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Abstract: With a changing climate and socio-economic development, ecological problems are in-
creasingly serious, research on ecosystem vulnerability and ecological resilience has become a hot
topic of study for various institutions. Forests, the “lungs of the earth”, have also been damaged to
varying degrees. In recent years, scholars have conducted numerous studies on the vulnerability and
resilience of forest ecosystems, but there is a lack of a systematic elaboration of them. The results of a
statistical analysis of 217 related documents show: (1) the number of studies published rises wave
upon wave in time series, which indicates that this area of study is still at the stage of rising; (2) the
research content is concentrated in four dimensions—ecosystem vulnerability assessment, ecosystem
vulnerability model prediction, ecological resilience, and management strategies—among which
the ecosystem vulnerability assessment research content mainly discusses the evaluation methods
and models; (3) the research areas are mainly concentrated in China and the United States, with
different degrees of distribution in European countries; and (4) the research institutions are mainly the
educational institutions and forestry bureaus in various countries. In addition, this paper also reveals
the frontier theory of forest ecosystem vulnerability and resilience research from three aspects—
theoretical research, index system, and technical methods—puts forward the problems of current
research, and suggests that a universally applicable framework for forest ecosystem vulnerability and
resilience research should be built in the future, and theoretical research should be strengthened to
comprehensively understand the characteristics of forest ecosystems so that sustainable management
strategies can be proposed according to local conditions.

Keywords: ecosystem vulnerability; ecological resilience; forest; review

1. Introduction

Forests, which play a key role in the global carbon cycle, are an important part of the
global biosphere [1]. As the mainstay of terrestrial ecosystems and an important renewable
resource, forests provide a wide range of ecosystem services to humans [2], not only pro-
viding timber and forest products, but also rich species and genetic diversity, which can
regulate climate, prevent soil erosion, and suppress wind and sand damage, etc., which
plays an extremely significant role in human survival and development [3]. The value cre-
ated by global ecosystems is estimated to be around USD 33 trillion per year [4]. However,
under the influence of natural factors and human disturbances, including climate change,
drought, storms, insect invasion, fire, and deforestation [5–10], forest ecosystems have been
damaged to varying degrees. For example, selective human logging has reduced vegetation
canopy cover and posed a significant threat to soil erosion, then leading to a reduction in
the ecological resilience of forests, which in turn presents greater vulnerability [11]. In 2015,
Article 5 of the United Nations Framework Convention on Climate Change (UNFCCC)
Paris Agreement highlighted the central role of forest ecosystems in achieving the goal of
limiting temperature rise objectives and encouraged Parties to manage and protect forest
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ecosystems, recognizing the importance of forest ecosystems in terms of their potential to
mitigate climate change and achieve non-carbon benefits [12]. Therefore, it is scientifically
important to capture the vulnerability and improve the resistance and resilience of the
forest ecosystem.

The concept of vulnerability was first used in the social sciences and is now more
commonly applied in ecological research [13]. The ecosystem vulnerability was first
introduced to research by the American scholar Clements in 1905 [14]. Later, Niu [15]
redefined Ecotone as the “interface” between two or more material, energy, structural,
and functional systems in an ecosystem, and the spatial domain of the “transition zone”
that extends outwards around the interface, which is called the ecosystem vulnerability
zone. At the beginning of the 21st century, the IPCC third assessment report defined
vulnerability in the context of climate change as “The degree to which a natural or social
system is vulnerable or incapable of coping with the adverse effects of climate change as
a function of the characteristics, magnitude and rate of change of a system’s climate and
its sensitivity and adaptive capacity” [16] and Turner et al. [17] defined vulnerability as a
function of the exposure, sensitivity, and adaptive composition of a system under stress.
Most current research follows the IPCC definition and considers that the basic components
of vulnerability research include the assessment of system change, the evaluation of the
sensitivity of the system to respond to change, the estimation of the potential impact of
change on the system, and the evaluation of the system’s adaptability to change and its
possible impacts.

