the range reported by
Gairola et al. (2011) [158] for a forest in the Western Himalayas. The aggregate tree density
in Zone B varied from 286 to 907 trees/ha, and the tree density of Quercus leucotrichophora
(273 trees/ha) in Zone B (1200–1800 m asl) was lower than reported by Gairola et al.
(2011) [158] and Pandey (2001) [159]. The dominating species in Zone C was found to be
Quercus leucotrichophora, a dominance at high altitudes that have also been documented by
Sharma et al. (2009) [127] (Garhwal Himalaya). Detailed analysis on individuals (trees/
hectare), above-ground biomass density (AGBD), species richness, and biodiversity in
dense, moderately dense, and open forests in the selected zones (A, B, C) of the study
district is presented in Figure 4.
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dense, moderately dense, and open forests along the altitudinal gradient of the Pauri district.
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The biomass production increased with altitude, from 43 tons (t)/ha in Zone A, to
47.50 t/ha in Zone B, to 88 t/ha in Zone C. Biomass production by Pinus roxburghii in
Zone A (112 t/ha) was shown to be more than that indicated by Rana (1985) [160], and
similar to that reported by Chaturvedi and Singh (1986) [161] and Chaturvedi (1983) [162]
for the Kumaun region of India. Pinus roxburghii contributed more than 57 percent of the
biomass in Zone B. The above-ground biomass density for Pinus roxburghii (153.44 t/ha)
was lower in the present study than that reported by Gairola et al. (2011) [158] (183.05 t/ha)
and Kumar et al. (2019) [163] (213 t/ha) for Pauri Garhwal. Haripriya (2000) [164], on the
other hand, observed an even lower above-ground biomass density for Pinus roxburghii
(69.50 t/ha). The highest above-ground biomass density in Zone C was recorded for
Cedrus deodara. In a previous study, Sundriyal et al. (1994) [165] reported an above-ground
biomass density range of 368–682 t/ha in the higher altitude forests of Eastern Himalaya.
Moreover, the above-ground biomass density estimated for Cedrus deodara forest was lower
than that reported by Sharma et al. (2010) [166] for the Garhwal forest.

Species richness and biodiversity were reported to be higher in Zone C than Zone B
and Zone A. Species richness increased with the density of the forest, suggesting that dense
forest has the highest degree of species richness. According to Singh et al. (1994) [167], the
maximum species richness was found in Pinus roxburghii mixed broadleaf forests, whereas
the lowest was found in high-elevation forests. The species richness value observed in this
study did not differ significantly from the values reported by Semwal et al. (2010) [168]
and Raturi (2012) [169].

The highest biodiversity was found in the dense forest of Zone C, followed by the
moderately dense forest of Zone B. Indeed, similar findings on biodiversity and species
richness have been presented by Kumar and Ram (2005) [170] and Pandey (2003) [171]
in Kumaun Himalaya. However, the values recorded in the present study were higher
than those of Sanjeev and Sankhayan (2006) [172] in Mussoorie Dehradun, Dhar et, al.
(1997) [173], and Kumar and Ram (2005) [170] in Kumaun Himalaya, and lower than those
of Gairola et al. (2011) [158] in Garhwal Himalaya. The lowest diversity value was found
in Zone A. This lower degree of biodiversity might be attributed to high anthropogenic
disturbances. Semwal et al. (2010) [168] reported a relatively low species diversity in the
Himalayan forest, while a higher range was reported by Singh and Singh (1987) [174] in
the Chir pine mixed forest of Central Himalaya, by Rawat and Chandhok (2009) [175], and
by Raturi (2012) [169] for temperate mixed forests and sub-tropical forests. Biodiversity
can also vary based on biogeography, habitat, and disturbance (Sagar et al., 2003 [176]).
According to Srivastava et al. (2008) [177], community characteristics can differ in aspect,
slope, and altitude, even within the same vegetation type.

Availability of fodder during the scarce season was reported to be about similar in
Zone A and C and lower in Zone B, but access to fuelwood during the scarce season was
found to decrease with altitude. As previously discussed, most of the households in this
region possess traditional livestock, which is directly or indirectly dependent on the forest
for fodder. The storage of fodder was common traditional practice for the villagers, who
were generally found to collect more fodder after the monsoon and then store it for the
fodder-scarce season. The fodder storage practice was generally more prevalent in Zone C,
which was believed to be one of the best solutions to combat fodder scarcity. Furthermore,
several strategies have been adopted to reduce forest dependency in Zone A, including
adopting efficient technologies. However, relatively few alternatives and strategies for
fodder scarcity were adopted in Zone B and C. Almost all villages surveyed had fuelwood
alternatives, i.e., LPG, while fuelwood remained the most economical choice for cooking,
water, and space heating. Fuelwood extraction increased in winter (November to February)
due to higher consumption and limited labor requirements in agriculture and allied sectors.
There was also a tendency to store fuelwood for the upcoming months. On the other hand,
minimum fuelwood extraction was reported in the monsoon season. Overall, there were
fewer strategies to combat fuelwood scarcity in Zone B and C.
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3.2.3. Vulnerability

