'™ forests

Review

Forest Vulnerability to Climate Change: A Review for Future
Research Framework

Roshani (¥, Haroon Sajjad !, Pankaj Kumar 2*{, Md Masroor {7, Md Hibjur Rahaman 1%, Sufia Rehman 30,
Raihan Ahmed % and Mehebub Sahana °

check for
updates

Citation: Roshani; Sajjad, H.; Kumar,
P.; Masroor, M.; Rahaman, M.H.;
Rehman, S.; Ahmed, R.; Sahana, M.
Forest Vulnerability to Climate
Change: A Review for Future
Research Framework. Forests 2022, 13,
917. https://doi.org/10.3390/
13060917

Academic Editor: Craig Nitschke

Received: 6 May 2022
Accepted: 9 June 2022
Published: 12 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Geography, Faculty of Natural Sciences, Jamia Millia Islamia, New Delhi 110025, India;
roshnisingh1405@gmail.com (R.); haroon.geog@gmail.com (H.S.); mdmasroor1994@gmail.com (M.M.);
hibjuronline@gmail.com (M.H.R.)

Institute for Global Environmental Strategies, Kanagawa, Hayama 240-0115, Japan

Department of Civil Engineering, National Institute of Technology, Surathkal, Mangalore 575025, India;
srfpinky@gmail.com

Department of Geography, Nowgong College, Nagaon 782001, India; raihan.geog@gmail.com

School of Environment, Education and Development (SEED), University of Manchester,

Manchester M13 9PL, UK; mehebubsahana@gmail.com

*  Correspondence: kumar@iges.or.jp; Tel.: +81-046-855-3858 (ext. 3058)

Abstract: Climate change has caused vulnerability not only to the forest ecosystem but also to
forest-dependent communities. Therefore, its management is essential to increase forest ecosystem
services and reduce vulnerability to climate change using an integrated approach. Although
many scientific studies examined climate change impact on forest ecosystems, forest vulnerability
assessment, including forest sensitivity, adaptability, sustainability and effective management was
found to be scant in the existing literature. Through a systematic review from 1990 to 2019, this
paper examined forest vulnerability to climate change and its management practices. In this paper,
descriptive, mechanism and thematic analyses were carried out to analyze the state of existing
research, in order to understand the concept of vulnerability arising from climate change and forest
management issues. The present study proposed a framework for integrated forest assessment
and management for addressing such issues in future research. The conversion of forest land
into other land uses, forest fragmentation, forest disturbance and the effects of climate change on
the forest ecosystem are the existing problems. Forest vulnerability, effective adaptation to forest
ecosystems and long-term sustainability are priority areas for future research. This study also calls
for undertaking researchers at a local scale to involve communities for the effective management of
forest ecosystems.

Keywords: climate change; forest management; forest vulnerability; literature review; future framework

1. Introduction

Climate change continues to be the primary stressor of the planet and is projected to
be a great challenge for the 21st century in view of high emission conditions. Increased
fossil fuel combustion, increased use of fertilizers, deforestation and land use/land cover
change have driven up the concentration of greenhouse gases in the atmosphere. All these
processes have resulted in the alteration of the earth’s climate [1]. Forest acts as an essential
resource for regulating the earth’s climate, sequestering a significant amount of carbon
from the atmosphere and maintaining ecological stability [2—4]. This important resource is
constantly degraded due to anthropogenic activities and climate change. Climate change
has adversely affected the environment’s state at spatial scales [5-7]. The Intergovernmental
Panel on Climate Change (IPCC) has reported that if the global temperature continues to
increase at the present rate, it may increase by 1.5 °C between 2030 and 2052, altering the
frequency and severity of natural disturbances and having potentially profound impacts
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on forest resources and species composition [8]. The recent IPCC (2022) report projected
the risk for the near-term (2021-2040), mid-term (2041-2060) and long-term (2081-2060) at
different levels and 1.5 °C across multiple decades [9].

Climate change has had several effects on forests and will likely lead to a rise in
temperature in the near future. Indigenous communities living in forest regions are par-
ticularly vulnerable to climate change as they lack the sufficient adaptation capacity to
cope with climate variation and extremes, and have limited access to alternative sources of
income [10,11]. Hence, monitoring and assessing the climate change impact on forests is
a prerequisite in lessening its effects and making suitable adaptation strategies. The US
Government conducted the first global assessment in the earlier part of this century [12].
In addition, several international organizations or institutions, such as the Food and Agri-
culture Organization (FAO), UN Framework Convention on Climate Change (UNFCCC),
Convention on Biological Diversity, and World Wildlife Fund (WWF) are aiming to combat
climate change and its effects on forest dynamics [13]. After UNFCCC concern, a policy was
laid for reducing emissions arising due to deforestation and degradation. The convention
also stressed the sustainable utilization and management of forest and increased forests’
carbon stocks [12].

Several approaches were utilized to assess and monitor the health of the forest,
such as forest fragmentation [10,14-19], household dependency [10,20-24] and forest
susceptibility [25-28]. Previous research has examined the climate change impact on
forest [18,29-41]. The focus of study has now shifted from a general impact assessment
to a vulnerability assessment involving all its components (exposure, sensitivity and
adaption). Researchers and practitioners are now highly interested in understanding the
dynamics of forest vulnerability assessment [42—44]. The IPCC has defined vulnerability as
the susceptibility to adverse effects. It involves three essential components, viz. exposure,
sensitivity and adaptation [45]. Two main approaches to vulnerability assessment, i.e.,
contextual and outcome have been distinguished. The contextual approach is applied to
assess the current impacts, while the outcome approach is utilized to assess future impacts.
The contextual approach is participatory, where social and ecological impacts are assessed
using qualitative data. The outcome approach assesses biophysical impacts by employing
modelling [46].

Forests differ significantly around the world. The regional disparities in climatic
effects and adaptation capability significantly impact forest vulnerability [47]. Approxi-
mately 240 million people live in tropical forests in developing nations, including some of
the world’s poorest and most marginalized people who rely on the forest for their liveli-
hood [48]. Local-scale studies allow a deep understanding of the system and dynamics
at a local level and are helpful in deciding priorities for vulnerability reduction. Forest
vulnerability assessment at the local level primarily reveals communities” actual responses
to climate impacts, thus, employing their knowledge and abilities for developing and
implementing appropriate strategies is highly valued [49]. The local level approach helps
to identify and assess climatic threats and their implications on community livelihoods.
This assessment, however, necessitates a comprehensive understanding of forest dynamics
and how numerous structural changes influence them. As a result, a participatory or
“bottom-up” method must be adopted for local-level vulnerability assessments. Further-
more, local scale studies directly link monitoring and broader notions of sustainable forest
management, such as biodiversity protection and livelihood assistance. They also enhances
local people’s ability to care for their immediate environment by raising awareness and
knowledge about the present state of the forests and surrounding regions [50]. A plethora
of methods, approaches and models have been utilized in earlier studies to evaluate forest
vulnerability to climate change. However, these studies mainly emphasized the forest
ecosystem vulnerability to climate change on the global scale [51-53]. Some studies have
also attempted to examine the vulnerability of forest-dependent communities to climate
change [54-56]. Despite a great deal of information on climate change and forest vulnera-
bility, certain aspects are still unexplored. The climate change-induced forest vulnerability
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assessment allows for raising awareness about climate change among communities and
local stakeholders [57]. However, the lack of empirical data poses a great challenge for
implementing vulnerability assessments at the community and local levels. Furthermore,
forests are simultaneously exposed to numerous climatic and non-climatic stressors. Fur-
ther, approaches to vulnerability assessment that adequately account for this condition
are currently inadequately mentioned in the existing literature. Thus, determining the
susceptibility of forest ecosystems is difficult in the absence of reliable data for analyzing
sensitivity. The review also identified a lack of adaptation strategies and sustainability in
forest management. Thus, an integrated forest management approach involving vulnera-
bility assessment, devising suitable adaptation strategies and long-term sustainability is
essential in the era of climate change. This study noticed the lack of a holistic approach
for analyzing the vulnerability of forest and forest-dependent communities, adaptation
and the sustainability of forest management practices. Thus, a concerted effort has been
made in this study to explore the missing links between vulnerability assessment and forest
management practices.

2. Methodology

This section elucidates the synthesis of metadata and literature survey. It described the
selection of scientific articles on forest vulnerability to climate change and management.

2.1. Synthesis of Metadata

The present systematic review is based on meta-analysis and thematic analysis [58].
A master table in the Microsoft Excel datasheet was prepared to categorize all the re-
search papers into publication year, keywords, authors, study area, the dataset used,
methodology applied, conclusions and suggestions. A comprehensive literature search
was directed through three processes, i.e., search strategy, identification and screening.
A total of 315 articles were downloaded from Web of Science (206) and Google Scholar
(109). Two keywords, ‘climate change” and ‘forest vulnerability’, were used as the selection
criteria for the literature survey of scientific research papers. The downloaded articles
were further screened by reading their abstracts and eliminating the repetitive articles
and articles revealing climate change impact on forests in terms of exposure, sensitivity
and adaptation. For the final analysis, a total of 160 articles were selected (Supplementary
Materials). The detailed framework of the study is presented in Figure 1.