In the mid-nineteenth century, along with the development of western industry,
‘resilience’ was mainly used in mechanics to describe the ability of metals to recover after
deformation by external forces [18]. It was not until the 1970s that Canadian scholar
Holling [19] first introduced the concept of resilience to the field of ecology; in the 1980s
and 1990s, ecological resilience was considered as the ability of complex systems to absorb
external shocks and ensure the continuation of the original functions and structures of the
system, thus stimulating thoughts on how to make systems more resilient and stronger
by allowing them to absorb greater external shocks [20]; subsequently, Gunderson and
Holling [21] proposed the Panarchy model of ecosystem evolutionary dynamics and a multi-
scale nested adaptive cycle model with core concepts describing the adaptive evolution of
complex systems, a time–space-conscious hierarchical order, and adaptive cycles. Liao [22]
argues that ecological resilience does not need to take into account changes in the state of
the system, but should indicate the system’s ability to survive; based on previous research,
George et al. [23] argues that ecological resilience is the system’s ability to adapt and
recover in the face of external disturbances, and that its maintenance is a key objective of
ecological restoration; a further conceptualization sees ecological resilience as emphasizing
the need for systems to reach new and diverse states of equilibrium with the ability to
adapt and change to transform to these different states [24].

The study of forest ecosystem vulnerability and ecological resilience has important
implications for revegetation and sustainable forest management. Forest ecosystems are
inherently resilient, and many species and ecosystems have already adapted to historically
changing climatic conditions, but the scale and rate of future change may exceed the natu-
ral adaptive capacity of forest species and ecosystems [25]. Including the current global
warming has caused many changes in forests [26], such as droughts that have increased
forest wood mortality [27], and these changes may be exacerbated by responses to human
activities, such as the introduction of exotic pests, habitat destruction, and fires [28], result-
ing in forest ecosystem vulnerability. Ecosystem vulnerability studies are an important tool
for capturing the state and spatial distribution characteristics of regional habitat vulnerabil-
ity [29] however, studies of vulnerability vary by region and by genesis, limiting the general
applicability of the concept of vulnerability and comparisons between different domains.
In addition, ecological resilience is a concept closely related to ecosystem vulnerability,
which is often quantified as the recovery time of a system after a disturbance [30]. However,
current research lacks a general framework for linking vulnerability and resilience [31].



Sustainability 2021, 13, 11849 3 of 16

Additionally, although resilience is currently widely considered in forests, it has not been
widely implemented in forest research and management [32]. Vulnerability studies can
therefore be conducted to identify risks arising from future changes and to identify key
vulnerable resources; resilience studies can address the uncertain future of forestry by
quantifying the resilience of systems to disturbance, thus providing guidance for enhancing
the ecological services of forests.

This study provides a comprehensive analysis of existing research on forest ecosystem
vulnerability and ecological resilience, and classifies the literature according to annual
distribution, research content, research areas, and institutions. It summarizes the current
domestic and international research progress and main achievements related to ecosystem
vulnerability and ecological resilience, proposes nine key scientific questions to provide
directions for future research on forest ecosystem vulnerability and ecological resilience,
and provides a theoretical basis for the current enhancement of forest ecosystem functions
under the rocky desertification control in karst areas.

2. Acquisition and Argumentation of Literatures

In order to understand the current state of research on the vulnerability and resilience
of forest ecosystems. In this paper, the English-language literature is from the “Web of
Science” database, which has extensive and multidisciplinary bibliographic data on cutting-
edge scientific publications, and this database is commonly used for academic research
and bibliometric analysis in the field [33,34]; the Chinese literature is from “China National
Knowledge Infrastructure”. The aim of the literature search was to focus on the research
theme of vulnerability and resilience of forest ecosystems, with the terms “vulnerability”
and “resilience” used to express theoretical knowledge related to the ecological field.
Therefore, the first search was conducted using “topic” as the search term and “forest”
as the first search word; among the results, “Ecological/Ecosystem vulnerability” and
“Ecological/Ecosystem resilience” were used as the search words for the second search; the
search time range was the maximum time range of the database.

Through an initial review of article titles, abstracts, and keywords, the screened articles
focused on forest ecosystems and associated systems (e.g., tree species and forest-dependent
communities) and explicitly examined concepts, methods, and models of vulnerability
and resilience; we also accepted studies that provided methods for assessing vulnerability
and resilience of non-specific ecosystems, as they apply to forests as well. Then, the full
text was further screened to eliminate duplicates, and 217 articles were finally selected
for review, including 61 in Chinese journals and 156 in English journals. Among them
included 197 journal articles, 13 master’s theses, 5 doctoral theses, and 2 conference articles.
Microsoft Excel 2016 was used to analyze the trend of the number of publications and, at the
same time, the statistical analysis function that comes with the Web of Science and CNKI
systems was used to statistically analyze the time, country, and institution of publications
collected. This paper systematically analyses the literature on forest ecosystem vulnerability
and resilience; summarizes main research results and landmark achievements in three
aspects, including basic theory, indicator systems, and technical methods; and proposes
key scientific questions based on existing research, in order to provide a scientific basis for
future research on forest ecosystem vulnerability and resilience, promote forest ecosystem
conservation and sustainability, and ultimately achieve harmonious development between
humans and nature.