The highest vulnerability was recorded in Zone B due to higher sensitivity and lower
adaptive capacity (Figure 5). The households in Zone B disproportionately relied on the
forest to sustain their livelihood. Climate change threatens the Himalayan Forest, and the
dominance of Pinus roxburghii exacerbates sensitivity and increases vulnerability. Limited
understory vegetation in pine forests restricts the availability of fodder and fuelwood and
constitutes a potential cause of lopping. Moreover, pine needles are highly susceptible
to forest fires, and the incidence of forest fires is comparatively higher in this zone. The
possession of livestock is a traditional practice, and most households will have 2–3 livestock
and subsequently depend on the nearby forest for fodder and grazing. The higher anthro-
pogenic pressure for resource collection is a prime cause of forest degradation, indicated by
the increased distances between the forest and the villages and the increased time spent
collecting forest resources. The anthropogenic pressure then alters the zone’s biodiversity,
richness, and biomass and is reflected by a lower adaptive capacity.
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Figure 5. Sensitivity, adaptive capacity, and vulnerability of the Himalayan forest along the altitudinal
gradient in the Pauri district.

The vulnerability in Zone C is lower than in Zone B and higher than in Zone A
(Figure 5). The vulnerability of Zone C is attributed to the availability, collection, and
degradation of natural resources, while the zone has a comparatively better adaptive
capacity to withstand climate change. Although this zone reports sufficient availability of
natural resources, they are not easily accessible, and those that are accessible are currently
degrading due to higher anthropogenic pressures. The lowest vulnerability was reported
in Zone A, owing to lower dependency on natural resources and availability of alternatives
representing a better adaptive capacity.

4. Conclusions

It is evident that the temperature (maximum and minimum) of the district has in-
creased, and rainfall has decreased in the last few decades. The communities along the
altitudinal gradient also accepted and identified the changes in the climate. The greater
ability of Zone C communities to identify changes is thought to be due to their geophys-
ical position; they live at a higher altitude, mostly in cold weather condition, and thus
can quickly recognize variations in climate such as prolonged summer and variation in
temperature range.

Lower natural resource degradation in Zone A is attributed to less reliance on natural
resources as well as combatively active law enforcement. The higher altitude and some
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inaccessible pockets of the mountain limit the reach of forest officials, while at the same time,
natural resource alternatives are limited, and communities are also dependent on available
resources for sustaining livelihood, so degradation is greater. The forest is a renewable
resource, and the degradation could be reduced, and services restored, but biodiversity loss
is irreversible. Thus, conservation-centric forest management, with maximized involvement
of local communities in collaboration with research or academic institutions and forest
departments, is likely to be highly effective. Forests in Uttarakhand are under great
pressure (natural and anthropogenic), demanding afforestation programs with site-specific
and climate-adapted multi-species initiatives and protective measures for species-rich
ecosystems. Community-owned biodiversity hotspots should be more emphasized, such as
the Nagdev, Ekeshwer, and Tarkeshwer sacred groves in the study district, and Taxus baccata
forest of Uttarkashi district; the local community should be made aware of the need for
ecological conservation. This approach can promote the sustainable extraction (time, part,
quantity, etc.) of forest resources, which is currently one of the major drivers of forest
degradation. The larger area covered by a conservation-centric plan in an altitudinal plan
may limit the supply of forest produce; additionally, the inclusion of a community-centric
forest management plan may contribute to meeting demand. As a result, it is critical to
adopt and implement a forest management plan that incorporates conservation and a
community-centric approach.

Establishing fodder banks and up-gradating energy consumption patterns (e.g., using
improved smokeless stove (chulha), solar cookers, pine bricks, etc.) in Zone B and C could,
to a certain extent, reduce dependency on the forest. Agroforestry practices with particular
emphasis on fast-growing, demand-oriented tree species in Zone B possess significant
potential for reducing the gap between supply and demand and could be an important
mitigation strategy. Furthermore, all the zones require upgraded fodder storage techniques
(hay and silage), particularly Zone C. The forests of Uttarakhand are also highly vulnerable
to forest fires, which are major sources of GHG and, therefore, contributors to reductions
in the terrestrial carbon sink. Consequently, there is a need to introduce fire management
techniques and innovative monitoring and warning approaches in as little time as possible,
which should be included in the policy of the Government of Uttarakhand.

The results revealed that collecting fuelwood and fodder was common in the district.
Maximum degradation was recorded in the moderately dense forest of Zone B due to
anthropogenic disturbances such as lopping, grazing, fodder, and fuelwood collection.
Furthermore, the forest in Zone A and B was dominated by Pinus roxburghii, which hinders
understory regeneration. The maximum above-ground biomass density in the forest of
Zone C was recorded in Cedrus deodara. Overall, maximum above-ground biomass density
was recorded in the dense forest of Zone C. The variation in biomass at different altitudinal
ranges was attributed to forest type, species, age, other environmental factors, and edaphic
factors. Therefore, vulnerability reduction strategies should be centered on developing
natural capital and tailored to a specific sector and site (i.e., altitude). Development of
the natural resource base should be targeted throughout the study district, strengthening
alternatives to natural resources prioritized in Zone B.
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