2.2. Literature Survey

The study utilizes extensive literature mining on forest vulnerability to climate change
and forest management from 1990 to 2019. The generated database was analyzed using
descriptive and statistical methods to assess the spatio-temporal dynamics of earlier studies.
The perspective of the studies, approaches and adaptation strategies were also discussed
in detail. The data were statistically analyzed in MS Excel and graphically represented
through Node XL, Gephi 0.9.2 and Origin Pro 2018 software. ArcGIS 10.3 was utilized for
mapping the geographical location of the studies. The final database was further analyzed
to evaluate the trend and approaches in forest vulnerability research and climate change
and to suggest future studies.



Forests 2022, 13,917 40f 18

s ]

55 “Forest Vulnerability” AND “Climate Change”
w—l

=

£

&  Records identified through Records identified through
= Weh of Science Google Scholar

= (n=206) (7=109)

=

=

S Selectedarticlesthrough 37 Selected articles through

& Web of Science E8 Google Scholar

s (n=122) g r=38)

v

Selected 160 articles

v

Metadata Analysis Mechanism Analysis Thematic Analysis

* Publication Trend » Models - Forest

- Geographical - Annroaches Illllnerall_ilil!l
Distribution - -Adaptation

Identification of Major Issues

Figure 1. The methodological framework of the systematic review.

3. Results

After the final selection of scientific papers, the literature was analyzed to identify the
descriptive analysis, mechanism analysis and thematic analysis.

3.1. Metadata Analysis

After the further classification of the final document database, descriptive analyses
were performed to classify a publication trend analysis, the geographical distribution of
the studies and a keyword analysis.

3.1.1. Publication Trend Analysis

A total of 17 articles were published during 1990-2000. During this phase, the liter-
ature’s main focus was on climate change-induced forest vulnerability and forest health
assessment. Several authors have also utilized the modelling approaches as general cir-
culation models and long-term forest monitoring plots [29,59,60] and the impact of CO,
fluxes [61] to ascertain forest vulnerability. An increasing trend in the publication was
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Number of Articles

observed during 2001-2010, i.e., 32 articles. This phase saw momentum in the concept
of sustainable forest management. The most focused areas were forest health status as-
sessment, forest vulnerability and forest-based adaptation measures. A shift from climate
change-induced forest impact assessment to mitigation and adaptive measures was also
observed during 2001-2010.

An analysis of the publication trend revealed an upsurge after 2010 (Figure 2). A paradigm
shift in the focus from conceptual to model-based forest vulnerability assessment to climate
change was observed during 2011-2019. In this phase, the maximum number of articles
(111) were published using advanced methods and techniques. The scientific community is
now more oriented towards empirical and modelling-based forest vulnerability assessment
rather than analyzing the overall impact of forest ecosystems [32,33,35,62]. Adaptation at
the individual, national and regional levels was more emphasized by the scholars [44,63].
Indicator-based assessments prominently figured in recent studies and helped to identify
the intrinsic factors of forest vulnerability [12,33,64,65].

20 -

y =0.5006x - 998.03
R*=0.6573

1990

1993 1996 1999 2002 2005 2008 2011 2014 2017 2020

Year of Publication —e—Frequency
------- Frequency (Linear)

Figure 2. The trend in the publication of forest studies (1990-2019).

3.1.2. Geographical Distribution of the Studies

The geographical distribution of the articles was carried out to ascertain the spatial
pattern of forest vulnerability assessment (Figure 3). Of the total articles (160), the highest
number of articles were found in European countries (33 articles), followed by the USA
(25 articles), Canada (15 articles), India (10 articles), China (four articles) and countries of
Latin America (seven articles), respectively. Most of the global research was conducted on
various forest types, including temperate forest, boreal forest, and alpine forest which are
mostly confined in the higher latitude areas as these are the most vulnerable forest type to
climate change [32,44]. The majority of forest studies were conducted in developed nations;
however, inadequacy in the availability of datasets has been identified as a reason for less
forest research in China, India and a few countries in South-East Asia [30,33,66]. As a result,
information and assessment on forest degradation in these nations are scant [67].
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Figure 3. Geographical distribution of forest research.

An author analysis was also carried out to identify the eminent authors of different
countries for forest assessment. A total of 721 authors and co-authors together have worked
on forest vulnerability in response to climate change. The notable authors that were identi-
fied throughout the review to be working on climate change-induced forest vulnerability
were MJ Lexer, R Seidl, AP Fischer, D] Sonwa, RJ Keenan, CR Nitschke, ] Sharma, S Up-
gupta, M Lindner, etc. The author distribution analysis (Figure 4) revealed that forest
vulnerability was primarily carried out by scholars of the USA (26%), followed by Canada
(11%), India (7%), China (4%) and European countries (23%). Lines connecting between the
countries and authors portray the significant collaborations among authors. Inaccessibility,
inadequacy, and a lack of information related to climate change implications on the forest
are considerable barriers to vulnerability assessment in developing nations. Despite the
formulation of various policies, their ground implementation is still far from becoming a
reality [11]. A lack of collaboration among the scientific community, policymakers, and
local bodies impedes forest management practices and makes the outlook for sustainable
forest management bleak.
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3.1.3. Keyword Analysis

Keywords were retrieved to analyze the various knowledge domains in forest vulner-
ability assessment. A total of 781 keywords were identified from the collected document
database. A frequency table was created after analyzing all the keywords and eliminat-
ing the repeated ones. Finally, 425 keywords were utilized for further analysis. A total
of 92 keywords were identified which occurred more than twice. The prominent key-
words in the first phase (1990-2000) were climate change [68,69], forest ecosystem [70],
mitigation [29], climate models [59] and forest epidemiology [69]. Fewer keywords were
found in this phase, and the scholars attempted to conceptualize forest vulnerability.
During 2001-2010, the most occurring keywords were related to climate change [71,72],
functional diversity and species richness [73], forest vulnerability [71,74], vegetation mod-
elling [75,76] and conservation [77,78]. Scholars in this phase shifted their attention from
general conceptualization to modelling-based forest vulnerability assessment. The num-
ber of keywords focusing on adaptation, datasets, and models increased in later phases
(Figure 5).

Phase-wise Keywords Analysis

Datasets and techniques || Bl 190-2000
] 2001-2010

I 2011-2019
Forest management

Forest based communities ]

0 20 40 60 80 100 120 140

Records in number

Keywords

Figure 5. Keywords analysis during a different phase of systematic review.

Social vulnerability [55], inherent vulnerability [30], wildfire/forest fire [65], remote sens-
ing [33], sustainable forest management [79,80], adaptation [81,82], plant pathogens [83,84],
forest fires [66], forest carbon [80,85] and forest modelling [86,87] were found consistently in
the literature during 2011-2019. The overall analysis highlighted the most frequently used
keywords as climate change (85), adaptation (25), vulnerability (16), forest fire (13), forest
fragmentation (12), forest management (12), drought (11), sustainable forest management
(9) and adaptive capacity (8).

The keywords analysis insinuated that the scientific community has widely acknowl-
edged climate change since the 1990s. The central theme of most studies was found to be
climate-change-induced forest vulnerability. After 2010, numerous studies shifted their
focus from the general overview of forest degradation and climate change impacts on
forest products and services to geospatial and machine learning-based forest vulnerability
analyses [26,33,36,62,69,88-93].
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3.2. Mechanism Analysis

Recent research has attempted to study the consequences of climate change on
forests and forest-dependent communities and their adaptation potential to these changes.
The primary focus of these studies has been proper preparedness, best management tech-
nique, mitigation of the climate change impacts, adaptation of the changes, and resilience.
Further, advancement in remote sensing techniques has enabled the researchers to achieve
accurate results and analysis. The high-resolution satellite data have facilitated scholars to
research remote areas with spatio-temporal information. Our analysis revealed that most
of the papers used Landsat and MODIS datasets, and some of them were a blend of field
datasets and DEM. The authors have adopted modelling techniques since the advent of
forest studies. Models have improved the capability to make accurate forecasts and consis-
tently monitor forest health. Accordingly, models have been developed to assess future
climate change projections and their impacts. The most widely used models for estimating
future climate change were global climate models (HadRM3, HadCM3), dynamic global
vegetation models and generalized models. The species distribution model and habitat
suitability model are recently used models to predict species distribution across geographic
space and time. Wan et al. [18] employed a species distribution model combined with an
endemics—area relationship (EAR) to assess forest susceptibility to climate change in China.
It is a powerful tool to support forest management strategies, analyze species richness
changes and estimate species composition changes from current climate change to the
future [94]. Some models used primary datasets, such as field surveys, while others used
secondary data, such as forest inventories or satellite data. In recent years, the MaxEnt
program, based on the maximum-entropy technique, has become increasingly popular for
modelling species niches and distributions. The Holdridge life zones classification system
is a global bioclimatic scheme for the classification of land area and is utilized in assessing
the possible changes due to global warming. Climate models, dynamic global vegetation
models and bioclimatic envelope models are conventional models that are still in use and
rely on quantitative techniques [60,81]. However, the auto-regression model, HyTAGs,
SWAT Model, MaxEnt modelling approach, fuzzy models and geospatial indices were
more dynamic in forest vulnerability assessment [78,95,96].