2.1. Annual Distribution of the Literature

As shown in Figure 1, domestic and international research on forest ecosystem vul-
nerability and resilience can be roughly divided into three stages. The first stage was
from 1996 to 2008, with a relatively small fluctuation in the curve and no more than five
publications per year, as it was an embryonic stage; at the second stage (2008–2014), the
number began to grow slowly and the curve showed a relatively large increase; in the
third stage (2014–2021), the curve rose rapidly and the number of publications showed a
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substantial increase, reaching the highest level in 2020. Overall, English literature follows
much the same trend as the overall literature, while the Chinese literature is smaller.
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year until 2021.

2.2. Content Distribution of the Literature

The content of forest ecosystem vulnerability and resilience research is shown in
Figure 2, which divides all literature into ecosystem vulnerability assessment, modelling
prediction of ecosystem vulnerability, ecological resilience, management strategies, and
other types, according to their research content. The ecosystem vulnerability assessment
literature accounted for 36.74% and its modelling prediction category accounted for 9.77%.
Ecosystem vulnerability research includes theoretical studies, indicator system construc-
tion, evaluation methods, and modelling prediction, among which evaluation methods
and indicator system construction are the mainstream, while modelling prediction is an
emerging element of ecosystem vulnerability research in recent years [6,35]. Ecological
resilience research accounts for 34.42%, with studies mainly aiming to enhance system
resistance and reduce system vulnerability [36,37]. Management strategies accounted for
12.56% and other types of literature accounted for 6.51%. Overall, there is a predominance
of research on forest ecosystem vulnerability and resilience, but it is mostly independent
and less theoretical research.

2.3. Country Distribution of the Literature

The literature regions are organized as shown in Figure 3. Due to spatial constraints,
only regions with more than three articles are listed in this article. Studies on the vulnera-
bility and resilience of forest ecosystems are dominated by China and the United States,
accounting for 25% and 18% of the overall studies, respectively. China has conducted stud-
ies to varying degrees in the northwest desert belt, the northeast forest–grass interlacing
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belt and the southwest karst–karst fragile belt, followed by Canada, Germany, Spain, Aus-
tralia, Brazil, and France, with Canada accounting for 7%, Germany accounted for 6%. The
rest of the countries, including the UK, India, and Switzerland, also have a small number of
studies. Overall, most of the study areas are located in temperate, tropical, and subtropical
regions. Additionally, they are concentrated in Asia (China), North America (USA, Canada,
etc.), and Europe (Germany, Spain, etc.). There are fewer studies of vulnerable areas of
karst rocky desertification.
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2.4. Institution Distribution of the Literature

A count of all the literature reveals a wide range of research units. Due to the length
of the chart, only units with three or more articles were counted, with a total of 118 articles
and 23 units (Figure 4). Among them, the United States Forest Service has the largest
number of publications, with a cumulative total of 13, and Beijing Forestry University
has 11, followed by the United States Geological Survey, Technical University of Munich,
University of Minnesota System, University of Wisconsin Madison, University of Vermont,
and University of Nacional Autonoma de Mexico. All the research units, except in China,
are mostly institutions of higher education or forestry in developed countries, such as the
United States of America and Germany.
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3. Main Progress and Landmark Achievements
3.1. Theoretical Research
3.1.1. The Study of Ecosystem Vulnerability Theory Consists Mainly of the Conceptual
Study of Vulnerability, the Analysis of Its Causes, and the Classification of
Vulnerability Types

Following the introduction of the concept of ecotone by Clements in 1905 [14], the
concept of vulnerability was first introduced and elaborated by Timmerman in the early
1980s in the field of geography, where he argued that vulnerability was an indication of the
degree of response within a system to disturbances from hazardous events both within and
outside the system [38], followed by a large number of studies which have been conducted
on the meaning of ecosystem vulnerability. The study of ecosystem vulnerability covers a
wide range of fields and subjects, and the meaning of ecosystem vulnerability varies from
one subject to another. The vulnerability of forest ecosystems refers to the combination of
natural and anthropogenic factors that cause the structure and function of forest ecosystems
to shift in the opposite direction from their original stable state or direction of succession in a
certain spatial and temporal context, resulting in the destruction of their basic structure and
the weakening of their stability and resilience [39]. For example, forest fire vulnerability
is also defined as the potential loss from fire, including impacts on property, people,
and environmental stability [40]. Additionally, for drought-induced forest vulnerability,
Mildrexler et al. [41] defined its ecosystem vulnerability based on the processes of water
and energy exchange due to drought and high temperatures. The vulnerability of forests
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in karstic desertification areas is reflected in the low vegetation cover, the predominance of
secondary forest vegetation, the poor water-holding capacity of the soil itself, the looseness
of the soil, and the homogeneous mix of species [42]. Different ecologically vulnerable
areas have different causes of ecosystem vulnerability, early studies on forest ecosystem
vulnerability were mainly based on global climate change [43] and natural disasters [44],
but as research progressed, it began to expand to ecosystem vulnerability caused by
a combination of anthropogenic and natural disturbances, and the research field was
gradually extended from the initial natural ecosystem to the field of research has gradually
extended from the initial study of natural ecosystems to the integrated study of social and
natural systems.

3.1.2. Ecologists Generally Accept That the Concept of Ecological Resilience Includes the
Concept of “Engineering and Ecological Resilience”, but There Is No Consensus on How
to Define or Apply Resilience in a Forestry Context

There has been considerable debate on the concept of ecological resilience, including
“engineering, ecological and socio-ecological resilience” [45]. However, ecologists generally
agree on two definitions of resilience: one focuses on the return to its equilibrium state after
a disturbance, usually measured by the rate of recovery, which is often called “engineered
resilience” [46]. The second focuses on the ability of a system to maintain its current state,
defined as the extent to which a system can tolerate or resist disturbances without or
before rearranging into another functionally and structurally different state, also known
as “ecological resilience” [19,21]. Hodgson et al. [47] argue that both types of resilience
are important in most ecological studies and that they should be considered together. For
ecological resilience in forest ecosystems, Thompson et al. [48] consider it to be the ability
of trees to resist disturbance and to recover to their original state after disturbance. The
study of tree ecological resilience is a necessary element in the study of forest dynamics
in the context of frequent times of extreme disturbance [49], for example, drought can
make a difference to the growth recovery process of trees by affecting their ecological
resilience [50]. The relevance of existing resilience concepts to forest management has also
been reviewed [51], but to date there is no consensus on how to define or apply resilience
in the context of forestry.

3.2. Indicator System
3.2.1. Ecosystem Vulnerability Assessment Indicator System

The establishment of an indicator system is the basis for ecosystem vulnerability and
resilience assessment, and the construction of the indicator system is mainly reflected in
three dimensions: firstly, in view of the regional differences in the formation of ecosystem
vulnerability, the dominant factors leading to regional environmental vulnerability are
clarified in the light of regional characteristics, and a single-type indicator system is
constructed for regional vulnerability. For example, Yu and Lu [52] selected erosion-
related water erosion factors and wind erosion factors to establish an indicator system for
vulnerability assessment of the alpine region of the Qinghai–Tibet Plateau; the single-type
indicator system is simple in structure, targeted, and has a strong regional dimension, and
can identify key factors that lead to regional environmental vulnerability according to
regional characteristics.

The second is to combine natural–social–economic aspects, taking into account both
the intrinsic structure and functional characteristics of the system, as well as external
disturbances, to build a comprehensive indicator system. Currently, scholars are using the
“stress-state-response (PSR)” [53], which is based on the idea of cause and effect, and the
“exposure-sensitivity-adaptability (VSD)” [54], which is based on the idea of “traitability”.
These conceptual models have been used to develop indicator systems, such as the work by
Cinco-Castro and Herrera-Silveira [55], which constructs an indicator system for mangrove
vulnerability in Mexico based on exposure, sensitivity, and adaptability. Comprehensive
evaluation indicator systems contain a wide range of indicators, but are less operational
due to the limitations of data availability and correlation between indicators [56].
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The third is to predict the ecosystem vulnerability of systems in a changing future by
establishing a simulation-based indicator system in the context of ecosystem vulnerability
due to climate change or other changes. This includes climate change modelling, ecosystem
modeling, socio-economic development modeling, and land use change modeling [57].
For example, Turkes et al. [58] developed a multi-factor spatial model of forest ecosystem
vulnerability to climate change to assess the ecosystem vulnerability of forests and future
scenarios of forests under climate change. Modelling forecasting is one of the more popular
areas of vulnerability research in recent years.