The development of computational algorithms (machine learning) and software
(R, MaxEnt software, NVivo data analysis software, frag stats) provided an accurate
analysis of forested areas and validation of the ground reality. Various authors used
several methods and tools for assessing forest vulnerability to climate change during
1990-2019 which are identified and demonstrated in Table 1. Advancements in methods
and tools were mainly identified from the second phase of the review, i.e., post-2001.
Models using the secondary datasets of forest inventories and reports from weather and
meteorological stations were crucial in forest studies. Scholars were implicitly assisted
in analyzing forest risk and susceptibility using a modelling approach that included
the Hadley Centre regional climate model (HadRM3), dynamic global vegetation model
(IBIS), species distribution model, The Lund-Potsdam—Jena (LPJ) model and maximum
entropy modelling algorithm (MaxEnt), SWAT model, and bioclimatic envelope model
(BEM). Recently, scholars have oriented their attention towards adaptation of the forest
communities and discerning individual resilience. Challenges that were associated with
the studies of past and present were also identified in the present review. However, over-
coming these challenges requires integrated forest assessment using advanced datasets,
techniques and adequate ground intimation.
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Table 1. Methods, models and tools employed for assessing forest vulnerability to climate change.

Year of Publication Author Methods, Models and Tools
2002 M.J. Lexer Bayesian probability theory
2006 Wilfried Thuiller BIOMOD framework, Simpson’s diversity index
2009 M.]. Lexer PROMETHEE outranking method
2010 Yuko Ogawa-Onishi Multiple linear regressions
2010 Patrick Gonzalez Correlation coefficient
2011 Paul H. Evangelista Jackknife testing
2011 Marcus Klaus Logistic regression analysis, Wald-test
2011 Wei Ren leaf area index (LAI)
. PCA, agricultural vulnerability index (AVI), water vulnerability index
201 N. H. Ravindranath K (WVI), forest V};lnerability index (FVI) !
2012 Doo-Ahn Kwak Inverse distance squared weighting (IDW), Non-linear regression analysis
2012 Rupert Seidl ANOVA, significance of the squared Mahalanobis
2014 Mingshi Li NDVI, normalized burn ratio (NBR)
2014 Jun Du Kriging method
2014 Pavel Tucek Multivariate statistical techniques, PCA
2014 Nicholas A. Fisichelli Pearson’s correlation coefficient
. . Habitat suitability index (HSI), generalized estimatin:
2014 Adrianon Mazziotta equ}a]a tions (GEES) %/Ie thods &
2014 V.S. Chitale Geographic weighted regression (GWR)
2015 Sujata Upgupta Forest vulnerability index (FVI)
2016 Adam Bauer Regression analysis
2016 Alan J. Tepley Non-parametric multiplicative regression
2016 Rauls Anchez-Salguero COFECHA program, ARSTAN program
2016 Mark J. Lara Regression analysis, maximum likelihf)(.)d algorithm, error matrix
and Kappacoefficient
2017 Ji-Zhong Wan MaxEnt software
2017 Jan C. Thiele Site index, leaf area index (LAI), Kolmogorov-Smirnoff test
2017 Craig R. Nitschke Linear regression, Program Dendroclim, Kf’ﬂ.man filtering, multiple
regression, Kappa coefficient
2017 Rhys Manners fuzzy cognitive mapping
2017 Alexandra Paige Fischer Z-Scores, PCA
2017 Duncan Ray Pearson correlation method
2017 I. Aubin Climate moisture index (CMI), drought sensitivity index
2017 Camille S. Stevens-Rumann Z-score, Chi-square test
2018 Alexandra Paige Fischer NVivo data analysis software
2018 Qinli Yang CCDC algorithm, F-mask algorithm, ANUSPLIN software, simple linear
trend (SLT) method, Mann—Kendall, correlation analysis
2018 Rita Sousa-Silva Kruskal-Wallis test, Spearman’s correlation analysis
2018 Malay Pramanik Pearson correlation coefficient, PCA
2018 Simone Matias Reis Fragstats software, Mann-Kendall, Kruskal-Wallis test
2018 Chidiebere Ofoegbu SPSS, Chi-square, Bonferroni tests, logistic regression model
2018 Xiongwen Chen Simpson’s index, t-test
2018 Nguyen Thi Lan Huong Livelihood vulnerability index (LVI) and livelihood effect index (LEI), t-tests
2018 Getnet Feyissa Diversity index
2018 M. Peraza-Castro Differential split-sampling test (DSST), linear regressions
2018 Manoj Kumar Climate data operator (CDO) software, correlation coefficient
. . Basal area increment (BAI), CooRecorder software, COFECHA software,
2019 Cristian Gheorghe Sidor XLSTAT software, QGIS software
. Asymmetric Gaussian function, Penman—-Monteith equation,
2019 Brandi A. Gaertner Mann-Kendall, PCA
. . Global forest watch (GFW) analysis tool, standardized precipitation
2019 Tamir Klein evapotranspirationyindex (SPEI), ANOVAP i}
2019 Adriana Almeida de Lima Maximum entropy algorithm
2019 Mathieu Bouchard Poisson distribution
2019 Sara Alibakhshi Leaf area index (LAI)
2019 Muhammad Naeem MaxEnt software, Pearson’s correlation coefficient, Markov chain analysis
2019 A.]. Hester t-tests, Bray—Curtis distance matrix, ANOVA
2019 Francis K. Dwomoh Relative delta normalized burn ratio (RANBR)
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4. Discussion

There has been extensive research on forest and climate change focusing primarily
on evaluating the potential effects, responses and vulnerability of various species and
ecosystems to climate change. Forests” susceptibility to climate change has been emphasized
in scientific study, which has focused on assessing and comprehending the vulnerability of
forests and associated systems, as well as forest and dependent populations’ adaptation
capacity. Our review has identified four critical issues that are relevant to climate change-
induced forest vulnerability assessment and management which may be addressed in
future research. These issues have been explicitly discussed in the following sub-sections.

4.1. Climate Change Impact and Forest Vulnerability

The concept of vulnerability has its origin in natural hazard studies [97] and has
been defined as an outcome of exposure, sensitivity and adaptive capacity. Over time,
vulnerability became a multi-dimensional topic among the scientific community. Forest
exposure to climate change is a highly complex problem to be understood because current
and future climate changes are affecting forest adaptability along with their dependent
communities [98]. Climate change impact and forest vulnerability assessments have occu-
pied an important place in recent scientific studies. Proxy measures, such as temperature
variables or indicators which typically recognize critical processes to assess forest inher-
ent vulnerability were used to reduce the implications [40,43]. Thus, the vulnerability
assessment’s structure must be revised to account for its multidimensionality in space and
time [99]. Climate change has a major influence on forests globally and has been deliberated
by several literatures. It affects the forestry habitat structure and plays a critical role in
forest health conservation. However, the temperature is fluctuating worldwide. There were
influential factors influencing forests, such as temperature, precipitation, relative humidity
and photosynthesis-active radiation (PAR) [33]. The long seasonal extension has impor-
tant implications for forestry growth and productivity. Climate change is predicted to
affect forest disturbance frequency, and goods and services, according to their locations
and habitats. Climate change has reduced the forest ecosystem’s regulating capacity and
created severe consequences for flora and fauna, particularly at the regional and local
scale. Persistent forest loss has negatively affected communities’ livelihoods and posed
a significant challenge to the sustainability of the forest ecosystem. Many studies have
touched upon the structure and function of the forest ecosystem, covering the distribution
of species, fragmentation of forest, canopy density and habitat suitability using scientific
models. However, the global community seems to be reaching a critical juncture, with
recent commitments and initiatives, such as the Paris Agreement, Sustainable Development
Goals (SDGs), and UN Strategic Plan for Forests 2017-2030 (UNSPF) contributing to a
positive trajectory of progress. These organizations aid countries in overcoming these chal-
lenges by imparting policy advice, capacity building and technical support [13]. Sustainable
forest management involves optimizing the benefits of forest resources to satisfy the needs
of society by conserving and maintaining forest ecosystems for both present and future
generations. Several studies on the influence of climate change on forest cover have found
that shifting patterns of vegetation cover varied across areas due to spatiotemporal changes
in climate change and eco-environmental factors [100]. It is also evident that changes in
forest dynamics are not only due to climate change but are also accelerated by several
anthropogenic disturbances [18]. Thus, ecological and inherent vulnerability assessments
are significant for examining the exposure and sensitivity components.