3.2.2. Ecological Resilience Evaluation Indicator System

Since the end of the 20th century, many scholars have explored the factors of ecological
resilience, but in general, research on this topic is still lacking, and a consensus concept
and model for ecological resilience has not yet been obtained. Therefore, the indicators
used for each resilience concept differ in two main ways. First, based on engineering and
ecological resilience, the indicators used for assessment reflect state-based indicators, such
as forest biodiversity, which is the most used [59,60], as the ability of an ecosystem to
remain in an environment that remains unchanged over time related to how quickly it
transitions to another environment. Furthermore, Folke et al. [61] show that biodiversity
is one of the factors influencing this degree of slowness, in addition to forest structure
and function [62,63]. The second is based on socio-ecological resilience, mainly stress
and response-based indicators, such as population and economy [64]. Overall, indicator
systems based on engineering and ecological resilience are the most widely used.

3.2.3. Ecosystem Vulnerability-Ecological Resilience Indicator Systems

There is currently no universal ecosystem vulnerability–resilience indicator system,
with the IPCC in its Fifth Assessment Report proposing climate vulnerability as a function
of exposure, sensitivity to climate change, and resilience or system adaptive capacity [65].
Angeler et al. [66] also showed that assessing system vulnerability by quantifying eco-
logical resilience can help address the uncertainty in predicting ecosystem responses to
environmental changes across ecosystems. Additionally, the difficulty of quantifying re-
silience has been a common challenge encountered by scholars. With the advent of Earth
Observation Systems (EOS), satellite remote sensing can quantify resilience in response
to disturbances [67,68], but this approach has certain limitations, such as limited spatial
resolution, inapplicability to smaller geographical units, and the quantification of ecologi-
cal resilience for different causes of disturbance does not universally applicable. Overall,
further research is needed on the ecosystem vulnerability–resilience indicator system in
the future.

3.3. Technical Method
3.3.1. Due to the Different Systems of Vulnerability Evaluation Indicators and Data
Characteristics, There Are Additionally Many Types of Evaluation Methods, and the Study
Needs to Select a Responsive Method for Evaluation According to the Study Scale and the
Study Population

Vulnerability evaluation methods mainly include the AHP-fuzzy integrated evaluation
method [69], landscape ecology method [70], grey cluster analysis method [71], principal
component analysis method [72], set-pair analysis [73], integrated index method [74], and
matter element extension method [75]. Among them, the principal component analysis
method and the composite index method are widely used, with the former being suitable
for quantitative vulnerability evaluation with more complete data and the latter being
more widely applicable, mainly by normalizing the data, establishing weights, and then
weighting and summing to obtain the vulnerability index. As research progresses, evalu-
ation methods become increasingly diverse and complex. Therefore, when carrying out
research, we should select suitable methods for evaluation according to different regional
characteristics and research objects to make the results more scientific and credible.
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3.3.2. Ecological Resilience Characterizes the Resistance and Resilience of a System, so
Research Methods Need to Be Temporally and Spatially Specific, Which Additionally
Means That Simulation Models Must Follow Principles of Applicability and Innovation

Assessing the impacts of environmental change is particularly challenging in forest
ecosystems, which are long-lived and often persistent in their response to change [76].
Holling proposed two measures of resilience, the total area of the attraction domain and
the height of the lowest point of the attraction basin above the equilibrium point [19].
Carpenter et al. [77] argue that ecological resilience cannot be measured directly and must
be estimated by means of resilience surrogates, namely indirect proxies that are derived
from theory; in addition, there are rapid assessment methods [78] and threshold analysis
methods [76]. However, all these methods and models have certain limitations, and the
lack of a suitable model and input explanatory variables can hinder the assessment of true
vegetation resilience in complex ecosystems [79]. Therefore, simulation models must follow
the principles of applicability and innovation. For example, Duveneck and Scheller [80]
considered resistance as a change in species composition over time and used two forest
landscape simulation models to simulate forest resilience under three future climate change
scenarios and four management regimes, respectively. Additionally, for forest ecosystems
to consider resistance and resilience in time and space, Cantarello et al. [81] provided a
new quantitative approach using a spatially explicit model of forest dynamics focusing on
the three components of resilience, namely resistance, recovery, and net change. New ideas
are offered for forest resilience research.