Current forecasts of future temperature and rainfall changes cover a broad spectrum,
making forests’ future climate, particularly regional and local, challenging to predict. Fur-
ther, uncertainty is produced by the ecological trends which connect forest distribution
and productivity to climate change. Most of the research concentrated on a timeframe
that is impossible to understand as the only consequence of climate change. The principal
challenge to the interpretation of such findings is the unpredictability of future climate
projections. Thus, inventories of long-term vegetation data are indispensable for effectively
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tracing climate change impacts on the forest. The ecosystem services of forests differ
with the composition of site-specific species, influenced by forest governance. A thorough
understanding of forest dynamics and their driving factors, either climate change or an-
thropogenic activities, can lead to forest management strategies. With vast ecological
uncertainty and worldwide geological uncertainty, more research and evaluations are
needed in the present context, including threats and potential opportunities in likely cli-
mate change scenarios. It is important to remember that additional research activities
are required for long-term planning to improve forest products and services to meet the
know-how gap. This may help in reducing livelihood vulnerability.

4.2. The Adaptive Capacity and Strategies of the Forest and Dependent Communities

Despite the realization about resilience and adaptive capacity, wide knowledge gaps
still exist due to their complex nature and dynamic ecosystem functioning. Resilience,
adaptation and vulnerability are found to be related to each other. The conversion of
forest land and population dynamics have contributed enormously in shaping the existing
patterns of forest distribution across the world [30]. Adapting forest management to climate
change entails monitoring and forecasting changes to mitigate adverse impacts or maximize
potential benefits [12]. In addition, forest vulnerability and ecological resilience research
have significant implications for regeneration and sustainable forest management [67]. Al-
though forest ecosystems are naturally robust, many species and ecosystems have adapted
to historically changing climatic settings. Still, the extent and rate of future change may
exceed the potential adaptive capacity of forest dynamics. Forest disturbances can affect
forest composition and structure, which has ramifications for forest functionality and resis-
tance. Hence, there is an urgent need to prevent and reduce the likely upcoming declines in
forested areas to increase individual species adaptation. Forest vulnerability assessments
are thus critical for determining which species are at risk due to climate change.

Previous literature has discussed the management theories relating to how local com-
munities adapt to the changes occurring in forest ecosystems conceptually. However,
Seidl and Lexer [79] have remarked on the prevalence of discontinuity in the policy ini-
tiatives that have been designed and enforced to improve the forest’s adaptive capacity.
Well-managed forest will considerably minimize local communities’ climate change vul-
nerability. Societies that are directly or indirectly dependent on certain forms of forest
typically find ways of adapting to current and potential climatic threats, as forests supply a
broader array of ecosystems in different stressed scenarios. Therefore, forest-dependent
community adaptation assumes significance, particularly in developing nations. Several
options for adaptation may include community awareness, forest fire prevention, forest
conservation, and livelihood diversification. However, forest and dependent communities
still face several social, economic, political, and environmental problems. Policy inter-
ventions which combine adaptation with coping are non-efficient; instead, they promote
temporary short-term changes rather than a permanent solution [101]. Thus, climate change
adaptation should be considered a risk management component of a long-term forest man-
agement plan [52]. A micro-scale implementation of such an approach would be required
for its sustainability.

4.3. Forest Management and Its Scope

Forests face a kind of disturbance that adversely affects their health and vitality.
The uneven distribution of forests leads many different organizations to formulate forest
policies and suggestions to enhance forest dynamics worldwide. Promoting regeneration,
afforestation, forest stability, and trees’ resilience to various kinds of disturbance should be
practiced to sustainably preserve forest cover. Oak-dominated broadleaved forests in many
parts of the world have been transformed into pine forests, mainly by human activities.
These pine forests are more vulnerable to climate changes and should be transformed into
mixed forests [85,102]. In some regions, forest managers turn the climatically sensitive forest
into a diversified forest by gradually replacing species to enhance the forest’s biological
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diversity. This habitat conversion ultimately enhances the forest’s adaptive capacity to
a great extent [75,91,103]. There are very few studies concerning fundamental research
into climate change vulnerability and extinction of flora, posing a great challenge for
forestry managers aiming for long-term adaptation measures. Furthermore, there is a
severe lack of clear scientific information regarding forest species’ response to climate
change. Therefore, local indigenous communities” expertise should be promoted and
integrated to design solutions for climate change adaptation and reduce climate change
impact on forest environments. Community forest management may play an essential part
in the sustainable management of forests under the climate change scenario.

Local dependent communities protect various forest regions; however, they are not
well-recognized and well-documented, risking the loss of political and financial support.
In many countries, stakeholder involvement in the forest has resulted in the restoration of
endemic flora and fauna [79,96]. Indigenous communities also advocate the use of trees
and forestry tools in various land management scenarios which encourages them to partici-
pate in community-based land conservation activities, carbon sequestration programmers
and other CFUGs, for example, REDD+ initiatives or CDM (Clean Development Mecha-
nism) [30,104]. Such community participation will help forests to meet the indeterminate
effects of climate change by preserving species that have become critically endangered or
face risks. This kind of forest management improves forests” ecological variability, thus
enhancing their capacity to adapt. Substantial community efforts to sustainable forest re-
source management guarantee improved natural resources, controls on indiscriminate and
non-scientific degradation, and poverty reduction among several vulnerable communities.
Further, combining knowledge of system vulnerabilities is imperative for devising manage-
ment strategies involving risk and uncertainty to promote long-term sustainability [105].

4.4. Framework for Future Research

The earlier studies tended to focus on a particular aspect of forest vulnerability, while
less attention was given to a comprehensive evaluation of climate change-induced forest
vulnerability assessment. Therefore, we proposed a vulnerability, adaptation and sustain-
ability (VAS) framework for analyzing the intrinsic forest characteristics at various levels
(Figure 6). The present review has contributed to formulating the scientific amelioration of
the concepts of vulnerability, forest sustainability and adaptation in forest studies. It has
now become a common consensus among the scientific community to analyze vulnerability
as a component of exposure, sensitivity and adaptation. Exposure and sensitivity have
far-reaching implications for forest vulnerability. Such assessments require site-specific
indicators at various scales. The indicators of exposure and sensitivity differ with various
kinds of vulnerabilities. The forest ecosystem is exposed to multiple hazards. Exposure
refers to the degree of stress and is to a greater extent determined by the hazard’s nature
and magnitude. Ground slope, canopy density and biological richness are greatly exposed
by climate change exposure. Sensitivity determines how the livelihood of forest-dependent
communities is sensitive to various kinds of exposures. These vulnerabilities have several
facets involving different levels of resilience and adaptation. Therefore, adaptation assess-
ment at an individual as well as community-level must be carried out. Societal adaptation
is considered a domain of sustainability and must be taken into account. Adaptation
assessment can help in decision-making processes and improve the capacity to attain sus-
tainable forest management objectives. Conservation, protection and potentiality can help
in achieving forest sustainability. Interaction among stakeholders, researchers, forest man-
agers and dependent communities would yield fruitful discussion for prolific planning and
management. Various studies have contributed to the productive implementation of forest
adaptation strategies. For example, Silva et al. [63] indicated that the genetic information
of different plant species helped in forest management and adaption in Belgium. Similarly,
Liu et al. [105] proved that some selected plants and species have the capacity to adapt
to climate change-related impacts. France implemented a national plan for adaptation to
climate change in 2011 which helped to increase forest cover in the country [63]. Collective
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action on adaptation to climate change has been successfully implemented in the North
River watershed spanning Vermont and Massachusetts by the Massachusetts Department
of Conservation and Recreation, and the Knife River project on Minnesota’s North Shore of
Lake Superior by the Minnesota Department of Natural Resources and the University of
Minnesota-Duluth [106]. Thus, forest vulnerability and sustainability assessment using an
outcome approach, indicators and multicriteria decision-making models are imperative for
effective forest management.

VAS Framework

Vulnerability : Adaptation Sustainability |
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Exposure Sensitivity

v Individual .
adaptation Protection
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|

Integrated Forest Assessment & Management

Figure 6. Proposed frameworks for future research.

5. Conclusions

Through a systematic review, this paper examined the current state of forest vulner-
ability to climate change and management issues. Though many types of research have
touched upon the various aspects of climate change, forest vulnerability and management,
a holistic approach for assessing climate-change-induced forest vulnerability and manage-
ment is scant in the existing literature. From an in-depth analysis of our literature review
and understanding of forest vulnerability to climate change management, we proposed
an integrated framework involving the assessment of forest vulnerability, adaptation and
sustainability. We also suggested using the outcome approach, indicator-based indices, and
various decision-making models for such comprehensive assessment and management.
Most strategic initiatives regarding forest conservation are taken at the macro-level system,
which lacks the inclusion of local planning about forest services in adaptation processes
that contribute to multiple policy decisions. Hence, it is expected that research could be
carried out locally, focusing on a participatory approach. It is also imperative to implement
flexible adaptation strategies for various stakeholders to provide forests” goods and services.
Government efforts and policies should be accessible down to local levels in the forested
region. Such strategies would enable the policymakers to proactively plan and prioritize
mitigation and adaptation measures for the sustainable management of forests and their
resources along with dependent communities under various climate change scenarios.



Forests 2022, 13,917 14 of 18

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f13060917 /51, list of reviewed papers.

Author Contributions: R.: conceptualization and writing—original draft preparation; M.H.R.:
methodology; M.M. and S.R.: formal analysis.; R.A. and M.S.: investigation; H.S.: supervision
and writing—review; PK.: review and editing; funding acquisition. All authors have read and agreed
to the published version of the manuscript.

Funding: The publication fund for this work is supported by Strategy Research Fund 2021 (WHN-
Planetary-Health), an in-house grant from the Institute for Global Environmental Strategies (IGES), Japan.

Data Availability Statement: Not applicable.

Acknowledgments: We are very thankful to all the editors for the constructive comments and
valuable suggestions which helped us to improve the overall quality of our manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Tubiello, EN.; Salvatore, M.; Rossi, S.; Ferrara, A.; Fitton, N.; Smith, P. The FAOSTAT Database of Greenhouse Gas Emissions
from Agriculture. Environ. Res. Lett. 2013, 8, 15009. [CrossRef]

2. Fearnside, PM.; Laurance, W.F. Tropical Deforestation and Greenhouse-Gas Emissions. Ecol. Appl. 2004, 14, 982-986. [CrossRef]

3. Ekhuemelo, D.O.; Enokela, J.; Apebo, S.; Eneji, LS.; Oche, E.S.; Tion, M.T.; Onoja, S.B.; Iji, C.O.; Akpen, G.D.; Ibu, ].O. Importance
of Forest and Trees in Sustaining Water Supply and Rainfall. American Journal of Educational Research. Am. J. Educ. Res. 2014,
8,11.

4. Kumar, M,; Savita; Singh, H.; Pandey, R.; Singh, M.P,; Ravindranath, N.H.; Kalra, N. Assessing Vulnerability of Forest Ecosystem
in the Indian Western Himalayan Region Using Trends of Net Primary Productivity. Biodivers. Conserv. 2019, 28, 2163-2182.
[CrossRef]

5. Joshi, PK.; Rawat, A.; Narula, S.; Sinha, V. Assessing Impact of Climate Change on Forest Cover Type Shifts in Western Himalayan
Eco-Region. |. For. Res. 2012, 23, 75-80. [CrossRef]

6. Cui, G;; Kwak, H.; Choi, S.; Kim, M.; Lim, C.-H.; Lee, W.-K.; Kim, ]J.-S.; Chae, Y. Assessing Vulnerability of Forests to Climate
Change in South Korea. J. For. Res. 2016, 27, 489-503. [CrossRef]

7. Masroor, M.; Rehman, S.; Avtar, R.; Sahana, M.; Ahmed, R ; Sajjad, H. Exploring Climate Variability and Its Impact on Drought
Occurrence: Evidence from Godavari Middle Sub-Basin, India. Weather Clim. Extrem. 2020, 30, 100277. [CrossRef]

8. IPCC. Intergovernmental Panel on Climate Change Global Warming of 1.5 °C Summary for Policymakers; IPCC: Geneva,
Switzerland, 2018.

9.  IPCC. Intergovernmental Panel on Climate Change. Climate Change 2022, Impacts, Adaptation and Vulnerability Summary for Policymakers;
IPCC: Geneva, Switzerland, 2022.

10. Jain, P; Sajjad, H. Household Dependency on Forest Resources in the Sariska Tiger Reserve (STR), India: Implications for
Management. ]. Sustain. For. 2016, 35, 60-74. [CrossRef]

11. Huong, N.T.L.; Yao, S.; Fahad, S. Assessing Household Livelihood Vulnerability to Climate Change: The Case of Northwest
Vietnam. Hum. Ecol. Risk Assess. An Int. ]. 2019, 25, 1157-1175. [CrossRef]

12.  Keenan, R].; Nitschke, C. Forest Management Options for Adaptation to Climate Change: A Case Study of Tall, Wet Eucalypt
Forests in Victoria’s Central Highlands Region. Aust. For. 2016, 79, 96-107. [CrossRef]

13.  Food and Agriculture Organization. The State of the World’s Forests 2018—Forest Pathways to Sustainable Development; FAO: Rome,
Italy, 2018.

14. Jha, C.S.; Goparaju, L.; Tripathi, A.; Gharai, B.; Raghubanshi, A.S.; Singh, ].S. Forest Fragmentation and Its Impact on Species
Diversity: An Analysis Using Remote Sensing and GIS. Biodivers. Conserv. 2005, 14, 1681-1698. [CrossRef]

15. Hill, J.K.; Gray, M.A.; Khen, C.V.; Benedick, S.; Tawatao, N.; Hamer, K.C. Ecological Impacts of Tropical Forest Fragmentation:
How Consistent Are Patterns in Species Richness and Nestedness? Philos. Trans. R. Soc. B Biol. Sci. 2011, 366, 3265-3276.
[CrossRef] [PubMed]

16. Peh, K.S.H.; Lin YangChen, L.Y.; Luke, S.H.; Foster, W.A_; Turner, E.C. Forest Fragmentation and Ecosystem Function. In Global
Forest Fragmentation; CABIL: Wallingford, UK, 2014; pp. 96-114.

17.  Sahana, M.; Hong, H.; Sajjad, H.; Liu, J.; Zhu, A.X. Assessing Deforestation Susceptibility to Forest Ecosystem in Rudraprayag
District, India Using Fragmentation Approach and Frequency Ratio Model. Sci. Total Environ. 2018, 627, 1264-1275. [CrossRef]
[PubMed]

18.  Wan, ].-Z.; Wang, C.-].; Qu, H,; Liu, R.; Zhang, Z.-X. Vulnerability of Forest Vegetation to Anthropogenic Climate Change in
China. Sci. Total Environ. 2018, 621, 1633-1641. [CrossRef] [PubMed]

19. Sahana, M.; Ahmed, R.; Jain, P,; Sajjad, H. Driving Force for Forest Fragmentation Explored by Land Use Change in Song

Watershed, India. Spat. Inf. Res. 2016, 24, 659-669. [CrossRef]


https://www.mdpi.com/article/10.3390/f13060917/s1
https://www.mdpi.com/article/10.3390/f13060917/s1
http://doi.org/10.1088/1748-9326/8/1/015009
http://doi.org/10.1890/03-5225
http://doi.org/10.1007/s10531-018-1663-2
http://doi.org/10.1007/s11676-012-0235-7
http://doi.org/10.1007/s11676-015-0201-2
http://doi.org/10.1016/j.wace.2020.100277
http://doi.org/10.1080/10549811.2015.1099108
http://doi.org/10.1080/10807039.2018.1460801
http://doi.org/10.1080/00049158.2015.1130095
http://doi.org/10.1007/s10531-004-0695-y
http://doi.org/10.1098/rstb.2011.0050
http://www.ncbi.nlm.nih.gov/pubmed/22006967
http://doi.org/10.1016/j.scitotenv.2018.01.290
http://www.ncbi.nlm.nih.gov/pubmed/30857091
http://doi.org/10.1016/j.scitotenv.2017.10.065
http://www.ncbi.nlm.nih.gov/pubmed/29122346
http://doi.org/10.1007/s41324-016-0062-6

Forests 2022, 13,917 15 of 18

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Adam, Y.O.; El Tayeb, A.M. Forest Dependency and Its Effect on Conservation in Sudan: A Case of Sarf-Saaid Reserved Forest in
Gadarif State. Poljopr. Sumar. 2014, 60, 107-121.

Garekae, H.; Thakadu, O.T.; Lepetu, J. Socio-Economic Factors Influencing Household Forest Dependency in Chobe Enclave,
Botswana. Ecol. Process. 2017, 6, 40. [CrossRef]

Poudyal, M.; Rakotonarivo, O.S.; Razafimanahaka, J.H.; Hockley, N.; Jones, ].P.G. Household Economy, Forest Dependency
& Opportunity Costs of Conservation in Eastern Rainforests of Madagascar. Sci. Data 2018, 5, 180225. [CrossRef]

Jo, J.-H.; Roh, T.; Shin, S.; Youn, Y.-C. Sustainable Assets and Strategies Affecting the Forestry Household Income: Empirical
Evidence from South Korea. Sustainability 2019, 11, 3680. [CrossRef]

Soe, K.T.; Yeo-Chang, Y. Perceptions of Forest-Dependent Communities toward Participation in Forest Conservation: A Case
Study in Bago Yoma, South-Central Myanmar. For. Policy Econ. 2019, 100, 129-141. [CrossRef]

Pradhan, B.; Dini Hairi Bin Suliman, M.; Arshad Bin Awang, M. Forest Fire Susceptibility and Risk Mapping Using Remote
Sensing and Geographical Information Systems (GIS). Disaster Prev. Manag. Int. ]. 2007, 16, 344-352. [CrossRef]

Locatelli, B.; Herawati, H.; Brockhaus, M.; Idinoba, M.; Kanninen, M. Methods and Tools for Assessing the Vulnerability of Forests and
People to Climate Change: An Introduction; CIFOR: Bogor, Indonesia, 2008.