3.3.3. As Ecosystem Vulnerability and Resilience Research Shifts from Mathematical and
Theoretical Modelling to “3S” Spatial Analysis, i.e., RS, GIS, and GPS, “3S” Techniques Are
Being Used Extensively in the Field of Ecology and the Environment

Vulnerability and resilience research involving multiple domains has a complex struc-
ture of research methods and indicator systems. Therefore, the analysis techniques have
also changed from the previous mathematical model analysis to “3S” spatial analysis [82].
“3S” technologies have been widely used in the field of spatial information research, and
their application in the field of ecological environment is also developing rapidly. Using
“3S” technologies to obtain, process, and dynamically analyze resource and environmental
information has become an important trend in the study of fragile ecosystems, and is
widely used in ecosystem vulnerability assessment [83]. Sahana and Ganaie [84] analyzed
landscape vulnerability in the Rudraprayag region of India based on GIS technology to
explore the sensitivity of forests to fire; Hart et al. [85] combined GIS techniques and field
trial data to assess the resistance and resilience of eight vegetation species to fire.

4. Key Scientific Issues to Be Solved

An extensive survey of the literature shows that significant progress has been made
in research on the vulnerability and resilience of forest ecosystems. In general, much of
the research has still focused on assessing the vulnerability, response, and future impacts
of ecosystems or species to climate change or natural disasters. For example, Perie and
de Blois [86] assessed the habitat suitability of tree species and predicted the suitability
conditions of species as a function of future climate change, demonstrating that, despite
overall regional habitat conditions, the study also demonstrated that different tree species
have different adaptive characteristics despite the overall habitat conditions in the region. In
contrast, research on forest resilience focuses on assessing the capacity of forest ecosystem
composition, structure, and function to both resist and recover from disturbance, and
quantifying this capacity through modeling. Seidl et al. [87], for example, propose an
approach to disturbance ecology that uses the concept of resilience to quantify and address
forest ecosystem services, providing a theoretical basis for the management of constantly
disturbed forests. It is worth mentioning that most of the current studies on ecosystem
vulnerability and resilience in karst fragile areas are regional large-scale or water resource
vulnerability studies, and fewer studies have been conducted on forest ecosystems. In this
regard, this paper will raise several scientific questions as follows:
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In view of the problem of less theoretical research. theoretical research on ecosystem
vulnerability was mainly at the early stage of qualitative exploration. As ecosystem
vulnerability research has matured, theoretical research has become scarcer, and scholars
at home and abroad are more likely to conduct ecosystem vulnerability simulation and
evaluation of the system, transforming from the previous theoretical research on concepts,
causes, and laws to empirical research. Especially with the development of remote sensing
technology, technology has become an important data source for ecosystem vulnerability
studies. Subsequently, its empirical studies have tended to become more widespread,
and in general the development of vulnerability theory studies lags behind the studies
of its methodological system. Although ecologically fragile zones have innate ecosystem
vulnerability characteristics, with the continuous development of social and economic
development, the impact of human interference and other factors on ecologically fragile
areas is becoming more and more significant, and the ecological fragility characteristics
shown are no longer caused by pure imbalance in the development of the ecological
environment itself, but are the result of the superposition of natural and human influences.
Therefore, the study of the theoretical system of ecologically fragile areas covers a wide
range of contents and should be strengthened in the future under the combined effect of
natural and social conditions.

In view of the problem of the lack of unified theoretical norms and evaluation models
due to the wide range of evaluation indicators, the complexity and variability of the causes
of ecosystem vulnerability have led to a wide range of evaluation indicators and a lack
of unified theoretical norms and conceptual models. For forest ecosystems, the causes
of vulnerability include internal system factors (community structure and function, etc.),
environmental disturbance factors (climate and natural disasters, etc.), and socio-economic
(population, income, and livestock situation, etc.). Given the difficulty of quantifying
evaluation indicators and the different scales of study, the indicators chosen differ. Some
researchers have assessed the vulnerability of forests in different distribution zones by
modelling the distribution area of forests and the number of limiting species in order to
assess the vulnerability of global forest ecological zones to future climate change [88]. At
the same time, some researchers, in order to study the impact of agricultural expansion
on forest cover in human-dominated tropical landscapes, have also selected indicators of
exposure to cropland expansion, sensitivity, and forest capacity to respond to assess forest
vulnerability [89]. Therefore, the indicator system must be selected according to the causes
of forest ecosystem vulnerability and the scale of the study. Of course, theoretical research
also needs to be strengthened in the future to select appropriate indicators on this basis,
and establish a complete, integrated, scientific assessment system of forest ecosystems
involving various scales and objects.