Tien Bui, D.; Le, K.-T.; Nguyen, V.; Le, H.; Revhaug, I. Tropical Forest Fire Susceptibility Mapping at the Cat Ba National Park
Area, Hai Phong City, Vietnam, Using GIS-Based Kernel Logistic Regression. Remote Sens. 2016, 8, 347. [CrossRef]

Davis, K.T.; Dobrowski, S.Z.; Higuera, P.E.; Holden, Z.A.; Veblen, T.T.; Rother, M.T.; Parks, S.A.; Sala, A.; Maneta, M.P. Wildfires
and Climate Change Push Low-Elevation Forests across a Critical Climate Threshold for Tree Regeneration. Proc. Natl. Acad. Sci.
USA 2019, 116, 6193-6198. [CrossRef] [PubMed]

Dixon, R.K; Perry, J.A.; Vanderklein, E.L.; Hiol Hiol, F. Vulnerability of Forest Resources to Global Climate Change: Case Study
of Cameroon and Ghana. Clim. Res. 1996, 6, 127-133. [CrossRef]

Sharma, J.; Upgupta, S.; Jayaraman, M.; Chaturvedi, RK.; Bala, G.; Ravindranath, N.H. Vulnerability of Forests in India:
A National Scale Assessment. Environ. Manag. 2017, 60, 544-553. [CrossRef]

Thorne, ].H.; Choe, H.; Stine, P.A.; Chambers, J.C.; Holguin, A.; Kerr, A.C.; Schwartz, M.W. Climate Change Vulnerability
Assessment of Forests in the Southwest USA. Clim. Chang. 2018, 148, 387-402. [CrossRef]

Sidor, C.G.; Camarero, ].].; Popa, I.; Badea, O.; Apostol, E.N.; Vlad, R. Forest Vulnerability to Extreme Climatic Events in Romanian
Scots Pine Forests. Sci. Total Environ. 2019, 678, 721-727. [CrossRef]

Yang, Q.; Zhang, H.; Peng, W.; Lan, Y.; Luo, S.; Shao, J.; Chen, D.; Wang, G. Assessing Climate Impact on Forest Cover in Areas
Undergoing Substantial Land Cover Change Using Landsat Imagery. Sci. Total Environ. 2019, 659, 732-745. [CrossRef]

Stolte, K.W. Forest Health Monitoring and Forest Inventory Analysis Programs Monitor Climate Change Effects in Forest
Ecosystems. Hum. Ecol. Risk Assess. An Int. ]. 2001, 7, 1297-1316. [CrossRef]

Evangelista, P.H.; Kumar, S.; Stohlgren, T.].; Young, N.E. Assessing Forest Vulnerability and the Potential Distribution of Pine
Beetles under Current and Future Climate Scenarios in the Interior West of the US. For. Ecol. Manag. 2011, 262, 307-316. [CrossRef]
Chitale, V.S.; Shrestha, H.L.; Agarwal, N.K.; Choudhurya, D.; Gilani, H.; Dhonju, H.K.; Murthy, M.S.R. Forest Climate Change
Vulnerability and Adaptation Assessment in Himalayas. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2014, 8, 1291-1294.
[CrossRef]

Gauthier, S.; Bernier, P; Burton, PJ.; Edwards, J.; Isaac, K.; Isabel, N.; Jayen, K.; Le Goff, H.; Nelson, E.A. Climate Change
Vulnerability and Adaptation in the Managed Canadian Boreal Forest. Environ. Rev. 2014, 22, 256-285. [CrossRef]

Ordéiiez, C.; Duinker, PN. Assessing the Vulnerability of Urban Forests to Climate Change. Environ. Rev. 2014, 22, 311-321.
[CrossRef]

Sharma, D.; Tiwari, B.K.; Chaturvedi, S.S.; Diengdoh, E. Status, Utilization and Economic Valuation of Non-Timber Forest
Products of Arunachal Pradesh, India. . For. Environ. Sci. 2015, 31, 24-37. [CrossRef]

Upgupta, S.; Sharma, J.; Jayaraman, M.; Kumar, V.; Ravindranath, N.H. Climate Change Impact and Vulnerability Assessment of
Forests in the Indian Western Himalayan Region: A Case Study of Himachal Pradesh, India. Clim. Risk Manag. 2015, 10, 63-76.
[CrossRef]

Ward, R.D.; Friess, D.A.; Day, R.H.; Mackenzie, R.A. Impacts of Climate Change on Mangrove Ecosystems: A Region by Region
Overview. Ecosyst. Heal. Sustain. 2016, 2, €01211. [CrossRef]

Adger, W.N,; Dessai, S.; Goulden, M.; Hulme, M.; Lorenzoni, I.; Nelson, D.R.; Naess, L.O.; Wolf, J.; Wreford, A. Are There Social
Limits to Adaptation to Climate Change? Clim. Chang. 2009, 93, 335-354. [CrossRef]

Sharma, J.; Chaturvedi, RK,; Bala, G.; Ravindranath, N.H. Challenges in Vulnerability Assessment of Forests under Climate
Change. Carbon Manag. 2013, 4, 403—411. [CrossRef]

Tripathy, B.R.; Sajjad, H.; Elvidge, C.D.; Ting, Y.; Pandey, P.C.; Rani, M.; Kumar, P. Modeling of Electric Demand for Sustainable
Energy and Management in India Using Spatio-Temporal DMSP-OLS Night-Time Data. Environ. Manage. 2018, 61, 615-623.
[CrossRef]

IPCC. Mitigation of Climate Change Contribution of Working Group III to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change; IPCC: Geneva, Switzerland, 2014.

Fritzsche, K.; Schneiderbauer, S.; Bubeck, P.; Kienberger, S.; Buth, M.; Zebisch, M.; Kahlenborn, W. The Vulnerability Sourcebook:
Concept and Guidelines for Standardized Vulnerability Assessments; Deutsche Gesellschaft fiir Internationale Zusammenarbeit GmbH
(GIZ): Bonn, Germany, 2014.


http://doi.org/10.1186/s13717-017-0107-3
http://doi.org/10.1038/sdata.2018.225
http://doi.org/10.3390/su11133680
http://doi.org/10.1016/j.forpol.2018.11.009
http://doi.org/10.1108/09653560710758297
http://doi.org/10.3390/rs8040347
http://doi.org/10.1073/pnas.1815107116
http://www.ncbi.nlm.nih.gov/pubmed/30858310
http://doi.org/10.3354/cr006127
http://doi.org/10.1007/s00267-017-0894-4
http://doi.org/10.1007/s10584-017-2010-4
http://doi.org/10.1016/j.scitotenv.2019.05.021
http://doi.org/10.1016/j.scitotenv.2018.12.290
http://doi.org/10.1080/20018091095014
http://doi.org/10.1016/j.foreco.2011.03.036
http://doi.org/10.5194/isprsarchives-XL-8-1291-2014
http://doi.org/10.1139/er-2013-0064
http://doi.org/10.1139/er-2013-0078
http://doi.org/10.7747/JFES.2015.31.1.24
http://doi.org/10.1016/j.crm.2015.08.002
http://doi.org/10.1002/ehs2.1211
http://doi.org/10.1007/s10584-008-9520-z
http://doi.org/10.4155/cmt.13.35
http://doi.org/10.1007/s00267-017-0978-1

Forests 2022, 13,917 16 of 18

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Yadava, R.N.; Sinha, B. Vulnerability Assessment of Forest Fringe Villages of Madhya Pradesh, India for Planning Adaptation
Strategies. Sustainability 2020, 12, 1253. [CrossRef]

Danielsen, E; Skutsch, M.; Burgess, N.D.; Jensen, PM.; Andrianandrasana, H.; Karky, B.; Lewis, R.; Lovett, ].C.; Massao, J.;
Ngaga, Y.; et al. At the Heart of REDD+: A Role for Local People in Monitoring Forests? Conserv. Lett. 2011, 4, 158-167. [CrossRef]
Epstein, G. Local Rulemaking, Enforcement and Compliance in State-Owned Forest Commons. Ecol. Econ. 2017, 131, 312-321.
[CrossRef]

Thakur, S.; Negi, V.S.; Pathak, R.; Dhyani, R.; Durgapal, K.; Rawal, R.S. Indicator Based Integrated Vulnerability Assessment of
Community Forests in Indian West Himalaya. For. Ecol. Manag. 2020, 457, 117674. [CrossRef]

Seppidld, R. A Global Assessment on Adaptation of Forests to Climate Change. Scand. J. For. Res. 2009, 24, 469-472. [CrossRef]
Spittlehouse, D.; Stewart, R.B. Adaptation to Climate Change in Forest Management; Virginia TECH: Blacksburg, VA, USA, 2003.
Booth, T.H. Species Distribution Modelling Tools and Databases to Assist Managing Forests under Climate Change. For. Ecol.
Manag. 2018, 430, 196-203. [CrossRef]

Silwal, P; Roberts, L.; Rennie, H.G.; Lexer, M.]. Adapting to Climate Change: An Assessment of Local Adaptation Planning
Processes in Forest-Based Communities in Nepal. Clim. Dev. 2019, 11, 886-898. [CrossRef]

Dumenu, WK.; Obeng, E.A. Climate Change and Rural Communities in Ghana: Social Vulnerability, Impacts, Adaptations and
Policy Implications. Environ. Sci. Policy 2016, 55, 208-217. [CrossRef]

Bele, M.Y,; Tiani, A.M.; Somorin, O.A.; Sonwa, D.]J. Exploring Vulnerability and Adaptation to Climate Change of Communities in
the Forest Zone of Cameroon. Clim. Chang. 2013, 119, 875-889. [CrossRef]

Liu, H.; Xiong, K.; Yu, Y,; Li, T,; Qing, Y.; Wang, Z.; Zhang, S. A Review of Forest Ecosystem Vulnerability and Resilience:
Implications for the Rocky Desertification Control. Sustainability 2021, 13, 11849. [CrossRef]

Page, M.]J.; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 Statement: An Updated Guideline for Reporting Systematic Reviews. BM]J 2021, 372, n71.
[CrossRef]

Matarira, C.H.; Mwamuka, F.C. Vulnerability of Zimbabwe Forests to Global Climate Change. Clim. Res. 1996, 6, 135-136.
[CrossRef]

Phillips, O.L.; Malhi, Y.; Higuchi, N.; Laurance, W.E; Nunez, P.V,; Vasquez, RM.; Laurance, S.G.; Ferreira, L.V.; Stern, M.; Brown,
S.; et al. Changes in the Carbon Balance of Tropical Forests: Evidence from Long-Term Plots. Science 1998, 282, 439-442. [CrossRef]
[PubMed]

Lelyakin, A.L.; Kokorin, A.O.; Nazarov, .M. Vulnerability of Russian Forests to Climate Changes. Model Estimation of CO,
Fluxes. Clim. Chang. 1997, 36, 123-133. [CrossRef]

Goltsev, V.; Lopatin, E. The Impact of Climate Change on the Technical Accessibility of Forests in the Tikhvin District of the
Leningrad Region of Russia. Int. . For. Eng. 2013, 24, 148-160. [CrossRef]

Sousa-Silva, R.; Verbist, B.; Lomba, A.; Valent, P,; Suskevi¢s, M.; Picard, O.; Hoogstra-Klein, M.A.; Cosofret, V.-C.; Bouriaud, L.;
Ponette, Q.; et al. Adapting Forest Management to Climate Change in Europe: Linking Perceptions to Adaptive Responses.
For. Policy Econ. 2018, 90, 22-30. [CrossRef]

Pramanik, M.; Paudel, U.; Mondal, B.; Chakraborti, S.; Deb, P. Predicting Climate Change Impacts on the Distribution of the
Threatened Garcinia Indica in the Western Ghats, India. Clim. Risk Manag. 2018, 19, 94-105. [CrossRef]

Klein, T.; Cahanovitc, R.; Sprintsin, M.; Herr, N.; Schiller, G. A Nation-Wide Analysis of Tree Mortality under Climate Change:
Forest Loss and Its Causes in Israel 1948-2017. For. Ecol. Manag. 2019, 432, 840-849. [CrossRef]

Alisjahbana, A.S.; Busch, J.M. Forestry, Forest Fires, and Climate Change in Indonesia. Bull. Indones. Econ. Stud. 2017, 53, 111-136.
[CrossRef]

WWE-US. Annual Report. WWEF-US 2017. Available online: https:/ /files.worldwildlife.org/wwfcmsprod/files /FinancialReport/
file/8i9c80nrtu_ WWF_2017_AR_FINAL.pdf (accessed on 14 October 2019).

Villers-Ruiz, L.; Trejo-Vazquez, . Assessment of the Vulnerability of Forest Ecosystems to Climate Change in Mexico. Clim. Res.
1997, 9, 87-93. [CrossRef]

Ayres, M.P; Lombardero, M.]. Assessing the Consequences of Global Change for Forest Disturbance from Herbivores and
Pathogens. Sci. Total Environ. 2000, 262, 263-286. [CrossRef]

Peterson, C.J. Catastrophic Wind Damage to North American Forests and the Potential Impact of Climate Change. Sci. Total
Environ. 2000, 262, 287-311. [CrossRef]

Miles, L.; Newton, A.C.; DeFries, R.S.; Ravilious, C.; May, I; Blyth, S.; Kapos, V.; Gordon, J.E. A Global Overview of the
Conservation Status of Tropical Dry Forests. . Biogeogr. 2006, 33, 491-505. [CrossRef]

Gilman, E.L.; Ellison, J.; Duke, N.C; Field, C. Threats to Mangroves from Climate Change and Adaptation Options: A Review.
Aquat. Bot. 2008, 89, 237-250. [CrossRef]

Thuiller, W.; Lavorel, S.; Sykes, M.T.; Araujo, M.B. Using Niche-Based Modelling to Assess the Impact of Climate Change on Tree
Functional Diversity in Europe. Divers. Distrib. 2006, 12, 49—-60. [CrossRef]

Lindner, M.; Maroschek, M.; Netherer, S.; Kremer, A.; Barbati, A.; Garcia-Gonzalo, J.; Seidl, R.; Delzon, S.; Corona, P.; Kolstrom,
M.; et al. Climate Change Impacts, Adaptive Capacity, and Vulnerability of European Forest Ecosystems. For. Ecol. Manag. 2010,
259, 698-709. [CrossRef]


http://doi.org/10.3390/su12031253
http://doi.org/10.1111/j.1755-263X.2010.00159.x
http://doi.org/10.1016/j.ecolecon.2016.09.012
http://doi.org/10.1016/j.foreco.2019.117674
http://doi.org/10.1080/02827580903378626
http://doi.org/10.1016/j.foreco.2018.08.019
http://doi.org/10.1080/17565529.2019.1586634
http://doi.org/10.1016/j.envsci.2015.10.010
http://doi.org/10.1007/s10584-013-0738-z
http://doi.org/10.3390/su132111849
http://doi.org/10.1136/bmj.n71
http://doi.org/10.3354/cr006135
http://doi.org/10.1126/science.282.5388.439
http://www.ncbi.nlm.nih.gov/pubmed/9774263
http://doi.org/10.1023/A:1005361928435
http://doi.org/10.1080/19132220.2013.792150
http://doi.org/10.1016/j.forpol.2018.01.004
http://doi.org/10.1016/j.crm.2017.11.002
http://doi.org/10.1016/j.foreco.2018.10.020
http://doi.org/10.1080/00074918.2017.1365404
https://files.worldwildlife.org/wwfcmsprod/files/FinancialReport/file/8i9c80nrtu_WWF_2017_AR_FINAL.pdf
https://files.worldwildlife.org/wwfcmsprod/files/FinancialReport/file/8i9c80nrtu_WWF_2017_AR_FINAL.pdf
http://doi.org/10.3354/cr009087
http://doi.org/10.1016/S0048-9697(00)00528-3
http://doi.org/10.1016/S0048-9697(00)00529-5
http://doi.org/10.1111/j.1365-2699.2005.01424.x
http://doi.org/10.1016/j.aquabot.2007.12.009
http://doi.org/10.1111/j.1366-9516.2006.00216.x
http://doi.org/10.1016/j.foreco.2009.09.023

Forests 2022, 13,917 17 of 18

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Dirnbock, T.; Dullinger, S.; Grabherr, G. A Regional Impact Assessment of Climate and Land-Use Change on Alpine Vegetation.
J. Biogeogr. 2003, 30, 401-417. [CrossRef]

Malhi, Y.; Phillips, O.L. Tropical Forests and Global Atmospheric Change: A Synthesis. Philos. Trans. R. Soc. London Ser. B Biol. Sci.
2004, 359, 549-555. [CrossRef]

Lexer, M.].; Seidl, R. Addressing Biodiversity in a Stakeholder-Driven Climate Change Vulnerability Assessment of Forest
Management. For. Ecol. Manag. 2009, 258, S158-5167. [CrossRef]

Li, M.; Huang, C.; Zhu, Z.; Wen, W.; Xu, D.; Liu, A. Use of Remote Sensing Coupled with a Vegetation Change Tracker Model to
Assess Rates of Forest Change and Fragmentation in Mississippi, USA. Int. J. Remote Sens. 2009, 30, 6559-6574. [CrossRef]
Seidl, R.; Rammer, W.; Lexer, M.J. Climate Change Vulnerability of Sustainable Forest Management in the Eastern Alps.
Clim. Chang. 2011, 106, 225-254. [CrossRef]

Schoene, D.H.E; Bernier, P.Y. Adapting Forestry and Forests to Climate Change: A Challenge to Change the Paradigm. For. Policy
Econ. 2012, 24, 12-19. [CrossRef]

Fisichelli, N.A.; Abella, S.R.; Peters, M.; Krist, FJ. Climate, Trees, Pests, and Weeds: Change, Uncertainty, and Biotic Stressors in
Eastern U.S. National Park Forests. For. Ecol. Manag. 2014, 327, 31-39. [CrossRef]

Le Goff, H.; Bergeron, Y. Vulnerability Assessment to Climate Change of Three Ecosystem-Based Forest Management Projects in
Quebec. For. Chron. 2014, 90, 214-227. [CrossRef]

Sturrock, R.N.; Frankel, S.J.; Brown, A.V.; Hennon, P.E.; Kliejunas, ].T.; Lewis, K.J.; Worrall, ].].; Woods, A.J. Climate Change and
Forest Diseases. Plant Pathol. 2011, 60, 133-149. [CrossRef]