In view of the problem of uncertainty in the quantitative evaluation and analysis for
ecosystem vulnerability, there are many methods to analyze ecosystem vulnerability, but
different climatic factors have different impacts on different ecological factors, and these
ecological factors also interact with each other, which together have negative impacts on
the ecosystem [90]. Therefore, when conducting a quantitative evaluation of ecosystem
vulnerability, a comprehensive analysis of the ecosystem vulnerability characteristics of
the study area should be carried out, and the analytical methods and models should be
selected in accordance with the principles of scientificity and rationality, to improve the
accuracy of the evaluation results.

The current ecosystem vulnerability is limited to large-scale research and lacks clari-
fication from the perspective of small to medium scale and single ecosystem. Due to the
booming development of 3S technology, ecosystem vulnerability is mostly limited to large
scale studies based on its ability to quickly acquire spatial data [91,92], and there is a lack
of clarification of ecosystem vulnerability from the perspective of small and medium scales
or single ecosystems issues. Therefore, ecosystem vulnerability studies should be carried
out more on small and medium scales, considering the combination of field monitoring
and “3S” technology to obtain experimental data, and to explore in depth the processes,
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characteristics, and mechanisms of fragile ecosystem degradation, to conduct vulnerability
assessment. This allows managers to tailor system management strategies to local and
situational contexts.

In view of the difficulty of identifying the concept of forest ecological resilience,
despite the increasing research on resilience in forest ecosystems, forest resilience is still a
vague concept and no resilience concept has been defined or applied in a forestry context
to date [30]. Therefore, in the future, we should select a suitable framework of resilience
concepts and evaluation indicators based on a recognition of how resilience approaches
operate in forest management practice and a clear understanding of how to make resilience-
related forest management decisions.

The problem of quantifying indicators in resilience evaluation is the biggest diffi-
culty in current research, and exploring the establishment of more accurate mathematical
models and the normalization of indicators is a pressing challenge in ecological resilience
evaluation research. The required time span and spatial extent make it difficult to rea-
son experimentally about the resilience of forest ecosystems, making simulation models
an important tool in research [93]. As research on forest ecological resilience continues,
simulation models need to be innovated; for example, Liu et al. [94] used the intensive
Landsat time series model to establish forest resilience indicators in order to cope with
the maximum magnitude of disturbance to the forest, as a way to quantitatively assess
forest resilience. Alternatively, we can quantify forest resilience by selecting appropriate
variables. For example, forest ecosystem productivity is a good indicator of ecosystem
health, and some forest resilience studies have used normalized tree-ring width index
as a state variable [95], while others have used normalized vegetation index, enhanced
vegetation indices, and leaf area indices [96–98], all of which are parameters for estimating
ecosystem productivity. In conclusion, when conducting forest resilience assessment, it is
important to consider the characteristics of the study population and regional features in
selecting indicators and building models to improve the rationality and accuracy of the
results.

In view of the current lack of a universal framework linking ecosystem vulnerability
and resilience, overall, ecological resilience is still mostly focused on studies of social–
ecological systems such as urban resilience [99], and ecological resilience based on natural
ecosystems is less common and mostly independent. Promoting the organic coupling and
coordination of ecosystem vulnerability and resilience helps to develop forest conservation
strategies and improve forest ecosystem services. Based on the previous discussion, it
is known that ecosystem vulnerability characterizes the state, and indicators are easily
accessible, while ecological resilience characterizes the process and indicators are difficult
to quantify. Therefore, in order to fully grasp the characteristics of forest ecosystems and
ensure sustainable development of ecosystems, we can use 3S modelling techniques or
a combination of 3S technology and field monitoring to establish a quantitative model
linking the vulnerability and resilience of forest ecosystems, considering the selection of
indicators from natural, disturbance, and social factors.