Dixon, G.R. Climate Change—Impact on Crop Growth and Food Production, and Plant Pathogens. Can. J. Plant Pathol. 2012,
34, 362-379. [CrossRef]

Hlasny, T,; Barcza, Z.; Fabrika, M.; Baldzs, B.; Churkina, G.; Pajtik, J.; Sedmak, R.; Turcdni, M. Climate Change Impacts on Growth
and Carbon balance of Forests in Central Europe. Clim. Res. 2011, 47, 219-236. [CrossRef]

Bouchard, M.; Aquilué, N.; Périé, C.; Lambert, M.-C. Tree Species Persistence under Warming Conditions: A Key Driver of Forest
Response to Climate Change. For. Ecol. Manag. 2019, 442, 96-104. [CrossRef]

Kumar, P; Sajjad, H.; Rehman, S.; Jain, P. Assessment of forest species diversity in Sariska Tiger reserve, Rajasthan, India.
In Applications and Challenges of Geospatial Technology; Springer International Publishing: Cham, Switzerland, 2019; pp. 257-273.
Dwomoh, EK.; Wimberly, M.C.; Cochrane, M.A.; Numata, I. Forest Degradation Promotes Fire during Drought in Moist Tropical
Forests of Ghana. For. Ecol. Manag. 2019, 440, 158-168. [CrossRef]

Myers, N. Tropical Forests: The Main Deforestation Fronts. Environ. Conserv. 1993, 20, 9-16. [CrossRef]

Dale, V.H.; Joyce, L.A.; McNulty, S.; Neilson, R.P.; Ayres, M.P,; Flannigan, M.D.; Hanson, PJ.; Irland, L.C.; Lugo, A.E.; Peterson,
C.J; et al. Climate Change and Forest Disturbances: Climate Change Can Affect Forests by Altering the Frequency, Intensity,
Duration, and Timing of Fire, Drought, Introduced Species, Insect and Pathogen Outbreaks, Hurricanes, Windstorms, Ice Storms,
or Landslides. BioScience 2001, 51, 723-734. [CrossRef]

Littell, ].S.; Oneil, E.E.; McKenzie, D.; Hicke, ].A.; Lutz, J.A.; Norheim, R.A.; Elsner, M.M. Forest Ecosystems, Disturbance, and
Climatic Change in Washington State, USA. Clim. Chang. 2010, 102, 129-158. [CrossRef]

Ren, W.; Tian, H.; Tao, B.; Chappelka, A.; Sun, G; Lu, C.; Liu, M.; Chen, G.; Xu, X. Impacts of Tropospheric Ozone and Climate
Change on Net Primary Productivity and Net Carbon Exchange of China’s Forest Ecosystems. Glob. Ecol. Biogeogr. 2011,
20, 391-406. [CrossRef]

Thiele, J.C.; Nuske, R.S.; Ahrends, B.; Panferov, O.; Albert, M.; Staupendahl, K.; Junghans, U.; Jansen, M.; Saborowski, J. Climate
Change Impact Assessment—A Simulation Experiment with Norway Spruce for a Forest District in Central Europe. Ecol. Modell.
2017, 346, 30—47. [CrossRef]

de Lima, A.A_; Ribeiro, M.C.; de Grelle, V.C.E.; Pinto, M.P. Impacts of Climate Changes on Spatio-Temporal Diversity Patterns of
Atlantic Forest Primates. Perspect. Ecol. Conserv. 2019, 17, 50-56. [CrossRef]

Tucek, P; Caha, J.; Janoska, Z.; Vondrakovd, A.; Samec, P.; Bojko, J.; VoZenilek, V. Forest Vulnerability Zones in the Czech Republic.
J. Maps 2014, 10, 179-182. [CrossRef]

Manners, R.; Varela-Ortega, C. Analysing Latin American and Caribbean Forest Vulnerability from Socio-Economic Factors.
J. Integr. Environ. Sci. 2017, 14, 109-130. [CrossRef]

Janssen, M.A.; Schoon, M.L.; Ke, W.; Borner, K. Scholarly Networks on Resilience, Vulnerability and Adaptation within the
Human Dimensions of Global Environmental Change. Glob. Environ. Chang. 2006, 16, 240-252. [CrossRef]

Fischer, A.P. Forest Landscapes as Social-Ecological Systems and Implications for Management. Landsc. Urban Plan. 2018,
177,138-147. [CrossRef]

Chakraborty, A.; Saha, S.; Sachdeva, K.; Joshi, PX. Vulnerability of Forests in the Himalayan Region to Climate Change Impacts
and Anthropogenic Disturbances: A Systematic Review. Reg. Environ. Chang. 2018, 18, 1783-1799. [CrossRef]

Masroor, M.; Rehman, S.; Sajjad, H.; Rahaman, M.H.; Sahana, M.; Ahmed, R.; Singh, R. Assessing the Impact of Drought
Conditions on Groundwater Potential in Godavari Middle Sub-Basin, India Using Analytical Hierarchy Process and Random
Forest Machine Learning Algorithm. Groundw. Sustain. Dev. 2021, 13, 100554. [CrossRef]

Fischer, A.P. Characterizing Behavioral Adaptation to Climate Change in Temperate Forests. Landsc. Urban Plan. 2019, 188, 72-79.
[CrossRef]


http://doi.org/10.1046/j.1365-2699.2003.00839.x
http://doi.org/10.1098/rstb.2003.1449
http://doi.org/10.1016/j.foreco.2009.07.011
http://doi.org/10.1080/01431160903241999
http://doi.org/10.1007/s10584-010-9899-1
http://doi.org/10.1016/j.forpol.2011.04.007
http://doi.org/10.1016/j.foreco.2014.04.033
http://doi.org/10.5558/tfc2014-040
http://doi.org/10.1111/j.1365-3059.2010.02406.x
http://doi.org/10.1080/07060661.2012.701233
http://doi.org/10.3354/cr01024
http://doi.org/10.1016/j.foreco.2019.03.040
http://doi.org/10.1016/j.foreco.2019.03.014
http://doi.org/10.1017/S0376892900037176
http://doi.org/10.1641/0006-3568(2001)051[0723:CCAFD]2.0.CO;2
http://doi.org/10.1007/s10584-010-9858-x
http://doi.org/10.1111/j.1466-8238.2010.00606.x
http://doi.org/10.1016/j.ecolmodel.2016.11.013
http://doi.org/10.1016/j.pecon.2019.04.004
http://doi.org/10.1080/17445647.2013.866911
http://doi.org/10.1080/1943815X.2017.1400981
http://doi.org/10.1016/j.gloenvcha.2006.04.001
http://doi.org/10.1016/j.landurbplan.2018.05.001
http://doi.org/10.1007/s10113-018-1309-7
http://doi.org/10.1016/j.gsd.2021.100554
http://doi.org/10.1016/j.landurbplan.2018.09.024

Forests 2022, 13,917 18 of 18

102.

103.

104.

105.

106.

Hester, A.].; Britton, A.].; Hewison, R.L.; Ross, L.C.; Potts, ]. M. Long-Term Vegetation Change in Scotland’s Native Forests.
Biol. Conserv. 2019, 235, 136-146. [CrossRef]

Mantyka-pringle, C.S.; Martin, T.G.; Rhodes, J.R. Interactions between Climate and Habitat Loss Effects on Biodiversity:
A Systematic Review and Meta-Analysis. Glob. Chang. Biol. 2012, 18, 1239-1252. [CrossRef]

Singh, A.; Unnikrishnan, S.; Naik, N.; Duvvuri, K. Role of India’s Forests in Climate Change Mitigation through the CDM and
REDD+. J. Environ. Plan. Manag. 2013, 56, 61-87. [CrossRef]

Liu, J.; Coomes, D.A.; Gibson, L.; Hu, G.; Liu, J.; Luo, Y.; Wu, C.; Yu, M. Forest Fragmentation in China and Its Effect on
Biodiversity. Biol. Rev. 2019, 94, 1636-1657. [CrossRef]

Shannon, P.D.; Swanston, C.W.; Janowiak, M.K.; Handler, S.D.; Schmitt, KM.; Brandt, L.A.; Butler-Leopold, P.R.; Ontl, T.
Adaptation Strategies and Approaches for Forested Watersheds. Clim. Serv. 2019, 13, 51-64. [CrossRef]


http://doi.org/10.1016/j.biocon.2019.04.018
http://doi.org/10.1111/j.1365-2486.2011.02593.x
http://doi.org/10.1080/09640568.2011.651110
http://doi.org/10.1111/brv.12519
http://doi.org/10.1016/j.cliser.2019.01.005

	Introduction 
	Methodology 
	Synthesis of Metadata 
	Literature Survey 

	Results 
	Metadata Analysis 
	Publication Trend Analysis 
	Geographical Distribution of the Studies 
	Keyword Analysis 

	Mechanism Analysis 

	Discussion 
	Climate Change Impact and Forest Vulnerability 
	The Adaptive Capacity and Strategies of the Forest and Dependent Communities 
	Forest Management and Its Scope 
	Framework for Future Research 

	Conclusions 
	References