Addressing the weak practical application of ecosystem vulnerability and resilience
research, ecosystem vulnerability studies can identify key problems in the system, while
ecological resilience studies can clarify the resistance and resilience of the system, so that for-
est managers can apply precise policies to the forest and achieve sustainable management.
Ecosystem-based adaptation is seen as having the potential to integrate sustainable manage-
ment, conservation, and restoration of ecosystems into adaptation to climate change [100].
Therefore, forests in ecologically fragile areas require standardized management and assess-
ment systems that focus on applying theory and practice to maintain ecosystem balance
in three ways: firstly, based on research into the vulnerability of forest ecosystems, man-
agement policies can be developed to target key vulnerable resources and improve system
resilience. Secondly, based on research on habitat suitability of tree species, cultivate
plantation forests or introduce new tree species into forest communities to increase forest
cover, biodiversity, and system productivity, thereby reducing forest vulnerability and



Sustainability 2021, 13, 11849 12 of 16

increasing resistance to sustainable development. Thirdly, policies should be formulated to
reduce anthropogenic disturbances, such as forest closure and reforestation, to improve the
resilience of the system.

Addressing the low level of research on the vulnerability and resilience of forest
ecosystems in the karst areas, karst rocky desertification represents a relatively unique type
of desert in the world [101], and the problem of fragile ecological environment and social
development in karst mountain area is an international issue [102]. In response, Xiong
et al. proposed a series of vegetation restoration measures for rocky desertification control,
including mountain closure [103] and cultivation of ecological and economic forests [104].
However, most of the forests in the region are still vulnerable and less resilient. The reasons
are mainly the fragility of the karst itself and the impact of human activities. Therefore,
when conducting vulnerability and resilience analyses, the indicators selected should focus
on environmental and human disturbance factors. For large scales, 3S technology is used
to build a vegetation distribution–anthropogenic activity model, while placing resilience
variables (e.g., productivity) in the model to achieve a combination of vulnerability and
resilience. For small scales, 3S technology is considered to be combined with field mon-
itoring; community structure and function indicators are added to environmental and
anthropogenic factors to accurately identify vulnerable resources in forest ecosystems. In
addition, studies can be carried out to assess the vulnerability and sensitivity of species
from the perspective of habitat suitability, just as some scholars have used the tree-ring
width data to simulate the resistance of the species to drought [9], habitat suitability studies
on tree species are particularly important in rocky desertification areas due to the dichoto-
mous structure above and below ground [105] and severe soil erosion. Based on the above
studies, we can implement sustainable management policies for karst forests to improve
the homogeneous community structure and weak resilience, thus enhancing ecosystem
services.

5. Conclusions and Future Research

In this paper, we conducted a systematic literature review by analyzing 217 papers re-
trieved from CNKI and Web of Science. The following conclusions were drawn: (1) research
on the vulnerability and resilience of forest ecosystems is rapidly increasing; (2) among
the studies on ecosystem vulnerability, ecological resilience, management strategies, and
other aspects of forest, ecosystem vulnerability analysis is the most common, accounting
for 46.17%, of which vulnerability modeling predictions based on future changes accounts
for 9.77%, and is an emerging area for future research; (3) research on forest ecosystem
vulnerability and resilience is more widely studied in China and the United States, account-
ing for 25% and 18% of the total, respectively; and (4) most of the research units on forest
ecosystem vulnerability and resilience are universities or forestry institutions in developed
countries, such as the USA and Germany, with the exception of China.

Following the quantitative analysis, the article also proposes nine key scientific ques-
tions to be addressed in response to the current state of research at home and abroad,
providing directions for continued in-depth research in the future.

The key questions for future research on the vulnerability and resilience of forest
ecosystems can be summarized in the following areas: ecosystem vulnerability and re-
silience of forests, how to establish a framework for a universally applicable vulnerability
indicator system, how to develop models to quantify the resistance and resilience of forest
ecosystems, how to link vulnerability and resilience for a comprehensive analysis of forest
ecosystems, and how to accurately study forest vulnerability and resilience in the context
of rocky desertification control. These are the issues and challenges in urgent need for
future research that need to be addressed in the future.

It should be noted here that this paper may be subject to potential uncertainties in the
quantitative data of the search results due to the limitations of the search engine, but it
has little impact on the subsequent exploration of theoretical advances in forest ecosystem
vulnerability and resilience research.
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